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Extracellular fungal cellobiases develop large stable aggregates by reversible concentration driven interaction. In-
vitro addition of trehalose resulted in bigger cellobiase assemblies with increased stability against heat and dilu-
tion induced dissociation. In presence of 0.1M trehalose, the size of aggregates increased from344 nm to 494nm.
The increase in size was also observed in zymography of cellobiase. Activation energy of the trehalose stabilised
enzyme (Ea=220.9 kJ/mol) as compared to control (Ea=257.734 kJ/mol), suggested enhanced thermostability
and also showed increased resistance to chaotropes. Purified cellobiase was found to contain 196.27 μg of sugar/
μg of protein. It was proposed that presence of glycan on protein's surface impedes and delays trehalose docking.
Consequently, self-association of cellobiase preceded coating by trehalose leading to stabilisation of bigger
cellobiase aggregates. In unisonwith the hypothesis, ribosylatedBSA failed to get compacted by trehalose and de-
veloped into bigger aggregateswith average size increasing from 210 nm to 328 nm.Wheat Germ Lectin, in pres-
ence of trehalose, showed highermolecular weight assemblies in DLS, native-PAGE and fluorescence anisotropy.
This is the first report of cross-linking independent stabilisation of purified fungal glycosidases providing impor-
tant insights towards understanding the aggregation and stability of glycated proteins.

© 2019 Published by Elsevier B.V.
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1. Introduction

Industrially exploited enzymes from fungal origin are more stable
than their bacterial counterparts owing to their natural tendency to de-
velop into big assemblies [1], both through reversible concentration
driven association [2,3], aswell as inter-subunit disulphide bond forma-
tion [4]. The phenomenon has been extensively studiedwith extracellu-
lar cellobiase (3.2.1.21) from filamentous fungi [5,6], a typical β-
glucosidase catalysing the final rate limiting step of cellulose hydrolysis
that is conversion of cellobiose to glucose [7,8]. Therefore most of the
current technological advancements involved in boosting production
of the Biofuel industry are aimed towards manipulation of this step to
increase glucose productivity. The enzyme is secreted by filamentous
fungus in the form of big cellulolytic multienzyme complex [9]. During
subsequent purification steps, it loses both stability as well as catalytic
efficiency due to decrease in size affected by sheer dilution [2], as well
as loss of contact with the other enzymes in the aggregate [10]. When

reconcentrated during final stages of purification, the globular subunits
again coalesce together replenishing partially the lost activity and sta-
bility [2]. This points to the fact that the intersubunit association or ag-
gregation of extracellular cellobiase is intrinsic to its structuralmake-up
as is observed for some other globular proteins [11]. However, these na-
tive enzyme agglomerates are fundamentally different from the
misfolded aggregates [12] as well as reversible aggregates of globular
proteins [11], where there is a simultaneous departure from native
state as indicated by loss of functionality and altered secondary struc-
ture. Although technologies such as use of cross-linked enzyme aggre-
gates [13], organic solvents [14], and other physical adsorption or
entrapment based immobilisation [15] procedures have been carried
out to stabilise and improve the activity of these enzymes, none of the
studies thus far have been able to prevent the dilution induced dissoci-
ation of cellobiase and other related fungal enzymes.

Trehalose, an otherwise inert non reducing disaccharide serves as an
excellent cellular osmolyte in a wide range of prokaryotes as well as the
lower rung of the eukaryotic kingdom [16]. Besides serving as a storage
sugar, it is implicated inmany dynamic cellular functions [17], from act-
ing as a signalling molecule to regulate various metabolic pathways
[18], to serving as an autophagic inducer [19]. However, probably the
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most exciting area in trehalose research owes to its role in stabilisation
of native protein structures from misfolding and aggregation [20].
Under conditions of intracellular stress, trehalose binds to partially un-
folded protein intermediates and prevents them from developing into
misfolded protein aggregates [21]. However, it is enzymatically de-
graded immediately after stress subsides since post stress presence of
trehalose interferes with the functioning of cellular chaperones [22].
Many theories have been proposed thus far to explain the mechanism
of trehalose action amongst which the vitrification theory, thewater re-
placement theory and the preferential exclusion theory have been the
most popular ones [21]. In vitro elucidation of the mechanism of treha-
lose action has suggested that the disaccharide stabilizes protein's na-
tive structure by either replacing water from its solvent accessible
surface (the water replacement theory) [23, 24] or sequestering water
molecules away from the protein (Preferential exclusion theory) [25]
thereby bringing about its structural rigidity and compaction. This
water replacement of the protein prevents its interaction with other
subunits and inhibits development of big protein aggregates [23]. How-
ever, trehalose mediated increase in stability of the protein comes at a
cost of reduced functionality chiefly due to high viscosity of the glassy
microenvironment around the protein imparted by trehalose [23]. Al-
though many studies have been carried out on the trehalose mediated
stabilisation of protein's native structure and subsequent prevention
of aggregation [26–28], few have been directed so far to specifically un-
derstand its effect on aggregation prone globular proteins like the
serum albumins [23]. It has been demonstrated earlier in our lab that
trehalose effectively sequesters BSA monomers from self-association
by inducing surface compaction and subsequent coating [23]. Therefore
it was also worthwhile to investigate how trehalose would modulate
the concentration driven aggregation of fungal glycosidases most of
which are globular, highly glycosylated, and intrinsically prone to aggre-
gation. In the present studies, the effect of trehalose on the activity, sta-
bility and aggregation of purified extracellular cellobiase from
Penicillium chrysogenum was investigated keeping in mind these hith-
erto unexplored domains of the mechanism of trehalose action. Unlike
cellobiase, BSA does not have any surface attached glycans. Therefore
in order to better simulate the effects of trehalose on globular aggrega-
tion prone cellobiase,we generated an in vitro ribosylated BSA. Parallely,
we also wanted to investigate whether trehalose can mediate aggrega-
tion of sugar binding lectins [29], many of which being also able to bind
trehalose with high specificity [30,31]. In the present study, Wheat
Germ Agglutinin was used since it spontaneously associates to form a
dimer at neutral pH [32] and does not have a specific binding affinity
for trehalose ensuring a loose nonspecific docking of trehalsoe on
WGA monomer/dimer.

2. Materials and methods

2.1. Chemicals and reagents

Bovine Serum Albumin (highest available purity), Guanidium
hydrocholoride (GdHCl), Urea, glutaraldehyde, Sephacryl S-200
and Diethyl-aminoethyl (DEAE)-Cellulose, para-Nitrophenyl β-D-
glucopyranoside (pNPG), Dialysis bag (3 kDa), sucrose and maltose
were purchased from Sigma Chemicals. Trehalose was purchased
from Calbiochem. Media components were purchased from HiMedia
and other chemicals and salts from SRL. SDS-PAGE molecular weight
standard was from Fermentas (Cat No. SM0671).

2.2. Strain and culture conditions

Penicillium chrysogenum BF02 (GenBank Accession No. KC469896)
was used in the present studies as the producer organism of extracellu-
lar cellobiase (E.C. 3.2.1.21). The organism was grown in batches of
50 ml shake flask cultures in 1% cellobiose medium supplemented

with salt solution for three days as described earlier [7], and terminated
by separating the mycelia from the culture filtrate.

2.3. Purification of extracellular cellobiase

The enzyme was purified from culture media using ultrafiltration,
gel filtration and ion exchange chromatography as described earlier
[8]. Briefly, the culture medium was freed from suspended mycelia
and/or spores by centrifugation at 4300g for 10 min and subsequent fil-
tration of the supernatant with a 0.22 μM membrane (Millipore) and
was dialysed in a 3 kDa dialysis bag (Sigma) against 0.1M acetate buffer
(pH 5). The retentate was concentrated by lyophilisation and loaded on
a Sephacryl S-200 gel permeation column (20 cm × 1.8 cm) in batches
of 0.5 ml. Protein fractions, eluted at the rate of 8.0 ml/h, were moni-
tored for protein (A280) and cellobiase activities, and pooled as pool I
(fractions 9–11) and pool II (fractions 13–15). It was desalted
against 0.01 M of the same buffer by dialysis and concentrated by
lyophilisation. Subsequently, the pooled protein was loaded in a
DEAE-Cellulose (3.2 × 18 cm) anion exchange chromatography column
pre-equilibrated with 10 mM acetate buffer pH 5.0 at a flow rate of
18ml/h. The proteinswere then eluted with a linear gradient of sodium
chloride from0 to 1MNaCl in the samebuffer. The eluted fractionswere
assayed for cellobiase activity, pooled, and dialysed for final use as puri-
fied extracellular cellobiase. The purity of the preparation was assessed
by 10% SDS PAGE.

2.4. Enzyme and protein assay

Cellobiase (EC 3.2.1.21) assay was carried out spectrophotometri-
cally by using pNPG (Sigma) as substrate [33]. The reaction mixture
(1 ml) contained 4 mM of pNPG in 0.1 M sodium acetate buffer,
pH 5.0 and an appropriate amount of the enzyme. Incubation was car-
ried out at 60 °C for 10 min. Reaction was terminated by the addition
of 0.25 ml of Na2CO3 (0.5 M). Intensity of the yellow colour developed
by liberation of para-nitro phenyl phosphate (pNP) was measured at
400 nm. One unit (U) of enzyme activity was expressed by the enzyme
that produced 1 μmol of pNP per min under the assay conditions. Pro-
tein content in the crude culture filtrate and intracellular extract was
ascertained using Bradford reagent after extensive dialysis to remove
the interfering sugars [34].

2.5. Thermal inactivation studies

Thermal inactivation of extracellular cellobiase preparationswas de-
termined by incubating the enzyme solutions in 100 mM sodium ace-
tate, pH 5 buffer at a particular temperature. Aliquots were withdrawn
at different times, cooled on ice for 3 h [35], and assayed for cellobiase
activity at 60 °C, as described before. This procedure was repeated at
four different temperatures ranging from 60 °C to 67 °C. The values of
kd were obtained as the slopes of thermal inactivation at the respective
temperatures. The values of ΔG* were calculated from the relationship
ΔG* = −RT ln (kdh / KBT), h being the Planck constant, R the gas con-
stant and KB the Boltzmann constant. The data were subsequently
used for calculation of activation energies of denaturation. Arrhenius
plots were drawn with the first order rate constants for denaturation
(kd) of cellobiase and activation energy of denaturation (Ea) was calcu-
lated in each case from the slope of the plots. The thermodynamic data
were calculated by rearrangement of the absolute rate equations:

Kd ¼ KB T=hð Þ e –ΔH�=RTð Þ e ΔS�=Rð Þ ð1Þ

where, h (Planck constant) and KB (Boltzman constant).

R=N½ � ¼ 1:38� 10−23 J=K ð2Þ
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where, N (Avogadros no.) = 6.023 × 10−23/mol

ΔH� enthalpy of activationð Þ ¼ Ea−RT ð3Þ

where, R (gas constant) = 8.314 J/Kmol

ΔG� free energy of activationð Þ ¼ −RT ln kd hð Þ=KBT½ Þ� ð4Þ

ΔS� entropy of activationð Þ ¼ ΔH�−ΔG�ð Þ=T ð5Þ

2.6. Chaotrope denaturation study

Guanidium hydrochloride (GdHCl) and urea are known as
chaotropic agents that denature the protein structure. In order to assess
the extent of protection offered by trehalose towards the enzyme, it was
subjected to denaturation by increasing concentrations of GdHCl and
Urea, in presence and absence of 0.5 M trehalose following which the
enzyme assay were performed as described before.

2.7. SDS-PAGE, gradient PAGE and native zymography

SDS-polyacrylamide gel electrophoresis under reducing condition
was carried out according to the methods described earlier [36,37].
Thereafter, it was immediately subjected to silver staining using
ProteoSilverTM silver stain kit (Sigma) according to the manufacturer's
instructions. Finally, themolecular weights of the partially purified pro-
tein bands were determined. Zymography or activity staining for in gel
detection of cellobiase activitywas performed as reported in Kwon et al.
[38]. Briefly, after electrophoresis (5% Native PAGE), the gel was soaked
in a 100 mM sodium citrate buffer (pH 5.0) containing esculin ferric
chloride for 5 min. It was then incubated at 50 °C for several minutes
until a black band appeared.

2.8. Glycation of BSA

Bovine SerumAlbumin (10mg/ml) was incubatedwith 0.5M ribose
in 0.05Msodium phosphate buffer, pH 7.4 at 37 °C. Reaction mixtures
were kept in this condition for 10 days. To prevent bacterial contamina-
tion, it was kept into sterile glass tubes in presence of 3 mM sodium
azide. Aliquots were taken under sterile conditions at desired times
and frozen at −20 °C until further assayed. In order to reduce the
glycated protein, samples were then diluted five times with 0.2 M so-
dium acetate buffer, pH 5 and incubated at 37 °C for 2 h to release
glycosylamine adducts. This treated protein was then dialyzed over-
night against 0.1 M sodium phosphate buffer, pH 7.4, at 4 °C to remove
free ribose. The dialyzed protein was reduced by adding a 50-foldmolar
excess of sodium borohydride in presence of 0.1 M sodium hydroxide.
The solution was then kept at room temperature for 4 h after which
the reaction was terminated by the adding 1 N HCI slowly to eliminate
excess sodium borohydride. Finally, the samples were dialyzed over-
night at 4 °C against double distilled water [39].

2.9. Dynamic light scattering

Dynamic light scattering measurements were carried out as re-
ported previously [23], in a Nano zeta-sizer (Malvern Instruments) at
a fixed 90° scattering angle using a Nd-doped solid state laser of
632.5 nmwith 100 s of integration time. Different concentrations of pu-
rified cellobiase, ribosylated BSA and lectin with and without 0.5 M tre-
halose were taken to perform the measurements. The concentration
rangewas obtained depending on the response and sensitivity of the in-
strument. The intensity correlation function was obtained by acquiring
data between 5 and 1000 ms, in 200 channels.

2.10. Transmission electron microscopy

TEMwas carried out as reported earlier [2], with little modifications.
In brief, twenty five square mesh copper grids with continuous carbon
film (Electron Microscopy Sciences) were taken to incubate the sam-
ples. 10 μl of each purified cellobiase and the enzyme in presence of
0.05 M trehalose were applied onto the grids and allowed to dry in air
before analysis. TEM images were acquired using JEOL-JEM 2100
(Japan) electronmicroscope operated at 200 kV and size of the proteins
was determined using the associated software.

2.11. FITC- BSA conjugation

BSA and ribosylated BSA were labeled with fluorescein isothiocya-
nate (Sigma) in 0.1 M carbonate buffer, pH 9. The samples were kept
at room temperature and in the dark for 4 h. The labelling ratio (F:P)
for BSA and ribosylated BSA were 1:1 and 0.5:1, respectively. The solu-
tions were then dialysed four times for 1 day against 0.01 M phosphate
buffered saline (PBS), pH 7.4. All these dialyses were performed in the
dark at 4 °C to remove any unbound FITC. The F:P ratio range was se-
lected according to the sensitivity and photophysics of the dye conju-
gated to the protein [40].

2.12. Circular dichroism

Circular dichroic (CD) spectrameasurementswere performed as de-
scribed earlier [23,41], on a JASCO J-720 spectropolarimeter (calibrated
with d-10-camphor-sulfonic acid). BSA and ribosylated BSA
(0.1 mg/ml) were taken in a cylindrical quartz cuvette of path length
0.2 cm to measure the respective CD spectra in the far-UV wavelength
range (190–250 nm) at 25 °C. Each spectrum had an average of four
consecutive scans. All the spectra were corrected by deducting blank
runs on appropriate protein-free buffer (10 mM-phosphate buffer,
pH 7.0). Alpha helix content was determined using the following for-
mula:

%of α−helix ¼ MRE222 nm−2340ð Þ=30;300f g � 100

where, Mean Residual Ellipticity (MRE) = MRE222 = θobs(mdeg) /
(10 ∗ n ∗ c ∗ l), n = number of peptide bonds, c = concentration of
the sample in M, l = path length = 0.2 cm.

2.13. Fluorescence anisotropy

Fluorescence anisotropy decays of FITC conjugated BSA and lectin
(in presence and absence of 0.1 M trehalose) were recorded in a
Varian-Cary-UV Eclipse spectrofluorimeter at 25 °C according to [42].
Polarized decays were collected at the vertical (IVV) and horizontal
(IVH) positions of the emission polarizer. The samples were excited at
490 nmand the bandwidth used for excitation and emissionmonochro-
mator was 5 nm. The emission intensities were measured at 522 nm.
Fluorescence spectra were corrected for the emission of the control so-
lution containing buffer (with specific concentration of trehalose). Both
decays were collected in the same conditions and for the same amount
of time. A high number of counts were necessary to increase the signal-
to-noise ratio for anisotropy decays. G corresponds to a correction factor
for the sensitivity of the optics to light with different polarizations. The
G factor was recovered using the instruments software for the samples
in the absence of protein, for which the rotational correlation time was
short and the anisotropy decayed to zero within the time scale for the
measurement. This procedure is essential since small changes in the G
factor can bring about changes in the baseline for the anisotropy of
the samples. The G factor determined in the absence of protein was
then used for anisotropy decays in the presence of the proteins.
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2.14. MALDI–mass spectroscopy analysis

Mass spectra of BSA and ribosylated BSA were obtained from Bruker
spectrophotometer (model: Ultra Fiex Treme) [43]. Samples were pre-
pared in microcrystalline matrix surfaces that were made on the
probe tips of the mass spectrometer. Protein samples were spotted by
mixing the protein samples in a 50% aqueous acetonitrile solution (0.6
μl) saturated with sinapinic acid and containing 0.05% TFA. Analyses of
samples were done in linear TOF mode with 550 ns delay. Further
data processing and calibrations were carried out using the computer
program attached to the spectrophotometer [44]. The number (N) of ri-
bose residues conjugated with BSA molecule was calculated as follows:

N ¼ MWBSA−Ribose−MWBSAð Þ=MWRibose

2.15. Orcinol assay for quantification of total protein glycation

Orcinol reagent was prepared according to the method of Brückner
et al. [45]. Purified cellobiase was TCA precipitated in order to remove

any free sugar and resolubilised. Subsequently orcinol reagent was
added to 2 μg of the resolubilised protein and kept in boiling water
bath for 5 min. After that, the tubes were allowed to cool down in
room temperature. Absorption of the samples was recorded at 540 nm
and interpreted in terms of total sugar from the standard curve obtained
from different known glucose concentrations.

2.16. Statistical analysis

Analysis of anisotropy data were carried out using Minitab (ver
16.1) from eight independent set of measurements. Results were
expressed as mean ± standard deviation. A two sample t-test for
equal means was carried out for each set of proteins (in presence
and absence of trehalose) to determine the significance at 95% level
of confidence. A value of P b 0.01 was interpreted as statistically sig-
nificant. All cellobiase activity assay based results were performed in
five replicates andmean values were plotted. The standard deviation
was represented in plots and mentioned in tables as and where
applicable.

Fig. 1. Hydradynamic radii of cellobiase ascertained by DLS: A) cellobiase at 0.01 mg/ml B) cellobiase concentrated to 0.1 mg/ml C) cellobiase diluted to 0.05 mg/ml D) cellobiase
concentrated to 0.1 mg/ml cellobiase with 0.1 M trehalose the enzyme in presence of 0.1 M trehalose and E) cellobiase with trehalose after half dilution.
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3. Results and discussions

Extracellular cellobiase was purified from the third day culture me-
dium of Penicillium chrysogenum (Supplementary Table 1) as described
earlier under Methodology section. Gel filtration chromatography
yielded two active cellobiase peaks corresponding to a highermolecular
weight and a lower molecular weight enzyme which probably
corresponded to different oligomeric forms of the same enzyme as has
been observed earlier [46]. Although the first peak had a lower specific
activity (92.2 U/mg) as compared to the higherMW form (22.41 U/mg),
the latter was further purifiedwith the idea of obtaining the least aggre-
gated purified cellobiase. Thefinal step of anion exchange chromatogra-
phy led to a 4 fold purification of the enzyme. Purity was checked
through SDS PAGE of 5 μg of desalted protein which gave a single
29 kDa band on silver staining (Supplementary Fig. 1).

Trehalose is known to prevent self aggregation of globular proteins
by vitrification mediated compaction [23]. Extracellular cellobiase also
happens to be a globular protein which develops into multitude of ag-
gregated assemblies through spontaneous concentration driven inter-
action [2,9]. We wanted to investigate whether trehalose can equally
result in compaction of cellobiase resulting in the prevention of their
self aggregation as has been observed for other globular proteins like
BSA.

In order to find out the effect of trehalose on cellobiase, purified
cellobiase at a concentration of 0.01 mg/ml was mixed with 0.01 M
trehalose and concentrated ten times through lyophilisation.

Subsequently, the molecular sizes were estimated through DLS,
TEM and native PAGE zymography. Just before lyophilsation,
cellobiase in presence or absence of trehalose showed a single spe-
cies at 365 nm (Fig. 1A). At a concentration of 0.1 mg/ml cell, it
showed a single species of hydrodynamic radius 344 nm (Fig. 1B)
whereas when half diluted, the size decreased to 256.6 nm

Fig. 3. Zymography of cellobiaseafternative PAGE gel electrophoresislane 1: cellobiase,
lane 2: cellobiase in presence of 0.1 M trehalose. 8 μg of purified protein were loaded in
each lane.

Fig. 2. Transmission electronmicroscopic images of globular cellobiase aggregation A) cellobiase inpresence of trehalose and B) cellobiase. Bar indicates 100 nm inboth images.Mean sizes
and standard deviation were computed by surveying at-least 25 protein globules from three different fields using the associated software.

Table 1
Hydrodynamic radii analyses of cellobiase, glycated BSA and lectin in presence and ab-
sence of trehalose through DLS.

Sample Hydrodynamic radius
(d·nm)

Polydispersity index
(P·I)

Cellobiase (before lyophilisation) 365 ± 28.8 1
Cellobiase 344.1 ± 43.12 0.848
Cellobiase + Tre 0.1 M 494.3 ± 92.93

78.75 ± 8.36
0.858

Glycated BSA 396.9 ± 15.19 1
Glycated BSA + Tre 0.1 M 915.2 ± 161.1

1.002 ± 0.114
0.737

Lectin 164.2 ± 1.907 × 10−6 1
Lectin + Tre 0.1 M 249.1 ± 24.87

1.283 ± 0.087
1

Standard deviationwas calculated using instrument associated software. Polydispersity of
less than equal to 1 indicated homogeneity of the protein preparations.
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(Fig. 1C). This was characteristic of the dilution mediated dissocia-
tion shown by extracellular cellobiase aggregates from filamentous
fungi [2,9] (Table 1). In presence of trehalose, the size of the concen-
trated cellobiase increased to 494 nm and there was an additional
species at 78.75 nm (Fig. 1D). The spontaneous aggregation and dis-
sociation of cellobiase subunits is a dynamic process and therefore at
a given time, we can see only an average of many differently aggre-
gated species. The lower molecular weight probably represented
the smallest cellobiase entity which was coated by trehalose before
being associated with its counterparts. At a concentration of
0.05 mg/ml, a dominant 555 nm species was observed. Additionally,
one huge 5560 nm species was observed albeit of much lower inten-
sity (Fig. 1E). This proved that in presence of trehalose, the cellobiase
aggregates didn't disintegrate through dilution and trehalose by vir-
tue of its known vitrification effect was able to stabilise the aggre-
gates. Significant size increase in presence of 0.05 M trehalose was
also noted in TEM (Fig. 2) from 55.28 (±9.98) nm (Control Fig. 2A)
to 87.50(±6.53) nm (Trehalose Fig. 2B). However, trehalose concen-
tration couldn't be elevated further for sample preparation in TEM
because of the high viscosity of the sugar preventing optimal drying
of the carbon coated grids.

In order to further confirm our observation regarding stabilisation of
cellobiase aggregates by trehalose, a native PAGE zymography of
cellobiase in presence and absence of trehalose was also carried out
(Fig. 3). Cellobiase showed a single activity band which came at a
zone of higher molecular weight in presence of trehalose (lane 2) as
compared to the control (lane 1). The corresponding Coomassie stained
native PAGE showed highermolecularweight assemblies in presence of

trehalose that were testimonial to stabilisation of bigger aggregates of
cellobiase by the disaccharide even under migration through an electric
field (data not shown). It has been shown by earlier studies that al-
though many differently aggregated forms of purified cellobiase occur
in solution, all of them are not catalytically active [46]. Therefore, inspite
ofmultiple bands in the native gel, only one activity band corresponding
to zymography was noted. As expected, no shift in migration pattern
was visible in SDS-PAGE since SDS disrupts all the non covalent inter-
subunit associations (data not shown).

It has been seen earlier that bigger cellobiase aggregates have higher
resistance to heat induced denaturation [2]. Accordingly, thermal stabil-
ity of purified cellobiase was investigated in presence and absence of
0.1 M trehalose. Purified cellobiase was found to retain N25% higher re-
sidual enzyme activity in presence of trehalose as compared to the con-
trol enzyme in the temperature range of 55 to 65 °C (Fig. 4A). In order to

Table 2
Thermodynamics of thermal denaturation of cellobiase in presence of 0.1 M trehalose.

Sample Temp
(K)

ΔG*
(kJ/mol)

ΔH*
(kJ/mol)

ΔS*
(J/mol/K)

Cellobiase 333 91.76 −2.51 −283.09
336 89.93 −2.53 −275.21
338 89.38 −2.55 −272.01
340 87.84 −2.57 −265.92

Cellobiase + 0.1 M Tre 333 92.69 −2.55 −285.99
336 91.16 −2.57 −279.02
338 91.55 −2.59 −278.51
340 89.47 −2.61 −270.82

Fig. 4. Thermal stability and denaturation profile of the extracellular enzyme, A) Thermal stability of cellobiase in presence and absence of trehalose B) Thermal denaturation profile of
cellobiase C) Same in presence of 0.1 M trehalose D) Arrhenius plot of the enzyme (black and red indicate ln(kd) values of the enzyme in presence and absence of trehalose
respectively). Data were plotted from five replicate experiments.
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gain more insight into this increased thermostability, thermodynamic
parameters were calculated from enzyme activity data (Supplementary
Table 2) at various temperatures of incubation as stated inmethodology

section and the corresponding Arrhenius plots were examined. Both
enzyme forms showed first-order inactivation kinetics characteristic
of monomolecular denaturation mechanism (Fig. 4B - Control and
Fig. 4C – with trehalose). Free energies of both the forms were found
to decreasewith increasing temperature as is expected for gradual ther-
mal denaturation (Table 2) which involves disruption of non-covalent
linkages, including hydrophobic interactions, with a consequent in-
crease in the enthalpy of activation (ΔH*) [47,48]. In addition, the in-
crease in entropy change (ΔS*) also indicated the gradual loss of
enzyme structure [49–51]. Arrhenius plot (Fig. 4D) confirmed that
cellobiase in presence of 0.1 M trehalose had a better thermostability
as compared to the control enzyme as indicated by a higher enthalpy
of activation of denaturation [52]. Simultaneously, its activation energy
for substrate hydrolysis (Ea= 220.9 kJ/mol) was also lower than that of
the control enzyme.(Ea = 257.73 kJ/mol) [53,54]. This was attributable
to the trehalose mediated stabilisation of the larger cellobiase aggre-
gates which didn't disintegrate spontaneously on elevation of tempera-
ture. The isokinetic temperature of both enzyme forms was found to be
324.7 K. As a consequence of this trehalose mediated stabilisation, spe-
cific activity of cellobiase also increased from 1.35 U/mg to 1.8 U/mg.
This was attributable to the higher Vmax of the larger cellobiase agglom-
erates formed and stabilised in presence of trehalose [2]. Next,we inves-
tigated the effect of trehalose over chaotrope induced denaturation of
cellobiase (Fig. 5). A marginal protection was conferred by trehalose
as there was a 10% increase in residual activity in presence of 1.5 M
urea (Fig. 5A). At higher concentrations of GdHCl (1.5 M and 2 M), the
protective action of trehalose was better visible as N15% retention of
cellobiase activity occurred (Fig. 5B).

The observations were in stark contrast to what is known about the
effect of trehalose on structural modulation of globular aggregation
prone proteins [23]. Instead of mediating their compaction and subse-
quent prevention of aggregation, trehalose stabilised the big cellobiase
aggregates against heat and dilution induced dissociation. The
most popular theory about mechanism of trehalose based protein
stabilisation suggests that trehalose replaces water from the vicinity of
protein's accessible interface by itself forming hydrogen bonds with
the protein [24]. Almost all of the fungal extracellular glycosidases
bear substantial amount of glycosylation [55,56] which are high

Fig. 6. Size analysis ofWheat Germ Lectin byDLS and PAGE: A) Lectin B) Lectin in presence of 0.1M trehalose; C)Native PAGE electrophoresis (10%) of Lectin (lane 1) and lectinwith 0.1M
trehalose (lane 2). 3 μg of protein was loaded in each lane.

Fig. 5. Effect of trehalose on chaotrope induced cellobiase denaturation A) Urea (0–1.5M)
and B) Guanidium hydrochloride (0–2 M). Error bars were computed from five replicate
experiments.
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mannose type and unique to filamentous fungi [57]. Glycan content of
the purified cellobiase employed in the current studies was determined
to be 196.27 μg of sugar/μg of protein. We reasoned that for a protein
surface coated with sugars like that of cellobiase, the effective approach
and formation of hydrogen bonds by trehalose is delayed and/or im-
paired. As a result, the intrinsically aggregation prone cellobiase sub-
units associate with each other before they can be coated with
trehalose. Eventually, trehalose can replace water from the interface of
the large aggregates and stabilise them. In order to test our hypothesis,
we carried out similar experiments with two model proteins; one with

attached sugar residues (In vitro glycated BSA carrying about 60 ribose
residues) and another with a known pedigree of binding sugars
(wheat germ lectin) [58,59]. The extent of glycation of BSA was con-
firmed through MALDI-TOF MW analysis of the glycated protein (Sup-
plementary Fig. 2A and Fig. 2B). About 62 molecules of ribose were
found to be conjugated per molecule of BSA. Structural analysis of the
glycated BSA indicated that there was a partial loss in the secondary
structure as alpha helicity decreased from 49.67% to 34.49% (Supple-
mentary Fig. 2C). However, the protein retained its functionality as re-
vealed by its ability to bind efficiently to two of its physiological

Fig. 7. Hydrodynamic radii distribution of a) glycated BSA and b) glycated BSA in presence of 0.1 M trehalose; C) Native PAGE electrophoresis (10%) of BSA (lane 1), BSA with trehalose
(lane 2), glycated BSA (lane 3), glycated BSA with trehalose (lane 4). 5 μg of each protein was loaded in the gel.
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substrates resveratrol and curcumin (data not shown here). Both the
samples were concentrated five fold in presence of 0.02 M trehalose
(0.1 M effective) before analysis to induce concentration dependent ag-
gregation. DLS showed increase in size of lectin from164nm(Fig. 6A) to
249 nm in presence of trehalose (Fig. 6B). In the latter case, the 1.28 nm
peak probably corresponded to monomeric lectin with a molecular
weight of 17 kDa [60]. Wheat germ lectin exists as a monomer of
about 17 kDa at pH 2.0 which dimerises subsequently at pH values
higher than 5.0 [61]. DLS data indicated stabilisation of higher oligo-
meric forms of lectin mediated by trehalose as well as the monomeric
form before it could have dimerised and developed further into higher
oligomeric forms. This observation was similar to that of cellobiase,
where a lower molecular weight cellobiase assembly at 78 nmwas vis-
ible in presence of trehalose and probably appeared since in a trehalsoe
coated form it failed to aggregate or associate with its counterpart sub-
units. Native PAGE (Fig. 6C) also exhibited the same trend where a
highermolecular bandwas seen additionally (lane 2) to that of the con-
trol lectin (lane 1) indicating trehalose mediated lectin aggregation.

Trehalose mediated vitrification results in compaction of BSA thus
preventing its self association [23]. However in case of ribosylated
BSA, this was not seen since diameter of the glycated protein increased
from397nm(Fig. 7A) to 915 nm(Fig. 7B) indicating trehalosemediated
stabilisation of higher molar mass entities of BSA which are not notice-
able otherwise due to rapid formation and dissociation of the reversible
self aggregates of the protein. The diameter of glycated BSA observed
was much larger than the known minimum hydrated diameter of BSA
of around 10 nm [23]. This can be attributable to the fact that glycated
BSA is more aggregation prone [62], than its non-glycated counterpart
and therefore at the concentration studied (0.1 mg/ml), the least diam-
eter species was not visible. This was reconfirmed by studying the
glycated BSA at a tenfold lesser concentration where a diameter of
24.54 nm± 3.58 nmwas observed (DLS figure not shown). The obser-
vations were further corroborated through electrophoretic migration
patterns of the proteins in Native PAGE (Fig. 7C). The lower molecular
weight bands corresponding to glycated BSA in absence and presence
of trehalose (lanes 3 and 4 respectively) in native PAGEwere slightly re-
tarded as compared to control BSA in (lanes 1 and 2 in absence andpres-
ence of trehalose respectively) due to increased molecular weight via
glycation. The bands corresponding to the glycated BSA (lanes 3 and
4) were also rendered smeary probably due to enhanced aggregation
of the ribosylated BSA. Surprisingly, no further change was effected by
trehalose for the glycated sample. We reasoned that unlike lectin and
cellobiase, the trehalose coated higher oligomeric assembly of
ribosylated BSA was not stable and dissociated into smaller units by
sheer dilution during gel electrophoresis. Therefore, the trehalosemedi-
ated higher molecular weight aggregated entities of BSA were detect-
able in DLS but dissociated subsequently under migration in an
electric field.

Fluorescence polarisation or anisotropy is a powerful tool to investi-
gate the rotational dynamics of a macromolecule with a fluorophore
tagged to it [63]. Although generally known to be concentration inde-
pendent, it can used to assess the aggregation of proteins since higher
the size of the protein through aggregation, higher will be the anisot-
ropy value [64,65]. In order to gain further evidence about the aggrega-
tion prone nature of the test glycoproteins, we determined the
anisotropy values of FITC conjugated wheat germ lectin and ribosylated
BSA. According to our expectations, the anisotropy of lectin in presence
of 0.1 M trehalose increased from 0.174 ± 0.00205 to 0.189 ± 0.0026
suggesting an increase in size of the lectin aggregatemediated by treha-
lose with a corresponding P value of 0.000 in the two sample t-test. The
R value of BSA-FITC (0.210± 0.002) didn't change significantly in pres-
ence of 0.1 M trehalose (0.209± 0.002). In case of glycated BSA, a slight
increase in anisotropy was observed (0.163 ± 0.001 to 0.170 ± 0.002)
in presence of 0.1 M trehalose with a P value of 0.000. However, this in-
crease in size was not stable as on diluting the protein to half of its orig-
inal concentration, the anisotropy decreased again to 0.166 ± 0.003; in

contrast the anisotropy of the control half diluted glycated BSA in-
creased to 0.179± 0.003(P value 0.000) reflecting the increased self ag-
gregating nature of the glycated BSA. The observations from native
PAGE and Anisotropy experiments indicated that the trehalose medi-
ated aggregation of glycated BSAwas not as stable as cellobiase and lec-
tin and was susceptible to dilution induced dissociation. This might be
attributable to many reasons; the sugar residues spanning the surface
of lectin and cellobiase are fundamentally different in being much
more complex than ribose attached to BSA. Additionally, they have
been enzymatically attached to strategic locations of the respective pro-
teins encompassing both side chain amino and hydroxyl groups in order
to increase inter-subunit aggregation without sacrificing the native
structure. Therefore, subsequent docking by trehalose only helps to fur-
ther stabilise the strength and rigidity of these aggregates making them
more resistant to dilution induced dissociation. On the contrary, ribose
molecules were randomly attached to mostly surface exposed lysine
groups of BSA through amino group mediated Amadori adducts. How-
ever, in the process the native structure of the BSA was somewhat
sacrificed. Therefore it is imperative that docking of trehalose on a
glycated BSA will not be as strong as that on glycosylated proteins.

4. Conclusion

The molecular basis of trehalose mediated stabilisation of proteins
has been extensively studied and now it is almost an accomplished
fact that trehalose results in vitrification of the protein's native structure
by replacingwater molecules from the solvent accessible interface itself
making up for the lost hydrogen bonds in the process. This unique prop-
erty of The present studies are believed to add a new dimension to tre-
halose research by reporting for the first time the role of trehalose on
stabilisation of aggregation prone glycoproteins. The studies are be-
lieved to provide important insights for management of protein
glycation related ailments frequently occurring in diabetic individuals.
Present studies also report a cross-linking free method to stabilise β-
glucosidase aggregates for enhanced resistance to demanding produc-
tion parameters frequently encountered in biofuel industries.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2019.01.062.
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Abstract
Hydrogel has wide applicability in biomedical applications and other industrial applications due to its strong biocompatibility.
A natural polymer is eco-friendly, nontoxic, and biocompatible. There are vast varieties of natural polymers whose
combination can form excellent hydrogels. Pectin and carboxymethyl cellulose (CMC) are some such kinds of polymers.
Plasticizer has wide applicability to enhance properties of polymers mix. Glycerol has been widely used as a plasticizer in
many hydrogels but it does not render thermostability whereas, PEG is known to render thermostability. Thermostable
hydrogel provides easy sterilization by using heat and pressure such as an autoclave. Small molecular size plasticizer is known
to provide more space among the polymer mix and affect the porosity and water uptake capability. PEG 400 has wide
applications in pharmaceutical industries and it is one of the small molecular size plasticizers. Other than this, copper ions are
known to render skin regenerative property with biocidal property help in the wound healing treatment. Thus, a hydrogel was
fabricated using pectin and CMC with PEG 400 as the plasticizer and copper ion as cross-linker (PCPEG2). The resulted
hydrogel not only showed high thermal stability but also has high porosity, a high degree of swelling, pH sensitivity and good
cytocompatibility and good drug release efficiency. The hydrogel was characterized by using FTIR, XRD, DSC, TGA/DTG/
DTA, and XPS which showed good fabrication of hydrogel with high thermal stability. Thus, a novel hydrogel of pectin/CMC
with PEG 400 was fabricated with enhancing properties applicable in biomedical applications and other industrial applications.

Graphical Abstract

* Mainak Mukhopadhyay
mainak.mukhopadhyay12@gmail.com

1 Department of Biotechnology, JIS University, 81, Nilgunj Road,
Agarpara, Kolkata, West Bengal 700109, India

2 Department of Microbiology, Moulana Azad College, 8 Rafi
Ahmed Kidwai Road, Kolkata, West Bengal 700013, India

3 Department of Bioscience and Biotechnology, Banasthali
University, Niwai—Jodhpuriya Road, Vanasthali, Rajasthan
304022, India

Supplementary information The online version of this article (https://
doi.org/10.1007/s10971-019-05187-w) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05187-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05187-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05187-w&domain=pdf
http://orcid.org/0000-0001-9224-3963
http://orcid.org/0000-0001-9224-3963
http://orcid.org/0000-0001-9224-3963
http://orcid.org/0000-0001-9224-3963
http://orcid.org/0000-0001-9224-3963
mailto:mainak.mukhopadhyay12@gmail.com
https://doi.org/10.1007/s10971-019-05187-w
https://doi.org/10.1007/s10971-019-05187-w


Highlights
● Fabrication of pH responsive thermostable PEG 400 based hydrogel.
● The hydrogel has high porosity (21.72 μm), which favors high cell viability (Live/Dead cell staining).
● Cu2+ is used for ionic cross-linking among the polymers, which is explained via XPS analysis.
● Capability of having high industrial value especially as skin dressing agent.

Keywords Carboxymethyl cellulose ● Copper ions ● Hydrogel ● Pectin ● PEG 400

1 Introduction

The hydrogel is a macromolecular polymer gel consisting of
polymer chains, cross-linked among each other with a
hydrophilic nature. Hydrogel has multiple advantages in
industry, environmental areas [1, 2], and medical science
[3]. Due to its high entrapment capability, it has wide
application in wastewater treatment [4–6], tissue culture [7–
11], pharmaceuticals [12–14], and other industrial and
nonindustrial applications. Natural polysaccharides are
widely used for hydrogel formation due to their low toxi-
city, low cost, high biocompatibility [15, 16]. Lyophilize
hydrogel forms a scaffold-like structure which is highly
porous [17–24]. This porosity can be used for entrapment of
useful molecules which play vital roles in drug entrapment
and control drug release [25–28], cell proliferation [29–32],
entrapment of toxins, and waste molecules in wastewater
treatment [33].

Pectin has high applicability but poor mechanical
strength which can be improved by blending with other
biopolymers [34]. Pectin consists of complex polymers
which are homogalacturonan (HG), rhamnogalacturonan I
(RG I) and rhamnogalacturonan II (RG II) covalently
linked to each other. Pectin is mainly found from the cell
wall of plants. Pectin plays vital roles in plant growth and
development, wall porosity, cell–cell adhesion, morpho-
genesis, signaling, fruit development, and many more. HG
consist of α–1, 4 –linked galacturonic acid monomers
which are negatively charged and partially methyl-
esterified at the C–O–6 carboxyl [17]. The degree of
methyl esterification (DE) decides the pectin gelation by
multivalent cations. Pectin with low methoxy can form the
network in the presence of divalent cations. High methoxy
pectin also forms the network in the presence of divalent
cations but their gel strength is low [17]. In the case of the
plant’s cell wall, pectin contributes to the mechanical
property but in combination with the cellulose network.
Thus pectin in combination with sodium carboxymethyl
cellulose (CMC) can provide similar kind of strength due
to poroelastic effect [17]. Since cellulose is insoluble in
water, thus, another form of it i.e. sodium CMC is a water-
soluble derivative of cellulose with β-(1→4) glucopyr-
anose residues [17]. Besides this CMC is having excellent
bioadhesive, biocompatible, biodegradable properties

which makes it an excellent polymer for casting hydrogel.
It is also a polyelectrolyte which provides pH sensitivity
and ionic strength variation. The OH groups of CMC are
highly reactive for polymer chain formation. Other than
this the carboxyl group present in it helps in the cross-
linking of polymer chains in the presence of multivalent
ions. CMC hydrogels have wide applicability in food
industries, cosmetics pharmaceuticals, and agricultural
industries, etc [35]. Since ancient times copper has been
used for wound healing and biocidal properties [36].
Copper is known to have numerous positive effects on
human tissues, especially on the skin. It helps in the
synthesis and stabilization of the extracellular matrix of
skin proteins and helps in angiogenesis. Thus, copper has
wide applications in wound healing, improvement of skin
elasticity, curing an infection, etc [36]. Copper sulfate
(CuSO4) is a salt with divalent Cu2+ ion which helps in the
cross-linking of pectin and CMC hydrogel. The addition of
plasticizers in the polymer blend helps the polymer to
align properly and thus increases its flexibility [37–39].
PEG 400 has wide applicability in medical applications
such as stability of protein during encapsulation [40],
cosmetics, ointments, toothpaste, capsule coatings, tissue
engineering, etc [41]. According to past studies, PEG can
avoid nonspecific binding of protein or cells [42, 43]. The
high structure flexibility, biocompatibility, amphiphilicity,
lacking any steric hindrances, and high hydration capacity
are some of the eminent features of PEG which earns high
significance at industries [41, 44]. PEG > 1000 molecular
weight is liquid at room temperature, whereas <1000
molecular weight is solid at room temperature. The
molecular weight of PEG is directly proportional to its
melting point. PEG 400 is widely used in the cream,
ointment base, lotion, etc. Moreover, PEG 400 is liquid at
room temperature and easily mixable with solvents at
room temperature [41]. These properties of PEG 400 make
it an ideal plasticizer for the fabrication of hydrogel with
other polymers.

As thermostable hydrogels are easy to sterilize by heat
and pressure such as using an autoclave, therefore, with the
above consideration in mind, this work signifies to fabricate
a thermostable hydrogel using pectin and CMC as poly-
mers. The significance of pectin, CMC, PEG 400, and
copper ions are already discussed above which states its
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importance in the industrial fields such as biomedical
applications. The hydrogel fabricated is characterized by
using Fourier transform infrared spectra (FTIR), X-ray
diffraction (XRD), differential scanning calorimetry (DSC),
TGA/DTG/DTA, and XPS which showed good fabrication
of hydrogel with high thermal stability. The other experi-
ment such as SEM analysis, the study of swelling proper-
ties, MTT assay, drug release study showed high porosity,
the degree of swelling (DOS), cytocompatibility, efficient
drug release of the fabricated hydrogel as discussed further.

2 Materials and methods

2.1 Materials

CMC and apple pectin (50–75% degree of methyl ester-
ification) and citrus pectin(65–74% degree of methyl
esterification) were brought from Hi-media. Glycerol (99%
purity) and PEG 400 (polyethylene glycol 400) were
brought from Merck. Copper sulfate pentahydrate
(CuSO4.5H2O)(98%), tris-buffer, hydrochloric acid, and
absolute ethanol were brought from Sisco Research
Laboratories. Double distilled water was prepared in the
laboratory.

2.2 Preparation of hydrogel

A stock solution of all polymers 4% (w/v) (pectin (apple+
citrus pectin; 1:1), 1.6% (w/v)) CMC were prepared using
double distilled water. All the polymers were mixed in
different ratios for 1 h at 700 rpm on a magnetic stirrer. The
addition of PEG 400/glycerol as the plasticizer to the above-
mixed solution in different ratios of wt% (v/v) was done and
left to stir for another 1 h. Details of the formation of
hydrogels in different parameters such as the difference in
polymer composition ratio, plasticizers, cross-linker are
mentioned in Supplementary data 1. After the above step, a
glass Petri dish was cleaned and by using ethanol it was
made grease-free. The above solution of polymers was
poured into the Petri dish. The polymer solutions with
glycerol as a plasticizer was named as PCGY and the
polymer solutions with PEG 400 as a plasticizer was named
as PCPEG and the polymer solutions without plasticizer
were named as PC. A solution of 2% CuSO4 was prepared
and sprayed over the polymer solutions present in the Petri
dish. The CuSO4 helps in cross-linking the polymer solu-
tions immediately to form the hydrogel. Wash the hydrogel
with double distilled water to remove excess CuSO4 solu-
tion. The hydrogel was kept at −20 °C for a minimum of
4 h for proper solidification. The hydrogel was lyophilized
(Creatrust – CTED - 1P) at room temperature to form the
scaffold. Among all the polymers mixtures which are

mentioned in Supplementary data 1, only those were
selected which formed proper hydrogels which are PC,
PCPGY1, PCGY2, PCPEG1, and PCPEG2.

2.3 Characterization

The field emission scanning electron microscope (FE-SEM)
is used to study the structural morphology of the hydrogel
scaffolds. FTIR spectra of the hydrogel scaffolds were
recorded by FTIR spectroscopy: Agilent, Cary 630, USA
and the frequency range scanned was 400–4000 cm−1. XRD
patterns of the hydrogel scaffolds were obtained by using
Bruker AXS, D2 Phaser. A thin section of 1 × 1 cm
hydrogel scaffolds was used for the study of the XRD
pattern. The CuKα radiation was fixed at a wavelength of
1.5418 Å. The diffraction spectra of the hydrogel scaffolds
were verified over a 2ϴ range with the scanning rate of
0.2° s−1 at room temperature. Thermogravimetric (TGA)
and differential thermal analysis (DTA) of thin sections of
hydrogel scaffolds were carried out by using Perkin Elmer
Pyris Diamond TG-DTA with a scanning rate of 10 °C min−1

under a nitrogen atmosphere in a room temperature ranging
from 20 to 1000 °C. DSC of the hydrogel scaffolds was
performed using Perkin Elmer Pyris Diamond DSC. Sam-
ples were heated from 10 °C–100 °C at a heating rate of
10 °C min−1 in the nitrogen atmosphere.

2.4 Water uptake studies

The water uptake capability of the hydrogel scaffolds can be
measured as the DOS. A small piece of dried scaffolds with
equal weight (Wi) was immersed in double distilled water or
buffer of different pH at room temperature. The wet weight
(Wf) of the sample was determined after 6 days by gently
blotting the sample over the filter paper. The degree of
swelling (Eq. 1) was measured according to the following
equation [45]:

Degree of swelling ¼ Wf �Wi

Wi
: ð1Þ

2.5 Cell viability studies

Cell viability of hydrogel scaffolds was evaluated by using
MTT assay which is a colorimetric assay that measures the
reduction of yellow color MTT 3-(4, 5-dimethythiazol-2-yl)-
2, 5-diphenyl tetrazolium bromide (MTT) by mitochondrial
succinate dehydrogenase. The MTT enters the cells and gets
reduced in mitochondria into insoluble formazan product
which is dark in color. The cells are then dissolved in
organic solvents and measured spectrophotometrically [46].
MTT is only reduced when the cells are metabolically active,
thus, it demonstrates the viability of the cell. WI-38 cells
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(lung fibroblast cell line) were cultured in RPMI media with
10% fetal bovine serum, 100 U/ml penicillin and 100 U/ml
streptomycin as antibiotics at 37 °C in 5% CO2 and humid
atmosphere. In 96 well plate, WI-38 cells were seeded at a
density of 1 × 105. An equal weight of hydrogel scaffolds
was incubated in different well plates and exposed to the
cells for different hours (24, 48, and 72 h). Also, an equal
weight of samples PCGY1 and PCPEG2 were incubated
separately for 24, 48, and 72 h. After incubation 1X phos-
phate buffer saline (PBS) was used to wash cells twice. After
that 0.5 mg/ml MTT solution was added to the well and
incubated for 3 to 4 h at 37 °C until a purple color develops.
The resulting product obtained was dissolved in DMSO
(Dimethyl sulfoxide) and spectrophotometrically measured
at 570 nm using a microplate reader (Biorad). The survival
percentage was calculated considering the untreated cells
having 100% viability.

2.5.1 Live/dead cell staining

The viability of cells cultured with PCPEG2 was assessed
using live/dead cells staining procedure. WI-38 cells were
cultured in coverslip in 35 mm plate and incubated with
PCPEG2 for 3, 5, 7 days respectively along with control.
Working solutions of calcein-AM (2 μM) and propidium
iodide (PI) (4 μM) were prepared from stock solutions.
After washing the cells with 1X PBS three times, an equi-
molar mixture of dyes was added at 500 μl/well. After
incubation at 37 °C for 30 min, the samples were observed
by fluorescence microscopy (Leica) using an excitation
wavelength of 490 nm and the green emission at 515 nm to
observe the live cells, while an excitation wavelength of
535 nm and the red emission at 615 nm were used to
observe the dead cells. Images were taken at ×40
magnification.

2.6 Drug release study

To study the drug release rate of hydrogel scaffolds, bovine
serum albumin (BSA) was used as a model drug. A stock
solution of 1 mg/ml of BSA was prepared using distilled
water. The hydrogel scaffolds were cut into small pieces
and dipped in BSA solution. After 6 days the respective
hydrogel was removed from the solution and was blotted
slightly to remove excess solution and dipped it again in
10 ml of distilled water. The solution was kept in slightly
shaking condition using SPINIX – Orbital shaker. After
every equivalent interval, 1 ml of solution was removed
from the beaker and 1 ml of distilled water was added to the
beaker, respectively [47]. Bradford protein assay was used
to estimate the concentration of protein in the solution
against the standard curve. The spectrophotometrical

reading was taken at 595 nm. The above process was used
to estimate protein release from hydrogels in pH 4, 5, 6. The
drug release rate was estimated as Eq. 2, where x is the
maximum drug release at time T.

Drug release rate ¼ ðAmount of drug release ðxÞ in T timeÞ=T time:

ð2Þ

3 Results and discussions

3.1 Structural analysis using FE-SEM

The structural analysis of the hydrogel scaffolds was done
by FE-SEM analysis. Figure 1 depicts the FE-SEM image
of PC (pectin: CMC), PCGY1(pectin: CMC: 4% (v/v)
glycerol), PCGY2 (pectin: CMC: 6% (v/v) glycerol),
PCPEG1 (pectin: CMC: 4% (v/v) PEG 400), and PCPEG2
(pectin: CMC: 6% (v/v) PEG 400). The difference in
plasticizers and their percentage has greatly affected the
porosity of the hydrogel. When no plasticizers were added
to the polymer mixture then the resulted hydrogel (PC)
formed has no porosity as shown in Fig. 1a whereas, when
glycerol was used as plasticizer then at 4% (v/v) of glycerol
in solution resulted in higher porosity of hydrogel (PCGY1)
than 6% (v/v) of glycerol in solution (PCGY2) as shown in
Fig. 1b, c, respectively. Whereas, 6%(v/v) of PEG 400 in
solution resulted in higher porosity of hydrogel (PCPEG1)
than 4% (v/v) of PEG 400 in solution (PCPEG2) as shown
in Fig. 1d, e, respectively. Even when drawn center of
attention towards Fig. 1 it can be concluded that PCGY1
and PCPEG2 are more porous then other hydrogels but
PCPEG2 has higher uniformity and deep pores than
PCGY1. The mean pore size of PCGY1 and PCPEG2 are
36.41 (Fig. 1b) and 21.72 µm (Fig. 1e), respectively.
Therefore, it can be concluded that though PCPEG2 has a
slightly small pore size than PCGY1 the pores of PCPEG2
are more uniform and deeper than PCGY1 which can be
helpful in drug entrapment and cell viability. The images of
hydrogels at different magnifications are mentioned in
Supplementary data 2 for a better understanding of porosity.

3.2 Study of interaction among polymers using FTIR
spectroscopy

The FTIR spectra of PCGY1 (Fig. 2) show a clear absorption
peak at 2994–3741 cm−1 which are due to –OH stretch
vibration peaks. The peak at 2899 and 2946 cm−1 is due to
C–H stretching due to alkane. The peak at 1741 cm−1 is due
to strong C=O stretching due to the presence of the carbox-
ymethyl group (–COOCH3). The peak at 1641 cm−1 is due to
C=C stretching due to the presence of conjugated alkene. The
peaks at 1461 and 1243 cm−1 represent CH2 and –OH
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bending vibration peaks, respectively. The peaks
1045–1116 cm−1 represent the C–O stretching vibration peak
in the hydrogel [48]. The shift of peaks is due to interaction
among the polymer compounds and cross-linking by Cu2+

ions in hydrogel [17, 47, 49, 50].
The FTIR spectra of PCPEG2 (Fig. 2) show a clear

absorption peak at 3230–3490 cm−1 which is due to –OH
stretch and 2889 and 2923 cm−1is due to –CH stretching
vibration peaks. The peak at 1641 cm−1 is due to C=C
stretching due to the presence of conjugated alkene. The peak
at 1750 cm−1 represents the carboxymethyl group (–COOCH3)

due to C=O stretching. The peaks at 1414–1452 cm−1 and
1253–1357 cm−1 represent CH2 and –OH bending vibration
peaks respectively. The peaks 955–1101 cm−1 represent the
C–O stretching vibration peak in the hydrogel [48]. The peak
at 624–842 cm−1 represents the C–H bending. The cross-
linking by Cu2+ ions and interaction of polymers in hydrogel
leads to shifting in peaks in FTIR analysis.

The increase in the intensity of peaks signifies more of
that particular type of bond. PCGY1 and PCPEG2 have
peaks position at the same wavelength range but the peak
intensity differs which signifies that the number of bond
formation is more at that peak intensity [51, 52]. According
to Munajad et al. [51], there is a linear correlation between
the intensity of the peak absorbance of the functional groups
or bonds with the average number of functional group
formation or bond formation [52]. Thus, it implies that the
intensity of the peak absorbance signifies the formation of
new bonds due to cross-linking by Cu2+ ions. The FTIR
peaks represented in the graph (Fig. 2) proves the favorable
interactions between pectin and CMC with glycerol and
PEG 400 which lead to successful hydrogel scaffold for-
mation [17, 47, 49, 50].

3.3 Study of crystallization using XRD

The XRD pattern of PCGY1 and PCPEG2 state the crys-
tallization of both the hydrogels (Fig. 3). The broad peak at
21.23° shows the amorphous nature of the PCGY1 and
PCPEG2 hydrogel (Fig. 3). The peak at 27.97° represents a

Fig. 2 The graphical representation of FTIR peaks of PCGY1
and PCPEG2

Fig. 1 FE-SEM image of (a) PC, (b) PCGY1, (c) PCGY2, (d) PCPEG1 and (e) PCPEG2

620 Journal of Sol-Gel Science and Technology (2020) 94:616–627

Author's personal copy



low crystallinity of the polymer blend in the case of
PCPEG2 (Fig. 3) [53]. PCGY1 and PCPEG2 have different
plasticizers which are glycerol and PEG 400, respectively,
which affect the crystallinity nature of the polymer blend. As
plasticizers provide mobility between the polymer molecules
layer thus, they affect the crystalline nature of the polymer
blend [54]. The above discussion confirms the amorphous
nature of both the hydrogel (PCGY and PCPEG) [47].

3.4 Thermogravimetric analysis (TGA)/derivative
thermogravimetric analysis (DTG) and
differential thermal analysis (DTA)

Figure 4 represents the TGA profile of hydrogel PCGY1
and PCPEG2. The TGA graph plot represents thermal

stability with a change in temperature. At 170 °C the initial
degradation of PCGY1 starts and degradation continues till
351 °C. The weight loss percentage of PCGY1 is 60%. The
DTA graph plot represents the endothermic degradation of
PCGY1. The first degradation occurs at 70 °C which is
degraded due to the evaporation of water molecules
strongly bound to the PCGY1 sample [55]. At 210 °C major
degradation of the polymer occurs which is an endothermic
reaction. The DTG graph plot confirms the degradation of
the sample and represents the exact temperature at which
the degradation starts and ends. The degradation due to loss
of water starts at 10 °C and ends at 110 °C. The major
degradation of polymer starts at 170 °C and ends at 280 °C,
whereas a small peak from 290 to 351 °C represents the
final degradation of the polymer. The height or depth of the
peaks defines reactivity intensity in the case of DTA and
DTG graph [56].

At 190 °C the initial degradation of the PCPEG2 starts
and degradation continues till 410 °C. The initial weight
loss percentage of PCPEG2 is 72%. The DTA graph plot
represents the endothermic degradation of PCPEG2. The
first degradation of PCPEG2 occurs at 80 °C which is
degradation due to the evaporation of water molecules
strongly bound to the sample which is an endothermic
reaction [55]. The DTG graph plot confirms the degradation
of the sample and represents the exact temperature at which
the degradation starts and ends [55]. The degradation due to
loss of water starts at 10 °C and ends at 120 °C. Similarly,
the major degradation of the polymer occurs at 200–270 °C
and 270–450 °C [56].

So, according to the above discussion, the conclusion
reflects that PCPEG2 has more thermal stability than
PCGY1. PCPEG2 approximately degrades at 450 °C
whereas PCGY1 degrades at 351 °C, thus, PCPEG2 has
high thermal stability which has great use in industries.

Fig. 3 The graphical representation of XRD peaks of PCGY1
and PCPEG2

Fig. 4 The graphical
representation of TGA/DTA
analysis a PCGY1 and
b PCPEG2
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3.5 Thermal analysis using differential scanning
calorimetry

The Tg value of PCGY1 is 57.4 °C, whereas the Tg value of
PCPEG2 is 54.75 °C which is nearly similar (Fig. 5). As the
Tg value is at low temperature represents high molecular
mobility. The Tg value of PCGY1 and PCPEG2 shows that
the materials are amorphous in nature. When the plasticizer is
added to the polymer, the plasticizer molecules help in spacing
the polymer chains apart from each other and increases the
free volume. Therefore the plasticizer molecules help in
smooth movement of the polymer chain over each other at
low temperature subsequent in the decrease of Tg of the
polymer [57]. According to Jadhav et. al. 2014, some such
plasticizers are PEG, propylene glycol, nitrobenzene, glycerin,
etc. which deliver such properties as described in the above
text [57]. This discussion, when correlated with the above
discussed XRD analysis, confirms the amorphous nature of
the polymer blend of hydrogel (PCGY1 and PCPEG2).

3.6 X-ray photoelectron spectroscopy

As discussed above in FE-SEM that the pores of PCPEG2
are more uniform and deeper than PCGY1, therefore
PCPEG2 was considered for XPS analysis. Figure 6
describes the XPS of PCPEG2, where Fig. 6a–d represents
the presence of carbon, copper, oxygen, sulfur compound,
respectively. The intensity of the peaks is directly propor-
tional to the amount of those particular compounds. From
Fig. 6 it can be easily predicted that the hydrogel has a high
amount of carbon and oxygen-related compounds than
copper- and sulfur-related compounds due to the presence
of polysaccharides such as pectin and CMC along with PEG

400. This XPS analysis intends to evaluate the possible
cross-linking reaction of polysaccharides due to CuSO4.
Therefore, compounds expected to involve in this cross-
linking reaction are more emphasized.

In Fig. 6a two peaks are observed at 284.90 and 286.10
which represent the presence of polysaccharides com-
pounds along with carbon and other hydrocarbons. Among
these compounds CH3CHO/Cu, CH2CHCH2OH/Cu2O,
CH2CHCH2OH/Cu2O, CH2CHCHO/Cu2O, CH3CH2CHO/
Cu2O, CH3CH2CH2OH/Cu2O,CH3CH2CH2OH/Cu2O, CH3

CH2CH2OH/Cu2O, CH2CHCH2OH/Cu2O, CH3CH2CH2

OH/Cu2O are the compounds formed due to reaction of
CuSO4 with polysaccharides as mentioned in the proposed
Eqs. 3 and 4).

CuSO4 ¼ Cu2þ þ 2SO2

2Cu2þ þ polysaccharidesmolecule ¼ Polysaccharidemolecule=

Cu2Oðe:g:CH2CHCH2OH=Cu2OÞ þ Hþ
ð3Þ

2Hþ þ 2SO2 ¼ H2SO4

2Cu2þ þ CH3COOHðcarboxymethyl group of CMCÞ
¼ CH3CHO=Cuþ CuO

ð4Þ

In Fig. 6c peak at 532.50 represents the presence of
oxygen rich compound such as H2SO4, S(CH2COOH)2,
(–CH2CH(OH)–)n, (–CH2CH(C(O)OH)–)n, (–(CH2)4O–)n,
(–((C6H7O2)(OCH2CH3)x(OH)3-x)–)n, (–CH(CH3)CH2O–)
n, (–OCH2C(O)–)n, (–C6H4–C(CH3)2–C6H4–O–C(O)O–)n
among which H2SO4 is formed due to the cross-linking
reaction of polysaccharides with CuSO4 as mentioned in
proposed Eq. 3.

In Fig. 6b peak at 932.70 represents the presence of
copper-rich compounds such as Cu/O2, Cu(OH)2, Cu2O,
Cu2S, CuO, Cu, among which the possibilities of CuO and
Cu are high during the cross-linking reaction.

Figure 6d peak at 168.10 represents the presence of SO2

due to the cross-linking reaction mentioned in the proposed
Eqs. 3 and 4.

Therefore from the above discussion, it can be concluded
that when CuSO4 solution was added to the polymer mix-
tures CuSO4 breaks down into Cu2+ and SO2. Cu

2+ further
reacts with the polysaccharide molecules to eliminate H+ion
and formation of polysaccharide/Cu2O (e.g. CH2CHCH2OH/
Cu2O). The eliminated H+ion reacts with SO2 to the for-
mation of H2SO4. When Cu2+ reacts with the carboxymethyl
(CH3COOH) group of cellulose leads to the formation of
CH3CHO/Cu and CuO. In this way, CuSO4 leads to ionic
reaction for cross-linking among the polysaccharides and the
formation of a hydrogel.

3.7 Swelling properties

Table 1 describes the analysis of the DOS of PCGY1 and
PCPEG2 in water and different pH. DOS in the water of

Fig. 5 The graphical representation of DSC analysis a PCGY1 and
b PCPEG2
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PCPEG2 is 12.96 which is greater than DOS in the water
of PCGY1 which is 5.17. With increasing pH, the DOS
value increases to pH 5.5 and decreases from pH 6 in the
case of PCGY1, whereas in case of PCPEG2 DOS value
increases till pH 6 and decreases at higher pH which
discloses the pH-sensitive nature of hydrogel. PCPEG2
has the highest DOS value of 14.54 at pH 6, whereas
PCGY1 has the highest DOS value of 18.77 at pH 5. The
highest DOS value of PCGY1 (18.77) is greater than
the highest DOS value of PCPEG2 (14.54) which reflects
the fact that glycerol-based hydrogel is more hydrophilic
than PEG 400 based hydrogel. The porosity of the
hydrogels PCPEG2 and PCGY1 affects the swelling
property of hydrogels. More porous the hydrogels, the
higher is the DOS value. From Table 1 it can also be

concluded that PCPEG2 has consistently high DOS value
in water and pH 4.5–6. The high swelling properties of
PCPEG2 is an effective drug delivery system over skin-
based problems as the skin has an average pH from pH 5
to pH 5.5 [58].

3.8 Cell compatibility studies

The MTT assay was performed to measure the change in
the viability of WI-38 cells after incubation with PCGY1
and PCPEG2 for different time intervals. Figure 7 repre-
sents the survival percentage at different time points. The
survival percentage of PCPEG2 was higher than PCGY1.
PCPEG2 showed an increase in cell viability from 48 to
72 h. Though there was a slight decrease in cell viability at

Fig. 6 The graphical representation of XPS analysis a Carbon compounds, b Copper compounds, c Oxygen compounds, and d Sulfur compounds

Table 1 Degree of swelling (DOS) in water and different pH of PCGY1 and PCPEG2

Sample DOS in water DOS in pH 4.5 DOS in pH 5 DOS in pH 5.5 DOS in pH 6 DOS in pH 6.5 DOS in pH 7 DOS in pH 7.5

PCGY1 5.17 ± 0.12 6.52 ± 0.22 18.77 ± 0.07 16.13 ± 0.27 13.9 ± 0.63 Dissolved Dissolved Dissolved

PCPEG2 12.96 ± 0.25 12.93 ± 0.24 12.97 ± 0.23 13.37 ± 0.23 14.54 ± 0.07 Dissolved Dissolved Dissolved

Symbol “±” denotes standard deviation with n= 4
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72 h concerning 48 h in the case of PCPEG2 still has
higher cell viability than PCGY1. The decrease in the cell
survival rate by 72 h was probably due to the percolation
of Cu2+ from slowly degrading hydrogels with time due to
the basic pH of the media [59]. In Fig. 7 it was observed
that PCPEG2 is highly nontoxic among the two samples
in all time points. Therefore the live–dead cell count was
performed for PCPEG2 in WI-38 cells for 3, 5, and
7 days. The above discussion reveals good cytocompat-
ibility of PEG 400-based pectin/CMC hydrogel i.e.
PCPEG2. Thus, it shows no significant cytotoxicity to
time.

3.8.1 Live/dead cell staining

To evaluate cell activity, the Live/Dead assay was used
to monitor the growth and proliferation of WI-38 cells
with PCPEG2. Fluorescence images for WI-38 cells with
specific live–dead staining after 3, 5, and 7 days
respectively are provided in Fig. 8. The live cells were
stained with calcein-AM (green), while the dead cells
were stained with PI (red). It can be seen that the cells
incubated with the PCPEG2 were highly active, with
dead cells hardly visible up to 5 days, respectively. But
after 7 days of incubation with PCPEG2, few cells were
dies as seen by red nuclei. These results indicate that
PCPEG2 can support cell survival and proliferation.

3.9 Drug release study

Based on the above discussion PCPEG2 has high porosity,
high DOS value, and high cytocompatibility, due to which
PCPEG2 is considered for drug release study. The drug
release study was done using 1000 µg/ml of BSA as a stock
solution. Figure 9 represents the BSA release rate in water,
pH 4, pH 5, pH 6 of PCPEG2. In the case of water, the BSA
release increased stiffly from 0 to 10 min and then con-
sistently increased further. In the case of pH 4, the BSA
release was averagely consistent throughout the time,
whereas in the case of pH 5 the BSA release increased from
0 to 45 min and then stayed consistent. In the case of pH 6,

the BSA release stiffly increased from 0 to 25 min and then
stayed constant till 60 min and decreased rapidly further.
The BSA release rate in water, pH 4, pH 5, and pH 6 are
0.00026, 0.00007, 0.00040, 0.00048 µg/min. respectively.
From Fig. 9 it can also be concluded that with the increase
of pH, the DOS value also increases and resulting in a rapid
influx of the buffer which results in increased release of
BSA. Therefore PCPEG2 has good drug release efficiency.

Fig. 8 The live and dead cell study of PCPEG2

Fig. 9 Release of BSA from PCPEG2 with respect to time in the water,
pH 4, pH 5, and pH 6

Fig. 7 The graphical representation of the survival percentage of
PCGY1 and PCPEG2 with respect to time
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4 Conclusion

The above results describe the successful fabrication of the
hydrogel scaffold (PCPEG2). PCPEG2 has high porosity,
high thermal stability, high cytocompatibility, and high
DOS value with efficient drug release as described in FE-
SEM, TGA/DTA, cytocompatibility and cell viability study
and swelling property study. XRD and DSC results con-
firmed the amorphous nature in PCPEG2, as well as FTIR,
confirmed the successful fabrication of PCPEG2. The XPS
result interpreted the possible cross-linking reaction of
polysaccharide molecules due to CuSO4. Therefore based
on the results and discussions, it can be concluded that
PCPEG2 can be considered as a valuable industrial product
such as a drug delivery system over the skin.
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A B S T R A C T

Non-enzymatic glycation of proteins is believed to be the root cause of high dietary sugar associated patho-
physiological maladies. We investigated the structural changes in protein during progression of glycation using
ribosylated Bovine Serum Albumin (BSA). Non enzymatic attachment of about 45 ribose molecules to BSA
resulted in gradual reduction of hydrophobicity and aggregation as indicated by red-shifted tryptophan fluores-
cence, reduced ANS binding and lower anisotropy of FITC-conjugated protein. Parallely, there was a significant
decrease of alpha helicity as revealed by Circular Dichroism (CD) and Fourier transformed-Infra Red (FT-IR)
spectra. The glycated proteins assumed compact globular structures with enhanced Thioflavin-T binding resem-
bling amyloids. The gross structural transition affected by ribosylation led to enhanced thermostability as indi-
cated by melting temperature and Transmission Electron Microscopy. At a later stage of glycation, the glycated
proteins developed non-specific aggregates with increase in size and loss of amyloidogenic behaviour. A parallel
non-glycated control incubated under similar conditions indicated that amyloid formation and associated changes
were specific for ribosylation and not driven by thermal denaturation due to incubation at 37 �C. Functionality of
the glycated protein was significantly altered as probed by Isothermal Titration Calorimetry using polyphenols as
substrates. The studies demonstrated that glycation driven globular amyloids form and persist as transient in-
termediates during formation of misfolded glycated adducts. To the best of our knowledge, the present study is
the first systematic attempt to understand glycation associated changes in a protein and provides important in-
sights towards designing therapeutics for arresting dietary sugar induced amyloid formation.

1. Introduction

Dietary sugars are an inevitable part of the metabolic load of our body
since carbohydrates constitute the primary source of energy. However,
the detrimental effects associated with dietary sugars are have been
complicated in modern urban lifestyle due to consumption of high colrie
overcooked or junked food. One of the major cellular complicacies
arising out of consistent persistence of reducing sugars is posed by non-
enzymatic glycation of proteins leading to their subsequent aggrega-
tion. Protein aggregation is implicated in many detrimental conditions

ranging from neurodegenerative diseases to degeneration of therapeuti-
cally important proteins [1, 2]. Despite protein folding and protein ag-
gregation being distinct processes, both intrinsic and extrinsic factors
govern whether a folding pathway will lead to a native structure or to
misfolded aggregate [3]. In recent years, many unnatural
post-translational modifications have been discovered which can signif-
icantly alter the native structure and function of proteins [4]. One of
these is the non-enzymatic glycation or attachment of reducing sugars to
the lysine and arginine residues and free thiols of cysteine side chains via
Schiff base formation [5]. Glycation of proteins eventualize in a complex
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series of reactions known as Maillard reactions [5] which terminate in
the form of stable irreversibly misfolded adducts - the Advanced Glyca-
tion End (AGE) products [6]. Glycation has been associated with severely
altered structure and functionality of native proteins [7] including for-
mation of covalent cross-links with nearby proteins [8]. AGE formation
and accumulation has a diverse spectrum of diseases encompassing
several physiological maladies such as arteriosclerosis, renal failure,
diabetic complications and Alzheimer disease [9]. Cellular effects of
AGEs are exerted by binding to specific receptors termed RAGE (Receptor
for AGE) with subsequent initiation of downstream signaling cascade
leading ROS generation, oxidative stress and NF-κβ activation [8, 10].
More significantly, glycated proteins have been found to resemble the
behaviour of other misfolded proteins associated with amyloid deposits
such as beta-amyloid, tau, prions etc. [11, 12, 13]. Glycation has the
potential to induce unfolding and refolding of globular proteins into
cross-β structure thus automatically making it eligible as a candidate
amyloidogenic protein [14, 15]. However, contrasting reports have been
obtained thus far regarding the role of glycation in creation of amyloi-
dogenic aggregates. While many reports suggest that glycation selec-
tively makes the protein amyloidogenic [16, 17, 18], few others indicate
that glycation of amyloidogenic precursor protein inhibits fibril forma-
tion [19, 20]. Additionally, the glycatedproteins have also been reported
to be more thermostable than their native counterparts [21, 22]. In vitro
glycation of whey proteins is a well-known practice to improve its ther-
mostability for industrial applications [23].

Bovine Serum albumin (BSA), the most abundant serum protein with
versatile applications both in vivo and in vitro, has been a particularly
popular model for understanding the effects of glycation [18, 24, 25, 26,
27]. However, the majority of reports in this regard have only concen-
trated on the structural characterization of the final glycated form instead
of probing the changes that occur progressively throughout the entire
period of glycation starting from initial formation of sugar-protein adduct
to generation of the terminally misfolded Advanced Glycated End
Product. Additionally, the methodology used universally to glycate pro-
teins involves incubation of the protein with the respective sugars at 37
�C. Sustained incubation at such elevated temperatures is known to cause
structural alterations in the protein [2, 26] including formation of ag-
gregates. However, most of the studies have not systematically accounted
for the changes which occur in the control non glycated protein incu-
bated under similar conditions. The present studies report the formation
of a globular amyloid like aggregate as an intermediate in the generation
of terminally misfolded protein aggregate resulting from in vitro ribosy-
lation of BSA and characterizes its physico-chemical attributes in terms of
thermostability and substrate binding efficiency. The structural and
functional changes entailed by the protein due to glycation are also
compared with a parallel non glycated control maintained under similar
conditions.

2. Material and methodology

2.1. Chemicals

Bovine Serum Albumin (highest available purity), ANS (8-anilino-1-
naphthalenesulfonic acid), NPN (N-Phenyl-1-naphthylamine),
Thioflavin-T, FITC (fluorescein isothiocyanate)were purchased from
Sigma Chemicals. Other chemicals and reagents needed of Analytical
grade were purchased locally from SRL.

2.2. Glycation of BSA

Bovine Serum Albumin (0.15 mM) was incubated separately with 0.5
M of different sugars (glucose, galactose, fructose, ribose and mannose)
in presence of 0.05 M sodium phosphate buffer, pH 7.4 at 37 �C. Reaction
mixtures were kept in this condition for 10 days. It was kept into sterile
glass tubes in presence of 3 mM sodium azide to prevent bacterial
contamination. Aliquots were taken under sterile conditions at desired

times and frozen at -20 �C until further assayed. The samples were then
diluted five times with 0.2 M sodium acetate buffer, pH 5 to reduce the
glycated protein and incubated at 37 �C for 2 h to release glycosylamine
adducts. In order to remove free ribose molecules, this treated protein
was then dialyzed overnight against 0.1 M sodium phosphate buffer, pH
7.4, at 4 �C. After that the dialyzed protein was reduced by adding a 50-
fold molar excess of sodium borohydride in presence of 0.1 M sodium
hydroxide. The solution was then kept at room temperature for 4 h after
which the reaction was terminated by the adding 1 N HCI slowly to
eliminate excess sodium borohydride. Finally, the samples were dialyzed
overnight at 4 �C against double distilled water [28]. Parallely, the
control incubated samples (without ribosylation) were also treated in a
similar manner and protein concentrations were measured by Bradford
assay.

2.3. Fluorescence spectroscopy

2.3.1. AGE fluorescence
The formation of Advanced Glycated End products (AGE) was

monitored by measuring the emitted fluorescence spectra of 1.5 μM
glycated BSA with excitation at 370 nm. The emission spectra were ob-
tained in the range of 390–500 nm with both excitation and emission
bandwidths at 5 nm [29]. All these measurements were performed on
Perkin-Elmer LS55 spectrofluorimeter.

2.3.2. Intrinsic tryptophan fluorescence
Steady state fluorescence was recorded with 3 μMprotein dissolved in

50 mM phosphate buffer on a Perkin-Elmer LS55 spectrofluorimeter.
Intrinsic tryptophan fluorescence spectra were carried out by exciting the
samples at 295 nm with excitation and emission slit widths set at 5 nm.
The emission spectra were recorded between 315 to 500 nm. Baseline
corrections were performed with buffer in all cases [30, 31].

2.3.3. ANS fluorescence
Steady-state fluorescence of ANS was measured on the same Perkin-

Elmer LS55 spectrofluorimeter as of intrinsic tryptophan fluorescence
measurements. ANS concentration was 0.1mM and bandwidth for exci-
tation and emission monochromators were 5 nm. Fluorescence of ANS
was measured by excitation at 360 nm with protein concentration of 0.2
μM in a 50 mM sodium phosphate buffer (pH 7.2). The emission spectra
for the samples were recorded in the range of 380 and 600 nm [32].

2.3.4. NPN fluorescence
NPN fluorescence of BSA samples was carried out on the Perkin-Elmer

LS55 spectrofluorimeter using 60 μM aqueous solution of NPN fluo-
rophore [33]. Fluorescence spectra were recorded with 1.5 μM of protein
samples in the range of 370–600 nm. The emission spectra were
measured by exciting the samples at 350 nm and bandwidths of both
excitation and emission spectra at 5 nm.

2.4. MALDI – mass spectroscopy analysis

Extents of glycation in BSA samples were obtained by Mass spec-
troscopy analysis of the samples from Bruker spectrophotometer (model:
Ultra FiexTreme). Samples were prepared in microcrystalline matrix
surfaces that were made on the probe tips of the mass spectrometer.
Protein samples were spotted by mixing the samples in a 50% aqueous
acetonitrile solution (0.6 μL) saturated with sinapinic acid and contain-
ing 0.05% TFA. Sample analysis was carried out in linear TOF mode with
550 ns delay. Further data processing and calibrations were done using
the computer program attached to the spectrophotometer [34]. The
number (N) of ribose residues conjugated with BSA molecule was
calculated from the following formula:

N ¼ (MWBSA-ribose� MWBSA)/MWRibose
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2.5. DTNB assay

The free thiol contents in BSA, incubated and glycated BSA samples
were determined using Ellman's assay [35]. 0.1mM DTNB (5,50-dithio-
bis-2-nitrobenzoic acid) or Ellman's reagent in presence of 0.1mMTris
buffer (pH 8) were mixed with different concentrations of cysteine (10
μM–100 μM) to obtain a standard curve. The samples were then incu-
bated at room temperature for 5min and the absorbancewas measured at
412 nm in Jasco V-630 spectrophotometer. The assay was carried out
with the protein samples as well and from the standard curve of cysteine,
the free thiol contents of the proteins were obtained.

2.6. FITC- BSA conjugation

BSA samples were labeled with fluorescein isothiocyanate (Sigma) in
0.1 M carbonate buffer, pH 9. The samples were kept at room tempera-
ture and in the dark for 4 h. The labelling ratio (F:P) for control and
incubated BSA were 1:1 and for ribosylated BSA it was 0.5:1. Then the
solutions were dialyzed four times in dark at 4 �C against 0.01 M phos-
phate buffered saline (PBS), pH 7.4 in order to remove any unbound
FITC. The F:P ratio range was selected depending on the sensitivity and
photophysics of the dye conjugated to the protein [36].

2.7. Fluorescence anisotropy

Fluorescence anisotropy decays of FITC conjugated BSA samples were
recorded in a Varian-Cary-UV Eclipse spectrofluorimeter at 25 �C [37].
Polarized decays were collected at the vertical (IVV) and horizontal (IVH)
positions of the emission polarizer. The samples were excited at 490 nm
and the bandwidth for excitation and emission monochromator were set
at 5 nm. The emission intensities were measured at 522 nm. Fluorescence
spectra were corrected for the emission of the control solution containing
buffer. Both decays were collected in the same conditions and for the
same amount of time. A high number of counts were essential to increase
the signal-to-noise ratio for anisotropy decays. G represents a correction
factor for the sensitivity of the optics to light with different polarizations.
The G factor was determined using the instruments software for the
samples in the absence of protein, for which the rotational correlation
time was short and the anisotropy decayed to zero within the time scale
for the measurement. This procedure is necessary since small changes in
the G factor can bring about changes in the baseline for the anisotropy of
the samples. Then the G factor determined in the absence of protein was
used for anisotropy decays in the presence of the proteins.

2.8. DLS

Dynamic light scattering measurements were performed with BSA in
the concentration of 0.1 mg/ml [38]. The concentration range was
selected according to the response and sensitivity of the instrument. Data
were obtained in a Nano zeta-sizer (Malvern Instruments) and a Beckman
Coultier DLS instrument at a fixed 90ο scattering angle using Nd-doped
solid state laser of 632.5 nm with 100 s of integration time; the in-
tensity correlation function was obtained by acquiring data between 5
and 1,000 ms, in 200 channels.

2.9. Native gel electrophoresis

Native-polyacrylamide gel electrophoresis (7%) under reducing
condition was carried out according to themethods described earlier [39,
40]. The protein samples (10 μg) were incubated at different tempera-
tures between 25 �C and 85 �C for 1 h and subsequently were dissolved in
the sample buffer. The gel was run at 20 mA till the tracking dye reached
its lower edge. Thereafter, it was immediately subjected to silver staining
using ProteoSilverTM silver stain kit (Sigma) according to the manu-
facturer's instructions.

2.10. Circular Dichroism

Circular dichroic (CD) spectra of different preparations of BSA (1.5
μM) in the far-UV wavelength range (190–250 nm) were recorded at 25
�C on a JASCO J-720 spectropolarimeter (calibrated with d-10-cam-
phorsulfonic acid) using a cylindrical quartz cuvette of path length 1 mm.
The following scan parameters were used: 1 nm bandwidth, 2 s response
time, 0.1 nm step resolution and 20 nm/min scan speed [40, 41, 42].
Each spectrum had an average of four continuous scans. The final spectra
were acquired by subtracting blank runs on appropriate protein-free
buffer (10 mM-phosphate buffer, pH 7.0) and subjected to a moderate
degree of noise-reduction analysis. Alpha helix content was obtained
using the formula:

% α-helix ¼ ((MRE222nm – 2340) / 30300) x 100

Where, Mean Residual Ellipticity (MRE) ¼ MRE222 ¼ θobs(mdeg)/
(10*n*c*l), n ¼ number of peptide bonds, c ¼ concentration of the
sample in M, l ¼ pathlength ¼ 0.1 cm.

2.11. FT-IR analysis

Fourier Transform-Infra Red (FT-IR) spectra of BSA samples were
recorded on a Perkin-Elmer FTIR instrument. The samples were prepared
by grinding 1 mg of the protein sample with 100 mg of KBr together
previously kept in dessicator [43, 44, 45]. After mixing properly pellets
were made by pressing the samples at 10 tons for 1 min. The spectral data
were obtained within the range of 4000 cm�1 - 450 cm�1 with a spectral
resolution of 1 cm�1. The spectrum of the background was recorded
initially and it was further subtracted from the spectra of samples.

2.12. Melting point analysis from spectral studies

Melting points of glycated and incubated BSA were acquired from
absorption measurements of the samples [46]. In brief, absorbance (280
nm) of BSA samples (7.5 μM aliquots) were taken corresponding to the
temperature range of 25–90 �C in a Jasco V-630 spectrophotometer fitted
with a peltier. Baseline corrections for each sample were performed with
buffer in absence of the protein.

2.13. Thioflavin T binding

A ThT stock solution was prepared by dissolving 2.5 mM Thioflavin T
(Sigma) in phosphate buffer (10 mM phosphate, 150 mM NaCl, pH 7.0)
and then filtering it through a 0.2 μm syringe filter [47]. The working
solution was generated by diluting the stock solution 50 fold in the phos-
phate buffer on the day of analysis. BSA samples at concentration of 1.5 μM
were mixed with the working solution and were allowed to bind the ThT
for 1min. The fluorescence intensities of the samples were measured on
Perkin-Elmer LS55 spectrofluorimeter by excitation at 440 nm (slit width 5
nm) and emission 482 nm (slit width 10 nm) at medium speed.

2.14. Transmission Electron Microscopy (TEM)

TEM was carried out as reported earlier [48], with few modifications.
Briefly, twenty five square mesh copper grids with continuous carbon
film (Electron Microscopy Sciences) were taken to incubate the samples.
10 μL of each BSA samples (control BSA, non-glycated and glycated BSA)
were applied onto the grids and allowed to dry in air before analysis.
Glycated and non-glycated BSA samples were kept at 60 �C for 1hour
before applying onto the grids. TEM images were collected using
JEOL-JEM 2100 (Japan) electron microscope operated at 200 kV and size
of the proteins were acquired using the associated software.
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2.15. Isothermal titration calorimetric measurements (ITC)

The isothermal titration calorimetric experiments were performed on
a VP-ITC titration microcalorimeter (MicroCal Inc., Northampton, MA).
Protein and ligand concentrations were adjusted at 12 μM and 250 μM,
respectively, to maintain a high ligand:protein ratio. After that multiple
injections of 60 μl each from curcumin and resveratrol (250 μM) were
made into the sample cell maintaining the temperature of the system at
25 �C. The principle method of ITC necessitates presence of 30–40 times
ligand concentration from that of protein [49]. To correct the heat effect
due to mixing and dilution, control experiments were performed in
which ligands were injected into the buffer solution without BSA.

2.16. Statistical analyses

Standard deviations in all fluorescence measurements and DLS were
performed with instrument associated software. Statistical analyses of
ITC data was carried out in Origin ver 9.0.

3. Results and discussion

3.1. Monitoring the formation of AGE through characteristic fluorescence
emission

In order to generate a working model of glycated protein, in vitro
glycation of Bovine Serum Albumin was carried out individually with the
monosaccharides, ribose, glucose and fructose, galactose and mannose.
The reaction was monitored by the characteristic fluorescence emission
of Advanced Glycation End product at around 440 nm. AGE fluorescence
was highest with ribose followed by fructose whereas no significant in-
crease in fluorescence was noted for BSA glycated with the other sugars
(Figure 1A). It may be mentioned here that although glucose is the most
commonly encountered sugar in the intracellular milieu, it needs a
significantly long time to glycate serum albumins [50, 51]. Since the
secondary structure of the protein was abolished almost completely
beyond twelve days of sustained incubation at 37 �C (as elaborated later),
ribose was selected for generation of a glycated BSA model. Advance-
ment of glycation was followed by observing daywise fluorescence of the
samples. Fluorescence intensity was highest on the 8th day of incubation
(Figure 1B). It decreased subsequently with a significant red shift in
emission indicating that the AGE fluorescence was shifted to a more polar
environment due to a gross structural transition of the protein
(Figure 1C). This was investigated at a later part of the studies.

3.2. BSA gets optimally ribosylated within 10 days of glycation reaction

Extent of glycation of the 10th day ribosylated sample was measured
quantitatively using MALDI-MS (Figure 2) after a round of purification
though HPGPLC to separate any glycated peptide from the commercial
protein preparation (data not shown). Number of ribose residues

attached was ascertained at different time intervals during the course of
glycation. Molecular weight of 4th day sample was found to be 67.45 kD
corresponding to attachment of about 5 sugar residues (Figure 2B).
Maximum number of ribose residues was attached within 10 days as the
molecular weight of the protein increased to 75.08 kD indicating
attachment of as many as 56 sugar molecules (Figure 2C). During the
later stages of glycation, molecular weight of BSA was found to be about
73.373 kD corresponding to about 45 molecules of ribose (Figure 2D).
This can be attributable to partial degradation of the protein or loss of
attached sugar or both occurring simultaneously under prolonged ther-
mal incubation. The 10th day glycated protein model was used for some
of the subsequent studies such as morphology investigation by TEM,
temperature dependence of amyloid formation, FT-IR spectroscopy and
evaluation of substrate binding capability by ITC. Since the in vitro gly-
cation was performed by incubating the protein at 37 �C, a parallel
control without the sugar was maintained in every case to account for the
temperature induced structural changes which might have occurred in
the protein.

3.3. Glycation delays thermal aggregation of BSA

Bovine Serum Albumin is a naturally aggregation prone protein [52,
53] where intermolecular disulphide bonds are generally held respon-
sible for mediating the aggregation [54]. Although BSA is not naturally
amyloidogenic, intermolecular aggregation of BSA is implicated in for-
mation of irreversible amyloid fibrils in the protein [55, 56]. Free thiol
content in purified 8th day glycated protein decreased to more than 50%
from 18.96 mM to 8.96 mM. However, the same was also noted in a
parallel control where the protein was incubated at 37 �C without the
sugar. Therefore it was evident that the decrease in number of free thiols
(indicating disulphide mediated cross-linking of protein sub-units) was
attributable to prolonged incubation at higher temperature and not due
to glycation.

Apart from involvement of disulfide bonds, natural aggregation also
occurs due to exposed hydrophobic interfaces [57, 58]. This is of
commonplace occurrence for non-aggregation prone proteins due to so-
lution induced deviation from native structure [59]. ANS is an extrinsic
fluorophore known to bind to hydrophobic surfaces of proteins [60],
where binding is mostly mediated by cataionic groups in protein side
chains [61]. Therefore, it is widely used for probing the extent of
accessible hydrophobic surface of a protein during its thermal unfolding.
ANS binding at different stages of glycation was monitored and the
resultant effect on aggregation was studied using a combination of Dy-
namic Light Scattering and Fluorescence Anisotropy. ANS fluorescence
was reduced significantly in glycated samples on the 5th day of incuba-
tion and remained more or less constant thereafter till the 12th day
(Figures 3A and 3B). Thereafter, it increased steeply again indicating
conversion into a molten globule and hydrophobicity driven aggregation.
In contrast, fluorescence from the incubated (control) protein samples
was strikingly higher throughout the entire period indicating thermal

Figure 1. Fluorescence spectrum of Advanced Glycated End Product A) AGE formation with different sugar-protein adducts on 10th day B) Progression of AGE
formation in ribosylated BSA. Error bars represent the deviations observed in triplicate data sets C) Corresponding fluorescence spectra of B acquired with 0.15 mM
BSA (with 0.5 M ribose) in 0.05 M sodium phosphate buffer, pH 7.4 at 37 �C.
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denaturation of BSA due to prolonged incubation at 37 �C. Since glyca-
tion reaction consumes most of the free amino groups of protein side
chains [62], ANS binding was also possibly reduced due to
non-availability of free lysine and arginine groups.

1-N-Phenylnaphthylamine (NPN) is another fluorescent dye known to
bind to hydrophobic patches in proteins [63]. Binding of NPN to glycated
BSA was also significantly lesser than the control protein (Figure 4A and
4B). Therefore, it was plausible that glycation imparted thermostability

Figure 2. MALDI Spectra of glycated protein A) Control Non-glycated BSA B) BSA glycated with ribose for 4 days C) BSA glycated with ribose for 10 days D) BSA
glycated with ribose for 15 days.

Figure 3. A) ANS binding profile of ribosylated and incubated proteins during progression of glycation. Error bars represent the deviations observed in triplicate data
sets B) Corresponding fluorescence spectra of A; the trend reveals reduced ANS binding between the period of 5–12 days.
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to the protein during sustained incubation above ambient temperature.
Increase or decrease in hydrophobicity has a direct bearing on the ag-
gregation status of the protein [64]. BSA being an intrinsically
self-association prone protein, it was imperative to investigate the effect
on glycation on aggregation of the protein. Dynamic light scattering data
(Table 1, Figure 5) of the control non-incubated protein gave three
different peaks of the native protein at around 258 nm, 76 nm and 12 nm
justifying its spontaneous aggregation. The glycated protein showed
initial increase in hydrodynamic radius from 11.6 nm to 14.6 nm which
was probably attributable to the increased solvent hydration shell around
the protein. Accordingly, the diameters of the other two species were also
increased to 90 nm and 370 nm respectively. However, the correspond-
ing incubated protein revealed only two peaks. This can be probably
attributable to the fact that the protein due to sustained incubation at an
elevated temperature somewhat lost its natural ability to associate into a
plethora of multimeric entities. In case of the glycated protein, three
peaks were visible till the sixth day of incubation and thereafter the
structural changes inflicted resulted in only one discernible peak on the
12th day. However, the average size of the entities in glycated proteins
became significantly smaller than the incubated proteins after 6 days of
incubation. This was at the same time indicative of formation of struc-
tured entity in the glycated sample and also was in unison to our
assumption that prolonged incubation at elevated temperature brought
about thermal aggregation of non-resulting into bigger entities. The ag-
gregation propensity was further verified using anisotropy of FITC con-
jugated BSA and native PAGE. Through the entire period of incubation,
the ribosylated BSA-FITC conjugates had significantly lower anisotropy
values as compared to their non glycated counterparts incubated under
same conditions (Table 2). This was again testimonial to the fact that
ribosylation offered protection to the protein from thermal denaturation
and resultant aggregation. The proteins were subsequently subjected to
progressively higher temperatures (25 �C–85 �C) for 1 h and their
migration patterns were analyzed by Native PAGE (Figure 6). The
unincubated control protein was seen to form higher MW aggregates at
higher temperatures (Figure 6A). In contrast, the positions of the bands
for the glycated samples were more or less constant (Figure 6B). The
incubated protein did not present any conclusive picture since most of
the bands were rendered smeary due to thermal denaturation
(Figure 6C). This was again an added testimonial to the integrity of the
glycated protein in spite of being kept at elevated temperature (37 �C) for
more than a week.

There have been contrasting reports regarding the effect of glycation
on aggregation of the protein. While several studies have shown that
glycation leads to aggregation of the protein [65, 66], it was found to
inhibit/slow down aggregation and resultant plaque formation in most of
the amyloidogenic proteins [19]. In the present studies, it was clearly

shown that prolonged incubation at 37 �C brought about thermal ag-
gregation of BSA mediated by increased contact of hydrophobic in-
terfaces. Glycation delayed this thermal aggregation but promoted
formation of globular amyloid aggregates (as studied later). Therefore, it
was apparent that aggregation caused by thermal denaturation and gly-
cation were mechanistically different from each other. Probably, it is
safer to state that glycation induced aggregation is specific and depen-
dent on both the nature of the protein molecules as well as the sugar
attached.

3.4. Glycation causes gross structural alteration of BSA

Since there was a marked change in aggregation propensity of the
native protein after ribosylation, a corresponding structural change was
also imperative. BSA has two tryptophan residues at positions 134 and
212 respectively [67]. Trp-134 is fully solvent accessible being local-
ized in the second helix of the first domain whereas Trp-212 is local-
ized in a hydrophobic pocket of domain II. Therefore, BSA is an ideal
model for probing structural transition due to polarity changes [30, 68,
69]. Especially, Trp-134 fluorescence is widely used to gain pre-
liminary idea about the helix integrity of the protein [70]. There was a
drastic decrease in fluorescence of ribosylated proteins together with a
red shift of about 55 nm (Figure 7). However, for the control incubated
protein samples, a higher fluorescence was observed without any sig-
nificant change in emission maxima. The observations were in unison
with our hypothesis that following ribosylation there was a gross in-
crease in polarity around the tryptophan microenvironment due to
partial denaturation of the glycated protein which accounted for the
red shift. In case of the incubated proteins, there was only a slight red
shift which was indicative of a perturbation in structural integrity of
the protein. Additionally, there was a marked decrease in fluorescence
intensity of the ribosylated protein from 8th to 11th day of incubation
and it again increased on the 12th day. This could be accounted for by
the fact that due to formation of a compact aggregate of ribosylated
BSA, tryptophan fluorescence was quenched due to close proximity
with peptide bonds [71].

Since there was a gross indication in disruption of the helical struc-
ture of the protein from intrinsic tryptophan fluorescence, the structural
changes following glycation were further investigated with CD and FT-IR
spectroscopy (Figure 8A and Figure 8B). Alpha helicity decreased grad-
ually in ribosylated sample by more than 7% on the 8th day of incubation
(Table 3). However, the loss in helical structure was more drastic till the
10th day of incubation for the control incubated sample without glyca-
tion. This was again consistent with our observation that glycation pro-
vided resistance again thermal denaturation of the protein. However at
later stages (beyond 12 days), the structure of the glycated protein

Figure 4. A) NPN Binding spectra of ribosylated and incubated proteins during progression of glycation. Error bars represent the deviations observed in triplicate data
sets B) Corresponding fluorescence spectra of A; the trend shows reduced NPN binding indicating suppression of hydrophobicity between 8 to 12 days period.
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collapsed completely. In order to further warrant the observations, FT-IR
spectra of lyophilized protein samples (10th day) were obtained. Along-
side CD, FT-IR is also a powerful tool to investigate the changes in sec-
ondary structure of proteins by through the study of amide bands [72].
The Amide I band (between 1600 and 1700 cm�1) is mainly associated

with the peptide backbone C¼O stretching vibration. The Amide II (be-
tween 1510 and 1580 cm�1) region is more complex arising out of
in-plane N–H bending and C–N and C–C stretching vibrations
(1700�1600 cm�1). Second derivative spectra of the protein revealed
that the 1547 cm�1 amide II band was almost non-existent in the glycated

Table 1. Size distribution of ribosylated and incubated proteins during different times of glycation.

Sample Hydrodynamic radius (d.nm) Polydispersity index (P.I)

BSA 258.6 � 27.88
11.63 � 0.9924
76.09 � 7.286

1

Incubated Day4 72.99 � 5.361
4.157 � 0.1266

1

Day6 264.1 � 26.81
9.373 � 0.6883

0.986

Day8 915.2 � 161.1
1.002 � 0.114

1

Day10 271.6 � 19.83
8.966 � 0.5268

1

Day12 385.1 � 43.02
89.85 � 7.137

1

Glycated Day4 360.7 � 59.3
14.67 � 1.186

0.726

Day6 376.3 � 52.06
89.95 � 9.508
13.86 � 1.037

1

Day8 393.3 � 66.93
117.2 � 15.18

0.858

Day10 218.7 � 29.19
21.4 � 1.037

0.870

Day12 135 � 9.236 1

Protein samples at a concentration of 0.1 mg/ml in 0.05 M phosphate buffer with 0.05 M Nacl were used for the studies.

Figure 5. Size distribution of glycated (G–K) and incubated (B–F) BSA (0.1 mg/ml) A) BSA B) 4th day incubated BSA C) 6th day incubated BSA D)8th day incubated
BSA E) 10th day incubated BSA F) 12th day incubated BSA G)4th day glycated BSA H) 6th day glycated BSA I) 8th day glycated BSA J)10th day glycated BSA G) 12th
day glycated BSA.
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sample which was indicative of substantial loss of alpha helicity of
protein.

3.5. Ribosylation imparts thermal stability

It was predicted from structural analysis that the glycated protein was
more thermostable than its native counterpart. Melting points of the
glycated and incubated protein samples were calculated from

temperature dependent UV absorbance data at three different phases a)
initial stage (4th-6th day), intermediate stage (8-12th day) and late stage
(13th to 15th day) (Figure 9) to evaluate the thermal stability during the
progression of glycation. Tm of incubated and glycated proteins from the
6th day sample (representative of the initial stage) were the same (72.5
�C) and similar to that of the control unincubated protein. However, in
case of the 10th day sample (representative of the intermediate stage), it
was raised by about 5 �C indicating enhanced thermostability of the
glycated protein. At the same time point, Tm of the incubated protein was
grossly unaltered. Thermostability of both glycated and incubated sam-
ples decreased drastically during the final stages of glycation as assessed
from the 14th day sample. The data was in accordance with those ac-
quired from assessment of hydrophobicity and CD spectrum and indi-
cated that thermostability of the protein was visible only during the
intermediate stage (day 8–12) and was lost subsequently during subse-
quent advanced stages of glycation.

The effect of thermal denaturation on the glycated protein was also
examined by TEM imaging after incubation at 60 �C for one hour
(Figure 10). Globular morphology of glycated protein was found to be
preserved in-spite of the severe heat treatment (Figure 10B), however, it
was significantly more aggregated as compared the control non-
incubated protein (Figure 10A). The non-glycated protein treated
under similar conditions was grossly denatured and converted into a
structureless entity (Figure 10C).

3.6. Globular amyloid formation in BSA occurs due to glycation and does
not owe to thermal aggregation

There has been several reports of Advanced Glycated End Products
developing into amyloid like aggregates [16, 73] suggesting a direct link
between type 2 diabetes and neurodegenerative disorders [74].

Table 2. Anisotropy values of glycated BSA incubated for different days along with their respective incubated BSA.

Sample R - value G - factor

BSA 0.126 � 0.008 1

Incubated Day4 0.132 � 0.007 1

Day6 0.124 � 0.01 1

Day8 0.108 � 0.009 1

Day10 0.062 � 0.007 1

Day12 0.093 � 0.007 1

Glycated Day4 0.062 � 0.005 1

Day6 0.064 � 0.005 1

Day8 0.059 � 0.006 1

Day10 0.065 � 0.0048 1

Day12 0.062 � 0.0053 1

Experiments were performed thrice and mean R values have been reported.

Figure 6. Native PAGE analysis of A) control, B) glycated and C) incubated proteins (10 μg each) after incubation at increasing temperatures. In each case lanes have
been labelled with the respective temperature of incubation.

Figure 7. Intrinsic tryptophan fluorescence of glycated proteins in comparison
to incubated protein samples during the period of progression of glycation.
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However, understanding the structural basis of this correlation has not
been simple. Glycation has been found to both promote [17] and inhibit
[19] amyloid fibril formation. Moreover, the amyloid like aggregates
generated from non-amyloidogenic proteins like serum albumin have
been either shown to be transformed into β-fibrils hallmark of classical
amyloid plaques [11, 75] or retain their globular structure showing
amyloid specific histochemistry [18] depending upon the nature of the
attached sugar. In addition, thermal aggregation of serum albumin had

also been shown to induce amyloid formation [76]. We subjected the
ribosylated proteins obtained at different times of glycation to Thioflavin
T binding analyses. Thio-T fluorescence was found to increase signifi-
cantly from 9th day of incubation and was highest on the 12th day of
glycation (Figure 11A and 11B). Subsequently, the fluorescence
decreased gradually. This was testimonial to the fact that amyloid like
behaviour of the protein was present only during the intermediate stages
of glycation and wasn't necessarily a hallmark of the Advanced Glycation
End Product arising out of the protein-ribose adduct. Heat induced
fibrillation, as observed for the control non-glycated sample was also
present during the initial stages of glycation (till 6th day) which then
decreased to a basal level. This indicated that Thio-T binding property of
the protein occurred distinctly for a) thermal aggregation, and b) for
glycation. In order to further confirm the fact that ribosylation induced
amyloidogenic property of the protein was independent of thermal
fibrillation, an additional temperature dependent binding profile of
Thio-T was carried out (Figure 12) with the 10th day ribosylated protein.
Fluorescence intensity was highest at 35 �C and decreased gradually for
higher temperatures. The incubated and unincubated controls subjected
to similar conditions gave no noticeable Thioflavin T binding. This
confirmed our hypothesis that Thio-T binding was specific for ribosyla-
tion and amyloidogenic transition of the protein simply could not be
induced instantaneously by subjecting the protein to higher tempera-
tures. Thermal aggregation can only be accounted for such structural
transitions if the protein is subjected to elevated temperatures for much
longer time periods. The glycated protein aggregates, inspite of showing
Thio-T binding didn't reveal formation of classical fibrillar structure in
TEM and retained their globular structures. Accordingly, they also didn't
respond to the Congo red birefringence assay, another hallmark of the
amyloid fibrils. Therefore, the amyloids arising out of glycation were
non-classical globular in nature as has also been observed earlier for
ribosylated proteins [18]. Deposition of non-canonical globular amyloid

Figure 8. A) CD spectra of ribosylated and incubated sample showing substantial loss of alpha helicity (retention of alpha helicity greater in ribosylated protein as
compared to incubated protein) B) FT-IR spectra (of lyophilized protein samples) showing loss of alpha helicity as indicated by reduced 1547 cm�1 amide II band.

Table 3. Alpha helix contents of glycated and incubated BSA samples during progression of glycation.

Period of glycation (in day) Glycated BSA Incubated BSA

4 53.39 52.77

6 51.95 49.61

8 46.69 42.59

10 36.308 34.49

14 20.43 28.41

Control BSA 49.67

Alpha helicity was determined from the average of mean residual ellipticity values from three independent experiment sets.

Figure 9. Absorbance based melting temperatures of different protein samples
during initial (6 days), intermediate (10 days) and late stages (14 days) of
glycation. Error bar represent the deviation from five individual data sets.
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aggregates showing classical histochemistry like Thioflavin-T binding or
Congo red birefringence have also been reported for other pathophysi-
ological conditions [77, 78]. Therefore, amyloid formation is often more
ubiquitous and versatile than is believed and drawing a structural
consequence arising out of glycationis evidence based and cannot be
generalized.

3.7. Glycation causes significant change in affinity of BSA towards various
substrates

Residual substrate binding ability of BSA after ribosylation was
checked with two standard polyphenols which are physiological sub-
strates of the protein, curcumin and resveratrol. BSA has got a single
binding site for curcumin [79] and two sites for resveratrol [80]. The
observed titration curve (Figure 13 A-F) with a single binding site of
curcumin indicated an enthalpy driven moderately strong binding of the
substrate largely mediated by non-covalent interactions [81]. The
Wiseman parameter “c” of 1.836 was a testimonial of this strong binding
[82] (Table 4). However, the substrate binding was completely abolished
for the 10th day glycated sample with an almost 100 fold decrease in
binding constant. Consequently, the Wiseman parameter was decreased
drastically to 0.027. It seemed that this drastic fall in activity of the native
protein owed more to thermal denaturation since the non-glycated con-
trol protein subjected to incubation under similar conditions underwent
even more drastic effects with binding constant being decreased more
than 105 fold. Binding of resveratrol was also found to be exothermic and
enthalpy driven in nature. However, completely dissimilar trends were
noted, however, for the other substrate resveratrol having two known
binding sites in BSA. For the first site, binding constant increased from
1.11 � 105to 1.56 � 105 mol�1. However, for the second site, resveratrol
bound with greater affinity to control BSA than the glycated counterpart
as binding constant declined from 9.28 � 103 to 2.78 � 105 mol�1. The
fate of the incubated protein without glycation was an intermediate one
as its binding affinity with respect to the first site was not improved as
significantly as for the glycated protein but it suffered a lesser decline in
affinity with its substrate as compared to the first site. In all cases, where

Figure 10. TEM imaging of glycated and incubated BSA (10th day) acquired after subjecting to thermal incubation at 60 �C for one hour. A) Control non-incubated
protein B) Glycated protein C) Non-glycated but incubated protein. Scale bar represents 200 nm in figures 9A and 9B and 100 nm in 9C.

Figure 11. A) Thioflavin T binding profiles of glycated vs incubated proteins during the entire period of glycation. Error bars represent the deviations observed in
triplicate data sets B) Corresponding fluorescence spectra of A; the data shows amyloid like formation between 9th and 12th days.

Figure 12. Thioflavin T binding to 10th day ribosylated BSA at different tem-
peratures indicates that amyloid like formation is specific for the glycated
protein and is not thermally induced.
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the Wiseman parameter was evaluated to be much lesser than 1, the
corresponding thermodynamic parameters of binding were not evaluated
since those cases represented very poor ligand-protein interaction. It was
evident that the gross structural transition entailed due to glycation
brought about significant loss in functionality of the protein. In fact, this
also explains the widespread toxicity caused by glycation induced
changes in cellular proteome [83]. In addition to inducing structural
perturbation, glycation can also interfere directly by denying physical
access of the ligands to their respective binding pockets in the protein.
However, this cannot be warranted without actual knowledge of the

location of lysine and arginine residues which have been modified by
glycation.

4. Conclusion

Glycation of proteins and other macromolecules occurs as inevitable
consequence of carbohydrate based regimen of our diet. Slow accumu-
lation and attachment of sugar residues to proteins gradually bring about
a structural transition in them which eventualize into terminally mis-
folded aggregates termed as Advanced Glycation End Products. The role

Figure 13. Assessment of residual substrate binding capability of control (A,D), incubated (B,E) and glycated (C,F) BSA against curcumin (A,B,C) and resveratrol
(D,E,F) by Isothermal Titration Calorimetry.

Table 4. Evaluation of residual ligand binding capability of glycated BSA against resveratrol and curcumin.

Ligand Sample Number of
binding
sites (n)

Binding constant (kd)
(mol�1)

Wiseman parameter(c)
(binding constant x
receptor concentration)

Free energy
change (ΔG)
(KJmol�1)

Entropy change
(ΔS)
(Kcal/mol/deg)

Enthalpy
change (ΔH)
(Kcal/mol)

Curcumin BSA 1 1.53 � 105 � 1.77 � 104 1.836 -6.72 -0.86 -2.64 � 102 � 22.21

Incubated BSA 1 5.33 � 180 0.639 � 10�4 — — —

Glycated BSA 1 2.28 � 103 � 245 0.027 — — —

Resveratrol BSA 2 1.11 � 105 � 1.2 � 104

9.28 � 103 � 7.7 � 102
1.332
0.11136

-6.874
-5.556

-0.087
-0.128

-32.8 � 1.65
-43.7 � 6.82

Incubated BSA 2 1.36 � 105 � 3.8 � 103
2.91 � 104 � 5.8 � 102

1.632
0.349

-7.055
-6.198

-0.0874
-0.449

-33.1 � 0.414
-1.4 � 102 � 1.67

Glycated BSA 2 1.56 � 105 � 1.2 � 104
2.78 � 103 � 1.8 � 102

1.872
0.033

-58.88
—

-2.44
—

-7.86 � 102 � 22.5
—
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of glycation in amyloid formation is well documented and many studies
have reported thus far that glycation may accelerate or inhibit formation
of amyloid plaques. Based upon the reports obtained thus far, glycation
has been mostly associated with non-canonical amyloidogenic aggre-
gates from non amyloidogenic proteins without the formation of classical
cross β fibrillar structure. We have shown in this study that dietary sugar
induced glycation and amyloid formation is not a generic property of the
ribosylated BSA; rather it occurs transiently during a specific phase of
progression of glycation, which finally eventualize into irreversibly
misfolded aggregate termed as Advanced Glycation End Product. We
have also shown that these globular amyloids possess enhanced ther-
mostability, have minimal solvent accessible hydrophobic interface and
therefore not prone to hydrophobic aggregation. In addition, we have
been able to dissect the amyloidogenic behavior arising out of glycation
from that caused by sheer thermal aggregation of proteins. The obser-
vation of enhanced thermostability of amyloids although doesn't come as
a surprise because of stubborn recalcitrant nature of amyloid plaques or
fibrils formed intracellularly. However, these globular amyloids do raise
an important issue, are these clearable by the RAGE axis eventually? AGE
molecules are recognized chiefly by their ability to bind to specific re-
ceptors on the surfaces of predatory immune cells such as macrophages
and initiate a plethora of cellular defense mechanisms such as release of
inflammatory cytokines and elicitation of oxidative stress response [8,
10]. Probably, the AGE-RAGE pathway has evolved as a defense mech-
anism to sequester these toxic protein aggregates from the cellular
microenvironment, because presence of these aggregates can mediate
aggregation and malfunctioning of other cellular proteins. However,
whether the intermediates of glycation pathway can also bind to RAGE
and initiate downstream signaling is yet to be deciphered. Under the
circumstances, the present studies are believed to provide significant
insights to predict glycation associated malfunctioning of cellular and
extracellular proteins and design therapeutics to arrest the trans-
formation of the Schiff base adducts to obnoxious amyloids and AGE
molecules.
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Abstract

Coronavirus disease‐2019 (COVID‐19), the ongoing pandemic caused by severe

acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is a major threat to the

entire human race. It is reported that SARS‐CoV‐2 seems to have relatively low

pathogenicity and higher transmissibility than previously outbroke SARS‐CoV. To
explore the reason of the increased transmissibility of SARS‐CoV‐2 compared with

SARS‐CoV, we have performed a comparative analysis on the structural proteins

(spike, envelope, membrane, and nucleoprotein) of two viruses. Our analysis re-

vealed that extensive substitutions of hydrophobic to polar and charged amino acids

in spike glycoproteins of SARS‐CoV2 creates an intrinsically disordered region (IDR)

at the beginning of membrane‐fusion subunit and intrinsically disordered residues in

fusion peptide. IDR provides a potential site for proteolysis by furin and enriched

disordered residues facilitate prompt fusion of the SARS‐CoV2 with host membrane

by recruiting molecular recognition features. Here, we have hypothesized that

mutation‐driven accumulation of intrinsically disordered residues in spike glyco-

proteins play dual role in enhancing viral transmissibility than previous SARS‐
coronavirus. These analyses may help in epidemic surveillance and preventive

measures against COVID‐19.

K E YWORD S

intrinsically disordered region, molecular recognition feature, SARS‐CoV2, spike glycoprotein

1 | INTRODUCTION

Novel coronavirus (2019‐nCoV or SARS‐CoV‐2) has caused ongoing

global epidemics with high morbidity and mortality. Coronaviruses

(order Nidovirales, family Coronaviridae, and subfamily Coronavir-

inae) are primarily known to cause enzootic infections in birds and

mammals; however, in the last few decades; they have crossed the

animal–human species barrier.1,2 The outbreak of severe acute re-

spiratory syndrome (SARS) in 2002–2003 and, more recently,

Middle‐East respiratory syndrome (MERS) in 2012 has confirmed the

lethality of CoVs when they crossed the species barrier and started

to infect humans. The consequent outbreak of SARS in 2003, 8096

cases and 774 deaths reported worldwide, resulting in a fatality rate

of 9.6%.3 Whereas the outbreak of MERS in April 2012 up until

October 2018, 2229 cases, and 791 associated deaths have been

confirmed globally, resulting in a case‐fatality rate of 35.5%.4 The

novel coronavirus has reported to share about 79% sequence simi-

larity with the SARS‐coronavirus, about 50% with the MERS‐
coronavirus.5 SARS‐CoV‐2 is associated with an ongoing outbreak of

atypical pneumonia (coronavirus disease‐2019 [COVID‐2019]) that
has affected 4,425,485 people and killed 302,059 of those affected in

more than 60 countries as on May 16, 2020.6 On January 30, 2020,

the World Health Organization declared the SARS‐CoV‐2 as a

pandemic.

Coronaviruses are enveloped viruses with a positive sense,

single‐stranded RNA genome. The viral genome encodes four major

structural proteins: the spike (S) protein, nucleocapsid (N) protein,

membrane (M) protein, and the envelope (E) protein, all of which are
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crucial to produce a structurally complete viral particle.7 Coronavirus

enter into host cells by using transmembrane spike (S) glycoprotein

that forms homotrimers extended from the viral envelope.8 S en-

compasses two functional subunits‐S1, responsible for binding to the

host cell receptor and S2, involved in fusion of the viral envelope and

host cellular membranes. For many CoVs, S protein is cleaved at the

boundary between the S1 and S2 subunits, which remain as a single

polypeptide in the prefusion conformation.9 The distal S1 subunit

comprises the receptor‐binding domain (RBD) and facilitates the

stabilization of the prefusion state of the membrane‐anchored S2

subunit containing the fusion machinery.10 The cleavage at S1/S2

boundary has been anticipated to stimulate the protein by irrever-

sible conformational changes for membrane fusion.11 The host pro-

teases for S protein cleavage differ among different coronaviruses,

which play crucial roles in determining the epidemiological and pa-

thological features of virus, including host range, tissue tropism,

transmissibility, and mortality. For example, a variety of human

proteases, such as trypsin, tryptase Clara, human airway trypsin‐like
protease, and transmembrane protease serine 2 are reported to

cleave and activate the S protein of SARS‐CoV.12,13 Depending on

the viral species, coronaviruses recognize a variety of entry receptors

to infect the host. SARS‐CoV and several SARS‐related coronaviruses

(SARSr‐CoV) interact directly with angiotensin‐converting enzyme 2

via S protein to enter into the target cells.14 Recently, it is reported

that mutation in the RBD in SARS‐CoV‐2 renders more efficient

human‐human transmission.15 Scientists have found that SARS‐CoV‐2
S glycoprotein possesses a furin cleavage site at the boundary

between the S1/S2 subunits which helps in activating the fusion

machinery of the virus.16,17 These two distinctive features in

SARS‐CoV2 could partially explain the efficient transmission of

SARS‐CoV‐2 in humans.

A recent study by Zhao et al.18 has estimated basic reproduction

number (R0) for 2019‐nCoV in the early phase of the outbreak and

revealed that mean R0 for SARS‐CoV2 is ranging from 3.3 to 5.5

which is higher than those of SARS‐CoV (R0: 2–5). The higher

transmissibility of this virus turns the outbreak into a pandemic.

Thus, it is of the prime interests of the researchers to untangle all the

uniqueness of this newly emerged coronavirus by comparing with the

previous human infecting SARS‐CoV for designing protective mea-

sures against it.

We have studied an in depth mutational spectra and evolu-

tionary dynamics of these four structural proteins by comparing

SARS‐CoV2 and human infecting SARS‐CoV. Analyzing the impact of

a mutation in proteins we have found that an intrinsically disordered

region is acquired at the beginning of fusion protein (S2) which offers

furin cleavage site in SARS‐CoV2. Moreover, higher predisposition of

intrinsically disordered residues in S2 observed to contain three

molecular recognition features (MoRFs). We here hypothesized a

unique fusion mechanism favored by the MoRFs present in the fusion

peptide of the novel coronavirus. Thus, our study provides new in-

sight into the genomic feature responsible for the rapid transmission

of SARS‐CoV2 as well as it could help in designing preventives

against COVID‐19.

2 | MATERIALS AND METHODS

2.1 | Sequence retrieval

Up to date, 1590 genome sequences of SARS‐CoV2 are deposited in

ViPR database (https://www.viprbrc.org).19 Complete genome is

available for 1017 isolates from different geographical regions. We

have retrieved 1017 coding sequences of SARS‐CoV2 structural

proteins (S, E, M, and N) and human infecting SARS‐CoV three iso-

lates from China, Germany, and USA. Genome accession numbers for

all genome studied here are provided in Table S1.

2.2 | Calculation of evolutionary rate

Coding sequences of S, E, M, and N of SARS‐CoV and SARS‐CoV2
were aligned by CLUSTAL W, then Pairwise synonymous (ds) and

nonsynonymous (dn) distances between the orthologous genes were

calculated using the Phylogenetic Analysis Using Maximum Like-

lihood20 package (PAML, yn00) to identify regions and sites under

evolutionary selection.21

Pairwise amino acid residues of all proteins between SARS‐CoV
and SARS‐CoV2 and within different strains of SARS‐CoV2 were

aligned by CLUSTAL omega and amino acid substitution were cal-

culated by house‐build Perl program.

Mutation analysis was done by PROVEAN (http://provean.jcvi.

org/index.php) and SIFT (https://sift.bii.a-star.edu.sg/). PROVEAN is

very much useful for filtering sequence variants to identify non-

synonymous or indel variants that are predicted to be functionally

important22 and in SIFT algorithm for sorting Intolerant from Tol-

erant could efficiently predict whether an amino acid substitution

affects protein function or not.23

2.2.1 | Prediction of IDR and MoRF

Coordinates of S1 and S2 subunits of S proteins in SARS‐CoV and

SARS‐CoV‐2 were retrieved from Pfam (https://pfam.xfam.org/).

Intrinsically disordered region (IDRs) of all four proteins of

SARS‐CoV and CoV2 were predicted by PONDR® VLXT (http://

www.pondr.com/), predictors of natural disorder region. PONDR®

VLXT applies three different feedforward neural networks (VL1, XN,

and XC). XN and XC [22] for N‐ terminal and C‐terminal region,

respectively and VL124 for the internal region of the sequence. This

method is frequently used for disorder calculation in virus.25–27

MoRF was predicted by MoRFchibi (https://morf.msl.ubc.ca/

index.xhtml). This tool is used for its high accuracy predictions and

it provides more than double the precision of other predictors.28

2.3 | Statistical test

All the statistical tests were performed using the SPSS package.
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3 | RESULTS

3.1 | Mutational spectrum in the structural protein‐
coding genes in SARS‐CoV2 arisen during evolution

Bayesian evolutionary rate and divergence date estimates were shown

that nonsynonymous‐to‐synonymous substitution rate ratio is decreasing

from SARS (1.41) to MERS (0.35) and MERS to HCoV‐OC43 (0.133).29

Here, we have measured evolutionary distance between 1017 strain of

SARS‐CoV2 spreading throughout the world with human infecting SARS‐
CoV predominantly had spread in three different geographical regions

(USA, China, and Germany) in 2003–2004. For this, we have calculated

nonsynonymous substitution per nonsynonymous site (dn) and synon-

ymous substitution per synonymous site (ds) among the four structural

protein‐coding sequences (S, M, E, and N) of orthologous genes present in

SARS‐CoV and SARS‐CoV‐2. We have noticed significantly (p= .001)

higher nonsynonymous substitution rates and synonymous substitution

rates in S protein compared with the other three proteins (Table 1).

A similar observation is also documented in the recent study of Tang

et al.30 Pairwise alignment by Needleman–Wunsch algorithm between

the four structural proteins of SARS‐CoV and SARS‐CoV2, have shown

that average percentages of amino acid substitutions occurred in S, M, N,

and E proteins are 21.9, 9.5, 8.76, and 4, respectively. These results imply

that significantly (p= .001) higher amino acid substitutions have occurred

in S proteins than the other three proteins during evolution which is

reflected in the higher dN value of S proteins. Analyzing the effects of

amino acids substitution in proteins by PROVEAN and SIFT, we revealed

five deleterious mutations, that is, the mutations may cause protein

structural destabilization (C19T, L54S, L286T, P335A, and Y1070H) have

occurred in S protein whereas no such deleterious mutations were ob-

served in other three proteins. S protein is very much crucial for virus

entry since it interacts with receptor and fuse with host membrane. It

was evident from different studies that genes which crucial for the sur-

vival of the organisms are remained conserved (low dN/dS) over the

evolutionary time scale.30 Thus, according to the neutral theory of evo-

lution31 higher nonsynonymous substitution rate compelled S proteins to

experience significantly (p= .001) higher synonymous substitution rates

than other proteins to retain overall conservation of the S proteins

(Table 1).

Though, it was well evidenced that RNA viruses accumulate

more mutation rates than DNA viruses due to lack of proofreading

activity in RNA polymerase they have encoded.32 However, it would

be interesting to investigate whether the accumulation of non-

synonymous mutation preferentially in S proteins than others offer

any benefits to the virus for enhancing their potency of infectivity.

3.2 | Effects of mutations on the protein structural
features in SARS‐CoV2

We have analyzed the properties of substituted amino acids in the

four structural proteins during evolution from SARS‐CoV to SARS‐
CoV2 to investigate whether the amino acids substituted with a si-

milar group of amino acids or not. We have detected extensive hy-

drophobic (Hy) to polar (P) and charged (C) amino acids exchange in

S proteins than other three structural proteins (S: Hy‐P/C = [51/

91] = 56.1% and P/C‐Hy = [40/91] = 43.9% [p‐value = .02]; M: Hy‐P/
C = [4/7] = 57.2%, P/C‐Hy = [3/7] = 42.8% [p‐value = .59]; N: Hy‐P/
C = [7/15] = 46.6%, P/C‐Hy = [8/15] = 53.3% [p‐value = .71]). In E

proteins, no substitution of amino acid with the different groups has

found. The details of amino acid mutations of S, M, and N proteins

which took place during evolution from SARS‐CoV to SARS‐CoV2
have delineated in Table 2. Several high throughput studies on pro-

tein structure have evidenced that regions in a protein‐enriched with

polar and charged amino acids have a tendency to conform IDR.33

Moreover, IDRs in virus endure several structural features asso-

ciated with viral pathogenicity.34 Thus, we have predicted IDR in all

structural proteins in SARS‐CoV2 by PONDR‐VLXT and compared

the predisposition of IDR with the corresponding proteins present in

SARS‐CoV. Here, we have found that M and E proteins of both SARS‐
CoV and SARS‐CoV2 do not contain any IDR (consecutive disordered

residues > 30 amino acids) in their proteins (Table 3). N proteins

contain three IDRs and percentages of intrinsically disordered re-

sidues in their proteins are remarkably high. However, the enrich-

ment of IDR in N proteins is similar for both viruses (Table 3).

Interestingly, we have revealed an IDR (671–708) in S proteins of

SARS‐CoV‐2 but no IDR is found in their previous orthologous SARS‐
CoV (Figure 1A, Table 3). Moreover, percentages of disordered re-

sidues (PID) are significantly (p = .035) increased in S proteins of

SARS‐CoV2 compared with SARS‐CoV which implies more disorder

residues become enriched in S proteins after evolution (Table 3).

Genomic analysis of S genes deduced that out of 1017 genome of

SARS‐CoV2, 491 viral strains are 100% similar and 526 strains have

differed from each other. Multiple alignments of Spike protein se-

quences from 526 different isolates with one of the similar isolates

have revealed a total of 31 Single Amino Acid Polymorphisms (SAPs)

but none of them has occurred in the predicted IDR (671–708) which

indicates the region is conserved among all of them (Figure 2A). We

also noticed D614G mutation is predominant in 504 isolates

(Figure 2A; Table S1). Next, comparing the IDR between SARS‐CoV/
CoV2, we have traced an insertion mutation which allows to in-

corporate three new disorder promoting amino acids serine, proline,

and arginine in S proteins of SARS‐CoV2 (Figure 2A). Along with this,

the substitution of order promoting to disorder promoting amino

TABLE 1 Comparison on average nonsynonymous (dN) and
synonymous (dS) substitution rates of four structural proteins in
SARS‐CoV‐2

Protein name Average dN (n = 1017) Average dS (n = 1017)

S 0.156 1.262

M 0.067 0.551

N 0.057 0.368

E 0.031 0.136

Abbreviations: E, envelope; M, membrane; N, nucleocapsid; S, spike,

SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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acids in five positions (H661Q, V663Q, L665N, L666A, and D684E)

help to create the new IDR in SARS‐CoV2 (Figure 2B). These results

imply that the novel coronavirus acquired a new intrinsically dis-

ordered region in their spike glycoprotein which is crucial for entry

into the host. Thus, it is imperative to explore the connection

between IDR and elevated transmissibility in SARS‐CoV2.

3.3 | Role of IDR in S protein in the rapid
transmission of SARS‐CoV‐2

S proteins contain two subunits–S1 and S2. Pfam prediction on

S proteins of two viruses depicted two domains: (i) Receptor binding

domain (321–556 in SARS‐CoV and 330–583 in SARS‐CoV‐2); (ii) S2
domain (635–1240 in SARS‐CoV and 671–1270 in SARS‐CoV‐2).
Thus, it is clearly observed that the IDR (671–708) has enriched in

membrane fusion domain (S2) of spike glycoproteins in SARS‐CoV‐2
(Figure 1A). Recently, two research groups have reported that fusion

protein acquired a new furin cleavage site (682–685) at the upstream

of fusion peptide (S2').16,17 We have found that this cleavage site

actually resides in the IDR. Since, intrinsically disordered proteins

(IDPs)/IDPRs lack stable well‐folded three‐dimensional structures,

the structural instability renders exceptional sensitivity to proteo-

lysis.35 Thus, the new IDR offers the cleavage site of furin protease as

well as assists in efficient proteolytic cleavage of S proteins to acti-

vate the fusion peptide in SARS‐CoV‐2.T
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TABLE 3 Comparison on the intrinsic disorder content of four
proteins between SARS‐CoV and SARS‐CoV‐2

Disorder features SARS‐CoV‐S SARS‐CoV2‐S

Total disorder residues 65 98

No of disorder region (>30a.a) NIL 1

PID 5.18 7.70

SARS‐CoV‐M SARS‐CoV2‐M

Total disorder residues 14 13

No of disorder region (>30a.a) NIL NIL

PID 6.28 5.86

SARS‐CoV‐E SARS‐CoV2‐E

Total disorder residues 10 9

No of disorder region (>30a.a) NIL NIL

PID

SARS‐CoV‐N SARS‐CoV2‐N

Total disorder residues 212 208

No of disorder region (>30a.a) 3 3

PID 50.74 49.6

Note: PID indicates the proportion of disorder residues to the total length

of amino acids predicted by PONDR‐VLXT.
Abbreviations: E, envelope; M, membrane; N, nucleocapsid; PID,

percentages of disordered residues; S, spike, SARS‐CoV‐2, severe acute

respiratory syndrome coronavirus 2.
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F IGURE 1 Comparison on IDR and MoRF between SARS‐CoV and SARS‐CoV2. (A) Comparison on the intrinsic disorder tendency of the
amino acid residues in spike glycoproteins of SARS‐CoV and SARS‐CoV2. Disorder score above 0.5 is considered as cut‐off value.
(B) Comparison between MoRF content in SARS‐CoV and SARS‐CoV2. MoRF propensity score 0.5 was considered as cutoff. Circle shows

the enrichment of additional MoRF in SARS‐CoV2. IDR, intrinsically disordered region; MoRF, molecular recognition feature; SARS‐CoV‐2,
severe acute respiratory syndrome coronavirus 2

F IGURE 2 Conservation of IDR in all isolates of SARS‐CoV2. (A) Pairwise alignment of IDR of S proteins in three strains of SARS‐CoV
and different strains of SARS‐CoV‐2 having change in amino acid level shows the amino acid substitutions between the two viruses as well as
the conservation of this region (indicated by black box) in all SARS‐CoV‐2 isolates. (B) IDR in S2 subunits of spike glycoprotein in SARS‐CoV‐2
(PDB Id: 6VSB) represents in purple color and other disorder residues in green color. IDR, intrinsically disordered region; SARS‐CoV‐2,
severe acute respiratory syndrome coronavirus 2
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Moreover, analyzing the PID separately in S2 domains of SARS‐
CoV and SARS‐CoV‐2, we have found that PID of S2 is significantly

(p = .025) higher in SARS‐CoV‐2 (13.83) than SARS‐CoV (8.75). Ear-

lier it was reported that the enormous flexibility of intrinsically dis-

ordered regions in the membrane proteins imposes the potentiality

to involve in the membrane remodeling process.36,37 The membrane

remodeling is essential for efficient fusion of the enveloped virus

with host cellular membrane. Subsequently, it was also described that

IDRs mediated remodeling of the membrane depends on the pre-

sence of MoRFs and posttranslational protein modifications.38 The

MoRF is a short peptide (10–70 residues) present in the disordered

region and the flexibility of this facilitates membrane curvature.

MoRF prediction by MoRFchibi has revealed the three MoRFs

(804–823, 1147–1159, and 1249–1272) in the fusion peptide of

SARS‐CoV‐2, whereas in SARS‐CoV it was two (1129–1142 and

1232–1255; Figure 1B). In an earlier study,38 it was elucidated that

the membrane curvature increases with two factors: the size of the

inserted MoRF and surface density of the disordered protein. Thus,

the acquisition of one additional MoRF in SARS‐CoV‐2 escalated

MoRF and disorder residue density on the viral protein which could

able to trigger more rapid fusion with host membrane than the SARS‐
CoV. Together these results have deduced that preponderance of

intrinsically disordered residues in S2 domain offers protease‐
sensitive region for prompt activation of fusion peptide and enrich-

ment of MoRFs for efficient fusion with host membrane. So, it could

be treated as a novel feature observed exclusively in 2019‐nCoV
distinguishing this virus from SARS‐CoV.

4 | DISCUSSION

The protein expressed on the surface of a pathogen is supposed to be

more accessible to surveillance by the immune system than one

within the interior of a pathogen.39 Thus, more genetic variations in

surface proteins are the signatures of host‐pathogen coevolution. In

this study, we have found that amongst the four structural proteins,

an extensive higher rate of nonsynonymous substitution is occurred

in spike glycoproteins of SARS‐CoV‐2 when compared with the hu-

man infecting SARS‐CoV strain. Along with the amino acid substitu-

tion having neutral effects on virus fitness, S proteins also

experienced five deleterious mutations that may cause destabiliza-

tion of viral structure. The neutral theory of molecular evolution

suggested that the mutations decreasing the carrier's fitness tend to

disappear from populations through the process of negative or pur-

ifying selection (dN/dS < 1).40 Thus, S protein has also experienced

higher synonymous substitution rate to balance overall selection

pressure on it. Now, it was also depicted that slightly deleterious and

slightly advantageous mutations are engulfed by neutral mutations.

Thus, the ratio of dN and dS is frequently used to study positive

Darwinian selection operating at highly variable genetic loci, but it

could not able to detect adaptively important codons offering ben-

efits to the organism for adaptation.41 Thus, we have extensively

studied amino acid changes in all the structural proteins of

SARS‐CoV‐2 occurred during evolution from SARS‐CoV to search out

the mutation posing advantages to the novel virus for their

systematic infection in the human body.

We have revealed that mutations in the four structural proteins of

SARS‐CoV‐2 prompt a significant hydrophobic to polar and charged

amino acids exchange in S proteins compared with E, M, and N proteins

(Table 2). This trend of amino acid exchange in S proteins is observed to

generate an intrinsically disordered region (38 residues) at the upstream

of fusion peptide in S2 domain which is embedded inside the envelope

of SARS‐CoV‐2. However, amino acid substitution in M, E, and N pro-

teins did not show any enrichment of new IDR in SARS‐CoV‐2 com-

pared with SARS‐CoV. Though, it was earlier reported that N proteins

of SARS‐CoV extensively enriched with intrinsically disordered re-

sidues.42 We found that the propensity of disordered residues in

N proteins of SARS‐CoV‐2 (49.6%) is nearly similar with SARS‐CoV
(50.7%). The enrichment of disordered residues in N proteins has sug-

gested as a crucial phenomenon for their transmission in respiratory

routes.42 Whereas, lower content of disordered residues in shell pro-

teins (E and M) of SARS‐CoV as well as SARS‐CoV‐2 eliminate the

chances of transmission via oral–fecal routes.42 Since, the intrinsic dis-

order content in E, M, and N proteins already reported to regulate the

behavior of viral transmission, it is a prerequisite to illustrate the impact

of IDR in S proteins. Viral entry is mediated by S proteins containing

RBD and fusion domain (S2). The IDR which is exclusively found in

SARS‐CoV‐2 is located in S2 domain. The IDR in this domain offers the

furin cleavage site (682–685). Furin protease is ubiquitously expressed

in a wide range of organs and tissues, including the brain, lung, gas-

trointestinal tract, liver, pancreas, and reproductive tissues. The struc-

tural flexibility of IDR stimulates this region sensitive to proteolysis.35,43

Similar kind of observation was also reported in Zika virus where the

prefusion protein prM contains IDR with a protease cleavage site.44

Thus, the acquisition of a disordered region imposes efficient proteolytic

cleavage of S2 which in turn activates fusion peptide to fuse with the

host membrane. Moreover, in comparison with the structured proteins,

disordered proteins of similar length have large volumes and flexibility,

so that they are able to furnish different coupled binding‐folding reac-

tions.45 The highly flexible nature of IDR is frequently exploited by

eukaryotic cells including viruses for modulating membrane properties

during membrane trafficking.37 Viral envelopes are made up of lipid

bilayer where a number of spike proteins with considerable disordered

regions are observed to be anchored. They are free to diffuse in the lipid

leaflets. According to the hypothesis described in Fakhree et al.,39 we

could explicate our observation in a way that the free movement of

intrinsically disordered residues containing in the fusion peptide will

result in collisions with other membrane‐anchored macromolecules. The

collisions generate a lateral pressure on the membrane. The presence of

a large fraction of charged and polar amino acids in disordered proteins

makes them more efficient in generating lateral pressure. This pressure

is consequently used to incite membrane curvature. It has been seen

that many IDRs induce membrane curvature by recruiting MoRFs.46

MoRFs are relatively short (10–70 residues) and typically possessing

higher numbers of hydrophilic amino acids and prolines.47,48 Thus they

could play a vital role in protein–protein interactions, metal binding, and
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cellular communications.49 Several roles of MoRFs are also documented

in Chikunguniya virus.50 We have noticed that an abundance of dis-

ordered residues in SARS‐CoV‐2 generates three MoRFs in the fusion

peptide. It was explained in an earlier review 38 that the presence of

MoRF result in a unilateral increase in the surface area of the mem-

brane. This changes the ratio between the outer and inner surface area

of the membrane and subsequently to adopt topography with this new

ratio, the membrane remodels by increasing its curvature.38,51 Thus, it

could be interpreted that MoRFs help for curving the lipid bilayer of the

virus and initiate efficient fusion with the host cell membrane (Figure 3).

Such ability of intrinsically disordered domains to create steric pressure

on membrane surfaces to drive its curvature was depicted in endocytic

adapter proteins, Epsin1 and AP180 by a combination of in vitro bio-

physical studies and quantitative experiments in live cells.52 Another

couple of examples of membrane curvature by the MoRF motif of was

established in an IDP ArfGAP1 (ADP‐ribosylation factor GTPase‐
activating protein 1)53 and α‐synuclein, by site‐directed mutagenesis,

limited proteolysis, circular dichroism experiments,54 and FRET micro-

scopy study in live cell,55 respectively. Hence, we have hypothesized

that the acquisition of disordered residues in SARS‐CoV‐2 makes them

highly competent for systematic infection in human. Nowadays, IDPs

are becoming attractive candidates for therapeutic intervention by

small drug‐like molecules. Thus, this study will help in epidemic sur-

veillance and designing drug targets to battle COVID‐19.
In summary, these analyses provide insights into the mutational

effects in originating intrinsically disordered residues in the S2 sub-

units of spike glycoprotein present in SARS‐CoV‐2. We have also

hypothesized a unique fusion mechanism of the viral envelope and

host membrane by MoRF. However, these propositions are mainly

based on our sequence studies and experimental evidence in other

organisms, thus further experimental validations are required to

confirm this mechanism in coronavirus.
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Abstract

Autophagy plays an important role in the pathophysiology of type 2 diabetes (T2D).

Metformin is the most common antidiabetic drug. The main objective of this

study was to explore the molecular mechanism of metformin in starvation‐induced
autophagy in peripheral blood mononuclear cells (PBMCs) of type 2 diabetic

patients. PBMCs were isolated from 10 diabetic patients and 7 non‐diabetic healthy
volunteers. The autophagic puncta and markers were measured with the help of

monodansylcadaverine staining and western blot. Additionally, transmission elec-

tron microscopy was also performed. No significant changes were observed in the

initial autophagy marker protein levels in PBMCs of T2D after metformin treatment

though diabetic PBMCs showed a high level of phospho‐mammalian target of

rapamycin, p62 and reduced expression of phospho‐AMP‐activated protein kinase

and lysosomal membrane‐associated protein 2, indicating a defect in autophagy.

Also, induction of autophagy by tunicamycin resulted in apoptosis in diabetic PBMCs

as observed by caspase‐3 cleavage and reduced expression of Bcl2. Inhibition of

autophagy by bafilomycin rendered consistent expression of p62 indicating a defect

in the final process of autophagy. Further, electron microscopic studies also con-

firmed massive vacuole overload and a sign of apoptotic cell death in PBMCs of

diabetic patients, whereas metformin treatment reduced the number of autophagic

vacuoles perhaps by lysosomal fusion. Thus, our results indicate that defective

autophagy in T2D is associated with the fusion process of lysosomes which could

be overcome by metformin.

K E YWORD S

autophagy, lysosomal fusion, starvation, transmission electron microscopy, tunicamycin

1 | INTRODUCTION

Autophagy is a well‐described evolutionarily conserved physiological

process of elimination of cellular organelles and damaged proteins

in a regulated manner (Klionsky & Emr, 2000). It begins with the

formation of double‐membrane autophagic vacuoles with or without

the portion of cytosols. After maturation, these structures fuse

with the lysosome to form autolysosome which delivers the
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hydrolytic enzymes responsible for the degradation of the engulfed

material (Klionsky & Emr, 2000; Mehrpour, Esclatine, Beau, &

Codogno, 2010). Normally, autophagy is a survival process, since it

regulates aged protein turnover, eliminates damaged organelles,

damaged proteins, and protects cells during starvation by recycling

amino acids (Dalby, Tekedereli, Lopez‐Berestein, & Ozpolat, 2010;

Edinger & Thompson, 2004; Klionsky & Emr, 2000). Degradation

and recycling of building blocks of the organelles or proteins are

also important for the maintenance of cellular homeostasis, and

other essential cellular processes such as programmed cell death

(e.g., apoptosis), inflammation, adaptive immune mechanisms, etc.

(Rubinsztein, Mariño, & Kroemer, 2011). It is well reported that

autophagy regulates the inflammatory reactions in macrophages

(Saitoh et al., 2008), keratinocytes (Lee et al., 2011), hypothalamus

(Meng & Cai, 2011), adipocytes (Zhang, Zeng, & Jin, 2012), and

peripheral blood mononuclear cells (PBMCs). However, cell death

can also be triggered in a non‐apoptotic manner through conspicuous

autophagy. Failure of autophagy leads to the accumulation of da-

maged proteins inside the cells, which becomes the causal agent for

the development of different types of disorders (Martinez‐Vicente &

Cuervo, 2007), autoimmunity (Choi, Ryter, & Levine, 2013), cancer

(Yun & Lee, 2018), and cellular aging (Mizushima, Levine, Cuervo, &

Klionsky, 2008), etc. Recent studies have revealed that autophagy

may also play an important role in the development of type 2

diabetes (T2D; Las & Shirihai, 2010).

Global emergence of T2D and its association with obesity,

dyslipidemia, hypertension and other metabolic disorders have

become a major health challenge in this millennium. T2D is de-

scribed as the abnormal regulation of nutrients and their metabo-

lites that develop as a consequence of the combined insulin

resistance and relative insulin deficiency (Islam et al., 2017). T2D

is also widely associated with oxidative stress, endoplasmic re-

ticulum (ER) stress (Rovira‐Llopis, Banuls, Apostolova, Morillas, &

Hernandez‐Mijares, 2014), inflammation and mitochondrial dys-

function that induces initiation of autophagy as a protective

mechanism to maintain the cellular homeostasis and pancreatic

beta‐cell mass, but excessive and dysregulated autophagy may

also play a role in the pathogenesis of T2D (Nisbet, Sturtevant, &

Prins, 2004). Available treatments for T2D mostly include different

types of oral antidiabetic drugs. Among them, metformin (dimethyl‐
biguanide) is the most commonly used drug, prescribed to

almost 120 million people for the treatment of T2D (Pernicova &

Korbonits, 2014). It acts by lowering the plasma insulin con-

centration through increasing the peripheral uptake of glucose and

decreasing hepatic glucose production. Although, many studies

have revealed that metformin acts by inhibiting the mitochondrial

complex I and activating AMP‐activated protein kinase (AMPK)

along with improving insulin sensitivity (Galdieri, Gatla, Vancurova,

& Vancura, 2016; Diaz‐Morales et al., 2017; He, Zhu, Li, Zou, &

Zhonglin, 2013; Samuel et al., 2017), the exact molecular me-

chanism of metformin‐induced autophagy have not yet been fully

explained. Another report has claimed that the activation of AMPK

by metformin has stimulated the JNK1–Bcl2 signaling pathway and

disrupted the Beclin‐1–Bcl2 complex, which, in turn, has induced

autophagy in addition to attenuating high glucose‐induced apop-

tosis in cultured human H9c2 cells (Uchizono, Alarcon, Wicksteed,

Marsh, & Rhodes, 2007). However, the exact relationship between

autophagy and T2D has been scarcely studied due to the lack

of proper animal models (Rovira‐Llopis, Diaz‐Morales, Banuls,

Blas‐Garcia, & Polo, 2015). In this aspect, PBMCs offers a unique

opportunity to perform these studies. Research has also implicated

both oxidative and ER stress signaling pathways in the induction of

autophagy as observed in the leukocytes of T2D patients. It has

also been observed that autophagic markers Beclin‐1, atg7, and
LC3II/I increase in non‐metformin‐treated T2D, whereas metfor-

min treatment reduces the mitochondrial superoxide concentration

and increases the glutathione levels (Diaz‐Morales et al., 2017). On

the other hand, the association of inflammation with reduced levels

of autophagy in PBMCs of T2D patients has also been detected

(Alidazeh et al., 2018).

Consequently, the objective of this study was to explore the

relationship between autophagy and the pathogenesis of T2D in

PBMCs and also to analyze the molecular mechanism of autop-

hagy induction by metformin in T2D. Therefore, an investigation

was carried out by inducing autophagy either by Earle's balanced

salt solution (EBSS) starvation or by metformin treatment in

PBMCs isolated from type 2 diabetic patients and healthy

non‐diabetic (ND) controls. The outcome as observed through

western blotting and transmission electron microscopy (TEM)

identified certain defects in the later phases of autophagy after

it was initiated in T2D PBMCs in the media. Also, T2D PBMCs

are unable to overcome stress by themselves under prolong

starvation and mostly dies by apoptosis, which can be readily

prevented by metformin treatment that induces autophagy

under cellular stress.

2 | MATERIALS AND METHODS

2.1 | Materials

EBSS, L‐glutamine, Heparin and RPMI‐1640 were purchased from

Himedia. 3‐(4,5‐Dimethylthiazoyl‐2‐yl)‐2,5‐diphenyltetrazolium bro-

mide (MTT) and bovine serum albumin (BSA) were purchased

from SRL (India). Fetal bovine serum (FBS), penicillin–streptomycin

were obtained from Life Technologies, USA. Ficol‐Histopaque

1077, bafilomycin, tunicamycin, metformin hydrochloride, mono-

dansylcadaverine (MDC), and OsO4, Fura 2/AM, poly‐L‐lysine were

obtained from Sigma‐Aldrich (USA).

2.2 | Clinical subjects

A laboratory investigation was performed with 17 adults of both

sexes, 55–65 years of age. Among them, 10 were type 2 diabetic

patients whereas 7 were carefully matched as ND control. Healthy
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controls in good health were defined as one who does not

have any family history of chronic diseases such as diabetes,

hypertension, or hypercholesterolemia, and were not taking any

prescribed drugs, neither hypertensive nor lipid‐lowering

therapy or anti‐platelet drugs. T2D was diagnosed according

to the American Diabetes Association (ADA) criteria (Alberti &

Zimmet, 1998). The exclusion criteria for T2D patients were based

on the documented history of cardiovascular disease (stroke,

ischemic heart disease, peripheral vascular disease, etc.), auto-

immune, infectious, chronic inflammatory diseases, hematological,

or malignant diseases. Moreover, none of the patients received

insulin therapy, anti‐inflammatory drugs (e.g., aspirin), antioxidant

and micronutrient supplements, vitamins, and immunosuppressive

drugs. The research has been carried out in accordance with the

Declaration of Helsinki (2008) of the World Medical Association,

that the ethical committee of the University of Calcutta and In-

stitute of Post Graduate Medical Education and Research and Seth

Sukhlal Karnani Memorial Hospital (IPGMER and SSKM) Kolkata,

India, in which the work was performed has approved it, and that

the subjects have given written informed consent to the work.

The clinical and metabolic characteristics are given in Table 1.

2.3 | Isolation of PBMCs from venous blood

In all, 7–10ml venous blood samples were collected from both

ND healthy volunteers and T2D patient subjects in a heparinized

vial. PBMCs were isolated by Ficol‐Histopaque (1.077 g/ml)

density gradient centrifugation (Bhattacharya, Santra, Ghosh, &

Karmakar, 2014). After isolating PBMCs, 1 × 106 cells/ml were

cultured in RPMI‐1640 medium (Himedia, India) supplemented with

10% fetal bovine serum 1× non‐essential amino acids, 1× L‐glutamine

and 100U/ml penicillin–100 µg/ml streptomycin and incubated at

37°C with loose lids in a humidified atmosphere containing 5%

CO2 for 24 hr.

2.4 | MDC staining

PBMCs were attached in poly‐L‐lysine coated coverslip in a 35mm

plate for 2 hr at 37°C in a CO2 incubator. Both the control and T2D

PBMCs were either kept starved with EBSS or treated with 5mM

metformin in the media for 24 hr, respectively. The cells were

then washed with 1× phosphate‐buffered saline (PBS) thrice and

incubated with 50mmol/L MDC for 10min at 37°C. After which

the cells were mounted with DAPI on glass slides and viewed under

a fluorescence microscope (Leica DM 2500).

2.5 | MTT assay

To study the cytotoxic effects of ER stress inducer tunicamycin and

autophagy inhibitor bafilomycin A1 in a dose‐dependent manner,

healthy PBMCs were cultured at a density of 1 × 105 cells/ml in

RPMI‐1640. Tunicamycin and bafilomycin were suspended sepa-

rately in a supplemented medium in different concentrations and

incubated for 4 hr and 24 hr (tunicamycin) and 16 hr (bafilomycin) in

5% CO2 incubator at 37°C. After incubation, cells were washed

with 1× PBS twice and MTT assay was performed according to the

standard protocol.

TABLE 1 Clinical and metabolic
characteristics of the study subjects

n (female/male)

Healthy control Type 2 diabetic

7 (3/4) 10 (4/6)

Age (years) 57.5 ± 5.09 59 ± 4.45

BMI (kg/m2) 28 ± 1.8 32.9 ± 2

Duration of type 2 diabetes (years) – 5–10

HbAIC (%) 5.5 ± 1.2 7.47 ± 0.35

Fasting plasma glucose (mmol/L) 5.7 ± 0.18 9.2 ± 0.8

Plasma triacylglycerols (mmol/L) 0.83 ± 1.2 1.72 ± 0.23

Hypertension (SBP ≥ 140mm Hg,

DBP ≥ 90mm Hg)

– 4

Are diabetic patients taking metformin

medicine during study

– 8 patients out of 10a

Anti‐hypertensive drug – 4

Data are means ± SD.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HbAIC, hemoglobin A1c; n,

number of male and female donors; SBP, systolic blood pressure.
aIn all, 8 patients out of 10 were taking metformin previously but remaining 2 of them were not

taking metformin medicine from last 3–6 months. PBMCs obtained from the patients had been

exposed to “metformin” for a long time.
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2.6 | Western blotting

After treatment, PBMCs were lysed in lysis buffer containing 1%

Triton X‐100, 50mM sodium chloride, 50mM sodium fluoride,

20mM Tris (pH 7.4), 1 mM ethylenediaminetetraacetic acid (EDTA),

1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM sodium vana-

date, 0.2 mM phenylmethylsulfonyl fluoride (PMSF; Sigma), 0.5% NP‐
40 and protease inhibitor cocktail (Sigma) for 30min. Protein con-

centration was measured by the Bradford method (Bradford, 1976).

Cell lysate containing equal quantities of protein (75 μg) were

solubilized in Laemmli buffer, boiled for 5 min, and electrophoresed

on a 10–12% sodium dodecyl sulfate (SDS) polyacrylamide gel

and transferred to polyvinylidene difluoride (PVDF) membrane.

Nonspecific binding was blocked with 5% nonfat dry milk in 1×

Tris–Cl, pH 7.6, with 0.1% Tween 20 (1× TBS‐T) followed by in-

cubation with the appropriate primary antibodies for overnight.

Membranes were washed with 1× TBS‐T, and blots were incubated

with anti‐rabbit or anti‐mouse secondary antibodies conjugated

to horseradish peroxidase (HRP) (Santa Cruz) at RT. Bound anti-

bodies were detected by the ECL (enhanced chemiluminescent)

immunoblotting detection reagent (Santa Cruz).

2.7 | TEM

PBMCs were kept in cell media or treated with 5mM metformin for

24 hr. Cells were then collected and prefixed with 3% glutaraldehyde

in 0.1M sodium cacodylate buffer (pH 7.4). These cells were then

postfixed with 1% osmium tetroxide, followed by dehydration with

ascending grades of acetone and finally embedded in Agar 100 resin

and polymerization at 60°C. The ultrathin sections of the cells were

obtained using a Leica Ultracut UCT ultramicrotome, picked up on

nickel grids and dual‐stained with 2% aqueous uranyl acetate and

0.2% lead citrate. The sections were visualized under an FEI Tecnai

12 Bio‐twin transmission electron microscope at an accelerating

voltage of 100 kV.

2.8 | Statistical analysis

Statistical analysis was performed using R statistical software version

3.5.1 (R: A language and environment for statistical computing; R

Foundation for Statistical Computing, Vienna, Austria). The data

were expressed as mean value ± standard error of the mean (SEM).

F IGURE 1 Measurement of autophagic puncta in PBMCs of T2D patients and ND control: PBMCs of ND control and T2D were starved with

or without EBSS or treated with metformin (5mM) along with the complete medium for 24 hr. (a) After MDC staining the autophagic (LC3)
puncta was observed under fluorescence microscopy in ×100 magnification. (b) Graphical representation of MDC staining at 24 hr of all the
experimental set. More than 300 cells were analyzed for each condition. Data are shown as mean ± SEM. Data shown are representative of
three ND control and three T2D patient samples from three independent experiments *p < .05 statistical analysis was performed using one‐way

ANOVA followed by the Sidak test when a subset of conditions (ND control EBSS and T2D EBSS as experimental subset 1 and ND control
metformin and T2D metformin as subset 2) was selected for pairwise comparisons; and Tukey test when all possible combinations were tested.
ANOVA, analysis of variance; EBSS, Earle's balanced salt solution; MDC, monodansylcadaverine; ND, non‐diabetic; PBMCs, peripheral blood

mononuclear cells; SEM, standard error of the mean; T2D, type 2 diabetes
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Comparisons between the control groups and T2D groups for para-

metric data were made with one‐way analysis of variance (ANOVA)

followed by the Sidak test when a subset of conditions was selected

for pairwise comparisons; and Tukey test when all possible combi-

nations were tested. p < .05 was considered as significant, coded by

asterisks: <.05 (*).

3 | RESULT

3.1 | Autophagic activity in PBMCs of diabetic
patients and healthy individuals

Starvation induced autophagy was measured in PBMCs of diabetic

patients (T2D) and ND healthy control by MDC staining. In Figure 1a,

ND control PBMCs starved with EBSS showed many MDC‐stained
green puncta (**p < .01) whereas T2D PBMCs starved with EBSS,

loses its morphology and membrane integrity. Interestingly T2D

PBMCs kept in media showed some MDC‐stained green puncta

(*p < .05) which is reduced in metformin‐treated T2D PBMCs.

Figure 1b shows the percentage of autophagic punctuated cells in

graphical representation. We also confirmed our observation with

the immune blotting of total cellular extract for autophagy marker

proteins from PBMCs of T2D patients treated with or without

metformin, along with ND control PBMCs (Figure 2). As seen in

Figure 2a the band intensity of LC3B‐II is almost equal in T2D

PBMCs with or without metformin treatment (compares L3 with L5).

In both the cases, PBMCs were cultured in a complete medium. A

faint band of LC3B‐II was observed in T2D PBMCs starved with

EBSS (L2) that correlates with the data found in the intensity diagram

as shown in Figure 2b.

The initiator protein of autophagy Beclin‐1 and Atg5 were sig-

nificantly reduced (**p < .01) in T2D PBMCs starved with EBSS as

seen in Figure 2a (L2). But the expression was almost the same with

or without the metformin treatment (L3 and L5) whereas ND control

PBMCs starved with EBSS show an increased expression of Beclin‐1
(L1 of Figure 2a and 2c) and ATG5 (L1 of Figure 2a and 2d).

In Figure 2a the bands of p62 were increased in both T2D

PBMCs starved with EBSS and without metformin treatment, re-

spectively (L2 and L3). But T2D PBMCs treated with metformin as

well as ND control PBMCs either with EBSS or metformin showed

much‐reduced expression of p62. Statistical analysis of the same

has been shown in Figure 2e.

In Figure 3a, T2D PBMCs either starved with EBSS or kept in

media showed increased phosphorylation of mammalian target of

rapamycin (mTOR; L2 and L3). But the total mTOR status remains the

F IGURE 2 Expression of autophagic markers in PBMCs of T2D patients and ND controls: PBMCs of ND control and T2D PBMCs were
starved with or without EBSS or treated with metformin (5mM) along with complete medium for 24 hr. (a) Total cell lysate was immunoblotted

with anti‐LC3B, anti‐Beclin‐1, anti‐Atg5, and anti‐p62 antibodies. Here β‐actin was used as a loading control. (b–e) Bands intensity was
measured and box plot represents the ratio of LC3B‐II/LC3B‐I, Beclin‐1/β‐actin, Atg5/β‐actin, and p62/β‐actin for 10 T2D and 7 ND control,
respectively (n = 10). *p < .05 statistical analysis was performed using one‐way ANOVA followed by Tukey test for all possible combinations.

L1 = ND EBSS, L2 = T2D EBSS, L3 = T2D Media, L4 = ND Met, L5 = T2D Met. ANOVA, analysis of variance; EBSS, Earle's balanced salt solution;
ND, non‐diabetic; PBMCs, peripheral blood mononuclear cells;T2D, type 2 diabetes
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same, which is uniform with the intensity diagram of phospho‐mTOR

(p‐mTOR), as shown in Figure 3b. Simultaneously, the phosphoryla-

tion of AMPK of T2D PBMCs was hardly visible in the above‐
mentioned condition, but the band was readily observed in ND

control PBMCs either with EBSS (L1), or metformin (L4) and T2D

PBMCs (L5) treated with metformin, respectively. The band intensity

diagram of phospho‐AMP‐activated protein kinase (p‐AMPK) is

shown in Figure 3d. In Figure 3e as can be observed lysosomal

membrane‐associated protein 2 (LAMP2) expression is visible in ND

control PBMCs starved with EBSS or with metformin treatment. But

the band intensity gets significantly reduced in T2D PBMCs starved

with EBSS (L2) or kept only in media (L3) whereas metformin

treatment increases the band intensity (L5).

3.2 | The ER stress induced by tunicamycin in T2D
PBMCs reduces autophagy and induces apoptosis

To investigate the autophagic status in T2D, another autophagy in-

ducer tunicamycin was applied in T2D PBMCs instead of metformin.

The dose of tunicamycin was determined by cytotoxicity assay

in PBMCs of healthy donors with different concentrations as seen in

F IGURE 3 Expression of autophagic regulator in PBMCs from T2D patients and ND controls: PBMCs of ND control and T2D were starved
with or without EBSS or treated with metformin (5mM) along with complete medium for 24 hr. (a) Total cell lysate was immunoblotted with
anti‐p‐mTOR, anti‐mTOR, and anti‐p‐AMPK antibodies. Here β‐actin was used as a loading control. (b–d) Band intensity was measured and box

plot represents the ratio of p‐mTOR/β‐actin, mTOR/β‐actin, and p‐AMPK/β‐actin for 10 T2D and 7 ND control, respectively (n = 10). (e) Total
cell lysate was immunoblotted with anti‐LAMP2 antibody. Here GAPDH was used as a loading control. Graphical representation of ratio
LAMP2/GAPDH of three T2D and three ND control was used. *p < .05 statistical analysis was performed using one‐way ANOVA followed by
Tukey test for all possible combinations. L1 = ND EBSS, L2 = T2D EBSS, L3 = T2D Media, L4 = ND Met, L5 = T2D Met. ANOVA, analysis of

variance; EBSS, Earle's balanced salt solution; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; LAMP2, lysosomal membrane‐associated
protein 2; ND, non‐diabetic; p‐AMPK, phospho‐AMP‐activated protein kinase; p‐mTOR, phospho‐mammalian target of rapamycin; PBMCs,
peripheral blood mononuclear cells; T2D, type 2 diabetes
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Figure 4a. Next, we investigated the role of tunicamycin in autophagy

in T2D PBMCs compared to ND control PBMCs. As seen in Figure 4b

the band corresponding to LC3B‐II was significantly reduced

(**p < .01) in T2D PBMCs treated with tunicamycin. The ratio of

LC3B‐II/LC3B‐I was shown in the intensity diagram of Figure 4c.

Similarly, Atg5 expression was reduced only in T2D PBMCs (L4)

treated with tunicamycin as shown in Figure 4b and in the intensity

diagram of Figure 4d. In Figure 4e, we found that the band intensity

of p62 was significantly (**p < .01) increased in both T2D PBMCs

with (L4) or without tunicamycin treatment (L3).

Next, the apoptotic status of T2D PBMCs was examined that

were treated with or without tunicamycin. In Figure 5a the cleavage

of caspase‐3 was shown in T2D PBMCs treated with tunicamycin

(L4). Similarly, Bcl2 was significantly (*p < .05) reduced in the above

case (L4). The cleavage of caspase‐3 and Bcl2 compared to β‐actin
were plotted in Figure 5b and 5c, respectively.

3.3 | Inhibition of autophagosome fusion
with lysosome by bafilomycin A1

To investigate the autophagic flux, we blocked LC3 degradation with

the inhibitor of acidification inside the lysosome by using bafilomycin

A1, in T2D PBMCs. In Figure 6a the dose of bafilomycin A1 was

determined in ND control PBMCs by cytotoxicity assay with differ-

ent concentrations of bafilomycin A1. In Figure 6b, the band of

LC3B‐II was only visible in ND control PBMCs at 50 nM of bafilo-

mycin A1 (L3). Interestingly, in the presence of bafilomycin A1 the

conversion of cytosolic LC3B‐I into autophagosome bound LC3B‐II
was stimulated in T2D PBMCs (L4–L6) but there was no significant

change (p > .05) in the band ratio of LC3B‐II/I in T2D PBMCs as

shown in Figure 6c.

Another method for detecting the autophagic flux is the mea-

surement of p62 (SQSTM1/sequestosome 1), a selective substrate

F IGURE 4 Effect of tunicamycin in induction of autophagy in PBMCs of T2D patients and ND control: (a) % of survival of PBMCs of ND
control with tunicamycin from 0 to 10 μg/ml at 4 and 24 hr. (b) PBMCs of ND control and T2D were treated with 3 μg/ml tunicamycin along with
a complete medium for 24 hr. Total cell lysate was immunoblotted with anti‐LC3B‐I, anti‐Atg5, and anti‐p62 antibodies. Here β‐actin was used

as a loading control. (c–e) Band intensity was measured and the box plot represents the ratio of LC3B‐II/LC3B‐I, Atg5/β‐actin, and p62/β‐actin
for four T2D and four ND control, respectively (n = 4). *p < .05 statistical analysis was performed using one‐way ANOVA followed by Sidak test
when a subset of conditions (ND control media and T2D media as subset 1 and ND control Tunica and T2D Tunica as subset 2) was selected for

pairwise comparisons; and Tukey test when all possible combinations were tested. L1 = ND, L2 =ND Tunica, L3 = T2D, L4 = T2D Tunica.
ANOVA, analysis of variance; ND, non‐diabetic; PBMCs, peripheral blood mononuclear cells; T2D, type 2 diabetes
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of autophagy degradation. The band intensity of p62 was significantly

(*p < .05) increased with the increasing dose of bafilomycin A1 from

10 to 50 nM in T2D PBMCs compared to ND control PBMCs as seen

in Figure 6b as well as in the intensity diagram of Figure 6d.

3.4 | Altered autophagy in T2D PBMCs with
and without metformin treatment by electron
microscopic study

Electron microscopy was used to directly visualize autophagic va-

cuoles in T2D PBMCs with or without metformin treatment com-

pared to ND control PBMCs (Figure 7). As observed in Figure 7b,

T2D PBMCs in media exhiits multiple vesicle formation together

with polymorphonuclear structure and chromatin clumping (massive

vacuole overload and sign of apoptotic cell death) as compared to

normal healthy PBMCs (Figure 7a), whereas T2D PBMCs in media

with 5mM metformin (Figure 7c) reveals double‐membrane struc-

ture of autophagic vacuoles with cytoplasmic material fused with

black dense autolysosome.

4 | DISCUSSION

Recent studies have concluded that reduced autophagy is a char-

acteristic feature of T2D PBMCs (Bhansali, Bhansali, Walia, Saikia, &

Dhawan, 2017) but the exact mechanisms underlying the dysfunction

of autophagy in PBMCs of diabetic patients still remain unknown.

Efforts have been made to understand the defective autophagic

pathway in PBMCs of diabetic patients and the role of metformin

in the modulation of such pathways. Diaz‐Morales et al. (2018) have

reported that diabetic PBMCs have higher ER stress than ND control

that are greatly reduced when treated with metformin. In the present

work, it was observed that T2D PBMCs undergo autophagy in normal

cell culture media to overcome these ER stress and give more MDC‐
stained puncta as shown in Figure 1 whereas treatment with met-

formin reduces the puncta significantly. The probable cause may be

attributed to the fact that the formation of puncta mostly occurs in

the early phase of autophagy whereas metformin treatment causes

the cells to enter the later phase of autophagy, which subsequently

leads to the fusion of autophagosomes with the lysosome and giving

rise to reduced puncta. In addition to this, no significant difference

F IGURE 5 Effect of tunicamycin in apoptosis in PBMCs of T2D patients and ND controls: (a) PBMCs of ND control and T2D were treated
with 3 μg/ml tunicamycin along with complete medium for 24 hr. Total cell lysate was immunoblotted with anti‐caspase‐3, anti‐Bcl2 antibodies.

Here β‐actin was used as a loading control. (b,c) Band intensity was measured and the box plot represents the ratio of caspase‐3/β‐actin and
Bcl2/β‐actin for four T2D and four ND control, respectively (n = 4). *p < .05 statistical analysis was performed using one‐way ANOVA followed
by the Sidak test when a subset of conditions (ND control media and T2D media as subset 1 and ND control Tunica and T2D Tunica as subset 2)

was selected for pairwise comparisons; and Tukey test when all possible combinations were tested. L1 = ND, L2 =ND Tunica, L3 = T2D,
L4 = T2D Tunica. ANOVA, analysis of variance; ND, non‐diabetic; PBMCs, peripheral blood mononuclear cells; T2D, type 2 diabetes
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was detected in the protein expression of LC3B, Beclin‐1, and Atg5

(two proteins involved in the initiation and elongation process of

autophagy) of T2D PBMCs with or without metformin treatment. It is

due to the fact that the three proteins are absolutely required before

autophagosomal fusion to take place, so their levels are maintained

both in the presence or absence of metformin (Figure 2a, compare L3

and L5). Therefore, our data strongly support the previous study

(Alexandraki et al., 2008) where it was reported that metformin has

little or no role in the initiation of autophagy in diabetic PBMCs.

Moreover, starvation also gives added value to the pre‐existing
stress for T2D PBMCs where the lack of autophagy enforces the

cells to die. Thus, further experiments need to be carried out in

order to study the cellular conditions of diabetic PBMCs under

nutrient‐deficiency.
Though reports available regarding the expression of different

autophagy‐related genes in T2D is confusing, but investigation

carried out in leukocytes from T2D patients display activation

of autophagy, expressed by higher LC3B, Beclin‐1 than those

seen in healthy volunteers, whereas metformin also helps in the

modulation of autophagy‐related genes and proteins (Diaz‐Morales

et al., 2017, 2018). Other studies show that the level of autophagy‐
related genes and proteins, MAP1LC3B, Atg5, Atg12, and Atg7, are

normal in muscle and adipose tissues in T2D patients (Kruse, Vind,

Petersson, Kristensen, & Hojlund, 2015). Information regarding

altered autophagy in β cells of T2D patients where gene expression

of Beclin‐1 and ATG1 remains unaltered has also been confirmed

(Masini, Bugliani, Lupi, Del Guerra, & Boggi, 2009; Ost et al., 2010).

These findings along with our observation indicate that the changes

in the autophagic activity do not necessarily require alteration of the

expression of all autophagy‐related genes but autophagy pathway

regulation may be the key factor.

Autophagic flux is a more reliable indicator of autophagic activity

than measurements of autophagosome numbers (Loos, Toit, &

Hofmeyr, 2014). Accumulation of the p62/SQSTM1 protein could be

F IGURE 6 Effect of bafilomycin A1 in inhibition of autophagosome fusion in PBMCs of T2D patients and ND controls: (a) % of survival of
PBMCs of ND control with bafilomycin from 0 to 1 μM for 16 hr. (b) PBMCs of ND control and T2D were treated with 0, 10, and 50 nM for 6 hr.
Total cell lysate was immunoblotted with anti‐LC3B and anti‐p62 antibodies. Here β‐actin was used as a loading control. (c,d) Band intensity was

measured and the box plot represents the ratio LC3B‐II/LC3B‐I and p62/β‐actin for four T2D and four ND control, respectively (n = 4). *p < .05
statistical analysis was performed using one‐way ANOVA followed by the Sidak test when a subset of conditions (ND control media and
T2D media as experimental subset 1 and ND control B A1 10 nM and T2D B A1 10 nM as subset 2 and so on) was selected for pairwise
comparisons; and Tukey test when all possible combinations were tested. L1 = ND, L2 =ND + 10 nM BA1, L3 = ND+ 50 nM BA1, L4 = T2D,

L5 = T2D + 10 nM BA1, L6 = T2D + 50 nM BA1. ANOVA, analysis of variance; ND, non‐diabetic; PBMCs, peripheral blood mononuclear cells;
T2D, type 2 diabetes
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an important marker of the consequences of altered autophagic flux,

especially when down steam autophagy pathway is suppressed

(Mizushima and Yoshimori, 2007). Our data shows that PBMCs of

diabetic patients have a higher p62/SQSTM1 protein level both in the

starved condition as well as in the media compared to ND control

(compare L2 and L3, Figure 2a). These suggest that the defect in the

removal of autophagosome leads to the accumulation of autophagic

cargo in diabetic PBMCs both in prolong starvation as well as

in media.

Several studies have reported that reduced expression of

LAMP2 and cathepsin B and D alter the later phases of autophagy

(autophagosome maturation and lysosomal events) in diabetic β

cells (Marchetti et al., 2007; Kaniuk et al., 2007; Masini et al., 2009).

Similar findings have also been observed in our case, where LAMP2

expression was significantly reduced in T2D PBMCs when the cells

were kept in media (L3) or in starved condition (L2) in addition to

metformin treatment which increases the expression of LAMP2 in

T2D PBMCs (L5, Figure 3e).

Several studies have stated that metformin potentiates AMPK

activity (Galdieri et al., 2016; Eriksson and Nyström, 2014; Kobayashi,

Xu, Chen, & Liang, 2012). In our study, metformin induces phosphor-

ylation of AMPK in ND control and T2D PBMCs (L4 and L5, Figure 3a).

This data was further supported by the previous findings where it was

reported that insulin reduces the phosphorylation of AMPK and

inhibits its activity in L6 myotubes (Deng et al., 2015). AMPK is an

important energy‐sensing enzyme involved in the maintenance of

cellular energy homeostasis. Besides several other actions, AMPK can

also inhibit the mTOR activity thereby promoting autophagy (Masini

et al., 2009). Our results clearly establish the fact that mTOR gets

activated in T2D PBMCs when kept in cell media and gets deactivated

mostly after metformin treatment (Figure 3a). Reports into the main

causal agent which leads to the accumulation of autophagic materials

identifies mTOR which acts by inhibiting autophagy initiation and

nucleation by further inhibiting the ULK1 complex and Vps34 complex

(Dossou & Basu, 2019; Loos et al., 2014), and metformin that pro-

motes the elimination of this autophagic vacuoles by reducing the

activation of mTOR in autophagy. It is also reported that metformin

can inhibit mTORC1 in an AMPK‐independent manner (Kalender

et al., 2010). These findings suggest that a defect in autophagy in T2D

is associated with the deregulation of p‐AMPK and p‐mTOR activity

which can be corrected by metformin (Figure 3).

Tunicamycin, an ER stress inducer stimulates an autophagic

response in normal cells. In our study, it was found that in presence

of tunicamycin the autophagic response was significantly reduced

(**p < .01) in diabetic PBMCs in terms of LC3B and Atg5 as compared

to ND controls (L4, Figure 4b). But p62/SQSTM1 protein level gets

significantly increased in T2D PBMCs with or without tunicamycin

indicating that there may be some dispute in the clearance of

F IGURE 7 Autophagic vacuole formations in T2D PBMCs with or without metformin treatment by TEM: transmission electron micrographs

of (a) ND control PBMCs in media (b) T2D PBMCs in media showing multiple vesicle formation and polymorphonuclear structure (c) T2D
PBMCs in media with 5mM metformin showing autophagic vacoules. Arrows indicate autophagic vacuoles and arrowheads indicate multiple
vesicle formation in type 2 diabetes. Inset picture of image (c) shows a double‐membrane structure of autophagosome with cytoplasmic material

fused with black dense autolysosome which is indicated in the original image (double arrowheads); ×10,000 magnification. CC, chromatin
clumping; N, nucleus; ND, non‐diabetic; PBMCs, peripheral blood mononuclear cells; T2D, type 2 diabetes; TEM, transmission electron
microscopy
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autophagic vacuoles in diabetic condition as an accumulation of p62

indicates blockade of autophagic flux (compare L3 and L4, Figure 4b).

Additionally, under excessive ER stress conditions, autophagic va-

cuoles accumulate and lead to apoptotic features as observed by

caspase‐3 cleavage and low expression of anti‐apoptotic protein Bcl2

in T2D PBMCs treated with tunicamycin (Figure 5).

In addition, our results also showed the LC3B‐II/I ratio in the

presence of bafilomycin remains unaltered in PBMCs of T2D patients

in comparison to ND control (Figure 6b). But the increased expres-

sion of p62 in PBMCs of T2D suggests that T2D PBMCs are able to

enter the early phases of autophagy but the later phases of autop-

hagy are likely to be defective. Consistently with this data, we also

found an increased number of autophagic vacuoles and chromatin

clumping in T2D PBMCs that were kept only in cell media, and which

disappears after metformin treatment indicating the positive role of

metformin in the clearance of autophagy vacuoles, that is the fusion

of the autophagosome with the lysosome (Figure 7).

5 | CONCLUSION

In conclusion, type 2 diabetic PBMCs, after nutrient deprivation or

tunicamycin treatment can initiate an autophagic response but due to

lack of fusion with the lysosome, it helps in the accumulation of

autophagic vacuoles and cells eventually die by apoptosis. Thus, in

type 2 diabetic PBMCs there might be no prevailing hindrance in the

initial phase of autophagy but the later phase of autophagy may have

some dispute in fusion with lysosome which can be completely

reversed by metformin treatment.
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ABSTRACT 
Cellulosic ethanol has been the most promising second-generation biofuel in terms of raw material availability. The 
production process mandates efficient removal of lignin followed by a three-step sequential enzymatic conversion of 
cellulose to glucose. Cellobiase (E.C. 3.2.1.21), a β-glucosidase (BGL), obtained preferably from filamentous fungi 
catalyzes the final rate limiting step of this reaction, namely, the hydrolysis of cellobiose to glucose. It is therefore the 
most sought after model for cellulosic enzyme research. Efficient conversion of cellulosic biomass to glucose requires 
enhanced stability and superior catalysis. This in turn mandates strong producer organism able to secrete a high titer of 
the enzyme into the extracellular medium, optimized media formulation and improvised technologies for catalysis. 
Particularly, stabilization of the big cellobiose aggregates remains a significant technological bottleneck in this regard. 
Large aggregates of cellulosic enzymes are indispensible for industrial scale catalysis; however, these enzymes are prone 
to spontaneous dissociation by sheer dilution. Conventional immobilization and cross-linking approaches involving 
glutaraldehyde or entrapment in alginate beads have either proven cost-ineffective or have resulted in retention of poor 
specific activity for efficient catalysis. Over the last decade, new generation enzyme technologies such as synthetic multi -
enzyme cellulosome complex, use of protein stabilizing osmolytes and reducing agents to maximize substrate exposure 
has opened up new avenues for cross-linker free stabilization and enhanced catalysis. The review is a fresh update of the 
producer strains, media optimizations and enzyme technologies to boost the production of cellulosic ethanol.  
 

Keywords: Lignocellulosic bioethanol, Extracellular cellobiase, Filamentous fungi, Enzyme stabilization, Cellobiase 
aggregates. 
 

1. INTRODUCTION  
Sustainability is the most vital aspect of natural resource 
management of Mother Earth. This involves achieving 
operational efficiency and minimization of toxic impact 
on the environment, keeping in mind socio-economic 
considerations, all of which are mutually inter-depen-
dent. However, a prolonged dependence on traditional 
fossil fuel energy resources is grossly unsustainable, 
owing to its super-swift-depletion worldwide following 
decades of overuse and misuse [1]. An acute energy crisis 
is thus looming large on the face of the globe due to the 
unprecedented increase in the consumption of fossil 
fuels, and it has been estimated that the projected 
depletion time of crude oil reserves at the current rate of 

consumption is only a meager forty years [2]. Associated 
with this is the uncontrolled, but steady emission of 
harmful greenhouse gases (GHGs) from the usage of 
fossil fuels, resulting in acute global warming [1], thus 
jeopardizing the environmentalists’ dream of a self-
sustainable, greener and technologically-sound Mother 
Earth.  
Consequently, a collective quest for the discovery of 
carbon neutral solid, liquid and gaseous fuels as 
alternative, renewable energy resources for potential use 
for transportation purposes of vehicles has been kindled 
over the past few decades [1, 2]. One of the most 
promising and scientifically-sound developments in this 
regard has been the discovery of ‘biofuels’ or fuels 
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derived from geologically recent carbon fixation [3]. 
Production of such biofuels from pre-existing biomass is 
one of the safer and greener alternatives to reduce 
consumption of crude oils, much needed for the 
abatement of environmental pollution.  
 
2. BIOFUEL: SCOPES AND TYPES 
In order to be considered a biofuel, a fuel must contain 
over eighty percent renewable materials. The scope of 
this term encompasses a wide range of alternative fuel 

sources, and has evolved from the first generation (1G) 
bioethanol produced from sugar, starch or vegetable oil 
to the more advanced, energy efficient and economic 
third generation (3G) biodiesels derived from algae 
(fig.1). Bioethanol can be produced from three categories 
of agro-based raw materials-simple sugars, complex 
starch and the inedible, intricate plant biomass called 
lignocelluloses [3]. As the price of these raw materials 
usually varies largely, it can, in turn, significantly affect 
the cost of the large-scale production of bioethanol [3]. 

 

 
 
Fig 1: First generation, second generation and third generation biofuels as classified according to 
nature of raw materials used 
 
Use of simple sugars and starch, akin to 1st generation 
bioethanol directly interferes with water conservation 
strategies, occupies a substantial area of agriculturally 
productive lands for the production of the fuel, 
consumes a significant part of world’s forest reserves 
and puts a tremendous pressure on world food markets 
[1, 2]. For example, production of starch-based 
bioethanol from corn was much popular for quite a 
while due to the efficiency of the technology, but soon 
met with some inevitable socio-economic objections. 
The cultivation of corn encroached upon the farmlands 
dedicated for growing higher food crops, and thus 
threatened to breach the UN food security norms. 
Jatropha spp., another potential biofuel crop also met 
with the same fate. Under such circumstances, an 
improved thought for probing into an alternative source 
of bioethanol production was much needed. This set the 
ideal platform for the development of the most 

promising 2G biofuel-cellulosic (ligocellulosic) ethanol. 
As cellulose (lignocellulose) is the most abundant 
biomolecule on the earth, therefore the idea of its 
utilization for the production of cellulosic bioethanol is a 
sustainable, eco-friendly option for the biofuel industry. 
Also, such 2G bioethanol derived from lignocellulosic 
agriculture and forest residues, and from non-food crop 
feedstocks resolves some of the major conflicts raised by 
1G bioethanol production [1, 2]. It releases significantly 
lesser amounts of GHGs as compared to corn-
bioethanol. Additionally, the raw material required for 
its industrial production is present in surplus even in 
agro-wastes which are not considered as fodders, and 
therefore no additional farmland is required. So, the 
production of bio-based products and bioenergy from 
cheap, renewable sources like lignocelluloses is 
beneficial not only to the environment, but also to local 
economy and national energy security across the globe 
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[4]. Cellulose is derived mostly from plant sources 
acting as the largest contributor of the total cellulose 
pool of the biosphere [5]. Cellulose is a structural 
homopolysaccharide, present as an essential cell wall 
constituent of a vast niche of the Plant kingdom, ranging 
from the red algae to conifers. It is a linear homo-
polymer of β-D-anhydroglucopyranoside residues, 
linked by β-(1,4)-glycosidic bonds, connecting several 
hundred to many thousands of glucose units. Although 
plant biomass is mostly cellulose (35-48%), it is 
occluded by hemicelluloses (22-30%) and lignin (15-
27%), together constituting a complex intricate 
network of a biomolecule, known as lignocellulose [6, 
2]. Being a low-cost energy resource based on its energy 
content ($3-4/GJ), cellulose (lignocellullose) has 
multifarious commercial applications, starting from the 
production of nanomaterials on one hand to applications 
in biofuel production, textile polishing and finishing, 
pulp and paper industry, and lifestyle agriculture on the 
other [4, 5, 7]. 
 
3. BOTTLENECKS IN INDUSTRIAL PRODUC-

TION OF CELLULOSIC BIOETHANOL 
3.1. Efficient removal of lignin 
Inspite of being the most promising feedstock for its 
easy availability and low cost, there has been a few 
technological constraints in the large-scale commercial 
production of bioethanol from lignocellulosic materials 
[3]. In fact, enzyme-catalyzed conversion of lingo-
cellulosic plant biomass to simple sugars for the 
production of biofuels is highly inefficient a process, and 
is still considered as one of the key steps, limiting 
industrial biofuel production at a cheap cost [6]. One of 
the significant reasons hindering efficient bioconversion 
is the structural rigidity of the recalcitrant lingo-
celluloses which hugely restrict the physical access of 
soluble microbial lignocellulases for depolymerizing the 
cellulose in order to release glucose for the production 
of bioethanol [8, 9]. As lignin is recalcitrant to microbial 
degradation, a pre-treatment process to loosen up the 
lignin is often mandatory for altering or removing 
structural and compositional impediments of lingo-
celluloses by hydrolysis in order to improve the rate of 
enzymatic action and increase the yields of fermentable 
sugars [9]. Pre-treatment processing conditions must be 
tailor-made in accordance to the specific chemical and 
structural composition of the different sources of 
lignocellulosic biomass. Even if the toughest lignin is 
efficiently removed, the hemicellulose encapsulation 
reduces optimal enzyme exposure and hinders the 

breakdown of cellulose. An efficient method of 
removing this hemicellulose is the ammonia freeze 
explosion pre-treatment, which simultaneously reduces 
both lignin and hemicelluloses, as well as decrystallizes 
cellulose for an optimum hydrolysis [9]. Therefore, 
hydrolysis of complex lignocellulose into simpler 
fermentable sugars, sugar acids and phenolics has 
become a mandatory pre-requisite for a faster down-
stream conversion into glucose [4, 9-11]. 
 
3.2. Enzymatic conversion of lignocellulose to 

glucose 
It was in 1819 that the French chemist Henri Braconnot 
first discovered that cellulose could be hydrolyzed into 
sugars by treatment with sulfuric acid [3]. However, it 
was found subsequently that acidic hydrolysis suffered 
from a number of intrinsic disadvantages including 
denaturation of enzymes in the subsequent downstream 
fermentation process since the residual acid cannot be 
neutralized effectively [3]. With the rapid development 
of enzyme technologies over the past few decades, acid 
hydrolysis process of lignocellulose has gradually been 
replaced by enzymatic hydrolysis [3, 12]. Biocatalysts 
exert lesser corrosive effects to industrial processing 
equipments, and due to their extreme substrate 
specificity, they generally produce lesser toxic wastes to 
ensure better environmental sustainability [13]. 
Enzymatic hydrolysis of lignocellulosic material into 
fermentable sugars is carried out by a complex mixture 
of lignocellulolytic enzymes. Lignocellulolytic enzymes 
constitute mostly extracellular enzymes, including 
ligninolytic ones (peroxidases and oxidases) and 
hydrolytic ones (cellulases, hemicellulases, amylases, 
pectinases, chitinases, esterases, proteases and 
mannases) [11, 14]. Most of these enzymes find 
indispensible applications in diverse areas and are 
excellent study models for the research fraternity [15]. 
The various sectors routinely employing lingo-
cellulolytic enzyme preparations include breweries, 
textile, animal feed, food, pulp and paper industries, 
and laundry, besides they being used as additive in 
detergents and for improving the digestibility of animal 
feeds [4, 13, 16]. The lignocellulosic wastes generated 
are converted by cellulases to commercially-important 
products like glucose, soluble sugars, enzymes, alcohol, 
and single cell proteins (SCPs) [17]. In the natural 
environmental niche, synergistic associations among 
different cellulolytic microbes play a significant role in 
the hydrolysis of lignocellulosic polymers [7]. The 
complex structure of lignocellulose is biologically 



 

                                                                     Banik et al., J Adv Sci Res, 2021; 12 (2) Suppl 1: 49-65                                                                   52                     

Journal of Advanced Scientific Research, 2021; 12 (2) Suppl 1: June-2021 

simplified into its monomeric building blocks, the β-D-
glucosyl unit, which is subsequently fermented to 
different products such as ethanol (biofuel), acetic acid, 
lactic acid, antibiotics and others [5]. So, after efficient 
removal of lignin and hemicelluloses, the core cellulosic 
biomass is subjected to saccharification involving 
sequential and synergistic actions of three cellulolytic 
enzymes [8]; (1)  endo-glucanases (EGs, E.C. 3.2.1.4), 
which cleave the cellulose chains internally at random 
sites, acting mainly on the amorphous parts of the 
cellulose fiber to generate oligosaccharides and new 
chain ends; (2) exoglucanases, including cellodex-
trinases (E.C. 3.2.1.74) and cello-biohydrolases (CBHs; 
E.C. 3.2.1.91 for the cellobiohydrolases acting on the 
non-reducing end, and E.C. 3.2.1.176 for the 
cellobiohydrolases acting on the reducing end), 
producing glucose, cellobiose and higher cellooligosac-
charides; and (3) β-glucosidases (BGLs, E.C. 3.2.1.21, 
cellobiase) which catalyze the last rate limiting step to 
hydrolyze inhibitory cellobiose and short and soluble 
cello-oligosaccharides into additional glucose units [6, 
16, 18, 19]. This process is collectively referred to as 
‘enzymatic saccharification’ of cellulose. The final end 
product glucose is then converted to ethanol via yeast-
mediated alcoholic fermentation.  
A hallmark of this cellulase-enzyme system is synergy 
that ensures an efficient hydrolysis. This means that the 
catalytic activity of the entire enzyme-system is higher 
than the sum total of the respective activities of 
individual enzymes in the system [19]. The last step of 
the saccharification represents the technically most 
challenging step, and hence it constitutes the bottleneck 
for efficient saccharification. Therefore isolation and 
maintenance of a good producer strain of cellobiase is as 
critical as any other of the other processes during the 
actual fermentation. 
 
4. PRODUCER MICROORGANISMS OF CELLU-

LOSIC ENZYMES 
The key elements in the saccharification process of 
lignocellulosics are the cellulolytic microorganisms [17]. 
To efficiently hydrolyze and degrade the insoluble 
biopolymer of cellulose, the microorganisms must 
secrete the cellulases, possibly excepting the BGLs, that 
are either extracellular or bound to the producer cell-
surface [4]. Cellulolytic activity is hugely common 
among many genera in the Domain Bacteria, and within 
the fungal, protozoal, plant and a few animal groups in 
the Domain Eukarya [5, 19]. No cellulolytic genus has 
yet been identified in the Domain Archaea [19]. 

4.1. Fungal producers 
Among all the lignocellulolytic microorganisms thrown 
a light upon, the fungi have been the subject of most 
extensive experimentation and research, due to their 
rich diversity and secretion of copious amounts of lingo-
cellulolytic enzymes extracellularly [11, 20]. They are 
beneficial microbes that help in the recovery of energy 
from degraded ecosystems [21]. With a sound under-
standing of the enzyme production capabilities of these 
fungi, their industrial applications can be mapped easily 
[21]. Everyday large amounts of recalcitrant lingo-
cellulosic wastes are dumped into the environment by 
mostly agricultural and industrial sources, leading to 
environmental pollution. Solid state fermentation (SSF) 
using these agro-industrial wastes as substrates for 
fungal growth is an efficient method to degrade such 
lignocellulosic masses by the cellulolytic fungi, in the 
process producing enzymes at low cost [22]. Such 
cellulolytic fungi can be easily isolated from natural 
resources like cattle dung and cattle dung-contaminated 
soil samples [23]. Scientists have found that these natural 
fungal isolates, once grown by SSF technique on non-
pretreated saw dust, could produce copious cellulases to 
be suitably applied for bioethanol production [23]. The 
use of fungi like Penicillium and wine yeast would help 
biotechnologists to identify genes that could improve 
the production yield and nitrogen efficiency. Adaptive 
evolution over the years is also producing high-yielding 
strain (HYS) that have the potential to be directly 
applied in breweries at large. Among the fungal 
divisions, the widely-diverse subdivisions of Asco-
mycetes, Basidiomycetes (polypores), and Deutero-
mycetes harbor most of the cellulolytic species. More 
than hundred cellulolytic fungi have been reported till 
date, and this number is still increasing. Among the 
most well-studied aerobic fungi, belongs the yeasts and 
the mold genera Trichoderma, Penicillium, Aspergillus, 
Termitomyces, Poria, Humicola, Acremonium, Chaetomium, 
Coriolus,  Phanerochaete,  Schizo-phyllum, Serpula, Fusarium, 
Geotrichum and Paecilomyces, whereas the best studied 
anaerobic fungal cellulase producers are species of the 
genera Piromyces  and Neocallimastix [19]. 
Sixty aerobic, non-Saccharomyces yeast strains have been 
isolated from grape musts in Uruguayan vineyards, 
including Metschnikowiapulcherrima, the best source of 
thermo stable (temperature optimum at 50°C) and acid-
stable (pH optimum at 4.5) BGL [24]. Among the 
aerobic filamentous fungi, the soft-rot fungi Trichoderma 
reesei (teleomorph: Hypocrea jecorina), Penicillium spp. 
(like P. purpurogenum, P. pinophilum, P. brasilinum, P. 
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citrinum, P. occitanis, P. decumbensandP. echinulatum), 
Aspergillus spp. (like A. niger, A. nidulans and A. oryzae) 
and Termito-mycesclypeatus deserve special mention [6, 
18. 25, 26]. 
Trichoderma reesei is the best-studied cellulolytic fungus, 
and are the most efficient producers of cellulases and 
hemicellulases [27, 28]. In more than one way, the 
extracellular cellulase enzyme-system of T. reesei has 
been instrumental for detailed studies on different 
cellulase systems from different sources [19]. The 
cellulase enzymatic system of T. reesei has five EGs and 
two CBHs, as well as some additional cellulolytic 
enzymes, such as the low-catalytic swollenin, vital for 
applications in the pulp and paper industries [19]. T. 
reesei secretes large amounts of all three types of 
cellulases - EGs, exoglucanases and BGLs, required for 
the degradation of crystalline cellulose [28]. 
Aerobic fungal cellulose degraders produce large 
amounts of extracellular enzymes [19]. Many Penicillium 
 species can produce extracellular lignocellulases. The 
fungus Penicillium purpurogenum produces intracellular 
BGL, with maximum enzyme activity observed when 
sucrose is used as the substrate [29]. Various cultural 
parameters are thereby optimized for the cultivation 
of P. purpurogenum to enhance the production of BGL, 
which resulted in a maximum extracellular release of 
the enzyme after 96 h of cultivation at 30°C by the 
addition of amino acids like histidine and cysteine [29]. 
BGL of P.purpurogenum shows acid-stability (pH opti-
mum at 2), thus being widely applied for debittering in 
breweries [25; 29]. P. pinophilum shows an extensive 
array of cellulase enzymes, containing eight EG com-
ponents. An enzyme-preparation of particular lingo-
cellulolytic impor-tance is the 1:1 (v/v) blended 
enzyme extract of Chrysoporthe cubensis: P. pinophilum 
[29]. A similar repertoire of extracellular cellulases is 
secreted by P. brasilinum, from whose culture medium, 
three different EGs and two CBHs were purified [29]. 
While P. citrinum  MTCC 6489 strain produces high 
amounts of xylanase  and cellulases, extracellular endo - 
β - 1, 4 - xylanase was obtained from P. occitanis Pol6, 
grown on oat-based xylan medium [29]. Although both 
the Penicillium species strains CR-316 and CR-313 
secrete high levels of cellulases, Penicillium CR-316 
produces thermostable cellulases, making the strain 
industrially viable [29]. Comparative genomics analysis 
of P. chrysogenum and P. decumbens (P. oxalicum) showed 
that P. decumbens has more genes for cellulases. Besides, 
it was also found that P. decumbens has more diverse 
components of the lignocellulolytic enzyme-system 

and hemicellulases, and their productions are induced in 
the medium when cellulose is the carbon source 
in wheat bran rather than glucose, in comparison to the 
much popular T. reesei [29]. 
 
4.2. Bacterial producers 
Cellulases are produced in abundance by bacteria, 
particularly by the members of the Order 
Actinomycetales, of the anaerobic Order Clostridiales 
and of several aerobic Orders [19]. The cellulolytic 
machineries however differ between the aerobic and 
anaerobic bacteria [19]. For the first time, in the early 
1980s, the scientists observed the multi-enzyme 
complex present in the thermophilic, anaerobic 
bacterium Clostridium thermocellum, which is meant for 
the degradation of lignocellulosic biomass, and termed 
it ‘cellulosome’ [19, 30]. Since then, cellulosome-
producing bacteria have been isolated from a large 
variety of environments, indicative of their wide 
presence [30]. Like, apart from Clostridia, the 
cellulosome has been reportedly found in other 
anaerobic bacteria, including members of the Rumino-
coccus species, which are symbionts present in ruminant 
animals, with cellulo-somes attached onto their surface 
[2, 19]. Cellulosomes are the bacterial nanomachines 
required for dismantling of complex plant poly-
saccharides like lignocelluloses [30]. Not only that in a 
given species the cellulosomes exhibit intrinsic 
heterogeneity, but also between different species, there 
exist huge differences in the structure and composition 
of these cellulosomes [30]. Generally, a cellulosome 
comprise of a complex of ‘scaffoldin’ along with various 
enzymatic subunits. It is the structural subunit 
containing a huge diversity of secreted cellulases and 
other plant cell-wall digesting enzymes bound to a 
common protein scaffold [30, 31]. These scaffold 
proteins have ‘cohesin’ modules that bind conserved 
‘dockerin’ modules on the enzymes [31]. Co-
localization of these modules on the scaffold allows 
them to function synergistically [31]. The inter-subunit 
interactions in these multi-enzyme complexes are 
mediated by these cohesin and dockerin modules [30, 
31]. The cellulosome is catalytically more efficient than 
the free enzyme system, because it has the unique 
property of properly orienting the whole enzymatic 
machinery onto the substrate surface to promote an 
effective interaction [19]. Most of the cellulosome 
systems studied so far have been shown to harbor 
cellulases from many glycosyl hydrolase (GH) families 
[19]. Because of their highly efficient structural 
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organization and associated hydrolytic activities, 
cellulosomes have much promising application in the 
degradation of lignocellulosic biomass, leading to its 
conversion to valuable products, like biofuels [30]. 
Genetic engineering techniques can also be used to 
improve the biodegradative action of cellulosomes by 
reconstituting cellulosomes with potent enzymes from 
different microbial sources [2]. 
 

5. FUNGAL CELLOBIASES: COMPLEX AGGRE-
GATES OF GLYCOSIDASES WITH HIGHER 
STABILITY 

Cellobiases from filamentous fungi are preferred over 
their bacterial counterparts owing to the high titre, 
specific activity, low Km and high thermo stability of the 
former [8, 32]. The enzyme is secreted into the culture 
medium as big aggregates which form spontaneously 
[33]. However, catalysis and thermal stability of the 
enzyme are highly dependent on its intrinsic self-
association [33] and this factor highly limits the enzyme 
efficiency. Additionally product inhibition by glucose 
represents another aspect to address during enzymatic 
conversion of cellulosic substrates [34]. In anaerobic 
bacteria and some fungi, cellobiase is an integral part of 
the cellulolytic enzyme complex structured in the form 
of a scaffold known as ‘cellulosome’, where upto eleven 
different enzymes are tethered in a definite array [35]. 
The arrangement of different proteins in this scaffold 
represents another layer of structural complexity in 
terms of optimizing its stability and performance. 
Therefore, a significant amount of biofuel research in 
recent times has been concentrated towards techno-
logical advancements for better understanding the 
functioning of these complex enzyme aggregates. 
 

6. BOTTLENECKS AND PROMISES IN CELLU-
LOSIC ENZYME TECHNOLOGIES 

Understanding the cellulosic enzymes at the molecular 
level may help in unraveling some of the integral 
features that equip them with their catalytic prowess 
[21]. Cellulases have non-catalytic carbohydrate-binding 
modules (CBMs) and/or other functionally known or 
cryptic modules at the N- or C-terminal ends of the 
catalytic module [4]. It is the combined action of three 
major enzymes of the cellulase enzyme-system which 
determines the overall efficiency of cellulose 
degradation [7]. However, cellobiase (BGL) has the 
highest biotechnological value of all, since it regulates 
the final turnover of glucose, and at the same time 
reduces the inhibitory effect of cellobiose on EGs and 
CBHs [18]. Also, as BGL’s substrate is soluble, the 

hydrolysis reaction is performed in the liquid phase, 
rather than on the surface of the insoluble cellulose 
particles, as in the case of EGs and CBHs [18]. To 
ensure improved industrial yields, individual cellulases 
are improved by either rational designing or by directed 
evolution [4]. As BGL activity has often been found to 
be rate-limiting during enzymatic hydrolysis of 
cellulose, the commercial cellulase enzyme prepara-
tions are often supplemented with BGL-activity [18]. 
Cellulolytic enzymes often suffer from low substrate 
affinity, thermolability and end product (glucose) 
inhibition. A higher temperature is needed during the 
enzymatic saccharification process to enhance the 
reaction rate, and minimize chances of microbial 
contamination. Therefore, finding an efficient cellu-
lolytic enzyme preparation still eludes the biofuel 
industry. 
 

6.1. Enzyme conjugation to nanoparticles 
Over the last few decades, advancement in technology 
and newer scientific interventions has been able to 
provide some valuable insights about facilitating these 
enzymatic bioconversions. In order to minimise the 
recalcitrance of crystalline cellulose to enzymatic 
degradation, advanced technologies like conjugation of 
cellulases to synthetic nanoparticles (NPs) have been 
developed so as to increase the substrate accessibility as 
well as the catalytic efficiency of the enzyme [8]. 
Scientists have conjugated cellulase from the mold 
Trichoderma viride to polystyrene NPs, and tested the 
efficiency of the hydrolytic activity of this NP-
conjugated complex on cellulosic substrates from 
purified and natural sources [8]. They found that the 
complexed enzyme displayed a higher efficiency in its 
action on microcrystalline cellulose [8]. Similarly, the 
NP-conjugated complex was observed to be more 
efficient in degrading natural cellulose structures in the 
thickened walls of cultured wood cells, both the results 
keeping hopes ablaze about the potential applications of 
cellulose-NP complexes in biofuel production from 
physically-intractable materials [8]. 
 

6.2. Stabilization of cellobiase assemblies for 
enhanced stability and catalysis 

As stated earlier, fungal cellobiase is released 
extracellularly into the culture medium in co-
aggregation with other enzymes, and the big aggregates 
subsequently associate again through reversible 
concentration driven protein-protein interaction. Both 
homoaggregation as well as heteroaggregation is vital for 
stability and catalysis of the protein [33, 36]. Therefore, 
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during the subsequent purification steps, activity and 
stability of the enzyme is severely hampered, mostly due 
to dissociation of the aggregates caused by sheer 
dilution. Therefore, stabilization of these unique 
natively aggregated fungal enzyme assemblies has been a 
major area of research for biotechnologists. Over the 

last few decades, quite a few cross-linking and 
immobilization based stabilization strategies have been 
reported (table 1) alongside a few immobilization 
independent approaches to increase enzyme catalysis 
(fig. 2A) and stability (fig 2B). 

 
Table 1: Cross-linking/immobilization/other technologies used to stabilize cellulolytic enzyme aggre-
gates 

Brief description of technology used Enzyme targeted Reference 
Cross-Linked Enzyme Aggregates (CLEAs) Cellulase, Xylanase [37] 

Peptide chain extensions Cellulase [38] 
Alteration of surface electrostatics Cellulase [39] 

NPG (Nanoporous gold) immobilization of enzyme by physisorption Xylanase [40] 
Cellulase nanoparticles Cellulase [41] 

Immobilization of enzyme in an inorganic-organic hybrid support (TiO2-lignin) Cellulase [42] 
Immobilization of cross-linked enzyme aggregates (CLEA) on the amine-
functionalized Fe3O4 @silica core-shell magnetic nanoparticles (MNP) Cellulase [43] 

Immobilization of enzyme on magnetic nanoparticles encapsulated in polymeric 
nanospheres Cellulase [44] 

Immobilization of enzyme on modified PVA (Polyvinyl alchohol) coated chitosan 
beads Cellulase [45] 

Artificial multifunctional chimeras Cellulase, Xylanase [46] 
Salt bridge design Cellulase [47] 

 

 
A) Addition of reducing agents decrease Km of cellobiose [48] B) Trehalose stabilizes big aggregates of cellobiases against spontaneous dilution 
induced dissociation (49) 
 

Fig 2: Newer technologies for in situ enhancement of cellobiose activity 
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6.3. Immobilisation/Cross-linking of cellobiase 
With growing need in numerous application areas like 
food, pharmaceuticals, textile, chemical etc, industrial 
enzyme market expanded rapidly throughout the last 
few decades. In view of this, the process of immobile-
zation was in demand as it rendered the biocatalyst 
several advantages over the free one. First and foremost, 
the cost of operation is reduced significantly as the 
immobilized enzymes can be used repeatedly or 
recycled. In some cases, stability of the enzyme is also 
increased.  Immobilization also imparts more control 
and usability of the enzyme as in downstream 
processing, immobilized enzymes are more easily 
separated. [50-52]. In addition to these, some enzymes 
had shown higher efficiency and regio/stereo-specificity 
or selectivity through immobilization [53]. Although the 

process of immobilization of enzymes dates back to 
1940s, immobilized whole cells were in use long 
before, around 1815. Initially, single enzymes were 
immobilized, but later on from 1985, multiple enzymes 
were immobilized simultaneously for the ease of 
production and processing. Over the time, various 
methods were applied for immobilization and numerous 
support matrix were exploited for different catalytic 
processes. Support matrix plays very important role in 
providing suitable physical and chemical properties to 
the enzymes like hydrophilicity, compressibility, 
derivatization and compatibility etc. [53-57]. They can 
be broadly categorized into two classes-organic and 
inorganic [58]. Several natural as well as synthetic 
varieties are available for both of them (fig. 3).  

 

 
              A) Classic materials B) New materials [42, 58] 
 

Fig 3: Support materials for enzyme immobilization 
 
Porous matrices are preferred over non porous one as 
the enzyme loading is higher and immobilized enzymes 
are more protected from the environment. Considering 
the performance of the enzyme in hydrophilic environ-
ment, organic matrices are exploited in industries to a 

greater extent compare to inorganic matrices although 
the latter is more stable physically and chemically [59]. 
Interaction between the support matrix and the enzyme 
can be irreversible or reversible [60]. Covalent 
coupling, entrapment and crosslinking are irreversible 
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in nature whereas adsorption and disulfide linkages are 
reversible. The process of immobilization and support 
matrix vary depending on the type of the enzyme, the 
nature and conditions of the catalysis reaction. The 
interactions between the support matrix and the enzyme 
are also dependent on the method of immobilization 
[42]. This is especially important in case of covalent 
binding. 
Betaglucosidase has been immobilized on several 
surfaces such as sponge [61], chitosan beads [62], clay 
minerals or mineral-organic substances, adsorbed via 
covalent binding to solid supports, agarose gels, nylon 
polymers, alginate gels, silica gel, Eupergit C, carbon 
nanotubes, SiO2 nanoparticles [63], polyacrylamide gel, 
hybrid nanomaterials of magnetic iron oxide nano-
particle with graphene oxide [64] etc. Recently 
wrinkled and mesoporous silica nanoparticles [65] and 
super-paramagnetic nanoparticles [66] were also 
explored for their effectivity. Polyacrylamide has been 
in use as matrix since long because of its low cost, 
chemical stability, uniform physical state and porosity. 
One thermo stable betaglucosidase from Bacillus subtilis 
was investigated after immobilization in polyacrylamide 
gel for extraction of phenolics from sugarcane juice. 
Results showed concentration of reducing sugar was 
more in case of free enzyme (9.438mg/l) compared to 
the immobilized one (8.134mg/l). Reduced activity of 
the immobilized enzyme may be due to several reasons 
like denaturation and leakage of the enzyme from gels 
because of use and diffusion effects [67]. In polyacryla-
mide gels, enzyme is exposed to a strong electrostatic 
field due to highly electronegatively charged acryl acid 
groups created in the macro-environment. This also 
affects the enzyme activity. Moreover, immobilization 
may change the structure and steric interactions of the 
enzyme in three-dimensional network [68]. When 
betaglucosidase from Novozyme’s cellulosic ethanol 
enzyme kit was immobilized on 29 nm mesoporous 
silica particles both via physical adsorption and covalent 
binding, it resulted in increase in the activity and 
substrate affinity of the enzyme compared to the 
adsorbed enzyme. Physical absorption was done with 
50mM citrate buffer at pH 4.7 and covalent linking was 
performed via glutaraldehyde. NaCl helped in 
adsorption whereas Triton X-100 decreased the 
adsorption. This explained the electrostatic attractive 
forces between the enzyme and the support surface.  
Whereas Triton-X 100 might weaken van der Waals 
interaction and impose additional physical hinderance 
via formation of small aggregates [69]. Super 

paramagnetic iron oxide nanoparticles are small 
synthetic particles of core size less than 10nm. They are 
well dispersed in liquid and can easily be removed 
applying magnetic field. Olive betaglucosidase immo-
bilized on super paramagnetic iron oxide nanoparticles 
showed higher thermal stability compared to the free 
enzyme [70]. Alginate, a polysaccharide of glucuronic 
and mannuronic acids, is a popular support matrix for 
immobilization due to its compatibility and processivity. 
Immobilized betaglucosidase showed high activity at 
50°C and 80°C but substrate affinity and reaction 
velocity were lower compared to the free enzyme. The 
active sites might be less accessible to the substrate 
molecules and decreased affinity of the enzyme towards 
the substrate at higher temperatures may also be 
attributed to the internal diffusion of the immobilized 
enzyme. 
Immobilisation of the enzyme has also been tested on 
macro porous carrier Amberlite IRA 900 Cl via adsorption 
with subsequent crosslinking by glutaraldehyde. 
Although reaction velocity was increased, there was a 
significant increase in Km as compared to the native 
enzyme. This may be attributable to the immobilization 
of the enzyme molecules at sites or positions with 
decreased substrate accessibility. On the other hand, 
ionic and covalent bonds and diffusive effects created by 
immobilization increased the stability of the enzyme 
against heat inactivation [71]. The enzyme also retained 
high cellulolytic activity at acidic pH. In other studies, 
crude culture filtrate of Aspergillus niger was immobilized 
on various carriers via adsorption, covalent bonding, 
ionic bonding and entrapment [61]. When properties of 
immobilized betaglucosidase were compared with free 
enzyme, covalently linked immobilized enzyme showed 
higher thermal stability but lower substrate affinity and 
reaction velocity. In addition, the immobilized enzyme 
was also found to be more resistant to the inhibitory 
effect of different chemicals. However, enzyme activity 
recovery was not much in case of several matrices like 
chitosan, sol-gel beads, sodium alginates, Eupergit C 
and S-layer [62]. Betaglucosidase immobilized on 
magnetite again showed low activity recovery and poor 
accessibility towards substrate. Contrary to the usual 
trend of immobilized enzymes, enzymes immobilized 
on super paramagnetic particles showed lower Km value 
or higher substrate affinity compared to the free 
enzyme. It also rendered the immobilized enzyme 
reusable with enhanced thermostability and higher shelf 
life. Similar observations were obtained when beta-
glucosidase was immobilized on non-porous magnetic 
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particles activated with cyanuric chloride and poly-
glutaraldehyde. Immobilized enzyme showed greater 
thermostability and better performance in hydrolysing 
lignocellulosic material. 
Traditional approaches of stabilization of enzyme 
aggregates through the use of cross-linking agents such 
as glutaraldehyde were initially in vogue [72, 73]. 
However, use of glutaraldehyde was a non-ecofriendly 
costlier option, and had to be abandoned soon. A 
cellobiase preparation covalently coupled to cyanogen 
bromide was reported to have enhanced thermostability 
with a lowering of Km [74]. Immobilization of cellobiase 
in Concanavalin A-sepharose beads followed by 
entrapment in polypropylene glycol-alginate beads 
stabilized the aggregates for about four consecutive days 
[75]. In a more recent study, bubbling immobilisation of 
cellobiase in sodium alginate with chitosan as carrier 
achieved a significant reduction in Km with enhanced 
catalysis at higher temperature [76]. Optimized 
immobilization was subsequently achieved through 
Response Surface Methodology tool [77]. A new and 
promising cross-linking independent approach of 
stabilizing the cellobiase aggregates has been reported 
employing trehalose, a small molecule osmolyte [49]. 
Trehalose is thought to act by docking onto cellobiase 
aggregates through replacement of hydrogen bonded 
water from solvent accessible surface area. In this way, 
the big enzyme aggregates are shielded by a viscous 
trehalose matrix which prevents their subsequent 
dissociation on dilution. 
 
7. GENETICALLY ENGINEERED CELLULOSIC 

ENZYMES 
A thrust area to improve performance of cellulolytic 
enzymes over the last decade has been the use of genetic 
engineering tools to design cellulolytic enzymes with 
improved catalysis and high thermostability, the two 
indispensible attributes for successful, revenue-earning 
commercialization of lignocellulose-biorefineries [4]. 
These thermostable and alkali-tolerant lignocellulolytic 
enzymes are gaining much attention as biocatalysts due 
to their robust activities at both high temperature and 
alkaline pH [13]. The development and optimization of 
suitable fermentation processes for the production of 
such thermo-alkali-stable lignocellulolytic enzymes, 
including thorough research on producer micro-
organisms (i.e. strain screening and strain improvement 
via mutation and other recombinant techniques) and 
their performances, optimization of bioreactors, culture 
media (i.e. fixing concentrations of particularly C and 

N) and other fermentation parameters like temperature, 
pH, inoculum size, speed of agitation, rate of aeration, 
and dissolved oxygen tension (DOT), along with 
different modes of operation (i.e. submerged fermen-
tation, SmF and solid state fermentation, SSF) are 
nowadays dealt with in much details for a successful, 
eco-friendly and low-cost industrial application [13]. 
Therefore future prospects in lignocellulolytic enzyme 
research are directed towards bio-prospecting of robust 
and new fungal enzymes to overcome the challenges in 
the degradation of recalcitrant, stubborn wastes and 
complex physiological regulations of enzymes, use of 
multiple high-yielding fungal strains or a mixture of 
purified enzymes from such different sources, use of 
unique and novel inducers to maximize enzyme 
production, gene cloning to screen for new generation 
of enzymes, and application of various other genetic 
engineering techniques to widen the horizon of appli-
cability of these enzymes [14]. With the development of 
modern tools such as genomics and proteomics, the 
entire protein content of the cellulosomes and their 
respective expression levels can now be studied and 
appropriately controlled. Over the past two decades, 
integrated genomics have been used to find new 
cellulosomal genes, providing information that has led 
to a better understanding of the structure-function 
relationships of the cellulosome systems [19]. An 18-
subunit protein complex called a ‘rosettasome’ was 
found by scientists to be amenable for genetic 
engineering, so that they can bind to dockerin-
containing enzymes in order to function like an 
‘artificial’ cellulosome [31]. Rosettasomes are thermo 
stable, Group II chaperonins isolated from the hyper-
thermo-acidophilic archaeon Sulfolobusshibatae [31]. By 
artificially fusing a cohesin module from Clostridium 
thermocellum to a circular permutant of a rosettasome 
subunit, it was demonstrated that the cohesin-
rosettasomes (these engineered multi-enzyme structures 
are termed ‘rosettazymes’) bind dockerin-containing 
exo- and endo-gluconases. These bound enzymes were 
reported to show increased cellulolytic activity 
compared to free state in solution, and that this 
increased activity depends on the number and ratio of 
the bound glucanases [31]. On the other hand, the lactic 
acid bacterium (LAB) Leuconostocmesenteroides 
produce an intracellular thermostable (temperature 
optimum at 500C), acid-stable (pH optimum at 5.5-
6.0) and low Km (0.07 mM for p-nitrophenyl-β-D-
glucopyranoside or pNPG, high substrate affinity) BGL 
when grown on an arbutin-containing medium [78]. 
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8. USE OF ENGINEERED STRAINS FOR CELLU-

LOLYTIC ENZYME PRODUCTION 
As the cellulase enzymes are produced in very small 
quantities by the wild-type (WT) organisms, strain 
improvement in industries are extensively carried out 
by extensive application of mutation and selection 
processes [17] (table 2). Such improved HYS can cut 
down the cost of the production processes by the virtue 
of an increased yield, alongside providing some 
specialized characteristics to the products.  
 
Table 2: Recombinant strains used for increased 
cellulolytic enzyme production 

Recombinant strain Gene altered Reference 
Trichoderma reesei Cel7A [80] 

Saccharomyces cerevisiae CBH1 [81] 
Trichoderma reesei cel3A [82] 
Aspergillus oryzae eg1 [83] 

Pichia pastoris CBH3 [84] 
Saccharomyces cerevisiae CBH2 [85] 

Pichia pastoris bgl1 [86] 
Trichoderma reesei xyn2 [87] 

Pichia pastoris XylA [88] 
Pichia pastoris BCC7197 [89] 

E. coli Xynsig [90] 
Hansenula polymorpha xyn2 [91] 
Hansenula polymorpha xlnD [91] 

Pichia pastoris PcXylB [92] 
E. coli xynB [93] 

 
Genetically-engineered strains derived from A. niger are 
now finding much applications in industrial processes [6, 
19]. Cellulolytic enzymes are abundantly expressed in 
many different  Aspergillus  species, like  endoglucanases 
A (eglA), B (eglB), and C (eglC), which are members of 
GH families 12, 5, and 74, respectively; cello-
biohydrolases A (cbhA) and B (cbhB), both of which are 
members of GH family 7; and a GH3 BGL (bglA) in the 
industrially important A. niger. Numerous genes for lytic 
polysaccharide monooxygenase (LPMO) enzymes from 
the GH61 family are also traced in A. niger, A. nidulans 
and A. oryzae [18]. A study has reported an increase in 
enzymatic efficiency by co-culturing two different 
fungal strains [79]. This study indicated that the 
cellulases obtained from a compatible mixed culture 
obtained after simultaneous mixing of both A. niger and 
P. chrysogenum have more lignocellulolytic activity as 
compared to their respective pure cultures when grown 
on the solid wastes of sugar and paper industries 
including baggase, paper waste and cotton waste by SSF 

technique [79]. It was revealed that newspaper, an 
industrial carbon waste, at pH 5.0 and 40°C 
temperature was the best source of carbon for the 
enhanced production of cellulase in the compatible 
mixed culture after 8 days of incubation, at the same 
time reducing much of the environmental pollution 
[79]. 
Genomic analysis reveals that orthologs of multiple 
components like Cre1, ACEI and LaeA have been found 
to control cellulase production in T. reesei [29]. 
Nowadays, much of the research in this field has been 
focused on mutation and selection of better T. 
reesei strains for the commercialization of cellulase 
enzymes, and both WT and genetically-engineered 
strains derived from T. reeseiare being used in industrial 
processes [6,19].To date, 17 cellulase-encoding genes 
have been discovered and cloned from T. reesei, of which 
only four cellulases (Cel5A, Cel6A, Cel7A and Cel7B) 
are secreted in large quantities (90-95% of the total 
secreted cellulases) into the culture medium [28]. CBHs 
constitute about 80% of the total cellulolytic proteins in 
the secretome of T. reesei [19]. A cre1- T. reesei 
mutant created was found to over-expresses Cel61A 
(encoding an EG) twice as much as the WT under 
cellulose-inducing conditions [29]. The use of DNA 
microarray technology for the identification  of new T. 
reesei genes involved in cellulosic biomass conversion via 
high throughput analysis of expression of cDNA 
libraries generated by suppression subtractive  hybridi-
zation (SSH) is also already underway [27]. Presently, 
the hyper-secreting mutant Rut C-30 strain of T. reesei is 
generated by three steps of random mutagenesis  
(successive treatments with UV light, N-nitroguanidine, 
and again UV light), which is a highly efficient 
extracellular enzyme protein producer (around 19 g L-1) 
[28]. Although another mutant strain, CL847, was 
found to yield higher amounts of extracellular protein 
(about 40 g L-1), the proteins secreted from Rut-C30 
has been reported to have a higher percentage of 
cellulase [28]. Up to seven BGL genes have been found 
in the T. reesei genome. Their expression is regulated by 
a unique system different from that of other cellulases. 
It was found that, BglR, a specific regulator of BGLs, is 
an activator for efficient BGL expression in T. reesei [29]. 
However, as they are mostly intracellular proteins, the 
action of a lesser percentage of extracellular BGLs is 
insufficient to completely degrade the cellobiose to 
glucose [28]. As a result, cellobiose accumulates in the 
media to cause feedback inhibition of the endo-and exo-
glucanases [6, 28]. So, to overcome this problem, 
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commercial cellulases are often composed of multi-
component enzyme mixtures produced by different 
fungal strains. Complete hydrolysis of cellulose by 
purified T. reesei BGL is made possible only after its 
supplementation with a commercial BGL preparation 
from A. niger (Novozymes SP188) [6, 28]. Studies on 
possible differences between wild-type T. reesei BGL1 
and supplemented SP188 BGLs shows that SP188 BGLs 
(Km for cellobiose = 0.57 mM, low substrate affinity) 
has a lower specific activity than T. reesei BGL1 (Km for 
cellobiose = 0.38 mM, around 1.5-fold high substrate 
affinity), and is also more sensitive to glucose inhibition 
[6]. Presently, several T. reesei  cellulose cocktails with 
improved BGL activities have been commercialized by 
MNCs like Novozymes (C-Tec cocktail) and Genencor 
International Inc. (Accellerase cocktail) [28]. However, 
use of such cellulase mixtures turned out problematic in 
their applications in pulp and paper industries, because 
of their non-specificity and hyper-degradative power, 
much detrimental to the strength properties of the 
fibers being processed [19]. Hence, recent advance-
ments in modern biotechnological tools have resulted in 
commercial mono-component cellulase preparations 
targeted for specific process applications, like EGs 
meant for textile processing finding their use in pulp 
and paper processing as well [19].  
Orthologs of Cre1, ACEI and LaeA also control the 
cellulase production in P. decumbens, just like T. reesei  
[29]. Interestingly, CreA and its orthologs majorly 
repress cellulolytic gene expression in P. decumbens, 
making their deletions important for constructing 
industrially-important cellulose hyper-producing strains 
[29]. On the other hand, species or genus-specific 
regulators like ACEII, ENVOY, Xpp1, and GRD1 are 
diminished in P. decumbens. While lactose induces the 
expression of lignocellulolytic genes in P. decumbens at 
lower concentration, sophorose, the transglycosy-
lation product of BGL, cannot induce the expression of 
cellulolytic genes in the same fungi [29]. Experiments 
involving mutagenesis are also widely carried out 
nowadays in order to alter the expression of regulatory 
genes of P. decumbens for maximizing cellulase produc-
tion. Although random mutagenesis is often applied, it 
is not only cumbersome and time-consuming, but most 
of the times, also screens out for undesired phenotypes. 
However, in this regard, the HYS JU-A10-T of P. 
decumbens is industrially well-acclaimed [29]. An over-
expression of cellulose regulator B (ClrB) activator was 
associated with a drastic increase in cellulase production 
in P. decumbens. As functional redundancy was seen to be 

exhibited by cellodextrin transporters (Cdt) in P. 
decumbens, the deletion of any one among CdtC, CdtD, 
and CdtGcellodextrin transporter proteins does not 
affect cellulase expression in it. Similarly, strain carrying 
carbon catabolite repressor, removal of creA/cre1 was 
partially unrepressed in both P. decumbens and T. reesei, 
thus improving FPA activity by 1.5-fold under induction 
condition in P. decumbens. Further, deletion of creA and 
over-expression of the activator ClrB in the same fungus 
was found necessary to avoid the dependence on 
inducer for maximum cellulose production. Other 
double-gene mutations including overexpression of clrB 
with bgl2 deletion and alternating, the double deletion 
of both creA and bgl2 were found able to induce the 
expression and over-secretion of cellulase enzyme. A 
triple-mutant strain of P. decumbens, RE-10, created by 
three-step genetic engineering for the purpose of 
induction of cellulolytic gene expression in comparison 
to the WT P. decumbens, is the best genetically-
engineered strain till date. However, the activity of 
extracellular BGL of this RE-10 mutant is undetectable 
in comparison to WT strain, a phenomenon observed 
only in presence of cellulose, but not wheat bran, and 
no homolog of bglR exists in its genome. The EG 
Cel61A with a CBM oxidatively degrade cellulose using 
redox-active cofactor, which could only be found 
secreted by this high-cellulase producing RE-10 mutant. 
Four GH61 family protein-encoding genes have been 
identified in the genome of P. decumbens, two of which 
were detected in the RE-10 strain as well, which are 
candidate-genes for studies on probing into the 
alternative lignocellulose-degrading mechanism in 
molds, and also on how to supplement industrial 
cellulases with improved hydrolytic activity. Moreover, 
several hemicellulases are also elaborated by RE-10, 
including α-l-arabinofuranosidase, endo-β-1,4-xylanase,  
β-xylosi-dase, and β-1,3-glucanosyltransgly-cosylase 
[29]. Mutants of P. echinulatum can produce large 
amounts of cellulases and its thermostable enzyme-
complex (temperature optimum at 50°C). This 
enzymatic complex of P. echinulatum is capable of 
exhibiting higher glucose-dase activities as demonstrated 
by filter paper activity (FPA, representing overall 
cellulose activity) assays in comparison to the enzymatic 
complex of T. reesei Further studies with the P. 
echinulatum 9A02S1 mutant strain have shown that 
presence of lactose and cellulose both induces their 
production of cellulases, but when lactose was used as 
the sole C-source, cellulase secretion was not found, 
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quite in contrary to the results observed for T. 
reesei [29]. 
 
9. OPTIMIZATION OF PRODUCTION MEDIA 
Optimization of carbon and nitrogen sources is a critical 
aspect in obtaining an industrial titre of cellobiase. 
Experiments using residues from cheap agro-wastes like 
mustard stalk and straw (MSS) with a low lignin percen-
tage and high cellulose and hemicellulose contents 
indicated that these raw materials could be utilized for a 
huge yield of glucose by the action of lignocellulolytic 
enzymes by Termitomycesclypeatus in submerged culture 
[10]. Enzyme productions increased by 2-10 times 
through addition of commonly available cheap agro-
residues such as wheat bran and rice straw (MWR) in 
1:1:1 ratio and by using alkali-treated MSS (TMSS) into 
the fermentation media. The enzymes obtained from the 
MWR and TMSS media were found to saccharify 10% 
(w/v) wheat bran up to 53% and 58% in 24 h, results 
indicating that MSS from India has a huge potential as a 
cheap and renewable raw material for production of 
bioethanol. In a few Basidiomycota like Termitomyces 

clypeatus, extracellular release of cellobiase and other 
glycosidases is found to increase significantly under 
secreting conditions induced by addition of sodium 
succinate in the medium [94]. The titre of extracellular 
cellobiase was further boosted through inclusion of 
glycosylation inhibitors like 2-Deoxy-glucose in the 
culture medium [36; 26]. This under-glycosylated 
cellobiase was also found to be resistant towards 
proteolytic as well as endoglycosidase-H digestion and 
showed higher stability and specific activity than its 
native counterpart [26]. Analyses of metabolic enzymes, 
together with molecular analyses through proteomic 
profiling and transcriptomics data revealed that 2-
Deoxy-glucose exerted its effect through catabolite 
repression [69], and subsequent induction of metabolic 
stress in the fungus [95]. Concomitant with the 
reformulation of production media, a few studies have 
also reported that in situ inclusion of small molecule 
additives like salts, detergents, amino acid and vitamins 
can also substantially boost activity and catalytic 
efficiency of extracellular cellobiase activity (table 3). 

 

Table 3: Additives used in the production media for increased enzyme titer 
Additives used Carbon source Nitrogen source Enzyme produced Reference 

Lichenan Lichenan Peptone Bacterial cellulase [97] 
β-glucan β-glucan Peptone Bacterial cellulase [97] 

Cotton seed CMC NaNO3 and cotton seed Endoglucanase, glucoamylase, and 
xylanase [98] 

L-cystine CMC NaNO3 
Endoglucanase, filter paperase and 

β-glucosidase 
[98] 

Valine CMC NaNO3 Endoglucanase and glucoamylase [98] 
Thiamine CMC NaNO3 Endoglucanase and glucoamylase [98] 
Riboflavin CMC NaNO3 Endoglucanase and glucoamylase [98] 

CoCl2 CMC NaNO3 Endoglucanase and glucoamylase [98] 
MnCl2 CMC NaNO3 Endoglucanase and glucoamylase [98] 
Lactose Lactose Peptone Fungal cellulase [99] 
CaCl2 CMC 3,5-Dinitrosalicyclic acid Endoglucanase and β-glucosidase [100] 
MgCl2 CMC 3,5-Dinitrosalicyclic acid Endoglucanase and β-glucosidase [100] 
KCl CMC Peptone Endoglucanase [101] 

 

Most of them are either thought to act by loosening up 
the aggregates for better substrate availability or 
increase production of enzymes by supplementing 
nutrient resource [96]. In one such study, the activity of 
the enzyme from T. clypeatus was found to increase in 
the presence of common reducing agents like 
dithiothreitol (DTT) and β-mercaptoethanol (ME), with 
a resultant decrease in Km (thereby signifying an increase 
in substrate affinity) from 0.4 mM to 0.3 mM in case of 
DTT, and from 0.4 mM to 0.35 mM in case of ME [48]. 

Thus it was postulated that the reduction of disulphide 
bonds allowed for a better cellobiase-substrate inter-
action. Catalysis was further observed to be enhanced if 
the reduced enzyme was pre-alkylated in accordance 
with the hypothesis that reduced thiols can be aerially 
oxidized to reform the di-sulphides, thus hindering 
active site accessibility of the substrate. 
However, despite all technological advancements, the 
huge cost of purified cellulases required for the 
hydrolysis of pre-treated lignocellulosic materials poses 
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the biggest obstacle for the successful commercialization 
of biomass biorefineries, because a large amount of this 
enzyme is consumed for biomass saccharification [4]. 
So, for a successful decrease in cellulase usage, increase 
in volumetric productivity and reduction in capital 
investment, consolidated bioprocessing (CBP) is 
nowadays practiced through successful integration of 
cellulase production, cellulose hydrolysis and ethanol 
fermentation in only a single step [4]. Also, over the last 
few years, the traditional way of cellulose degradation 
has been remarkably re-framed by the discovery of a 
novel class of enzymes, particularly abundant in the 
saprophytic fungi known as lytic polysaccharide 
monooxygenases (LPMO)[18]. Together with cellobiose 
dehydrogenase (CDH, E.C. 1.1.99.18), LPMO forms 
an oxidative enzymatic system that speeds up the 
enzymatic hydrolysis of lignocellulose [18]. These 
enzymes require copper for their activity, and cleave 
cellulose oxidatively using electrons from CDH or even 
ascorbate [18]. Often LPMO genes might even 
outnumber cellulase genes, although the exact mode of 
action of these encoded enzymes still remains obscure. 
The discovery of LPMO thus shatters the age-old notion 
that only hydrolytic enzymes are the main pioneers in 
the degradation of recalcitrant cellulose and hemicellu-
loses to simpler fermentable sugars. 
 

10. CONCLUSION 
Ethanol-from-cellulose (EFC) holds a great potential 
due to the widespread availability and relatively low cost 
of cellulosic materials. However, although several EFC 
processes are technically feasible, cost-effective 
processes are often difficult to achieve. Therefore, we 
are yet to go a long way to ensure stable and cheap 
supply of raw material from cellulosic substrates. Based 
on the present scientific and technical knowledge, third 
generation biofuels derived from microalgae are 
considered to be a technically viable and efficient 
alternative energy resource. The current limitations in 
conversion of cellulose to ethanol are believed to be 
alleviated in near future with development of modern 
tools and cutting-edge research. This will facilitate the 
production and use of various new generation cellulosic 
ethanol and the latest algal biomass-based third 
generation biofuels.Therefore, with the technology in 
hand, the need of the hour is an increased collaboration 
between public and private sectors for economical 
production, implementation of fair Government policies 
and promotion of mass awareness. Then, we may not be 

far from gifting our future generation a cleaner, greener 
and sustainable Mother Earth. 
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ABSTRACT: A family of three water-soluble half-sandwich arene−ruthenium complexes, depicted as C1−C3, having the general
formula [Ru(p-cymene)(L)Cl]Cl has been synthesized, where L represents (1H-benzo[d]imidazol-2-yl)guanidine (L1) or
(benzo[d]oxazol-2-yl)guanidine (L2) or (benzo[d]thiazol-2-yl)guanidine (L3). The crystal structure of complex C3 has been
determined. The complexes show several absorption bands in the visible and ultraviolet regions, and they also show prominent
emission in the visible region while excited near 400 nm. Studies on the interaction of ligands L1−L3 and complexes C1−C3 with calf
thymus DNA reveal that the complexes are better DNA binders than the ligands, which is attributable to the imposed planarity of the
ruthenium-bound guanidine-based ligand, enabling it to serve as a better intercalator. Molecular docking studies show that the
complexes effectively bind with DNA through electrostatic and H-bonding interactions and partial intercalation of the guanidine-
based ligands. Cytotoxicity studies carried out on two carcinoma cell lines (PC3 and A549) and on two non-cancer cell lines (BPH1
and WI-38) show a marked improvement in antitumor activity owing to complex formation, which is attributed to improvement in
cellular uptake on complex formation. The C1 complex is found to exhibit the most prominent activity against the PC3 cell line.
Inclusion of the guanidine-based ligands in the half-sandwich ruthenium−arene complexes is found to be effective for displaying
selective cytotoxicity to cancer cells and also for convenient tracing of the complexes in cells due to their prominent emissive nature.

1. INTRODUCTION

Development of a new series of therapeutic agents and
modification of any existing series are an essential and
challenging aspect of research related to the treatment of
cancer. Platinum metal-based species, especially coordination
and organometallic complexes, are widely employed as
chemotherapeutics in combating this dreadful disease.1

However, relatively low selectivity and adverse side effects of
majority of these species have led to new initiatives toward
development of better chemotherapeutic agents, particularly of
new platinum metal-based anticancer complexes with minimal
side effects and high selectivity and cytotoxicity toward cancer
cells.
Among the platinum metal-based species, ruthenium

compounds have found a very special position owing to their
prominent anticancer activities.2 Ruthenium-based molecular
species are found to be promising candidates for the
development of novel anticancer agents, primarily as they
can bind DNA in several possible modes, a property usually
not found in platinum-based species. Hence, the ruthenium-
based species also have the potential to treat platinum-resistant
cancers. Among the different oxidation states of ruthenium, the

+2 state is most preferred for antitumor activity due to stability
of the ruthenium(II) complexes in vitro. Proper choice of a
ligand scaffold is crucial for inducing the desired DNA binding
and antitumor activity in the ruthenium(II) complexes. In this
context, half-sandwich ruthenium−arene complexes are
particularly noteworthy.3,4 The presence of the planar arene
moiety primarily blocks one face of the complex and thus
directs most of the reactivity toward the other side. Besides,
para-cymene, a heavily used arene moiety, is known to cause
distortion in DNA conformation that eventually leads to DNA
damage.5 In half-sandwich ruthenium−arene complexes, there
is ample scope of varying the ligand/ligand combination to
occupy the remaining three coordination sites on the metal
center. In the present work, where our main objective was to
develop a new family of half-sandwich ruthenium−arene
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complexes for efficient DNA binding and anticancer activity, a
group of three guanidine-based compounds was selected
(Chart 1) as ancillary ligands. These ligands have several

important features, which are favorable for developing efficient
DNA binding and anticancer agents. They have multiple N−H
bonds, which are expected to favor solubility in water and
binding with pyrimidine or purine bases via H-bonding and
thus mislead the transcription process, resulting in DNA
damage. In addition, the near-planar geometry of these ligands
may enable them to function as intercalating moieties in the
derived ruthenium complexes.3c,h,6 The skeleton of the
selected ligands has close resemblance with that of 4′,6-
diamidino-2-phenylindole (DAPI), a conjugated system that is
known to efficiently stain DNA present in a cell,7 which further
encouraged us to use this group of ligands, with the hope that
the mixed-ligand half-sandwich complexes derived from them
may exhibit luminescence property and thus, they will be
useful for measuring the capacity for cellular uptake and track a
molecule within a cell. Among the three chosen ligands,
synthesis of L1 and L2 and complexes of L1 with few metals are
known in the literature,8,9 while L3 is, to the best of our
knowledge, new and coordination chemistry of L2 and L3
appears to remain unexplored. The L1 ligand is known to
coordinate metal centers as a bidentate N,N-donor, forming a
stable six-membered chelate ring (I, X = NH),9 and the L2 and
L3 ligands are likely to display a similar mode of binding (I, X
= O and S). As a source of ruthenium(II) and the arene moiety
the dimeric [{Ru(p-cymene)Cl2}2] compound was utilized.
Reaction of the selected guanidine-based ligands (L1−L3) with
[{Ru(p-cymene)Cl2}2] indeed afforded half-sandwich ruthe-
nium−arene complexes containing the ligands L1−L3. Herein,
we describe the formation and characterization of these
complexes, their DNA binding properties, and their cytotox-
icity toward selected cancer cell lines.

2. EXPERIMENTAL SECTION
2.1. Materials. Ruthenium trichloride was purchased from

Arora Matthey, Kolkata, India. α-Phellandrene, [Ru(bpy)3]-
(ClO4)2, and dicyandiamide were purchased from Sigma-
Aldrich, USA. o-Phenylenediamine, 2-aminophenol, and 2-
aminothiophenol were procured from Spectrochem, India. The
guanidine-based ligands (L1−L3) were synthesized by reaction
between o-phenylenediamine (or 2-aminophenol or 2-amino-
thiophenol) and dicyandiamide following a reported protocol.8

[{Ru(p-cymene)Cl2}2] was synthesized by following a
published procedure.10 All other chemicals and solvents were
reagent-grade commercial materials and were used as received.
2.2. Physical Measurements. Microanalyses (C, H, and

N) were performed on a Heraeus Carlo Erba 1108 elemental
analyzer. Magnetic susceptibilities were measured using a

Sherwood MK-1 balance. NMR spectra were recorded in
CDCl3 solution on Bruker Avance DPX 300 and 400 NMR
spectrometers. IR spectra were obtained on a PerkinElmer
Spectrum Two spectrometer with samples prepared as KBr
pellets. Mass spectra were recorded with a Micromass LCT
electrospray (Qtof Micro YA263) mass spectrometer. Elec-
tronic spectra were recorded on a PerkinElmer LAMBDA 25
spectrophotometer. Steady-state emission spectra were col-
lected on a PerkinElmer LS 55 fluorescence spectrometer, and
the quantum yields were determined by a relative method
using [Ru(bpy)3]

2+ as the standard. Solution electrical
conductivities were measured using an Elico CM 180
conductivity meter with a solute concentration of ca. 10−3

M. Geometry optimization by the density functional theory
(DFT) method and electronic spectral analysis by TDDFT
calculation were performed using the Gaussian 09 (B3LYP/
SDD-6-31G) package.11

2.3. X-ray Crystallography. Single crystals of [Ru(p-
cymene)(L3)Cl]Cl (C3) were grown by diffusion of diethyl
ether vapor into a solution of the complex in acetonitrile.
Selected crystal data and data collection parameters are given
in Table 1. Data were collected on a Bruker SMART CCD

diffractometer using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) at 296 K. X-ray structure solution
and refinement were done using the SHELX-97 package.12 H
atoms were added at calculated positions.

2.4. Synthesis of Complexes. The [Ru(p-cymene)(L)Cl]
Cl complexes (C1−C3) were synthesized by following a general
procedure as described below.
The guanidine-based ligand (L1−L3) (0.2 mmol) was

dissolved in hot methanol (50 mL). To it was added a
solution of [{Ru(p-cymene)Cl2}2] (50 mg, 0.08 mmol) in
dichloromethane (10 mL). The resulting solution was heated
at reflux for 4 h to generate a yellowish-orange solution. The
solvent was evaporated to almost one-fourth of its initial
volume, diethyl ether (50 mL) was added to it, and the mixture
was kept in a freezer for 12 h. Orange crystalline solid was

Chart 1

Table 1. Crystal Data and Details of the Structure
Determination for Complex C3

empirical formula C18H24Cl2N4ORuS
formula mass 516.45
crystal system orthorhombic
space group P212121
a (Å) 7.5864(4)
b (Å) 12.9878(7)
c (Å) 21.6163(12)
V (Å3) 2129.9(2)
Z 4
Dcalcd (g/cm

3) 1.611
F(000) 1048
crystal size (mm) 0.16 × 0.18 × 0.24
T (K) 296
μ (mm−1) 1.101
R1
a 0.0452

wR2
b 0.1175

GOFc 1.03
aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = [Σ[w(Fo2 − Fc

2)2]/Σ[w(Fo2)2]]1/2.
cGOF = [Σ[w(Fo2 − Fc

2)2]/(M − N)]1/2, where M is the number of
reflections and N is the number of parameters refined.
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separated, which was collected by filtration, washed with
dichloromethane followed with diethyl ether, and dried in air.
2.4.1. [Ru(p-cymene)(L1)Cl]Cl (C1). Yield: 79%. Anal. Calcd

for C18H23N5Cl2Ru: C, 44.90; H, 4.78; N, 14.55. Found: C,
45.02; H, 4.68; N, 14.42%. MS-ES+ in CH3OH (m/z):
410.1216 [M − HCl−Cl−]+. IR data/cm−1: 3367, 2969, 1673,
1611, 1581, 1462, 1268. 1H NMR (DMSO-d6, 500 MHz): δ
(ppm) 7.43 (br s, 1H, NH), 7.28 (m, 2H, ArH), 7.09 (m, 2H,
ArH), 6.03 (d, 2H, ArH, 3JHH = 5.6 Hz), 5.87 (d, 2H, ArH,
3JHH = 5.5 Hz), 3.43 (m, 1H, CH), 2.49 (s, 3H, CH3), 1.01 (m,
6H, 2CH3).

13C NMR (DMSO-d6, 400 MHz): δ (ppm) 158.6,
152.3, 129.2, 126.4, 122.0, 112.4, 111.5, 30.5, 24.3. Molar
conductivity in methanol at 298 K [ΛM/S m2 M−1]: 83.
2.4.2. [Ru(p-cymene)(L2)Cl]Cl (C2). Yield: 74%. Anal. Calcd

for C18H22N4O1Cl2Ru: C, 44.81; H, 4.56; N, 11.61. Found: C,
44.50; H, 4.41; N, 11.91%. MS-ES+ in CH3OH (m/z):
411.1928 [M − HCl−Cl−]+. IR data/cm−1: 3392, 1690, 1620,
1562, 1457, 1324, 1243. 1H NMR (DMSO-d6, 500 MHz): δ
(ppm) 7.91 (br s, NH), 7.50 (d, 1H, ArH, 3JHH = 8.0 Hz), 7.48
(d, 1H, ArH, 3JHH = 8.0 Hz), 7.27 (m, 1H, ArH), 7.21 (m, 1H,
ArH), 5.77 (d, 1H, ArH, 3JHH = 6.0 Hz), 5.72 (d, 1H, ArH,
3JHH = 5.5 Hz), 2.80 (m, 1H, CH), 2.50 (s, 3H, CH3), 1.17 (m,
6H, 2CH3).

13C NMR (DMSO-d6, 400 MHz): δ (ppm) 158.1,
154.5, 135.5, 122.2, 116.0, 110.2, 106.3, 43.4, 35.6. Molar
conductivity in methanol at 298 K [ΛM/S m2 M−1]: 81.
2.4.3. [Ru(p-cymene)(L3)Cl]Cl (C3). Yield: 81%. Anal. Calcd

for C18H22N4S1Cl2Ru: C, 43.37; H, 4.41; N, 11.24. Found: C,
43.20; H, 4.43; N, 11.40%. MS-ES+ in CH3OH (m/z):
427.0103 [M − HCl−Cl−]+. IR data/cm−1: 3408, 3246, 2964,
2817, 1680, 1613, 1598, 1520, 1445, 1390, 1284, 1254, 1230.
1H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.25 (s, NH), 6.96
(d, 2H, ArH, 3JHH = 8.5 Hz), 6.73 (d, 2H, ArH, 3JHH = 8.5 Hz),
5.20 (br m, 2H, ArH), 4.96 (br m, 2H, ArH), 2.99 (m, 1H,
CH), 1.59 (s, 3H, CH3), 1.40 (m, 6H, 2CH3).

13C NMR
(DMSO-d6, 500 MHz): δ (ppm) 160.1, 157.5, 152.0, 125.6,
120.0, 102.5, 30.7, 22.6. Molar conductivity in methanol at 298
K [ΛM/S m2 M−1]: 85.
2.5. Biological Studies. 2.5.1. Interaction with CT-DNA.

Phosphate buffer was prepared using NaH2PO4 and Na2HPO4
using triple-distilled water. Sodium nitrate (AR) was used to
maintain the ionic strength of the medium. Calf thymus DNA,
purchased from Sisco Research Laboratories, India, was
dissolved in triple-distilled water containing 120 mM NaCl,
35 mM KCl, and 5 mM CaCl2. Absorbance was recorded at
260 and 280 nm; A260/A280 was determined. The ratio being
between 1.8 and 1.9 suggests that the DNA was sufficiently
free from protein. It was characterized by measuring its CD
spectrum at 260 nm using a CD spectropolarimeter (J815,
JASCO). Concentration was determined in terms of
nucleotide, considering the molar extinction coefficient at
260 nm to be 6600 M−1 cm−1.
50 μM L1 (ligand) and 50 μM C1 (complex) were titrated

separately with calf thymus DNA at constant pH and ionic
strength of the medium. For the interaction of L1 followed by
fluorescence spectroscopy, excitation was done at 295 nm and
emission was recorded at 331 nm. For the complex, the
excitation was done at 425 nm and emission was recorded at
496 nm. Ionic strength was maintained using NaCl and
NaNO3. The interaction of the compounds with DNA during
titration led to a decrease in fluorescence in the case of the
ligand and to an increase in fluorescence for the complex at the
respective wavelengths where they were followed. The

interaction of compounds with DNA could be realized with
eq 1.13−18

KL DNA L DNA
L DNA
L DNAd+ − = [ ][ ]

[ − ]
F

(1)

L represents compounds and Kd is the dissociation constant for
the interaction whose reciprocal provides the apparent binding
constant (Kapp). Equation 2 is obtained from eq 1 where the
reciprocal of the change in absorbance was plotted against the
reciprocal of (CD − C0).

13−18 CD refers to concentration of calf
thymus DNA and C0 refers to concentration of compounds.
Using eq 2, ΔFmax could be determined along with Kapp (1/Kd)
from the intercept and slope.13−18
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ΔF/ΔFmax was plotted against CD. Equations 3 and 4 were
used to fit the data to a non-linear square fit that provides
another set of values for the apparent binding constant.13−18

Titrations were also analyzed using a modified form of the
Scatchard equation [eq 5].19 The overall binding constant (K′)
and site size (n) were determined.

r
C

K n r( )
f

= ′ −
(5)

r denotes the ratio of the concentration of the compound
bound to DNA to the total concentration of DNA present in
the reaction mixture at any point of the titration (Cb/CD); Cb is
the concentration of the bound compound, while Cf is that of
the free compound. “n” provides binding stoichiometry in
terms of the bound compound per nucleotide, while “nb” being
the reciprocal of “n” denotes binding site size in terms of the
number of nucleotides bound to a compound. “nb” was
obtained by plotting ΔF/ΔFmax against CD/[compound]. K′
may also be obtained by multiplying Kapp with “nb” and is
compared with values obtained from a modified form of the
Scatchard equation.

2.5.2. Molecular Docking Studies. Molecular docking
studies on complexes C1−C3 were performed using HEX 6.3
software to identify possible binding sites in biomolecules. The
three guanidine-based ligands (L1−L3) were also docked using
AutoDockTools 1.5.6 software. The coordinates of each
ruthenium complex were taken from its optimized structure
as a .mol file and converted to a .pdb format using PyMOL 2.4
software. The crystal structure of B-DNA (PDB ID: 1BNA)
was retrieved from the Protein Data Bank (http://www.rcsb.
org./pdb). Visualization of the docked systems was performed
using BIOVIA Discovery Studio Visualizer (DSV) 2020
software. Default parameters were used for docking calcu-
lations with the correlation type shape only, FFT mode at the
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3D level, and grid dimension of 0.6 with receptor range 180
and ligand range 180 with twist range 360 and distance range
40.
2.5.3. Cell Culture. PC3, BPH1, A549, and WI-38 lung

fibroblast cells were cultured in RPMI or DMEM medium
(GIBCO, Invitrogen, Carlsbad, CA, US) supplemented with
10% fetal bovine serum (GIBCO), 100 IU/mL penicillin, and
100 μg/mL streptomycin at 37 °C in a humidified atmosphere
containing 5% CO2 (Heraeus, Thermo Scientific, MA, USA).
All cell lines were procured from the National Centre for Cell
Science in Pune, India. Cells were seeded in 96 well plates for
24 h prior to treatment with compounds.
2.5.4. MTT Assay. The antiproliferative effect of three

complexes and the guanidine-based ligands on four cell lines,
PC3, BPH1, A549, and WI-38 was determined by the MTT
assay. Cells were seeded at a density of 1 × 104 cells per well in
a 24-well plate. Next, the cells were exposed to the complex
and its ligand at different concentrations for another 24 h.
After incubation, cells were washed with 1× PBS twice.
Thereafter, they were treated with 0.5 mg mL−1 MTT solution
(SRL) and incubated for 3−4 h at 37 °C until an insoluble
purple-colored formazan product developed. The resulting
product was dissolved in MTT extraction buffer and the OD
was measured at 570 nm using a microplate reader (Epoch).
The percentage survival was calculated considering the
untreated cells as 100%.
2.5.5. Single-Cell Gel Electrophoresis/Comet Assay. A

comet assay was performed after treating the cells (PC3 and
BPH1) with complex C1 for 24 h at the lower (20 μM) and
higher (80 μM) concentrations of the IC50 dose of 39.5 μM for
PC3. Briefly, 1 × 105 cells mL−1 were mixed with 0.7% LMPA
and embedded onto frosted slides. The slides were then dipped
in a lysis solution [2.5 M NaCl, 100 mM EDTA, 10 mM Tris−
HCl (pH 10)] that contains freshly added 1% Triton-X 100
and 10% DMSO and incubated for 1 h at 4 °C and placed into
a horizontal electrophoresis tank filled with freshly prepared
buffer (1 mM EDTA, 300 mM NaOH). Next, electrophoresis
was performed for 20 min at a fixed voltage of 25 V and 300
mA. After that, slides were washed with a neutralization buffer
(0.4 M Tris−HCl, pH 7.5) followed by staining with 20 mg
mL−1 ethidium bromide (SRL, India) for 15 min. The slides
were then washed three times with 1× PBS and observed
under a fluorescence microscope (model: Leica, Germany).
Around 50 comets per slide were counted for both the cell
lines. An extension of each comet was analyzed using a
computerized image analysis system (Kometsoftware 5.5) that
gave % of tail DNA.20

2.5.6. DAPI Staining. After exposure with complex C1 at
lower and higher concentrations of the IC50 dose of PC3 (39.5
μM) for 24 h, both the cells (PC3 and BPH1) were washed
several times with 1× PBS and stained with 0.2 mg mL−1 DAPI
in Vecta shield (Vector Laboratories Inc.). The percentage of
cells with ruptured and decondensed nuclei was counted under
a fluorescence microscope (Leica) and photographs were taken
at 40× magnification.
2.5.7. Measurement of Intracellular Reactive Oxygen

Species. The production of intracellular reactive oxygen
species (ROS) was estimated using a fluorescent dye,
DCFDA. Approximately, 3 × 105 cells per well were seeded
in 35 mm plates, and after 24 h of seeding, cells were incubated
with 20 μM DCFDA (Sigma) dye for 1 h at 37 °C under dark
conditions followed by the treatment of complex C1 for 24 h,
at the lower (20 μM) and higher (80 μM) concentrations of

the IC50 doses of PC3 (39.5 μM). Cells without the complex
were used as control. Fluorescence intensity was measured in a
fluorescence spectrophotometer (model Hitachi, USA) at
excitation and emission wavelengths of 504 and 529 nm,
respectively. To nullify the autofluorescence of the complex
which may interfere with the DCFDA dye, a set of experiments
without cells were performed simultaneously.

2.5.8. Cellular Imaging Study. Both the cell lines PC3 and
BPH1 were seeded in a cover slip for overnight. Next day, cells
were incubated with 3 mM complex C1 for 1 h in 37 °C in a
CO2 incubator. After incubation, cells were washed several
times with 1× PBS under dark conditions. Cells were then
stained with DAPI in Vecta shield and observed under a
fluorescence microscope.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. As delineated in

the Introduction, the first task of the present study was to
synthesize a group of arene−ruthenium complexes using the
chosen guanidine-based ancillary ligands (L1−L3). Accord-
ingly, reactions of these ligands (L1−L3) with [{Ru(p-
cymene)Cl2}2] were carried out in 5:1 methanol/dichloro-
methane, which furnished the desired complexes of type
[Ru(p-cymene)(L)Cl]Cl in decent yields. The three com-
plexes obtained with ligands L1, L2, and L3 are depicted,
respectively, as C1, C2, and C3. Preliminary characterization
(microanalysis, mass, IR, and NMR) data of these complexes
agreed well with their compositions. In order to ascertain the
coordination mode of the guanidine-based ligands in these
complexes, the crystal structure of C3 was determined by X-ray
crystallography.21 The structure is presented in Figure 1, and

some selected bond distances and angles are provided in Table
2. The structure reveals that the guanidine-based ligand (L3) is

Figure 1. Crystal structure of the [Ru(p-cymene)(L3)Cl]
+ complex.

Table 2. Selected Bond Distances and Bond Angles of
Complex C3

Bond Distances (Å)
Ru1−Cl1 2.4309(16) N2−C18 1.377(8)
Ru1−N1 2.106(4) N3−C18 1.308(8)
Ru1−N3 2.074(5) N4−C18 1.340(9)
N1−C16 1.406(8) S1−C15 1.734(7)
N1−C17 1.316(7) S1−C17 1.739(6)
N2−C17 1.356(8)

Bond Angles (deg)
N1−Ru1−N3 82.83(19) Cl1−Ru1−N1 86.13(16)

Cl1−Ru1−N3 88.50(17)
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coordinated to ruthenium as a neutral N,N-donor, forming a
six-membered chelate ring (I, X = S and M = Ru) with a bite
angle of ∼83°. The Ru(L3) fragment of the complex is found
to be nearly planar, as envisaged. The p-cymene moiety is
bound to ruthenium in the usual π-fashion, and a chloride ion
has taken up the sixth coordination site on the metal center.
Another isolated chloride ion was located outside the
coordination sphere. The bond parameters around ruthenium
and within the coordinated organic ligands are all found to be
quite usual.3,9 Based on the similarity of the synthetic method
and properties (vide infra), the other two complexes (C1 and
C2) are assumed to have similar structures as C3.
3.2. Spectral Studies. Magnetic susceptibility measure-

ments show that the C1−C3 complexes are diamagnetic, which
is consistent with the +2 oxidation state of ruthenium (low-
spin d6 S = 0) in them. In the 1H NMR spectra of the
complexes, signals from both the coordinated p-cymene and
guanidine-based ligand were expected, majority of which could
be identified. For example, all the signals for the p-cymene
ligand could be distinctly observed in all three complexes.
Three signals from the alkyl groups are observed within 1.1−
3.5 ppm and two signals from the aromatic fragment are
observed within 5.2−5.8 ppm. From the guanidine-based
ligands, the NH and NH2 signals appeared within 6.5−8.2
ppm, while signals from the aromatic protons are observed
around 7.5 ppm. In complex C1, a broad signal is observed at
10.50 ppm, which is absent in the spectra of the other two
complexes, and hence, it is attributable to the benzimidazole-
NH in metal-bound L1.

13C NMR spectra of the complexes are
also found to be consistent with their compositions. For the p-
cymene ligand, three signals from the alkyl carbons are found
below 40 ppm and four from the aromatic carbons appear
within 70−90 ppm. For the guanidine-based ligands, two
signals are observed above 150 ppm and signals from the
phenyl ring are found within 110−130 ppm.
The mass spectra of complexes C1−C3, recorded in the

positive ion mode, provide proof of coordination of the
guanidine-based ligands. Each complex shows a peak at a m/z
value that corresponds to the [Ru(p-cymene)(L-H)]+ frag-
ment, which is generated via loss of HCl from the cationic
[Ru(p-cymene)(L)Cl]+ unit. Associated with loss of the
coordinated chloride ion, loss of proton is believed to take
place from the central −NH− moiety of the guanidine-based
ligand. This particular proton in such ligands is known to
undergo facile dissociation.22 Elimination of one equivalent
HCl from compositionally similar arene−ruthenium complexes
is precedent.22 A similar mass spectral behavior of complexes
C1−C3 supports their similar composition and structure.
Infrared spectra of complexes C1−C3, recorded in the 450−

4000 cm−1 region, exhibit several bands. Upon comparison of
the spectrum of each complex with that of the starting [{Ru(p-
cymene)Cl2}2] complex reveals the presence of several new
bands (near 3400, 3180, 1680, 1615, 1256, and 752 cm−1) in
the spectra of the complexes, which are attributable to the
coordinated guanidine-based ligand. Among these bands, the
two near 3400 and 3180 cm−1 are attributable to the −NH−
and −NH2 fragments, respectively. The NMR and IR data are
therefore in good agreement with the composition of the
complexes.
The C1−C3 complexes are soluble in polar solvents, such as

water, methanol, ethanol, dimethylformamide, and dimethyl-
sulfoxide, producing yellow solutions. Electronic spectra of the
complexes were recorded in methanol solutions. Spectral data

are presented in Table 3. Each complex shows four absorptions
spanning the visible and ultraviolet regions. To have an insight

into the nature of these absorptions, TDDFT calculations have
been performed on the C1−C3 complexes, using the Gaussian
09 package,11 and the results are found to be similar for all the
complexes. The DFT-optimized structures of the complexes
are shown in Figure S1 (Supporting Information) and some
computed bond parameters are listed in Table S1 (Supporting
Information). The computed bond parameters in the DFT-
optimized structure of C3 are comparable with those found in
its crystal structure. The main calculated transitions for the
C1−C3 complexes and compositions of the molecular orbitals
associated with the transitions are presented in Tables S2−S7
(Supporting Information), and contour plots of selected
molecular orbitals are shown in Figure S2 (Supporting
Information). As the computed optical transitions and
compositions of the participating orbitals are similar for all
three complexes, the case of C1 is described here as
representative. Plots of experimental and theoretical spectra
for C1 are deposited in Figure S3 (Supporting Information).
The close match between each set of experimental and
theoretical spectra testifies validity of the optimized structures
of the complexes, particularly of complexes C1 and C2, for
which crystal structures remained elusive. The lowest energy
absorption at 451 nm is attributable primarily to a HOMO − 1
→ LUMO transition, with much less HOMO − 3 → LUMO,
HOMO − 2 → LUMO and HOMO → LUMO character.
Additionally, based on the nature of the participating orbitals,
the electronic excitation is best described as a MMCT
transition mixed with some MLCT, LMCT, and LLCT
character. The next absorption at 294 nm is mostly due to a
HOMO − 1 → LUMO + 2 transition and assignable primarily
to a MLCT transition with much less LLCT and ILCT
character. The third absorption at 237 nm is largely due to a
HOMO − 3 → LUMO + 2 transition and has a dominant
MLCT character. The fourth absorption at 211 nm has a
dominant HOMO − 3 → LUMO + 4 character and is
assignable to a MLCT transition with some LLCT character.
Luminescence property of the complexes was examined in

methanol solution. All three complexes were found to show
prominent emission when excited near 400 nm (Table 3). It is
interesting to note that the complexes absorb and emit in the
visible region, a property much sought after in an antitumor
agent for its easy identification in a biological matrix.

3.3. DNA Binding Studies. The interaction of the calf
thymus DNA with complex C1, a representative of this family
of complexes, was studied in detail to assess its potential as an
antitumor agent. Initially, titration of the uncoordinated

Table 3. Electronic Absorption and Emission Spectral Data
of the Complexes

absorption spectral dataa emission spectral dataa

complex λmax, nm (ε, M−1 cm−1)
λF, nm

[ΦF × 10−3]c life time (τ)

C1 451(400), 294 (5940), 237b,
211 (21,970)

518 [8.6] τ1 = 0.26 ns,
τ2 = 4.10 ns

C2 449 (530), 282 (9190), 239b,
209 (22,770)

558 [6.5] τ1 = 1.75 ns

C3 429 (490), 289 (7780), 255b,
220 (28,780)

486 [17.3] τ1 = 0.36 ns,
τ2 = 5.02 ns

aIn methanol. bShoulder. cQuantum yield was calculated with
reference to [Ru(bpy)3]

2+ (ΦF = 0.09).
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guanidine-based ligand L1 was carried out with the calf thymus
DNA. Figure 2A shows a typical plot of this titration at the
ionic strength and pH mentioned. Figure 2B is a similar plot
for a titration performed with complex C1. The plots show that
saturation is achieved in the binding of the compounds with
DNA. Representative plots based on eq 2 are shown in Figure
S4 (Supporting Information), from which the apparent binding
constant (Kapp) was evaluated (Table 4).13−18 Plots in Figure
3A,B were fitted by the non-linear square fit analysis that also
helps to evaluate Kapp. Different binding parameters are shown
in Table 4. The inset of Figure 3A,B provides nb, the number of
nucleotides bound to each compound (Table 4).13−18 It is

worth mentioning that the value for nb obtained in the case of
the complex binding to the calf thymus DNA was
approximately 1.5 times greater than that obtained when the
guanidine-based ligand L1 binds to the same DNA, suggesting
that the complex engages more nucleic acid bases when it
interacts with DNA, thus being able to bring about more
distortion in DNA, an outcome of enforced planarity of the
guanidine portion of the ligand following chelation to
ruthenium (Table 4).15,16,18

Utilizing Kapp and nb from Table 4 and the relation Kapp × nb
= K′, the overall binding constants could be evaluated for the
uncoordinated guanidine-based ligand L1 and complex

Figure 2. Fluorescence emission spectra of (A) 50 μM L1 and (B) 50 μM C1 in aqueous solution in the presence of 0.12 M NaCl and 30 mM Tris
buffer (pH 7.4) in the absence (1) and presence of different concentrations of calf thymus DNA; temperature = 300 K.

Table 4. Binding Constant Values Obtained for the Interaction of Ligand L1 and Complex C1 with the Calf Thymus DNA that
was Followed by Fluorescence Spectroscopy

Kapp K* = Kapp × nb

compound expt

from
double-reciprocal

plot (a)

from
non-linear
plot (b)

from
double-reciprocal

plot with
y-intercept = 1(c)

site
size
nb

from
double-reciprocal

plot (a)

from
non-linear
plot (b)

from
double-reciprocal

plot with
y-intercept = 1(c)

K* from
Scatchard

nb from
Scatchard as
nb = (n−1)

L1 1 2.80 × 103 3.30 × 103 1.60 × 103 8 2.20 × 104 2.60 × 104 1.28 × 104 1.86 × 104 8

2 2.20 × 103 2.80 × 103 2.20 × 103 9 1.98 × 104 2.50 × 104 1.98 × 104 3.60 × 104 7

C1 1 0.94 × 104 0.80 × 104 0.70 × 104 13 1.20 × 104 1.04 × 104 0.91 × 104 1.53 × 104 15

2 1.60 × 103 1.04 × 103 0.78 × 103 14 2.20 × 104 1.40 × 104 1.09 × 104 2.15 × 104 14

Figure 3. Binding isotherms for (A) ligand L1 and (B) complex C1 binding to the calf thymus DNA at pH ∼ 7.4 and an ionic strength of 0.12 M.
Corresponding non-linear fits are shown for these titrations that evaluate Kapp. Inset: plot of the normalized increase in fluorescence as a function of
the ratio of the calf thymus DNA to (A) ligand L1 and (B) complex C1. [L1] = [C1] = 50 μM, pH = 7.40, T = 300 K.
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C1.
13−18 Overall binding constants were also obtained from a

modified version of the original Scatchard equation (eq 5),19

and plots obeying this equation are shown in Figure S5
(Supporting Information). The overall binding constant values
from the Scatchard equation were strikingly similar to those
evaluated by multiplying Kapp with nb (eqs 2 and 4).
An interesting aspect regarding titration of the complex with

the calf thymus DNA, followed by fluorescence spectroscopy,
was that with an increase in the concentration of DNA (Figure
4), there was a gradual increase in fluorescence similar to that

observed for compounds including ethidium bromide that are
known to intercalate DNA.23−26 Hence, a logical conclusion is
that the complex too is able to intercalate DNA, registering an
increase in fluorescence. Such an increase in fluorescence upon
interactions is an important attribute of the complex that may
be utilized in a number of biological experiments to realize
possible interactions of the compound with a biological target.
3.4. Molecular Docking with DNA. To elucidate the

mode of interaction and binding affinity, docking studies were
performed on B-DNA (PDB ID: 1BNA) in the presence of all
the three complexes. The results show that the complexes
interact with DNA quite similarly via the electrostatic mode.
This is illustrated in Figure 5 for complex C1 and in Figures S6
and S7 (Supporting Information) for complexes C2 and C3,
respectively. In each case, the guanidine-based ligand is
observed to form H-bonds with oxygen atoms of the
phosphate backbone and also with the N3 atom of adenine
of a single DNA strand. Additional H-bonding is observed in

complex C1 due to the presence of an NH fragment in L1 that
is absent in L2 or L3. The coordination-induced planarity of the
guanidine-based ligands is found to favor strong H-bonding
interactions, with better match of the complexes inside DNA
strands allowing partial intercalation. Due to the combined
effect of the van der Waals and H-bonding interactions, the
complexes fit comfortably into the minor groove of the
targeted DNA near the A−T rich regions.
Docking of the individual guanidine-based ligands with

DNA has also been looked into. From the docked structures
(Figure S8; Supporting Information), it is observed that the L1
ligand shows the highest binding affinity to DNA, which is
attributable to additional H-bonding possible due to the
presence of an NH fragment in L1, instead of oxygen (in L2) or
sulfur (in L3). The same trend is observed in the complexes,
which is also manifested in the biological studies. It is
interesting to note that while all the uncoordinated guanidine-
based ligands preferred to approach the G−C base pairs, upon
binding to the metal center, the A−T base pairs have become
their preferred binding location. Planarity of the guanidine-
based ligands in the complexes and the presence of the Ru-
coordinated p-cymene probably have caused this observed
variation in their binding preference.

3.5. Cytotoxicity Studies. Cisplatin shows a remarkable
efficacy in treating prostate cancer and has been quite
successfully and extensively used in the last few decades.27−29

However, as delineated in the Introduction, ruthenium-based
molecular species, particularly the half-sandwich ruthenium−
arene complexes, are also attracting attention owing to their
demonstrated anticancer activities with minimal side effects.
Encouraged by the prominent DNA binding properties of our
three complexes (C1, C2, and C3), we also determined the
potency of these three complexes and cisplatin on the human
prostate cancer cell line PC3 and the human benign prostate
tumor cell line BPH1. Similarly, we have evaluated the toxic
effect of these three complexes and cisplatin on the lung cancer
cell line A549 and the normal lung fibroblast cell line WI-38.
Cells were treated with three complexes (C1, C2, and C3) in
the concentration range of 0−100 μM for 24 h, followed by
MTT assay. The results are displayed in Figure 6. Complex C1
was found to be the most cytotoxic to PC3 cells (IC50 = 39.5 ±
1.57 μM) among the three complexes (Figure 6A). Complex
C1 was found to be non-toxic to the human prostate benign
tumor cell line BPH1 even after 24 h of treatment, which
suggests no side effects of it on non-carcinoma cells in our
body. In this context, it is worth mentioning that cisplatin
shows comparable cytotoxicity toward both PC3 and BPH1
cell lines. In A549 and WI-38 cell lines, C1 shows moderate
(IC50 values 69.4 ± 1.2 and 69.6 ± 3.45) and almost
comparable cytotoxicity like cisplatin (IC50 values 60.1 ± 2.43
and 66.5 ± 2.12). Guanidine-based ligands (L1, L2, and L3)
have no cytotoxicity toward any type of cell lines, which
signifies the effect of their coordination to ruthenium in
antiproliferative activity. Figure 6B shows the % cell survival
comparison between BPH1 and PC3 with C1 complex for 24 h.
The IC50 doses for all the complexes and cisplatin are
summarized in Table 5. Interestingly, it was observed that the
complexes could not exert significant toxicity toward A549 and
WI-38. Among the different cells we have tested, only PC3 is
PTEN-negative. Thus, it is reasonable to state that cytotoxicity
generated through the compounds is presumably governed by
nonfunctional PTEN. Similar results are also found in the case

Figure 4. Gradual variation in fluorescence observed for the
compounds as the calf thymus DNA was added during titration;
(■) complex C1, (•) ligand L1. Ionic strength of medium = 0.12 M;
pH ∼ 7.4; [L1] = [C1] = 50 μM; temperature = 300 K.

Figure 5. (a) Complex C1 interacted with the DNA strand and (b)
core view of the interaction (ball and stick model).
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of curcumin.30 All the other biological studies were done on
two cell lines, PC3 and BPH1, taking C1 as a model complex.
The cytotoxic effect of the C1 complex is most likely linked

to the DNA-damaging effects of the compound, and hence, we
performed comet assay, a very useful and sensitive experiment
for elucidating single- or double-strand DNA damage caused
by any exogenous or endogenous species.31 A small amount of
nuclides/cells is required to perform this experiment and the
tail length is considered to represent the level of DNA
damage.32 As shown in Figure 7A, the C1 complex caused
significantly (p < 0.05) more DNA damage at a concentration
<IC50 or >IC50 dose in the case of PC3. However, at the same

concentrations, no significant (p > 0.05) DNA damage was
observed when BPH1 is used. Consistent with these data, the
percentage of tail DNA increased significantly (p < 0.05) for
C1 complex-treated PC3 cells after 24 h of treatment (Figure
7B).
Nuclear morphology and the nature of cell death were

studied by DAPI staining. The fluorescence micrographs of
DAPI-stained PC3 and BPH1 cell lines are shown in Figure
8A, and the percentage of apoptotic cells is presented
graphically in Figure 8B. When PC3 cells were treated with
the C1 complex at a concentration >IC50 dose for 24 h, we

Figure 6. (A) MTT assay on the PC3 cell line after 24 h of treatment with three separate complexes C1−C3. (B) MTT assay on PC3 and BPH1
cell lines after 24 h of treatment with the C1 complex. Data are presented as % survival relative to the untreated control. They are the mean ± SD of
three independent experiments.

Table 5. IC50 Values of Ligands (L) and Complexes toward Different Cell Linesa

complex PC3 BPH1 A549 WI-38 R1
b R2

c

L1 121.0 ± 1.57 >500 ± 4.5 >200 ± 2.2 >500 ± 4.67 nd nd
L2 168.8 ± 1.9 >500 ± 4.09 167.4 ± 1.77 >500 ± 5.03 nd nd
L3 446.4 ± 1.05 >500 ± 2.32 >200 ± 1.86 >500 ± 4.41 nd nd
C1 39.5 ± 1.57 263.0 ± 1.87 69.4 ± 1.2 69.6 ± 3.45 6.6 1.0
C2 267.3 ± 2.01 443.9 ± 1.04 168.6 ± 1.5 135.9 ± 3.21 1.6 0.8
C3 125.0 ± 1.43 175.2 ± 1.88 112.2 ± 1.9 135.7 ± 4.89 1.4 1.2
cisplatin 5.4 ± 1.93 8.0 ± 1.03 60.1 ± 2.43 66.5 ± 2.12 1.4 1.1

aThe drug treatment period was 24 h. bR1 = IC50 ratio of BPH1 cells to PC3 cells. cR2 = IC50 ratio of WI-38 cells to A549 cells.

Figure 7. (A) Representative images of the comet assay of PC3 and BPH1 cell lines treated with the C1 complex with respect to the untreated
control. (B) Histogram shows % of comet tail DNA for PC3 and BPH1 cells treated with the C1 complex for 24 h with respect to their untreated
control at two different doses (<IC50 and >IC50 doses of PC3). Values are the mean ± SD of three independent experiments. *(p < 0.005) and
**(p < 0.005) denote the statistically significant difference compared to the untreated control.
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found that 80−85% cells were apoptotic in nature, whereas for
BPH1, the amount of apoptotic cells reduced to only 30−35%.
Ru(II)−arene complexes are well known to bring about cell

damage via production of ROS within the cells.33 It is
interesting to note that among the other metals (such as Pt,
Pd, and Au) used as therapeutics, only Ru shows higher
antitumor activity mediated by an enhanced ROS produc-
tion.34 Apoptotic cell death and DNA damage are connected
with ROS production, and we also estimated ROS production
induced by the C1 complex in PC3 and BPH1, where we have
used a fluorescent dye, DCFDA (2′,7′-dichlorofluorescin
diacetate), for indicating oxidative stress and hydroxyl and
peroxyl radical generation.35 The ROS generation in PC3 and
BPH1 cell lines after treating with the C1 complex for 24 h is
shown in Figure 9. It was observed that PC3 cells exposed to

the C1 complex produced a significantly high amount (p <
0.005) of ROS, compared to BPH1 cells. The intracellular
imaging behavior of the C1 complex was studied in both PC3
and BPH1 cell lines using fluorescence microscopy, and the
results obtained are illustrated in Figure 10. After incubation
with the C1 complex, BPH1 cells display no intracellular
fluorescence. However, PC3 shows green fluorescence both in
the cytoplasm and nuclei, suggesting that the C1 complex was
distributed both in the cytosol and nucleus in the proliferating
cancer cell line.

4. CONCLUSIONS
The present study shows that the guanidine-based ligands (L)
undergo facile reaction with [{Ru(p-cymene)Cl2}2] to furnish
cationic half-sandwich complexes of type [Ru(p-cymene)(L)-
Cl]+. This study also reveals that the complexes are better
DNA binders than the corresponding uncoordinated guani-
dine-based ligands, and the observed enhancement in DNA
binding is attributable to the imposed planarity of the
guanidine-based ligand upon coordination to ruthenium that
enabled it to serve as a better intercalator. Cytotoxicity studies
also show a similar trend, the complexes being more cytotoxic
than the uncoordinated guanidine-based ligands, presumably
because complex formation leads to an improvement in cellular
uptake that permits more molecules to enter cells, showing
greater cytotoxicity. The other important aspect is that
compared to cancer cells, the complexes were found to be
significantly less toxic to normal cells, and this is most
prominent in the C1 complex. This is probably due to the
increased uptake of the complex molecules in cancer cells than
normal cells, as the membrane transport system of cancer cells
is more active than that of the normal cells or benign cells.
Additionally, more uptake of complex molecules generates
more reactive oxygen species that lead to more oxidative DNA
damage as observed by the comet assay.36 This study also
demonstrates that inclusion of the guanidine-based ligands in
the half-sandwich ruthenium−arene complexes, particularly in
the C1 complex, has been useful for exhibition of remarkable

Figure 8. (A) Fluorescence micrographs of DAPI-stained PC3 and BPH1 cell lines under 40× magnification. Both the cells are treated with the C1
complex for 24 h at two different doses (<IC50 and >IC50 doses of PC3). The arrow represents the decondensed nucleus of the apoptotic cells. (B)
% of apoptotic cells as determined by DAPI staining followed by fluorescence microscopic observations. Each value represents the mean ± S.D. of
three independent experiments. *(p < 0.05) and **(p < 0.005) denote the statistically significant difference compared to the untreated control.

Figure 9. Intracellular ROS generation of PC3 and BPH1 cell lines
treated with the C1 complex for 24 h at two different doses (<IC50
and >IC50 doses of PC3). Data are presented as % increase in ROS
relative to untreated controls. Values are the mean ± SD of three
independent experiments. ***(p < 0.0005) and ** (p < 005) denote
the statistically significant difference compared to untreated controls.
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antiproliferative activity against cancer cells with high
selectivity and also for convenient tracing of the complexes
in cells due to their prominent emissive nature. It is worth
highlighting that such studies involving ligand modification at a
single point (NH vs O vs S) are rare in the literature.37
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Figure 10. Cellular imaging of the C1 complex in both PC3 and BPH1 cell lines under a fluorescence microscope. DAPI and the C1 complex are
visible as blue and green fluorescence, respectively. BPH1 cells display no intracellular fluorescence but PC3 shows green fluorescence both in the
cytoplasm and nuclei.
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Abstract. In the recent years of innovations hydrogels plays important role in various 
industrial applications. Hydrogels with combination of natural polymers are widely used for its 
biocompatibility and ecofriendly nature such as pectin and carboxymethyl cellulose (CMC). 
Plasticizers are utilized to enrich the physicochemical characteristics of hydrogels based on 
natural polymers. Polyethylene glycol 400 (PEG 400) is known to render thermostability. 
Whereas copper ions has wound healing properties and acts as biocide. These hydrogels due to 
its high porosity can have various utility to entrap small particles such as dust, pathogens and 
other pollutants and can act as very good face mask. Therefore the fabricated hydrogel is not 
only thermostable but also have high cytocompatibility, pH sensitivity, porosity and degree of 
swelling.  

Keywords – Divalent cations, Hydrogel, Natural polymers, 

1. Introduction 

Hydrogel is a combination of polymeric networks cross-linked among each other which can entrap 
large amount of water inside it. This cross-linked polymeric networks of hydrogels form porous 
structure which has high entrapment capability and has wide application in multiple industrial 
applications such as wastewater treatment [1-3], medical applications [4-8], pharmaceuticals [9-11] 
and other industrial and non-industrial applications. The biocompatibility, abundancy and eco-friendly 
nature of natural polysaccharides makes it ideal for hydrogel formation [12, 13]. Freeze-dried 
hydrogel develops a scaffold-like anatomy which has high porosity [14-21] helpful for trapping 
valuable molecules which plays important function in drug trapping and regulated drug release [22-
25]. Other than this porosity of hydrogel also allows high cell proliferation [26-29], capturing of waste 
molecules and contaminants in wastewater management [30].  
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Pectin is a plant derived natural polysaccharide with great applications but it has low mechanical 
robustness which can be amended by mixing with other natural or ecofriendly polymers [31]. Pectin 
comprises of arrangement of rhamnogalacturonan I (RG I), homogalacturonan (HG) and 
rhamnogalacturonan II (RG II) which are connected to one another by covalent linkage. HG comprise 
of negatively charged α–1, 4 –linked galacturonic acid (GalA) monomers which are methyl-esterified 
to some extent at the C–O–6 carboxyl [14]. The degree of methyl esterification (DE) helps to 
determine the effect of pectin jellification by multivalent cations such as poor methyl esterification of 
pectin easily forms crosslinking among the polymer networks due to divalent cation with respect to 
high methoxy pectin [14]. The mechanical strength of plants are contributed by the combination of 
pectin and cellulose due the poroelastic effect [14]. Sodium carboxymethyl cellulose (CMC) is form of 
cellulose a water soluble which comprise of β-(1→4) glucopyranose residues [14]. Apart from this 
CMC being derivative of cellulose is non-toxic and eco-friendly along with has excellent bioadhesive 
and polyelectrolytic properties which provides pH sensitivity to hydrogels [32]. Since the ancient 
times, copper is recognized to have plentiful optimistic outcomes over tissues of human beings, chiefly 
on skin. It aids in production and balance of the skin proteins of the extracellular matrix and supports 
angiogenesis which benefits in improvement of skin elasticity and curing infections resulting in wound 
healing [33]. Divalent ionic salts such as copper sulfate (CuSO4) with Cu2+ ion which comes to the aid 
of cross-linking of CMC and pectin to fabricate hydrogel. Plasticizers helps in increasing the 
flexibility of the polymer composite by aligning them properly [34-36]. PEG 400 has extensive 
utilization in the biomedical sectors like encapsulation of the protein and its stabilization [37], 
ointments, body caring products, capsule coats, tissue engineering etc. [38, 39, 40]. PEG earns 
immense importance in industrial application due to its eminent features such as the great structural 
flexibility, biologically compatible, amphiphilicity, absent of any steric hindrances, and high hydration 
capability [38, 41]. The wide application of PEG 400 in the cosmetics such as lotions, ointment base, 
cream, etc. makes it an industrially valuable chemical [38]. Additionally, the fluidic nature of PEG 
400 at room temperature provides it easy mix-ability in solvents at room temperature. The above 
mentioned characteristics of PEG 400 makes it a perfect plasticizer for creation of hydrogel along with 
different polymers. 

Since hydrogels with thermostability has various application in industries, therefore formation of 
hydrogel with pectin, CMC and PEG 400 was accompanished. CMC, Pectin, Copper ions and PEG 
400 has numerous significance and applications which are already discussed above among which 
biocidal property is the most studied one. The hydrogel constructed is experimentally analyzed by 
utilization of XRD, FTIR, TGA/DTG/DTA, and DSC which indicated favorable assembly of polymer 
to form hydrogel with elevated thermostability. Other than this, experiments for example SEM 
analysis, swelling properties studies, and MTT assay revealed good porosity, elevated degree of 
swelling, high cytocompatibility of the constructed hydrogel which is discussed further. 

2. Materials and methods 
2.1.  Materials  

Pectin and sodium carboxymethyl cellulose (CMC) were bought from Hi-media. Glycerol and 
polyethylene glycol 400 (PEG 400) were purchased from Merck. Copper sulfate pentahydrate 
(CuSO4.5H2O), hydrochloric acid (HCL), tris-buffer and 98% ethanol were purchased from SRL.  
MTT reagents and WI-38 cells were supplied by the Department of Life science and Biotechnology, 
Jadavpur University, India. 

2.2. Preparation of Hydrogel 

The stock solutions of pectin (3% (w/v) and CMC 1% (w/v)) were formulated by means of double 
distilled water. Altogether the polymers were blended into diverse ratio for 1 hour over a magnetic 
stirrer. Different ratio of PEG 400 or glycerol were added to the prior blended solution and was left to 
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stir for another 1 hour. The obtained polymer mixture was evacuated into the cast.  The polymer 
solution which contain glycerol was named as HGY which is considered as standard and the polymer 
solution with PEG 400 was named as HPEG which is our interest of study. A solution of 1 % copper 
sulfate (CuSO4) was made and poured over the polymers mixture contained into the cast. Hydrogel 
was formed due to crosslinking done by the CuSO4. Double distilled water was utilized to wash the 
hydrogel formed to eliminate leftover CuSO4 solution and retained at -20°C for overnight for accurate 
hardening. The hydrogel scaffold was obtained by lyophilizing the hydrogel at room temperature. The 
different ratio of polymer mix are as pectin : CMC (1:0.5; 1:1; 0.5:1) with PEG 400 and glycerol 
variation as 1%, 3%, 5%. Lower the plasticizer brittle the hydrogel and higher the plasticizer, the 
polymer mix did not crosslink properly. Therefore among these polymer mixture the mix which 
produced proper hydrogels are pectin : CMC (1:1) with 3% PEG 400 or 3% glycerol entitled as HPEG 
and HGY respectively (figure 1). 

 

Figure 1. The image of hydrogel along with the hydrogel scaffold 

 

2.3. Characterization 

The SEM (analysis scanning electron microscope) is utilised to learn regarding the structural anatomy 
of the casted scaffolds of hydrogels. Fourier transform infrared spectra (FTIR) of the hydrogel 
scaffolds were achieved at the frequency range of 400 – 4000 cm-1. The study of XRD pattern (X-ray 
diffraction) of hydrogel was done by using a skinny segment of 1X1 cm scaffolds of hydrogel under 
CuKα radiation secure at 1.5418 Å wavelength with 2ϴ range of 0.2° s-1 at room temperature. A thin 
segments of hydrogel scaffolds were utilized for the thermogravimetric (TGA) and differential thermal 
analysis (DTA) analysis to be carried out at the scanning rate of 10°C min-1 followed by the 
atmospheric condition of having nitrogen in a temperature ranging from 20°C – 1000°C. Differential 
scanning calorimetry (DSC) of the hydrogel scaffolds were achieved by heating 15mg of samples from 
10°C – 100°C with a speed of 10°C min-1 under the nitrogen atmosphere.  

2.4. Swelling properties studies 

The swelling property of the scaffolds of hydrogels can be calculated as the degree of swelling (DOS). 
A minor portion of dehydrated scaffolds with equivalent weight (wi) was submerged in double 
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distilled water or buffers of diverse pH at room temperature. The final wet weight (wf) of the hydrogel 
was obtained after seven days by softly blotting the hydrogel over the blotting paper. The DOS 
equation (1) was recorded corresponding to the subsequent equations [42]. 

                                         (1) 

2.5. Cytocompatibility studies 

Cytocompatibility of HGY and HPEG was estimated by means of MTT assay which is a spectroscopic 
assay that analyse the reduction of yellow color MTT 3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl 
tetrazolium bromide (MTT) through mitochondrial succinate dehydrogenase. The MTT penetrate the 
cells and gets reduced in mitochondria into not soluble formazan product which is dark in color. The 
cells are then dissolved in organic solvents and analysed spectrophotometrically [43]. The reduction of 
MTT only occurs in live cell due to it metabolic activity, thus it proves that the cells are living. WI-38 
cells were cultured in RPMI media with 100 U/ml streptomycin, 100 U/ml penicillin and10% fetal 
bovine serum (FBS) as antibiotics at 37°C in 5% CO2 and moist atmosphere. In 96 well plate, WI-38 
cells were dispersed at a density of 1 X 106. An equivalent weight of HGY and HPEG were incubated 
in diverse well plates and allowed the cells for diverse hours (24h, 48h, and 72h). After incubation the 
cells were washed using 1X phosphate buffer saline (PBS) twice. Subsequently 0.5 mg/ml MTT 
solution was put into the well of the plate and incubated for 4 hours at 37°C until the color changes to 
a purple. Further the obtained product was solubilized into DMSO (Dimethyl sulfoxide) and measured 
spectrophotometrically at 570nm by means of a microplate reader (Biorad). The calculation of survival 
percentage was done bearing in mind the untreated cells having 100% viability.  

 

Figure 2. (a) SEM image of HGY, (b) and (c) SEM image of HPEG 

 

3. Results and discussions 

3.1. Morphological analysis using SEM 
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The morphological analysis and porosity determination of the scaffolds of hydrogels (HGY and 
HPEG) was done by SEM analysis. The SEM image of HGY and HPEG shows the vastly porous 
structure of this scaffold with an mean pore size of 41.38 µm (figure 2 (a)) and 6 – 98 µm (figure 2 (b) 
and (c)) respectively. The porosity of HGY and HPEG varies greatly due to the use of glycerol and 
PEG 400 as plasticizer respectively. On the basis of the past studies, it has been found that the pure 
PEG hydrogels consist of many interconnected pores with a porosity ranging from 6 ±15  µm to  6 ± 
82µm [40]. HPEG also reflect a similar type of porosity and simultaneously allows cell viability as 
discussed further in this paper. Therefore, the above discussion reflects that HPEG has higher and 
variable porosity than HGY. 

 

 

Figure 3. The graphical depiction of FTIR peaks of HGY and HPEG 

 

3.2. Study of interaction among polymers using FTIR spectroscopy 

According to Mishra et al. 2008 [44] the FTIR spectrum of pectin due to –OH stretching vibration is 
3366 cm-1 to 3402 cm-1 and 2931 cm-1 due to –CH stretching vibration. The 1734 cm-1 is assigned due 
to C=O which is an esterified carboxyl group. 1220 cm-1 represent to ether (R–O–R) and 1008 cm-1 

represent C–C bond which is the part of the ring structure of pectin molecules. 800 – 1000 cm-1 

correspond to weak symmetric carbonyl stretching vibration [44]. 

According to Ninan et al. 2013 [14] the FTIR spectrum of CMC represent –OH stretching vibration at 
3367 cm-1. 1587 cm-1 and 1416 cm-1 symbolize symmetric and asymmetric modes of stretching 
vibration or carboxylic groups. 1020 – 1080 cm-1 corresponds to asymmetric stretching vibration [14, 
45]. 
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As compared to the above discussing [14, 44, 45] the FTIR spectra of HGY (figure 3) display clear 
absorption peak at 3424 cm-1 to 3491 cm-1 which are owing to –OH stretch vibration peaks. The peaks 
at 1454 cm-1 and 1365 cm-1 represents CH2 and –OH bending vibration peaks respectively. The peaks 
between 1706 cm-1 to 1770 cm-1represents carboxymethyl group (–COOCH3). The peaks 1047 cm-1 
represents the C–O stretching vibration peak in the hydrogel [46]. The peak 1706 cm-1 to 1770 cm-1 

represent C=O in the hydrogel. The alteration of peaks is due to strong crosslinking by Cu2+ ions in 
hydrogel [47]. The peaks of the carboxylic group have shifted to higher range i.e. 1625 cm-1 to 1706 
cm-1 due to strong crosslinking by Cu2+ ions. The FTIR peaks symbolized in the graph (figure 2) 
verifies the satisfactory interactions among pectin and CMC which inspire to efficacious hydrogel 
scaffold formation [14, 44, 45, 47]. 

The FTIR spectra of HPEG (figure 3) display clear absorption peak at 3422 cm-1to 3809 cm-1 which is 
owing to –OH stretch and 2865 cm-1 is owing to –CH stretching vibration peaks. The peak 2323 cm-1 
to 2363 cm-1 represents –COO stretch. The peaks at 1424 cm-1 to 1478 cm-1 and 1339 cm-1 – 1396 cm-1 
represents CH2 and –OH bending vibration peaks respectively. The peaks between 1705 cm-1 to 1770 
cm-1 signifies the carboxymethyl group (–COOCH3). The peaks 1011 cm-1 to 1063 cm-1 represents the 
C–O stretching vibration peak in the hydrogel [46]. The peaks 1626 cm-1 to 1693 cm-1 represents –
COOH group and the peaks 1705 cm-1 to 1798 cm-1 represents C=O in the hydrogel. The strong 
crosslinking by Cu2+ ions in hydrogel inspire to shifting in peaks in FTIR analysis. Owing to strong 
cross-linking by Cu2+ ions, the peaks of the carboxylic group have shifted to higher range i.e. 1515 cm-

1 to 1646 cm-1 [47]. The FTIR peaks symbolized in the graph (figure 2) verifies the promising 
interactions among the pectin and CMC which inspire to efficacious hydrogel scaffold formation [14, 
44, 45, 47].  

As the intensity increases the number of that particular bonds also increases. The HGY and HPEG 
have peaks locus at the identical wavelength range however the peak intensity has increased 
significantly in case of HPEG. This suggests that, at these peak locus where the intensity is high, the 
bond formation number is more [48, 49]. Therefore, it infers that the intensity of the peaks absorbance 
implies the creation of fresh bonds owing to crosslinking by Cu2+ ions. As PEG 400 (C2nH2n+2On+1; 
n=8.2 to 9.1) has a long polymer chain than glycerol (C3H8O3) thus, the –OH group of PEG 400 are 
more likely available for bond formation with other functional groups present in CMC and pectin 
during crosslinking. Therefore, hydrogel with PEG 400 (HPEG) has more intense peak absorbance 
than hydrogel with glycerol (HGY). Other than this, two bonds of –CH and –COO are more 
prominently detected in FTIR spectra of HPEG at 2865 cm-1 and 2323 cm-1 wavelength respectively 
which are not observed in HGY. This further confirms the ionic bond formation in HPEG during 
crosslinking whereas in case of HGY the bonds formation is mainly hydrogen bond formation.  

3.3. Crystallization studies using XRD 

The study of crystallization of both the hydrogels are done by XRD pattern analysis. The XRD graph 
(figure 4) of HGY and HPEG shows both the amorphous nature and crystalline nature of the hydrogel. 
The broad peak at 9.8° to 12.5° and 19° to 22.5° indicated the amorphous nature of the pectin/CMC 
hydrogel (figure 4). The peak at 26.5° signifies a low crystallinity of the polymer composite (figure 4) 
[50]. The crystalline nature of the hydrogel is affected by the plasticizer because plasticizers delivered 
mobility amid the polymer molecules layer [51]. Irrespective of the difference in plasticizer HGY and 
HPEG have similar nature of crystallization that is amorphous in nature. Thus, the XRD pattern of 
PCGY and PCPEG are similar. The above conversation approves the amorphous nature of the two 
hydrogels (HGY and HPEG) [44]. 
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Figure 4. The graphical depiction of XRD peaks of HGY and HPEG 

 

3.4. Thermogravimetric analysis (TGA) / Derivative thermogravimetric analysis (DTG) and 
Differential thermal analysis (DTA) 

The TGA profile of hydrogel HGY and HPEG is represented by figure 5 (a) and (b) respectively. The 
thermal stability with respect to change of temperature is represented by TGA plot. In figure 5(a), at 
160 ℃ the initial degradation of HGY starts and degradation end at 390 ℃. The weight loss 
percentage of HGY is obtained as 62%. The DTA graph plot denotes the endothermic degradation of 
HGY. The first degradation happened at 79 ℃ which is owing to evaporation of water molecules 
intensely bound to the HGY sample [52]. An endothermic reaction occurred at 200 ℃ lead to major 
degradation of the polymer. The further degradation of polymer occurred at 300 ℃ due to 
endothermic degradation reaction. On additional heating, an endothermic dehydration reaction of the 
polymer follows at 750 ℃. The DTG graph plot approves the breakdown of the sample and signifies 
the precise temperature at which the breakdown starts and ends. The deterioration because of loss of 
water starts at 20 ℃ and ends at 100 ℃. At 180 ℃ the major breakdown of polymer starts and ends at 
300 ℃, whereas the final degradation of the polymer is represented by a small peak from 280 ℃ to 
350 ℃. On additional heating, a dehydration reaction occurs between 720 ℃ and 770 ℃. In case of 
DTA and DTG graph the height or depth of the peaks expresses reactivity intensity [55]. 
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Figure 5. The graphical representation of TGA/DTA analysis (a) HGY and (b) HPEG 

 

In figure 5(b), the initial degradation of HPEG occurs from 220 ℃ continues till 420 ℃. The first 
weight loss percentage of HPEG is 70% whereas the second degradation of HPEG occurs at 820 ℃ 
and continued till 920 ℃ with the second weight-loss percentage of HPEG as 12%. The DTA graph 
plot of HPEG symbolizes the endothermic degradation. The first degradation of HPEG is detected at 
70 ℃ which an endothermic reaction where degradation occurs owing to evaporation of water 
molecules intensely enclosed to the sample [52]. At 220 ℃ a small peak of the endothermic reaction 
was observed representing the further degradation. At 300 ℃ a small broaden peak is observed 
representing endothermic reaction of HPEG. On additional heating, a small broaden endothermic peak 
was detected at 940 ℃ which completes the final breakdown of the polymer. The DTG graph plot 
approves the breakdown of the sample and denotes the precise temperature at which the breakdown 
starts and ends  [52]. The breakdown of HPEG owing to loss of water occurs from 10 ℃ to 100 ℃. 
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Correspondingly, the chief breakdown of the polymer happens at 210 ℃ to 280 ℃ and 280 ℃ to 450 
℃. On additional heating, two broad peaks were detected at 760 ℃ to 820 ℃ and 820 ℃ to 950 ℃ 
which signify dehydration reaction and final degradation of HPEG [55].  

So, according to the above discussion, an inference can be drawn that HPEG has more thermal 
stability than HGY. As HPEG roughly degrade at 300 ℃ and the complete degradation occurs at 
almost 950 ℃, thus it has high thermostability which has valuable utility in industries. 

 

Figure 6. The graphical depiction of DSC analysis (a) HGY and (b) HPEG 

 

3.5. Thermal analysis using Differential Scanning Calorimetry (DSC) 

Thermal analysis method such as DSC is used for evaluating first and second order thermal analysis 
like glass transition (Tg) phenomena, melting (Tm) and crystallization (Tc)h [52]. Tg temperature 
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represents the mobility of molecules. Tg in lower temperature represent smooth molecule movement 
and at higher temperature rough molecular movement [53]. HGY (figure 6(a)) has Tg value 57.5 ℃ 

whereas in case of HPEG (figure 6(b)) Tg value is 58.15 ℃ which are nearly similar. The Tg value of 
HGY and HPEG indicates that the materials are amorphous in nature as lower the temperature of Tg 
value higher the molecular mobility. The plasticizer molecules helps in arranging the polymer chains 
away from each other and upsurges the free volume which helps in easy motion of the polymer chain 
on top of each other at low temperature preceding in the decline of Tg of the polymer [54]. The above 
mentioned XRD enquiry also approves the amorphous nature of the hydrogel (HGY and HPEG) 
similar to DSC analysis. 

3.6. Swelling properties 

Table 1 describe the investigation of the degree of swelling (DOS) of HGY which is considered as 
standard as compared to HPEG in water and diverse pH. DOS in case of the water of HPEG is 5.54 
which is slightly more than DOS in case of the water of HGY which is 5.10. With growing pH the 
DOS value rises to pH 5.5 and declines from pH 6 which discloses the pH-sensitive nature of 
hydrogel.  DOS value of HPEG is highest as12.09 at pH 5 whereas HGY has maximum DOS value of 
18.87 at pH 5. As glycerol has short polymer chain and PEG 400 has long polymer chain thus glycerol 
forms more space in the hydrogel which effects the swelling property of hydrogels [56]. Thus HGY 
has comparatively more DOS than HPEG. But as discussed earlier in TGA/DTG/DTA section PEG 
400 provides thermal stability to the polymer thus, in summary, though HPEG has slightly low DOS 
value than HGY but have more enhanced property than HGY. The properties of HPEG is probably an 
operational drug delivery method over body parts which has a mean pH of 5 to 5.5 [57]. Other than 
this, the high entrapment capability, porosity and swelling properties makes it capable to entrap 
pollutants from the air such as dust particles, microorganism and pathogens entrap into droplets which 
generally spread by sneezing and more. The DOS value of HPEG is significantly high as compared to 
literature study and thus it has significant industrial value [14, 58]. 

Symbol “±” signifies standard deviation where n = 4 

 

3.7. Cell compatibility studies 

The cytocompatibility of HGY and HPEG was measured by observing the change of survivability of 
WI-38 cells after cultivation with HGY and HPEG for diverse time intervals using MTT assay. The 
survival percentage at different time intervals is shown in figure 7. HPEG showed high survival 
percentage from 24 hours to 48 hours and decrease by 72 hours similarly as in HGY. Owing to the 
percolation of Cu2+ from gradually breakdown of hydrogels with respect to time because of alkaline 
pH of the media, the rate of cell survival decrease at 72 hours [59]. The literature study has revealed 

 Table 1. DOS value in water and different pH buffers of HGY and HPEG 

 Sample DOS in water DOS in pH 

4.5 

DOS in pH 5 DOS in pH 

5.5 

DOS in pH 

6 

DOS in pH 

6.5 

DOS in pH 

7 

DOS in pH 7.5 

PCGY 5.10±0.12 6.53±0.22 18.87±0.07 16.12±0.27 14±0.63 Dissolved  Dissolved  Dissolved  

PCPEG  5.54±0.08 6.07±0.24 12.09±0.27 8.75±0.61 3.18±0.24 Dissolved  Dissolved  Dissolved  
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good cell compatibility of glycerol base hydrogel with CMC and pectin thus, HGY reveals good 
cytocompatibility [14] but, PEG 400 with pectin and CMC are not studied. Thus, HPEG shows good 
cytocompatibility of PEG 400 based hydrogel. 

 

Figure 7. The graphical depiction of the survival percentage of HGY and HPEG with respect to time. 

4. Conclusion 

As discussed earlier the efficacious manufacture of hydrogel scaffold has accompanished. HGY which 
is made-up by means of pectin, CMC with glycerol as the plasticizer is considered as standard 
hydrogel in comparison with HPEG which is made-up by means of pectin, CMC with PEG 400 as a 
plasticizer which is the interest of study. HGY and HPEG are both amorphous in nature as confirmed 
by DSC and XRD analysis which reveals that interaction of plasticizers has resulted in the loss of 
crystalline nature of pectin and CMC molecules. FTIR peaks confirm the satisfactory interaction 
among the CMC and pectin in both HGY and HPEG. PEG 400 have more reactive –OH groups than 
glycerol which effects the bond formation and the intensity of the peaks of HPEG. As discussed earlier 
the increase in the intensity of peak absorbance is directly correlated to the increase in the number of 
bonds formation at that particular wavelength. The higher intensity of HPEG signifies intense bond 
formation at that particular wavelengths. TGA/DTG/DTA confirms the high thermal stability of 
HPEG than HGY due to the presence of PEG 400 as the plasticizer in HPEG. As HPEG approximately 
degrade at 300 ℃ and the complete degradation occurs at approximately 950 ℃, thus it conveys high 
thermal stability. The pore size of HGY is 41.38 µm and HPEG is 6 – 98 µm. The pore size of HGY is 
less than HPEG but are uniformly spread whereas HPEG is a combination heterogeneous pore size. 
PEG400 avoid nonspecific bindings as stated in the above context thus, this property of PEG 400 
provides excellent property to HPEG. HGY and HPEG both have high DOS as 18.87 and 12.09 
respectively at pH 5 which is due to glycerol and PEG 400 as plasticizer respectively.  

The high and heterogeneous porosity of the HPEG provide its unique features by providing the 
capability to entrap molecules with small to large size. Other than this, HPEG is cytocompatible and 
nontoxic with a high degree of swelling which enables it to absorb moisture and the pollutants along 
with this moisture from the environment. The Cu2+ ion used for crosslinking hydrogel has biocidal 
property along with thermostability which is helpful for easy sterilization. The pH sensitivity of the 
hydrogel can be applied to discharge the entrap particles in a specific pH media and also enable easy 
degradation and therefore is eco-friendly in nature. The conversion of hydrogel into scaffold by 
lyophilize can be utilized to form thin film of hydrogel scaffold with application as filters for masks 
and more. 
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Thus, as discussed earlier HPEG is thermo-stable, pH sensitive, have high porosity, avoids nonspecific 
binding, high swelling property, and cytocompatibility makes it excellent hydrogel scaffold for its 
industrial use as compared to HGY. Hence, PEG 400 as a plasticizer enhances the properties of 
hydrogel and the above discussed results suggested that HPEG hydrogel has varied applications in 
biomedical sectors. 
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ABSTRACT
Vanadium toxicity is a globally recognized threat to the reproductive health of man and animal.
However the mechanism of vanadium-induced damage to the testicular and adrenocortical tissues is
not fully characterized. It was hypothesized that prostaglandins may partially mediate the inflamma-
tory response to vanadate damage. In this study prostaglandin (PG) mediated effects of vanadate on
testicular and adrenocortical functions was substantiated by using indomethacin to block prostaglan-
din synthesis. Significant inhibition of spermatogenesis, decreased serum level of testosterone and
gonadotropins in the vanadium-exposed group of rats indicated the damaging effects of vanadium-
induced reactive oxygen species. This was also reflected in the appreciable increase in testicular lipid
peroxidation (LPO) level and decline in the activities of steroidogenic and antioxidant enzymes.
Histopathological studies revealed regressive and degenerative changes in testis. However, inhibition
of cyclooxygenase activity by indomethacin increased steroid hormone production, gonadotropin level,
elevated the specific activities of enzymes and decreased LPO level in rat testis exposed to vanadium.
Vanadium also caused prostaglandin mediated adrenocortical hyperactivity, as inhibition of PG synthe-
sis abolished these adrenal responses to vanadium. The studies showed that vanadium toxicity is dir-
ectly linked to stimulation of prostaglandin synthesis. Therefore, indomethacin can be a good
prospect to alleviate vanadium induced male infertility.

Abbreviations: V: vanadium; i.p.: intraperitoneal; ASg: type A spermatogonia; pLSc: preleptotene sper-
matocytes; mPSc: mid pachytene spermatocytes; 7Sd: step 7 spermatids; LH: luteinizing hormone; FSH:
follicle stimulating hormone; HSD: hydroxysteroid dehydrogenase; NAD: nicotinamide adenine
dinucleotide phosphate; LPO: lipid peroxidation; TBARS: thiobarbituric acid reactive substances; MDA:
malondialdehyde;; SOD: superoxide dismutase; CAT: catalase; EDTA:: ethylenediamine tetraacetic acid;
BSA: bovine serum albumin; GPx: glutathione peroxidase; NSAIDS: nonsteroidal anti-inflammatory
drugs; COX: cyclooxygenase
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1. Introduction

Vanadium, a group V element of the periodic table is
required by our body in trace amounts and is associated
with a handful of health augmenting effects (Ghosh et al.
2020). However, its toxic effects at higher concentrations are
significantly more documented (Zwolak 2020). Vanadium is a
chief industry-borne contaminant of soil and water bodies
and is known to exert significant damage especially to the
male reproductive system (Wilk et al. 2017). The toxicity of
vanadium increases with valency of the metal; subsequently,
the pentavalent forms are the most toxic species of the
element to enter the human body. Vanadium compounds
are known to cause partial degeneration of the epithelium of
the seminiferous tubules in the testes and therefore poses a
threat to affect fertility.

Prostaglandins are distributed throughout the reproduct-
ive tract of the male and hold a key position in the common
pathway through which hormones and drugs exert control

over different aspects of reproduction. The enzymes cycloox-
ygenase (COX) catalyzes the first two steps in the biosyn-
thesis of prostaglandins (PGs) from the substrate arachidonic
acid. COX activity serves as an important rate limiting and
commitment step in the prostaglandin synthesis pathway.
Since the increase of prostaglandins attributes to the inflam-
matory response, nonsteroidal anti-inflammatory drugs
(NSAIDS) reduce inflammation and pain by inhibiting the
cyclooxygenase activities. There are two isoforms of the
cyclooxygenase, COX-1 and COX-2 (Versteeg et al., 1999 ).
COX-1 is a constitutively active enzyme that produces prosta-
glandins on the endoplasmic reticulum, which is then
excreted and used for signaling purposes. COX-1 is expressed
in various tissues at a constant level. The second isoform,
COX-2 is normally absent in cells and is induced by growth
factors, tumor promoters, or cytokines. In some tissue such
as the brain, testes, and macula densa of the kidneys, COX-2
serves specialized functions, and is expressed regardless of
stimulation. It is expressed in high concentration at sites of
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inflammation and in monocytes and macrophages (Vane and
Botting 1998).

Prostaglandins have an inhibitory effect on testicular ster-
oidogenesis and spermatogenesis in vivo, as well as on
sperm motility in vitro. Prostaglandins of E and F series also
exert antifertility effects (Conte et al. 1985). These observa-
tions suggest a negative regulatory effect of prostaglandins
on testicular and spermatozoal function. Several lines of evi-
dence indicate that vanadate also induces stimulation of
prostaglandin release alongside its other effects including
inhibition of various phosphohydrolases and phosphotyro-
sine phosphatases, stimulation of adenylyl cyclase and spe-
cific protein kinases, vasoconstriction and regulation of
carbohydrate metabolism, cell proliferation and gene expres-
sion (Plass et al. 1992). All these information suggest the pos-
sible involvement of increased prostaglandin release in
vanadium-induced testicular impairment in rats which can be
further substantiated by blocking prostaglandin with non-
steroidal anti-inflammatory drug. NSAIDs produce their thera-
peutic activities through inhibition of cyclooxygenase (COX),
the enzyme that makes prostaglandins (PGs). COX-1 inhib-
ition is based on hydrogen bonding, thus the process is
instantaneous and reversible. COX-2 inhibition on the other
hand has a more complicated binding mechanism which
involves covalent binding and secondary conformational
changes in the channel. Indomethacin, is a non-steroidal
anti-inflammatory drug (NSAID) with anti-inflammatory,
analgesic, and antipyretic properties. Structurally, it is an
indole-acetic acid derivative with the chemical name 1-
(p-chlorobenzoyl) 25-methoxy-2-methylindole-3-acetic acid
(Lucas 2016). Indomethacin with its anti-inflammatory and
anti-pyretic properties is primarily used in the management
of Rheumatoid Arthritis, gout and other related disorders.
However, its role on the reversal of vanadium induced tox-
icity has not been systematically studied till date.

The present study has been designed to understand
whether the effect of vanadium on male reproduction is
mediated through an increased release of prostaglandin. In
this context, the role of indomethacin, a specific inhibitor of
prostaglandin synthesis, (Kirch et al. 1989), on the reversal of
vanadium-induced toxicity has been investigated.

2. Materials and methods

2.1. Animals

Three-month old male albino rats of Sprague Dawley strain
Rattus norvegicus weighing 200 ± 10 g were used in the pre-
sent study. The animals were maintained as per national
guidelines and protocols, approved by the Institutional Ethics
Committee. They were housed in clean polypropylene cages
and in a controlled environment (temperature 22 ± 2 �C and
relative humidity 40–60%) in the animal house with constant
12 h light and 12 h dark schedule. The animals were fed on
standardized normal diet (20% protein) which consisted of
70% wheat, 20% Bengal gram, 5% fish meal powder, 4% dry
yeast powder, 0.75% refined til oil, and 0.25% shark liver oil
and water ad libitum (Chandra et al. 2007a).

2.2. Reagents

Sodium metavanadate (NaVO3) was purchased from Riedel-
de-Haen. Bovine serum albumin (BSA), thiobarbituric acid
(TBA), NADPH, Triton X, triethanol amine, diethanolamine,
EDTA, MnCl2 were purchased from Sigma Chemical
Company, St. Louis, M.O., USA. Inmecin-25 (Indomethacin)
was purchased from E.M. Pharmaceuticals Pvt. Ltd., India. All
other reagents were purchased from Sisco Research
Laboratories (SRL), Mumbai, India and were of analyt-
ical grade.

2.3. Animal treatment

The rats were divided into four groups. Each group consists
of 8 animals. Group I: control rats were injected with sterile
distilled water intraperitoneally (i.p) daily for 26 days as
vehicle. Group II: rats received i.p. injection of sodium meta-
vanadate (NaVO3) dissolved in sterile distilled water at a
dose of 0.4 mgV/kg body weight daily for 26 days. Group III:
rats were treated with indomethacin (1mg/kg body weight)
alone without vanadium for 26 days. Group IV: rats were pre-
treated with indomethacin dissolved in vegetable oil at a
dose of 1mg/kg body weight orally (Abbatiello et al. 1975)
and then NaVO3 was administered (20min after indometh-
acin treatment) (Plass et al. 1992) at a dose of 0.4 mgV/kg
body weight daily i.p. for 26 days.

2.4. Body and organ weights

The body weights of the experimental animals were
recorded on the first day before injection (initial) and the
day of sacrifice (final). The testicles and adrenal gland were
dissected out, trimmed off the attached tissues and weighed.
The relative weight of organs was expressed per 100 g body
weight. The left testis of each rat was used for histological
study and the right for other biochemical measurements.

2.5. Histopathological study of testis

Immediately after removal, the testes were fixed in Bouin’s
fluid and embedded in paraffin. Sections of 5 mm thickness
were taken from the mid portion of each testis and stained
with hematoxylin-eosin and examined under a light micro-
scope. Quantitative analysis of spermatogenesis was carried
out by counting the relative number of each variety of
germ-cells at stage VII of the seminiferous epithelium cycle,
i.e. type-A spermatogonia (ASg), preleptotene spermatocytes
(pLSc), mid pachytene spermatocytes (mPSc) and step 7 sper-
matids (7Sd), according to the method of Leblond and
Clermont (1952). Stage VII spermatogenesis was analyzed
because this stage is highly susceptible to testosterone defi-
ciency and also reflects the final stages of spermatid matur-
ation and thus provides evidence of spermatogenesis as a
whole (Clermont and Harvey 1967). Diameters of seminifer-
ous tubules of testes were measured by ocular micrometer
under light microscope.
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2.6. Sperm analysis

The sperm count was determined by counting in a hemocyt-
ometer following the method of Majumder and Biswas
(1979). Sperm samples were collected from the cauda epi-
didymis. For the study of sperm morphology, a drop of
sperm suspension was placed on a slide for observation.
Eosin-Nigrosin (0.1: 1 g in 100ml 5% sucrose solution for
30 s) stained air-dried slides were used to analyze sperm
morphology according to the criteria described by Wyrobek
and Bruce (1975) with some modifications, to report the per-
centage of abnormal forms found.

2.7. ELISA of serum testosterone

Serum testosterone was assayed using ELISA kit obtained
from Equipar Diagnostici, SRL, Italy (code no. 74010). The
absorbance was read against blanking well at 450 nm within
30min in ELISA Reader (Merck). The sensitivity of the testos-
terone assay was 5 pg/ml and inter and intra-run precision
had a coefficient of variation of 3.9 and 6.2%, respectively.

2.8. RIA of follicle stimulating hormone (FSH) and
luteinizing hormone (LH)

Serum levels of FSH and LH were assayed by RIA (Moudgal
and Madhawa 1974) using reagents supplied by Rat Pituitary
Distribution and NIDDK (Bathesda, MD, USA). Carrier frees
125I for hormone iodination was obtained from Bhabha
Atomic Research Center (BARC), Mumbai, India. Pure rat FSH
(NIDDK-r FSH-I-11) and LH (NIDDK-r LH-I-11) were iodinated
using chloramines-T (Sigma Chemical Company, St. Louis,
M.O., USA) as the oxidizing agent following the procedure
of Greenwood et al., (1963). NIDDK anti-rat FSH-S-11 and
anti-rat LH-S-11 in rabbit were used as antiserum at a final
dilution of 1:35,000 and 1:70,000, respectively. The second
antibody was goat anti-rabbit c-globulin purchased from
Indo-Medicine (Friendswood, TX, USA). The intra-assay
variation for FSH and LH was 5.0 and 4.5%, respectively. All
samples were run in one assay to avoid inter-assay variation.

2.9. Spectroflurometric determination of serum
corticosterone

Serum corticosterone was determined by spectroflurometric
method (Glick et al. 1964; Silber 1966). The fluorescence was
measured at 463 nm (excitation), 518 nm (emission) by set-
ting the instrument at a spectroflurometric reading 80 with a
standard corticosterone solution having 1.6 lg/ml concentra-
tions. A minimum of 1.6mg corticosterone/100ml serum can
be measured by this method.

2.10. Assay of steroidogenic enzymes activity

2.10.1. Testicular and adrenal D53b- hydroxysteroid
dehydrogenase enzyme activity (D53b-HSD)

To study testicular D53b-HSD enzyme activity, tissues were
homogenized in 20% spectroscopic- grade glycerol

containing 5mM of potassium phosphate and 1mM of EDTA
and centrifuged at 10,000 g for 30min at 4 �C. The super-
natant was used as enzyme extract for the assay of 3b-HSD.
The reaction mixture contained 1ml of 100 mM sodium pyro-
phosphate buffer (pH 8.9) and 20 ml of 30 mM 17b-Estradiol,
1ml of 0.5 mM NAD. The absorbance at 340 nm was meas-
ured immediately after the addition of enzyme extract at
15 s intervals for 3min in a spectrophotometer against blank
(Talalay 1962). One unit of enzyme activity is equivalent to a
change in absorbance of 0.001/min at 340 nm.

2.10.2. Testicular 17b-hydroxysteroid dehydrogenase
enzyme activity (17b-HSD)

For measurements of testicular 17b-HSD enzyme activity
(Jarabak et al. 1962), the same supernatant fluid (200ml) (pre-
pared as described above) was added with 1.5ml of 440 mM
sodium pyrophosphate buffer (pH 8.9), 0.5ml of bovine
serum albumin (25mg crystalline BSA) and 40 ml of 0.3 mM
17b-estradiol, 1ml of 1.35 mM NAD. The absorbance at
340 nm was measured at 15 s intervals for 3min in a spectro-
photometer against blank. One unit of enzyme activity is
equivalent to a change in absorbance of 0.001/min
at 340 nm.

2.11. Determination of lipid peroxidation (LPO) level

Lipid peroxidation was measured by the method of Buege
and Aust (1978) . The level of LPO in the testicular homogen-
ate was measured based on the formation of thiobarbituric
acid- reactive substances (TBARS). Malondialdehyde (MDA)
forms adducts with thiobarbituric acid, which is measured
spectrophotometrically at 532 nm against a blank. MDA, a
product of LPO, was used as a standard. An extinction coeffi-
cient of 156,000M�1 cm�1 was applied for calculation.

2.12. Assay of antioxidant enzymes activity

2.12.1. Superoxide dismutase (SOD)
The method described by Paoletti and Mocali (1990) was
used for the assay of SOD activity. This method consists of
purely chemical reaction sequence, which generates super-
oxide from molecular oxygen in the presence of EDTA, man-
ganese (II) chloride, and mercaptoethanol. NAD(P)H oxidation
is linked to the availability of superoxide anions in the
medium. The decrease in absorbance at 340 nm was moni-
tored for 20min at 5-min interval in a spectrophotometer. In
this assay system, 1 unit of SOD activity is defined as the
amount of enzyme required to inhibit the rate of NADPH oxi-
dation of the control by 50%.

2.12.2. Catalase (CAT)
The activity of catalase was assayed by the method of Aebi
(1974). In the ultraviolet range H2O2 shows a continual
increase in absorption with decreasing wavelength. The
decomposition of H2O2 can be correctly followed by moni-
toring the decrease in absorbance at 240 nm for 60 s in spec-
trophotometer. The change in absorbance is the measure of
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the catalase activity and was expressed as nmols/mg pro-
tein/s. The extinction coefficient of H2O2 at 240 nm
is 40M�1 cm�1.

2.12.3. Glutathione peroxidase (GPx)
The activity of glutathione peroxidase was determined by
the method of Rotruck et al. (1973). GPx converts reduced
glutathione (GSH) into oxidized form using hydrogen perox-
ide during its reaction. The amount of GSH utilized is esti-
mated by measuring it in the assay mixture before and after
the enzyme activity. GSH reacts with DTNB to give yellow
color, which was then measured at 412 nm. The enzyme
activity was expressed as units/mg protein.

2.13. Analysis of tissue vanadium concentrations

One testis per animals was processed as described (Nurnberg
1983). Samples were analyzed using a graphite furnace
Atomic Absorption Spectrometer (Perkin-Elmer A Analyst
400). Blanks were analyzed to identify metal contamination
from this source. Accuracy was assured by three random
determinations of five standard solutions. The wavelength
was 213.86 nm; the detection limit was 0.37 ppm and the slit
2.7/0.8 nm. Results were expressed as mg/g of wet tissues.

2.14. Determination of protein

Proteins were estimated by the method of Lowry et al.
(1951) using bovine serum albumin (BSA) as the stand-
ard protein.

2.15. Statistical analysis

Results were expressed as mean± standard deviation. One-
way analysis of variance (ANOVA) test was first carried out to
test for any differences between the mean values of all
groups. If differences between groups were established, the
values of the treated groups were compared with those of
the control group by a post hoc t-test. A value of p< 0.05
was interpreted as statistically significant (Fisher and
Yates 1974).

3. Results

The administration of vanadium resulted in a significant
reduction of total body weight and all reproductive organ
weights (testis, 34.4%; epididymis, 28.3%; prostate, 30.8%;
seminal vesicle, 31.6%) over the control values (Table 1).

Epididymal sperm number in vanadium treated rats was sig-
nificantly decreased (46.2%) along with the increase in sperm
morphological abnormalities. Testicular sections from rats
treated with repetitive intraperitoneal injection of vanadate
showed a significant reduction in diameters of seminiferous
tubules and testicular lesions ranging from absence of elon-
gated spermatids to reduction of postspermatogonial germ
cells (Figure 1). However, all these negative effects of van-
adium were significantly alleviated by pretreatment with
indomethacin.

Sodium metavanadate treatment significantly reduced the
number of spermatogonia A (29.4%), preleptotene spermato-
cytes (19.5%), mid pachytene spermatocytes (31.1%) and
step 7 spermatid (41.9%) over the control values. The ratio of
mPSc: 7Sd was 1:2.82 after vanadium treatment; the ratio of
the control group was 1:3.34. The percentage spermatid
degeneration (29.5%) was highly significant after vanadium
treatment when compared with those of the control (16.5%).
However, pretreatment with COX inhibitor, indomethacin to
vanadium-treated rats showed normal cellular counts and
spermatid degeneration (20.25%) was significantly reduced
(Table 2).

The decrease in the activities of testicular D53b-HSD
(34.8%) and 17b-HSD (52.2%) was observed in vanadium
treated rats (Figure 2). Vanadium treatment caused a statis-
tically significant inhibition in the activity of SOD (50.9%),
CAT (52.6%) and GPx (48.9%) and sharp increase in lipid per-
oxidation level (2.1-folds) over the respective control values.
However, these negative effects of vanadium on the above
parameters were significantly alleviated by pretreatment with
indomethacin. (Figure 3).

Vanadium treatment lowered serum levels of LH (49.7%),
FSH (46.4%) and testosterone (56.1%). However, pretreatment
with indomethacin in vanadium exposed animals retrieved
the serum hormones at near normal level. The testicular con-
centration of vanadium increased in rats that were treated
with sodium metavanadate but pretreatment with indometh-
acin significantly reduced the tissue vanadium concentration
(Figure 4).

The weight of the adrenals of vanadium-treated rats was
significantly greater (31.7%) than the corresponding value for
the control rats. There was a significant increase in the
adrenal D53b-HSD activity (24.4%) and serum corticosterone
level (41.6%) over control value. Pretreatment with indo-
methacin counteracted the effect of vanadium on adrenal
gland by normalizing all the above parameters. Moreover, no
negative influence of indomethacin alone on sperm and
endocrine parameters was observed in the present study
(Table 3).

Table 1. Alterations in the body and organ weights of rats subjected to different treatment.

Group

Body weight (g)

Testesc (pair)
Seminal vesicled

(without fluid) Ventral prostated Coagulating glandd Cauda epididymisdInitial Final

Control 200.0 ± 6.93 257.75 ± 7.19 1.22 ± 0.04 156.72 ± 6.15 214.13 ± 17.95 48.97 ± 3.41 174.65 ± 9.76
V 203.0 ± 7.86 235.25 ± 4.78 0.80 ± 0.15a 107.23 ± 6.47a 148.25 ± 10.45a 33.16 ± 4.69a 125.19 ± 6.37a

Indo 210.0 ± 4.66 267.0 ± 7.33 1.21 ± 0.04b 153.73 ± 9.07b 208.03 ± 13.39b 49.72 ± 5.81b 172.0 ± 10.89b

Vþ Indo 204.5 ± 5.09 248.5 ± 7.98 1.14 ± 0.09b 148.47 ± 10.17b 192.44 ± 10.17ab 47.74 ± 4.58b 163.82 ± 7.73ab

Data is presented as the mean ± SD, n¼ 8. Values bearing superscripts are significantly different by ANOVA at p< 0.05. aControl vs. other groups; bV vs. Indo or
Vþ Indo. cg/100 g body weight, dmg /100 g body weight. Indo: indomethacin.
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4. Discussion

Vanadium is a persistent and bioaccumulative environmental
toxicant. Previous studies had highlighted the toxicity of van-
adium including reproductive toxicity (Ghosh and Banik
2016). The specific mechanisms by which the metal exerts its
effects have also been mostly delineated (Ghosh et al. 2020).
Vanadium derivatives act as generator of free radicals, that
impair testicular functions, spermatogenesis and sperm mat-
uration in rats. Moreover, a strong correlation exists between
vanadate-induced reproductive toxicity and increase in lipid
peroxidation (Chandra et al. 2007a, 2007b, 2007c; 2010).

Several lines of evidences also indicate that stimulation of
prostaglandin release is one of the chief mechanisms of van-
adate action (Plass et al. 1992). Evidences from the present
studies also confirmed that vanadate induces testicular tox-
icity in rats by stimulating prostaglandin release.

The broad functions of NSAIDS are mediated through the
prostaglandin and thromboxane pathways, which act on
numerous biological and physiological processes, including
reproduction. We wanted to explore the potential of one of
such NSAIDs, indomethacin, in alleviation of vanadium
induced toxicity to reproductive system. The synthesis of
prostaglandin begins with the release of the precursor lipid,

Figure 1. Photomicrographs of paraffin-embedded H&E-stained rat testicular sections showing the effect of indomethacin pretreatment in vanadium exposed ani-
mals. (A) Rat testicular section (400�) from control animals. (B) Testis section (400�) from vanadate-treated animals (0.4mg/kg, i.p. for 26 days). (C) Testis section
(400�) from rats treated with indomethacin (1mg/kg, oral for 26 days). (D) Testis section (400�) from rats treated with indomethacin at a dose of 1mg/kg, oral for
26 days and sodium metavanadate (0.4mg/kg, i.p. for 26 days). ASg: spermatogonia A; pLSc: preleptotene spermatocytes; mPSc: mid pachytene spermatocytes;
7Sd: step 7 spermatid. Scale bars are equal to 50mm.

Table 2. Effect of indomethacin (Indo) pretreatment on testicular seminiferous tubular diameter, sperm count, sperm morphological
abnormalities, and the relative number of germ cells per tubular cross section at stage VII of the seminiferous epithelial cycle in van-
adium-treated rats.

Parameters Control V Indo Vþ Indo

Diameter of seminiferous tubule (lm) 264.13 ± 13.54 207.0 ± 10.23a 264.38 ± 9.49b 239.0 ± 6.99ab

Sperm countc 131.37 ± 6.16 70.64 ± 3.79a 127.18 ± 2.76b 121.68 ± 6.20ab

% Abnormal sperm 3.96 ± 0.78 11.77 ± 1.89a 3.93 ± 0.59b 6.36 ± 0.86ab

ASg 0.68 ± 0.04 0.48 ± 0.02a 0.67 ± 0.04b 0.66 ± 0.02b

pLSc 18.5 ± 1.2 14.9 ± 0.7a 18.1 ± 1.30b 17.8 ± 1.31b

mPSc 19.3 ± 1.3 13.3 ± 0.4a 19.1 ± 1.9b 18.2 ± 1.8b

7Sd 64.5 ± 1.8 37.5 ± 1.4a 62.9 ± 1.21b 58.22 ± 1.7ab

mPSc: 7Sd 1:3.34 1:2.82 1:3.29 1:3.19
7Sd degeneration (%) 16.5 29.5 17.75 20.25
Effective 7Sd degeneration – þ13.0 þ1.25 þ3.75

Data is presented as the mean ± SD, n¼ 8. Values bearing superscripts are significantly different by ANOVA at p< 0.05. aControl vs. other
groups; bV vs. Indo or Vþ Indo. cMillion cells/ cauda epididymis. ASg: spermatogonia A; pLSc: preleptotene spermatocytes; mPSc: mid
pachytene spermatocytes; 7Sd: step 7 spermatid.
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arachidonic acid, from the plasma membrane phospholipids
by either phospholipase A2 or phospholipase C. The enzyme
cyclooxygenase (COX) converts it to prostaglandin G2 and
subsequently it is peroxidized to prostaglandin H2 by the
same enzyme. Studies in recent years have demonstrated
important roles for the COX enzyme in steroidogenesis and
steroid hormone-regulated physiological functions in both
human and animals (Wang et al. 2003). The present studies
demonstrated that inhibition of COX activity by indometh-
acin dramatically increased steroid hormone production in
rat testis exposed to vanadate. The increase in steroid output
may be attributable to an increase in the activity of the ster-
oidogenic enzymes D53b-HSD and 17b-HSD. The data sug-
gested that enhanced testosterone production in COX
inhibitor-supplemented rats showed a significant improve-
ment in the growth of testes and accessory sex organs as
these organs are highly androgen-dependent. However indo-
methacin alone could induce neither increase in steroido-
genic enzyme activities nor a significant increase in
testosterone production. The observations cumulatively sug-
gested that the inhibitor itself did not have a direct stimula-
tory effect on steroid production, but rather, lowered the
threshold of cAMP-stimulated steroidogenesis (Wang et al.
2003). Some studies have indicated the toxic effects associ-
ated with the use of NSAIDs like indomethacin, especially on
male reproductive viability (Uzun et al. 2015; Bagoji et al.
2017). We carried out a dose-response curve for choosing
the working concentration of indomethacin and found that
concentrations in excess of 3mg/kg of body weight
decreased sperm count, sperm motility, serum gonadotropin
and testosterone concentrations. Therefore, a single sub-toxic
concentration of 1mg/kg of body weight was selected for
the studies.

Figure 2. Effect of indomethacin (Indo) pretreatment on testicular D53b-HSD
(A), 7b-HSD (B) activity. Each bar denotes mean ± standard deviation of 8 ani-
mals per group. Mean values are significantly different by ANOVA at p< 0.05,
aControl vs. other groups; bV vs. Indo or Vþ Indo.

Figure 3. Effect of indomethacin (Indo) pretreatment on testicular antioxidant (SOD, CAT, GPx) enzymes activity and testicular lipid peroxidation level in van-
adium-treated rats. (A) SOD (B) CAT (C) GPx (D) lipid peroxidation level each bar denotes mean ± standard deviation of 8 animals per group. Mean values are sig-
nificantly different by ANOVA at p< 0.05, aControl vs. other groups; bV vs. Indo or Vþ Indo.
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Figure 4. Effect of indomethacin (Indo) pretreatment on serum hormone (A) LH, (B) FSH, (C) Testosterone levels and testicular vanadium incorporation in van-
adium-treated rats. Each bar denotes mean ± standard deviation of 8 animals per group. Mean values are significantly different by ANOVA at p< 0.05, aControl vs.
other groups; bV vs. Indo or Vþ Indo.

Table 3. Effect of indomethacin (indo) pretreatment on adrenal gland weight, adrenal steroidogenic enzyme activity and
serum level of corticosterone in vanadium-treated rats.

Parameters Control V Indo Vþ Indo

Adrenal weightc 12.38 ± 0.79 16.31 ± 0.83a 11.86 ± 1.31b 12.47 ± 1.46b

Adrenal D53b-HSDd 0.164 ± 0.01 0.204 ± 0.01a 0.169 ± 0.006b 0.174 ± 0.008ab

Serum corticosteronee 30.33 ± 1.77 42.96 ± 1.49a 31.73 ± 3.06b 35.23 ± 0.77ab

Data is presented as the mean ± SD, n¼ 8. Values bearing superscripts are significantly different by ANOVA at p< 0.05.
aControl vs. other groups; bV vs. Indo, or Vþ Indo; cmg/100 g body wt; dDOD/min/mg protein; emg/dl serum.

TOXICOLOGY MECHANISMS AND METHODS 7



Prostaglandins have an inhibitory effect on spermatogen-
esis in vivo. The prostaglandin synthetase system is also
located primarily in the interstitial cells and the seminiferous
tubules (Ellis et al. 1975). These may suggest a negative
regulatory effect of prostaglandins on testicular and sperm-
atozoal function in vanadium treated rats. Spermatogenic
failure after vanadium treatment was characterized by the
suppression of spermatocytes populations and abolition of
round spermatids beyond stage VII, with the numbers of ear-
lier germ cells being severely reduced which might be due
to depressed level of serum FSH. Indomethacin pretreatment
produced a marked increase in spermatogenesis in vanadium
treated rats. The number of post meiotic germ cells
increased significantly over the controls with serum FSH lev-
els returning to near normal level. The present findings
establish that vanadium can cause a strong induction of tes-
ticular prostaglandin production, which might help to
explain the well-known antispermatogenic effect of
this metal.

Vanadium induced a depression of the hypothalamus-pituit-
ary-testis (HPT) system, mediated by the activated hypothal-
amus-pituitary-adrenocortical (HPA) system, resulting in a fall in
plasma LH and testosterone levels. Decreased plasma concen-
trations of testosterone, independent of gonadotropins, can be
induced by corticosteroids. Vanadium decreased feedback sensi-
tivity which may allow hypersecretion throughout the HPA sys-
tem as evidenced by increased adrenal gland weight and
elevated secretion of serum concentration of corticosterone. It
is also evident that PGE2 caused an increase in corticosterone
synthesis from adrenal gland (Delarue et al. 1990). Results sug-
gest that effects of vanadate on adrenocortical activities may
be mediated at least in part by prostaglandins, as inhibition of
prostaglandin synthesis by indomethacin abolished these
responses. Evidence is available that this nonsteroidal anti-
inflammatory drug influences the hypothalamo-pituitary-axis via
changes in prostaglandin metabolism (Barkay et al. 1984) and
markedly reduced the effects of vanadate on male reproduct-
ive systems.

Cyclooxygenase, which catalyzes the initial oxidation step
of arachidonate to prostaglandins and is induced under
inflammatory conditions, is also well known ROS-generating
enzyme (Baud and Ardaillou 1986). In the present study, van-
adium treatment increased testicular lipid peroxidation and
decreased the specific activities of antioxidant enzymes such
as SOD, CAT, and GPx in vanadium exposed rats, indicating
an imbalance in pro-oxidant and antioxidant system and
leading to oxidative stress which could be attributed to an
increase in PG secretion. This was effectively reversed by pre-
treatment with COX-inhibitor, indomethacin. Moreover, the
detailed and comprehensive analysis of all factors used for
characterization of male reproductive functions showed no
evidence for a negative influence of indomethacin alone on
sperm and endocrine parameters.

5. Conclusion

The studies cumulatively indicated that vanadate induces
testicular toxicity and adrenocortical hyperactivity in rats by

stimulating prostaglandin release. It also showed that indo-
methacin, within the permissible limit, can be effectively
used as a successful therapeutic agent to counteract repro-
ductive toxicities induced by environmental pollutants like
vanadium. However, attempts to exploit the therapeutic
potential of indomethacin can only be initiated after a
detailed characterization of the basis of indomethacin
induced reversal of prostaglandin release, including real time
analysis of COX transcript levels at various time points before
and after application of indomethacin in vanadium
treated subjects.
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ABSTRACT 

Background: The prevalence of obesity has increased an astounding 30.5% to 42.2% over the last two decades despite 

numerous weight loss products and programs, thus qualifying it as an epidemic. Fat is the lightest of macromolecules, the 

highest energy reserve of the body, and the last reservoir of survival insurance to be expended. Water, muscle, and 

electrolytes are diminished prior to the expenditure of fat resources, the primary cause of rapid weight loss. Contrary to 

popular belief that only “weight gain” is the sole and correct parameter for evaluating healthy body recomposition, there are 

no less than 10 additional factors that contribute to a reduction in metabolic rate and an increase in fat storage. These are 

mostly ignored from considerations regarding the etiology of obesity. Our laboratory developed a novel formulation of D-

ribose nicotinamide, alpha glycerol phosphorylcholine and four other evidence-based botanical constituents encapsulated 

in a Prodosomed stimulant- and sugar-free TRCAP21 (TrimRoxTM) formulation that effectively addresses those contributing 

factors. To investigate the feasibility of doing a 90-day randomized, double-blind placebo-controlled investigation, we 

conducted a 21-day concept validation pilot study on TRCAP21  in 9 subjects to assess changes in various body parts, including 

chest, upper arms, waist/belly, hips, and thighs, as well as body weight.  
 

Objective: This physician-supervised 21-day concept validation pilot study on TRCAP21 was conducted on 9 subjects to 

determine changes in anthropometric parameters including chest, upper arms, waist/belly, hips, and thighs, as well as body 

weight, and determine the effect of TRCAP21 on energy, mood, satiety, and sugar cravings. 
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Materials and Methods: The study was conducted on nine male and female subjects (age: 47-70 years) to assess the efficacy 

of TrimRoxTM over a period of 21 consecutive days. Body weights and anthropometric measurements were conducted at the 

initiation and termination of the study. The effect of TRCAP21 was evaluated on energy level, mood elevation, satiety level, 

sugar cravings, overall health, and adverse events in the subjects. 
 

Results: The results demonstrated that all subjects experienced a reduction in size of one or more these body parts. In 

addition, it also led to significant improvements in mood elevation, satiety, reduced sugar cravings, elevated energy levels 

and overall mental and physical health. Intake of 1 packet twice a day (BID) before meals resulted in a significantly greater 

reduction of body measurements than consuming it once a day (OID). Surprisingly, body weight was reduced in all nine 

subjects from 2 lbs. to 11 lbs. The randomized double-blind placebo-controlled study is underway to confirm and further 

substantiate these findings.   
 

Conclusion: The TRCAP21 Prodosomed nutraceutical formulation combines the evidence-based efficacy of 6 key 

constituents, mostly of botanical origin, that act synergistically to restore aerobic cellular metabolism, boost energy level, 

mood elevation, improve satiety, reduce sugar cravings, reduce body fat in various body compartments as well as weight and 

improve overall health. Owing to the encapsulation of the components in unique concentric layers of liposome, their release 

takes place in a sustained and sequential manner.  It will be worthwhile to explore its effect on the Gut-Brain Axis, especially 

the associated microbiome in order to obtain further insights to more accurately define the multiple mechanisms of action. 
 

Keywords: obesity, weight management, body recomposition, Aerobic body homeostasis, prodosome®, herbal 

nutraceuticals 
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INTRODUCTION 

The prevalence of obesity in USA was 42.4% during 2017-

2018, while that of severe obesity was 9.2% [1]. 

Interestingly, obesity prevalence was 40% in adults of age 

group 20-39 years, while obesity prevalence was 44.8% 

in age group between 40 to 59 years. However, there was 

a lower trend of 42.8% in adults over 60 years. 

Consequences of obesity are associated with a diverse 

number of diseases including type 2 diabetes, coronary 

heart disease (CHD), stroke, hypertension; gallbladder 

disease; breast, endometrial and colon cancers; 

osteoarthritis and premature death [2]. In USA, an 
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estimated annual medical cost of adult obesity ranges 

from $ 147 BN to nearly $ 210 BN [3]. Taken together, the 

obesity epidemic is alarmingly increasing at a 

skyrocketing pace in the USA.  

In both medical and scientific communities, the most 

common terminologies are either “weight loss” or 

“weight management”. However, a more focused and 

accurate indicator should specify changes in body 

composition, body size, or a reduction in fat mass instead 

of weight reduction only [4].  Specifically, “weight loss” is 

not at all a focused or reliable indicator as it specifically 

focuses on the heaviness of the body but doesn’t reflect 

the healthy changes in body composition/size, or 

metabolic homeostasis [5]. Muscle mass, bone and body 

fluids are comparatively much heavier than fat, while fat 

is the lightest of macromolecules, and in the body 

recomposition process, fat is usually metabolized last to 

be eliminated from the body [5]. Thus, short-term 

expectations of weight loss from fat loss are erroneous.  

Diverse factors such as hormonal balance, genetics 

and genetic predispositions, gut microbiota, 

neurotransmitters, and lifestyle have a major impact on 

energy metabolism, metabolic homeostasis, and fat 

metabolism [6]. Existing commercial weight loss 

strategies have greatly failed to achieve and maintain 

sustainable weight loss and enhance greater healthy fat 

loss.  

 

MATERIALS AND METHODS 

Study Protocol: This concept validation pilot study was 

supervised by Dr. Bruce S. Morrison, DO. All subjects 

were critically reviewed and included in this 

investigation. All subjects duly reviewed the detailed 

protocol and signed consent forms, which were endorsed 

by Dr. Morrison. 

 

Study Subjects: The study was conducted in a total of 

nine volunteers [male = 3; female = 6; age = 47-70 Y] over 

a period of 21 consecutive days (Table 1). Adverse event 

monitoring was strictly enforced. All subjects maintained 

a daily diary and submitted it at the completion of the 

investigation. 

Treatment Strategy: Eight subjects took a single dose of 

TrimRoxTM 6.75 g per day in the morning in an empty 

stomach over a period of 21 consecutive days, while the 

ninth subject took two doses of 6.75 g per day, the first 

dose in an empty stomach in the AM and the second dose 

in an empty stomach in the afternoon, a total of 13.5 g 

per day, over a period of 21 consecutive days.  

 

Anthropometric Measurements: Anthropometric 

measurements were conducted on changes in chest 

(inches), upper arm/bicep right and left (inches), hips 

(inches), thighs right and left (inches), and waist (inches) 

in addition to evaluating changes in body weights.  

 

Behavioral Parameters: Effect of TRCAP21 on energy 

level, mood elevation, satiety level, sugar cravings, and 

overall health was regularly monitored over these 21 

consecutive days of supplementation.  

 

Adverse event monitoring: Adverse event monitoring 

was critically supervised. Daily diaries were critically 

checked and verified.  

 

RESULTS: 

Table 1 demonstrates the changes on diverse 

anthropometric parameters including changes in chest 

(inches), upper arm/bicep right and left (inches), hips 

(inches), thighs right and left (inches), and waist (inches) 

in these subjects following treatment with TrimRoxTM  

over a period of 21 consecutive days.  Modest reductions 

in all these parameters were observed (Table 1). 

Surprisingly, no increases were observed. In addition, 

body weight reduced in all nine subjects from 2 lbs. to 11 

lbs. Table 2 demonstrates the effect of TRCAP21 on 

energy level, mood elevation, satiety level, sugar 

cravings, and overall health over these 21 consecutive 

days of supplementation.  

No adverse events were reported. 
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              Table 1. Effect of TRCAP21 on multiple anthropometric parameters as well as body weight in male and female subjects 
 

Gender 

(Age)  

Dose 

(g) 

Anthropometric Measurements 

Chest (Inches) Upper Arm/Bicep (Inches) Hips (Inches) Thighs (Inches) Waist/Belly 

(Inches) 

Body Weight (lbs) 

Initial Final Right Left Right Left 

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final ∆ Change 

F (55) 6.75  41.25 40.5 13.5 13.5 13 13 44.5 44.5 26.5 26 26.25 25.75 44.5 44.25 178 176 -2.0 

F (62) 6.75  42 41 13 12.5 13 12.5 43.5 43 23.5 22 23.5 22 41 40 178 175 -3.0 

F (47) 6.75  49 48 15 13.25 13 12.75 47.5 47 25.5 24.75 24.5 24 43 41.5 208 197 -11.0 

M (54) 6.75  50.5 49.5 14 14 13.75 14 46 45.5 23 22 22.75 21.5 52.5 50 280 272 -8.0 

M (54) 6.75  43 43 14.5 14 14.5 14 44 41 23 24 23 24 41 40 214 210 -4.0 

F (70) 6.75  46.5 45.5 16 15 16 15.5 51 49.75 27.25 26.5 27.25 26.5 50.75 48.5 229 224 -5.0 

F (65) 6.75  43.5 42 13.75 13.75 14 13.5 49 47.5 26.25 26.25 25.5 25.25 49.5 48.5 173 167 -6.0 

F (54) 6.75  45 42 12.75 11.75 12 11 41 40 24 24 24.5 23.5 40.5 38 176 170.5 -5.5 

M (55)* 13.5 53.5 51 16 15 15.5 14.5 52 50.5 26 24 26.5 23.5 56.5 53.5 306 300 -6.0 

 

              *An employee of VNI Inc, Bonita Springs, FL; M= Male; F = Female 
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Table 2. Effect of TRCAP21 on energy, mood, satiety, and sugar cravings in subjects 
 

 Gender 

(Age) 

Dose (g) Energy 

Level 

Mood 

Improvement 

Satiety 

Level 

Sugar Cravings Sleep Overall 

Health 

Adverse 

Events 

1 F (55 Y) 6.75  +++ +++ +++ Reduced sugar 

cravings 

+++ Improved None 

2 F (62 Y) 6.75  ++ +++ +++ Reduced sugar 

cravings 

+++ Improved None 

3 F (47 Y) 6.75  ++ NR +++ No Effect +++ Improved None 

 

4 M (54 Y) 6.75  +++ NR +++ NR NR Improved None 

 

5 M (54 Y) 6.75  +++ +++ +++ Reduced sugar 

cravings 

+++ Improved None 

6 F (70 Y) 6.75  ++ +++ +++ Reduced sugar 

cravings 

+++ Improved None 

7 F (65 Y) 6.75  ++ NR +++ Reduced sugar 

cravings 

NR Improved None 

8 F (54 Y) 6.75  +++ +++ +++ Reduced sugar 

cravings 

+++ Improved None 

9 M (55 Y)* 13.50  +++ NR +++ Reduced sugar 

cravings 

NR Improved None 

*An employee of VNI Inc, Bonita Springs, FL; M= Male; F = Female; NR = None reported 

Key: + = modest improvement; ++ = better improvement; +++ = significantly better improvement  

 

Overall, this 21-day concept validation pilot study 

demonstrates that TRCAP21 enhanced healthy body 

recomposition observed as a reduction in size of various 

body parts, increased energy levels, elevated mood, 

enhanced satiety, reduced sugar cravings, improved 

restful sleep, and improved overall health. Interestingly, 

consistent, but varying amounts of weight loss were 

observed, although, Crawford et al. [7] have reported 

earlier that a healthy and effective body recomposition 

strategy can result in a small net gain in weight due to an 

increase in exercise-induced muscle density, while 

resulting in a loss of size and improvements in healthy 

body recomposition. Subjects in the study made no other 

changes to their lifestyle.  

 

Cascade of Events: Overindulgence of healthy/unhealthy 

foods, sedentary lifestyle and lack of exercise are the 

critical factors leading to overweight and obesity. 

However, there are additional significant contributory 

factors not addressed by conventional weight 

loss/management products and programs. It is essential 

to have a decent lifestyle with a regular, healthy, 

nutritious, and balanced diet with limited amounts of 

alcoholic beverages, poultry, fish and red meat, 
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moderate amount of exercise, and restful sleep to 

maintain good health. Implementation of a healthy 

lifestyle in conjunction with TrimRoxTM (TRCAP21) 

Prodosomed nutraceutical technology will contribute to 

obtaining  a healthy improvement in body composition 

with reduced fat and water storage, improved 

muscularity, and even some weight loss.  

Obesity is associated with several lifestyle factors 

including (i) genetics, (ii) poor, unhealthy, and sedentary 

lifestyle, (iii) chronic stress, (iv) toxic environmental 

exposure, and (v) disruption in energy homeostasis. 

Furthermore, chronic stress, trauma, infection, and 

allergen/antigen insults induce tissue hypoxia or 

hypoxic/anaerobic events leading to a massive 

inflammatory response and survival panic [8].     

TrimRoxTM (TRCAP21) Prodosomed nutraceutical 

formulation effectively and discretely addresses the 

salient features, as outlined in Table 1, involved in 

obesity. The basis or prime objective of this formulation 

was to restore aerobic metabolic cellular homeostasis to 

optimize oxygen utilization and hydration status, 

mitigate oxidative stress, and improve body composition 

parameters, i.e., promote body recomposition [9-11].  

 

DISCUSSION 

Obesity is thus often related directly to the lack of 

sufficient physical activity, lack of energy homeostasis, 

and poor dietary habits. However, a lot of other intrinsic 

and extrinsic factors also play an equally pertinent role in 

regulating predisposition to excess fat accumulation. A 

major cause of obesity is metabolic dysfunction leading 

to a loss of physiological homeostasis, enhanced 

dependence on anaerobic pathways, accumulation of 

ROS, and elicitation of inflammatory responses, all 

culminating in a significant increase in survival-induced 

energy conservation; a decline in the basal/resting 

metabolic rate and the rate of lipid oxidation; and 

increased fat storage [5,6].  

 

Energy Homeostasis: Three discrete forms of survival 

insurance are genetically preprogrammed in a human 

body which includes (a) Fat, (b) Sugar as glycogen, and (c) 

water. An upregulation of these survival insurance 

storage components takes place when the body is placed 

in a “survival panic” mode along with a retardation in 

energy expenditure [12,13]. As stated elsewhere, chronic 

degenerative disorders are induced by anaerobic 

pathologies and in turn cause genetically triggered 

survival panic. As stated earlier, several intricate factors 

induce the incidence of obesity and metabolic syndrome. 

Following are the causative factors that play a regulatory 

role in the pathophysiology of obesity: 

(a) Overindulgence of high-fat, carbohydrate-filled 

nutrient-deficient junk foods. 

(b) Lack of physical activity and sedentary lifestyle. 

(c) Continued exposure to structurally diverse 

environmental pollutants, toxic chemicals, 

fertilizers, fungicides, insecticides, herbicides, 

toxic heavy metals, antibiotics, pigments, and 

colorants.  

(d) Compromised digestive health, gut dysbiosis, 

inflammatory bowel disorders (IBD), and 

hyperacidity.  

(e) Enhanced anaerobic metabolism.  

(f) Increased inflammatory response leading to an 

increase in insulin resistance and enhanced fat 

accumulation around the belly.  

(g) Increased fat storage.  

(h) Compromised and increased energy conservation. 
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(i) Increased oxidative stress and oxidative DNA 

damage. 

(j) Compromised immune system  

(k) Chronic stress, impaired cognition, depression, 

and elevated sadness. 

(l) Advancing age and premature aging. 

(m) Impaired aerobic homeostasis, enhancing 

anaerobic glycolysis and compromising metabolic 

homeostasis, leading to deficiency in circulating AMPK; 

all of these contribute to energy disruption, abdominal 

(and other body compartments) fat deposition and 

storage.  

Of these 13 vital parameters, the “weight management” 

industries are basically targeting only the first two prime 

factors of overindulgence of unhealthy foods, and 

sedentary lifestyle/lack of exercise.  

Selected strategies may help in enhancing fat 

metabolism. These include: (i) minimize sugar, gluten, 

and fast-food consumption, (ii) improve healthy lifestyle, 

nutritious balanced diet, and moderate exercise, and (iii) 

consumption of appropriate research-driven dietary 

supplements. All of these can optimize energy 

production, maximize cellular metabolism, and the 

removal of cellular wastes leading to a more desirable 

body composition, enhanced lean body mass, healthy 

muscle mass and optimal health.  

It is quite evident that conventional weight loss 

strategies/techniques completely failed to appropriately 

address the biological, genetic, and metabolic 

consequences that occur with advancing age. Several 

factors are critically important to control the obesity 

epidemic including: (i) optimize hormonal levels, (ii) 

minimize anaerobic pathologies caused by cellular 

oxygen deprivation, (iii) optimize metabolic homeostasis 

and enhance fat metabolism/oxidation, (iv) optimize 

cardiovascular, gastrointestinal, neuromuscular, and 

kidney health, and (v) promote healthy gut microbiome.  

 

Detrimental effect of anaerobic pathologies on fat 

metabolism:  A broad spectrum of anaerobic pathologies 

has been demonstrated to induce an inability to 

effectively utilize oxygen leading to an increased 

anaerobic metabolism and lactate accumulation [9]. A 

disruption in oxidative pathologies, in conjunction with 

increased lactate production, led to an upsurge in H+ 

increasing cellular acid burden with a reduction in blood 

pH leading to progressive acidemia. All these will induce 

a metabolic transition towards cellular anaerobic 

glycolysis, and a compensatory expenditure of 

alkalinizing histidine molecules from the heme protein of 

deconjugated hemoglobin (Hb), which in turn releases 

iron. These cause an upsurge of anaerobic/acidic cellular 

events, which cause a series of pathological 

manifestations including a perturbation of fat 

metabolism, inflammatory sequela, compromised 

cardiovascular function, and vaso-occlusive incidences 

[10].  

 

Influence of inflammatory response on fat metabolism: 

Chronic inflammatory conditions exert an array of 

anaerobic sequela including a disruption in the glucose-

insulin system, upregulation of white adipose tissue, and 

macrophage-associated inflammatory sequela, all of 

which lead to obesity [11].  

 

Enhanced production of oxygen free radicals, oxidative 

injury, and fat metabolism: An increase in anaerobic 

metabolic events causes an upsurge of oxidative stress, 
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inflammatory sequela, and adipose tissue hypoxia that 

further induces an array of anaerobic pathologies 

including mitochondrial dysfunctions, development of 

type 2 diabetes mellitus, adipose hypertrophy, and a 

massive disruption in energy homeostasis [11-13].  

Therefore, an inability to effectively utilize cellular 

oxygen (i.e., ↑anaerobic metabolism) increases the 

production of ROS and enhances fat storage. 

 

Immune distress and its impact on fat metabolism: An 

array of inflammatory sequela play an instrumental role 

in enhanced fibrosis, angiogenesis, altered lipid 

metabolism including lipids, cholesterol, and fatty acids; 

and immune cell activation and immune distress [14-15].   

 

Influence of stress on fat metabolism: Increased stress 

induces significant stress on cells, potentially impairing 

cellular oxygen utilization, and exerting massive demands 

on cells. This cascade of events induces an increase in 

hunger and appetite for high-fat, sweet, and salty foods 

[16].  

 

Effect of unpropitious gene expression of hormones and 

neurotransmitters on fat metabolism Leptin: Research 

studies have demonstrated that increased obesity, T1D, 

T2D, infertility, and Rabson-Mendenhall Syndrome can 

occur because of leptin resistance or deficiency  [17-18]. 

Energy homeostasis, hunger/appetite, metabolism, 

endocrine functions., and fat storage in adipocytes are 

regulated by leptin, a 167 amino acid adipocytokine. 

Appropriate regulation of leptin will potentially decrease 

fat storage in adipocytes and provide significant benefits 

in the regulation of obesity, body weight, and metabolic 

syndrome, as well as improve reproductive health, 

hematopoiesis, blood pressure, hypertension, lymphoid 

organ homeostasis, bone density and bone mass [17-18]. 

 

Ghrelin (Hunger hormone): Under the influence of 

excessive stress and sufficient physiological disruption, 

anaerobic/hypoxic metabolic events are induced that 

trigger a state of genetically mediated “survival panic”. 

This then increases energy conservation and ultimately 

potentiates hunger signaling [19-20]. A conventional 

corrective strategy includes regulating/inhibiting ghrelin 

release and enhancing leptin release [19-20], to restore 

aerobic metabolism and terminate “survival panic” 

signaling.   

 

Reproductive hormones: The hypothalamus is a key 

component that regulates energy homeostasis, 

specifically energy intake and energy expenditure [21]. 

An injury in the hypothalamus causes a perturbation in 

energy homeostasis. The hypothalamus is equipped with 

two nuclear estrogen receptor (ER) proteins, viz. ERα and 

Erβ, which regulate food intake and body weight. For 

example, as an activation of ERα reduces food intake, 

body weight, and meal size, as well as promotes synthesis 

of AMPK and adipose tissue triglyceride lipase (ATGL)-

mediated lipolysis providing free fatty acids as a fuel to 

activate UCP-1. These estrogen receptors are available in 

multiple peripheral tissues including adipose tissue [22-

23]. The availability of estrogens in the adipose tissue 

causes anti-inflammatory activities in the peripheral 

tissues and in the central nervous system, which prevents 

women from experiencing multiple inflammatory 

consequences. Thus, some additional estrogen may 

provide a therapeutic benefit in regulating obesity and 

anti-inflammatory efficacy [22-24].  
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Thyroid hormones and neurotransmitters: Two major 

hormones including triiodothyronine (T3) and 

tetraiodothyronine (thyroxine or T4) are produced and 

released by the thyroid gland, which are important for (i) 

metabolic homeostasis, (ii) cardiac functions, (iii) 

digestive functions, (iv) muscle control, (v) neuronal 

development and function, and (v) bone function. The 

third active thyroid hormone, 3,5-Diiodothyronine (3,5-

T2) or just T2, stimulate the TRb receptor of thyroid 

hormones that controls energy expenditure [25-28].  

 

Two prime neurotransmitters: serotonin and dopamine: 

It has been extensively demonstrated that an 

interruption/dysfunction in feeding signals by neuronal 

cells plays a vital role in obesity. Neurotransmitters are 

basically chemical messengers that transmit signals to 

multiple target cells including different neurons, muscle 

cells, or gland cells [29]. Serotonin is specifically involved 

in the transmission of nerve impulses and plays a major 

role in appetite control/suppression [29-30].  

Deficiency of dopamine in obese individual can be 

easily characterized by increased food intake and food 

consumption behaviors [31]. Dopamine not only 

regulates food cravings, but also motivation and reward 

circuitry.  

Consequential effects of premature aging on fat 

metabolism: An upsurge in oxidative stress, increased 

cellular lactic acid production, and anaerobic glycolysis 

are pioneering hallmarks of impaired cellular 

metabolism. All these events lead to chronic 

degenerative disorders/disease including accelerated 

premature aging and, are classic pathophysiological 

characteristics of anaerobic/hypoxic events. Thus, 

restoring aerobic glycolysis must be an important anti-

aging objective to reduce the anaerobic cellular 

metabolic requirement that induces a concomitant 

increase in anaerobic-induced lactic acid production [32].  

Accordingly, we hypothesize that the Prodosomed 

TRCAP21 phytoceutical technology should minimize 

anaerobic-based metabolic impairments and combat a 

full spectrum of etiological obesogenic factors.  

 

Role of AMPK (adenosine monophosphate-activated 

kinase) on fat metabolism: AMPK is a key enzyme known 

to regulate cellular energy balance. However, it declines 

with advancing age. AMPK enhances fat oxidation and 

energy production (ATP), however, a decline in AMPK 

enhances the conversion of sugar into fat along with a 

concomitant increase in fat storage [33-36]. Thus, in a 

successful body recomposition strategy, rejuvenating 

AMPK synthesis and metabolism should be a most 

important objective.   

 

A synergistic botanical formulation - TRCAP21: This 

novel formulation was designed using the following 

Prodosomed six research-affirmed nutraceutical 

ingredients (Figure 1). 
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Fig 1. Prodosomed TRCAP21 as a novel anti-obesity formulation: A major cause of obesity is metabolic dysregulation and 

dysfunction leading to loss of physiological homeostasis, enhanced dependence on anaerobic pathways, accumulation of 

Reactive Oxygen Species and elicitation of inflammatory response, all culminating in a significant decline in the rate of lipid 

oxidation. Prodosomed TRCAP21 is a proprietary formulation consisting of extracts of six vital plant derived constituents 

that collectively ensure restoration of normal physiological homeostasis thus mitigating obesogenic factors. Abbreviations: 

NAD+ - Nicotinamide Adenine Dinucleotide, ATP – Adenosine Triphosphate, AMPK - Adenine Mono Phosphate activated 

Protein Kinase, TGR5 – Takeda G Protein Coupled Receptor/G-Protein Coupled Bile Acid Receptor 

 

D-Ribose nicotinamide complex (RiaGev; Source: 

Bioenergy): In a clinical investigation, a proprietary blend 

of D-ribose and nicotinamide exhibited enhanced 

bioavailability and effectively promoted the synthesis of 

nicotinamide adenine dinucleotide (NAD)[37]. A pilot 

study in one human volunteer demonstrated that blood 

NAD+ can elevate up to 2.7-fold following the 

administration of a single dose of RiaGev. A 

pharmacokinetic study in twelve human volunteers 

demonstrated that administration of a single dose of 100, 

300 and 1,000 mg of RiaGev can enhance blood NAD+ 

metabolome significantly [38]. It is important to mention 

that maximum concentration of NAD, a coenzyme in 

redox reactions and a donor of ADP-ribose moieties in 

ADP-ribosylation reactions, is in the mitochondria and is 

important to optimize cellular energy production. The 

safety and efficacy of RiaGev was also investigated in 18 

subjects (age = 35-65 years) in a single-center, 

randomized, double-blind, comparator controlled, cross-

over study. Interestingly, both ATP and ADP levels 

increased by approximately 7.3%, while both NAD+ and 

NADP+ levels increased by approximately 15%, and 
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glutathione level (GSH) increased by 11% and maintained 

redox homeostasis. Improvements in muscle and brain 

performance were observed along with GSH. 

Furthermore, increases in insulin response and glucose 

tolerance were also observed along with a steady 

reduction in salivary cortisol. Quality of life, attention, 

focus, and motivation levels improved significantly as 

well. In conclusion, RiaGev provides effective benefits to 

all tissues as well as a synergistic dose-response was 

observed between RiaGev and NAD metabolites in the 

liver, muscle, and brain tissues [39].  

 

Gynostemma pentaphyllum (GP) leaf extract: This leaf 

extract activates and increases AMPK level, which is 

instrumental in regulating cellular energy balance. It also 

enhances fat oxidation, energy production, and glucose 

homeostasis; and inhibits cholesterol synthesis [38,40 

34,36]. In cellular mitochondria, AMPK activation 

enhances conversion of ingested food molecules into 

ATP. Moreover, it upregulates catabolic pathways 

through glycolysis and fatty acid oxidation to boost 

energy homeostasis (ATP) [33-36].  

GP also reduces cytokine production and activates 

NF-κB and STAT3 signaling in lipopolysaccharide-induced 

macrophages, without affecting their viability [40]. GP 

extract has been reported to exhibit multiple beneficial 

effects including maintenance of healthy cholesterol and 

blood glucose levels; increasing hemoglobin, liver 

glycogen, and muscle glycogen concentrations; 

decreasing blood lactic acid (BLA) levels and blood urea 

nitrogen (BUN) concentrations;  boosting immunity; and 

protecting cells from mutations [41-44]. Park et al. [45] 

conducted a randomized, double-blind, placebo-

controlled clinical investigation in 80 obese subjects (age: 

40.08 ± 10.60 years; weight: 74.58 ± 9.19 kg; BMI: 

27.53 ± 1.22 kg m−2) using a GP extract (450 mg/day) over 

a period of 12 consecutive weeks. Body weight, body fat 

mass, percent body fat, and BMI were significantly 

decreased in the treatment group. No adverse events 

were observed [45].  

 

Myrciaria dubia (JS0208 Camu Camu) whole-berry 

extract (MD): Camu Camu is a potent antioxidant 

containing considerable amounts of vitamin C, betulinic 

acid, beta-carotene, riboflavin, thiamine, niacin, cyanidin 

3-glucoside, delphinidin 3-glucoside, ellagic acid, 

kaempferol, myricetin, quercetin, quercitrin, rutin, and 

micronutrients. It protects genomic DNA integrity, 

enhances energy level and immune competence, and 

exhibits anti-inflammatory benefits by downregulating 

cytokine production and c-reactive proteins (CRP), and 

suppresses water retention (inhibits edema formation). 

It also facilitates tissue reconstruction and repair and 

provides protection against allergens and mutagens [46-

49].  

 

Ilex guayusa Loes. (Family Aquifoliaceae) (Guayusa) leaf 

extract (GL): GL leaf extract contains potent structurally 

diverse antioxidants and phytonutrients including 

chlorogenic acid, ursolic acid, as well as caffeine [50,51]. 

Especially, ursolic acid exerts a pronounced mechanistic 

role in the activation of nuclear receptor TGR5, which in 

turn is instrumental in the management of metabolic 

syndrome by enhancing energy expenditure and insulin 

sensitization [51-53].  
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In a battery of safety studies, GL leaf extract 

demonstrated broad spectrum safety with no 

genotoxicity, and secured FDA-notified GRAS (Generally 

Recognized as Safe) status in 2019 [54].   

GL leaf extract has been demonstrated to elevate 

mood and enhance cognition and focus, promote brain 

function, restful sleep, alleviate stress, promote 

cardiovascular health, antiviral potential against herpes 

simplex virus, and protect against potential neurotoxins 

and hepatoxicity [55].  

It was observed that the action of Guayusa caffeine 

source distinctly differs from other natural and synthetic 

caffeine sources as it did not induce a significant effect on 

epinephrine (adrenaline). This can explain its reduced 

adrenaline-related side effects compared to other 

caffeine sources. Also, no significant effect of Guayusa 

was observed on dopamine, norepinephrine, or GABA 

levels [56]. 

 

Purple Tea (PT; HS1222 Camellia sinensis extract; 

PurpleForce™): This “purple” variation of Camellia 

sinensis extract was derived from plants grown in a high-

altitude mountain area exposed to strong UV rays, which 

increase the protective properties of the plants. PT has 

high polyphenol content including delphinidin content 

and exerts higher antioxidant activity compared to other 

tea extracts [57].  

PT exhibits diverse beneficial antioxidant and anti-

inflammatory effects including: (i) improves nitric oxide 

production, (ii) restores blood flow, (ii) improves 

recovery from exercise-induced muscular injury by 

decreasing creatine kinase, oxidative injury, and exercise-

induced soreness, (iii) and promotes exercise recovery 

[58]. In a clinical study, PT exhibited a significant 

reduction in body weight, BMI, abdominal fat, 

triglycerides in serum and hepatic tissues; and 

suppression of fat absorption, increasing hepatic fat 

metabolism, and enhanced expression of carnitine 

palmitoyl transferase (CPT) 1A [59]. Another study 

assessed the efficacy of supplemental PT (100 mg/day) in 

30 healthy exercising men after strenuous and stressful 

exercise over a period of 8 consecutive days [59]. Muscle 

endurance performance was remarkably improved and 

lactate dehydrogenase level, a marker of muscular injury, 

was significantly reduced. Overall, these results 

strengthen the pronounced role of PT in human health 

and well-being.   

 

Alpha Glyceryl phosphoryl choline (Alpha-GPC; 

AlphaSize®’): The cholinergic system is the largest 

neurotransmitter system in the body regulating brain-to-

muscle communication, intestinal peristalsis, and 

locomotion; attention, higher-order cognitive 

processing, and emotions [60-62]. Alpha-GPC is a safe, 

non-stimulating endurance-enhancing ergogenic 

supplement, and exhibited to improve memory, focus, 

learning, cognition, mood, and physiological 

performance in athletes [62]. Following administration of 

Alpha-GPC, choline and growth hormone secretion, and 

hepatic fat oxidation significantly increased. Alpha-GPC 

was shown to boost endurance and performance, while 

preventing the reduction of choline levels [63-64]. 

The Prodosomed TRCAP21 is a proprietary 

formulation (Figure 1) comprised of D-ribose 

nicotinamide, alpha-GPC and four botanical extracts rich 

in a diverse range of phytoceutical components, including 
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phytosaccharides, theobromine, (and other 

dimethylxanthines viz. paraxanthine and theophylline), 

amino acids, gallic acid, guanidine, isobutyric acid, B-

vitamins, vitamin C, nitric oxide, chlorogenic acid, ellagic 

acid, triterpenes and pentacyclic triterpenoid acids, 

saponins (such as gypenosides), and alcohols, including 

ursolic acid (0.7–1%) and amyrin esters (up to 0.5%), 

betulinic acid; bioactive phenolic compounds including 

anthocyanins (cyanidin-3-O-glucoside and delphinidin-3-

O-glucoside), flavonols (myricetin, quercetin), ellagic 

acid, ellagitannins, proanthocyanidins, and carotenoids 

(lutein, carotene, violaxanthin and luteoxanthin), etc., 

that collectively act to mitigate obesogenic factors and 

restore aerobic metabolism and normal physiological 

homeostasis [65].  

Overall, this unique and proprietary TRCAP21 

formulation technology exerted significant benefits and 

improvement in overall body composition in these nine 

volunteers as evident from the reduced anthropometric 

measurements of the chest, bicep, hips, thighs, and 

waist, as well as modest, varying, but noteworthy 

reductions in body weight. Energy levels, mood, and 

restful sleep were improved. Moreover, reduced 

appetite or appetite correction was reported by all 

subjects, and sugar cravings were also reduced. Overall 

health improved and no adverse events were reported.  

This pilot concept validation study motivated us to 

do a full-fledged IRB (Institutional Review Board)-

approved randomized, double-blind, placebo-controlled 

study, with clinicaltrials.gov approval (#NCT05283525), 

which is now in progress. 

 

CONCLUSION 

It has been difficult for any therapeutics/food 

supplements/nutraceuticals to make significant headway 

into the management of obesity owing to human being’s 

general insufficient physical activity and inherent craving 

for sweet, salty, fatty, tasty, and fried junk foods. As 

incidences of obesity and associated ailments continue to 

rise even faster, the need of the hour is to explore more 

unique and effective natural remedies instead of 

synthetic ones and use them in correct synergistic 

proportions to plan anti-obesity regimens and achieve a 

healthy and balanced lifestyle. Since the management of 

obesity also depends to a significant extent on the mental 

health and wellness of the affected person, it will be 

worthwhile to investigate the effect of the constituents 

of TrimRoxTM over the communication network of the 

Gut-Brain Axis [66], particularly on the associated 

microbiome to understand how nutraceuticals influence 

the complex human-microbe associations for ensuring 

optimal body homeostasis, both mentally as well as 

physically. 

 

List of Abbreviations: ACh: Acetylcholine; ADP: 

Adenosine diphosphate; Alpha-GPC: Alpha Glyceryl 

phosphoryl choline; ATGL: Adipose tissue triglyceride 

lipase; AMPK: Adenosine monophosphate-activated 

kinase; ATP: Adenosine triphosphate; BID: Twice a day 

BMI: Body mass index; BN: Billion; CHD: Coronary heart 

disease; CNS: Central nervous system; CPT: Carnitine 

palmitoyl transferase; CRP: C-Reactive protein; DNA: 

Deoxyribonucleic acid; ER: Estrogen receptor; FDA: Food 

and Drug Administration; GABA: Gamma amino butyric 

acid; GHG: 1,2-Di-O-galloyl-4,6-O-(S)-hexahydroxy-

diphenoyl-β-D-glucose; GL: Guayusa (Ilex guayusa Loes.) 

leaves; GP: Gynostemma pentaphyllum; GRAS: Generally 

recognized as safe; GSH: Glutathione; Hb: Hemoglobin; 

IBD: Inflammatory bowel disease; IRB: Institutional 

review board; MD: Myrciaria dubia (also known as Camu 

Camu); NAD+: Nicotinamide adenine dinucleotide+; 

NADH: Nicotinamide adenine dinucleotide (NAD) + 

hydrogen (H); OID: Once a day; PT: Purple tea; ROS: 

about:blank


Functional Foods in Health and Disease 2022;12(4): 134-150                           FFHD                               Page 147 of 150 
 

Reactive oxygen species; T1D: Type 1 diabetes mellitus; 

T2 or 3,5-T2z; 3,5-Diiodothyronine; T2D: Type 2 diabetes 

mellitus; T3: Triiodothyronine; T4 or thyroxine: 

Tetraiodothyronine; UCP-1: Uncoupling protein-1 
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A B S T R A C T   

Biohydrogen (BioH2) is a low-carbon fuel with high energy efficiency. Although it can be produced using various 
technologies, the biological method has been deemed more sustainable and economically feasible. Extensive 
research has also led to identifying of lignocellulosic feedstocks (LCFs) as the highly abundant and renewable raw 
material for BioH2 production. Although there are many hurdles, the use of microbes-dependent processes for 
BioH2 production could bring down the operational cost and waste produced, and is efficient enough to meet 
future energy demands. In this review, the latest developments made in recent years regarding the biological 
conversion of LCFs to BioH2 are discussed. The microorganisms involved in the technologies of biological pre-
treatment, photo- and dark fermentation are presented. The recent developments made with genetic engineering 
and other factors (like pH, temperature, external additives, and nanomaterials) for enhancing the BioH2 pro-
duction from microorganisms using the LCFs are discussed in detail. Each parameter has been explored and 
analysed to highlight its effects on maximizing hydrogen yield and enhancing the production rate. This aims to 
contribute to the ongoing research about the potential of these individual parameters to improve Bio-
H2production. Furthermore, future perspectives on integration and improvement required to enhance the 
lignocellulosic-biohydrogen production process are also reviewed.   

1. Introduction 

The global rise in population and economic development has put an 
unprecedented demand on energy supply. Improvement in human 
civilization and advancement in technology has more than doubled 
energy consumption per capita. The rise in energy demand is set to in-
crease by 50% by the year 2030 and has put a strain on fuel sources that 
are becoming unable to keep up with the consumer demand in the public 
market and the industry [1]. Since the early dawn of industrialization, 
fossil fuels have played the role of the sole supplier for meeting our 
energy needs. Over the years, our growing dependency on fossil fuels has 
led to over-exploitation of the non-renewable resources causing deple-
tion of the fossil fuel reserves and thereby dwindling the availability of 
the fuels. Moreover, scientists have identified fossil fuels as one of the 
main contributors to global warming [2]. The increasing CO2 concen-
tration in the atmosphere due to fossil fuels has led to adverse envi-
ronmental effects and has resulted in climate change [3]. With the 
escalation in weather catastrophes and rise in geopolitical conflicts, 

policymakers and scientists have now understood the danger of relying 
solely upon fossil fuels and therefore have commenced looking for al-
ternatives that can ultimately replace fossil fuels and meet our rising 
energy demands [4]. 

Renewable energy sources have proved to be a highly viable alter-
native that can help curb carbon emissions and greenhouse gases 
released due to the utilization of fossil fuels. Scientists have claimed that 
the use of renewables can help protect the environment and assist in 
achieving energy security for the masses and ultimately give rise to a 
sustainable economy [5]. The major types of renewables that have 
gained popularity over the years include solar, wind, hydropower, and 
geothermal energy. The use of renewables has increased most predom-
inantly in the electricity and transport sectors. However, the lack of 
advancement in the prerequisite technology required for extensive 
adaptation of the energy sources has halted the growth of the renewable 
energy sector [6]. However, another renewable resource that has slowly 
risen to prominence and has been used significantly is biofuels. 
Compared to other renewable sources, biofuels have found more 
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acceptances and have seen a rapid surge in their overall production 
especially in developed countries. Extensive research into optimizing 
and increasing the production efficiency of biofuels has made it one of 
the most consumed renewable energy resources [7]. 

Biofuels include fuels derived from biomasses and their residuals; 
containing energy acquired from atmospheric carbon fixation [8]. The 
ability to produce biofuels from various biomasses has made them 
highly accessible, reliable, and sustainable fuels. Moreover, properties 
exhibited by the biofuels with the likes of high energy content, low 
emissions of greenhouse gases with little to zero harmful effects pro-
duced on the environment has made them the most likely to replace 
fossil-derived fuels [9]. Biofuels, which are net-zero carbon emitters, 
have been categorized into four different types based on the feedstocks 
from which they are derived and their availability in the near future [1]. 
The development and production of ‘First generation’ biofuels provides 
CO2 benefits as well as encompasses the ability to blend with petroleum- 
based fuels partially, but the use of food crops such as sugarcane, corn, 
soya bean, and others have raised concerns with increasing food prices, 
competition in land use and effects on biodiversity along with the ‘food 
vs. fuel’ debate [10]. In comparison, ‘Second generation’ biofuels, 
although derived from plant biomass, primarily include lignocellulosic 
feedstocks such as agricultural and forestry residues, which are among 
the cheapest non-food materials available from plants in abundance. The 
use of lignocellulosic feedstocks provides several advantages, including 
complete replacement of petroleum-sourced fuels, non-existent compe-
tition with food sources, and rapid technological advancement that can 
ultimately reduce the overall costs of conversion and production of these 
‘Second generation’ biofuels [11].‘Third generation’ biofuels are pro-
duced from algal biomass with a short harvesting cycle and high growth 
rate and require much lesser and simpler processing techniques for a 
much higher yield of the finished product [12]. Whereas ‘Fourth gen-
eration’ biofuels involve genetically modified algal biomass with fea-
tures properties like improved photosynthetic efficiency, increased light 
penetration ability and significantly reduced photoinhibition, to achieve 
enhanced production of biofuels [13]. Some of the most common bio-
fuels used most excessively and in high demand include bioethanol, 
biodiesel, biohydrogen, biogas and other synthetic biofuels [14]. 

In the past decade, biohydrogen (BioH2) has become one of the most 
promising low-carbon alternative fuels derived from renewable and 
sustainable energy sources [15]. Among all the other biofuels, BioH2 is 
considered one of the cleanest fuels with high energy efficiency. BioH2 
can be easily produced from various types of waste biomass and other 
feedstocks. However, one of the significant problems that have plagued 
BioH2 production is its low yield [16]. Various biological processes have 
been used over the years for improved BioH2 production. Integration of 
microorganisms has been the most effective way to boost bioprocessing 
efficiency and enhance BioH2 production. The BioH2 produced has the 
highest energy density, produces no pollution, and has no negative 
impact on the environment [17]. The market demand for BioH2 has gone 
up steadily over the past few years and has received widespread atten-
tion as a next-generation energy carrier [18]. 

Recently, many studies have been carried out with a vast array of 
microorganisms by fixating on utilizing their metabolic and enzymatic 
activities to enhance BioH2 production. Remarkably, one of the common 
factors that have linked them all is using lignocellulosic feedstocks 
(LCFs) as the substrate. Many previous reviews have discussed general 
BioH2production from LCFs using different pretreatments as well as 
through photo- and dark fermentation and other hydrogen production 
pathways. However, to the best of our knowledge, the review based on 
enhancing BioH2 production utilizing and alternating different proper-
ties of microorganisms in the presence of LCFs as the substrate has been 
sparse. As a result, with this current review article we hope to provide an 
in-depth understanding and contribute a better insight into the process 
of enhanced BioH2 production from LCFs. This review article will focus 
on the different LCFs used for BioH2 production with a brief introduction 
to the properties and characteristics of the biofuel itself. The variety of 

microorganisms used in the production process, from biological pre-
treatment to different fermentation techniques, will be summarized and 
actions taken to enhance microbially assisted BioH2 production will be 
discussed in detail. 

2. Biohydrogen – a novel renewable energy resource 

Hydrogen is one of the most abundant elements on the planet formed 
from water under natural conditions and is a non-toxic, colourless, 
odourless, and highly combustible gas in normal atmospheric conditions 
[19]. Along with being the lightest element, hydrogen produces water 
vapour during combustion and is highly efficient in its conversion to 
produce energy [20]. The clean and green nature of hydrogen has made 
it especially valuable in the electric and transportation sector. In addi-
tion, hydrogen has also found its use in various applications in the 
chemical industry, oil refineries, and other industrial processes. Glob-
ally, hydrogen is mostly produced using conventional processes that 
involve electrical, thermal, and biochemical methods and are extracted 
from fossil fuels like methane, oil, and coal [21]. 

With the shift to renewables and introduction of waste-to-energy 
technologies, synthesis of BioH2 has become an increasingly lucrative 
and sustainable option. A large amount of organic waste biomass 
generated every year has attracted scientists’ attention to develop 
methods to convert these natural biological energy sources into chemi-
cal energy [22]. Different technologies involving physical, chemical and 
biological processes have been investigated. Biological processes 
include the use of microorganisms to carry out reactions like pretreat-
ment and fermentation (photofermentation and dark fermentation) 
[23]. The microorganisms used have their unique characteristics and the 
ability to decompose the complex waste and produce BioH2 simulta-
neously. Developing and utilizing the biological methods is highly cost- 
effective for industrial production of BioH2 and is the most significant 
way to reduce and eliminate the use and production of hazardous 
chemicals during the designing, manufacturing and application process 
[24]. 

3. Lignocellulosic feedstocks – potentially sustainable sources 
for biohydrogen production 

The utilization and growing demand for biofuels have generated 
widespread interest in a biomass-based economy. Biomass has been one 
of the most attractive and sustainable renewable resources that can be 
obtained from plants, animals, and microorganisms and used to produce 
biofuels. These carbon-based feedstocks have the capacity to replace the 
current fossil-fuel based energy systems and the petrochemical products 
required for various applications across the industry [25]. 

Lignocellulosic biomass has been the most promising feedstock for 
the production of eco-friendly biofuels, biochemicals as well as car-
bon–neutral bio-materials [26]. It is a renewable woody feedstock and a 
highly abundant terrestrial plant biomass, which consists of non-edible 
plant materials and therefore produces no competition with food crops 
and agricultural lands. LCFs are harvested mainly from agricultural and 
forestry residues, although different industrial and municipal wastes 
also provide other potential sources [27]. 

Different types of LCFs exhibit different types of characteristics with 
regards to their appearance and strength, but they are mainly composed 
of three basic components which make up approximately 90% of their 
dry weight. These are the homopolymeric cellulose (35–55 wt%), het-
eropolymeric hemicellulose (20–40 wt%), and lignin (10–25 wt%) 
(Fig. 1. The lignocellulosic polymers are linked with each other and form 
a mesh-like network through the formation of specific bonds between 
them, and play a role in providing both the physical appearance and the 
strength of the various LCFs [28]. The main component cellulose is a 
crystalline polysaccharide made up of D-glucose subunits linked 
together by β − 1,4 glycosidic bonds, van der Waals forces and hydrogen 
bonds. It is one of the most abundant organic polymers available on 
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earth and forms the basic building subunit of the plant cell walls. The 
long unbranched polymeric chains that makeup cellulose readily form 
microfibril structures that remain packed together with inter- and intra- 
molecular hydrogen bonding, allowing the formation of either a crys-
talline or amorphous structure. In comparison, hemicellulose is a com-
plex and branched polysaccharide made up of heterogeneous mixtures 
of hexoses, pentoses and sugar acids which are all linked together by the 
much weaker α- and β-glycosidic bonds. The composition of this com-
plex carbohydrate varies from hardwood to softwood structures, and is 
mainly responsible for forming cross-links with the cellulosic microfi-
brils and lignin. The final component which completes the structure of 
LCF is lignin – a recalcitrant heteropolymer composed of phenyl-
propanoid subunits linked together by aryl-ether (C-O-C) and carbon-
–carbon (C–C) bonds to various quantities. It is made up of three 
monolignol monomers, namely p-coumaryl alcohol, coniferyl alcohol 
and sinapyl alcohol, which together are responsible for the formation of 
lignin precursors which are p-hydroxyphenyl, guaiacyl and syringyl 
units that constitutes the phenylpropane subunits. The branched, poly-
meric and cross-linked structure of lignin provides structural rigidity 
and impermeability to the entire lignocellulosic polymer, therefore 
making it extremely hard to extract the cellulose and hemicellulose for 
the production of fermentable sugars [29-31]. 

Recently, LCFs have been adopted for biohydrogen production due to 
the presence of a high concentration of carbohydrates in the form of 
cellulose and hemicellulose. The most common LCFs used are corncobs, 
corn stover, corn stalk, switchgrass, rice straw, sugarcane bagasse, and 
wheat straw (Table 1 [29,31]. However, the complexity of the LCFs 
prevents the utilization of the lignocellulosic materials, making it 
impossible to produce BioH2. Therefore, in order to digest or remove the 
lignin polymer, and increase the digestibility of the cellulose and 
hemicellulose during fermentation, several pretreatment processes 
including physical, chemical and biological methods have been devel-
oped. Physical pretreatment operations are costly and require a high 
energy input, whereas chemical methods requires not only hazardous 
chemicals but also produces toxic compounds that have a negative 
impact on the environment. In comparison, biological pretreatment 
process involves microorganisms and utilizes the enzymatic hydrolysis 

of lignin which is more efficient and needs low energy input and has 
ultimately proven to be a cost-effective method with a wide range of 
applications and a higher yield of the final product [32]. The removal of 
the lignin polymer by the naturally occurring microorganisms not only 
help in the production of lignocellulosic BioH2 after proper fermentation 
reactions but also help in the production of several value-added 
products. 

4. Lignocellulosic biohydrogen production process 

The less energy intensive and environment friendly properties have 
made the biological process for BioH2 production to be highly beneficial. 
The utilization of microorganisms and their natural biochemical ma-
chinery has been proven to play an important role in the bioconversion 
of LCFs to BioH2. The biological processes employed during BioH2 
production include the biological pretreatment process followed with 
either a photofermentation (PF) or dark fermentation (DF) reaction 
(Fig. 2. Table 2 summarizes the major differences between the three 
biological processes that are employed for lignocellulosic BioH2 
production. 

Fig. 1. Components of lignocellulosic feedstocks and the primary classes of products generated on hydrolysis.  

Table 1 
Composition of some common lignocellulosic feedstocks used for biohydrogen 
production.  

Lignocellulosic 
feedstocks 

Lignin 
(wt%) 

Cellulose 
(wt%) 

Hemicellulose 
(wt%) 

Ash 
(wt 
%) 

Extractives 
(wt%) 

Corncobs 15 45 35  –  – 
Corn stover 18 40 22  –  – 
Rice straw 18 32.1 24  –  – 
Sugarcane 

bagasse 
20.8 42.4 35.3  1.6  – 

Switchgrass 5–20 30–50 10–40  4.5  – 
Wheatstraw 16.3 39.1 24.1  1.3  19.2  
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4.1. Biological pretreatment 

In biological pretreatment, ligninolytic microorganisms or enzymes 
are used for the depolymerization of LCFs. This first step towards BioH2 
production acts as a precursor to the subsequent hydrolysis and 
fermentation reactions. Biological pretreatment of biomass primarily 

involves four distinct techniques, such as (i) pretreatment using micro-
organisms (e.g., fungal and bacterial), (ii) pretreatment using microbial 
consortium, (iii) ensilaging, and (iv) pretreatment using enzymes [33]. 
The microorganisms that are utilizedde polymerize lignin by secreting 
extracellular ligninolytic enzymes involved in catalysing various 
biochemical reactions. The microbial inoculum subsequently grows on 

Fig. 2. Different pathways of photo- and dark fermentation that are involved in biohydrogen production from lignocellulosic feedstocks.  

Table 2 
Comparison between different lignocellulosic biohydrogen production processes.  

Characteristics Biological pretreatment Photofermentation Dark fermentation 

Main substrates Lignin and hemicellulose Sugars and volatile fatty acids Carbohydrates, proteins and glycerol 
Key enzymes Ligninolytic and cellulolytic enzymes Hydrogenase and nitrogenase 

enzyme systems 
Only hydrogenase enzyme system 

End products Degradation of lignin and hemicellulose Hydrogen and carbon dioxide Hydrogen, carbon dioxide, organic acids and alcohol 
Maintenance of 

continuous 
operation 

Easy Difficult Easy 

Operational cost For whole cell – LowFor enzymatic - High High Medium 
Types of 

microorganisms 
Cellulolytic bacteria, ascomycetes and basidiomycetes fungi Photosynthetic bacteria Fermentative bacteria 

Examples of 
microorganisms 

Cellulolytic bacteria - Cellulomonas fimi and Thermomonospora 
fusca, ligninolytic bacteria - Azospirillum lipoferum and Bacillus 
subtilis, ascomycetes fungi -Aspergillus sp., Penicillium sp., and 
Trichoderma sp., basidiomycetes fungi - Schizophyllum sp., and 
Fomitopsis palustris 

Rhodobium sp., Rhodobacter sp., 
Rhodospirillum sp., and 
Rhodopseudomonas sp. 

Clostridium sp., such as C. butyricum, C.acetobutylicum, 
C. beijerinckii, and C. thermocellum, and lactic acid 
bacteria such as Cellulomonas, Klebsiella pneumoniae 

Advantages Whole cell  
• Low energy input required  
• Economically friendly 
Enzymatic  
• Inhibitor generation is negligible  
• No harsh conditions required  

• A broad spectrum of light 
energy is used  

• Has the ability to use a wide 
variety of substrates  

• No external light energy is required for hydrogen 
production  

• Different carbon sources can be used as substrates  
• Produces highly valuable metabolites as by- 

products 

Disadvantages Whole cell  
• Rate of hydrolysis is low  
• Presence of contamination proves to be problematic 
Enzymatic  
• Catalytic activity is slow  
• Inhibition of substrate and product cause problems  

• Light conversion efficiency is 
low  

• Oxygen acts as a strong inhibitor 
of hydrogenase enzyme system  

• High energy input is required  
• Large amounts of by-products are produced  
• Final gas produced contains carbon dioxide which 

needs to be separated  
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the biomass and ultimately results in lignin degradation. However, the 
incubation time and depolymerization rate varies from microbes to 
microbes and sometimes ranges from weeks to months [32]. In order to 
avoid this, enzymes are purified from bacteria and fungi, which are then 
used directly for the pretreatment technique. Although, enzymatic 
production and optimization along with purification may prove to be 
costly, thus increasing the overall costs of the process. The use of mi-
crobial consortia greatly reduces the pretreatment time and is advan-
tageous due to improved hydrolytic efficiency, high adaptability, and 
increased substrate utilization rate. The synergistic action of the en-
zymes produced from different species of bacteria and fungi together is 
particularly effective to bring about lignin degradation [34-36]. Ensi-
laging is another advanced technology developed for biological pre-
treatment which involves the use of anaerobic fermentation by lactic 
acid bacteria resulting in the breakdown of macromolecules producing 
different organic acids and preventing microbial contamination. But 
factors like biomass composition, microorganisms and dry matter con-
tent, greatly affect the final yield in the ensilaging process [33]. Bio-
logical pretreatment is a highly effective and efficient method, although 
more detailed investigation is required in order to decrease the overall 
time required for the process. 

Photofermentation 

PF is accomplished in the presence of sunlight with the help of 
anaerobic photosynthetic bacteria which mostly includes purple non- 
sulphur bacteria [34]. These bacteria facilitate the PF process by uti-
lizing the nitrogenase enzyme to produce hydrogen and carbon dioxide 
by metabolizing volatile organic acids. The photosynthetic bacteria only 
has photosystem I and uses external organic acids like acetate, lactate, 
malate, and butyrate, as suitable electron donors to produce hydrogen 
gas as shown in the following equation [35]: 

CH3COOH + 2H2O → 4H2 + 2CO2 
The nitrogenase enzyme catalyses the reaction of protons and elec-

trons with adenosine triphosphate (ATP) to produce ammonia, 
hydrogen, adenosine diphosphate (ADP) and inorganic phosphate (Pi). 
The use of organic substrates has increased the applicability of the 
purple non-sulphur bacteria to a wide range of waste biomass for BioH2 
production [37]. These bacteria have the capacity to liberate almost 
100% of the electrons from the biomass in presence of light to generate 
hydrogen and carbon dioxide by using the nitrogenase enzyme system. 
In addition, advantages like high substrate conversion efficiency, great 
metabolic versatility and ability to withstand a wide range of light in-
tensity, has facilitated the use of the PF process for BioH2 production 
[38]. 

4.3. Dark fermentation 

DF is performed in the absence of sunlight by utilizing obligate or 
facultative anaerobes to produce hydrogen from organic substrates and 
waste biomass [35]. Pretreatment of biomass followed by hydrolysis 
produces reducing sugars which are used as substrates for the anaerobic 
production of hydrogen, and other high-value intermediates such as 
carbon dioxide, organic acids, and alcohol [39]. The hydrogenase 
enzyme system carries out the oxidation of electrons along with subse-
quent reduction of protons to produce hydrogen [40]. Pyruvate is a key 
metabolite produced during the anaerobic fermentation process for 
hydrogen generation, which can be further enzymatically converted to 
acetyl CoA. Other notable metabolites produced in the fermentation 
process are acetic acid and butyric acid alongside the hydrogen gas [41]:  

C6H12O6 + 2H2O 2CH3COOH + 2CO2 + 4H2                                          

In comparison to PF, DF is highly advantageous as it is inexpensive, 
requires less maintenance, with no light source, and requires smaller 
bioreactors [37]. However, a major stumbling block in this fermentation 

process has been the substrate’s organic load, which is not fully con-
verted during the reaction process, thus resulting in a low hydrogen 
yield [39]. 

5. Engineering of microorganisms for enhanced biohydrogen 
production 

LCFs have always been deemed as the most sustainable source for the 
generation of BioH2. Moreover, the integration of microorganisms for 
successful hydrolysis and fermentation of LCFs has received tremendous 
attention in the recent years in order to boost BioH2 production in an 
economically cost-effective way (Fig. 3. This is why it is highly essential 
to focus on the wild type and recombinant microbial strains responsible 
for the efficient bioprocessing of LCFs to BioH2. 

5.1. Biological pretreatment 

In the biological pretreatment method, the cellulose and hemicellu-
lose counterparts in the biomass get hydrolysed into monomeric sugars 
and simultaneously degrade the lignin polymer. Microorganisms used 
solely for the biological process secretes a wide range of enzymes that 
fall into three categories: cellulolytic, hemicellulolytic, and ligninolytic 
enzymes. Mainly ascomycetes and basidiomycetes fungi and several 
bacteria have been identified to possess the enzymes required for the 
hydrolysis of LCFs [42]. 

The most common bacterial strains which have proved to be highly 
efficient in the pretreatment process belongs to the Clostridium sp., 
Cellulomonas sp., Bacillus sp., Thermomonospora sp., and Streptomyces sp., 
etc. Some notable cellulolytic bacteria that have been extensively 
studied for their high cellulase production are Cellulomonas fimi and 
Thermomonospora fusca. Other bacterial strains such as Azospirillum lip-
oferum and Bacillus subtilis have been identified to produce the lig-
ninolytic enzyme laccase which can carry out lignin depolymerization 
[32]. Recently, there has been an increased interest in screening for 
extremophiles due to their much faster pace of BioH2 production from 
LCFs [43]. The newly isolated thermophilic strain Thermoanaer-
obacterium sp. strain F6 produced 1822.6 and 826.3 mL H2/L of 
hydrogen using corn cob and sugarcane bagasse respectively [44]. 
Another study utilized a thermophilic consortium consisting of Ther-
moanaerobacterium sp., Clostridia sp., and Geobacillus sp., for production 
of BioH2 from prairie cordgrass. Optimized treatment conditions of the 
biomass by the consortium increased the hydrogen production from 
1.07 mmol H2/g to 2.2 mmol H2/g of the biomass [45]. 

In addition to bacteria, fungi also possess distinct lignocellulolytic 
enzymes for LCFs degradation. The various species of fungi used for 
biological pretreatment includes ascomycetes (e.g. Aspergillus sp., Peni-
cillium sp., and Trichoderma sp.) as well as basidiomycetes (e.g. Schizo-
phyllum sp., and Fomitopsis palustris) [32]. The most studied ligninolytic 
enzymes producing fungi are Phanerochaete chryosporium and Pleurotus 
sp. Fungi have been really useful for their ability to degrade the lignin 
polymer directly without any help. Several mixed cultures of fungi have 
been grown together in order to increase the lignin depolymerization 
rate [46]. The extracellular production of most enzymes has led to the 
utilization of crude enzyme lysates and pure enzymes directly onto the 
LCFs. Newly identified thermostable laccase from the fungus Tricho-
derma asperellum strain BPLMBT1 has been able to remove approxi-
mately 76.93% of lignin from sweet sorghum stover biomass resulting in 
402.01 mL of BioH2 production, which was found to be 3.26-fold higher 
in comparison to control which didn’t have any form of enzymatic 
pretreatment [47]. Overall, biological pretreatment has turned out to be 
an increasingly attractive and sustainable process for BioH2 production. 

5.1.1. Use of different additives 
Decreasing the microbial treatment time and simultaneously 

increasing the final yield of BioH2 has always been the main focus of the 
biological pretreatment process. This has resulted in the addition of 
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different types of additives ranging from chemical to biological along 
with the microbes during the pretreatment method for rapid degrada-
tion of the LCFs in order to produce biohydrogen (Table 3. 

In a study, a combination of sodium carbonate and sodium sulphide 
was used along with the crude enzyme lysate produced by the Strepto-
myces sp. MDS for the pretreatment of sugarcane bagasse. This not only 
resulted in a higher yield of reducing sugars amounting to 592 mg/g but 
subsequent hydrolysis using the microbial strain Clostridium beijerinckii 
KCTC1785 led to a cumulative hydrogen production of 1485 mL/L with 
a production rate of 61.87 mL/L/h [48]. Cumulative addition of 0.75% 
Triton X-100 and 15 mM of sodium carbonate with the bacterium 
Clostridium thermocellum ATCC 27,405 utilizing waste date seeds as the 
substrate, led to a 40.6% increase in the total hydrogen yield [49]. In 
another study, a co-culture formed between the hydrolytic microbe 
Clostridium cellulovorans and the fermentative microbe Clostridium ace-
tobutylicum led to a 2- to 3-fold improvement in BioH2 production using 
wheat straw as substrate [50]. 

Another enhancement study involved the use of microorganisms 
present in bovine ruminal fluid in presence of Clostridium acetobutylicum 
resulting in the yield of greater than 40 g/L glucose from agave biomass 
ultimately leading to a total yield of 150 L of hydrogen per Kg of the 
biomass [51]. In comparison, corncob treated with 2% sulphuric acid 
before the addition of bovine ruminal fluid with Clostridium acetobuty-
licum were able to produce 575 mL of hydrogen which was equivalent to 
132 L H2/Kg of biomass [52]. Hydrogen production from the organic 
fraction of the municipal solid waste pretreated with Bacillus subtilis in a 
combination of bacteria/sludge ratio of 0.25 led to a volumetric 
hydrogen production of 564.4 ± 10.9 mL [53]. The thermophilic bac-
terium Thermoanaerobacterium thermosaccharolyticum W16 was used for 
the pretreatment of corn stover hydrolysate by mixing the inoculum 

with three different types of seed sludge – which were rotten corn stover, 
cow dung compost and sludge from anaerobic digestion. Hydrogen yield 
increased from 8.78 to 9.17 mmol H2/g utilized sugar in presence of 
rotten corn stover, 8.18–8.42 mmol H2/g utilized sugar in presence of 
cow dung compost, and 8.55–9.17 mmol H2/g utilized sugar in presence 
of sludge. Analysis on the microbial communities that dominated this 
different sludge turned out to be mostly Thermoanaerobacterium spp. and 
Clostridium spp. which are predominantly responsible for BioH2 pro-
duction [54]. Moreover, a combination of the thermo-anaerobic bacteria 
Ruminiclostridium thermocellum strain M3 with domestic sewage sludge 
increased the cumulative hydrogen production in a variety of LCFs like 
rice straw (0.66–6.42 mmol H2/g substrate), corncob (0.61–5.55 mmol 
H2/g substrate), and pine wood waste (0.58–5.32 mmol H2/g substrate) 
[55]. 

5.2. Photofermentation 

In PF, BioH2 production is carried out by the purple non-sulphur 
photosynthetic bacteria which grows under anaerobic or microaerobic 
conditions, and has the capacity to use a wide range of organic com-
pounds as their substrates. The most common photosynthetic bacteria 
used for BioH2 production belongs to the Rhodobium sp., Rhodobacter sp., 
Rhodospirillum sp., and Rhodopseudomonas sp., out of which the Rhodo-
bacter species have been extensively studied and widely used for pho-
tofermentative hydrogen production [56-58]. 

In a recent study, Rhodobacter sphaeroides was used for BioH2 pro-
duction by photofermentation using brewery waste. It was observed that 
R. sphaeroides had a higher growth rate in the presence of diluted 
brewery waste which resulted in a ~ 2.5 fold increase in hydrogen 
production [59]. Use of Rhodopseudomonas pseudopalustris DSM 123 on 

Fig. 3. General bioconversion processes and the microorganisms employed for biohydrogen production.  
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Table 3 
Summary of different additives used for enhancing biohydrogen production.  

Microorganisms Lignocellulosic feedstock Additives Productivity References 

Increase in 
biohydrogen 
production 

Final yield of 
biohydrogen 

Biological pretreatment 
Streptomyces sp. MDS followed with dark 

fermentation by Clostridium beijerinckii KCTC1785 
Sugarcane bagasse Sodium carbonate and 

sodium sulphide 
– 0.733 mmol H2/g of 

sugarcane bagasse 
[48] 

Clostridium thermocellum ATCC 27,405 Waste date seeds 0.75% Triton X-100 and 
15 mM of sodium 
carbonate 

~40.6% 146.19 mmol/L [49] 

Co-culture between the hydrolytic microbe 
Clostridium cellulovorans and the fermentative 
microbe Clostridium acetobutylicum 

Wheat straw Microbes had a 
inoculation ratio of 5:3 

~2–3 fold 128 mL/L [50] 

Clostridium acetobutylicum Agave biomass Bovine ruminal fluid – 150 L H2/Kg of 
biomass 

[51] 

Clostridium acetobutylicum Corncob 2 % sulphuric acid – 132 L H2/Kg of 
biomass 

[52] 

Bacillus subtilis Organic fraction of municipal 
solid waste 

Bacteria/sludge ratio used 
was 0.25 

– 1.61 L H2/L of 
substrate 

[53] 

Thermoanaerobacterium thermosaccharolyticum W16 Corn stover hydrolysate Rotten corn stover 
Cow dung compost 
Sludge 

– 8.78 – 9.17 mmol 
H2/g utilized sugar 
8.18–8.42 mmol H2/ 
g utilized sugar 
8.55–9.17 mmol H2/ 
g utilized sugar 

[54] 

Ruminiclostridium thermocellum strain M3 Rice straw 
Corncob 
Pine wood waste 

Domestic sewage sludge – 0.66–6.42 mmol H2/ 
g substrate 
0.61–5.55 mmol H2/ 
g substrate 
0.58–5.32 mmol H2/ 
g substrate 

[55] 

Photofermentation 
Rhodopseudomonas palustris – Acetate 

Butyrate 
Lactate 

– 1.58 mol H2/mol 
4.92 mol H2/mol 
2.57 mol H2/mol 

[67] 

Rhodobacter sphaeroidesMDC6521 – Succinate and acetate ~2–3 fold ~6.5 mmol H2/g of 
biomass 

[68] 

HAU-M1 microbial consortium Duckweed and corn straw 
biomass 

Carbon to nitrogen ratio 
(5:1) 

– 85.6 mL/g of 
biomass 

[69] 

HAU-M1 microbial consortium Cornstalk Potassium phosphate 
buffer (pH 6.5) 

– 23.96 mL/h [70] 

HAU-M1 microbial consortium Cornstalk Sodium phosphate buffer 
(pH 6) 

– 132.69 mL/g of corn 
stalk 

[71] 

Rhodopseudomonas palustris ATH 2.1.37 – 40◦ C ~4 fold 11.0 ± 0.9 mL/h  [72] 
HAU-M1 microbial consortium Cornstalk Zeolite 

(0.2 g/g of cornstalk) 
Kieselguhr (0.2 g/g of 
cornstalk) 

~33.33% 
~15.93% 

160.4 ± 2.7 mL/g of 
cornstalk  

[73] 

HAU-M1 microbial consortium Arundo donax L. Glycerol (15 g/L) ~294% – [74] 
HAU-M1 microbial consortium Corn straw Basalt fiber ~5.23% 323.94 mL [75] 
Rhodopseudomonas palustris CGA009 Hydrolysate of brewers spent 

grain 
Syringaldehyde (0.03 g/L) ~1.4 fold 960 mL [76] 

HAU-M1 microbial consortium Corn straw Nano-TiO2(300 mg/L) ~27.9% – [77] 
Dark fermentation 
Clostridium thermosaccharolyticum Sweet sorghum stalks Dilute sulphuric acid ~76% hydrogen, 

~84% acetic acid, 
~113% butyric 
acid 

5.77 mmol/g 
substrate, 
2.17 g/L acetic acid, 
2.07 g/L butyric acid 

[86] 

Clostridium sp. Lolium perenne L. FeSO4 (400 mg/L) ~49.6% 72.8 mL/g-dry grass [87] 
Lachnospiraceae Pretreated sugarcane bagasse Biochar ~317.1% – [88] 
Thermoanaerobacterium thermosaccharolyticum M18 Cornstalk Biochar, derived from 

residue cornstalk 
– 286.1 mL H2/g 

substrate 
[89] 

Clostridium and Lactobacillus, Blautia and 
Propionibacterium 

80% tequila vinasse and 20% 
nixtamalization wastewater 
(w/w) 

pH reduced from 6.5 to 5.8 ~17% – [90] 

Anaerobic granular sludge used as the microbial 
source 

Hydrolysate of Agave tequilana 
bagasse 

Activated carbon(1% p/v) ~33% – [91] 

Enterobacter cancerogeous HG6 2AandEnterobacter 
homaechei 83 at a ratio of 0.9:1 

– Activated carbon ~259% – [92] 

Enterobacter aerogenes Date-palm fruit wastes Fe3O4 nanoparticles ~3 fold 238.7 mL/g of 
substrate 

[95]  
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tequila vinasses produced 860 mL H2/L during PF reactions [60]. Single- 
stage PF process carried out with Rp. palustris on the sucrose-based 
wastes i.e. sugar beet molasses have a maximum of hydrogen produc-
tivity of 0.55 mmol/L h [61]. Newly isolated R. capsulatus produced a 
hydrogen yield of 1.96 mol H2/moles sugar under optimized conditions 
using raw sugarcane bagasse as the main feedstock [62]. A novel 
photosynthetic bacterial strain identified as Rubrivax benzoatilyticus 
TERI-CHL1 produced 86.4 mmol/L of cumulative hydrogen under 
optimized conditions from spent effluent with a 75% H2 yield efficiency 
[63]. 

A co-culture of photosynthetic bacteria containing Rs. rubrum, 
R. capsulatus and Rp. palustris produced hydrogen with a maximum yield 
of 642 ± 22 mL using starch based agricultural residues as substrates 
[64]. Utilizing the cellulolytic bacterium, Cellulomonas fimi in combi-
nation with Rp. palustris on low-cost cellulosic substrate generated 
hydrogen with a yield of 44 mmol H2/L at the highest substrate con-
centration of 5 g/L [65]. A mixed consortium of photosynthetic bacteria 
containing 27% Rs. rubrum, 25% Rp. capsulate, 28% Rp. palustris, 9% 
R. sphaeroides, and 11% R. capsulatus(HAU-M1), was used for hydrogen 
production from corn stover biomass with separate saccharification 
photofermentation (SSP) and separate hydrolysis photofermentation 
(SHP) methods. The consortium gave a hydrogen yield of 83.87 mL H2/g 
corn stover with SSP method that was 27.8% higher than that of SHP 
[66]. 

5.2.1. Use of different additives 
Extensive research into several photosynthetic bacteria has revealed 

that crucial factors like pH, lighting conditions, substrate concentra-
tions, chemical and biological additives, and different biological pre-
treatment conditions, enhances BioH2 production via the PF process 
utilizing LCFs (Table 3. 

A study reported that the photosynthetic bacteria Rp. palustris 
mediated hydrogen production was affected in presence of different 
lighting conditions and a variety of carbon sources. Incandescent light 
led to an increased rate of cell growth followed by enhanced hydrogen 
yields of 1.58, 4.92 and 2.57 mol H2/mol when acetate, butyrate and 
lactate were respectively used as carbon sources [67]. In comparison, a 
mixture of succinate and acetate as a carbon mixture with the bacterium 
R. sphaeroides MDC6521 enhanced the hydrogen production approxi-
mately ~ 2–3 fold with a cumulative yield of ~ 6.5 mmol H2/g of 
biomass [68]. Co-digestion of duckweed and corn straw biomass with 
the HAU-M1 microbial consortium in the presence of a high carbon to 
nitrogen ratio (5:1) enhanced the final hydrogen yield from 78 mL/g of 
biomass to 85.6 mL/g of biomass [69]. 

Change in pH also has an effect on photofermentative hydrogen 
production. The HAU-M1 consortium produces hydrogen from biomass 
in presence of potassium phosphate buffer with pH values ranging from 
5 to 7. pH 6.5 produced the maximum hydrogen production rate that 
was 23.96 mL/h in comparison to the rate of 5.59 and 5.42 mL/h pro-
duced in presence of pH 5 and 7.5 respectively [70]. In comparison, a pH 
6 sodium phosphate buffer led to an increase in conversion efficiency by 
9.84% with a hydrogen yield of 132.69 mL/g of corn stalk using the 
HAU-M1 consortia [71]. In another study, increasing the temperature 
optima of a Rp. palustris strain to 40 ◦C enhanced the hydrogen pro-
duction upto ~ 4 fold as compared to 300C [72]. Addition of the cata-
lysts zeolite and kieselguhr separately to the HAU-M1 consortia 
increased the hydrogen yield from corn stalk by 33.33% and 15.93% 
respectively, in comparison to control [73]. A correlation was also found 
between glycerol addition and hydrogen production in HAU-M1 con-
sortia. Utilizing Arundo donax L. as a substrate, the consortia enhanced 
hydrogen production by 294% in presence of 15 g/L of optimal glycerol 
concentration [74]. Even the presence of basalt fiber has been observed 
to promote bacterial growth and enhanced the bioconversion rate of 
corn straw by 5.23% with a maximum hydrogen yield of 323.94 mL 
[75]. Another study reported, the addition of compounds such as 
syringaldehyde (0.03 g/L) to steam explosion hydrolysate of brewers 

spent grain in the fermentation media of Rp. palustris CGA009 enhanced 
BioH2 production by 1.4 fold to 960 mL, in contrast to vanillin- 
containing media [76]. 

Addition of the photocatalyst nano-TiO2 (300 mg/L) to the HAU-M1 
consortia produced significant effects on the photo-fermentative 
hydrogen production from corn straw. Nano-TiO2 promoted the meta-
bolism of butyric acid and acetic acid and reduced the concentration of 
intermediary products. This resulted in an increase in the cumulative 
hydrogen volume by 32.6% along with the maximum hydrogen pro-
duction rate and average hydrogen content by 27.9% and 8.3%, 
respectively in comparison to the control [77]. Although the use of 
photocatalytic nanoparticles has recently been identified to impact the 
production of BioH2 using photosynthetic bacteria, research with pho-
tofermentative reaction utilizing LCFs has been sparse. 

5.2.2. Use of genetic engineering 
Genetic engineering has been a powerful tool to utilize for the pho-

tofermentative bacteria in order to enhance the BioH2 production pro-
cess. Different methods have been employed to produce mutant strains 
of naturally occurring photosynthetic bacteria and increase the pro-
duction yield of BioH2 (Table 4. 

In a recent study, a mutant strain (Hup-) of the bacterium 
R. sphaeroides HY01 was generated which increased the growth rate and 
enhanced the hydrogen production rate up to 4.62 mol H2/mol of 
reducing sugar generated from maize straw hydrolysate [78]. The 
growth in presence of NH4Cl was repressed in case of a double deletion 
mutant generated from R. sphaeroides HY01 (cbbR-, pycA-); whereas the 
growth as well as the hydrogen yields of a transposon mutant with an 
inactivated pycA gene (cbbR-, Δ pycA) was enhanced by 2%, 10.5%, and 
26.8% in the presence of 0.6, 1.2, and 1.8 mM NH4Cl respectively. The 
hydrogen production rates were also improved by 15.9%, 6.2% and 
46.1% in presence of the three concentrations of NH4Cl [79]. A mutant 
of the R. capsulatus strain JL1 with a cheR2 gene deletion changed its pH 
from faintly acidic to weakly alkaline condition, and gave a maximum 
hydrogen yield of 4406.7 ± 45.9 mL/L and 54.1 ± 1.6 mL/L in presence 
of acetate and butyrate as direct carbon sources, which accounted for an 
enhancement of 36.3% and 12.3% over the wild type strain. With corn 
stalk hydrolysate as a substrate, the mutant generated hydrogen up to 
224.85 ± 5.18 mL-H2/g of biomass which resulted in a 171.43% in-
crease in comparison to the wild type strain [80]. A temperature- 
tolerant mutant strain of R. capsulatus MX01 exhibited an increased 
hydrogen production at a higher culture temperature of 33◦ C and light 
intensity of 5000 lx. Using corn stalk hydrolysate, the mutant strain had 
an enhanced BioH2 yield of 3.64 ± 0.18 mol-H2/g of biomass and a 
production rate of 40.07 ± 1.70 mmol-H2/(h.g-cornstalk) along with an 
energy conversion efficiency of 10.6% [81]. Another ammonium- 
tolerant mutant strain of R. capsulatus strain WH02 was produced 
through transposon mutagenesis. Batch experiments with optimized 
ammonia concentration (2–8 mmol/L) showed an increased hydrogen 
yield by 3.74 folds. With sugarcane bagasse containing high ammonium 
concentration (87.94 ± 2.22 mmol/L) the maximum hydrogen pro-
duction amounted to 153.96 ± 1.98 mL-H2/g of the bagasse along with 
an energy conversion efficiency which increased by 10.95%, thereby 
making it highly feasible to produce BioH2 from LCFs containing high 
ammonium [82]. 

5.3. Dark fermentation 

In DF, the type of microorganism used plays an essential parameter 
as the hydrogen yield consecutively depends on the bacterial meta-
bolism. A wide variety of obligate and facultative anaerobes are used for 
the DF reaction. Although cocultures are mostly used but pure cultures 
make it easy to discern any metabolic shift that might takes place while 
utilizing LCFs as substrates for BioH2 production. The most extensively 
studied anaerobes belong to the Clostridium sp., such as C. butyricum, 
C. acetobutylicum, C. beijerinckii, and C. thermocellum. Clostridium sp. is 
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the most dominant hydrogen producing bacteria in the DF process. Some 
facultative anaerobes which are also capable of producing hydrogen are 
E. coli, E. cloacae, and E. aerogenes, among others [83,84]. Other lesser 
known bacteria used for hydrogen production through the dark 
fermentative process includes Bacillus subtilis, the lactic acid bacteria – 
Cellulomonas, Klebsiella pneumoniae, and some thermophilic archaea like 
Caldicellulosiruptor saccharolyticus and Thermotoga neapolitana [85]. 

5.3.1. Use of different additives 
Similar to PF, the microorganisms utilized for the DF process has also 

been characterized on the basis of several additive factors which bring 
about the amplified BioH2 generation while using various LCFs as sub-
strates (Table 3. 

Research into the addition of a dilute acid treatment in between a 
two-step DF process revealed the additional step plays a potential role in 
hydrogen production. Sweet sorghum stalks were used as the substrate 
for carrying out the fermentation process using the 
C. thermosaccharolyticum bacterium. After the initial step of the 
fermentation with the biomass, a 1 h treatment with dilute sulphuric 
acid at an optimum concentration of 1.5% (w/v) at 120◦ C with 10 g/L of 
substrate increased the production of hydrogen by 76%, acetic acid by 
84%, and butyric acid by 113%. The total yield after the two-step pro-
cess amounted to 5.77 mmol/g-substrate of hydrogen, 2.17 g/L acetic 
acid and 2.07 g/L butyric acid [86]. In a study, microbial communities 
present in seed sludge were used directly for BioH2 production from 
grass (Lolium perenne L.). Addition of Fe2+ significantly improved the 
microbial activity on the biomass as well as enriched hydrogen pro-
ducers, making Clostridium sp. the dominant bacteria. Moreover, 
Fe2+(400 mg/L) also increased the utilization of organics by the 
hydrogen producers from 15.9% to 20.6%. This subsequently led to an 
increased yield of BioH2 production from 48.7 mL/g-dry grass in the 
control group to 72.8 mL/g-dry grass in Fe2+ added group, which was 
relatively 49.6% higher [87]. Biochar, produced by the thermal 
decomposition of carbonaceous biomass, has generated research in-
terests as a suitable additive for improving the performance of the 
anaerobic digestion during dark fermentative reaction and influencing 
hydrogen production. In a study it was observed that biochar boosted 
hydrogen production by 317.1% in the presence of pretreated sugarcane 
bagasse and a heat-shocked consortium derived from sewage sludge. 
Biochar was found to stimulate bacterial growth especially that of 
cellulolytic Lachnospiraceae, and improve critical enzymatic activities 
and manipulate the NADH/NAD+ ratio, thereby increasing the electron 

transfer efficiency of the fermentation system [88]. Another study pro-
posed quite an innovative approach to utilize biochar in the hydrogen 
production process. Biochar, derived from residue cornstalk that was left 
after BioH2 production, was implemented on cornstalk along with the 
thermophilic bacterium Thermoanaerobacterium thermosaccharolyticum 
M18. After 96 h of fermentation, the BioH2 production rate increased 
from 3.5 to 5.7 mL H2/g substrate/h, and the hydrogen production 
potential was enhanced from 156.2 to 286.1 mL H2/g substrate, 
resulting from increased cellulolytic enzyme activity which subse-
quently promoted a highly efficient substrate conversion to BioH2 [89]. 

BioH2 production was also found to be affected by change in pH. 
When a two-step dark co-fermentation was carried out using a mixed 
culture by utilizing 80% tequila vinasse and 20% nixtamalization 
wastewater (w/w), it was observed that reducing the pH from the first 
step (pH 6.5) to the second step (pH 5.8) reduced the operational time 
along with enhancing the hydrogen production by 17%. This pH shift 
also induced the syntrophy between Clostridium and Lactobacillus while 
reducing the proliferation of Blautia and Propionibacterium, thereby 
increasing the efficiency of BioH2 conversion [90]. Detoxification car-
ried out with activated carbon (1% p/v) on the hydrolysates of Agave 
tequilana bagasse, using an anaerobic granular sludge as the microbial 
source for carrying out the fermentation process, promoted the removal 
of acetic acid by 89% with minimal losses of fermentable sugars and 
increasing the hydrogen yield by 33% in comparison to the undetoxified 
biomass [91]. Cell immobilization carried out with Enterobacter can-
cerogeous HG6 2A and E. homaechei 83 at a ratio of 0.9:1 on activated 
carbon improved the yield of BioH2 by 259% in comparison to the 
system where cell suspension was used, proving immobilization to be a 
highly effective method for amplifying hydrogen production [92]. 

To increase the quality and quantity of the produced hydrogen from 
DF reactions utilizing LCFs as substrates, another prominent external 
alterations that have been introduced to conventional fermentation re-
actions are inorganic nanoparticles such as silver, iron, nickel, and ti-
tanium oxide, etc., metal oxide nanoparticles such as Fe2O3, NiCo2O4, 
CuO, ZnO, and CoO, etc., and nanocomposites along with graphene- 
based nanomaterials among others, which have been studied for their 
role in influencing different parameters which are involved in enhancing 
BioH2 production [93,94]. Fe3O4 nanoparticles were used in a DF pro-
cess involving the bacterium E. aerogenes and the substrate date-palm 
fruit wastes in a recent study. Fe3O4 nanoparticles were added in a 
fermentation media, whereas date seed activated nanocomposites 
formed with Fe3O4nanoparticles were added to another fermentation 

Table 4 
Summary of different genetic engineering used for enhancing biohydrogen production.  

Microorganisms Lignocellulosic feedstock Genetic modification Productivity References 

Increase in biohydrogen 
production 

Final yield of 
biohydrogen 

Photofermentation 
Rhodobacter sphaeroides 

HY01 
Maize straw hydrolysate Hup- – 4.62 mol H2/mol 

reducing sugar 
[78] 

Rhodobacter sphaeroides 
HY01 

– cbbR-, Δ pycA   – [79]   

0.6 mM NH4Cl, 
1.2 mM NH4Cl, 
1.8 mM NH4Cl 

~2% 
~10.5% 
~26.8%   

Rhodobacter capsulatus 
JL1 

Corn stalk hydrolysate Δ cheR2  ~171.43% 224.85 ± 5.18 mL-H2/g 
of biomass  

[80] 

Rhodobacter capsulatus 
MX01 

Corn stalk hydrolysate Temperature-tolerant mutant. 
Cultured at a temperature of 33 ◦C and 
light intensity of 5000 lx 

– 3.64 ± 0.18 mol-H2/g of 
biomass  

[81] 

Rhodobacter capsulatus 
WH02 

Sugarcane bagasse Ammonium-tolerant mutant – 153.96 ± 1.98 mL-H2/g 
of bagasse  

[82] 

Dark fermentation 
Enterobacter aerogenes – Irradiation with 60Co γ-rays  ~81.8% – [97] 
Enterobacter aerogenes Acid pretreated biomass of 

Alternanthera philoxeroides 
Irradiation with 60Co γ-rays  ~31.8% – [98]  
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media, in comparison to control where no nanoparticles were added. 
Optimal dosage of 150 mg/L and fermentation time of 24 h revealed a 
maximum hydrogen yield of 238.7 mL/g in the nanocomposites con-
taining media which was found to be 65.7% higher than the media 
containing only the nanoparticles, along with a cumulative ~ 3 fold 
increase in the total yield compared to control, implying use of nano-
composites could have significant impact in the industrial applications 
that are concerned with BioH2 production [95]. 

5.3.2. Use of genetic engineering 
The use of genetic engineering for producing recombinant strains 

through over-expressing or activating genes of interest in order to 
enhance hydrogen production during the fermentation process has been 
deemed to have great potential for industrial applications. The majority 
of genetic modifications have been limited to the Clostridium sp., 
Enterobacter sp., and E. coli [96]. But the use of these mutant strains for 
BioH2 production involving LCFs as substrate has been very few 
(Table 4. 

Besides modifying genes of interest, use of nuclear irradiation to 
produce mutants of hydrogen-producing bacteria has been another 
promising method. Irradiation with 60Co γ -rays produced mutants of 
E. aerogenes which enhanced the hydrogenase activity. This led to the 
increase in production of hydrogen yield by 81.8% more than the wild 
type strain. The mutant had a hydrogen production rate of 27.2 mL/(L. 
h) which was higher by 40.9% [97]. In another study, irradiated mutant 
of E. aerogenes enhanced the hydrogen yield by 31.8% from acid pre-
treated biomass of Alternanthera philoxeroides [98]. In order to lay 
emphasis on enhanced BioH2 production through DF, several novel 
molecular techniques like restriction fragment length polymorphism 

(RFLP), quantitative real-time PCR (q-PCR), fluorescent in-situ hybrid-
ization (FISH), and next generation sequencing (NGS) are being used in 
order to perform extensive research into the genes and the associated 
metabolic pathways in the microorganisms for efficient generation of 
BioH2 [99]. 

6. Future perspectives 

The urgent need to replace fossil fuels for reducing carbon emissions 
has made BioH2 a very attractive biofuel. Nonetheless, hydrogen is 
mostly synthesized from fossil fuel sources to meet the need for indus-
trial applications. Use of alternative methods for hydrogen production 
especially from renewable sources has become highly essential to meet 
future needs and demands. Lignocellulosic-based BioH2 generation 
using microorganisms is steadily becoming one of the emerging tech-
nologies which are highly sustainable. Use of biological pretreatment, 
photo- and dark fermentation methods represents environmentally 
friendly and sustainable approaches for production of biohydrogen. 
Extensive research has been made into the three biological methods in 
order to develop and improve the yield and production rate of hydrogen 
production but only in laboratory scale. Therefore more research is 
required to (1) make these methods economically feasible and highly 
efficient, (2) to develop a common and effective saccharification tech-
nology for all feedstocks, (3) to isolate more microorganisms that have 
the capability to carry out the efficient production of reducing sugars 
from the biomass, (4) reduce the treatment time required for the 
biomass saccharification, (5) and to have a detailed understanding of the 
genes and the metabolic pathways involved in the processes for a robust 
production of BioH2 required for industrial applications (Fig. 4. 

Fig. 4. Future developments required for enhancement and commercialization of lignocellulosic-biohydrogen production.  
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Developments in integrative biorefinery approaches are also required to 
commercialize the biological processes, amplify the BioH2 production 
from lab scale to industrial scale, and produce more value-added prod-
ucts for their utilization in the industry [41,100,101]. 

7. Conclusion 

The studies carried out in recent years with lignocellulosic-based 
BioH2 production have revealed the prospects as well as the limita-
tions of the biological methods. It has also shed light on the improve-
ments that are absolutely required in order to develop this nascent 
technology in an industrial scale. This review article reported on the 
biological pretreatment, photo- and dark fermentation methods utilized 
for BioH2 production with LCFs as substrates. Several key external fac-
tors and engineering methods used on the microorganisms for enhancing 
BioH2 production were discussed. The methods in combination have the 
ability to become one of the key alternative technologies for the 
advancement of BioH2 production. Therefore, it is highly crucial to 
continue doing extensive research to increase the efficiency, yield, and 
productivity rate of BioH2 production. Constant tracking and analysis of 
the biological systems could help overcome the limitations that hinder 
the use of this technology on a wide scale. The prospect of producing 
hydrogen from renewable sources could help to improve the techno- 
economic aspects of green energy. 
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Alvarez V, Arreola-Vargas J. Enhancing biohydrogen production from Agave 

tequilana bagasse: Detoxified vs. undetoxified acid hydrolysates. 
BioresourTechnol 2019;276:74–80. https://doi.org/10.1016/j. 
biortech.2018.12.101. 

[92] Zhang C, Kang X, Liang N, Abdullah A. Improvement of biohydrogen production 
from dark fermentation by cocultures and activated carbon immobilization. 
Energy Fuels 2017;31:12217–22. https://doi.org/10.1021/acs. 
energyfuels.7b02035. 

[93] Kumar G, Mathimani T, Rene ER, Pugazhendhi A. Application of nanotechnology 
in dark fermentation for enhanced biohydrogen production using inorganic 
nanoparticles. Int J Hydrog Energy 2019;44:13106–13. https://doi.org/10.1016/ 
j.ijhydene.2019.03.131. 

[94] Srivastava N, Srivastava M, Malhotra BD, Gupta VK, Ramteke PW, Silva RN, et al. 
Nanoengineered cellulosic biohydrogen production via dark fermentation: A 
review. Biotech Adv 2019;37:107384. https;//doi.org/10.1016/j. 
biotechadv.2019.04.006. 

[95] Rambabu K, Bharath G, Banat F, Hai A, Show PL, Nguyen THP. Ferric oxide/date 
seed activated carbon nanocomposites mediated dark fermentation of date fruit 
wastes for enriched biohydrogen production. Int J Hydrog Energy 2021;44: 
16631–43. https://doi.org/10.1016/j.ijhydene.2020.06.108. 

[96] Dahiya S, Chatterjee S, Sarkar O, Mohan SV. Renewable hydrogen production by 
dark fermentation: Current status, challenges and perspectives. BioresourTechnol 
2020. https://doi.org/10.1016/j.biortech.2020.124354. 

[97] Chen J, Liu M, Song W, Ding L, Liu J, Zhang L, et al. Enhanced hydrogen 
production of Enterobacter aerogenes mutated by nuclear irradiation. Bioresour 
Technol 2017;227:50–5. https://doi.org/10.1016/j.biortech.2016.12.033. 

[98] Song W, Ding L, Liu M, Cheng J, Zhou J, Li Y. Improving biohydrogen production 
through dark fermentation of steam-heated acid pretreated Alternanthera 
philoxeroides by mutant Enterobacter aerogenes ZJU1. Sci Total Environ 2019. 
https://doi.org/10.1016/j.scitotenv.2019.134695. 

[99] Kumar G, Mathimani T, Sivaramakrishnan R, Shanmugam S, Bhatia SK, 
Pugazhendhi A. Application of molecular techniques in biohydrogen production 
as a clean fuel. Sci Total Environ 2020. https://doi.org/10.1016/j. 
scitotenv.2020.137795. 

[100] Ren N, Zhao L, Chen C, Guo W, Cao G. A review on bioconversion of 
lignocellulosic biomass to H2: Key challenges and new insights. Bioresour Technol 
2016;215:92–9. https://doi.org/10.1016/j.biortech.2016.03.124. 

[101] Banu JR, Usman TMM, SK, Kannah RY, K N Y, P S, Bhatnagar a, Kumar G. A 
critical review on limitations and enhancement strategies associated with 
biohydrogen production. Int J Hydrog Energy 2021;46:16565-16590. 10.1016/j. 
ijhydene.2021.01.075. 

R. Saha et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.ijhydene.2018.09.015
https://doi.org/10.1016/j.ijhydene.2018.09.015
https://doi.org/10.1016/j.biortech.2020.124286
https://doi.org/10.1016/j.biortech.2020.124286
https://doi.org/10.1016/j.fuel.2021.121009
https://doi.org/10.1016/j.ijhydene.2017.11.059
https://doi.org/10.1016/j.ijhydene.2017.11.059
https://doi.org/10.1016/j.fuel.2018.06.067
https://doi.org/10.1016/j.fuel.2018.06.067
https://doi.org/10.1016/j.watres.2021.117440
https://doi.org/10.1016/j.biortech.2020.124338
https://doi.org/10.1016/j.biortech.2020.124338
https://doi.org/10.1016/j.fuel.2019.04.147
https://doi.org/10.1016/j.biortech.2018.12.101
https://doi.org/10.1016/j.biortech.2018.12.101
https://doi.org/10.1021/acs.energyfuels.7b02035
https://doi.org/10.1021/acs.energyfuels.7b02035
https://doi.org/10.1016/j.ijhydene.2019.03.131
https://doi.org/10.1016/j.ijhydene.2019.03.131
https://doi.org/10.1016/j.ijhydene.2020.06.108
https://doi.org/10.1016/j.biortech.2020.124354
https://doi.org/10.1016/j.biortech.2016.12.033
https://doi.org/10.1016/j.scitotenv.2019.134695
https://doi.org/10.1016/j.scitotenv.2020.137795
https://doi.org/10.1016/j.scitotenv.2020.137795
https://doi.org/10.1016/j.biortech.2016.03.124


A hydrogel sheet mask with tea tree essential oil entrapment and
targeted dose delivery capability

Biva Ghosh a, Debalina Bhattacharya b, Mainak Mukhopadhyay a,⇑
aDepartment of Biotechnology, JIS University, 81, Nilgunj Road, Agarpara, Kolkata 700109, West Bengal, India
bDepartment of Microbiology, Maulana Azad College, 8 Rafi Ahmed Kidwai Road, Kolkata 700013, West Bengal, India

a r t i c l e i n f o

Article history:
Available online 7 February 2022

Keywords:
Antimicrobial activity
b-cyclodextrin
Chitosan oligosaccharide
Hydrogel scaffold
Skin treatment

a b s t r a c t

Skin is a very aesthetic organ of our body which is significant for personal health. Skin problem specially
face skin problem has the psychosocial effect. Skin problems like acne is one of the most common prob-
lems among adolescents. Commonly these are treated with benzoyl peroxide and erythromycin by physi-
cians, but tea tree oil also has equal efficacy similar to them. But these oils are hard to administer because
the essential oil composition are volatile and thus, does not stay over the skin for long duration as well as
a larger dose of this oil is known to irritate the skin. Since hydrogel is well-known for its targeted drug
delivery system, therefore, hydrogel patch or scaffold sheet can be used to deliver the tea tee oil to the
skin in optimum quantity. But hydrogels are hydrophilic and cannot absorb essential oils. b-
cyclodextrin has the capability to entrap volatile, unstable molecules inside its hydrophobic interior
and can release on the target site. Whereas, chitosan oligosaccharide has the antimicrobial activity.
Therefore, the present study deal with the formulation of hydrogel with b-cyclodextrin and chitosan
oligosaccharide along with pectin and carboxymethyl cellulose (CMC) to enable this hydrogel to entrap
essential oil and show enhanced antimicrobial activity. The synthesized hydrogel HCCHB1 has very good
cytocompatibility according to MTT assay. The antimicrobial activity of tea tree oil entrapped HCCHB1 is
greater than the tea tree oil alone. Hence, it can be helpful to deliver reduced dose of tea tree oil over the
skin and minimize irritation without compromising the antimicrobial activity of the tea tree oil. The
HCCHB1 has good porosity and high swelling property in water, pH 5.5 and essential oil with 1001%,
1033% and 94% respectively. Additionally, the successful interaction of polymers among each other has
occurred successfully as represented by FTIR.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium on Materials of the Millennium: Emerging Trends and Future Prospects.

1. Introduction

Skin is the largest organ of our body with various functions
among which providing protection to the inner tissues by acting
as barrier towards entry of infectious agent. Therefore, skin health
is a major aspect of the personal health. It provides an aesthetic
look to our body and hence also affects the psychosocial and com-
munications of a person in the public [1]. Skin are of various types
depending on the lifetime and sebum secretion [2]. Various skin
needs to be managed differently. There are various types of skin
problem, among which acne is one of the common problems
among the adolescents. Acne is a chronic inflammatory disease

which is caused by the combination of multiple factors such as
excessive sebum production, infection by Propionibacterium acnes
bacteria and anomalous follicular epithelium desquamation [3,4].
About 90% adolescents suffer from acne among which 5% adults
suffer from insistent or late-onset acne [5-7]. Acne results in phys-
ical discomfort and scarring over the skin. This also brings psycho-
logical and emotional stress to the suffering person [8]. There are
various medications available in the market to treat acne. Among
them benzoyl peroxide and erythromycin gel are some of the most
common medications [9,10]. But these medications have side
effects like burning sensation and scaling of skin, etc. [11]. Most
people opt for self-treatment of acne and prefer tea tree essential
oil for the same. Tea tree essential oil is the extract of Melaleuca
alternifolia, a native Australian plant. It consists of terpinen-4-ol
in minimum and 1, 8-cineole in maximum quantity. Among these
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terpinen-4-ol is the main cause of versatile antimicrobial activity
against bacteria, fungus, virus and protozoa which affects the skin
and mucosa. Even tea tree oil is used as a treatment for the acne
vulgaris, seborrheic dermatitis, chronic gingivitis oral candidiasis,
tinea, onychomycosis, molluscum contagiosum and many more
[12]. Other than this, tea tree oil also exhibits anti-inflammatory,
anti-oxidant and anti-cancer effect over the skin [13]. The antibac-
terial effect of tea tree oil is done by the non-specific cell mem-
brane damage [14]. Tea tree oil is well known to show efficacy of
acne curing similar to 2.5% benzoyl peroxide and 2% erythromycin
gel [9,10]. But tea tree oil is volatile in nature and has a low pene-
trance in human skin and therefore, the application of tea tree oil is
limited [15]. But this problem can be solved by the use of hydro-
gels. Hydrogels are a three-dimensional network of polymers
crosslinked physically or chemically, capable of holding large
amount of water and having high porosity and entrapment capa-
bility [16]. They are well-known for targeted drug delivery system
[17-20]. But hydrogels are hydrophilic in nature and thus essential
oil entrapment is tough. b-cyclodextrins are well-known for its
entrapment capability of volatile, sparingly water soluble and
unstable molecules. b-cyclodextrins are cyclic compounds of seven
glucose subunits with hydrophobic inside and hydrophilic outside.
The volatile, sparingly water soluble and unstable molecules can be
entrapped in the inner side of the b-cyclodextrins and can be deliv-
ered to the targeted site [21-23]. Therefore, use of b-cyclodextrins
in the fabrication of the hydrogel can be useful to entrap essential
oils such as tea tree oil. Other than this, large dose of tea tree oil
application can irritate the skin, therefore, to reduce the dose of
tea tree oil, but still maintain its antimicrobial property, the
antimicrobial hydrogel can be prepared which has its own prop-
erty to combat infection and can be helpful for the treatment
[11,24,25]. Therefore, chitosan oligosaccharide can be used in the
synthesis of the hydrogel since, chitosan oligosaccharide has
antimicrobial activity as well as is water soluble, which can be
blended with other natural polymers such as pectin and car-
boxymethyl cellulose (CMC) properly [26]. The antimicrobial prop-
erty of chitosan oligosaccharide is due to number of NH2 group
exposed during deacetylation of acetyl-D-glucosamine [27]. Pectin
and CMC are known to provide good physical strength and also
consist of –COOH group which is useful for initiation of crosslink-
ing among the polymer by the copper sulphate as a crosslinker
[28]. The copper sulphate also has biocidal property and plays an
important role in skin regeneration and wound healing which
can provide vital properties to the hydrogel [29]. Other than this,
use of plasticizer can be done for proper alignment of polymer
chains to attain good porosity. Good porosity of hydrogel is signif-
icant in many aspects such as swelling properties, entrapment of
molecules in polymer networks and release of the same, and pro-
liferation of the cells, etc. [30-33]. Polyethylene glycol 400 (PEG
400) is small molecular size plasticizer with the capability to pro-
vide good porosity by forming three-dimensional H-bonding with
the polymer molecules and arranging them in proper alignment
[34-36]. PEG 400 has various applications in pharmaceutical indus-
tries and are also cytocompatibility, non-immunogenic, flexible,
and water-soluble.

Therefore, fabrication of hydrogel scaffold with b-cyclodextrins,
chitosan oligosaccharide, pectin and CMC along with PEG 400 as
plasticizer and copper sulphate as crosslinker can have potential
application in the tropical delivery of tea tree oil over the skin in
optimum quantity for the treatment of skin infection such as acne.
The hydrogel scaffold thus formed can be used as a sheet mask or
patches for the treatment of acne and other skin infection [1,37].
Since, it is a hydrogel therefore, it can also deliver other therapeu-
tic molecules essential for healthy skin and skin repair. b-
cyclodextrins can be useful in entrapping vitamins and stabilize
them by protecting them from environmental stress as well as deli-

ver them in the targeted site [21-23]. The pH sensitivity of the
hydrogel can be an effective tool for targeted drug delivery. Hence,
allowing this hydrogel scaffold sheet mask or patch to have poten-
tial application in dermatology and cosmetology. This study aims
in the fabrication of above discussed hydrogel scaffold and study
its properties.

2. Materials and methods

2.1. Materials

The synthesis of the hydrogel was done by using polyethylene
glycol 400 (PEG 400), chitosan oligosaccharide (water-soluble chi-
tosan (WSC)), b – cyclodextrins, pectin and carboxymethyl cellu-
lose (CMC), copper sulfate pentahydrate (CuSO4�5H2O). The other
chemicals used are Tris-buffer, hydrochloric acid, ethanol. All the
chemicals are brought from Merck, Sisco Research laboratories
and Hi-media. Distilled water was collected from the department
of chemistry, JIS University, Kolkata.

2.2. Synthesis of hydrogel

The solutions of polymers such as pectin, CMC, WSC, b –
cyclodextrins, CuSO4 and PEG 400 in a percentage of 4%, 2%, 1%,
1%, 2% and 4%, respectively. All these components were mixed uni-
formly in various ratios for the fabrication of hydrogel. Among
these hydrogels depending on their physical properties two hydro-
gels were chosen which are HCCHB1 and HCCHB2 with a ratio of
1:1:0.8:0.8 and 1:1:0.8:0.1 in a composition pectin: CMC: WSC: b
– cyclodextrins respectively. In this preparation 4% PEG 400 acted
as plasticizer and 2% CuSO4 as crosslinker. The hydrogels prepared
were washed with distilled water and stored in �20 �C for over-
night and lyophilized next day at room temperature.

2.3. Characterization

The structural study of the hydrogel samples was done using
scanning electron microscope (SEM) (MIRA3 TESCAN) and field
emission scanning electron microscopy (FESEM) (JEOLUESR) using
1X1 cm lyophilized hydrogel scaffold. The interaction among the
polymers and new bond formations of the hydrogel scaffolds was
analyzed using Fourier transform infrared spectra (FTIR) (Agilent,
Cary 630, USA) at a scanning frequency of 400–4000 cm�1.

2.4. Water uptake capability

To study the swelling property of the hydrogel scaffolds is rep-
resented as a percentage of degree of swelling (DOS%). Wi repre-
sents the initial weight of the dried hydrogel which are cut into
small pieces and dipped in water and different pH solutions at
room temperature. When the hydrogel swells completely after
seven days, they are removed from the respective solutions and
the final weight is taken to represent as Wf. The degree of swelling
percentage is represented as below in Eqn 1.

Degree of swelling % ðDOS%Þ ¼ Wf �Wi
Wi

X100 ð1Þ

2.5. Cell compatibility studies

The cell compatibility study is done by using MTT 3-(4,5-dime
thythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
In this assay the mitochondrial succinate dehydrogenase present
in the live cells reduces MTT compound into insoluble purple color
formazan compound. Now, these cells with the dark color com-

B. Ghosh, D. Bhattacharya and M. Mukhopadhyay Materials Today: Proceedings 57 (2022) 77–83

78



pound are dissolved in DMSO solution and measured at 590 nm
using a spectrophotometer. The viability of the cells is determined
on the basis that only metabolically active cells can convert MTT
into purple color compounds [38]. For this process, WI-38 cells
are cultured in 96 well plates with DMEM media and incubated
with hydrogels for 24 h, 48 h and 72 h at 37 �C in 5% CO2 incubator.
The survival percentage is calculated on the basis of hydrogel
untreated cells as controlled versus hydrogel treated cells where
the viability of hydrogel untreated cells survival is considered as
100%.

2.6. Antibacterial activity study

To study the antibacterial activity of hydrogel HCCHB1 infused
with tea tree essential oil, Pseudomonas sp. was used as test organ-
ism along with tea tree oil as control. Here the spread plate tech-
nique is used to inoculate the three plates with Pseudomonas sp.
Among these plates, one Pseudomonas sp. plate was cut with a
small hole in the middle of the plate and 10 ml of tea tree oil was
poured. The other two plates of Pseudomonas sp. were treated with
equal weight hydrogel scaffold piece, one infused with tea tree
essential oil and another hydrogel scaffold without tea tree oil in
the middle of the plates respectively. All the Pseudomonas sp.
plates were incubated at 15 �C. The experiment was repeated
thrice in the duplicates and the area of the zone of incubation
(cm2) was noted as mentioned in Eqn 2 [39].

Area of zone of inhibition ¼ 1
4
x3:14xðdiameter ðdÞÞ2 ð2Þ

3. Result and discussion

3.1. Structural analysis of hydrogel

The structural analysis of the hydrogel scaffold HCCHB1 and
HCCHB2 is done by the scanning electron microscope (SEM) and
field emission scanning electron microscopy (FESEM). Fig. 1 (a)
and (b) represents SEMwhereas Fig. 1 (c) and (d) represents FESEM
of HCCHB1 and HCCHB2 respectively. The average pore size of
HCCHB1 is 25.16 mm and for HCCHB2 is 6721.86 mm. Both the
hydrogels HCCHB1 and HCCHB2 has good porosity but in case of
HCCHB1 the pores are small in size, but numerous in number,
whereas, the pores of HCCHB2 are big in size and are not uniform
and has merged with each other. For better understanding of the
morphology of the hydrogel scaffolds and its porosity, Supplemen-
tary Figure 1 with more image of HCCHB1 and HCCHB2 is provided.
The change in pore size is due to the change in the ratio of b-
cyclodextrin in the hydrogel composite. The HCCHB2 has less b-
cyclodextrin with respect to HCCHB1. The –OH group of the outer
shell of the cyclic b-cyclodextrin form dense networks with the
other polymers resulting in small pore size of the HCCHB1. The
porosity of the hydrogel plays important role in swelling proper-
ties, entrapment capability and cytocompatibility.

3.2. Energy dispersive X-Ray (EDX) composition analysis

Tables 1a and 1b represents the EDX composition analysis of
the HCCHB1 and HCCHB2 respectively. Both the hydrogel scaffolds
have approximately same mass% of the elements. The only differ-
ence seen among the composition of HCCHB1 and HCCHB2 is in
the case of mass% of copper. In case of the HCCHB1, the mass% of
the copper is 10.38 whereas, in case of the HCCHB2 it is 2.45.
The higher copper content in the HCCHB1 explains the strong
and dense crosslinking among the polymer molecules due to cop-
per ions. The denser the crosslinking the smaller the pore size of

the hydrogel scaffold. Therefore, the pore size of the hydrogel
HCCHB1 is smaller than HCCHB2 which can be correlated with
the FESEM analysis. The supplementary data 2 (a) and (b) provide
the graphical representation of the EDX analysis of HCCHB1 and
HCCHB2 respectively for better understanding.

3.3. FTIR spectroscopy analysis

The Fig. 2 (a) and (b) represents the FTIR analysis of HCCHB1
and HCCHB2 respectively which studies the interaction among
the polymer molecules. In Fig. 2 (a) the peak 3894 cm�1 to
3649 cm�1 represents the presence of –OH bonds and simultane-
ous H-bonding between the polymers. The sharp peak at
2366 cm�1 and 2321 cm�1 represent the C�N of carboxylic acid
derivatives. The peak from 1693 cm�1 to 1647 cm�1 represents
C═O of –COOCH3. The strong peaks from 1562 cm�1 to
1515 cm�1 represent the NH2 group of chitosan oligosaccharide.
The peaks from 1336 cm�1 to 1262 cm�1 represent the CH3 and
CH2 bending.

Similarly, in Fig. 2 (b) 3893 cm�1 to 3698 cm�1 represent the
presence of –OH bonds and H-bonding between the polymers.
The sharp peak at 2863 cm�1 represents the strong presents of
CH3, CH2 and CH. The two peaks at 2364 cm�1 and 2321 cm-

1C�N of derivatives of carboxylic acid. The peak at 1693 cm�1 to
1646 cm�1 represent C═O of –COOCH3. The peak from
1532 cm�1 1462 cm�1 represents the NH2 group of chitosan
oligosaccharide. The peak from 1425 cm�1 to 1340 cm�1 represent
the CH3 and CH2 bending. The peak at 1248 cm�1 to 1015 cm�1

represents C-O bonds.
The shift in the peak position is due to the interaction among

the polymer molecules due to cross linking by copper ion. The
change in the peak patterns in case of both the hydrogels are due
to the variation in the concentration of the b-cyclodextrins. The
FTIR analysis demonstrates the strong presence of H-bonding
among the NH2 group with the other functional groups creating
an N-H wagging. The free presence of NH2 group and cross linking
with copper ion is the key reason of antimicrobial activity. The
presence C�N, C═O and C-O of carboxymethyl group represents
the cross-linking interaction among the polymers and formation
of different derivatives due to the presence of –COOCH3. Hence,
the successful interaction among the polymer molecules is
observed and the fabrication of hydrogel was successful.

3.4. Swelling properties

The swelling properties of the HCCHB1 and HCCHB2 is mea-
sured in terms of degree of swelling percentage (DOS %) (Table 2).
From the Table 2 it can be inferred that the DOS% of HCCHB2 is
comparatively higher than the DOS% of HCCHB1. The highest
DOS% in HCCHB1 and HCCHB2 are 1001% and 1348% in water
and 1033% and 1601% in pH 5.5 respectively. The DOS% of the
HCCHB2 is higher due to its large pore size. Other than this, it also
contains less amount of b-cyclodextrins which also effect the swel-
ling property of the hydrogel. b- cyclodextrins has both hydrophilic
and hydrophobic moiety in its structure. The hydrophilic moiety is
present on the outer surface of the cyclic structure, whereas, the
hydrophobic moiety is present on the inner surface of the structure
of b-cyclodextrins. This hydrophobic moiety resists water to enter
in the hydrogel scaffold. Since, HCCHB1 has a comparatively high
amount of b-cyclodextrins therefore, the DOS% in water and other
pH solution is comparatively less than the HCCHB2. But in the case
of tea tree essential oil, the DOS% of HCCHB1 is 94%, which is
higher than the DOS% of HCCHB2. This high DOS% of HCCHB1 in
tea tree essential oil is due to the presence of high amount of b-
cyclodextrins. The hydrophobic moiety of b-cyclodextrins has the
capability to entrap essential oil, vitamins and sparingly water sol-
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Fig. 1. Structural analysis of hydrogel: SEM image of (a) HCCHB1 and (b) HCCHB2; FESEM image of (c) HCCHB1 and (d) HCCHB2.

Table 1a
The EDX analysis of the HCCHB1.

Element (keV) Mass% Sigma Atom% Compound Mass% Cation K

C K 0.277 50.81 0.12 62.25 46.3233
N K 0.392 6.53 0.13 6.86 5.0630
O K 0.525 29.68 0.19 27.30 26.2453
S K 2.307 2.61 0.04 1.20 5.2555
Cu K 8.040 10.38 0.26 2.40 17.1130
Total 100.00 100.00

Table 1b
The EDX analysis of the HCCHB2.

Element (keV) Mass% Sigma Atom% Compound Mass% Cation K

C K 0.277 57.03 0.15 64.34 67.0271
N K 0.392 7.78 0.21 7.53 5.0047
O K 0.525 32.45 0.30 27.49 23.8510
S K 2.307 0.28 0.03 0.12 0.5222
Cu K 8.040 2.45 0.22 0.52 3.5949
Total 100.00 100.00
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uble and volatile molecules in its cyclic structure. It can also stabi-
lize and solubilize it in water with the help of its hydrophilic moi-
ety present in the outer surface of the structure. Since, the HCCHB1
has significantly high swelling property in tea tree essential oil,
water and pH 5.5, therefore, it can be a very good candidate to
entrap essential oil and deliver it over the skin. Hence, preparation
of a hydrogel sheet mask can deliver the essential oil in a very user-
friendly method.

3.5. Cell compatibility study

The cell cytocompatibility (Fig. 3) of the HCCHB1 and HCCHB2 is
measured by conducting the MTT assay with WI-38 cells. Both

hydrogels, HCCHB1 and HCCHB2 is non-toxic and cytocompatible.
But HCCHB1 has highest cytocompatibility compared to HCCHB2.
This is due to the largely spread small pores over the HCCHB1
which allows proper transport of oxygen, nutrients and allows
the cells to proliferate over the hydrogel matrix. Whereas, in case
of HCCHB2 the pore size is big but are not evenly spread and are
not uniform in structure which is not a good property for hydrogel
scaffold to act as a matrix for cell growth. Hence, HCCHB1 has
higher cytocompatibility in overall. The highest cytocompatibility
is seen at 48 h and at 72 h. The reduction in cytocompatibility is
due to the degradation of hydrogel scaffold in high pH medium
and loss of its structure. The cytocompatibility of the HCCHB1 is
advantageous for the skin therapy and also will allow the skin cells
to repair along with the delivery of tea tree essential oil over the
skin. This oil is well known for the antimicrobial activity and acne
treatment. Along with this the CuSO4 which is used as crosslinker
here is also advantageous for the skin repair. Hence, the non-toxic
hydrogel sheet mask prepared can be helpful for infection and acne
treatment over the skin.

3.6. Antibacterial activity study

The Pseudomonas sp. cultured plates which were incubated with
HCCHB1 infused with tea tree essential oil showed comparatively
higher antibacterial activity than the control plates incubated with
alone tea tree essential oil and hydrogel scaffold without tea tree
essential oil (Fig. 4). The area of the zone of inhibitions (cm2) are
recorded in Fig. 4 (ii). The area of the zone of inhibition in the case
of HCCHB1 infused with tea tree essential oil is 6.15 cm2, which is
higher than the control plates. The zone of inhibition in case of
control plates with only tea tree essential oil is 3.14 cm2 and with
only HCCHB1 is 2.54 cm2. Thus, we can infer that the hydrogel has
enhanced the antibacterial activity in combination with the tea

Fig. 2. The graphical representation of FTIR spectroscopy of (a) HCCHB1 and (b)
HCCHB2.

Table 2
Degree of swelling percentage (DOS%) of HCCHB1 and HCCHB2 in water, tea tree essential oil and different pH.

Sample DOS% in tea tree essential
oil

DOS% in
water

DOS% in pH.
4.5

DOS% in pH.
5

DOS% in pH.
5.5

DOS% in pH.
6

DOS% in pH.
6.5

DOS% in pH.
7

DOS% in pH.
7.5

HCCHB1 94 ± 0.036 1001 ± 0.089 614 ± 0.02 620 ± 0.068 1033 ± 0.065 496 ± 0.034 481 ± 0.025 0 0
HCCHB2 43 ± 0.023 1348 ± 0.078 725 ± 0.041 980 ± 0.056 1601 ± 0.075 506 ± 0.042 0 0 0

*Where ‘‘±” denotes standard deviation with n = 5.

Fig. 3. The graphical representation of cytocompatibility study of HCCHB1 and HCCHB2.
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tree essential oil. The enhanced antibacterial activity of HCCHB1 is
due to the presence of copper ion as cross linker and chitosan
oligosaccharide as one of the components of the polymer mixture.
Therefore, this HCCHB1 can be used as sheet marks to deliver tea
tree essential oil and treat infections and acne over the skin.

4. Conclusion

According to the above discussion, it can be concluded that
though the HCCHB2 has higher pore size than HCCHB1 but has
low cytocompatibility compared to HCCHB1. The pore size of
HCCHB1 is 25.16 mmwhich is substantial. Even the cytocompatibil-
ity of HCCHB1 is higher due to its widely spread pores. Other than
this, though the swelling property of HCCHB2 is considerable
higher than HCCHB1 in water and different pH, but the swelling
property of HCCHB1 in tea tree oil is 94% which is significant for
industrial use. Even the DOS% of HCCHB1 in other mediums is also
significant. The different DOS% of the hydrogels in different pH buf-
fer represents the pH sensitivity. The highest DOS% of HCCHB1 is in
the water and pH5.5 which allows its application over the skin. The
HCCHB1 also shown enhanced antibacterial activity when coupled
with tea tree essential oil. Hence, the hydrogel HCCHB1 can deliver
tea tree essential oil in a more efficient way with better antibacte-
rial activity and no toxicity. The FTIR analysis reveals the bond for-
mation and successful interaction among the polymer molecules
while fabrication of hydrogel. Therefore, the sheet of HCCHB1
can be used as a sheet mask to deliver tea tree essential oil and
treat infection and acne over the skin.
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A B S T R A C T   

Biofouling is the undesirable attachment of organisms and their by-products on surfaces. It has become a severe 
problem in the industries that utilize devices and facilities in the marine environment. Several antifouling 
strategies have been developed, but many have adverse effects on numerous species, the surrounding environ-
ment, and marine devices. However, antimicrobial peptides (AMPs) have emerged as a promising non-toxic 
biomaterial that can modify the submerged surfaces to inhibit biofouling. AMPs are getting recognized as a 
highly potent material as they exhibit strong antimicrobial activity against fouling organisms and resistance 
towards biofilm formation. This review discusses the latest developments made in recent years regarding 
applying AMPs as prominent marine antifouling material. The various properties of AMPs, including structural, 
functional characteristics, and mechanism of action, are presented. Different types of modification of AMPs to 
improve their stability, efficacy, and activity against fouling organisms are discussed in detail. Furthermore, 
future perspectives and significant improvements required to make AMPs an integrative part of the marine 
antifouling process are reviewed.   

1. Introduction 

The exponential rise in world population in the recent decades has 
led to extraordinary levels of industrial development. This has increased 
general economic prosperity and created an immense demand for ne-
cessities, putting tremendous pressure on natural resources. The most 
prominent of them is water resources which are one of the most vital 
commodities in the world. Access to the wide variety of riches provided 
by the water-based ecosystems is directly related to human health, 
agriculture, energy, and many industrial activities [1]. Commercial 
enterprises like fisheries, offshore gas and oil, transportation, cooling 
systems, and canalizations are well-known marine industries that posi-
tively impact the world economy. Irrespective of all the advantages, the 
limited availability of fresh- and clean water has made water scarcity 
one of the most prominent issues of the 21st century. The situation is 
rapidly worsening due to geopolitical conflicts and extreme weather 
conditions, which have increased water demands in many industrial 
sectors [2]. This has led numerous scientists and policymakers to look 
for alternatives like desalination technologies and membrane bio-
reactors to treat, recycle, and produce clean water to meet the rising 
demands and ultimately solve the water crisis. 

However, there are severe problems associated with marine-based 
technologies and industries which thwart production efficiency and 
quality and cause substantial operating costs. One such complication 
quickly becoming a critical global issue is marine fouling. Although 
different types of fouling occur in marine-based systems, biofouling is 
considered the major and the most dominant fouling mechanism [3]. 
The phenomenon of ’Biofouling’ is the undesirable attachment and 
colonization of organisms and their by-products on the surfaces. It gets 
initiated when biomolecules such as polysaccharides and proteins 
adhere to the surfaces, supporting bacterial accumulation. The attach-
ment of bacteria leads to forming of a well-defined bacterial network 
known as biofilm [4,5]. In the biofilm, the bacterial aggregates can ex-
change nutrients and signals. The biofilm also encapsulates the entire 
bacterial population in an extracellular matrix, making it more resistant 
to the surrounding environment and eventually acquiring antibiotic 
resistance. In addition, the biofilm also helps other organisms like fungi, 
algae, barnacles, mollusks, and sponges, to adhere to the surface, 
thereby causing a significant setback for different machine systems 
(Fig. 1) [6,7]. 

Several industries and other water-dependent technologies use 
various naval devices whose metallic surfaces remain submerged in 
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water wholly unprotected. The attachment of fouling organisms to these 
surfaces increases the corrosion. It reduces the speed of the devices, 
ultimately limiting their service life and producing terrible economic 
and environmental consequences. Biofouling costs several billion US 
dollars to the marine industry per year [8,9]. Therefore, various stra-
tegies have been explored to tackle biofouling and develop 
environment-friendly antifouling strategies that remain a significant 
challenge. Most of the approaches are typically based on the physical, 
chemical, and topographical modifications in the surfaces [10,11]. 
Overall, the strategies can be divided into ’Anti-biofouling,’ which in-
cludes modifications that prevent the adhesion of the organisms to the 
surfaces, and ’Anti-microbials,’ which are materials that kill the accu-
mulated bacteria. Some of the anti-biofouling solutions include chemical 
modifications with natural products, zwitterionic polymers, hydrophilic 
or amphiphilic polymers, organic-inorganic hybrid systems, 
polymer-peptide conjugates, self-assembly of low molecular weight 
peptides, and immobilization of protein-repelling polymers like poly-
ethylene glycol (PEG) and oligoethylene glycol (OEG) [12–14]. 

Although many antifouling materials have been identified and 
developed over the years, many have shared common disadvantages like 
lacking long-term stability and expelling other surrounding organisms. 
Thus, it has been necessary to synthesize and extract highly efficient 
antifouling agents that can inhibit the attachment of bacteria and bio-
film formation and ultimately block biofouling [5]. One class of bio-
molecules that has shown promise as effective antifouling coatings on 
surfaces is ’Antimicrobial peptides’ (AMPs). AMPs have garnered 
particular attention due to their ability to kill bacteria and serve as an-
tibiotics [15]. They are generally produced by various organisms such as 
animals, plants, fungi, bacteria, and viruses. Most organisms produce 
many AMPs as an arsenal against intruding pathogens [16]. These 
peptides have been demonstrated to produce their impact by either 
disrupting the cell membrane’s integrity or entering the cells and 
attacking specific intracellular targets. In most cases, the peptides act 
through charge interaction due to their amphiphilic structure, damaging 
the bacteria and killing them. Therefore, using AMPs coatings on sur-
faces can help to reduce the surface adsorption of biomolecules, bacte-
ria, and other organisms, thus proving to be a highly desirable solution 
to the marine biofouling problem [17,18]. 

Since the late 1950 s, biofouling and corrosion have been prevented 

by using biocide-containing antifouling paints as coatings for submerged 
surfaces which proved to be highly effective against fouling organisms. 
But their broad-spectrum impact on marine organisms raised environ-
mental concerns, leading to restrictions limiting their use [14]. In recent 
years, studies on surfaces immobilized with non-toxic AMPs have shown 
great potential as antimicrobial and antifouling coatings. Scientists have 
developed various strategies by taking a modern and bio-friendly 
approach to employing AMPs as useful marine antifouling material 
[19]. Biomimicry has been identified as a promising strategy that in-
cludes isolating, synthesizing and modifying natural antifouling com-
pounds produced by marine organisms to protect surfaces by inhibiting 
biofilm formation [20]. Surfaces modified by AMPs are more stable, 
which changes bacterial orientation and kills them once coming in 
contact. Surface topology is another crucial strategy that uses artificially 
designed surface microstructures with AMPs to reduce fouling attach-
ment by decreasing surface attachment points [21]. AMPs have gained 
enormous importance as amphiphilic coatings due to their tuneable 
structural and functional characteristics, which can be modified by 
controlling the exact addition of amino acids and, therefore, the location 
and concentration of hydrophilic and hydrophobic moieties. This pre-
cise control has immensely helped in optimizing the antifouling per-
formances of AMPs, which have been found to be closely related to their 
surface composition [22,23]. 

Recently, many studies have been carried out involving a wide range 
of AMPs which have been demonstrated as suitable antifouling coatings. 
In addition, several AMPs have also been modified to enhance their 
chemical characteristics for their application to prevent bacterial 
growth. Many previous reviews have discussed different AMPs that are 
used for a multitude of applications. However, to the best of our 
knowledge, any reviews discussing AMPs focusing on their modified 
forms have been sparse. As a result, in this review article, we hope to 
provide an in-depth understanding of AMPs and how their functionality 
forms one of the fundamental properties of antifouling. In addition, the 
variety of AMPs that are explicitly used as marine antifouling agents will 
be summarized, and the modifications in the peptides which bring 
change in their structure and function will be discussed in detail. 

Fig. 1. Marine Biofouling process. Stage 1: Surface conditioning with organic and inorganic macromolecules, Stage 2: transport and attachment of bacteria to the 
surface, Stage 3: Formation of a complex biofilm strengthening the attachment of bacteria to the surface, Stage 4: After enough biofilm forms, large organisms attach 
and develop a more complex strategy. 
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2. Antimicrobial peptides 

The growing use of antibiotics in multiple industries has led to the 
emergence of drug-resistant pathogenic microorganisms. This has 
resulted in a worldwide quest to develop a new generation of antibiotics. 
Currently, AMPs are considered the alternative to conventional antibi-
otics as they lead to bacteria developing little to no resistance [24]. 
AMPs, also known as host defense peptides, are diverse biological 
molecules that exhibit a broad spectrum of activity against microor-
ganisms. Discovered over 70 years ago, AMPs are oligopeptides con-
sisting of 5–100 amino acids with a molecular weight of 2–10 kDa [25, 
26]. They are highly abundant and form an essential part of the innate 
immune system, and generally are expressed in response to any attack 
by pathogenic microorganisms [27]. These peptides differ in the number 
of amino acids, peptide structure, net charge, physicochemical proper-
ties, and their mechanism of action. 

2.1. Diversity 

AMPs are produced by various organisms, ranging from bacteria to 
fungi, plants, vertebrates, and invertebrates. Nearly all bacterial species 
produce AMPs whose primary function is to kill other bacterial species 
competing for nutrients and the same habitat. One of the first peptides 
isolated from bacteria was Gramicidin D, synthesized by a multienzyme 
complex containing D-amino acids. Gramicidin kills bacteria by 
increasing the permeability of their cell membranes to monovalent 
cations, thereby destroying the intracellular ion gradient. These AMPs 
are highly active against Gram-positive bacteria and very few Gram- 
negative organisms [28]. Nisin, another prominent bacterial peptide, 
is a member of the lantibiotic family, characterized by the presence of 
uncommon amino acids. Nisin was isolated from Lactococcus lactis and 
contained a single lanthionine molecule and two β-methyl lanthionine 
rings. Nisin acts by forming pores on the cell membrane and inhibiting 
peptidoglycan synthesis. Compared to Gramicidin, nisin exhibits a broad 
spectrum of activity against several Gram-positive and Gram-negative 
pathogenic bacteria [29]. Other standard bacterial AMPs include 
microcins, tyrothricins, gageotetrins, and polymyxin B, which exhibit 
their distinctive activity spectrum on pathogenic organisms [30]. 

Even though bacterial AMPs are pretty common, a significant pro-
portion of AMPs studied extensively belong to eukaryotes. In the case of 
fungi, most of the peptides extracted belong to the peptaibols peptide 
family, which is identified by the presence of non-proteinogenic amino 
acids, like α-aminoisobutyric acid (AiB). They also consist of acetylated 
N-terminal residues along with the presence of amino alcohol like 
phenylalanine or leucinol at their C-terminus. Alamethicin, produced by 
Trichoderma viride, is the most common peptaibol, exhibiting a broad 
spectrum of action ranging from bacteria, fungi, and animals to insect 
cells.Trichogen GA IV is a lipopeptaibol with an AiB residue, leucinol at 
its C-terminal end but differs from alamethicin due to a lipophilic acyl 
chain at the N-terminal end. Tricholongins B and Saturnisporins SA are 
some of the other peptaibols which are effective against Gram-positive 
and Gram-negative bacteria [29,30]. 

Plants produce several different types of AMPs as they play an 
essential role in their innate immunity offering protection from infection 
by bacteria and fungi. These peptides are found in leaves, flowers, seeds, 
and tubers and are rich in cysteine with numerous disulfide bonds. The 
most relevant groups of plant AMPs are Purothionins, Defensins, and 
Cyclotides. Purothionins are cationic peptides toxic to mammalian cells 
and against several pathogenic bacteria, whereas defensins are cationic 
peptides but exhibit antifungal activity. In comparison, cyclotides are 
amphipathic peptides that provide resistance against insect infections 
and have antibacterial and antifungal activity [31–33]. 

Like plants, invertebrates also lack an adaptive immune system, so 
they depend entirely on their innate immune response. AMPs have been 
isolated from almost all invertebrates studied to date. The AMP family of 
Discodermins produced in sponges are active against bacteria and fungi. 

Aurelin, isolated from jellyfish, has antibacterial activity. Marine mol-
lusks produce several cysteine-rich peptides which exhibit antifungal 
activity. Gram-negative bacteria are more sensitive toward the family of 
AMPs, i.e., Cecropins isolated from the hemolymph of the giant silk 
moth. The Ceratotoxins family of peptides also has the same activity. 
However, they belong to the sex-specific family of AMPs as they are 
produced only in the female reproductive accessory glands of the 
Mediterranean fruit fly [29,30,34]. 

Compared to other organisms, vertebrates consist of both innate and 
adaptive immunity. Most AMPs have been isolated from various verte-
brates, like fish, reptiles, amphibians, birds, and mammals. The most 
prominent ones that have been characterized belong to the Cathelicidins 
and Defensins family of peptides. They have been isolated from in-
testines and different white blood cells of fishes, skins of different am-
phibians, bodily fluids, mouth, and lungs of reptiles, birds, and 
mammals. These peptides generally exhibit a broad spectrum of anti-
microbial activity [30]. 

2.2. Structural features 

AMPs are a distinct and diverse range of biomolecules. Like their 
familiar counterparts, they also consist of definite structural properties 
that could be classified into primary and secondary structures. 

The primary structure of AMPs is defined by their sequence length 
and amino acid composition. With over 2500 AMPs identified and 
sequenced, it has become easier to investigate the relationship between 
their structure and activity. The sequence lengths of most peptides vary 
from 10 to 60 amino acid residues, with shorter lengths generally having 
a decreased tendency to form secondary structures and therefore 
compromising their interaction with bacteria [35]. In comparison, 
long-chain peptides often exhibit much higher hemolytic and cytotoxic 
activity. Concerning their amino acid composition, AMPs mainly include 
cationic residues like arginine, lysine, and histidine and hydrophobic 
residues composed of aliphatic and aromatic amino acids. In addition, 
cysteine and proline residues are highly conserved in natural AMPs. The 
positively charged amino acids serve to interact with the negatively 
charged components of the bacterial cell wall. In contrast, the hydro-
phobic amino acids get incorporated into the lipid bilayer to increase 
membrane permeability and ultimately cause disruption to ion channels, 
which leads to cell death [36,37]. 

AMPs could be classified into three subgroups when it comes to 
secondary structures. The first is the α-helixes which are found in a high 
proportion among peptides and have been derived from different species 
ranging from insects, amphibians, fish, plants, and mammals. Many 
studies have reported that most of the peptides that act on cell mem-
branes acquire the α-helical structure in order to segregate the charged 
residues from hydrophobic amino acids so that the positively charged 
amino acids could interact through electrostatic interactions with the 
negatively charged molecules present in the bacterial cell wall and 
exhibit its antimicrobial activity [38]. The second principal structure 
which AMPs predominantly adopts is a β-sheet structure. Interestingly, 
β-sheet peptides have multiple cysteine residues, which are conserved 
and participate in the formation of disulfide bridges that stabilize their 
bioactive conformation and protect against protease degradation. 
Studies have shown that β-sheet and α-helical peptides with equal hy-
drophobicity and charge impart similar antimicrobial activities, but 
β-structures tend to exhibit much greater cell selectivity [28]. The third 
and final subgroup of secondary structure includes extended structures. 
Most AMPs that possess this structure have a higher proportion of pro-
line and glycine residues. Proline-rich extended peptides mostly have 
15–39 residues and are isolated from mammals and insects. In com-
parison, glycine-rich extended peptides have been extracted from 
various insect species, and their size varies from 8 to 30 kDa [39]. 
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2.3. Functional characteristics 

Three significant parameters determine the functional characteris-
tics of any AMPs. The first feature is the net positive charge present in 
any amphipathic peptides. Most cationic peptides have a positive charge 
ranging from + 2 to + 9 as the interaction between the peptides and the 
cell membranes depends upon the electrostatic attraction. The net pos-
itive charge carried by any peptides generally impacts its antimicrobial 
activity. Studies have indicated that enhancing the positive charge of an 
AMP results in a greater affinity between the microbial membrane and 
the peptide, whereas introducing negative charges decreases the anti-
microbial activity of AMPs [40]. The second important parameter 
involved is hydrophobicity, which is responsible for the antimicrobial 
activity and cell selectivity of AMPs. Peptides with high hydrophobicity 
easily damage the membrane structure resulting in cell lysis or helping 
to form transient pores in the membranes for the peptides to enter and 
interact with intracellular targets. The third parameter responsible for 
the antimicrobial activity of AMPs is its amphipathicity which results 
from the segregation of the polar and hydrophobic residues on the 
opposite faces of the molecular framework. The amphipathic nature 
enables AMPs to form α-helical structures and exhibit a broad spectrum 
of antimicrobial activity. Studies have revealed that increasing the 
amphipathicity of peptides tends to enhance both the bactericidal effects 
and cytotoxicity [39,41]. 

2.4. Mechanism of action 

The antimicrobial activity is one of the most fundamental mecha-
nisms of action of all AMPs. It is highly complex and difficult to char-
acterize as some AMPs can act on multiple targets at once. However, 

studies have provided clear evidence of two significant pathways suffi-
cient to cause cell death (Fig. 2). 

One of the primary pathways by which AMPs affect organisms is 
interacting through their cell membranes. The peptides can achieve the 
amphipathic conformation when it meets the negatively charged 
membranes. The Gram-positive and Gram-negative bacteria membrane 
composition makes them highly susceptible to peptide attack [42]. Once 
the peptides bind to the membranes, they cross the polysaccharides and 
other components before interacting with the cytoplasmic membrane in 
Gram-positive bacteria. In comparison, peptides gain access to the inner 
and outer membranes by displacing the divalent cations, destabilizing 
Gram-negative bacteria’s molecular assembly [43]. In addition, some 
peptides keep attaching themselves to the target surface until they reach 
a threshold concentration. As the concentration increases, the peptides 
continue interacting with the lipid headgroups, folding, and orienting 
themselves perpendicularly to the lipid molecules, then inserting 
themselves by partitioning in the hydrophobic core of the bilayer. As 
they reach the required threshold concentration, the peptides undergo 
conformation changes and alter the bilayer topology through pore for-
mation or membrane disintegration [28,44]. 

Another prominent pathway involves AMPs exerting their antimi-
crobial activity by targeting intracellular targets. Certain peptides can 
enter the organisms through the membranes by keeping them intact and 
mitigating their activity by interacting with the anionic cellular nucleic 
acids or intracellular enzymes involved in crucial metabolic activities 
[35]. 

2.5. Synthetic AMPs 

Generally, the production of cationic AMPs cannot be enhanced by 

Fig. 2. Mechanisms of action of antimicrobial peptides.  
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recombinant expression as they are toxic to the cells. Therefore, most 
peptides are synthesized chemically, while some are expressed in bac-
teria as part of fusion proteins, tandem multimers, or inclusion bodies 
[45]. Research has pioneered the synthesis of synthetic hybrid peptides 
based on natural AMPs, which increase the activity of the compounds 
and can be made to change the targets and decrease their cytotoxicity. 
Some peptides are also produced as synthetic analogs of natural AMPs 
[46]. These synthetic analogs are designed to have a broad spectrum of 
activity and cell selectivity compared to their natural counterparts. In 
addition, synthetic cationic AMPs are also designed not based on natural 
sequences and could be imparted with features like better attachment 
with membranes and having a particular secondary structure that 
effectively increases the potency of its antimicrobial activity [30]. 

3. Development of modified AMPs as marine antifouling 
material 

Biochemical modification of different marine-based surfaces has 
become crucial to avoid biofouling. Although many different strategies 
have been developed, AMPs as an antifouling material have quickly 
gained increased attention in recent years. Generally, various AMPs are 
available, but their finite antibacterial activity limits their use univer-
sally. Research into the modification of the evolutionary design of these 
peptides has helped not only improve amphipathicity and introduce 
flexibility in their conformation. However, it has also enhanced their 
antibacterial activity and selectivity over a broad spectrum, establishing 
greatly improved structure-activity and structure-selectivity relation-
ships (Fig. 3) [47,48]. 

3.1. Direct modification to AMPs 

Rapid colonization of submerged metallic structures by a host of 
organisms affects the material’s performance and causes early deterio-
ration. Natural biofilm formation is highly complex and involves inter-
action between the microorganism, submerged surfaces, and the 
chemical components naturally present in the seawater. One of the 

initial actions taken for biofilm inhibition is the attachment of AMPs to 
surfaces to fight against marine biofouling (Table 1). Natural peptides 
were extracted from snow crabs to reduce biofilm formation in sub-
merged mild steel surfaces in a study. Five different AMPs were 
extracted, mainly composed of D-amino acids like D-tyrosine, D-leucine, 
D-tryptophan, and D-methionine, which can inhibit biofilm formation in 
a solid medium as well as a liquid medium. The snow crab AMPs com-
bined with the natural organic matter present in seawater produced an 
antifouling effect on the organisms’ cellular arrangement and viability, 
thereby affecting the formation of conditioning film, the first stage of 
biofilm formation [8]. Another study extracted Portoamides which are 
cyclic peptides produced by the cyanobacterium Phormidium sp. LEGE 
05292 demonstrated high effectiveness against mussel larvae settlement 
and bioactivity towards biofilm disruption of bacterial strains, revealing 
broad-spectrum bioactivity towards a range of biofouling species [49]. 

A metal-binding peptide with the sequence NLNPNTASAMHV was 
used as the target peptide to prepare a hydrophobic/hydrophilic metal 
surface on stainless steel. Experiments on surface morphology, rough-
ness, and Fourier-Transform Infrared Spectroscopy (FTIR) revealed that 
changes occurred on the steel surface, making the surface coarser and 
some organic groups’ appearance in the modified steel surface, 
endowing the metal surface protection against biofouling [50]. In 
another study, a peptide derived from the receptor-binding domain of 
Pseudomonas aeruginosa type IV pilin with the sequence ACTSNADN-
KYLPKTCQT was used to modify the surface of the stainless steel surface. 
Scanning Electron Microscopy (SEM) and FTIR demonstrated that the 
peptide got successfully bound to the steel surface and illustrated anti-
microbial activity against Staphylococcus aureus when tested, presenting 
valuable information for peptide-dependent marine anti-biofouling ap-
proaches [51]. AMPs were covalently attached to membrane surfaces 
involved in water purification processes like desalination. The photo-
reactive 3-(4-benzoylphenyl)alanine was incorporated into the AMP 
sequence RWRWRWA, attached to the surface by filtration, and subse-
quently irradiated with UV light. The modification increased the surface 
hydrophilicity and moderately altered the membrane’s performance. 
The modification also decreased bacterial viability by 55 % and 

Fig. 3. Major types of modifications of antimicrobial peptides for use as marine antifouling agents.  
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Table 1 
Summary of directly modified AMPs developed as marine antifouling material.  

AMPs Origin Structure Modification Mechanism Antifouling activity References 

Composed of D-amino acids 
like D-tyrosine, D-leucine, 
D-tryptophan, and D- 
methionine 

Snow crab 
(Chionoecetes 
opilio) 

– Combined with natural 
organic matter 

Affects organisms’ cellular 
arrangement and viability 

Inhibits formation of 
conditioning film 

[8] 

Portoamides Phormidium sp. 
LEGE 05292 

Cyclic 
dodecapeptides  

Broad-spectrum bioactivity Mussel larvae settlement 
and bioactivity towards 
biofilm disruption of 
bacterial strains 

[49] 

NLNPNTASAMHV Synthetic – Metal-binding peptide Imparts hydrophobicity to its 
attached metal surface on 
stainless steel 

Prevents biofilm 
formation 

[50] 

ACTSNADNKYLPKTCQT Pseudomonas 
aeruginosa type 
IV pilin 

– Metal-binding peptide Inhibits organisms’ cellular 
viability 

Antimicrobial activity 
against Staphylococcus 
aureus 

[51] 

RWRWRWA Synthetic – Photoreactive 3-(4- 
benzoylphenyl)alanine was 
incorporated and irradiated 
with UV light 

Affects organisms’ cellular 
viability by 55 % 

Inhibits biofilm formation 
against Pseudomonas 
aeruginosa 

[52] 

NCLNPNTASACMHV Synthetic – – Antimicrobial and anti-algal 
activity 

Reduces biofilm formation 
and exerts strong anti- 
algal performance against 
Chlorella pyrenoidosa and 
Phaedactylum tricornutum, 
at a rate of 78.56 % and 
87.80 %, respectively 

[53] 

Melittin – α-helical 
peptide 

Charge conversion 
mechanism 

After attachment of bacteria, 
produces a acidic 
microenvironment affecting 
cell viability 

Antimicrobial activity 
against a wide range of 
Gram-positive and Gram- 
negative bacteria 

[54] 

Equinatoxin II Beadlet 
anemone 
(Actinia equine) 

Cyclic peptides Attachment of a hydrophobic 
palmitic acid 

Inhibits settlement of mixed 
marine microbial consortium 

Prevents biofilm 
formation over 24 h 

[55] 

Zwitterionic peptides Synthetic – Block charge distributions – Broad-spectrum 
antifouling activity 

[56] 

Zwitterionic peptides Synthetic – Incorporated amino acid 
spacers like serine, glycine, 
and leucine 

– Leucine inserted peptides 
significantly increased 
protein adhesion, while 
serine reduced the 
interaction between the 
peptide monolayer and 
various protein foulants 

[57] 

Zwitterionic peptides Synthetic – Self-assembled monolayers 
(SAMs) 

– Low rate of barnacle 
larvae settlement, with 
SAMs exhibiting 
exceptionally favorable 
antifouling properties 

[58] 

Fluorinated and non- 
fluorinated oligopeptide 

Synthetic – Two triblock amphiphilic 
polymers - one containing a 
hydrophobic middle block 
and another hydrophilic 
middle block 

– Copolymers exerted both 
antifouling and fouling 
release properties against 
the cells of the diatom 
Navicula incerta and the 
green algae Ulva linza 

[59] 

2,5-diketopiperazine – – Pharmacophore derived from 
amphiphilic micropeptides 

Broad-spectrum activity Against various fouling 
organisms but in low 
micromolar range 

[60] 

21 amino acid long peptide Synthetic – Adhesive group in the form 
of the amino acid 3,4- 
dihydroxy-L-phenylalanine 
(L-DOPA) was added 

Inhibits bacterial 
colonization 

– [61] 

Amphiphilic peptide Synthetic – Lysine placed adjacent to the 
L-DOPA residue for better 
adhesion, adding a linear 
fluorinated N-terminal to 
improve the film’s packing 
density, along with placing L- 
DOPA at the C-terminal 

– Antifouling properties was 
enhanced by 30 % 

[62] 

Sarcosine Synthetic – Grafting density and the side 
chain was varied 

– Increased antifouling 
performance 

[63] 

Analogin Synthetic – Incorporated into a polymer 
scaffold 

– Increased the release of 
the fouling organisms Ulva 
linza and Navicula incerta 

[64] 

D-enantiomers containing 
peptides 

Synthetic – Incoporated with non- 
proteinogenic Aib 

– Resistant towards the 
diatoms Navicula 

[65] 

(continued on next page) 

R. Saha et al.                                                                                                                                                                                                                                    



Colloids and Surfaces B: Biointerfaces 220 (2022) 112900

7

inhibited biofilm formation against Pseudomonas aeruginosa [52]. 
Treatment of a surface with a peptide containing sequence 

NCLNPNTASACMHV brought changes in the surface chemical compo-
sition and surface topology, which slightly reduced biofilm formation 
but exerted strong anti-algal performance, with the rate reaching 78.56 
% and 87.80 % for anti-Chlorella pyrenoidosa and anti-Phaedactylum 
tricornutum, respectively [53]. Another study used the α-helical peptide 
melittin constructed with a charge conversion mechanism. The 
pH-sensitive moieties immobilized on the surface involved an acrylic 
acid polymer brush grafted on the surface using UV light and benzo-
phenone as a photoinitiator. The surface was modified with ethyl-
enediamine and 2,3-dimethylmaleic anhydride, following which the 
melittin was fixed using electrostatic interaction. This modified surface 
allowed bacteria to grow exponentially, accumulate, and ultimately 
attach to the surface. This triggers an acidic micro-environment which 
leads the pH-responsive surface to ultimately release the peptide, 
exhibiting antimicrobial activity against a wide range of Gram-positive 
and Gram-negative bacteria [54]. In addition, noncovalent interactions 
have also immobilized cyclic peptides with a hydrophobic palmitic acid 
attaching them to membranes. The adsorbed peptides could disperse 
already established biofilms, withstand significant stress, remain active, 
and prevent biofilm formation for over 24 h [55]. 

Zwitterionic peptides are a class of AMPs considered highly favor-
able candidates for antifouling processes. A study revealed that surface- 
tethered zwitterionic peptides with multiple zwitterionic lysine and 
glutamic acid residues exhibit better antifouling performance. However, 
the same amount of positive and negative charge affects the structure of 
the peptide molecule but does not change its antifouling properties at all 
[56]. Another study incorporated neutral amino acid spacers like serine, 
glycine, and leucine, which have different hydrophobicities, into zwit-
terionic peptides. Analysis revealed that the hydrophilicity of the 
neutral spacers affects the structure as well as the antifouling perfor-
mance of the peptide. Hydrophobic leucine inserted peptides signifi-
cantly increased protein adhesion, while hydrophilic serine reduced the 
interaction between the peptide monolayer and various protein foulants 
[57]. Zwitterionic peptide-based fouling resistant self-assembled 
monolayers (SAMs) were subjected to presentation of surface-attached 
pheromones for barnacle larvae. The analysis confirmed the low rate 
of barnacle larvae settlement, but SAMs exhibited exceptionally favor-
able antifouling properties [58]. 

A study demonstrated the modification of a fluorinated and non- 
fluorinated non-natural oligopeptide with two triblock amphiphilic 
polymers – one containing a hydrophobic middle block and another 
hydrophilic middle block. Surfaces coated with these copolymers 

exerted both antifouling and fouling release properties against the cells 
of the diatom Navicula incerta and the green algae Ulva linza [59]. 
Incorporation of pharmacophore derived from amphiphilic micro-
peptides into a 2,5-diketopiperazine scaffold displayed broad-spectrum 
activity in the low micromolar range and against various fouling or-
ganisms [60]. A 21 amino acid long peptide containing antifouling and 
antibacterial group attached to a peptide backbone was synthesized in a 
study. An adhesive group in the form of the amino acid 3,4-dihydrox-
y-L-phenylalanine (L-DOPA) was added, making the peptide capable of 
getting adsorbed onto titanium surfaces overnight. Microscopy, bacte-
rial staining, and colony-forming-unit counting method confirmed that 
the peptide could inhibit bacterial colonization while preventing bovine 
serum albumin adhesion, demonstrating the peptide’s antifouling 
properties [61]. In another study, an amphiphilic peptide was manipu-
lated by changing the position of certain individual amino acids. This 
included positioning lysine adjacent to the L-DOPA residue for better 
adhesion, adding a linear fluorinated N-terminal to improve the film’s 
packing density, and ultimately placing L-DOPA at the C-terminal. This 
modification resulted in the enhancement of the antifouling properties 
of the amphiphilic peptide by 30 % [62]. 

AMPs as molecules also exist in varied structural forms, which have 
their unique functions as antifouling materials. One such variant is 
’Peptoids’ which are novel poly(N-substituted glycine) mimics consist-
ing of side chains attached to amide nitrogens. A study revealed that 
varying the grafting density and the side chain of the simplest peptoid 
residue, i.e., Sarcosine, exhibited high antifouling performance. Using 
polysarcosine with a small polymer chain cross-section led to extended 
chain conformations and lowered the overall electrostatic potential, 
which promoted chain flexibility and increased hydration [63]. Incor-
porating a newly synthesized non-hydrogen bonding peptoid analogin a 
polymer scaffold was better suited to resist marine fouling and increased 
the release of the fouling organisms Ulva linza and Navicula incerta 
compared to a hydrogen-bonding peptoid analog [64]. 

Most of the peptides used for surface functionalization are made up 
of L-amino acids and exhibit high resistance toward non-specific 
adsorption of proteins but are very prone to degradation by protease. 
In order to improve their stability towards proteolytic degradation, the 
mirror image of two peptides was synthesized using all D-amino acids 
and incorporated with the non-proteinogenic Aib. Experiments revealed 
that the D-enantiomers containing peptides maintained the same non- 
specific adsorption of proteins and resistance towards the diatoms 
Navicula perminuta and Cobetia marina but enhanced the protection 
against proteolytic degradation [65]. A study determined the altered 
properties of peptide-terminated SAMs by exchanging a serine with an 

Table 1 (continued ) 

AMPs Origin Structure Modification Mechanism Antifouling activity References 

perminuta and Cobetia 
marina 

Peptide-terminated SAMs Synthetic – A serine residue was replaced 
with an alanine residue 
The bulky Aib molecule was 
inserted 

Change with alanine altered 
the hydrophilicity of the 
peptide 
Inclusion of Aib decreased the 
overall packing density by 
almost 17–37 % and changed 
the structure from a mixture 
of β-sheet/random coil to 
completely random coil 

Reduced fouling by 
N. perminuta 
50–84 % better against the 
settlement of U. linza and 
100 % resistant against 
the enzymatic 
degradation by trypsin 

[66] 

14-mer peptide containing an 
amino acid sequence 
derived from the sea 
anemone Actinia equina 

Synthetic – Combined with tetrakis 
(hydroxymethyl) 
phosphonium sulfate (THPS) 

Showed antimicrobial 
activity by inhibiting cellular 
viability 

Demonstrated a 2-log 
reduction, 1-log 
reduction, and 1-log 
reduction in sessile 
sulfate-reducing bacteria 
cell count, sessile acid- 
producing bacteria cell 
count, and sessile general 
heterotrophic bacteria cell 
count, respectively 

[67]  
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alanine residue and inserting the bulky Aib molecule. The change with 
alanine altered the hydrophilicity of the peptide and reduced fouling by 
N. perminuta, whereas the inclusion of Aib decreased the overall packing 
density by almost 17–37 % and brought about structural changes from a 
mixture of β-sheet/random coil to completely random coil structure. In 
addition, the peptide containing Aib were over 50–84 % better against 
the settlement of U. linza and 100 % resistant against the enzymatic 
degradation by trypsin [66]. Peptides have also been modified to 
enhance the efficacy of biocides. A chemically synthesized 14-mer 
peptide containing an amino acid sequence derived from the sea 
anemone Actinia equina exhibited antimicrobial activity against an oil-
field biofilm consortium grown on C1018 carbon steel. The peptide, 
along with tetrakis(hydroxymethyl) phosphonium sulfate (THPS), led to 
an additional 2-log reduction, 1-log reduction, and 1-log reduction in 
sessile sulfate-reducing bacteria cell count, sessile acid-producing bac-
teria cell count, and sessile general heterotrophic bacteria cell count, 
respectively [67]. 

3.2. Indirect modification to AMPs 

Extensive studies were made in which AMPs used for antifouling on 
immerged surfaces were modified indirectly using different support 
structures, which added to the effect produced on biofilm formation 
(Table 2). In one study, the AMP nisin was grafted on a previously coated 
surface with the repelling polysaccharide hyaluronic acid in the hy-
drolyzed form. Another modification involved coupling the nisin pep-
tide with the polysaccharide in solution before grafting it on the 
surfaces. Results demonstrated a more significant antibacterial activity 

of nisin when grafted to the hydrolyzed hyaluronic acid, which subse-
quently turned out to be a better combination exhibiting both anti-
adhesive and biocidal properties [68]. A group of three cyclotides, 
namely P1, P2, and P3, were extracted and purified from Viola philippica 
Cav. and further utilized for modifying steel surfaces by using poly-
dopamine as a coupling agent. Assessment of the antimicrobial activity 
of surfaces modified with the three peptides revealed that P3 has a more 
significant activity than P1 and P2, with P3 exerting the most robust 
antibiofilm capacity [69]. Attachment of nisin on a glass microstructural 
surface via dopamine exhibited antiadhesive and antibiofilm formation 
against the algae Phaeodactylum tricornutum and the bacteria Bacillus sp. 
[70]. Another study applied a combinatorial surface modification pro-
cedure using dopamine and two synthetic peptides on a 304 stainless 
steel surface. The modified surface showed a higher antibiofilm effect 
and antibacterial activity against Staphylococcus aureus than the un-
treated and dopamine-only surface [71]. Magainin is a highly common 
AMP that exhibits a broad-spectrum antimicrobial capacity, whereas 
polydopamine (DA) possess substantial adhesive property to almost all 
kinds of organic and inorganic surface in a weak alkaline aquatic envi-
ronment. In a study, MAG II was used in conjugation with dopamine to 
modify the surface of stainless steel. Analysis revealed that the peptide 
bond successfully to the surface with remarkable change observed in 
both the topology and wettability of the steel surface. The antibacterial 
performance indicated that the modified surface decreased adhesion 
against two marine bacteria, Vibrio natriegens and Citrobacter farmer, by 
99.79 % and 99.33 %, respectively [5]. Two additional modification 
studies were carried out with MAG II and DA for creating antibacterial 
surfaces. One involved grafting MAG II onto a DA modified 304 stainless 

Table 2 
Summary of indirectly modified AMPs developed as marine antifouling material.  

AMPs Origin Structure Modification Mechanism Antifouling activity References 

Nisin – – Grafted on a previously coated surface 
with the repelling polysaccharide 
hyaluronic acid in its hydrolyzed form 

High antibacterial activity Exhibited both antiadhesive and 
biocidal properties 

[68] 

P1, P2, and P3 Viola 
philippica 
Cav. 

Cyclotides Polydopamine (DA) was used as a 
coupling agent 

– P3 demonstrated a more 
significant activity than P1 and 
P2, with P3 exerting the most 
robust antibiofilm capacity 

[69] 

Nisin – – Dopamine was used as a coupling 
agent 

– Demonstrated antiadhesive and 
antibiofilm formation against the 
algae Phaeodactylum tricornutum 
and the bacteria Bacillus sp. 

[70] 

2 peptides Synthetic – Dopamine was used as a coupling 
agent 

– High antibiofilm effect and 
antibacterial activity against 
Staphylococcus aureus 

[71] 

Magainin II 
(MAG II) 

– – Dopamine was used as a coupling 
agent 

The peptide brought a remarkable 
change in both the topology and 
wettability of the steel surface 
which made a significant increase 
in its antibacterial performance 

The modified surface decreased 
adhesion against two marine 
bacteria, Vibrio natriegens and 
Citrobacter farmer, by 99.79 % 
and 99.33 %, respectively 

[5] 

MAG II – – MAG II was grafted onto a DA 
modified 304 stainless steel surface 
(SS-DA-MAG). 
A combination of MAG II and DA was 
grafted onto the surface (SS-MAG- 
DA). 

Physicochemical and 
antibacterial properties of the SS- 
MAG-DA were far superior to the 
SS-DA-MAG modified surface 

Both the modified surfaces 
exhibited strong antibacterial 
capacity against V. natriegens 
with an efficiency of 98.07 % and 
99.79 % by SS-DA-MAG and SS- 
MAG-DA, respectively. 

[72] 

Nisin – – Nisin was grafted onto a polysulfone 
and poly(dopamine methyl 
acrylamide) (PDMA) modified surface  

Demonstrated antimicrobial 
activity against S. aureus 

[73] 

MAG II – – Hydrophilic coatings containing 
zwitterionic, neutral, positively 
charged poly (ethylene glycol) (PEG) 
polymers were grafted along with the 
covalently attached MAG II peptide on 
the surface 

– Demonstrated antimicrobial 
activity against Pseudomonas 
aeruginosa and inhibited biofilm 
formation 

[74] 

Andoligopeptoid Synthetic Oligopeptide Poly (dimethylsiloxane) (PDMS)- and 
poly (ethylene oxide) (PEO)-based 
copolymer coatings were 
functionalized with the peptoid side 
chains 

– The surface containing the 
peptoid-PEO coatings 
demonstrated much lower 
adhesion strength and initial 
attachment property of N. incerta 

[75]  
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steel surface (SS-DA-MAG). Another consisted of grafting a combination 
of MAG II and DA onto the surface (SS-MAG-DA). Observation of film 
thickness and surface topology revealed that both the grafts were 
immobilized on the surface successfully. However, both the modified 
surfaces exhibited strong antibacterial capacity against V. natriegens 
with an efficiency of 98.07 % and 99.79 % by SS-DA-MAG and 
SS-MAG-DA, respectively. However, physicochemical and antibacterial 
properties of the SS-MAG-DA were far superior to the SS-DA-MAG 
modified surface [72]. 

Another highly used modification technique is using various poly-
mers combined with peptides to modify surfaces to develop antibacterial 
coatings. In a study, nisin was immobilized on the surface of ultrafil-
tration membranes based on polysulfone and poly(dopamine methyl 
acrylamide) (PDMA). The grafting was accomplished through the reac-
tion between the amino groups of nisin and the catechol groups of 
PDMA. The resulting attachment of nisin on the membranes showed 
resistance to fouling and flux recovery ability due to the hydrophilic 
properties of PDMA moiety. In contrast, the nisin moiety exerted 
excellent antimicrobial activity against S. aureus [73]. In another study, 
various hydrophilic coatings consisting of zwitterionic, neutral, posi-
tively charged poly (ethylene glycol) (PEG) polymers were grafted along 
with the covalently attached MAG II peptide on the surface of the 
membranes. All AMP-modified membranes were found to have activity 
against Pseudomonas aeruginosa and enhance < 20 % of biofilm volume 
on the surfaces and subsequent inhibition of biofilm formation [74]. 
Poly (dimethylsiloxane) (PDMS)- and poly (ethylene oxide) (PEO)-based 
block copolymer coatings were functionalized with non-natural oligo-
peptide andoligopeptoid side chains. Analysis to measure the biofouling 
performance revealed that peptoid chains facilitate the removal of 
U. linza sporelings from the PDMS coatings. The non-hydrogen bonding 
peptoid backbone primarily contributes to the low adhesion strength to 
the modified surfaces. However, the adhesion strength and initial 
attachment property of N. incerta were much lower on the surface con-
taining the peptoid-PEO coatings, therefore establishing the conjugation 
of peptide-polymer coatings as highly essential for use in marine anti-
fouling applications [75]. 

4. Future prospects 

Marine fouling has become a highly potent problem for industries 
that utilize marine resources and various submerged surfaces for their 
daily functions. Although several antifouling strategies exist, their 
inherent toxicity to the machinery and the surrounding environment 
and being costly has made many of them redundant [76]. However, 
biomaterials have become a superior choice in solving the biofouling 
problem. To this effect, AMPs have rapidly gained attention as a mole-
cule that repels the settlement and permanent attachment of fouling 
organisms. Since then, many peptides have been discovered, yet only a 
specific few have been applied for marine antifouling purposes [77]. The 
reason might be attributed to the structure-function relationship, which 
significantly affects the physicochemical properties of the peptides. The 
variation in structural conformation in the aqueous environment rela-
tive to the membrane environment is also another potential problem. 
Any structural modifications introduced to improve its efficacy or any 
other property becomes difficult as no standard protocol exists. There-
fore, more effort and extensive research are required for structural 
modification [78]. As far as the mechanisms of action of the AMPs are 
concerned, several are known, and their overall targets have also been 
identified, but the exact precise mechanism is barely known. The entire 
process of microorganism attachment to biofilm film formation is 
complex, and it becomes essential to identify the precise targets that the 
AMPs act on. Studies have established different modification techniques 
and chemical synthesis methods for AMPs [79]. However, a more 
rational design and universal modification protocol is required to 
develop more powerful peptides that are both chemically stable and 
environmentally friendly. Approaches could be made to utilize novel 

formulations like liposomes, micelles, and nano-embedded structures to 
impart more stability and efficiency to AMPs. 

In addition, coatings with modified AMPs have shown promising 
results, but they remain expensive and challenging to produce [80]. And 
the fouling models studied to date have mainly been carried out under 
laboratory conditions proving insufficient in comparison to the 
complexity of the marine environment with its variety of biofouling 
organisms [81]. Utilizing AMPs for submerged surfaces is an emerging 
strategy. Studies have been limited with field tests being hardly carried 
out and few getting tested in river and aquarium environments under a 
restricted test period producing results that require further investiga-
tion. Although it is expected that more research is going to emerge in the 
future, there need to be two universal standards that should be main-
tained in marine field tests [82]. Firstly, biofouling in the marine envi-
ronment has shown spatiotemporal variation under different seasons, 
with variations in temperatures, salinity, and light regimes; thus, more 
extended field tests throughout the seasons in diverse conditions will 
reveal the durability and stability of the coatings. Secondly, a more 
extended test period will also help to understand the antifouling capa-
bilities of the AMPs coatings [7,83]. The development of novel strategies 
for simple, low-cost, and efficient synthesis techniques will benefit the 
production and practical applications of AMPs as a potent antifoulant for 
submerged surfaces in marine facilities. 

A practical approach that can play an essential role in future studies 
is the molecular dynamics (MD) simulation technique. Many researchers 
have recently utilized MD simulation with AMPs to analyze the peptides’ 
attachment behaviors on different surfaces [84]. The simulation results 
could easily be used to understand the distribution of surface atoms and 
their influence on the performance of the peptides. These can contribute 
to a better understanding of the interactions between the surfaces and 
the peptides and could prove to be of great significance for using AMPs 
as marine antifouling material [85]. 

5. Conclusion 

AMPs have gained the most attention as a prominent marine anti-
fouling material. Extensive studies were carried out to reveal the pros-
pects and the limitations associated with applying AMPs. It has also shed 
light on the improvements and new approaches that need to be devel-
oped to gain a better outlook on the performance and properties of the 
peptides—this review article reported on the antimicrobial peptides and 
the many characteristics associated with them. Several modification 
methods involved in improving AMPs, their structure, stability, and 
antimicrobial activity were discussed. A more rational design for peptide 
modification could prove to be highly crucial for developing efficient 
and cost-effective antifouling biomaterials. The prospect of utilizing 
AMPs as the significant antifouling material could turn the tide for the 
marine industries in the future. 
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peptide. A successful autophagy system consists of several 
key components, including mitophagy, ERphagy, lipo-
phagy, and xenophagy. These components are responsible 
for maintaining the cellular homeostasis. Basal autophagy 
is a process that occurs during physiological conditions. 
It helps to maintain cellular metabolism and homeostasis. 
However, dysregulation in autophagy can contribute to the 
development of various diseases. Under severe stress, insuf-
ficient autophagy can result in the accumulation of toxic 
substances which contribute to the development of various 
diseases like cancers, metabolic disorder and neurodegener-
ation [3]. Autophagy can be divided into two groups: basal 
autophagy and induced autophagy. The former provides a 
blueprint for eukaryotes to maintain their cellular homeo-
stasis. Compared with basal autophagy, induced autophagy 
is a defensive response that can cause cell death. This pro-
cess is triggered by the body’s response to external stimuli. 
In humans, autophagy is the central regulating point that 
controls the various metabolic functions of the body. This 
process is known to prevent diseases and promote longevity 
by removing the cellular garbage [4]. Exosomes are small 
vesicles that come out of every cell type in the environment. 
Studies have shown that they can serve as a type of intercel-
lular communication channel [5]. The intricate relationship 

Introduction

Autophagy is a commonly used metabolic process that 
occurs in most eukaryotic cells to promote cell survival. It 
involves the removal of damaged organelles and proteins 
through the fusion of lysosome and a double-membrane 
vesicle [1]. It refers to the process of lysosomal degrada-
tion in a cellular environment. It can be generally catego-
rized as macroautophagy, chaperone-mediated autophagy, 
and microautophagy [2]. Macroautophagy involves the 
fusion of the lysosomal enzymes with the cytoplasm of a 
double-walled membrane. The lysosomal enzymes help 
in the degradation of sequestered products. Microautoph-
agy is a process where the lysosomes engulf cytoplasmic 
cargo. Chaperone mediated autophagy is the only mode 
where proteins are targeted to the lysosomes using signal 
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Abstract
Recent advances in exosome biology have revealed significant roles of exosome and their contents in intercellular com-
munication. Among various exosomal content, long non-coding RNAs (lncRNAs), which have a large size (˃ 200 nt) and 
lack protein coding potential, are known to play key roles in intercellular communication and novel biomarkers of various 
metabolic disorders. Moreover, long non-coding RNAs are often involved in the regulation of various cellular processes 
such as autophagy, apoptosis, cell proliferation. On the other hand, autophagy is the central regulating point that controls 
the various metabolic functions of the body. This process is known to prevent diseases and promote longevity. Therefore, 
the present review discusses the relationship between diseases and autophagy, and also look into the biological functions 
of exosome-associated lncRNAs in regulating autophagy. Furthermore, this review will summarize some of the studies 
that provide novel insights into the pathogenesis of autophagy-related diseases followed by the non-canonical roles played 
by autophagy and related proteins in the development of exosome biogenesis.
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Interplay between autophagy and exosome

Autophagy is a complex process involving a set of proteins 
and molecules that can be affected by abnormalities in one 
gene or another. The intersection points of the mTOR and 
Beclin1 signalling pathways are key factors in the regulation 
of autophagy. The two main pathways that regulate autoph-
agy are the PI3K-Akt-mTOR and AMPK-mTOR pathways 
(Fig. 1 A). The mTOR and PI3K/Akt activation are known 
to suppress autophagy [12]. The activation of AMPK acti-
vates autophagy either by inactivating mTOR and associ-
ated proteins or by inducing expression of autophagy related 
proteins [13]. A defect in any of these pathways can prevent 
the efficient digestion of protein aggregates and cause exo-
some release to alleviate proteotoxic stresses. The cross-
talk between exosome and autophagic pathways has been 
observed in the development of diseases. The core mam-
malian protein complex known as PI3K is involved in the 
endocytosis and autophagy stages. The complex consists of 
three components known as VPS34, p150 and Beclin 1 [14]. 
The association between the PI3K complex and the Beclin1-
Interacting protein has been shown to suppress endocytosis 
and autophagy. The effects of exosomal processing on the 
autophagic activity are not consistent with current stud-
ies. Since the exosomal cargo can regulate the signaling 
pathways of the autophagic system [8]. It is important to 
understand the role of exosomes in this process. An impor-
tant exosomal cargo miRNA are non-coding RNAs that can 
regulate the expression of target genes. Li et al. showed that 
overexpression of miR-221/222 impairs the level of PTEN, 
activates the Akt signaling pathway and reduced the expres-
sion of several key signaling hallmarks that are associated 
with autophagy [15]. Liu et al.revealed that miRNA-223, 
which is a novel class of molecules that can augment the 
autophagy of H9C2 cells, prevented hypoxia-induced apop-
tosis in new-born rats [16]. Arslan et al. showed that the 
presence of MCS-exo can augment the protection of indi-
viduals from cardiac dysfunction caused by the activation 
of the PI3K/Akt pathway [17]. Yang et al. stated that, by 
inhibiting exosomal miR-30a, they were able to prevent 
the induction of apoptosis in cardiomyocytes subjected to 
hypoxia [18]. The exosomal miR-30a could also contribute 
to the development of a novel pathway of autophagy. Nair 
et al. showed that the fusion of autophagosome with mem-
branes depends on the activity of the SNARE family pro-
teins, which includes VAMP7, syntaxin 7, and syntaxin 8 
[19]. VAMP7 is a key component of the exosome secretion 
pathway. Its role in this process is evidenced by its activity 
as a SNAREs. ATG proteins can be found in the assembly 
of autophagosomes through the use of a MVB associate 
protein known as Rab11 [20]. ALIX has been shown to 
interact with exosomal cargo. It has been suggested that this 

between the exosomal pathways and autophagy can have 
important implications for human diseases and physiology. 
This relationship is also influenced by the environment.

Exosomes are membrane bound microvesicles with 
diameter 30–150 nm procured from late endosomes of 
eukaryotic cells [6]. They are known to serve as a bridge 
between cells and their recipients. Exosomes are embodied 
with various kinds of RNAs like mRNA, tRNA, miRNA. 
They can also carry a wide range of lncRNAs, which can 
transmit different information to neighbouring cells [7]. The 
exact role of exosomal RNAs has not been fully explored. 
Further, it has been discovered that exosomes play a cru-
cial role in the secretion of damaged protein and RNAs and 
maintain cellular fitness. The crosstalk between exoplasmic 
and autophagic pathways is a complex process that varies 
greatly in various diseases [8]. There are numerous exam-
ples of autophagy-related protein complexes that can serve 
as scaffolds for exosome biogenesis. The role of exosome 
biogenesis and autophagy in maintaining cellular homeosta-
sis has been acknowledged.

Non-coding RNAs are often referred to as long non-cod-
ing RNAs (lncRNAs), microRNAs (miRNAs), and circular 
RNAs (circRNAs). They play key roles in cellular metabo-
lism by modifying the structure of DNA and transferring 
protein translation [9]. It is widely believed that these RNAs 
are actively transcribed from the human genome and play 
important roles in the development and regulation of vari-
ous diseases. Among these, involvement of long non-coding 
RNAs (lncRNAs) scan in the regulation of various diseases 
has been observed. Their discovery has led to the develop-
ment of novel diagnostic and therapeutic targets. The effects 
of lncRNAs on cellular functions include the induction of 
apoptosis, cell proliferation, and the evasion of tumor sup-
pressors proteins [10]. As a matter of fact, lncRNAs are 
known to play key roles in the regulation of transcription of 
protein-coding genes. Additionally, recent studies suggest 
that they can also contribute to the diseases originated from 
deregulated autophagy [11]. Evidence showed that lncRNA 
H19 and lncRNA HOTAIR can target various autophagy-
related signaling pathways. In this review, we will discuss 
the relationship between diseases and autophagy, and also 
look into the biological functions of exosome-associated 
lncRNAs in regulating autophagy. This review will also 
summarize some of the studies that provide novel insights 
into the pathogenesis of autophagy-related diseases fol-
lowed by the non-canonical roles played by autophagy and 
related proteins in the development of exosome biogenesis. 
This topic is based on the discovery that a subset of the 
autophagy proteins can function in the exosome.
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release. The study shows that LC3B, which is a type of pro-
tein involved in the development of exosome biogenesis, 
plays a crucial role in the fate of MVBs. The ATG12–ATG3 
complex, which is a component of the LC3B conjugation 
pathway, plays a crucial role in exosome biogenesis. It is 
also known to interact with the ALIX protein to regulate 
the exosome biogenesis [21]. The loss of ATG12-ATG3 dis-
rupted late endosome trafficking and exosome biogenesis, 
but not starvation induced autophagy. Despite the loss of 
ALIX, starvation-induced autophagy remained intact. This 
suggests that the various regulatory machineries that control 
this process regulate different aspects of autophagy [21].

association could play a role in the exosomal secretory path-
ways involved in lysosomal degradation (Fig. 1B). ALIX 
inhibition revealed a decrease in autophagy, which is a major 
step in the exosome biogenesis pathway. This decrease in 
autophagy is associated with the crosslink arrangement 
between the exosome biogenesis and the autophagy path-
way [21]. ATG5 has been shown to play a crucial role in 
the exosome biogenesis pathway and the autophagy path-
way. It has also been shown that the dissociation of vacuolar 
protons from MVBs allows MVB–PM fusion [22, 23]. The 
ATG5 knockout significantly reduces the exosome release 
and attenuated the exosomal enrichment of LC3B [23, 24]. 
This effect is important since the formation of autophago-
somal cells does not require the exosome release. The ATG7 
knockout did not affect the release of exosome proteins. It 
has been suggested that the absence of LC3B lipidation or 
the formation of autophagosomes does not require exosome 

Fig. 1 (A) A schematic diagram of the signaling pathways involved in exosome-mediated autophagy. Exosomes can also contribute to the induc-
tion of this process by interacting with the epidermal growth factor receptor (EGFR). Binding of growth factors to the tyrosine kinase receptor 
activates the complex, which then recruits and activates the PI3K protein, which phosphorylates the Akt. One of the main targets of the phosphory-
lated AKT protein is the mTOR pathway. Different exosomal miRNAs also target the epidermal growth factor receptor and inactivate the mTOR 
pathway. During starvation, the ULK1 complex is activated by autophosphorylation and phosphorylates ATG13, FIP200. AMPK can trigger the 
activation of ULK1, which can be initiated by negatively regulating mTORC1 or phosphorylating ULK1. Red colour for Akt/mTOR signaling 
pathway, blue colour for AMPK/mTOR signal pathway and green colour for exosomal miRNAs mediated pathway. (B) The proposed mechanism 
involves the cross-regulation of the exosome and autophagic pathways. As the endosome matures, it forms into multivesicular bodies (MVBs) 
that can fuse with the plasma membrane and are secreted as exosomes. In response to environmental stress, the protein assembly site extends to 
form the phagophore. As the phagophore continues to grow, it engulfs damaged organelles and proteins. The phagophore then forms a bilayered 
membrane, which is the autophagosome. Alternatively, the MVBs can form hybrid organelles, amphisome with autophagosomes. The lysosome 
and the autophagosome fuse together to form the autolysosome, which is a degradation centre for harmful components in the body
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helps cancer cells to avoid cellular stress and chemother-
apy. The lncRNA-CAF plays a crucial role in the survival 
and proliferation of tumor cells. It prevents the degrada-
tion of the pro-inflammatory cytokine IL-33 by suppressing 
p62-dependent autophagy. Normal stromal fibroblasts have 
high levels of lncRNA-CAF, which can promote tumor pro-
liferation. The positive feedback loop occurs in the tumor 
microenvironment when cancer cells secrete lncRNA-CAF 
which is known to promote the growth of tumor cells. 
Higher levels of lncRNA-CAF in the tumor microenviron-
ment are also associated with poor prognosis in patients with 
OSCC. LncRNA ANRIL that promotes autophagy in endo-
thelial cells through the upregulation of Beclin1. This is a 
mechanism that promotes cell proliferation and angiogen-
esis [32]. A novel approach to treat uremic cardiovascular 
disease could involve the release of lncRNA ANRIL, which 
can regulate the autophagy of cardiomyocytes [33]. A study 
shows that high glucose levels decrease the level of lncRNA 
H19, which leads to the onset of autophagy [29]. Autophagy 
has been linked to a negative cardiac function response. H19 
may decrease hypoxia-induced injury through the activation 
of the PI3K/Akt pathway [34]. Overexpression of H19 can 
help alleviate this effect by reducing the risk of cardiac fail-
ure. Downregulation of H19 can increase the expression of 
ATG7 and Beclin 1 in response to hypoxia [29]. According 
to Wang et al., lncRNA H19 impairs the cell viability of 
cultured cells by triggering the autophagy process through a 
mechanism involving DUSP5-ERK1/2 axis [35]. This study 
supports the notion that H19 is associated with autophagy.

Metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1) is a transcriptional regulator that plays an impor-
tant role in cancer development. The presence of MALAT1 
in the pancreatic ductal adenocarcinoma was a diagnostic 
marker for the disease. The ability to inhibit autophagy 
and tumor proliferation was exhibited by the expression 
of MALAT1. The inhibition of autophagy by MALAT1 
silencing was associated with the reduction of tumor growth 
and metastasis [36]. A study shows that suppressing the 
MALAT1 protein elevates p62 and lowers LAMP2 expres-
sion, which is important for the fusion of lysosomes and 
autophagosomes [29]. Additionally, it can trigger autophagy 
by deactivating the expression of the Beclin 1 protein. A 
new study reports that the MALAT1 knockdown can reduce 
the expression of the Beclin 1 protein in multiple myeloma 
tissues [29]. LncRNA MALAT1 is an autophagy inducer 
that prevents the reoxygenation of cerebral microvascular 
endothelial cells. This impairs the ability of these cells to 
repair the damage caused by the upregulation of ULK2 [37]. 
A study revealed that downregulation of MALAT1 can pre-
vent the death of neurons by suppressing the expression of 
the miR-30a [38].

LncRNAs and autophagy

The commonly used classifications for lncRNAs are based 
on their genomic location, function, and the presence of 
repeat elements. They are known to play key roles in vari-
ous biological processes such as cell growth, differentiation, 
and metabolism [25]. These small molecules can be bound 
to various transcription factors to regulate the activity of 
their host genes. Also, their downstream effector molecules 
can interact with different signaling pathways to provide 
information to the platform. These modes of action are not 
independently coordinated and interacted with each other. 
For example, lncRNA-p21 is an intergenic non-coding 
RNA that was induced by the p53 tumor suppressor pro-
tein to suppress its tumor suppression function during DNA 
damage [26]. LncRNA-p21 localizes to p53 target genes 
and prevents their transcription. A number of studies sug-
gested that lncRNAs could suppress or induce autophagy 
through the ATGs [11, 27]. In addition, studies revealed that 
HOTAIR can promote cancer progression and drug resis-
tance [28]. For instance, in human HCC cells, increasing 
HOTAIR expression can trigger the induction of autoph-
agy by ATG3 and ATG7 [29]. Xu et al. was confirmed that 
lncRNA GAS5 promotes autophagy by upregulating the 
expression of certain autophagic regulators like ATG5, 
ATG12 [30]. Huang et al. discovered that the expression of 
PVT1 activates ULK1, which is an autophagy-activating 
protein. It was also hypothesized that MEG3 could regulate 
the cellular autophagy process and promote BDC prolifera-
tion [31]. On the other hand, down-regulation of H19 can 
increase the expression of ATG7, which is a good indicator 
of the association between the two. Another study shows 
that the upregulation of HOTAIR in the cell proliferation 
promotes the growth of HCC cells by enhancing ATG3 and 
ATG7 expressions.

Exosomal lncRNA and autophagy

Long Non-coding RNA has been proven to regulate cell 
autophagy. This is a major factor in the pathogenesis of dis-
eases. LncRNA can also target autophagy-related proteins 
by sponging some miRNAs [11]. For example, lncRNA 
APF can regulate the expression of ATG7 and miR-188-3p, 
which is an autophagy factor. LncRNA TTGFB2-OT1 can 
regulate the expression of various autophagy-related pro-
teins by binding to various regulators of the protein expres-
sion. These include the CERS1, LARP1, and NAT8L.

Autophagy protects cancer cells from cellular stress. It 
is believed that cancer cells can use autophagy to maintain 
their fuel supply and survival. Researchers have found that 
lncRNAs are important regulators of autophagy, which 
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through the repression of MEG3. This impairs the cell’s 
ability to generate and sustain autophagy. Another study 
shows that over-expression of MEG3, which is known to 
induce autophagy, can inhibit the growth and progression of 
human ovarian cancer by regulating the ATG3 protein [46]. 
The PTENP1 is a member of the lncRNA family and plays a 
crucial role in the regulation of PTEN expression. The pres-
ence of the sustained PTENP1 expression level in hepatocel-
lular carcinoma cells upregulates the PTEN expression and 
also involved in the induction of autophagy by suppressing 
the signaling cascade of PI3K/AKT protein [47]. LncRNA 
SNHG1 is known to inhibit the activities of the miR-16-5p 
which is involved in p38 MAPK pathway and can alleviate 
the inflammatory symptoms of osteoarthritis [48].

Exosomal lncRNA and autophagy related 
diseases

Due to the rapid emergence of high-throughput gene-chip 
technology, the number of studies investigating the molec-
ular mechanisms of lncRNA has greatly increased. Its 
involvement in the pathophysiology of diseases such as can-
cer and Alzheimer’s has been widely studied. In this section, 
we will discuss the role of the exosomal lncRNA-mediated 

It has been hypothesized that the role of the antisense 
lncRNA known as HOTAIR in regulating gene expres-
sion is linked to the coordination of the polycomb repres-
sive complex 2 (PRC2) and the chromosomal remodelling 
[39]. In patients with hepatocellular carcinoma, overex-
pression of HOTAIR in the tissues leads to the activation 
of autophagy, which promotes cell proliferation [40]. This 
effect is also evidenced by the up regulation of ATG3 and 
ATG7 expression. Studies revealed that the silencing of 
HOTAIR inhibited the drug resistance of NSCLC cells by 
suppressing autophagy through the activation of the ULK1 
protein [41]. Studies have shown that the downregulation 
of lncRNA HOTAIRM1 can block autophagy and inhibit 
the degradation of the PML-RARA protein by alltrans reti-
noic acid (ATRA) in PML cells [42]. Studies also showed 
that the upregulation of the LC3-II/LC3-I, Beclin 1 proteins 
can increase the level of cellular autophagy by lncRNA 
HOTAIR [43]. The other lncRNA HULC expression was 
higher in epithelial ovarian cancer tissues than in normal 
samples, which promoted the tumorigenesis of the cancer 
by suppressing autophagy through inhibiting ATG7 [44]. 
The activation of one more lncRNA MEG3 by the p53 path-
way increases bladder cancer cell proliferation by suppress-
ing autophagy [45]. Like in the case of pathogen infection, 
cancer cells can also trigger autophagy to survive stress 

Fig. 2 The complex network of miRNAs and exosomal lncRNAs in regulating autophagy. LncRNAs can function as a sponge for miRNAs and can 
act as a competing endogenous RNA. See Text and Table 1 for detailed molecular mechanism explanations. Rectangular box represents exosomal 
lncRNAs; blue oval represents regulatory initiation proteins; orange oval represents regulatory nucleation protein; green oval represents regulatory 
elongation proteins; pink oval represents regulatory fusion protein in autophagy pathway
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It was found that the expression of this protein was upregu-
lated in the brains of patients with AD [49]. The researchers 
discovered that the knockdown of lncRNA17A in cells led 
to an increase in the expression of LC3-II, which is a sign of 
autophagosome formation [50]. Also, the downregulation of 
lncRNA17A promoted autophagy prevented the accumula-
tion of protein aggregations in AD. NEAT1 is upregulated 
in the brain tissue of patients with AD. The study showed 
that overexpression of lncRNA NEAT1 can improve the 
interaction between the NEDD4L and PINK1, facilitate 

autophagy pathway (Fig. 2) in the pathogenesis of various 
diseases such as cancer, Alzheimer’s, Parkinson’s, and vas-
cular diseases (Fig. 3) (Table 1).

Alzheimer’s Disease (AD)

Alzheimer’s disease is a type of neuropathological disor-
der that affects the memory and cognitive abilities of people 
over age. It is believed that the hallmark of this condition 
is the accumulation of tau and β-amyloid protein. The 
lncRNA17A is known to be expressed by the human brain. 

Fig. 3 Autophagy modulating exosomal lncRNAs in different diseases. Most of the lncRNAs are overexpressed and they induce autophagy to 
promote or suppress diseases. Conversely, downregulated lncRNAs induce or suppress autophagy to promote or inhibit diseases
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which is a downstream regulatory factor, could trigger 
abnormal autophagy by stabilizing the PINK1 protein [53].

It has been discovered that the level of SNHG1 in patients 
with PD is upregulated [54]. Also, it has been demonstrated 
that its promotion of α-synuclein aggregation could cause 
neurotoxicity. The role of lncRNA SNHG1 in promoting 
α-synuclein aggregation and neurotoxic effects has been 
highlighted in animal models [55]. It is a key component 
of the mTOR pathway and plays a role in the autophagy 
process. It has been shown that it can reduce the toxicity 
of dopamine neurons in patients with PD. Studies have 
shown that lncRNA HOTAIR can increase the stability and 
upregulate the expression of LRRK2 in people with PD 
[56]. The silencing of HOTAIR would not only improve 
the cell viability but would also prevent autophagy-related 
alterations. The lncRNA HOTAIR prevents the interaction 
between RAB3IP and the miR-126-5p, which could inhibit 
autophagy and cause the accumulation of the α-synuclein 
protein in dopaminergic neurons [57].

the ubiquitination of the latter which can then inhibit the 
mitophagy process and reduce the risk of Alzheimer’s dis-
ease [51].

Parkinson’s Disease (PD)

The loss of dopaminergic neurons in the brain’s substan-
tia nigra region can also lead to the development of a dis-
ease known as Parkinson’s. This impairs the movement of 
the body. Recent studies revealed that the lncRNA plays a 
crucial role in the pathogenesis of Parkinson’s disease. It 
has been known that lncRNA NEAT1 plays a key role in 
the pathogenesis of PD [52]. The level of lncRNA NEAT1, 
which is known to increase with time, can also be regu-
lated by MPTP. MPTP can increase the expression level of 
PINK1, LC3-II in vitro and/or in vivo models of PD [11]. 
The accumulated PINK1 can increase the accumulation of 
LC3-II within mitochondria. This phenomenon, known as 
abnormal mitochondria autophagy, is caused by the accu-
mulation of LC3. It was hypothesized that lncRNA NEAT1, 

Table 1 List of autophagy modulating exosomal lncRNAs and their roles in various diseases
Exosomal 
lncRNAs

Regulation Target Pathways Autophagy-associated diseases Refer-
ences

ANRIL Down miR-181b ATG5 (↓), Beclin1 (↓), LC3II/I (↓), p62 (↑) Cardiovascular disease 33
Up miR-99a, 

miR-449a
Beclin1 (↑) Angiogenesis, Thrombosis 32

MALAT1 Up miR-26b ULK2 (↑) Ischemia 37
Down miR-146a PI3K/AKT/mTOR (↓) Liver Cancer 68
Down miR-30a Beclin1 (↓) Ischemic stroke 38
Down miR-384 GOLM1 (↓) Glioma 80

H19 Up DUSP5 ERK1/2 (↑) Cerebral ischemia-reperfusion 
injury

35

Up ACP5 WNT/ β-catenin Atherosclerosis, Ischemic stroke 61
Up DIRAS3 ATG7 (↓),LC3-II (↓), Beclin1 (↓) Diabetic cardiomyopathy 62

HULC Up miR15a p62 (↑) Liver Cancer 70
Up USP22 SIRT1 (↑), p62 (↓), LC3-II (↑) Liver Cancer 71

HOTAIR Up miR-126-5p Unknown Parkinson’s disease 57
Up LRRK2 ERK/MAPK (↑) Parkinson’s disease 56
Up miR-130a Beclin1 (↑), p62 (↓), LC3II/I (↑) Gastrointestinal stromal tumor 43

MEG3 Up miR-205-5p LC3-II (↑), ATG3 (↑), LAMP1 (↑), p62 (↓) Ovarian Cancer 76
Down P53 LC3II/I (↑) Bladder Cancer 45

17 A Up GABABR2 LC3II/I (↑) Alzheimer’s disease 50
NEAT1 Down PINK1 Unknown Alzheimer’s disease 51

Up PINK1 LC3-II/I (↑) Parkinson’s disease 53
SNHG1 Down miR-221/222 mTOR (↑) Parkinson’s disease 11

Up miR-16-5p p-ERK1/2 (↓), p-p38 (↓), p-p65 (↓) Osteoarthritis 48
PVT1 Up miR-20a-5p ULK (↑) Pancreatic ductal adenocarcinoma 31

Up miR-186 ATG7 (↑), Beclin1 (↑) Glioma 78
TUG1 Up miR-29b-3p Beclin1 (↑) Ovarian Cancer 72
HAGLROS Up miR-5095 PI3K/Akt/mTOR (↑) Liver Cancer 64

Up mTORC1 ATG9A (↓), ATG9B (↓) Gastric Cancer 63
GAS5 Up mTOR LC3II (↓), p62 (↑) Glioma 81

Up miR-222-3p LC3B (↑), Beclin1 (↑) Colorectal Cancer 75

7019



Molecular Biology Reports (2022) 49:7013–7024

1 3

autophagosome’s maturation through a mechanism. This 
could contribute to the chemoresistance of colon and gas-
tric cancers. MALAT1 enhanced the CDDP resistance of 
gastric cancer cells by suppressing the expression of miR-
30b [66]. It also sequestered the miR-30e and miR-30b and 
upregulates ATG5 expression. In colon cancer, MALAT1 
promoted autophagy by acting as a ceRNA with miR-101 
[67]. MALAT1 silencing can also impair liver cancer cell 
proliferation and viability when it is subjected to induced 
autophagy [68]. This effect was triggered by the presence 
of ATG4D, which is a member of the ATG4 family. NEAT1 
was also known to promote poor cancer cell survival such 
as hepatocellular carcinoma, colorectal cancer. It was also 
involved in the development of autophagy-related path-
ways. NEAT-mediated chemoresistance was also promoted 
by targeting the autophagy-related genes miR-204/ATG3 in 
colon and anaplastic thyroid cancers [69]. These pathways 
are involved in lysosome localization, autophagy, and auto-
phagocytosis. Studies also revealed that lncRNA HULC is 
upregulated in liver cancer cells which increases the amount 
of p62 expression by decreasing miR-15a [70]. Research-
ers discovered that the presence of HULC can trigger the 
autophagy of liver cancer cells by stabilizing the Sirt1 pro-
tein [71]. The discovery of a role for HULC in the regu-
lation of autophagy has revealed a potential link between 
the chemoresistance of human cancer cells and the develop-
ment of ovarian cancer. The study shows that the absence of 
the TUG1 protein in ovarian cancer cells can decrease the 
formation of autophagosomes [72].

The lncRNA PTENP1, which is a pseudogene of PTEN, 
was down regulated in different cell lines. It can increase the 
expression of certain miRNA targets, which can promote 
pro-death autophagy in cells. In addition, PTENP1 overex-
pression prevented the invasion and migration of cells in 
the HCC through the use of decoying miR-193a-3p [73]. 
In a study, Chen et al. discovered that the downregulated 
lncRNA PTENP1 can be used as a targeted anti-tumor agent 
by reducing the migration and proliferation of human HCC 
cells by activating autophagy in PI3K/Akt pathways [74]. 
LncRNA GAS5 upregulates the expression of PTEN by 
suppressing colorectal cancer cell migration and invasion 
[75].

Glioma is a primary brain tumor that has poor prognosis 
and high mortality. It is considered one of the most common 
types of central nervous system tumors. LncRNA MEG3 
is a widely recognized tumor suppressor gene. It was dis-
covered that it is downregulated in glioma cells and tissues. 
This impairs the ability of certain microRNAs to interact 
with their target mRNAs. After discovering that overexpres-
sion of the lncRNA MEG3 suppressed the proliferation and 
migration of U251 cells [76]. In addition, lncRNA MEG3 
overexpression decreased the levels of key enzymes in the 

Atherosclerosis

The overexpression of MALAT1 led to the suppression of 
the miR-558 target and increased cell death. It also upregu-
lates the ULK1 protein to promote the protective autoph-
agy [58]. MALAT1 targets the miR-15b-5p to increase the 
level of MAPK1 expression [59]. This pathway enhances 
the progression of Atherosclerotic heart disease. MALAT1 
inhibition promotes the growth and survival of endothelial 
progenitor cells, which are vulnerable to Atherosclerosis. 
Studies have shown that the involvement of lncRNAs in the 
progression of AS is vital. One particular study revealed that 
the upregulation of lncRNA TUG1 in the peripheral blood 
of subjects with CHD led to its promotion [60]. Studies 
have also shown that the defective autophagy in vascular 
walls cells can inhibit the progression of AS. This impairs 
the ability of the cells to generate new blood vessels. The 
studies revealed that the presence of the lncRNA H19 can 
increase the expression of the ACP5 protein and contrib-
ute to atherosclerosis [61]. The researchers discovered that 
lncRNA H19 could inhibit the autophagy-related activities 
of cardiomyocytes by silencing the DIRAS3 gene [62].

Cancer

The overexpression of lncRNA HAGLROS is associated 
with poor clinical outcome in patients with gastric cancer. 
In gastric cancer, the expression of the transcription factor 
STAT3 led to the upregulation of the lncRNA HAGLROS. 
STAT3 can inhibit autophagy by suppressing the mTOR 
pathway. As for autophagy, HAGLROS can also activate 
the mTORc1 signaling pathway, which is a negative signal 
of autophagy [63]. It can also promote cell proliferation by 
blocking the migration of cancer cells. A study revealed that 
expression of HAGLROS can also enhance autophagy in 
human liver cancer cells by regulating miR-5095/ATG12 
signals. The study also showed that ATG12, which is a key 
protein in the development of autophagosomes, is a target 
of miR-5095 and could provide new insights into the treat-
ment of liver cancer [64]. The human plasmacytoma variant 
1 (PVT1) is known to be an oncogene that can predict poor 
survival in patients with various cancers. This gene is also 
known to be associated with the ULK1 protein in pancre-
atic ductal adenocarcinoma. It was revealed that PVT1 can 
promote cyto-protective autophagy by restoring the expres-
sion of ULK1. In addition, PVT1 enhanced autophagy by 
suppressing ATG3 expression [65]. It has been shown that 
suppressing the expression of miR-485 by lncRNA PVT1 
can promote cell migration and invasion. The expression of 
lncRNA MALAT1 was increased in gastric and colorectal 
cancer cells, and it was associated with autophagy activ-
ity. A study revealed that MALAT1 could regulate the 
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discovery and development has hindered the progress of this 
field as a result of which we have only limited knowledge 
about the mechanisms that regulate the interaction between 
autophagy and exosomal lncRNAs. Various aspects of the 
effects of lncRNAs on cancer cells are still being studied. 
Although the cancer-suppressing properties of lncRNAs 
have been proven, their effects on the carcinogenesis are 
still controversial and the effects of lncRNAs on autophagy 
are still unclear.

Abbreviations
ACP5  Acid Phosphatase 5
AD  Alzheimer’s Disease
ANRIL  Antisense ncRNA in the INK4 Locus
APF  Animal Protein Factor
CAF  Cancer-Associated Fibroblast
CERS1  Ceramide Synthase 1
CHD  Coronary Heart Disease
DIRAS3  GTP-binding protein Di-Ras3
ERK  Extracellular Signal-Regulated Kinase
GAS5  Growth Arrest-Specific 5
GMEC  Goat Mammary Epithelial Cells
GOLM1  Golgi Membrane Protein 1
HCC  Hepato Cellular Carcinoma
HOTAIR  HOX Transcript Antisense RNA
HULC  Highly Upregulated in Liver Cancer
LAMP2  Lysosome-Associated Membrane Protein 2
LncRNAs  Long noncoding RNAs
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Transcript 1
MCS  Mesenchymal Stem Cell
MEG3  Maternally Expressed Gene 3
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PI3K  Phosphoinositide 3-kinase
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TGFB2-OT1  Transforming Growth Factor Beta-2 

Organic Anion Transporter
TUG1  Taurine Upregulated Gene 1
ULK  Unc-51 Like Autophagy Activating Kinase

PI3K/Akt/mTOR pathways, [77] which are involved in 
the degeneration of certain cellular components and sug-
gests that the inactivation of these pathways is associated 
with the upregulation of Sirt7 mediated autophagy. In addi-
tion, the expression levels of various vascular endothelial 
cells, including ATG7, Beclin1 and LC3-II/LC3-I, were 
upregulated by lncRNA PVT1 [11]. It was also observed 
that the presence of lncRNA PVT1 led to the expansion of 
the vascular cell population and the formation of new blood 
vessels. Further studies reveal that lncRNA PVT1, which 
is bound to miR-186, can prevent the negative effects of 
various vascular regulators (ATG7, Beclin 1) on autophagy 
[78]. The study shows that lncRNA PVT1 promotes the pro-
liferation and migration of vascular cells through the regula-
tion of the miR-186-ATG7/Beclin1 expression. It has been 
hypothesized that the expression of lncRNA MALAT1 in 
glioma tissues is an indicator of poor prognosis in patients 
with glioma. The regulatory mechanism of this gene is also 
unknown in humans. Its elevated expression was associated 
with the LC3-II level [79]. In vitro experiments revealed that 
lncRNA MALAT1, which is a major promoter of autophagy, 
promoted the proliferation and survival of glioma cells. The 
study revealed that the lncRNA MALAT1 was a miRNA 
sponge that regulated the autophagy of glioma cells. The 
discovery of the GOLM1 downstream target led to the dis-
covery of lncRNA MALAT1, which promoted autophagy 
and invasion by upregulating GOLM1 [80]. GOLM1, which 
is a part of the miR-384 family, was also identified to pro-
mote the autophagy by upregulating the protein kinase Akt. 
Huo et al. showed that GAS5 was decreased in glioma cells 
and the exposure to cisplatin increased the cell sensitivity to 
it [81]. The author also showed that this process triggered 
excessive autophagy by increasing LC3-II/LC3-I and sup-
pressing p62 accumulation.

Conclusions

The significance of autophagy has been widely revealed by 
a growing body of studies. This process of energy metabo-
lism plays a crucial role in the development and mainte-
nance of human health. Various studies have shown that 
lncRNAs and miRNAs can be utilized as molecular diag-
nostic tools and therapeutic targets for diseases. Although 
the role of lncRNAs and microRNAs in autophagy has been 
acknowledged, the interactions between them and the reg-
ulatory complexity of the cellular process are still not yet 
fully understood. This review aims to summarize the cur-
rent research on the interactions between these two com-
ponents of autophagy. Although it has been hypothesized 
that the presence of lncRNAs in exosomes can serve as dis-
ease markers, the lack of adequate research related to their 
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Abstract: Non-enzymatic protein glycation occurs spontaneously via the formation of sugar-
protein Schiff adducts. The end products of this pathway are terminally misfolded proteins popu-
larly known as Advanced Glycation End (AGE) Products. Glycated proteins account for a di-
verse spectrum of physiological maladies including arteriosclerosis, renal failure, diabetic com-
plications, obesity, and neurological disorders. AGEs not only jeopardise the functionality of 
modified proteins but also induce the formation of Covalent protein cross-links. Glycation has 
the potential to induce the unfolding and refolding of globular proteins into cross-β structures 
thus resembling many amyloid deposits like amyloid beta, tau protein, and prions. However,  
glycation-induced amyloid formation is not a generic property of proteins; instead, it is guided by 
the nature and conformation of the protein, the type of glycation agent as well as the solution 
conditions governing the glycation reaction. The half-lives of AGE adducts are prolonged by 
their impaired proteasomal clearance since glycation modifies the lysine residues and renders 
them unavailable for ubiquitination. AGEs are cleared via sequestration with specific cell surface 
receptors (RAGE); subsequently, downstream signalling events involving MAPK and NF-κB  
result in the activation of inflammatory response or the apoptotic pathway. This perspective arti-
cle discusses the current developments in understanding the various facets of glycation-
associated protein aggregation and the corresponding development of amyloid-like entities. 
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1. INTRODUCTION 

Almost all neurodegenerative disorders share the signa-
ture pathophysiology of accumulation of misfolded protein 
aggregates termed as amyloid plaques. Alzheimer’s disease 
is characterised by neurofibrillary tangles of brain tissue, 
constituted of amyloid β and hyperphosphorylated τ proteins 
[1]; in Parkinson’s disease the culprit is alpha-synuclein [2], 
the most significant pre-synaptic chaperone and in Hunting-
ton’s disease, misfolding of the protein huntingtin is caused 
by expansion of glutamines [3]. Three major factors have 
been chiefly accountable for the aggregation of proteins; 
high hydrophobicity, high propensity to convert from alpha-
helical to beta-sheet structures, and low net charge [4]. How-
ever, the entire set of intrinsic and extrinsic factors which are 
accountable for the toxic aggregation of these resident body 
proteins remains to be deciphered completely. A chief reason 
accounting for the non-native aggregation of proteins that 
has emerged over the last few decades is the spontaneous 
attachment of sugar residues to protein, a phenomenon 
termed as glycation [5]. 

*Address correspondence to this author at the Department of Microbiology, 
Maulana Azad College, Kolkata 700013, India; Tel: +91 33-22260995;  
E-mail: samudrapb@gmail.com 

Glycation is brought about by the persistence of dietary 
sugars inside the body over a long time period and the chief 
targets of this process are cellular macromolecules including 
proteins, lipids as well as nucleic acids. The process involves 
the formation of Schiff bases between the carbonyl groups of 
reducing sugars and amino groups in the side chains of pro-
teins involving lysine or histidine. The Schiff base undergoes 
subsequent Amadori rearrangements to form glycated ad-
ducts known as Early Maillard products. The glycated adduct 
eventually results in the formation of a terminally misfolded 
protein aggregate termed as Advanced Glycation End prod-
uct (AGE) [6]. Since carbohydrate is the most important sta-
ple food and the most significant constituent of diet across 
the globe, the formation of glycated adduct inside the body 
occurs unavoidably as part of the normal metabolic process. 
Under physiological conditions as well as most clinical set-
tings, glucose is the primary glycating agent and Schiff base 
formation with glucose AGEs accumulated in low concentra-
tion seldom poses any significant threat to the maintenance 
of body homeostasis since these adducts are quickly re-
moved from the circulation by dedicated receptors expressed 
by macrophages, dendritic cells and certain other immune 
cells [7]. However, sustained consumption of sugary and 
junk foods as well as several other lifestyle habits may sig-
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nificantly increase the burden of AGEs leading to their depo-
sition with corresponding AGE-mediated cross-linking of 
proteins (Fig. 1). 

1.1. Diabetes and Neurodegenerative Disorders: Explor-
ing Newer Frontiers of Glycation-induced Toxicity 

Insulin resistance has long been associated with the de-
velopment of various metabolic syndromes, impairment of 
cognitive function, and development of dementia [8]. Apart 
from metabolic complications arising from insulin resistance, 
enhanced production of amyloid Beta precursor protein un-
der elevated glucose concentration has also been traced to be 
a key reason for the development of amyloidosis in diabetic 
patients [9, 10]. Also, there have been several lines of con-
crete evidences suggesting that Insulin resistance in brain 
cells augments the development of amyloid beta and tau pa-
thologies implicated in Alzheimer’s Disease [11]. A very 
recent observation in this respect has been the development 
of similar aggregates from glycated proteins at various extra-
cellular locations which resemble amyloid plaques typical of 
neurodegenerative disorders [12]. This perspective article is 
based on the current advances in our understanding of gly-
cation-associated amyloid formation and resultant cellular 
toxicity. 

1.2. Primary and Secondary Sources of Glycation and its 
Management 

As mentioned earlier, AGEs accumulate in the body as 
part of unavoidable normal metabolism; toxic effects are 
recognized only when they go beyond the critical level in 
circulation and tissue fluids. In addition, many food products 
also contain a substantial amount of AGE (chiefly in the 
form of Carboxymethyl Lysine, CML, or Methyl Glyoxal, 
MG). CMLs are already present naturally in raw foods from 
animal sources, and cooking especially involving roasting, 
boiling, grilling and frying accelerate the process of new 
AGE formation [13]. Recent studies on animal models have 
established that dietary AGEs (dAGE) constitute a substan-
tial part of the total AGE content of the body [14]. Besides 
diet, tobacco smoking also leads to co-valent adduct for-
mation in the low-density lipoproteins (LDL) of plasma, 
structural proteins of the vascular wall as well as the eye lens 
chaperone protein crystallin [15], and these adducts show 
striking resemblance with AGEs [16]. A high concentration 
of these adducts has been detected in smokers as well as in 
patients affected with periodontitis, in an inflammasome 
complex together with other inflammatory markers such as 
matrix metalloproteinases-9 (MMP-9), tumour necrosis fac-

 
Fig. (1). A schematic outline of the progression of protein glycation: The entire process consists of three distinctively identifiable stages (A) 
The reaction is initiated by Schiff base formation of sugar with lysine/arginine residue of proteins (B) The reaction progresses through 
Amadori rearrangement of the Schiff base involving the formation of early Maillard Product; for some proteins, the early Maillard products 
eventually develop into Thio-T positive amyloids (C) The reaction ends with the formation of various terminally misfolded protein-sugar 
adducts including cross-linked adducts collectively known as Advanced Glycation End-products (AGEs). AGE molecules are sequestered by 
membrane-bound and soluble forms of specific receptors termed RAGE which may eventualize into elicitation of inflammatory response or 
apoptosis of the concerned cell.  
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tor-alpha (TNF-α) and nod-like receptor family pyrin do-
main-containing protein-3 (NLRP3) complex [17]. This is 
again strong evidence that AGE molecules are elicitors of 
oxidative stress and inflammatory response in the body [18]. 
The burden of AGEs can be significantly curtailed by the 
consumption of a Mediterranean diet including fruits, vege-
tables, legumes and sea-foods while minimising intake of 
animal fats and proteins including dairy products and pro-
cessed foods as well as foods rich in sugar and salt with low 
nutrients [19]. Alongside reducing AGE load, sticking to this 
healthy regimen maintains body homeostasis and reduces 
susceptibility to other ailments such as Cardio-Vascular Dis-
ease (CVD), Chronic Kidney Disease (CKD), and many oth-
er life-threatening conditions [20]. 

2. GLYCATION-INDUCED AGGREGATION AND 
AMYLOID FORMATION IN PROTEINS 

The most significant and vulnerable biomolecules sus-
ceptible to glycation are proteins. Although glycation occurs 
generously on side chains of arginine and lysine residues, N 
terminal amino groups of proteins and free thiol groups of 
cysteines are additional sites where the sugar adducts can 
also initiate. Glycated proteins slowly accumulate in vivo and 
can lead to several physiological maladies apart from diabe-
tes including cardiovascular complications, gut microbiome-
associated illnesses, liver or neurodegenerative diseases, 
cancer arteriosclerosis, renal failure, and neurological disor-
ders [21]. Along with jeopardising the structure and function 
of proteins, AGE adducts also induce their cross-linking. A 
direct consequence of AGE-induced crosslinking is the for-
mation of crosslinked Type IV collagen leading to vascular 
stiffness [22]. During the progression of the glycation reac-
tion, the affected proteins adopt various misfolded and ag-
gregated conformations depending on the native confor-
mation of the protein as well as the glycating sugar. Several 
such aggregated forms have been shown to develop into 
unique amyloid-like plaques, a phenomenon reported by 
different independent groups over the last two decades [23-
25] and extensively studied thereafter by the group of Ianuz-
zi and Sirangelo [26, 27]. However, this unique glycation-
induced amyloid formation is not a universally observed 
phenomenon for all proteins; from reports obtained thus far, 
it seems that the pathway towards amyloidogenic transition 
is heavily biased for globular proteins like albumin [28], Hen 
Egg White Lysozyme [27], insulin [29] amylin [30] and 
many others.  Understandably enough, glycation is more 
prominent on proteins with a higher number of solvent-
accessible histidine and lysine residues. Additionally, solu-
tion conditions are also known to modulate the amyloidogen-
ic transition pathway. Reducing conditions promote amyloid 
formation in glycated insulin whereas, under non-reducing 
environments, glycation hinders amyloidogenic transition 
[29]. Choice of sugar also is a major determinant of the ex-
tent of glycation, at least for in vitro glycated proteins. 
Whereas agents like Methyl Glyoxal and ribose has been 
shown to have the highest in vitro glycation efficiency, the 
reaction occurs rather slowly with other sugars such as glu-
cose [31]. Interestingly enough, the effect of glycation on 
conventional amyloidogenic proteins is markedly different. 

Glycation has been shown to significantly decrease the fibril-
lation kinetics of amyloid-beta peptides implicated in Alz-
heimer’s disease [32-34]. Therefore, it has been almost an 
uphill task for scientists to understand and predict the gly-
cation-induced amyloidogenic behaviour of certain proteins 
accounting for so many factors simultaneously. A repre-
sentative list of the differential effects of glycation has been 
shown in Table 1. 

2.1. Accounting for Proper Controls During in vitro Gly-
cation Reactions 

In vitro glycation requires incubation of the protein at 
37°C for a week. Sustained thermal incubation for long peri-
ods is bound to inflict major or minor structural changes in 
the protein often leading to their aggregation [35, 36]. How-
ever, not many reports have systematically addressed the 
issue of keeping proper controls during the development of 
in vitro glycated protein models to discriminate between 
glycation-induced aggregation and thermal aggregation of 
proteins. A recent study in our laboratory involving in vitro 
ribosylated albumin from bovine serum has been able to shed 
some light on this crucial aspect in deciphering the structural 
changes associated with glycation. Using a combination of 
ANS binding and Dynamic Light Scattering, two widely 
used tools for studying the aggregation of proteins, it was 
shown that glycation actually hinders and delays hydropho-
bicity-driven thermal aggregation of proteins [28]. Thermally 
aggregated proteins (formed by incubation at 37°C and rep-
resenting the control of glycation reaction) also showed in-
significant Thioflavin-T binding suggesting that they were 
mechanistically different from glycation-induced amyloido-
genic aggregation.  

2.2. Glycation-induced Amyloids Arising out of Globular 
Proteins Often Lack Fibrillar Cross-beta Morphology 

The glycation adducts bind Thioflavin T typical of amy-
loid plaques implicated in neurological disorders such as the 
beta-amyloid, tau, prions, etc. [27]. This striking resem-
blance of hyperglycemia-induced AGE-adducts with amy-
loid plaques led to the establishment of one of the several 
significant causes accounting for the strong clinical correla-
tion between diabetes and neurological disorders. However, 
glycation adducts arising especially from globular proteins 
do not necessarily reflect all hallmark features of a typical 
amyloid plaque. A stage-by-stage biophysical characterisa-
tion of AGE adducts in our laboratory using ribosylated se-
rum albumin as a model protein has indicated that attach-
ment of ribose molecules results in the structural transition of 
the albumin from a predominantly alpha-helical form to the 
beta-pleated sheet like conformation with enhanced Thiofla-
vin-T binding [28]. Parallely, the adducts also acquire en-
hanced thermostability. Peculiarly though, these amyloids 
did not show any Congo-red birefringence and therefore 
lacked the cross-beta fibrillar architecture. These unique 
Thio-T positive Congo-red negative amyloids formed out of 
glycation of globular proteins were termed globular amyloids 
according to their appearance under TEM [28, 37, 38]. How-
ever, as the reaction progresses, the glycated protein loses its 
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amyloid-like behaviour as well as secondary structure and 
transforms into a terminally misfolded glycated protein ag-
gregate, typically called AGE.  

3. AGE-SPECIFIC RECEPTOR (RAGE) AS A CEL-
LULAR DEFENCE MECHANISM 

Since glycation occurs preferentially on lysine residues 
which are also the sites of protein ubiquitination, these mis-
folded aggregates are often recalcitrant to proteasomal deg-
radation and therefore impose severe toxicity on cells 
through the generation of Reactive Oxygen Species [37, 38]. 
A proteome-wide identification of glycation sites from a 
breast cancer cell line revealed that most of the potential 
sites of glycation also coincided with ubiquitination and 
acetylation sites [39]. In order to prevent these toxic AGE 
adducts from jeopardising the cellular environment, cells 
have evolved a receptor-based response pathway to trap, 
sequester, and nullify the threat posed by AGEs, although 
sometimes at the cost of serious damage to the host in terms 
of heightened oxidative stress and inflammatory response. 

Most of the cellular pathophysiological alterations lead-
ing to oxidative stress and subsequent inflammatory response 
have been linked to the initial recognition of the AGEs by 
specific cell surface receptors (RAGE), originally described 
as a 35 kDa AGE-binding protein belonging to the immuno-
globulin superfamily [40]. Subsequently, the mitogen-
activated protein kinases (MAPKs) such as extracellular sig-
nal-regulated kinase (ERK) and c-Jun N terminal kinase 
(JNK) were discovered to be the components of the AGE-
RAGE signalling pathway [41]. Downstream effectors of 
this pathway are the transcription factors like nuclear factor-
kappa B (NF-κB) whose activation turns on the expression 
of genes implicated in oxidative stress and proinflammatory 
immune response leading to a host of pathophysiological 
maladies such as diabetic complications, Alzheimer disease, 
arthritis, myocardial infarction, renal failures, hypoxia and 
other peripheral vascular diseases. Under conditions of 

heightened AGE accumulation, AGE-RAGE signalling also 
leads to apoptosis of the host cell in order to block uncon-
trolled inflammatory response [42]. The intensity of the sig-
nal transduction depends on the binding of AGEs to RAGE, 
as blocking RAGE with either an excess of soluble RAGE 
(s-RAGE) or with an anti-RAGE antibody prevents cellular 
activation [43]. The original hypothesis that the evolution of 
RAGE has occurred as a protective response of the body has 
been supported by several lines of evidence [44]. In fact, the 
binding of amyloids by RAGE has been shown to arrest its 
further aggregation [45]. Alongside, RAGE has also emerged 
as a potential therapeutic target for the treatment of a pletho-
ra of ailments where AGEs are implicated [46]. The in-
volvement of the AGE-RAGE axis in numerous cell signal-
ling pathways leading to diverse physiological effector re-
sponses has thus baffled scientists in deciphering its true 
role, whether as a protective response mediator, as a harbin-
ger of cellular catastrophes, or simply as a biomarker for 
predicting the onset of diseases. The resemblance of many 
AGES to amyloids, at least in their intermediate stages of 
progression has complicated the scenario; under the circum-
stances, in spite of a thrust of research to arrest the develop-
ment of amyloids in prediabetic patients, it has not been pos-
sible for the scientific community to delink these two dread-
ed diseases.   

CONCLUSION AND FUTURE IMPLICATIONS 

Glycation-induced formation of amyloid plaques is a 
complex phenomenon dependent upon both the structure and 
sequence of the target protein as well as the type of sugar 
involved. Therefore, predicting the consequence or prognosis 
of a diabetic individual towards neuronal abnormalities and 
subsequently developing a therapeutic strategy for arresting 
the same has remained a coveted achievement for scientists 
and clinicians. Carboxy Methyl Lysine (CML) and Methyl 
Glyoxal (MG) have emerged as the gold standard for the 
clinical detection of AGE either by ELISA-based fluores-
cence or by Mass Spectrometry [47]. However, the mode of 

Table 1. Amyloids/amyloid like adducts formed by protein glycation and their unique structural features. 

Protein Glycating agent Feature References 

Islet Amyloid Polypeptide Derivatized CML Conformational change from random coil to β-sheet fibrillar [21] 

Bovine Serum Albumin Glucose-6-phosphate Loss of globular structure, bind to both Thio-T and Congo-red [27] 

Bovine Serum Albumin Ribose Loss of alpha-helicity but retainment of globular structure, Thio-T posi-
tive but Congo red negative 

[22, 24] 

Camel Serum Albumin Methyl glyoxal Thio-T positive but no significant loss in secondary structure [28] 

Human insulin Methyl Glyoxal Thio-T positive showing characteristic fibril formation [29] 

Alpha crystallin Fructose, Methyl Glyoxal Significant alteration in secondary structure [11] 

Amyloid Beta peptide Methyl Glyoxal Fibrillation is significantly slower [25] 

Alpha synuclein Ribose Transformation into globules [26] 

Tau Glucose Changes aggregation propensity in different tau isoforms [30] 
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structural transition induced by both CML and MG seems to 
be different for each of the cellular proteins if not unique. 
Additionally, exactly at which stage a sugar-protein adduct 
acquire RAGE recognition attributes also remains to be de-
ciphered. Unless we acquire sufficient knowledge about the 
biophysical attributes of the glycated adducts during each 
and every stage of their progression, designing effective 
therapeutics to uncover and arrest the missing link will keep 
eluding us.  
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ABSTRACT: We live in the era of antibiotics. This particular group of medicines has remarkable 
efficiency to treat infections with reduced morbidity and mortality and thus conquer the title of miracle 
drugs. But their enormous use without proper guidelines is a precursor of antibiotic resistance as well as is 
a raising concern of long-term metabolic changes in our body. In this review we emphasis on the impact of 
dysbiosis resulting from antibiotic exposure on body weight gain. Evidences tell us early life repeated 
exposures are unlikely to be a predisposing factor of offspring obesity. Pre-natal antibiotic use is also a 
contributory to this. Sex-specific effect is there: boys are more vulnerable compare to girls. Although the 
mechanisms underlining the association remain unexplained, the little we found out is this action is due to 
the byproducts of microbial fermentation, gut hormone alteration, metabolic entoxeamia and fasting 
induced adipocyte factor (Fiaf). Since randomized control trial (RCT) deals with the safety of the 
participants, it would be ethical concern in this regard and consumption of antibiotic doesn’t show 

immediate effect on body mass index (BMI) while it usually increases the body fat at the later stages of life, 
additional well-designed longitudinal prospective cohort studies have been undertaken. More similar type 
of researches involving human regarding this issue necessitate for better explanation and ultimately to 
control the global epidemic obesity. 

Keywords: Antibiotics, Dysbiosis, Obesity, BMI, SCFA, Bacterial components. 
 
INTRODUCTION 

The penicillin introduction by Alexander Fleming 
began the era of antibiotics, a compound produced by a 
microorganism possessing growth inhibiting or killing 
ability against other microbes and since then these have 
been recognized as the “miracle drugs” in the field of 

medical science. Right from invention they have been 
successfully used for treating different infections and to 
reduce morbidity and mortality (Rayanoothala et al., 
2021; Tan and Tatsumura 2015; Zaffiri et al., 2012). 
Their remarkable effectiveness and easy availability 
make them famous worldwide but since their 
introduction, undoubtedly, they have been consumed 
freely and most of the time when they are not necessary 
(Del Fiol et al., 2018). So what happens usually, the 
innumerous use is followed by the dark side of the so 
called ‘miracle drugs’ (Shekhar and Petersen 2020). 
The bacterial communities are colonized in the human 
body, mainly in the GI tract plays an important role in 
metabolism and immunity of the host (Aversa et al., 
2021). Antibiotics target these microbiota, decrease 
their amount significantly even in some cases they 
completely remove specific bacterial community 
(Angelakis et al., 2014) and hamper the gut-microbiota 
homeostasis (Shekhar and Petersen 2020). It has been 
hypothesized that this imbalance in gut microbiota, also 
known as dysbiosis is linked to overweight or obesity 

by different mechanisms especially due to the exposure 
of antibiotics at early stages of life (Leong et al., 2018; 
Sejersen et al., 2019). 
The term ‘overweight’ defined by WHO as BMI ≥ 25 
kg/m2 and ‘obesity’ as ≥30 kg/m2, stand as the leading 
public health problem in current scenario (Vallianou et 
al., n.d.). Research evidences have shown the 
relationship between the abuse of antibiotics and the 
development epidemic obesity parallelly, during the last 
few decades. Now the epidemic has been transformed 
into a pandemic very fast (Del Fiol et al., 2018). A 
commonly followed and most effective treatment 
procedure for obese individuals is the gastric bypass 
surgery. The change in the gut microbial composition 
after gastric bypass surgery has also been indicated to 
be connected to obesity. The high population of the 
family Prevotellaceae prior to surgery in obese 
individuals could be observed and following the 
surgery number of Prevotallaceae was reduced in lean 
subjects along with increase of the members of family 
Enterobacteriacae and genus Akkermansia 
strengthening the fact that change in gut microbiota 
composition has fair connection with gain and loss of 
weight (Zhang et al., 2009). Since antibiotic 
administration alters the gut microbiota composition, 
this review will emphasise on the effect of antibiotic 
consumption on body weight, intestinal gut microbiota, 
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and how dysbiosis occurs due to antibiotic exposure 
related to obesity. 
Antibiotic use in the modern era. Unnecessary 
worldwide prescription and consumption of antibiotics 
have been reported in recent times by numerous 
studies- it may be considered as abuse these 
chemotherapeutic agents. One study demonstrate that 
there is an increase of 46% of global antibiotic 
consumption which rate from 2000 to 2018 (9.8 defined 
daily doses (DDD)/1000 population/day at 2000, 14.3 
DDD/1000 population/day) in low income and middle 
income countries (Browne et al., 2021). According to 
The State of World’s Antibiotic report in 2021, Global 

Antibiotic Consumption from 2000 to 2015 has been 
increased by 65% and if there is no alteration in this 
trend, it will be increased by 200% in the next 15 years. 
They also found that percentage change in per capita 
antibiotic use is 35.12% from 2010 to 2020 globally. In 
India, per capita antibiotic use is 5.74 DDD in 2020, 
whereas it was 4.40 DDD in 2010 (The State of the 
World’s Antibiotics 2021 A Global Analysis of 

Antimicrobial Resistance and Its Drivers, n.d.). 
Children with same infection take different rates of 
antibiotics irrespective of their age, co-morbidities and 
socioeconomic factors. The overuse of antibiotics has 
been associated with antimicrobial resistance. World 
Health Organization (WHO) has identified this problem 
as “one of three greatest threat to human health” 
(Vangay et al., 2015). 
Development of gut microbiome. Human gut is 
crowded with heterogeneous microorganisms including 
bacteria, viruses, archaea, protozoa etc.(Leong et al., 
2018). The initiation of introduction of microbes in 
human gut occurs during the birth i.e. at the time of 
delivery. The mode of delivery is the most predisposing 
factor for the development of gut microbiome as most 
of the microorganisms come from vagina, fecal sources 
and skin microbiome, along with the other factors like 
prematurity, infant diet (breast fed, formula fed), 
hygiene etc also contribute to the gut microbiome 
development (Vangay et al., 2015). The initial pH of 
stomach ranges between 6-8 before birth and within the 
first hours of delivery decreases to ~1.5-2.5 but due to 
the buffering capabilities of milk it comes back to 7-
7.6. This higher pH may support transition of ingested 
bacteria those colonized in the lower GI tract (Vangay 
et al., 2015). Development of gut microbiome follows 
Darwin Dynamics where facultative aerobes colonize in 
the gut first reducing oxygen level in gut and enhancing 
the growth of strict anaerobes (Bezirtzoglou, 1997). 
Due to the introduction of breast milk as the first food 
for the infant, Proteobacteria and Firmicutes initially 
colonise in gut, followed by Actinobacteria (Sela et al., 
2008). There is a decline of Proteobacteria and 
Actinobactria and increase in the count of Bacterodetes 
by 6 months (Koenig et al., 2011; Vaishampayan et al., 
2010). At the age of 1 year, Bacterodetes and 
Firmicutes dominate infant gut. This dramatic change in 
the composition in gut microbiome continues 
throughout the first two years of life (Yatsunenko et al., 
2012). Firmicutes, Bacteriodetes, Proteobacteria, 

Fusobacteria, Spirocbaetae and Verrucomicrobia are the 
dominating bacteria in the adult human gut (Chan et al., 
2013). 
Effect of antibiotics on gut microbiome. The word 
antibiotic means against living organisms. These are the 
drugs used to treat infections either killing the bacteria 
or by inhibiting their growth and reproduction. So, it is 
obvious that they have an impact on the living things in 
the gut. Identification of the composition of this 
microbiome employs the modern genomic techniques 
since microbial culture technique possesses 
disadvantages like they can only identify a few species 
of bacteria in the intestinal gut. 16S rDNA and 
metagenomic sequencing are the modern techniques to 
know the composition and diversity of gut microbiome 
(Arslan, 2014). It is a culture independent analysis 
suited for viable but non-cultivable microorganisms and 
provides in-depth, extensive information of microbial 
community (Jo et al., 2016).    
Bacteriodates and Firmicutes constitute approximately 
90% of the total microbial content of gut (Arslan, 
2014). Administration of Doxycycline and 
Hydroxychloroquine in endocarditis patients resulted in 
a decline in the concentration of Bactereriodates 
(p=0.002) and Firmicutes(p=0.01) and also in total 
bacterial count. This phylum level gut alteration could 
play a key role in the weight gain (Angelakis et al., 
2014). Another study showed that children less than 3 
years of age exposed with multiple antibiotic exposure 
courses causing less microbial diversity than the 
unexposed children (Yassour et al., 2016). Antibiotic 
type, consumer’s age, route of administration can 

influence gut microbiome. Along with these the other 
contributory factors are diet, consumption of other 
medicines, lifestyles, probiotic consumptions etc. 
(Leong et al., 2018). 
Obesity is a global epidemic. Obesity, the global 
epidemic is a complex metabolic disorder resulting 
from the energy imbalance which can lead to excess 
accumulation of fat in our body. This is a risk factor for 
a number of significant co morbidities such as type 2 
diabetes, hypertension, CVDs etc. at later stages of life. 
Most of the people live in those countries where obesity 
kills more people than underweight. Irrespective of 
socio economic status, the prevalence of overweight has 
increased dramatically over the past few decades. Since 
1975 the worldwide obesity has nearly tripled (Goyal 
and Julka 2014; Huang et al., 2010; Thompson-
McCormick et al., 2010). Over 340 million children 
and adolescents aged 5-19 were overweight or obese in 
2016 globally (World Health Organisation). In India 
more than 135 million people were affected by obesity 
(Ahirwar and Mondal 2019). Since 2006, genome wide 
association studies have found 50 genes correlated with 
obesity. The thrifty gene hypothesis or Gianfranco’s 

hypothesis was proposed by geneticist James V. Neel 
and said that in order to survive the famine we have 
procured efficient food and evolved genes for fat 
deposition. Rarely, obesity transpires in families 
according to an inheritance pattern due to change in a 
single gene. Generally, the implicated gene is MC4R, 
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which encrypt the melancortin 4 receptor. MC4R bound 
by alpha-melanocyte stimulating hormone that 
stimulates appetite (Walley et al., 2009). Although 
genetics play an important role, obesity epidemic does 
not have only genetic basis; lifestyle modifications 
during the last century has created an obesogenic 
environment that influence the genetic factor (Herrera 
and Lindgren 2010). Hence it is a metabolic disorder 
and  it is very much associated with diet (Pitsavos et al., 
2006). 
Effect of microbiome on body weight. Gut 
microbiome has an effect on the physiological status of 
the host as it can influence the metabolism of the hosts 
(Arslan, 2014; Leong et al., 2018). Low level of 
Bacteroidetes and high level of Firmicutes with reduced 
bacterial diversity in human intestine is associated with 
obesity (Arslan, 2014). Numerous randomized, double 
blinded placebo control studies were conducted at 
different parts of the world (Canada, Russia, Japan) on 
adult person who were overweight or obese or having 
metabolic syndrome. Results indicated that, when 
adults’ diet supplemented with different species of 

probiotics, there had been a decline of body weight and 
fat mass (Sanchez et al., 2014; Sharafedtinov et al., 
2013; Takahashi et al., 2016). Similar kinds of findings 
were also found in the children. Nicolucci et al. (2017) 
treated overweight and obese children with 
oligofructose enriched inulin and after 16 weeks there 
was a reduction in body weight Z-Score (-3.10%) and 
body fat percentage (-2.40%) (Nicolucci et al., 2017). 
Biofidobacteria and members of Lactobacillus ssp. are 

found to be major candidates for managing the body 
weight and obesity in both human and experimental 
models. As a medication strategy use of Lactobacillus   
ssp. has been satisfactory owing to the fact that 
administration of it led to prolonged satiety and 
satiation including less fat deposition and food intake 
(Ameho and Christina 2021). 
Antibiotic exposure can cause obesity. Animal and 
human studies provide supporting evidences that 
antibiotic use is associated with obesity though in this 
review we only focus on the human researches. Several 
epidemiological studies demonstrate that the use of 
antibiotics resulting in weight gain. Most of the studies 
done in this regards were either prospective or 
retrospective cohort and some were randomized control 
trials. Study findings indicate that the increase in BMI 
is more in boys and early life exposure has greater 
effect. Repeated exposure and broader spectrum of 
antibiotics are responsible for enhancing the BMI too. 
Undernourished children treated with Aureomycin 
shows significant difference in weight gain in the 
treated group with placebo group. Even prenatal 
antibiotic use also increases risk of obesity in their 
children (Table 1). This phenomenon is found in case of 
adults too, both in men and women. Ranitide and 
clarithromycin intake twice a day for 6 months increase 
the mean BMI of them. Patients of endocarditis, 
pulmonary diseases treated with different antibiotics 
(Vancomycin, Azithromycin, Doxycycline, 
Hydroxychloroquine etc.) put extra weight during the 
treatment (Table 2). 

Table 1: Evidence showing the relation between early life antibiotic exposures and obesity. 

Study Studied 
subjects Sample size Study design Exposure & 

Duration 
Follow 

up Outcomes Remarks 

(Macdougall, 
1957) 
Africa 

 

Undernourished 
African 

children (avg. 
Age 2 years) 

n=72 
38 received 
treatment, 
34 placebo 

Randomized 
Control Trial 

Low dose of 
Aureomycin 

50mg 

2-7 
weeks 

Wight gain shows with 
highly significant differences 

Aureomycin treated- 
45.3gm/day 

Placebo treated-14.1gm/day 

Yes 

Aversa et 
al(Aversa et 

al., 2021) 
US 

 

Children 
n=14572 

7026 girls, 
7546 boys 

Prospective 
cohort 

Antibiotic 
exposure 

(< 2 years) 

14 
years 

Overweight 
(12873 subjects, 4856 events, 
HR 1.22, 95% CI, p<0.001) 

Obesity 
(13649 subjects, 2567 events, 
HR 1.20, 95% CI, p<0.001) 

Yes 

Kenyon et 
al(Kenyon et 
al., 2020)UK, 

USA 
 

Children from 
USA and 
Europe 

 
Ecological 

study 

Macrolides and 
total antibiotics 

consumption 
5 years 

Positively associated with 
obesity 

Europe- Coef 0.03, SE 0.005, 
p<0.001 

USA- Coef 0.003, Se 0.0006, 
p<0.001 

Yes 

(Sejersen et 
al., 2019) 
Denmark 

 

Mother-child 
cohort 

n=700 
Prospective 

cohort 

Antibiotic 
exposure 
< 1 year 

6 years 

No association with BMI Z 
score 

-0.06 (95% CI: 0.17:0.06) 
No sex differences 

(p=0.48) 

No 

(Stark et al., 
2019) US 

 
Children n=241502 Cohort 

Antibiotic 
exposure  (in first 

2 years of life) 
7 years 

Association with obesity 
(HR 1.26, 95% CI) 

Regardless to antibiotic class 
and strengthen with each 

class 

Yes 

(Zhang et al., 
2019) 
North 

Carolina, US 

Infants n=454 
Prospective 

cohort 

Prenatal antibiotic 
exposure by their 

mother 

12 
months 

2nd trimester exposure 
associated with higher infant 

WFL-z and skin fold 
thickness 

0.21(95% CI 0.02, 0.41) 
higher WFL-z-at 12 months 

Yes 
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0.28(95% CI 0.02,0.55) 
higher WFL-z-second 

trimester exposure 

(Block et al., 
2018) 

Children <72 
months of age 
in 35 health 

care institutions 

n=362550 Cohort 

>=1 antibiotic 
prescription 
(before 24 
months) 

6 years 

28% of study subjects 
develop overweight or 

obesity 
Body weight slightly increase 

(mean BMI Z-score 
0.40[SD1.19]) 

Yes 

(Cassidy-
Bushrow et 
al., 2018) 

US 
 

Pregnant 
Women 

n=303 Cohort 
Antibiotic use 

(during 
pregnancy) 

2 years 

Prenatal antibiotic use 
associated with BMI 

Higher mean BMI Z-score 
0.20+-0.10(p=0.046) 

1st and 2nd trimester exposure 
were more strongly 

associated 

Yes 

(Ville et al., 
2017) USA 

 
Latino children n=97 

Prospective 
cohort 

Antibiotic use 
(infancy) 

2 years 

Weight gain 
(OR 6.42, 95% CI) 

Obesity at the age 2 years 
(OR 6.15, 95% CI) 

Yes 

(Poulsen et 
al., 2017) 

Pennsylvania 
 

Mothers and 
singleton 
children 

n=8793 Cohort 

Prenatal antibiotic 
use 

 
Antibiotic use of 

children 
(first 3 years) 

6 years 

Significantly associated with 
higher BMIZ in children 

Prenatal antibiotic use->=3 
antibiotic order 

β[CI] (1 order:0.027, 2 
order:0.034, >=3 order:0.117; 

p=0.006) 
1st year antibiotic exposure-

>=2 antibiotic order 
β[CI] (1 order: 0.021, 2 
order:0.088, >=3 order: 

0.104; p<0.001) 
2nd or 3rd year antibiotic use-

>=6 antibiotic order 
β[CI] (1 order: 0.015, 2-3 

order: 0.053, 4-5 order:0.054, 
>=6 order: 0.123; p=0.003) 

Yes 

(Scott et al., 
2016) 
UK 

 

Children of the 
health 

improvement 
network 

n=21714 
Retrospective 

cohort 
Antibiotic 
exposure 

4 years 

↑ risk of obesity at 4 years 
(OR=1.21; 95% CI, 1.07-

1.38) 
↑ odd ratios with repeated 

exposures 
For 1-2 prescriptions 

(OR=1.07, 95% CI, 0.91-
1.23) 

For 3-5 prescriptions 
(OR=1.41, 95% CI, 1.20-

1.65) 
For >=6 prescriptions 

(OR=1.47, 95% CI, 1.19-
1.82) 

Yes 

(Li et al., 
2017) 

California, 
USA 

 

Infants in 
Kaiser 

permanent 
north California 
(born between 
01.01.1997-
31.03.2013) 

n=260556 
Retrospective 

cohort 
Antibiotic use in 

infections 
18 

years 

Infant with untreated 
infections antibiotic use not 

increase risk of obesity 
 

Infections without antibiotic 
use associated with obesity 

compared with controls 
without infections (OR=1.25, 

95% CI) 
Neither broad spectrum nor 
narrow spectrum antibiotics 

associated with obesity 

No 

(Gerber et al., 
n.d.) 
USA 

 

Children with 
birth weight 

>=2000g 

n=38614 
(38522 

singleton, 92 
twins) 

Retrospective 
cohort 

Systematic 
antibiotic use 

(first 6 months) 
7 years 

Exposure not significantly 
associated with weight 

change 
Singleton children (0.7%, 

95% CI, P=0.07) 
Twins (-0.09kg, 95% CI, 

P=0.30) 

No 

(Mbakwa et 
al., 2016) 

Netherland 
 

Children n=979 
Prospective 

cohort 
Antibiotic 
exposure 

10 
years 

One course antibiotic 
exposure ↑ weight (adjβ0.54, 

95% CI) 
↑height (adjβ 0.23, 95% CI) 

Later life exposure not 

Yes/No 
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associated 
Specific antibiotic use not 

associated 
(Schwartz et 

al., 2016) 
USA 

Children aged 
3-18 years 

n=163820 
Retrospective 

cohort 
Antibiotic 
exposure 

11 
years 

Short time BMI ↑ (p<0.001) Yes 

(Edmonson 
and Eickhoff 

2017) 
USA 

 

Children with 
vesicoureteral 
reflux (2-71 

months with a 
median age 12 

months) 

n=607 
antibiotic 

treated 
group=302; 
placebo=305 

Randomized 
control trial 

Trimethoprim-
sulfamethoxazole-

1 tab daily 
2 years 

No significant difference in 
weight gain between these 

two groups 
(change in weight for age Z-

score 
SD +0.14[0.83]- in treated 
group; SD + 0.18[0.85]- in 

the placebo group) 

No 

(Saari et al., 
2015) 

Finland 
 

Boys and girls 
of first 24 
months 

n=12062 
Prospective 

cohort 
Antibiotic 
treatment 

 

Exposed children heavier 
than unexposed BMI-for-Age 

Z Score 
Boys 0.13 SD, 95% CI, 0.07-

0.19, p<0.001 
Girls 0.07 SD, 95% CI, 0.01-

0.13, p<0.05 
Effect more pronounced after 

exposure to macrolides 
before 6 months of age 

Boys 0.28SD 
Girls 0.23SD 
>1 exposure 
Boys 0.20SD 
Girls 0.13SD 

Yes 

(Mueller et 
al., 2015) 

USA 
 

Mother child 
dyads 

n=436 
Prospective 

cohort 
Prenatal antibiotic 

use 
7 years 

85% higher risk of obesity 
with antibiotic exposure 
during 2nd & 3rd trimester 

↑ BMI Z Score, waist 

circumference % of body fat 
(p<0.05) 

Yes 

(Mor et al., 
2015) 

Denmark 
 

School children n=3250 
Prospective 

cohort 
Prenatal antibiotic 

exposure 
11 

years 

Exposure associated with 
overweight (1.26, 95% CI) 

Obesity (1.29, 95% CI) 
Among girls 

(1.16, 95% CI)-for 
overweight 

(1.27, 95% CI)-for obesity 
Among boys 

(1.37, 95% CI)-for 
overweight 

(1.29, 95% CI)-for obesity 

Yes 

(Bailey et al., 
2014) 

Philadelphia, 
Pennsylvania 

USA 
 

0-59 months 
children 

n=64580 
Prospective 

cohort 

Antibiotic 
exposure (during 

0-23 months) 
5 years 

Cumulative exposure to 
antibiotics associated with 

obesity (RR 1.11, 95% 
CI)>=4 episodes 

Effect stranger for broad 
spectrum of antibiotics (RR 

1.16, 95% CI) 
Early exposure 0-5m (RR 
1.11, 95% CI), 6-11m (RR 

1.09, 95% CI) 

Yes 

(Azad et al., 
2014) 

Canada 
 

Children from 
Canadian 

longitudinal 
birth cohort 

n=1047 
(at the age 9, 

n=616; at 
the age 12, 

n=431) 

Prospective 
cohort 

Antibiotic 
exposure 

(1st year of life) 

12 
years 

Overweight later in childhood 
(P=0.002) 

Association persisted more in 
boys 

At the age 12-Boys 
(OR=5.35, 95% CI); Girls 

(OR=1.13, 95% CI) 
At the age 9-Boys (OR=2.19, 

95% CI); Girls (OR=1.20, 
95% CI) 

Yes 

(Murphy et 
al., 2014) 

International 
 

Children of 38 
centers of 18 

countries 
n=74946 

Cross-
sectional 

Antibiotic-
Paracetamol 

(first 12 months 
of life) 

8 years 

↑ BMI in boys (+0.107 kg     
m-2, P<0.0001) 

No association in girls (-
0.008 kg m-2, P=0.75) 

Yes/No 

(Trasande et 
al., 2013) 

UK 
 

Children birth 
weight >=2.5kg 

in avon 
n=11532 

Prospective 
cohort 

Exposure of 
antibiotics at three 

different ages 
(<6months, 6-
14months, 15-

7 years 

↑Body Mass exposure of an, 
tibiotic<6months (↑ weight 

for length Z Score 
+0.105 s.d unit, P=<0.001 at 

10 months 

Yes/No 
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23months) +0.083 s.d unit, P=0.001 at 
20 months 

BMI Z Score +0.067 s.d 
units, P=0.009 at 38 months) 
No association exposure of 
antibiotic at 6-14 months 

Positive association exposure 
of antibiotics at 15-23months 

(BMI Z Score +0.049 s.d 
units, P=0.050 at age 7 years) 

(Saiman et 
al., 2003) 

Cystic fibrosis 
patients >=6 

years 
(87 active 
group, 98 

placebo group) 

n=185 
Randomized 
control trial 

Azithromycin 3 
days in a week 
(for 168 days) 

1.5 
years 

Average weight ↑ 0.7kg in 

patients than placebo group 
(95% CI, 0.1-1.4kg, P=0.02) 

Yes 

(Ajslev et al., 
2011) 

Denmark 
 

Mother child 
dyads of 
Danish 

National Birth 
Cohort, infants 

before 6 
months 

n=28354 
Prospective 

cohort 
Antibiotic 
exposure 

7 years 

Children of normal weight 
mother, ↑ risk of overweight 

(OR 1.54, 95% CI) 
Children of normal weight 

mother, ↓ risk of overweight 
(OR 0.54, 95%CI) 

Children of normal weight 
mother, ↓ risk of overweight 

(OR 0.85, 95%CI) 

Yes/No 

(Saiman, 
2010) 

US & Canada 
 

Pediatric cystic 
fibrosis patients 

n=260 
Antibiotic 

treated 
group 131, 

placebo 
group 129 

Randomized 
control trial 

(double 
blinded 
placebo 
control) 

Azithromycin 3 
days per week 

 
↑ body weight 
(0.58 95% CI) 

Yes 

Table 2: Studies showing the association between antibiotic exposures in adulthood with obesity. 

Study Studied 
subjects 

Sample 
size Study design Exposure 

&Duration 
Follow 

up Outcomes Remarks 

(Pirzada et 
al., 2003) 

UK 
 

Patients with 
pulmonary 

disease 

n=40 
20 patients 
20 controls 

 

Prospective 
cohort 

Azithromycin 250 
mg daily 

12 
months 

↑ Body mass by a mean 

of 1.2 in the 
Azithromycin group 

Yes 

(Thuny et 
al., 2010) 

France 
 

Infected 
endocarditis 

patients 

n=96 
48 IE 

patients, 48 
controls 

 

Case Control 
Vancomycin 

treatment 
1 year 

↑ BMI in treated group 

but not in controls 
(mean [+/- SE]kg/m2, 

2.3[0.9], p=0.03) 

Yes 

(Lane et al., 
2011) 

England, 
UK 

 

20-59 years 
aged people 

n=1558 
Randomized 
Control Trial 

Ranitidin bismuth 
citrate 400mg, 
Clarithromycin 

500mg twice a day 

6 months 

Participants gain >=3kg 
in the intervention group 

compared to placebo 
group 

(OR 1.57, 95% CI) 
Mean BMI ↑ 

Intervention group:27.5-
27.8 kg/m2 

Placebo group:27.0-27.2 
kg/m2 

Yes 

(Francois et 
al., 2011) 
NewYork, 

USA 

18 years 
adults and 

more 

n=92 
38 H. 

Pyolorie 
negative, 44 

H.pylori 
positive, 10 
interminate 

Prospective 
cohort 

H. pylori eradication 
therapy 

(Amoxicillin 
1000mg, 

Clarithromycin 
500mg, Omeprazole 
20mg, Rabeprazole 

or Esomeprazole 
20mg) 

7 months 

BMI ↑ 
(5 +- 2%, p=0.008) 

Post prandial acylated 
ghrelin ↑ 6 fold than pre-

eradication 
(p=0.005) 

↑ leptin 20% 
(p<0.001) 

Yes 
 
 
 
 
 
 
 
 
 

(Angelakis 
et al., 2014) 

France 
 

Q fever 
endocarditis 

patients 
n=82 

Prospective 
cohort 

Doxycycline and 
Hydroxychloroquine 

treatment 
(for atleast 18 

months) 

1 year 
after 

treatment 

Weight gain among 23% 
treated patients (P=0.001) 

Yes 

(Mikkelsen 
et al., 2015) 

Denmark 
 

Adult men 
18-40 years 

 
n=12 

Intervention 
study 

Antibiotic course 
with Vancomycin 

500 mg, 
Gentamycin 40 mg, 
Meropenem 500 mg 

once in a day 

1 year 

Increase in body weight 
1.3 kg (78.1-79.4), 

p=0.04 
Increase in BMI 

0.3 kg/m2(22.6-22.9), 
p=0.04 

Yes 
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(6 months) 

(Mikkelsen 
et al., 2015) 

USA 
 

Women ages 
35-74 years 

n=50237 
Prspective 

cohort 

Penicicillins, 
Quinolones, 
Bactericidal, 
Tetracylines 

exposure 

 

Antibiotic use during 4 th 
decade of life associated 

with obesity 
Penicillin  (OR 2.00, 95% 

CI) 
Bactericidals (OR 1.71, 

95% CI) 
Tetracycline 

Yes 

 
Association of antibiotic with obesity. The purpose of 
antibiotic use is to eradicate certain bacterial taxa; 
therefore, antibiotic exposures directly affect the gut 
microbial biodiversity leading to dysbiosis, which turn 
into predisposing factors of obesity by multiple 
mechanisms. Antibiotics-induced obesity primarily 
caused by shifts in functional capabilities of gut and 
then long lasting metabolic shifts resulting in 
irreversible recovery to the normal trajectory (Vangay 
et al., 2015). On the basis of animal and human studies 
several hypothesis have been made in this regard. 
Byproducts of microbial fermentation. Microbial 
fermentation of indigestible polysaccharides yields 
short chain fatty acids (SCFAs) such as propionate, 
acetate, L-lactate, butyrate. These SCFAs play very 
crucial role in energy metabolism and adipose tissue 
expansion like acetate is used as a precursor of 
cholesterol and fatty acids and propionate acts as a 
neoglucogenic substrate (Delzenne et al., 2005; 
Delzenne and Cani 2011). SCFAs are ligands of G-
protein coupled receptor GPR43 and activation of 
GPR43 inhibit lipolysis and differentiation of 
adipocytes (Arslan, 2014). Byproducts of microbial 
fermentation activate hepatic carbohydrate response 
element binding protein (ChREBP) increasing the 
transcription of regulators involving in lipogenesis, 
leading to accumulation of hepatic fat(Le Poul et al., 
2003). As microbial fermentation yields 80-200 kcal 
energy per day (Bell, 2015), change in the composition 
of gut microbiome i.e. 20% increase in Firmicutes with 
corresponding 20% decrease in Bacteroidetes count can 
create additional 150kcal energy on a regular basis, can 
be a contributing factor for gaining weight (Leong et 
al., 2018).   
Alteration of gut hormones. Entero-endocrine system 
is regulated by gut microbial diversity like the 
abundance of Bifidobacterium though it is not the 
dominating phylum in gut but play an instrumental role 
on host metabolism (Arslan, 2014; Cani et al., 2007). 
Dietary fructo-oligosaccharides increase the abundance 
of Bifidobacterium resulted into increased colonic 
fermentation as well as the level of glucagon like 
peptide (GLP-I) and decreased ghrelin (the hunger 
hormone), with subsequent decreased food intake and 
fat accumulation (Daubioul et al., 2000; Delzenne et 
al., 2005). Reduced Bifidobacterium and following a 
high fat diet yield increased secondary inflammatory 
activity, resulted in increase of fat mass and insulin 
resistance. SCFAs alter the secretion of Peptide YY 
(PYY) and GLP-I directly influencing satiety (Festi et 
al., 2014). Reduction in PYY causes increase in 
intestinal transit time and reduction of harvesting 

dietary energy (Arslan, 2014). Gut bacteria induced bile 
acid metabolism that act as ligands of G-protein 
coupled bile acid receptor 1 and nuclear farnesoid X 
receptor (FXR). These two are also involved in gut 
hormone regulation related to glucose and lipid 
metabolism (Leong et al., 2018). 
Metabolic endotoxeamia. Gut bacteria can disrupt the 
mucosal barrier of the gut and expose the host’s 

immune system to microbial products like 
lipopolysaccharide (LPSs), lipopeptides that have 
hepatotoxic effects and induced inflammation called 
metabolic endotoxaemia. With increased permeability, 
endotoximia causes greater inflammation, a 
predisposing factor for weight gain. Gut microbiome 
have some microbe-associated molecules namely 
pathogen associated molecular patterns (PAMPs) and 
some endogenous products called damage-associated 
molecular patterns (DAMPs), those are noticed by 
pattern recognised receptor TLRs (toll-like receptors). 
Amongst the total 13 identified TLRs, TLR2, TLR4, 
TLR9 help in the development of non-alcoholic fatty 
liver disease (NAFLD). Bacterial components like LPS, 
flagellum, structural lipids, peptidoglycan create 
inflammatory response which ultimately lead to insulin 
resistance obesity (Abu-Shanab and Quigley 2010; 
Leong et al., 2018; Machado and Cortez-Pinto 2012). It 
was observed that TLR4 led to inflammation, resulting 
weight gain in rats (de La Serre et al., 2010).   
Fasting-induced adipocyte factor (Fiaf). Dysbiosis 
causes reduction of Angiopoietin-like protein factor 4 
(ANGPTL4), also known as fasting-induced adipocyte 
factor, that inhibit lipoprotein lipase (Bäckhed et al., 
2004). Hindrance of lipoprotein lipase blocked the 
separation of fatty acids from triglycerides for tissue 
uptake and promote fatty acid oxidation-thus reduce fat 
storage (Mandard et al., 2004).    

DISCUSSION 

Though most of the studies implicit that the antibiotic 
exposure during infancy causing overweight or obesity 
in children in their later life (Bailey et al., 2014; Saari 
et al., 2015; Scott et al., 2016), some contraindication 
are there (Gerber et al., n.d.; Sejersen et al., 2019). 
Overall the studies those found the association between 
antibiotic exposures with obesity for the children 
identified the early stage of life as the key period. 
Bailey et al. found that effect of antibiotic exposure in 
0-5 months was stronger than the exposure in 6-11 
months. Similar findings by Sarri et al. (2015) support 
this evidence, who found effect was more pronounced 
for exposure before 6 months of age (Bailey et al., 
2014; Saari et al., 2015). This may be due to the reason 
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that infancy is the key period for microbial 
development in human gut. Azad et al. conducted a 
longitudinal study in Canada on antibiotic exposure 
during 1st year of life and note the results at 9th and 12th 
year. Similar kind of study was done by Sarri et al. 
(2015) on 6114 boys and 5948 girls. Both identified 
boys as a more vulnerable group for gaining more 
weight (Azad et al., 2014; Saari et al., 2015). Another 
thing is that the frequency of exposure of antibiotics. 
Scott et al. (2016) found that the odd ratio is more for 
>=6 prescriptions than 3-5 and 1-2 prescriptions, 
supported by the findings of Bailey et al. and Poulsen et 
al. (Bailey et al., 2014; Poulsen et al., 2017; Scott et al., 
2016). An interesting finding came out from a Danish 
mother child dyads cohort study on early antibiotic 
exposure that, it was observed in the children of normal 
weight mother had increase the risk of overweight, 
where the risk of overweight was decreasing for the 
children of overweight or obese mother; indicating 
maternal pre-pregnancy BMI influence the body weight 
of their children in their later life (Ajslev et al., 2011). 
In case of prenatal exposure of antibiotics where Muller 
et al. indicated that,  antibiotic use during the last two 
had more impact on their children’s body 

weight(Mueller et al., 2015), Cassidy-Bushrow said 1st 
and 2nd trimester exposure was more strongly 
associated (Cassidy-Bushrow et al., 2018). Another 
observation identify the second trimester exposure as 
the key period regarding this purpose (Zhang et al., 
2019). There are many studies showing the clear 
association between antibiotic exposure in adulthood 
during treatment with weight gain (Angelakis et al., 
2014; Pirzada et al., 2003; Thuny et al., 2010) that 
indicate the consumption of antibiotic causing weight 
gain is irrespective of age but early life exposure has 
more impact on it. 

CONCLUSIONS 

This review has demonstrated that antibiotic exposure 
is a predisposing factor of obesity. Association is more 
marked for early life repeated exposures and 
particularly for the male child. We found out the 
children of the mother having a history of antibiotic use 
during pregnancy are also vulnerable. We are having 
still many unanswered questions such as class, dose, 
timing and mechanism. The little we know is use of 
antibiotics altering the biodiversity of gut microbiota 
and metabolites of them led to weight gain by their 
effect on body metabolisms. Randomized control trials 
would be unethical in this regards, further longitudinal 
human studies where these kinds of effects are 
secondary outcomes could elicit explanation. 

FUTURE SCOPE 

In this review article, the antibiotic exposure to children 
and consequent obesity was emphasised. Exposure to 
various types of antibiotics during early childhood and 
also antibiotic treatment to carrying mothers resulted in 
significant subsequent weight gain for the children after 
birth and in latter lives. In present scenario, this 
particular study may be significant since obesity is a 

global issue and this review shows that, right after birth 
of a child or even before birth administration of 
antibiotics is a cause of weight gain. Antibiotic may be 
more judiciously administered to control the weight 
gain and subsequent obesity in future. Further research 
is to be undertaken to correlate the antibiotic exposure 
during pregnancy and neonatal periods with other 
obesity induced diseases in their later lives.  
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Abstract
Recently, photodynamic therapy (PDT) has received a lot of attention for its potential use in cancer
treatment. It enables the therapy of a multifocal disease with the least amount of tissue damage. The
most widely used prodrug is 5-aminolevulinic acid, which undergoes heme pathway conversion to
protoporphyrin IX, which acts as a photosensitizer (PS). Additionally, hematoporphyrin,
bacteriochlorin, and phthalocyanine are also studied for their therapeutic potential in cancer.
Unfortunately, not every patient who receives PDT experiences a full recovery. Resistance to
different anticancer treatments is commonly observed. A few of the resistance mechanisms by
which cancer cells escape therapeutics are genetic factors, drug–drug interactions, impaired DNA
repair pathways, mutations related to inhibition of apoptosis, epigenetic pathways, etc. Recently,
much research has been conducted to develop a new generation of PS based on nanomaterials that
could be used to overcome cancer cells’ multidrug resistance (MDR). Various metal-based,
polymeric, lipidic nanoparticles (NPs), dendrimers, etc, have been utilized in the PDT application
against cancer. This article discusses the detailed mechanism by which cancer cells evolve towards
MDR as well as recent advances in PDT-based NPs for use against multidrug-resistant cancers.

1. Introduction

The current need for therapeutic oncology is to
develop a cytotoxic drug that effectively eliminates
cancer cells while protecting vital host cells and their
activities. If not for the issue of human cancer’s res-
istance to chemotherapy or the drugs’ non-specific
cytotoxicity, cancer treatment would have been ana-
logous to antibacterial treatment, in which complete
eradication of infection is frequently observed. One
of the key issues with cancer therapy is innate (inher-
ited) or acquired resistance [1]. A tumor’s initial inab-
ility to respond to a specific therapy is referred to
as natural resistance, and the unresponsiveness of

a drug that develops following an initial successful
course of treatment is referred to as acquired res-
istance. Mutations that arise during treatment can
also contribute to acquired drug resistance, as can
a variety of other adaptive responses like elevated
levels of the therapeutic target and stimulating sub-
stitute compensatory signaling pathways in previ-
ously sensitive tumors [2]. Drug resistance has been
associated with a wide variety of molecular mechan-
isms, including elevated drug efflux rates, drug tar-
get mutations, and changes in drug metabolism [3].
Chemoresistance has also been linked to epigenetic
changes and the impact of the surrounding tumor
microenvironment (TME). Because cancer stem cells
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are inherently resistant to many therapeutic modalit-
ies, their presence in some situations has recently been
linked to treatment failure [4].

One of the less invasive techniques that could be
employed for cancer therapy is photodynamic ther-
apy (PDT). PDT can be used as another option for
surgical cancer treatment [5]. In this therapy, a pho-
tosensitizer (PS) that has been applied to the patient
builds up in the tumor, where it causes signific-
ant damage when exposed to the right wavelength
of oxygen and light, resulting in the death of can-
cer cells and tumor vascularity. PDT also triggers
immune and inflammatory reactions against tumor
cells. Currently, 5-aminolevulinic acid (5-ALA) is
the most commonly used medication for PDT [6].
Unfortunately, not all patients experience full recov-
ery post-treatment with PDT. The primary factor in
anticancer PDT therapy failure is the development
of resistance. The PDT resistance mechanisms attrib-
uted to the PS are likely similar to general drug res-
istance mechanisms and involve altered intracellu-
lar trafficking or efflux rates and altered drug uptake
[7]. Alternately, upregulated antioxidant detoxifying
enzymes and heat shock protein activation are linked
to the deactivation of reactive oxygen species (ROS)
and PDT resistance. An increased level of DNA dam-
age repair and decreased PS levels in tumor cells may
also lead to multidrug resistance (MDR).

2. Photodynamic therapy (PDT)

The most widely employed treatment modalities for
various types of cancer are surgery, chemotherapy,
radiation therapy, and immunotherapy. Recently,
small-molecule-based therapy has also been success-
fully applied [8]. However, these traditional treat-
ments have major disadvantages in terms of their
selectivity against cancer cells. Chemotherapy is fre-
quently associated with systemic adverse effects and
an elevated risk of recurrence following surgical
excision of malignancies, whereas radiation therapy
is constrained by the combined dose of radiation
[9]. As a result, research has concentrated on creat-
ing alternative therapy approaches that are very spe-
cific and selective, safe, powerful, and economical.
Additionally, it should only damage the cancerous
cells while sparing the surrounding healthy cells and
tissues. A new, non-invasive alternative to traditional
tumor-ablative therapies for the treatment of a vari-
ety of malignancies is PDT [10]. PDT is made up
of three main parts: (1) light, (2) PSs, and (3) oxy-
gen in their molecular states (figure 1). PDT makes
ROS more likely to form in two different ways. In the
type I pathway, the PS moves electrons to make free
radicals [11]. In the type II pathway scenario, it trans-
fers energy to produce the highly reactive singlet oxy-
gen (1O2) and the triplet ground-statemolecular oxy-
gen (3O2) [12]. A ground-state PS is propelled into a

high-energy electronic state by the absorption of light
(photon) [13, 14]. According to Lucky et al follow-
ing intersystem crossing, the PS’s excited singlet state
can produce a persistently excited triplet state [15].
This excited triplet state can then come back to the
ground singlet state by releasing energy in the form
of fluorescence, heat, or other forms of energy. The
excited triplet state transfers energy to surrounding
oxygenmolecules or other substratemolecules, which
in turn induces the creation of singlet oxygen (1O2) or
other ROS. When PDT is performed, the formation
of ROS such as hydrogen peroxide (H2O2), hydroxyl
radical (OH•), and superoxide anion radical (O2•)
reacts with biological molecules such as lipids, DNA,
and proteins to eradicate tumor cells by necrosis
and/or apoptosis. However, the killing mechanisms
of radiotherapy and chemotherapy are predomin-
antly immunosuppressive, destroying tumor vascu-
latures as an anti-angiogenesis effect and stimulat-
ing the host immune system to find, locate, and kill
any remaining tumor cells [16]. Additionally, PDT
can be locally applied to a specific region of tumors
by selectively illuminating the lesion without affect-
ing the normal tissues. Therefore, PDT is much more
advantageous than radiotherapy and chemotherapy,
which exert toxicity. PDT is more effective than tra-
ditional treatments because it is less invasive, can be
done more than once without causing toxicity, has
better functional and cosmetic effects, has less long-
term morbidity, and improves the patient’s qual-
ity of life. PDT has been successful in treating skin
cancer [17], Barrett’s esophagus [18], head and neck
malignancies [19], lung cancer, and bladder cancer
[20] over the past 40 years. PDT is well tolerated by
patients because of its selective action. PDT proced-
ures are pleasant, and their straightforward applica-
tion enables outpatient use.

2.1. Light source
For a PDT reaction to take place, the PS is required
to be turned on by a light source with a wavelength
of <800 nm. Above 800 nm, PS cannot be turned on
and cannot make enough singlet oxygen because its
triplet state is beneath the energy threshold of sing-
let oxygen [21]. In the earlier days, photosensitiza-
tion had been performedwith high-power traditional
metal halogen lights that put out radiation between
600 and 800 nm [22]. In the next generation of PDT,
laser lights were used for photosensitization instead of
gas lights. There are two types of lasers used in PDT:
dye-lasers and diode-lasers. An organic dye molecule,
such as rhodamine or kiton red, that produces light
in the 600–650 nm spectral region serves as the lasing
medium in dye lasers. This is done to coincide with
a particular PS’s absorption wavelength [23]. To pre-
vent overheating, the dye substance is often a liquid
that is constantly circulated. Due to circulation, only
a part of the dye is ever lasing in the cavity at any
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Figure 1.Mechanism of photodynamic therapy which is induced by light radiation leading to reactive oxygen species generation
mediated cell death.

given time. Light is produced by electron-hole recom-
bination in semiconductor devices called diode lasers.
Since diode lasers have a fixed wavelength, a differ-
ent laser unit is required for each PS that absorbs
at a different excitation wavelength. Irradiance from
clinical diode lasers can reach 1 W cm−2. PDT com-
monly uses diode lasers with output wavelengths in
the 415–690 nm range [23]. But light-emitting diodes
(LEDs) are now widely used instead of lasers as light
sources for photosensitization because they are easier
to operate and last longer than lasers [24]. Due to the
dynamic interactions between light, PS, and oxygen,
PDT dosimetry is complicated. The clinical effect-
iveness of PDT is determined by the type of com-
plex dosimetry used, the overall dose, the length of
light exposure, the delivery mechanism, and the frac-
tionation scheme. Direct dosimetry, explicit dosi-
metry, biophysical/biological tissue response monit-
oring, and implicit dosimetry are the four dosimetric
methods that can be employed for PDT dosimetry. A
single metric can combine two or more of the treat-
ment parameters. PDT dosage is one such metric,
which is calculated as the sum of the PS concentra-
tion and light fluence (J cm−2) [23].

2.2. Photosensitizers (PSs)
Scientists have studied three different types of PSs.
At first, a hematoporphyrin derivative was used
to detect tumors and emit fluorescence (figure 2).
Later, Meyer-Betz found that porphyrins might also
have phototoxic effects and could be used to kill
cancer cells [25]. So, the first-generation PSs are
porphyrins, hematoporphyrin, and their derivatives,
such as Photosan and Photocan, as well as Photofrin.

The monomeric, dimeric, and oligomeric parts of
each derivative are different [26].

The pure synthetic compounds made of an aro-
matic macrocycle are second-generation PSs such
as chlorins, bacteriochlorins, benzo-porphyrins, and
some common dyes such as rose Bengal (RB) [27],
eosin Y [28], or methylene blue (MB) [29] that pro-
duce a high absorbance (85 000M−1 cm1) at 664 nm.
Third-generation PSs are distinguished by the fusion
of second and first-generation PS with targeting lig-
ands, such as antibodies, carbohydrates, amino acids,
and peptides, or by their encapsulation within carri-
ers like liposomes, micelles, and nanoparticles (NPs).
This strategic approach aims to enhance the concen-
tration of PSs specifically at the intended tumor sites,
building upon the advancements seen in second-
generation PS. Figure 3 represents the mechanism of
utilizing third-generation PSs for cancer treatment
using PDT. A list of clinically approved photosensit-
izers or under trial for PDT in cancers has been
provided in table 1.

2.3. Limitations of PDT
Although PDT is one of the most effective techniques
for the therapy and management of various types
of cancer, its fundamental limitation is that it can
only be used to treat superficial, flat lesions, initial
lesions, or lesions accessible by endoscopic instru-
ments. However, PDT cannot be used to treat solid,
bulky, or deeply embedded tumors. This is because
light cannot penetrate the deep tissues inside our
body, and whole-body irradiation is not possible with
the PDT technique.Moreover, the organic PSs in PDT
do not exhibit high selectivity for cancer cells, and
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Figure 2. Chemical structures of commonly used photosensitizers for photodynamic therapy: porphyrin, hematoporphyrin,
bacteriochlorin, phthalocyanine, methylene blue, and aminolevulinic acid.

they have a complicated structure. It is easily degraded
by enzymes and is not cost-effective. Although PDT
is used for cancer treatment, it has toxic side effects.
The PS does cause a significant amount of toxicity to
the local tissuewhen exposed to light. Although react-
ive oxygen is thought to be the major cytotoxic agent
in PDT, other ROS, like the superoxide anion and
hydroxyl radicals, could cause biological damage to
healthy tissue in the nearby locations around tumors.
So, to solve the drawbacks of this classic PS, a better
alternative, such as nanomaterial-mediated PDT, has
been developed.

3. NPs and PDT

Nanomaterials can be synthesized from awide variety
of starting materials, which are both natural and syn-
thetic. NPs are simple to create, allowing for the tar-
geted delivery of several theranostic agents [46, 47].
NPs are extensively used as carriers for PSs in PDT
[47]. This is because of the following factors:

(1) Due to their high surface area-to-volume ratio,
they can significantly enhance PS delivery to the
cells being targeted.

(2) If PS is enclosed in NPs, early PS discharge in
healthy tissues and potential medication inactiv-
ation by plasma components may be prevented
[48].

(3) NPs loaded with PS can be transported effi-
ciently through the circulatory system to the site
of the tumor.

(4) Compared to organic PS, NPs exhibit increased
permeability and retention (EPR) within tumor
tissue.

(5) To enhance the biological distribution, pharma-
ceutical kinetics, cellular absorption, and target-
ing properties of the NPs, different functional
groups or targeting moieties can be added to the
surface of the particles.

Based on these above-mentioned properties,
researchers have classified NPs as non-biodegradable
and biodegradable NPs that can be used as PSs in
PDT [49, 50]. Figure 4 shows different types of non-
polymeric and polymeric NPs applied in PDT.

3.1. Non-biodegradable NPs
NPs that are not biodegradable have gained much
attention in the area of PDT as potential mul-
timodal theranostic vehicles because of the unique
traits they possess, including their optical character-
istics, their form, their size, their porosity, and so on.
Nonbiodegradable NPs encompass inorganic, metal-
lic, or hybrid NPs.

When light interacts with metallic NPs, a phe-
nomenon known as localized surface plasmon reson-
ance (LSPR) occurs in which the free electrons in the
metal collectively oscillate at a particular frequency
[53]. The local electromagnetic field around the NP
may be strengthened by this oscillation, increas-
ing light scattering and absorption. Even though
PSs themselves have relatively low absorption at the
desired wavelength, they can effectively absorb the
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Table 1. List of photosensitizers clinically approved or under trial for PDT applications in cancer.

Generic name/trade
name Chemical compound Approved or in trail Cancer types References

Clinically approved drug

(Photofrin®) Porfimer sodium
porphyrin

World wide PDT of esophageal cancer,
lung adenocarcinoma,
endobronchial cancer, gastric
and recurrent bladder cancers

[30]

Levulan 5-Aminolevulinic acid Worldwide PDT of skin, bladder, brain,
and esophagus cancers

[31]

Cysview® Hexaminolevulinate
(HAL)

EMEA & USA PDT of skin and bladder
cancer

[32]

Metvix® Methyl ALA ester
(MAL)

USA, Europe PDT of actinic keratosis and
basal cell carcinoma (BCC)

[33]

Laserphyrin® N-aspartyl choline E6 Japan PDT of early centrally located
lung cancer

[34]

Redaporfin® Bacteriochlorin USA PDT of biliary tract cancer [35]

Photogem® Porphyrin Russia PDT of BCC [36]

Photosens® Aluminum
phthalocyanine
tetrasulfonate

Russia PDT of breast, lung, stomach,
and skin cancers

[37]

Photolon® Chlorin E6 Belarus, Russia,
Kazakhstan,
Ukraine

PDT of skin melanoma and
mucosal malignancy

[38]

Photochlor® 2-(1-Hexyloxyethyl)-
2-devinyl
pyropheophorbide-a
(HPPH)

USA PDT of BCC, head and neck
cancer, and lung cancer

[39]

In clinical trail

Verteporfin® Chlorin Approved in China
and Norway, trial in
the UK

PDT of BCC, lung and skin
cancers

[40]

Temoporfin
(Foscan®)

Chlorin Approved in
Europe, trial in USA

PDT of advanced head and
neck cancer, lung, brain, skin,
and bile duct cancers

[41]

Talaporfin® Chlorin Approved in Japan,
trail in USA

PDT of lung cancer, colorectal
neoplasms, liver metastasis,
and glioma

[34]

Radachlorin Chlorin Belarus, Russia PDT of skin cancer,
nasopharyngeal sarcoma

[42]

Purlytin Tin ethyl etiopurpurin USA PDT of metastatic breast
cancer

[43]

Padoporfin
(TOOKAD)

Palladium-
bacteriopheophorbide

USA PDT of prostate cancer Phase
II and III

[44]

Motexafin lutetium
(Lutex)

Texaphyrin USA PDT of breast cancer [45]
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Figure 3. Schematic representation for the mechanism of tumor cell destruction by photodynamic therapy using third-generation
photosensitizers.

Figure 4. Types of nanomaterials used in photodynamic therapy for cancer. Part of this figure has been drawn from published
articles under the Creative Commons (CC-BY) license [51, 52]. Adapted from [51]. CC BY 3.0. Adapted from [52]. © IOP
Publishing Ltd. CC BY 3.0.

enhanced electromagnetic field when placed close
to plasmonic NPs. This enhanced light absorption
improves the chances that PSs will capture photons,
which results in more effective photosensitizing
molecule excitation. Table 2 represents different non-
polymeric NPs in PDT of cancers.

3.1.1. Gold nanoparticles (AuNPs)
AuNPs have played a significant role in the advance-
ment of a synergistic hyperthermia-phototherapy
technique because of their surface plasmon resonance
(SPR) feature, their capacity to convert photoenergies
into thermal energy for PDT applications, and their
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Table 2. List of different types of nonpolymeric nanoparticles and photosensitizers for photodynamic therapy in cancers.

Nonpolymeric
nanoparticles Photosensitizers Cancers

Light wavelength/
intensity References

AuNPs Chlorophyll b (Chl b) Human breast carcinoma
cell line and liver
carcinoma cell line (MCF7
& HepG2)

650 nm/15 mW cm−2 [54]

MSN

BODIPY Human cervical cancer cell
line (HeLa)

455 nm, 518 nm and
655 nm/10–15 J cm−2

[55]

Methylene blue Breast cancer 660 nm/15 mW cm−2 [56]

SPION Protoporphyrin IX Mouse mammary
carcinoma cell line (4T1)

632± 3 nm/5 mW cm−2 [57]

TiO2 NPs

Porphyrin Human breast carcinoma
cell line MCF7

980 nm/0.72 W cm−2 [58]

Phthalocyanine HeLa xenograft tumor
model

420–800 nm/0.25 W cm−2 [59]

SWCNT Chlorin e6 Mouse squamous cancer
cell line (SCC-7)

630 nm/0.15 W cm−2

808 nm/1 W cm−2
[60]

MWCNT m-tetrahydroxylphenylcholrin Overian cancer cell line
(SKOV3)

650 nm/125 mW cm−2 (for
PDT) 808 nm/2.3 W cm−2

(for PTT)

[61]

GO NPs Tetraphenylethelyne-Red Bladder cancer cell line
(UMUC3)

450 nm/200 mW cm−2 [62]

rGO NPs Manganese dioxide (MnO2) Human cervical cancer cell
line (HeLa)

980 nm/0.4 W cm−2 [63]

C60 Fullerene

Black Phosphorous Mouse mammary tumor
cells (4T1)

650 nm/0.5 W cm−2 [64]

Tirapazamine (TPZ) Cancer cell 500 nm [65]

enzymemimetic activity [66]. Based on these proper-
ties, a metal nano-organic framework was developed,
where AuNPs act as catalysts like nano enzymes and
the PS chlorin e6 is encapsulated to mitigate tumor
hypoxia and reinforces PDT under 660 nm laser
irradiation. This nano-delivery platform is stable in
blood circulation and can easily penetrate and accu-
mulate in tumors [66]. Similarly, in another study,
AuNPs conjugated with 5-ALA showed enhanced
PDT in cutaneous squamous cell carcinoma under
621 nm irradiation using LED for 1.5 h [67]. It
was observed that 5-ALA-AuNPs not only sup-
pressed cancer cell viability but also increased cell
apoptosis and produced more singlet oxygen com-
pared to PDT with 5-ALA alone [67]. In addi-
tion, to improve the PS’s excitation effectiveness,
LSPRs surrounding AuNPs may be utilized. Singlet
oxygen generation in several AuNP morphologies
has been investigated [68]. These include spher-
ical AuNPs with hollow structures, gold nanocages
(AuNCs), gold nanorods (AuNRs), and gold
nanospheres [68].

As an optical contrast agent, AuNRs were used
by Kuo et al to kill A549 cancer cells [69]. The
cancer cells were exposed to PDT and hyperther-
mia simultaneously after their treatment with AuNR
conjugated PS indocyanine green (ICG) under an
808 nm NIR laser for 30 s to 3 min. The res-
ults showed that the combined approach successfully
eliminated cancer cells when compared to PDT or
photothermal treatment (PTT) alone [70]. On the
other hand, Wang and Lu hypothesized that coordin-
ating an early-phase PDT impact with a late-phase
PTT effect would boost the synergistic therapeutic
efficacy of AuNPs [71]. To do this, they conjugated
Ce6 molecules into polyethylene glycol (PEG) chains
to create PEGylated AuNRs, which they evaluated in
breast cancer cells in vitro and a xenograft model in
mice using MDA-MB-435 [71]. After 4 h of intrat-
umoral delivery of the nanoconjugates, researchers
used a 671 nm laser (1.0 W cm−2) to treat the tumor
for 6 min. Tumor volume was significantly reduced
by laser therapy with Ce6-loaded PEGylated AuNRs
compared to the respective control groups [71]. This
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research proved that the combinatorial method of
PDT/PTT of AuNPs is more effective against cancer.
A pH-stimulus-responsive drug delivery systembased
on chitosan-coated AuNPs was developed by Zhang
et al [72]. This system too has applications for both
PDT and PTT [72]. Due to the SPR absorption in the
visible region and its nonlinear features, PTT using
gold nanospheres can be accomplished using pulsed
or continuous wave lasers in the near-infrared (NIR)
and visible (Vis) wavelength spectrums [73–75].

3.1.2. Silica NPs (SNPs)
Different SNP varieties, including organically mod-
ified silica, mesoporous silica NPs (MSNPs), and
Stöber SNPs, have recently been investigated as PDT
vectors. This is because SNPs tend to be chemically
inactive, have a porous structure that does not grow
or change when the pH changes, and have a clear
matrix that lets light in and out. They are very use-
ful and can be made using a wide range of ingredi-
ents and easy-to-use synthesis methods. Changes can
be made to the NPs’ density, ability to spread out,
size, and shape. Their surfaces can also be changed by
several functional chemicals, polymers like PEG, or
biomolecules that target cancer cells in particular. In
an investigation, Cornell prime dots (C’ dots), which
are extremely tiny PEGylated fluorescent core-shell
SNPs, were employed to provide a potential targeted
platform for PDT usage in oncology [76]. MSNPs
are better for delivering drugs because they have a
large surface area and a high pore volume that can be
reached [77]. Spherical and rod-shaped MSNPs were
created to be used as third-generation PSs in a trial on
the bladder cancer model using UM-UC-3 and HT-
1376 cell lines. Cells were exposed to white light at
8.4 mW cm−2 for 40 min [78].

To target cancer cells precisely, MSN was func-
tionalized by a biomolecule that can bind to cancer
cells. The absorption of theNPs by receptors would be
enhanced if the particles were functionalized to target
certain receptors that are overexpressed on the sur-
face of cancer cells in many malignancies. Based on
this idea a unique MSN was made where the water-
soluble PS and cancer cell-targeting mannose cova-
lently attached to the mesoporous silica matrix for
PDT application in MDA-MB 231 breast cancer cells.
Results showed that without irradiation MSN con-
jugated with mannose and PS had only 19% cyto-
toxicity but when cells were irradiated under 630–
680 nmNIR exposure at 6 mW cm−2 for 40 min 99%
cell death occurred [79]. On the other hand, tests on
nude tumor-bearing mice were used to assess in vivo
biodistribution of protoporphyrin IX (PpIX)-silica
NPs loaded with the DID (dioctadecyl tetramethyl
indodicarbocyanine chloro benzene) tracer [80]. Up
to 24 h after the NPs’ tail vein injection, photographs
of the biodistribution were taken. The three cancer

models under research (HCT 116, A 549, and glio-
blastoma) showed significant tumor uptake of PpIX-
silica NPs with good phototoxicity under 630 nm
NIR irradiation at 4 mWcm−2, but the peak accu-
mulations occurred at different times: 2 h for glio-
blastoma models, 16 h for A549, and 20 h for HCT
116 models. Other types of SNPs have been used
to encase PS in PDT [80]. In another report, silica
nanospheres with a 130 nm diameter that are hol-
low and porous were synthesized [81]. The NPs were
created by carefully hydrolyzing N-(b-aminoethyl)-
a-aminopropyl triethoxysilane under the influence
of ammonia. Hypocrellin A was not surface adsorb-
ing but rather embedded, according to fluores-
cence quenching experiments. It was found that the
particles have high thermal and light stability. These
SNPs were efficiently absorbed by HeLa cancer cells
and had higher PDT efficacy than hypocretin A.

3.1.3. Magnetic NPs
Out of all nanomaterials and NPs, superparamag-
netic iron oxide NPs (SPIONS) are the ones that
have been studied most profoundly in combination
with PDT [82]. In a study, iron oxide (Fe3O4) NPs,
or MNPs, were conjugated with Zn phthalocyan-
ine derivatives. At first folic acid (FA) and amine-
functionalized magnetic NPs were covalently linked
to Complexes 1 (Zn mono cinnamic acid phthalocy-
anine) and 2 (Zn mono carboxyphenoxy phthalocy-
anine), respectively [83]. Next, they were evaluated
in the human breast carcinoma cell line MCF7 for
enhanced PDT at a fixed irradiation dosimetry of
170 J cm−2 at 680 nm. These complexes exert signi-
ficant singlet oxygen generation and better bioavail-
ability and toxicity on MCF7 cells [83]. Huo et al
synthesized iron oxide (Fe3O4) NPs in the pres-
ence of triphenylphosphine (TPP)-grafted dextran.
Here Fe2+/Fe3+, ions have a magnetic resonance
imaging (MRI) effect [84]. Next, the PSs protopor-
phyrin IX (PpIX) and glutathione (GSH)-responsive
mPEG-ss-COOH are grafted on Fe3O4@Dex-TPP
NPs to form Fe3O4@Dex/TPP/PpIX/ss-mPEG NPs
[84]. After internalization, these nano platforms
increase the oxygen concentration in tumor cells
by the Fenton reaction and produce ROS around
the mitochondrial surface under illumination with a
637 nm laser which leads to disruption of mitochon-
drial membrane permeability. Therefore, this nano
platform can serve as a Fenton reaction-assisted PDT
for tumor therapeutic efficacy [83, 84]. In another
study, a magnetic core and silica layer were com-
bined to create hybrid nanomaterials. A single or
double silica coating was applied for the synthesis of
SPIONs. Following its entrapment in the silica layer,
the PS molecule methyl blue decomposed on the sur-
face of SPIONs. Upon exposure to light of a visible
wavelength (λ= 532 nm or λ= 633 nm), this hybrid
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nanomaterial successfully generates singlet oxygen
and highlights the potential use ofMNPs in PDT [85].
The use of ferroptosis inducers in ferroptosis ther-
apy to cause lethal lipid peroxidation and kill tumor
cells is an intriguing option for the administration of
chemotherapy for cancer. Chen et al created a NP-
driven system where ferric oxide (Fe3O4) and chlorin
E6 (Ce6) are combined in polylactic-co-glycolic acid
to create a potent ferroptosis-photodynamic antic-
ancer treatment [86]. The Fe3O4-PLGA-Ce6 NP is
capable of breaking down in the acidic TME, releas-
ing Ce6, ferrous (Fe+2), and ferric ions (Fe+3). The
Fenton reaction may be carried out by extracellu-
lar hydrogen peroxide (H2O2) and release ferrous
and ferric ions to create hydroxyl radicals (OH•) and
induce ferroptosis in cancer cells [87]. When exposed
to laser light under 660 nm, 0.5 W cm−2 for 3 min,
the discharge of Ce6 may promote the production
and accumulation of ROS to provide PDT that can
improve ferroptosis in 4T1 breast cancer cells [87].
Additionally, this Fe3O4-PLGA-Ce6 nanosystem has
goodMRI characteristics, extremely effective antican-
cer activity, and high in vivo biocompatibility [87].

3.2. Semiconductor NPs
In the present, semiconductor NPs are also used as
PDT PSs. The gap between the valence and con-
duction bands should be filled by stimulating light
energy. The energy of excitation can be transferred to
an organic PS or molecules of oxygen in their ground
state using a fluorescence resonance energy transfer
mechanism.

3.2.1. Titanium dioxide NPs
Titanium dioxide (TiO2) is an oxide of titanium that
is found in nature. It is also called titania. TiO2 is used
in many different ways, such as photodegradation,
photocatalysis, cleaning up the environment, divid-
ing water for hydrogen fuel, reducing CO2, making
surfaces that clean themselves, electrochromic gad-
gets, sensors, and cheap solar cells. TiO2 has lately
been thought of as a possible photosensitizing com-
pound for PDT due to its low toxicity, biochem-
ical inertness, notable biocompatibility, and unusual
photocatalytic properties [88]. Photoinduced hole-
electron pairs are made when UV radiation with
higher energy than the band gap of TiO2 excites elec-
trons in TiO2’s valence band. The strong reduction
and oxidation characteristics of these photoinduced
electrons and holes allow them to interrelate with
nearby oxygen and water molecules to produce ROS
[89]. Based on these properties, TiO2 NPs were util-
ized for PDT of cancers. The survival of human cer-
vical cancer cells (HeLa) was reduced by TiO2 NPs
upon solar and ultraviolet (UV) irradiation [89].
When these TiO2 nanocrystals were dopedwithmetal
(cobalt) and non-metal (nitrogen) the photoactiva-
tion of doped-TiO2 NPs was significantly enhanced

in the Vis/NIR region [89]. However, these nano-
crystals were not significantly cytotoxic compared
to PEGylated undoped-TiO2. Therefore, this study
showed that water-soluble PEGylated TiO2 NPs may
be a good candidate for the PDT of cervical cancer
cells [89]. Afterward,multiple cell lines of human car-
cinoma, including monocytic leukemia cells (U937),
colon carcinoma cells (Ls-174-t), bladder cancer cells
(T24), adenocarcinoma cells (SPC-A1), glioma cells
(U87), and breast carcinoma cells (MDA-MB-468,
MCF-7), were investigated to discover the accurate
mechanism of TiO2 NPs’ UV-induced phototoxic
effect [90]. TiO2 NPs have only rarely been used
in vivo for PDT applications. This is because TiO2 is
insoluble and forms aggregates in the physiological
environment; as a result, it is easily recognized by cells
and removed from circulation, which in turn reduces
its accumulation in the tumor.

3.2.2. Zinc oxide NPs
ZnO has a similar photocatalytic activity and band
gap energy (3.2 eV) as TiO2. It has been established
that ZnO quantum dots, which have an average dia-
meter of 11.6 nm, produce singlet oxygen as well
as other forms of ROS when exposed to blue (400–
500 nm) light [91]. There was no triplet signal in
the ZnO samples that had not been exposed to radi-
ation. Considering application in combination pho-
tothermal theory (PTT) as well as PDT for cancer,
Vasuki and Manimekalai investigated the antican-
cer effect of ternary modified ZnO nanocomposites
with NIR absorbance on theMCF-7 breast carcinoma
cell line [92]. The nanocomposites showed signific-
ant cytotoxicity against cancer cells, and therefore,
they can be used for combined cancer therapy [92].
In another study, it was shown that ZnO nanorods
(NRs) can be used as a PS and biomarker for PDT
on cervical cancer cell lines. This is because ZnO
NRs are a source of NIR light for deep tissue pen-
etration and have more surface plasmon resonance
light absorption than ZnONPs [93]. Through the use
of laser scanning confocal microscopy and fluores-
cence spectroscopy with excitation at 488 and 514 nm
wavelengths, it was possible to analyze the fluores-
cence and light activation of ZnONRs in cancer cells.
The fluorescence of the ZnO NRs was conjugated
with the well-known PDT PS 5-ALA, and the res-
ults demonstrated that ZnO NRs are potent tumor
necrosis candidates under the right light activation
and are a good candidate for PDT of malignancies
[93]. According to studies, Ultraviolet A radiation
(20 mW cm2 for 15 min) combined with ZnO NP
doses of 0.2 and 2 g ml−1 can effectively destroy can-
cer cells by causing late apoptosis and necrosis. In this
aspect, Hariharan et al synthesized PEGylated ZnO
NPs conjugated with doxorubicin (DOX), which gen-
erates ROS under UV irradiation for potential anti-
tumor activity [94]. It has also been reported that
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ROS are produced when light energy is absorbed by
PEG-functionalized Ag-doped semiconductor NPs of
ZnO and transferred to water and molecular oxygen
molecules in the biological environment [95, 96].

3.3. Carbon nanomaterials
There are three different types of carbon nanoma-
terials, such as zero-dimensional (0D)–structure
fullerene, one-dimensional (1D) carbon nanotubes
(CNTs), and two-dimensional (2D) graphene.
Carbon nanomaterials are widely used in electronic
and electrical fields, biosensors, medical treatments,
environmental applications, etc. Due to their unique
structure and large surface area, carbon nanomateri-
als, especially CNTs and graphene, are widely used in
drug delivery for cancer therapy [97].

3.3.1. Carbon nanotubes (CNTs)
Graphene sheets roll up CNTs into hollow cylindrical
structures with both ends open. The carbon atoms are
exclusively organized in rings similar to those found
in benzene. The armchair, zigzag, and chiral struc-
tural representations of CNT include allotropic forms
of both sp2 planar and sp3 cubic [98]. CNTs are clas-
sified as single-walled CNTs (SWCNTs), which have
an inner diameter of 1–3 nm and an outer diameter
of 2–100 nm, and multi-walled CNTs (MWCNTs),
which have an inner diameter of 1–3 nm and an
outer diameter ranging from 0.2 to several micro-
meters, respectively, based on the layer formation
[97]. CNTs play a special function as nanocarriers
for medicines, polymers, PSs, and particular ligands
that target siRNA and DNA [97]. SWCNTs penetrate
the cells directly, whereas MWCNTs enter through
the endocytosis pathway. Based on this property,
CNTs are widely used in cancer therapy as novel drug
carriers. To treat cancer effectively and specifically,
researchers are now concentrating on combination
therapies using CNTs and PDT. To improve solubil-
ity and bioavailability and to target only cancer cells,
PSs are combined with CNTs. For efficient PDT of
colon cancer cells, Sundaram and Abrahamse created
SWCNTs combined with hyaluronic acid (HA) and
chlorin e6 (Ce6) [98]. This nanocomposite induces
morphological changes in colon cancer cells using
PDT at a fluence of 5 J cm−2 and 10 J cm−2 after 24 h
followed by LDH cytotoxicity and cell death [98].

3.3.2. Graphene, graphene oxide (GO), and reduced
graphene oxide (rGO) NPs
A 2D network of carbon atoms with sp2 hybridiz-
ation makes up graphene. Graphene undergoes an
oxidation-reduction process to produce rGO andGO.
The finding that graphene can be used as PSs in PDT
and effectively kill cancer cells has been demonstrated
in several studies [99, 100]. Considering its capacity to
absorb light in the NIR range, graphene has been the
subject of extensive in vivo and in vitro studies into

its potential use in cancer imaging and phototherapy
[101, 102]. Hosseinzadeh et al developed a nanocom-
posite for PDT using GO and MB and evaluated its
cytotoxicity on the triple-negative breast cancer cell
line MDA-MB-231 by MTT assay [103]. In dark con-
ditions cell viability was reduced by up to 60% for
the PS using a concentration of 20 µg ml−1; however,
under irradiation with a red LED light of 630 nm for
30 min, a reduction of up to 80% was obtained using
the same dose of PS [103]. This is because, in the pres-
ence of red LED light,MB-GOnanocomposites could
penetrate more inside the tumor cells and exert tox-
icity. rGO NPs have also been used in PDT for can-
cer in the last few years. To test the photodynamic
activity in the human breast cancer cell line MCF7,
Vinothini and coworkers (2020) created an rGO-
based nanocomposite with magnetic NPs (Fe3O4),
camptothecin, 4-hydroxycoumarin, and allylamine
[104]. The rGO hybrid exerts cytotoxicity by produ-
cing ROS against MCF7 cells under 365 nm of laser
irradiation of 20 mW cm−2 for 3 min [104].

3.3.3. Fullerenes
Fullerenes (also known as bucky balls) are closed con-
vex polyhedra composed of an even number -of car-
bon nanostructures with a high triplet yield, and a
highmolar absorption coefficient and aremade of sp2
hybridized carbon atoms. Fullerenes have multiple
types but the most renowned forms are C60, C70,
etc because of their important uses. Fullerenes are
particularly effective at creating photoexcited sing-
let oxygen (1O2) in organic solvents or hydrophobic
environments, but in an aqueous environment, they
convert to type 1 photochemistry and produce HO•
and superoxide anions [105]. Although pristine C60
fullerenes are insoluble in water, the cage can be easily
functionalized with polar groups such as carboxylic
acids and quaternary amino groups to increase sol-
ubility and biological compatibility [105]. Various
pristine C60 fullerenes as well as their functional-
ized derivatives, have been extensively used as PSs for
in vitro cancer cell killing [106]. Fullerene C70 is also
used in PDT of cancers due to its extended π system
[107]. Guan and his team created fullerene C70 nan-
ovesicles (abbreviated FCNVs) using C70-oligo ethyl-
ene glycol-Ce6 and comprised of both hydrophilic
and hydrophobic components [46]. These constructs
efficiently absorb light in the NIR region within
660 nm (20 mW cm−2) and exert strong anticancer
activity in the lung carcinoma cell line A549 [46].
Fullerene C60 dyads are also reported for PDT in
cancers. In one study four novel glucose-BODIPY-
fullerene dyads with styryl units were created. The
organic detergent Tween 80 helps to produce nanomi-
celles, whichmeasure 14–17 nm [108].When exposed
to UV light, glucose-BODIPY-fullerene nanomicelles
(14–17 nm) effectively produce singlet oxygen and
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ROS [108]. K562 human chronic myelogenous leuk-
emia suspension cells were used to examine the
molecules’ in vitro anti-cancer efficacy under the
influence of light and the absence of light for PDT
[108].

Porphyrin-fullerene dyads have gained increas-
ing interest due to their interesting optoelectronic
properties and their potential applications in PDT.
These dyads are created by joining organic molecules
that donate electrons, like porphyrins, withmolecules
that accept them, like fullerene derivatives [109]. The
efficient intramolecular photoinduced charge separ-
ation that the donor-acceptor dyads can undergo
has sparked extensive research on the practical use
of these materials. Additionally, it has been demon-
strated that fullerene functions as a quencher, minim-
izing the photobleaching of the porphyrin compon-
ent during PDT. A PS’s therapeutic efficacy may be
diminished due to photobleaching, which is the irre-
versible destruction of PSs upon exposure to light. In
overextended PDT treatment sessions, the fullerene
aids in preserving the stability and activity of the PS
by quenching the excited states of the porphyrin. In
2021, Vallecorsa et al assessed the in vitro photoactiv-
ity of a porphyrin coupled to a fullerene and four
meso-substituted porphyrins. The results suggest that
the porphyrin-fullerene dyad TCP-C 604 has poten-
tial in PDT application as compared to fullerene dyad
alone under 600 nmNIR radiation with a fluence rate
between 10 and 220 mJ cm−2 and the power density
0.5 mW cm−2 [110] Although porphyrin-fullerene
dyads show great promise in anticancer applications,
it is important to note that further study is required
to improve their characteristics and guarantee their
safety and efficacy in clinical settings.

3.4. Biodegradable NPs
Biodegradable NPs are mainly polymeric NPs.
PolymericNPs are naturally occurring, exhibit greater
photodynamic efficacy for tumor killing, and have
reduced photosensitivity [111]. Polymeric NP encap-
sulation of PSs can significantly improve their sol-
ubility and dispersibility in a hydrated environ-
ment, enhancing their pharmacokinetic properties.
Additional paybacks of utilizing biodegradable NPs
made of polymers include their capacity to carry a
respectable payload of different agents to the tumor
while protecting it from early blood leakage and
maintaining photoactive agents’ and fluorophores’
photostability. These agents include therapeutic PS
and diagnostic PS. Several types of polymeric NPs
have been used for PDT in cancers. Table 3 represents
different polymeric NPs and PS in PDT of cancers.

3.4.1. Chitosan
Chitosan is a polymer. It is obtained from chitin,
which is usually found in crab and insect shells. It is
made up of N-acetyl-glucosamine and glucosamine

repeating units. Chitosan has a positive charge and
is unable to dissolve at pH 7, but it dissolves at an
acidic pH [122]. The amphiphilic nature of chitosan
has promoted them to serve as carriers for hydro-
phobic anticancer therapeutics [123]. For PDT, the
PS was either confined inside the inner core of self-
constructed NPs of chitosan or it formed a cova-
lent or ionic connection with chitosan, which was
then assembled into a NP. Chitosan NPs (CNPs) can
encapsulate protoporphyrin IX (PpIX), a PS, and
vitamin B9 (PpIX-B9) and transport it to tumor
cell masses for effective PDT [124]. In a differ-
ent investigation, ICG-loaded hydrophilic sulfhy-
dryl NPs of chitosan (SA-CS-NAC@ICG NPs) were
developed by Yang et al using a self-assembly and self-
crosslinking method for PDT [125]. Traditional PS
carriers have drawbacks due to their poor chemical
stability, inadequate loading, and single-responsive
PS release. These drawbacks are resolved by these
unique pH/GSHmulti-responsive chitosanNPs. ROS
are reduced by the SA-CS-NAC@ICG NPs when
exposed to 808 nm laser light. In vitro cell exper-
iments verified that these novel NPs had a great
capacity for cellular absorption, low toxicity, and
effective cancer inhibition [125]. Chitosan NPs with
ALA derivatives, such as prodrugs 5-ALA and 8-
ALA, have the synergistic effect of combining con-
ventional PDT with electrochemotherapy for the
treatment of melanoma cancer [126]. In a different
study, a nano-code delivery of chitosan/tripolyphos-
phate (CS-TPP) was made by combining a PS 5-
ALA and methylenetetrahydrofolate dehydrogenase
1-like (MTHFD1L) shRNA for PDT. By trigger-
ing apoptosis and producing ROS in vitro under
635 nm, 10 J cm−2, this CS-TPP-(shMTHFD1L-
ALA)-PDT demonstrated potent anticancer efficacy
in oral squamous cell carcinoma (OSCC) [127].

3.4.2. Albumin
Human serum albumin (HSA) is an acidic, posit-
ively charged plasma protein with a wide variety of
roles. HSA is a globular, amphoteric protein that
maintains its structure between pH 4 and 9 [128].
NPs created using HSA have recently attracted atten-
tion as prospective theranostic drug carriers, espe-
cially for the administration of lipophilic drugs.
Hydrophobic medicines can be transported by HSA-
based NPs without the use of potentially hazardous
solvents [128]. Additionally, HSA-based NPs can tar-
get the tumor by endogenous albumin pathways with
massive doses of chemotherapeutic medications and
can avoid the problem of the accrual of drug NPs
elsewhere in the body. Abraxane® (albumin-bound
paclitaxel NPs) is another example of a medication
that utilizes HSANP-binding technology. In a med-
ical facility, this technique is employed to provide
paclitaxel for the treatment of pancreatic, breast,
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Table 3. List of different types of polymeric nanoparticles and photosensitizers for photodynamic therapy in cancers.

Polymeric
nanoparticles Photosensitizers Cancers

Light wavelength/
intensity Reference

CNPs

Zinc Phthalocyanine Cutaneous squamous cell
carcinoma

660 nm/5 J cm−2 [112]

Protoporphyrin Ix Adenocarcinoma 635 nm/0.2 W cm−2 [113]

HSA NPs

Indocyanine green Oral squamous cell
carcinoma (OSCC)

808 nm/2 W cm−2 [114]

Chlorin e6 Bladder cancer 660 nm/0.15 W cm−2 [115]

Gelatin NPs

Zinc phthalocyanine
(ZnPc)

Mouse macrophage
carcinoma cell line (J774
A-1)

660 nm/0.2 W cm−2 [116]

Chlorin E6 Mouse mammary tumor
model

650 nm/580mWcm−2 [117]

PAA NPs Methylene blue Prostate cancer 630 nm [118]

Liposomal NPs HPPH Triple negative breast
cancer

660 nm/50 mW cm−2 [119]

2,2-bis(hydroxymethyl)
propionic acid (Bis-MPA)
hyperbranched PEG-OH
dendrimers

Pyropheophorbide a Mouse mammary tumor
cells (4T1)

660 nm/1 J cm−2 [120]

PAMAM & PEG dendrimers Chlorin E6 & indo
cyanine green

Mouse mammary tumor
cells (4T1)

660 nm/0.1 W cm−2

(for PDT)
[121]

and pulmonary malignancies [128]. For the com-
bined phototherapy and chemotherapy of breast
cancer, flexible hollow human serum albumin NPs
(HHSA) were produced and coupled with two dis-
tinct DOX therapeutics and the PS chlorin e6 (ce6)
[129]. In in vitro conditions, it reduces the survival of
4T1 breast cancer cells without irradiation but it has
remarkably higher toxicity under 660 nm irradiation.
Additionally, these HHSADOX-ce6 NPs lower tumor
metastasis in vivo [129]. ICG, a NIR fluorescent dye,
has demonstrated significant possibilities in cancer
PDT and PTT [130]. However this dye has some
limitations that make it difficult to use effectively in
PDT/PTT, such as the fact that it is insoluble in water,
has a brief half-life, and has non-targeting accumu-
lations. This is why Liu et al developed PEGylated-
HSA-ICG-TAT to penetrate the nucleus of cancerous
cells and get around ICG’s drawbacks in the treatment
of tumors [130]. They demonstrated that compared
to free ICG, these ICG-loaded NPs had a greater
cellular absorption rate and a stronger PDT/PTT
impact. Moreover, these ICG-loaded NPs were eas-
ily metabolized in normal mice with no toxicity but
in tumor-bearing mice, these NPs showed a signi-
ficant reduction in tumor growth [130]. A similar
NIR dye, IR780, and HSA NPs (HSA@IR780@DTX),
which are loaded with docetaxel (DTX), were created
for targeted imaging and PTT/PDT together with
chemotherapeutic treatment of castration-resistant

prostate cancer [131]. In this study, prostate cancer
cells were irradiated with a 1 W cm−2 808 nm laser
for 2.5 min and produced a large amount of ROS.
In another study, a tumor-targeted multifunctional
theranostic medication for PTT and PDT applica-
tions was made using four therapeutically approved
substances: artesunate (Arte), folic acid (FA), HSA,
and ICG under a single NIR irradiation. The pro-
duced nanocomposites (FA-IHANPs) displayed good
physiological and photo-stability, excellent cellular
absorption, and tumor accumulation in vitro and
in vivo [132]. Additionally, when this nanocomposite
(FA-IHA NPs) were irradiated under 808 nm NIR
(1 W cm−2) Arte was released in the tumor cell
and showed a chemotherapeutic effect [132]. C086
is a derivative of Curcumin and it is an inhibitor
of heat shock protein 90 (HSP90). It has stronger
antitumor activity than Curcumin. Based on this
property He et al developed a C086-loaded HSA NP
for PDT against cancer cells [133]. The anti-tumor
PDT activity of C086@HSA NPs is applied to the
human cervical cancer cell line Hela. Upon 10 min
blue light exposure at 450 nm (5 mW cm−2), it was
found that C086@HSANPs caused apoptosis and cell
cycle arrest at the S and G2/M phase in HeLa cells.
C086@HSANPswere also tested for in vivo anticancer
activity employing bright blue light (80 mW cm−2)
using PDT in a 4T1 tumor-bearing mouse
model [133].
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3.4.3. Gelatin
Gelatin is a proteinaceous polymer that can be par-
tially hydrolyzed from a pig or bovine collagen. It
is a water-soluble macromolecule that is frequently
used as a food additive. Gelatin NPs are now applied
for PS delivery [134]. For in vivo PDT, the hydro-
phobic PS’s water solubility must be increased, and
its accumulation in tumor tissue must be increased.
So Son et al have conjugated choline e6 (Ce6) with
gelatin NPs for PDT applications [135]. The res-
ulting conjugates were more water-soluble for an
elongated period than hydrophobic Ce6, and upon
laser irradiation under 658 nm (0.3 W, 200 J), they
could produce singlet oxygen and destroy tumor cells.
Additionally, the conjugates displayed an extended
presence in the circulatory system and an exceed-
ingly amplified assemblage in tumor tissue in vivo.
Lee et al have developed self-assembled gelatin NPs
containing both pheophorbide a (Pba) and thiabend-
azole (TPZ) to study the synergistic effect of drugs
and their efficient delivery in tumor cells in vivo
[136]. Gelatin polymer chains were coupled with
PEG and Pba to create amphiphilic structures for
self-assembly in aquatic conditions. These NPs were
then loaded with TPZ to create TPZ-Pba-NPs. After
laser irradiation at 95.1 J cm−2, the efficacy of
combination therapy employing TPZ-Pba-NPs was
assessed in SCC7 tumor cells, and it was found
that TPZ exerts toxicity in hypoxia. Additionally, in
tumor-bearing mice, the in vivo therapeutic effic-
acy of combination therapy using TPZ-Pba-NPs was
assessed [136].

3.4.4. Polyester and polyacrylamide NPs
Biopolyesters are biocompatible naturally occur-
ring or synthetic polymers. PLA made from D-
and/or L-lactic acid monomers (PLLA, PDLLA),
poly(-caprolactone), poly(hydroxyalkanoates), and
poly(lactic acid with glycolic acid) copolymers
(PLGA) are examples of naturally occurring poly-
mers. Poly(orthoesters), poly(-amino esters) (PbAE),
and poly(-hydroxy esters) are examples of synthetic
polymers. Hydrophobic PLGA or PCL NPs that trap
hydrophobic PSs are examples of simple polyester-
based NPs produced for PDT applications. When
second-generation PSs were coupled with PLGA
NPs, they demonstrated good photodynamic activ-
ity, tumor-inhibiting activity, improved 1O2 pro-
duction, and increased plasma circulation duration.
In one work, PLGA NPs were synthesized and con-
jugated with IR780 PSs for increased PDT against
osteosarcoma HOS cells. These constructed NPs
induce apoptosis and ferroptosis in HOS cells via
excessive accumulation of ROS [137]. Similarly, in
another study, Toluidine Blue was coupled as PSs
in PLGA NPs (TB@PLGA), and it was proven that

TB@PLGA NPs may trigger apoptosis via a photody-
namic mechanism and cause widespread necrosis of
tumor cells when exposed to 660 nm laser irradiation.
Furthermore, it was discovered that these TB@PLGA
NPs have an excellent tumor suppression effect in vivo
[138]. For increased PDT of malignancies, PLGANPs
are employed for the regulated release of PSMBwith a
PARP inhibitor, veliparib in a very low concentration
[139]. These VMBNPs showed no toxicity in the dark
but when they were irradiated with visible light they
showed significant toxicity against B16F10-Nex2 cells
[139].

PEG is a polymer that is used to conjugate
polyester NPs and micelles for drug entrapment in
both hydrophobic and hydrophilic environments.
PEGylated polyesters, such as PEG-PLGA, PEG-
PCL, and PEG-PLA, are used to make a variety of
NPs. PEGylated polyesters in nano PDT have been
tried as a delivery strategy for hydrophobic PSs by
several researchers [111]. Trimethylene carbonate-
based monomers were used to create light-responsive
polycarbonates (LrPC) and PEGylated LrPC (LrPC-
PEG) before being loaded with the PSs 5, 10, 15,
and 20-tetrakis(m-hydroxyphenyl)chlorin (mTHPC)
[140].

Polymerization of a nanoemulsion matrix yields
hydrogel-like nanostructures known as polyacrylam-
ide (PAA) NPs. Biodegradable polyacrylamide NPs
have become prevalent in cancer therapeutics such
as PDT, fluorescence imaging, and cancer targeting
[141]. Both biodegradable and non-biodegradable
cross-linkers can be used to produce hydrophilic PAA
NPs and can have their surfaces functionalized with
targeted ligands. The two simplest approaches for
conjugating a PS into PAA NPs are encapsulation
and post-loading, and depending on the PS’s water
solubility, both procedures may have varying effects
on PDT activity. When PAA NPs are coupled with
hydrophilic PSs like MB and its derivatives, they
produce more 1O2 under 808 nm laser at a power
density of 1.5 W cm−2 for 2 min and increase cell
death [142]. In another work amine-functionalized
PAA NPs were loaded with hydrophobic PSs such as
HPPH and NIR fluorescent organic dyes (NIRFDs).
These NIRFDs can be excited in the first or second
NIR windows of tissue optical transparency (NIR-
I, ∼700–950 nm and NIR-II, ∼1000–1350 nm)
but the PS HPPH cannot absorb light. The res-
ult shows that these nano-shell conjugates produced
the most 1O2 and exhibited the highest phototox-
icity in vitro and in vivo [143]. In an earlier study,
tetrasulfonato-aluminum phthalocyanine-entrapped
NPs coated with a second porphyrin-based PS and
polylysine-bound tetrasulfonato-aluminum phthalo-
cyanine (PCNP-P) were synthesized and were loaded
with photodynamic PS. These two polyacrylamide-
based NPs produce huge ROS in HT29 cells when
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irradiated with 7 J cm−2 laser light and have good
therapeutic potential [144].

3.4.5. Liposomal NPs
Concentrated phospholipid vesicles known as lipo-
somes have several bilayered membranes composed
of lipids derived from either natural or artificial
sources. They make ideal therapeutic carriers since
they have the unique capacity to store hydrophilic
medicines in their aqueous interior and substances
that are hydrophobic in their inner layers [145,
146]. Different PS has been used in specific com-
mercial liposomal formulations, including benzo-
porphyrin derivative (BPD)-MA, mTHPC, and zinc
phthalocyanine (Zn-Pc) [147]. A PS-lipid combina-
tion called porphyrin-phospholipid leads to persist-
ent, non-exchangeable inclusion into the liposome
bilayer. Liang et al used nanoscale (20 nm) iron
oxide-loaded porphyrin-grafted NPs of lipid to cre-
ate a theranostic nano platform (Fe3O4@PGL NPs)
[148]. These nano platforms generate ROS to kill
cancer cells and transfer Fe ions into tumor cells
via the Fenton reaction [148]. In a different study,
DOX, an effective chemotherapeutic agent, was added
to porphyrin-imbedded lipid NPs for cooperative
chemo-PDT. PGL-DOX NPs established exceptional
cellular absorption, chemo-photodynamic reactions
under 650 nm laser (0.2 W cm−2, 10 min), and
fluorescent imaging abilities in HeLa and PC3 cell
lines. Porphyrin’s usual ability to generate ROS
with lower irradiation meaningfully blocked tumor
growth in vivo once it united with the lethal poten-
tials of the anticancer drug DOX [149]. Therefore
from these studies, it can be stated that lipo-
somal/lipid NPs can be used in PDT of cancers with
suitable PSs.

3.4.6. Dendrimer NPs
Dendrimers have received a considerable amount of
interest as PS vectors because of their unique architec-
ture. It contains several functional groups on the sur-
face that can connect various molecules or functional
moieties. The size of these molecules and their lipo-
philicity can be modified to improve cellular absorp-
tion and tissue biodistribution. PAMAM dendrimers
are the most promising and well-characterized
dendrimers. PAMAM dendrimers are used in PDT
for the transportation of PS in tumor tissues. They are
frequently used as templates for preparing tiny NPs.
To create self-assembled NPs, PAMAM dendrimers
are treated with poly(ethylene glycol) cholesterol.
The hydrophobic core of the NPs is enclosed with PS
chlorin e6 (Ce6) and MnO2 to increase the PDT.
When exposed to a 670 nm laser, the developed
DPCCM NPs act like enzymes that can catalyze
the oxidation of H2O2 to produce O2 and exert an

enhanced PDT effect [150]. Kojima et al used PEG-
attached dendrimers to create nanocapsules with PSs
for use in PDT [151]. They created two PEG-attached
dendrimers frompoly(amidoamine) (PEG-PAMAM)
and poly(propylene imine) (PEG-PPI) and employed
two PSs, RB and protoporphyrin IX (PpIX) at the
same time. When compared to free PpIX, the com-
bination of PpIX with PEG-PPI demonstrated effi-
cient cytotoxicity by producing high levels of sing-
let oxygen under 530 nm light using a Xe lamp
(400 W m−2) and efficiently delivering this singlet
oxygen to mitochondria [151]. Along with PAMAM
dendrimers, other dendrimers like PPI, ALA, and
anionic phosphorous dendrimers are also studied for
PDT applications [152].

3.5. Nanoformulations of tetrapyrrole
To carry the tetrapyrrole-based PS for drug deliv-
ery systems, many nanocarriers have been created
[153]. Bacteriochlorins are made up of tetrapyrrole,
which is made up of two pyrrole and two reduced
pyrrole units joined together bymethine connections,
with the two reduced pyrroles positioned diagonally
across from one another [153]. Gomes et al invest-
igated bacteriochlorophylls-loaded NPs synthesized
by solvent evaporation. It was observed that this
approach achieved 69% encapsulation [154]. It was
also found that ROS generation was also enhanced
and thus therapeutic efficacy [154]. Pantiushenko
et al developed a novel nanomaterial composed of
non-sulfur bacteriochlorophylls and their derivatives
using AuNPs [155]. Gold NPs loaded with PS had
a longer circulation time and better tumor absorp-
tion than free PSs due to nonspecific passive tar-
geting. Ostroverkhov et al investigated the immob-
ilization of a PS based on bacteriochlorin on a
magnetic NP [156]. These bacteriochlorin-loaded
magnetic NPs demonstrated cancer cell localization
during in vitro testing, followed by photoinduced
toxicity.

4. Mechanism associated with the
development of drug resistance in cancer
cells

Until now, the most prevalent cancer therapies are
chemotherapy, which includes one or combinational
drugs as part of the conventional treatment regime.
These drugs either slow down or stop cancer cells
from proliferating, infiltrating, and spreading [157].
However, a significant problem in clinical oncology is
the effectiveness of chemotherapy, as drugsmay fail to
eliminate cancer cells for several reasons.Many times,
cancer patients exhibit either inherent or acquired
chemoresistance i.e., failing to respond to antican-
cer medications [158]. As per statistical data, the
development of chemo/drug resistance is responsible
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for more than 90% of cancer patients’ deaths [159].
Because of the nearly universal prevalence of res-
istance to single medicines, several medications are
typically employed [160]. Cancer cells can become
resistant to multiple anticancer drugs depending on
the mode of action of the drug and its structures.
This effect is known as MDR and this makes the
treatment strategy very difficult for clinicians. This
challenge is particularly significant because most of
the chemotherapeutic drugs only have a small thera-
peutic window and a narrow range of doses that will
have a beneficial effect on the undesirable side effects
[160].Many individual factors could contribute to the
development of MDR such as tumor-related, host-
related, and host–tumor interactions as discussed
below (figure 5).

4.1. Factors related to host
4.1.1. Drug resistance due to genetic variation
From several clinical studies on identifying molecu-
lar markers and studying genetic patterns in these
years, it has been well established that genetic vari-
ability in patients accounts for a major difference in
drug response among individuals. At the same time,
gene variations in cancer cells also play an import-
ant role and are responsible for drug resistance to
chemotherapy. Phase I drug metabolizing enzymes
inactivate various chemotherapeutic drugs by hydro-
lysis, reduction, and oxidation [161]. Humanoid
cytochrome P450 (CYP) consists of more than 50
enzymes that play a role in inactivation via the meta-
bolism of Phase I drugs among which CYP2D6 is
one of the key enzymes. Tamoxifen which is a com-
monly used chemotherapeutic drug for breast can-
cer is metabolized by CYP2D6 to produce endox-
ifen and 4-hydroxytamoxifen which are therapeutic-
ally ineffective and thus lose their therapeutic activ-
ity against breast cancer [162]. From research find-
ings, it is evident that patients with a combination of
some non-functional allele could decrease the meta-
bolism of the breast cancer chemotherapeutic drug
tamoxifen which could reduce the chances of disease-
free survival (DFS) or recurrence-free survival and
thus lowers the therapeutic efficacy [162]. Plasma
membrane transporters are essential for both the
absorption and efflux of several chemotherapeutic
medicines, and they are closely related to drug resist-
ance. Most drug’s intracellular concentration is con-
trolled by the big solute carrier (SLC) family of mem-
brane transporters, which affects drug absorption.
Contrarily, drug efflux is caused by the ATP-binding
cassette (ABC) superfamily, and some of its mem-
bers also take part in intracellular drug accumula-
tion. These ABC transporter proteins which are con-
trolled by ABCC1, ABCB1, or P-glycoprotein (p-gp)
play a significant role in the development of drug res-
istance as they determine the drug distribution and

absorption by limiting the passage of drugs across the
cell membranes [162]. Among different drug efflux
proteins, ABCB1 has shown the highest clinical signi-
ficance for the development of drug resistance from
patient samples.

Many chemotherapy drugs, including platinum
compounds, have cytotoxic effects that are caused by
the production of various DNA adducts [163]. These
adducts cause intra and inter-strand breaks, which
stop DNA replication and cause cell death. However,
various DNA damage repair mechanisms, such as
nucleotide-excision repair and base-excision repair
(BER), are available to cells to fix these defects. The
clinical effectiveness of various medications, includ-
ing cisplatin (CP), depends on the cancer cell’s capa-
city to repair DNA damage caused by chemotherapy
drugs. One of the members of the BER protein family
‘XRCC1’ can detect and repair DNA damage induced
byCP [164]. As a consequence, cancer patients having
upregulation of XRCC1 have shown decreased thera-
peutic responses towards CP and drug unresponsive-
ness. However, there are few cases of clinical stud-
ies where there is no connection observed between
CP resistance and XRCC1 or genotypic relevance
[164, 165]. In conclusion, several genetic markers
have been studied for biomarkers of drug resistance in
cancers, but the findings suggest that although some
of them are linked with genetic variants but not all
could be linked to it. Additionally, theremust be other
factors that have a key role in the development of drug
resistance.

4.1.2. Drug interactions with another drug
Drug effectiveness or side effects are observed in case
of parallel uptake of another medication which is
linked to the pharmacodynamic and pharmacokin-
etic effects. Since cancer patients frequently take
multiple medications, including anticancer medica-
tions, supportive care medications (such as antibi-
otics, anxiety relievers, gastrointestinal acid-reducing
agents, and cholesterol-lowering statins), and other
medications, they are particularly vulnerable to show
these drugs non-responsiveness due to their inactiva-
tion by other [166]. Multiple studies have shown that
cancer patients taking intravenous or oral adminis-
tration of chemotherapy have shown drug inactiva-
tion due to another drug which is also a category of
drug resistance or unresponsiveness observed [166–
168]. Proton pump inhibitors (PPIs) are the most
often prescribed stomach acid-reducing medications,
and it is known that many cancer patients take
them to treat their gastroesophageal reflux disease
and dyspepsia symptoms. Tyrosine kinase inhibit-
ors (TKIs) have poor bioavailability and solubil-
ity when taken orally. The uptake of TKIs largely
depends on the pH and it decreases as stomach pH
is raised by PPIs. Thus, PPIs have a role to play in
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Figure 5. Intrinsic mechanisms by which cancer cells develop multidrug resistance towards chemotherapy.

reduced uptake and efficacy of TKIs class of drugs
[169]. On the other hand, uptake of the TKIs is
observed to enhance when taken alongside acidic
beverages.

Although the gastrointestinal tract may be a site
for drug absorption, the liver is the main location
for drug biotransformation. Drugs that can activ-
ate human cytochrome P450 (CYPs) through higher
transcription can lower the blood concentration of
the induced enzymes’ drug substrates. On the other
hand, CYP inhibitors reduce the activity of a prod-
rug that is converted into a pharmacologically active
drug. Additionally, several CYP stimulants or inhib-
iting agents are also ABC transporter stimulants or
inhibiting agents. In summary, DDIs should be cru-
cially considered for cancer patients receiving medic-
ations as this leads to drug resistance and decreased
effectiveness.

4.2. Factors related to tumors
4.2.1. Intracellular drug concentrations
To overcome drug resistance in cancers, escalat-
ing therapeutic drug dosage, and repeated admin-
istration has been major factor in the efficacy of
present cancer therapies. Anticancer medications
must be proactive and have high bioavailability in
the tumor tissues to be therapeutically effective.
Drugs that have targets within the cell must pen-
etrate the plasma membrane to reach tumor cells
[170]. Early research on drug resistance suggested
that dysfunctional plasma membrane transporter
proteins cause the inability of drug accumulation
inside cells and this leads to drug resistance [171].
As discussed previously, cancer cells with drug res-
istance have an active efflux pump that ejects out
hydrophobic molecules or metabolites including the

drugs through the plasma membrane which leads to
decreased intracellular concentration of the drug and
low therapeutic effect. One such drug efflux pump
is the ABC transporter proteins [172, 173]. Cells
exhibit lower intracellular drug concentration dur-
ing the development of drug resistance and malig-
nant transformation, which is primarily attained by
decreased drug inflow, and increased outflow. Since
the majority of common anticancer medications are
weak bases with pKa between 7.4–8.4 and are hydro-
phobic, they permeate the cell membrane passively,
but the rate of the same drugs is significantly impaired
when the extracellular tumor surroundings are acidic
because these medications become strongly proton-
ated and pass the cellular membrane considerably
less effectively when charged [174]. The decreased
drug inflow via influx transporter proteins, which
include SLCs, is one of the causes of the reduced intra-
cellular drug levels found in chemo-resistant can-
cer cells. Additionally, it is widely acknowledged that
ABC transporters like P-gp, MDR-associated pro-
tein 1 (MRP1), and BCRP are primarily respons-
ible for increased drug efflux. Drug resistance has
been linked to the overexpression of proteins of
the ABC superfamily, including BCRP (ABCG2),
MDR-associated protein 7 (MRP7/ABCC10) and P-
gp, MRP1 (ABCC1) (figure 6) [175, 176]. Many
neutral and cationic hydrophobic antitumor chemo-
therapy drugs, such as paclitaxel, DTX, etoposide,
and teniposide acquire MDR when P-gp is over-
expressed [177]. Patients with non-small cell lung
cancer who were administered with paclitaxel had
poor response rates when ABCB1 (P-gp) upregu-
lation was present. During up-regulation of MRP1
cancer cells demonstrate MDR towards etopos-
ide, teniposide, vinblastine, vincristine, and DOX
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Figure 6. Various intracellular mechanisms are adapted by cancer cells during the development of multidrug resistance.

[178]. MDR towards methotrexate, DOX, and camp-
tothecin is caused by upregulation in the BCRP
gene (ABCG2) [179]. Since the upregulation of
ABC transporters causes poor drug responses and
outcomes in patients with many types of cancers,
so inhibiting these transporter proteins could be
an effective strategy to tackle multidrug resistant
cancers and improve the therapeutic response in
clinics.

4.2.2. Role of extracellular vesicles (EVs) in developing
drug resistance
EVs have been well studied as a route for the devel-
opment of MDR in cancers. EVs are phospholipid
bilayer-enclosed NPs (25–1000 nm) which are incap-
able of replication. In the payload of EVs, drug
efflux pumps like as P-gp, MRP1, and BCRP has
been discovered [180]. It is thought that some of the
membranes of the EVs ejected by MDR cells may
have these drug transporters oriented inverted, which
would facilitate the entry of medicines into the EVs
[181]. The ability of EVs to enclose chemotherapy
medicines in their payload is undoubted. EVs may
expel medications into the extracellular environment
once they have been liberated from tumor cells thus
the bioavailability of the chemotherapeutic drug in
the tumor cells is reduced and the therapeutic or
drug response is inhibited [181, 182]. This unique
mechanism of EVs-mediated therapeutic resistance
is supported by in vitro research on the absorption
of chemotherapy medicines within EVs. However,
there is not much clinical evidence to support the
fact that EVs play a role in the development of drug

resistance. Rituximab was administered to lymph-
oma patients in research that used fewer clinical
samples [183]. Rituximab was shown to bind to
EVs extracted from the patient’s plasma, indicating
a reduction in the drug’s availability for therapeutic
effect. In another clinical research, it was observed
that EVs isolated from early-stage breast cancer
patients of human epidermal growth factor receptor
2 (Her2) showed reduced absorption of trastuzu-
mab compared to patients with advanced stages of
the disease, indicating the role of EVs in redu-
cing the availability of the drug and assisting in the
development of chemotherapy resistance and poor
outcome [184].

4.3. Disruption of apoptosis, autophagy, and
anoikis as mechanisms of drug resistance
The potential of anti-cancer medications to cause cell
death is what determines much of its cytotoxicity.
Necrosis, autophagy, and apoptosis are the threemain
mechanisms of cell death, and these processes are
primarily identified by the attributes of theirmorpho-
logy, biochemistry, and molecules [185]. Induction
of autophagy-associated cell death, activation of pro-
apoptotic receptors, ROS generation, DNA damage,
and immune cell effector response are a few of the
molecular and physiological mechanisms by which
anticancer drugs can cause cell death [186]. On the
other hand, cancer cells constantly adapt and evolve,
giving them the capacity to avoid cell death (figure 6)
[187]. The primary regulator of cell survival and the
factor that determines how susceptible cancer cells
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are to apoptosis is the delicate balance between pro-
apoptosis and anti-apoptosis proteins. In this con-
text, drug resistance develops during the overexpres-
sion of antiapoptotic proteins such as BCL2, MCL-
1, and BCL-XL in tumor cells (figure 6) [188, 189].
In patients with bladder cancer, the expression of
Bcl2 is considered a marker for poor prognosis in
chemotherapy treatment [190]. Patients with estro-
gen receptor-positive breast cancer and low levels
of BAD expression had significantly worse overall
survival (OS) and DFS. Resistance to chemother-
apy was also linked to death receptor pathways. In
metastatic ovarian cancer, upregulation of FAS and
TRAIL R1-R2 was linked to a reduced response to
treatment [191]. Similarly in acute myeloid leukemia
(AML) upregulation of TRAIL is found to be associ-
ated with poor therapeutic response in patients [192].
According to research, individuals with colorectal
cancer (CRC) who had high TRAILR1 expression had
worse DFS, worse OS, and shorter time to recurrence
[193]. In AML, upregulation of XIAP, a protein
that inhibits apoptosis, has been linked to a poor
prognosis [194]. The tumor suppressor gene with the
highest rate of mutation in human cancers is the p53
protein. Since p53 induces the expression of death
receptors (like DR5, FAS), and inhibits the expression
of antiapoptotic proteins (like survivin) andproapop-
totic proteins (like BID, BAX), p53 can also contribute
to apoptosis resistance (figure 6) [192]. Additionally,
most cancer drugs cause cell death by inducing react-
ive oxygen production which leads to DNA damage
and cell death [195].However, upregulation ofGSH, a
crucial component of cellular antioxidant defense sys-
tems and numerous metabolic processes acts to lower
the reactive oxygen production and thus is a major
contributor to drug resistance [196].

4.3.1. Role of DNA damage repair in developing drug
resistance
Any cell must have an effective DNA damage repair
mechanism to sustain genomic stability, retain cel-
lular homeostasis, and stop the growth of can-
cer. Mutations build up when the DDR’s regular
control is compromised, resulting in carcinogenesis,
rapidly evolving tumors, and resistance to various
DNA-damaging drugs. Platinum medicines includ-
ing carboplatin, CP, and oxaliplatin are among the
chemotherapy drugs used in the majority of tra-
ditional cancer therapies that cause DNA damage
[197]. Some drugs, like nitrogen mustard or chloro-
ethylnitrosoureas, create DNA adducts that prevent
cancer cells from actively replicating DNA [197].
Replication stress is created when DNA replication
fails and DNA damage cannot be repaired, which
causes cells to undergo apoptosis. Deregulated activ-
ity in DNA damage repair pathways and significantly
enhanced capacity of the cell to restore DNA dam-
age and prevent apoptosis is closely linked with the
emergence of drug resistance [198]. When a clinical

examination was performed for almost 62 suscept-
ible genes in a cohort composed of 15 000 breast can-
cer patients and normal people, it was observed that
almost 57 of the breast cancer patients were found to
have lost function mutation in RAD51D which is a
DNA damage repair gene [199]. On the other hand,
less than 15 healthy people showed a similarmutation
in RAD51D thus indicating the role of DDR genes in
developing drug resistance [199].

4.3.2. Epigenetic alteration
Alterations in DNA structure are known as epigen-
etic modifications, which do not involve sequence
changes yet are persistently passed down from
cell to cell. The epigenetic controls that contrib-
ute to treatment resistance in cancer include his-
tone, DNA methylation, microRNA, and chromatin
alterations [200]. Several MDR genes, pro-apoptotic
genes (APAF-1) [201], including drug transporters
(ABCB1) [202], histone modifiers [203], and DNA-
repair proteins (MGMT) may have their expression
altered after chemotherapy due to epigenetic pro-
cesses.

One significant epigenetic change seen in many
malignancies is DNA methylation which is carried
out by DNAmethyltransferase [204]. Duringmethyl-
ation of the genome, a methyl group is bound to
the cytosine residues at the ‘CpG islands’ thus help-
ing to silence genes by inhibiting gene transcrip-
tion. The majority of abnormal DNA methylation
in cancer is connected to genes that regulate cell
proliferation and differentiation,Wingless/Integrated
(WNT), Mitogen-activated protein kinase (MAPK),
p53, and Vascular endothelial growth factor (VEGF)
signaling, or the production of cell cycle inhibitors
[205]. Hypermethylation and MDR are highly asso-
ciated with many malignancies [206]. Different pro-
moter methylation patterns in testicular cancer can
be identified from non-seminomas, reflecting partic-
ular clinical traits for MDR in patients [207]. Thus,
to improve the efficacy of various treatment regimens
and combatMDR, therapeutic targeting of epigenetic
changes emerges as a crucial and promising method
[208].

5. Therapeutic approaches of NP-mediated
PDT inmulti-drug resistant cancers

In contemporary years, several studies have investig-
ated NP-based PDT for promoting cancer treatment
and therapy. MDR, the primary process through
which several malignancies acquire chemothera-
peutic drug resistance, is an important cause of the
ineffectiveness of several kinds of chemotherapy. It
impacts those suffering from a range of cancers,
including breast cancer, lung cancer, bloodmalignan-
cies, oral cancer, etc [209]. The PDT technique lessens
the need for extensive surgery and speeds up recovery;
furthermore, it is capable of being performedwithout
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Figure 7. Recent applications of nanomaterial-based photodynamic therapy in various types of multidrug resistant cancers.

accumulating adverse effects and may be used in
conjunction with conventional therapies [8]. PDT
is also effective against several drug-resistant malig-
nancies, such as nasopharyngeal carcinoma [210],
breast cancer [211], uterine sarcoma [212], and gast-
ric cancer [213] as shown in (figure 7). In the next
section, the mode of action of various NP-based pho-
todynamic therapies for MDR malignancies will be
discussed.

5.1. Lung cancer
MDR and malignant cell metastasis are two of the
primary reasons why cancer treatments fail. Drug-
selected MDR may emerge following chemothera-
peutic medication and metastasis-associated MDR
may develop resistance to drugs through cellu-
lar adaptation to microenvironmental shifts during
metastasis. The expanding body of research suggests
that cancer patients who have not received chemo-
therapy treatments may develop drug resistance and
that the emergence of resistance to drugs is associated
with the progression of cancer metastasis. It has been
observed that 76%–79%of chemotherapy-naive indi-
viduals with the third or fourth stage of non-small cell
lung carcinoma were not able to become responsive
to paclitaxel (Taxol) [214]. The metastasis-associated
paclitaxel-resistant human lung cancer cell line H460

was demonstrated to behave similarly to circulat-
ing tumor cells in non-adherent and low-attachment
culture conditions by functioning as floating cells
[215]. Because of this, an in vitro model can be
used to research how the development of MDR in
a solid cancerous tumor is related to cancer spread.
This study concluded that MDR cancer cells are
caused by inappropriate medication selection and
non-adherent culture conditions.

Small-sized pTHPP-PLHNPs were synthesized
using a self-assembled nanoprecipitation technique.
In an in vitro study, it was found that the formulated
hybrid NPs exert photocytotoxicity of pTHPP by
accumulating within the tumor cells, which generate
superoxide anions and induce apoptosis in both A549
parental cells and its MDR variant irradiated with
light of wavelength 653 nm for 12 min 45 s, at a light
dose of 6 J cm−2, by using an LED lamp,with no effect
on P-gp overexpression in the MDR variant [216].
Moreover, these hybrid NPs (THPP-PLHNPs/PDT)
can effectively eliminate MDR-floating lung can-
cer cells from circulation associated with metastasis.
The key factor of pTHPP-PLHNPs/PDT was the tar-
geted drug delivery capability based on the PLGA-
lipid hybrid NPs, and this capability may also be
advantageous for delivering non-PDT medicines.
The pTHPP-PLHNPs nano platform is a promising
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strategy for the PDT of MDR human lung carcinoma
[216]. Another research group came upwith a unique
drug delivery approach (PTX/CQE) using paclitaxel
(PTX), quercetin (QT), and chlorine e6 (Ce6) as
a chemo-photodynamic treatment combination to
stop breast cancer from spreading to the lungs and
becoming resistant to multiple drugs. This nano plat-
form can easily accumulate within tumors and shows
good permeability and retention (EPR) effects. It was
found that upon NIR light irradiation, PTX/CQE
NPs can increase intracellular ROSproduction, which
leads to decreased mitochondrial membrane poten-
tial followed by apoptosis [217]. In a unique plas-
monic CuO/Cu2O tapered nanocube-based ther-
anostic nanomedicine, Shanmugam et al demon-
strated that the nanomedicine may function as both a
NIR fluorescence (NIRF) imaging agent and a MRI
agent in the biological window II (1000–1500 nm)
[218]. The MDR lung cancers are successfully des-
troyed by these nanomedicines, which effectively cre-
ate singlet oxygen (1O2) andmediate a photodynamic
therapeutic effect by absorbing NIR light at 1550 nm
wavelength. A human small-cell lung cancer cell line
called H69AR is a drug-resistant variation of the cell
line. According to Shanmugam and colleagues, plas-
monic CuO/Cu2O TNCs-based nanomedicine does
not cause drug resistance to develop in H69ARMDR-
lung cancer cells [218].

5.2. Breast cancer
The world’s deadliest disease for women is breast
cancer. Breast malignancies were typically treated
with chemotherapy, radiation, and surgical excision,
but the main difficulty was to boost medication
concentration in breast cancer cells while minimiz-
ing patient toxicity and adverse effects. About 90%
of cancer patients experienced chemotherapy failure
due toMDR of the medications, which hampered the
advancement of chemotherapy. So, to decrease drug
doses and overcome resistance to chemotherapeutic
drugs, a novel, promising nanotechnology-based
platform is developed. NP-mediated PDT is one of
the outstanding applications to treat MDR breast
cancers. Zeng et al have applied combined chemo-
therapy and NIR-triggered PDT to treat MDR breast
tumors both in vitro and in vivo. They have synthes-
ized folic acid (FA)-conjugated NaYF4:Yb/Tm-TiO2
nanocomposites loaded with the chemotherapeutic
agent DOX [219]. This FA-targeting nanocarrier can
easily be uptake by cells and can accumulate DOX
within drug-sensitive MCF-7 and resistant MCF-
7/ADR cells. As a result, the viability of MCF-7/ADR
cells decreased by 53.5%, and the size of MCF-7/ADR
tumors was inhibited up to 90.33%, compared with
free DOX when a combination of chemotherapy
and PDT was applied [219]. Therefore, it is evid-
ent that combined chemotherapy and PDT of FA-
NPs-DOX nanocomposites under the irradiation of a

980 nm laser can defeat the MDR of breast tumors
[219]. A breast cancer resistance protein (ABCG2)
was discovered to be a PS called BPD. In light of
this knowledge, porphyrin-lipid nanovesicles were
developed as a novel method to increase PDT in three
breast cancer cell lines by evading P-gp MRP1 and
ABCG2-mediated efflux of BPD because research-
ers wanted to investigate how the P-gp and MRP1
facilitates the transport of BPD. So three breast can-
cer cell lines were developed as MCF-7 TX400 sub-
linewith P-gp overexpression,MCF-7MX100 subline
with ABCG2 overexpression, and MCF-7/VP sub-
line with MRP1-overexpression which were chosen
to receive 400 ng ml−1 paclitaxel, 100 nM mitox-
antrone (MTX), and 4 µM etoposide respectively
[220]. Interestingly it was observed that cells over-
expressing P-gp and ABCG2 were involved in BPD
transport only but cells overexpressing MRP1 have
no role in BPD transport [220]. From this study,
it was concluded that P-gp and ABCG2, but not
MRP1, are capable of transporting BPDPSswith ease.
Cancer cells are shielded against PDT with BPD by
ABCG2 and P-gp. Lipidation promotes intracellular
BPD retention for increased PDT effectiveness and
conceals BPD to reduce P-gp and ABCG2-mediated
efflux [220]. In another study, Rezaivala et al syn-
thesized theranostic MNPs coated with spiky AuNPs
(Au–CoFe2O4) [221]. Its star-shaped Au shell acts
as a PS in PTT, and for combined chemotherapy
with MTX, the chemotherapeutic agent is loaded in
the core of the nanoshell [221]. These nanoshells
were evaluated in the aggressive breast cancer cell line
MDA-MB-231 for their cytotoxicity. It was found that
cell death is mediated by the overlap of the absorp-
tion spectrum of the nanostructure and the emis-
sion spectrum of the light source [221]. Yu et al
developed a strategy to combat MDR breast cancer
[222]. They developed a newNIR-triggered co-release
system based on the chemotherapeutic agent DOX
and PS ICG on AuNCs through combined chemo,
photothermal/PDT. MCF-7/ADR is an MDR human
breast cancer cell. This nanosized co-release system
kills MCF7/ADR cells by generating ROS and indu-
cing apoptosis [222].

5.3. Gastric cancer
The fifth-most frequent cancer in the world is gastric
cancer, also referred to as stomach cancer. It seriously
endangers people’s health. The primary adjuvant
therapy for gastric cancer is chemotherapy followed
by surgery. MDR is a major concern in postoperat-
ive chemotherapy for gastric cancer and has a detri-
mental impact on therapeutic outcomes. According
to studies, ROS generation is an efficient way to treat
tumors, and the TME is directly associated with the
MDR mechanism. GRPR78 is an MDR-related pro-
tein overexpressed in stomach cancer. Through its
attachment to GRP78, the extracellular absorption
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peptide GMBP1 is capable of targeting MDR gast-
ric cancer cells [223]. MRI was used by Zhan et al to
observeMDR gastric cancer progression in vivo. They
synthesized Mn3O4 nanoplates and conjugated them
with GMBP1 peptide to form Mn3O4@PEG-GMBP1
NPs [223]. Ex vivo, in vitro, and in vivo MRI exper-
iments were performed in SGC7901/ADR tumor-
bearing nude mice, as well as blocking studies, to
confirm the selectivity of the resultant Mn3O4@PEG-
GMBP1 NPs to MDR gastric cancer cells [223]. To
determine the cytotoxic parameters of these nano-
plates, histological analyses, in vitro and in vivo tox-
icity tests, and other experiments were conducted.
Therefore, it was concluded from these findings that
Mn3O4@PEG-GMBP1 NPs may act as a good MR
contrast agent in vivo for monitoring MDR in gast-
ric cancer [223]. In another study, GMBP1-modified
pH/H2O2/GSH-responsive Mn3O4 multifunctional
self-enhanced nano platform was developed [224].
To improve their biocompatibility within the tumor,
Mn3O4 NPs were coated with polydopamine (PDA)
to form Mn3O4@PDA NPs. This nano platform effi-
ciently delivers Fenton-like Mn2+, shows GSH deple-
tion properties, and combines chemo-photo thermal
and photodynamic properties for in vivo instantan-
eous monitoring of MDR. This nano platform has
potential for the medical treatment of MDR gast-
ric/stomach cancer [224].

5.4. Other cancers
Barth et al constructed a nontoxic and nonaggreg-
ating nanocomposite for in vivo PDT of multi-drug
resistant leukemia [225]. They synthesized calcium
phosphosilicate NPs and encapsulated them with
NIR-fluorescent dye ICG as PS. These nanocompos-
ites generate ROS and induce apoptosis in leukemic
cells upon 0.2 J cm−2 NIR light exposure [225].

In colorectal malignancies, MDR is extremely
prevalent. High patient mortality is caused by it.
One study combined the photothermal characterist-
ics of AuNRs and the photodynamic features of the
PS verteporfin to create a less invasive method to
treat multi-drug resistant CRC. Gellan gum (GG)
and lipoic acid are both naturally biodegradable
compounds. To create a stable colloidal disper-
sion, AuNRs were encapsulated with lipoic acid and
GG (AuNRs_LA, GG), then loaded with verteporfin
(AuNRs_LA,GG/Vert). By combining PTTwith PDT,
this construct exhibits cytotoxicity against the human
colon carcinoma cell line (HCT116) as well as against
HCT116 mouse xenograft models [226].

One of themain issues with effective CRC chemo-
therapy is MDR. A therapeutic approach based
on porphyrin/camptothecin/floxuridine triad micro-
bubbles (PCF-MBs) has been developed by Chen et al
[227]. This therapeutic composite features no early
release, a large drug-carrying ability, and extremely

stable combined delivery of medications. It was inter-
estingly discovered that HT-29 cancer tumor growth
rate was suppressed up to 90% when ultrasound
and laser irradiation were coupled with PCF-MBs.
Therefore, a PCF-MB-based therapy approach to
diminish multi-drug resistance in CRC is particularly
promising [227].

AOT is an anions-based surfactant utilized as an
excipient for intramuscular, topical, and oral medica-
tions. Alginate is a type of polysaccharide made from
marine weeds that is widely utilized in tissue engin-
eering and drug administration. According to Khdair
et al in an in vitro investigation, chemotherapy and
PDT together with AOT-alginate NPs can easily accu-
mulate inside tumor cells and kill multi-drug resist-
ant ovarian cancer cells NCI/ADR-RES when irradi-
ated with 50 J cm−2 dose of non-coherent light at
665 nm. In a different study, Busa et al devised a
plan to combine chemotherapy and PDT to treat the
MDR human uterine sarcoma cell line MES-SA/DX5
[228]. MSNPs, curcumin, and CP were used to cre-
ate the nanocomposite [228]. IBN-1 NPs were first
created with Cur embedded in them, and then the
prodrug of CPwas added to the carboxylate-modified
surface (IBN-1-Cur-CP). In NP form, the Pluronic
F127 triblock copolymer functions as a p-gp inhib-
itor. Excellent structural qualities can be found in
these hybrid nanocomposites. They effectively trans-
port Cur and CP molecules into the cytosol by
endocytosis and generate large levels of cellular ROS
after being irradiated with NIR radiation at 450 nm
(15 mW cm−2) for 5 min [228].

To transport PDT chemicals to the appropri-
ate locations in the mitochondria and endoplasmic
reticulum, a tumor-targeting nano platform was cre-
ated. Following the initial synthesis and functional-
ization of molybdenum disulfide nanoflakes (MoS2)
using glucose-modified hyperbranched polyglycerol
(hPG), organelle targeting PDT drugs were then
loaded [229]. The enhanced concentration of PDT
agents withinMDRcells and correct subcellular local-
ization of these newnano platform are visible. AHeLa
MDR tumor mouse model experiences tumor reduc-
tion after NIR exposure due to intracellular ROS pro-
duction. Apoptosis is followed by the release of cyto-
chrome C when ROS-induced mitochondrial dam-
age occurs [229]. Furthermore, ATP synthesis was
also lowered as a result of mitochondrial damage,
which led to the reversal of MDR. Therefore targeting
tumors in subcellular organelles with the use of this
nano platform’s NIR-responsive characteristics is a
promising method for MDR cancer treatment [229].

6. Conclusion

The four main types of cancer treatment, such as
chemotherapy, radiation therapy, immunotherapy,
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and surgery, have been extensively employed to treat
several kinds of tumors successfully. However, there
are some issues, like the radioactive damage caused
by radiotherapy, the toxic side effects, drug tolerance
of chemotherapy, the ineffectiveness of immunother-
apy, and the recurrence of malignancies, which have
diminished the therapeutic effects of cancer treat-
ment and decreased patient quality of life. Therefore,
a novel strategy must be developed to reduce these
issues. PDT, a non-invasive approach to treat tumors,
is more focused on its target and less harmful to sur-
rounding healthy tissues. The primary mechanisms
of PDT are to exert toxicity directly to the cancer
cells, injury to tumor blood vessels, and anti-tumor
immunological responses. However, PDT has several
drawbacks. Only superficial lesions can be treated
with it; solid, bulky, or deeply buried tumors can-
not. This is because light cannot pass into our body’s
deep tissues, making whole-body irradiation with the
PDT approach impossible. Additionally, the organic
PSs used in PDT have a complex structure and do
not display a high level of selectivity for cancer cells.
Enzymes can quickly break it down, and it is pretty
expensive. To address the shortcomings of this tradi-
tional PS, a highly promising PDTmediated by nano-
materials has been created. Nanomedicine’s ability to
perform several functions, transport PS molecules to
particular regions, and modify photothermal conver-
sion enables it to get around the limitations of con-
ventional cancer treatments. In this study, we have
covered the PDT with NPs used to treat malignancies
that are resistant tomany drugs. Additionally, accord-
ing to our study, combining PDT with nanomater-
ials may increase the anti-tumor effects, reduce side
effects, and improve quality of life, which could result
in a significant survival benefit.
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somnifera (L.) Dunal with respect to safety and efficacy vis-a-vis leaf or root
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ABSTRACT
Withania somnifera (L.) Dunal, popularly known as Ashwagandha or Indian ginseng, is well acclaimed
for its health-enhancing effects, including its potent immunomodulatory, anti-inflammatory, neuropro-
tective, and anti-tumorigenic properties. The prime biological effectors of these attributes are a diverse
group of ergostane-based steroidal lactones termed withanolides. Withanones and withanosides are
distributed differentially across the plant body, whereas withanolides and withanones are known to be
more abundant in leaves, while withanosides are found exclusively in the roots of the plants.
Standardized W. somnifera extract is Generally Recognized as Safe (GRAS)-affirmed, however, moderate
to severe toxic manifestations may occur at high dosages. Withaferin A, which also happens to be the
primary bioactive ingredient for the effectiveness of this plant. There have been contrasting reports
regarding the distribution of withaferin A in W. somnifera. While most reports state that the roots of
the plant have the highest concentrations of this phytochemical, several others have indicated that
leaves can accumulate withaferin A in proportionately higher amounts. A comprehensive survey of the
available reports suggests that the biological effects of Ashwagandha are grossly synergistic in nature,
with many withanolides together mediating the desired physiological effect. In addition, an assorted
formulation of withanolides can also neutralize the toxic effects (if any) associated with withaferin A.
This mini-review presents a fresh take on the recent developments regarding the safety and toxicity of
the plant, along with a critical assessment of the use of roots against leaves as well as whole plants to
develop therapeutic formulations. Going by the currently available scientific evidence, it is safe to infer
that the use of whole plant formulations instead of exclusively root or leaf recipes may present the
best possible option for further exploration of therapeutic benefits from this novel medicinal plant.

HIGHLIGHTS

� Therapeutic potential of withanolides owes to the presence of a,b unsaturated ketone which binds
to amines, alcohols, and esters and 5b, 6b epoxy group which react with side chain thiols of
proteins.

� At concentrations above NOAEL (no observed adverse effect level), the same mechanisms contrib-
ute towards toxicity of the molecule.

� Although withanosides are found exclusively in roots, whole plants have higher contents of witha-
nones and withanolides.

� Whole plant-based formulations have other metabolites which can nullify the toxicity associated
with roots.

� Extracts made from whole plants, therefore can holistically impart all therapeutic benefits as well as
mitigate toxicity.
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1. Introduction

Withania somnifera (L.) Dunal or Ashwagandha is a popular
member of the Solanaceae, or nightshade family of plants
known widely for its multitude of therapeutic benefits. Its
use has been in vogue in traditional Indian Ayurveda for cen-
turies in the treatment of cancer, neurological disorders,

reproductive diseases, insomnia, and anxiety, as well as
diverse chronic, debilitating conditions. The plant extract has
also been successfully used in reducing stress (Speers et al.
2021), boosting immunity (Tharakan et al. 2021), improving
memory (Gopukumar et al. 2021) and vigor (Bonilla et al.
2021), as well as a potent antioxidant to fight free-radical
inflicted damage and injury (Sikandan et al. 2018). Recent
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reports have unearthed cardioprotective, antimicrobial, anti-
diabetic, and adaptogenic potentials of this phytoceutical
thus justifying its comparison with the Korean medicinal
plant Ginseng (Mikulska et al. 2023).

The basis of the therapeutic potential of this plant is due
to the presence of alkaloids, saponins, and a unique class of
ergostane skeleton-based steroidal lactones termed withano-
lides. Currently, close to 600 naturally occurring withanolides
have been discovered from the genus Solanaceae alone
(Zhang et al. 2014) with modified or unmodified skeletons
which differ with respect to their C-17 side chain leading to
the more abundant C-22 hydroxyl/C-26 carboxylate d-lacto-
ne/lactol or the less commonly encountered C-23/C-26 c-lac-
tone/lactol group with an additional hydroxyl group outside
the lactone ring (White et al. 2016) (Figure 1).

Unique structural features such as the presence of the
a,b-unsaturation in the A ring, 5b,6b-epoxy in the B ring, two
hydrogen bond donors, and six potential hydrogen bond
acceptors form the mainstay of the high biological reactivity
of the molecule (Sultana et al. 2021), especially with regards
to its potential interaction with many components of the cel-
lular signaling pathway (Fazil et al. 2021; Atteeq 2022).
Owing to its versatility in treating human ailments, there has
been a surge in the conduction of safety and toxicity studies
to develop Ashwagandha as a therapeutic for human con-
sumption (Patel et al. 2016; Tandon and Yadav 2020; Verma
et al. 2021; Gupta et al. 2022).

Ashwagandha received self-affirmed Generally Regarded
As Safe (GRAS) status in 2019 through a formulation devel-
oped by Ixoral Biomed in 2012 (https://www.newhope.com/
supply-news-amp-analysis/ksm-66-ashwagandha-gets-self-
affirmed-gras-status) for its use as a food supplement.

However, in the United States, Ashwagandha is not listed in
FDA’s GRAS inventory database in the Code of Federal
Regulations (CFR) for incorporation in conventional food
products (https://www.herbalgram.org/resources/herbalgram/
issues/99/table-of-contents/hg99-herbprofile-ashwagandha/).
Instead, United States Pharmacopoeia has developed
guidelines for maintenance of quality standards in the
manufacturing of Ashwagandha root based extract which
requires a permit from FDA within a month of marketing
of the product. The high propensity of withanolides to
engage in biomolecular interactions has also brought to
forefront several associated side effects. The first case of
Ashwagandha-associated toxicity was reported by Inagaki
in a 20-year-old man who developed jaundice due to con-
sumption of a high uncontrolled dosage of Ashwagandha
(Inagaki et al. 2017). Similar reports arising from excessive
intake of Ashwagandha were also obtained from Iceland,
USA, and Germany (Bj€ornsson et al. 2020; T�oth et al.
2023). In addition, consumption of excessive Ashwagandha
beyond prescribed dosage has been reported to result in
minor illnesses such as drowsiness, stomach upset, diar-
rhea, and vomiting. Consumption of Ashwagandha is also
prohibited in cases of pregnancy, surgery, autoimmune
and thyroid disorders as well as in patients with
high blood pressure (https://www.nccih.nih.gov/health/
ashwagandha).

The toxicity of Ashwagandha has been primarily associ-
ated with withaferin A, its main constituent withanolide
(Siddiqui et al. 2021). Most of the Ashwagandha-based diet-
ary supplements are based on root extract instead of leaves
(Chandrasekhar et al. 2012; Langade et al. 2019; Mikulska
et al. 2023).

Figure 1. Main chemical attributes of Withaferin A’s toxicity: Presence of several highly reactive sites including a,b-unsaturation in the A ring (highlighted in yel-
low) and 5b,6b-epoxy in the B ring (highlighted in seablue) attract nucleophilic esters and primary amines present in abundance in biological molecules. The pro-
tein side-chain thiols and the cellular redox buffer GSH (reduced glutathione) are particularly susceptible to reaction with the epoxy group leading to irreversible
covalent adducts with withaferin A. It is not very intriguing to note that the same mechanisms contribute to the therapeutic potential of this phytopharmaceutical
within permissible limits.
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However, intriguingly enough, the concentration of witha-
ferin A in the roots of Ashwagandha has been found to be
significantly higher than its distribution in other plant parts
(Abouzid et al. 2010). Therefore, a fresh debate has been ini-
tiated regarding the safe use of the plant in the production
of oral medicines and dietary supplements. In the subse-
quent sections of this mini-review, recent understandings of
the safety and toxicity of Ashwagandha extract will be dis-
cussed along with the intrinsic advantages and disadvan-
tages associated with the choice of the plant part to
minimize its adverse effects.

1.1. Structure of withanolides: basis of cytotoxicity

Withanolides are built upon a 28-carbon triterpenoid ergo-
stane with a lactone side chain. The big multi-ring assembly
formed of four fused cyclo-alkane rings gives this compound
ample scope of substitutions with richness in terms of bio-
logical activity. The cytotoxicity of withaferin A has been
selectively utilized against cancer cells in many studies
(Atteeq 2022; Kumar et al. 2023; Lee and Choi 2016).
Withaferin A interferes with several signal transduction path-
ways of the cell including the NF-Kb pathway (Heyninck
et al. 2014), the Notch-1 signaling pathway (Kakar et al.
2014), Bcl-2 (Mayola et al. 2011), STAT-3 (Choi and Kim 2015).
p53-miR-27a/miR-10B (Lin et al. 2021) etc. and can selectively
mediate cell cycle arrest (Tang et al. 2020) and promote
apoptosis of cancer cells (Tang et al. 2020). A deeper insight
into the structure of the compound reveals the presence of
an a,b unsaturated ketone as well as the 5b, 6b epoxy group
in the B ring as the chief mediators of macromolecular inter-
actions. The a,b unsaturated ketone can act as a potent
Michael acceptor which can effectively sequester nucleo-
philes including amines, alcohols and esters present in abun-
dance in biomolecules (Figure 1).

In addition, the thiol side chains of proteins constitute
sites of vulnerability for reaction with the epoxy center in
the A ring leading to the formation of a b-hydroxy thioether
linkage (Carioscia et al. 2007). In fact, most of the experimen-
tally verified as well as in silico predicted interactions of with-
aferin A with cellular proteins target the cysteine residues of
proteins (Antony et al. 2014; Heyninck et al. 2014; Grossman
et al. 2017; Yang et al. 2019). Based on the emphasis and
understanding of thiol-epoxide chemistry, protein pockets
with thiols have emerged as hotspots for drug designing.
The reaction can further proceed leading to the formation of
reactive alcohols (Dadfar et al. 2021) thus opening additional
centers for reactivity. The initial approach and docking of
withaferin A to biomolecules is also facilitated by the pres-
ence of four potential hydrogen bond acceptors as well as
two more groups which can additionally act as donors and
hold the molecule within the range of nucleophilic attacks
(Sudeep et al. 2020). The wide spectrum of withaferin A’s
biological effector response has been apparent in one study
on its immunomodulatory activity where the compound
inhibited the motility of human T-cells by arresting lympho-
cyte function-associated antigen-1 (LFA-1) integrin and its

ligand, intercellular adhesion molecule 1 (ICAM-1) through a
pathway involving more than 250 proteins (Fazil et al. 2021).

The reactivity of withaferin A is also augmented by the
type of substitution attached to the C17 side chain. In
the majority of the naturally occurring withanolides, the
C-22/C-26 d-lactone predominates in the side chain whereas
the C23-C28 c-lactone is found scarcely (White et al. 2016).
A study carried out on synthetic derivatives of withanolides
from Physalis sp. revealed that the structure of the side chain
lactone was an equally determinant factor governing the
reactivity of withanolides (Ozawa et al. 2013). Although other
structural analogues of withanolides such as paraminabeo-
lides, capsisteroids, and chantriolides have been discovered
from a plethora of other plants possessing both
a,b-unsaturated ketone and/or epoxide, their biological
effectivity and hence, the therapeutic potential of withano-
lides such as withaferin A have been found to be signifi-
cantly superior (White et al. 2016). This proves beyond doubt
the role played by the side chain lactones in collectively
empowering the biological effectivity of withanolides.

1.2 Biosynthetic pathways of withanolides

Plants are unparalleled in the diversity of secondary metabo-
lites produced which enable them to successfully interact
and respond to various environmental stimuli (Erb and
Kliebenstein. 2020), combat thwarts from various exogenous
sources such as pathogens (Teoh 2015) as well as to mediate
key events for the physiological development of the plant
such as drawing pollinators, establishing symbiotic associa-
tions, and inducing vasculature (Ncube & Van Staden 2015).
The biosynthesis and corresponding spatio-temporal distribu-
tion of these metabolites is under tight transcriptional con-
trol of the plant in response to various biotic and abiotic
stressors (Jan et al. 2021, Sharma et al. 2023). In addition,
many secondary metabolites are often species-specific in dis-
tribution and the plant species in question may be distrib-
uted to specific geographical location.

Plants from the Solanaceae family are prolific producers of
tropane alkaloids, synthesized through the putrescine path-
way and detected in W. somnifera much earlier than the dis-
covery of the withanolides (Khanna et al. 1961). Biosynthesis
of tropanes takes place in the roots from where they are
transported into the leaves (Kohnen-Johannsen and Kayser
2019). Unlike the tropanes, withanolides are known to be
synthesized significantly both in roots and leaves of plants
under normal physiological conditions. Withanolides have tri-
terpenoid backbones and hence require isopentenyl pyro-
phosphate (IPP) and dimethyl allyl pyrophosphate (DMAP) as
precursors (Dhar et al. 2015). In Solanaceae, two independent
routes for the synthesis of isoprene units have been traced.
The mevalonate pathway (MVA) operates strictly in the cyto-
sol with acetyl CoA as the primary precursor and is dedicated
to the production of membrane sterols, steroidal hormones,
and dolichol phosphate needed in N-linked glycosylation of
proteins (Rodr�ıguez-Concepci�on et al. 2004). The pathway is
initiated by the enzyme 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase (HMGR), which mediates the conversion of
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hydroxymethylglutaryl coenzyme A (HMGCoA) into mevalo-
nate, which is subsequently transformed into the two inte-
gral building blocks IPP and DMAP. The reactions proceed
further through the squalene intermediate to lead to the
synthesis of withanolides and withanolide glycosides.

The second 1-deoxy-D-xylulose 5-phosphate/2-methyl-D-
erythritol 4-phosphate (DOXP/MEP) pathway, on the other
hand, takes place only inside plastids and starts with pyru-
vate instead of acetyl CoA as the primary precursor. It
involves the synthesis of 2-o-methyl-d-erythritol-4-phosphate
from 1-deoxy-d-xylulose-5-phosphate catalyzed by 1-deoxy-
D-xylulose-5-phosphate reductase (DXR) (Zhao et al. 2013)
and ends with the synthesis of IPP and DMP which merge
with the MVA pathway. The cytosolic mevalonate pathway is
the major contributor of the total withanolides pool whereas
the DOXP/MEP pathway contributes roughly one-fourth of
the total withanolides biosynthesis (Chaurasiya et al. 2012).
Therefore, it is apparent that the pyruvate route is less effi-
cient than its cytosolic counterpart with respect to the pro-
duction of IPP and DMP either due to the abundance of
acetyl CoA funneled through sources other than glucose
metabolism or due to enhanced expression of HMGR gene
or both.

1.3 Distribution of withanolides across various plant
tissues

The major withanolides present in W. somnifera are witha-
ferin A, withanolide A, and withanone which differ from each
other according to the position of the epoxy ring and
hydroxyl groups in the main chain or lactone side chain.
Withanone’s epoxy group includes C6 and C7, unlike
Withaferin A where the epoxy group comprises C5 and C6.
Withanone has hydroxyl groups on C5 and C17 whereas
withaferin A’s hydrogen bond donors are on C4 and C27.
Withanolide A’s epoxy center shares the same location as
that of the withanone, but it has hydroxyl groups on C5
and C21.

Although the backbone of withanolides might be synthe-
sized ubiquitously across various plant tissues, several inde-
pendent studies have reported the existence of
spatiotemporal gradient as well as a tissue-specific distribu-
tion pattern of specific withanolides subtypes owing to the
differential expression of genes responsible for the final sub-
stitution on the withanolide backbones (Agarwal et al. 2018;
Gupta et al. 2013, 2021). Some studies have even suggested
that there are distinct translocation mechanisms for a few
withanolide molecules to unique locations from the site of
synthesis. However, it has been often found that root witha-
nolides are synthesized de novo in roots only and never
imported from any other location (Sangwan et al. 2008).

Despite the presence of independent routes of synthesis
of withanolides in roots and leaves, it has been found almost
often that withanolides are enriched in leaves rather than
roots (Siriwardane et al. 2013). This may be partly attributed
to the fact that, in addition to the cytosolic mevalonate path-
way contributing towards the bulk of withanolides synthesis,
the minor 2-methyl-D-erythritol 4-phosphate (MEP) pathway

to produce withanolides which are initiated in the plastids,
are more abundant in leaves (Nagella et al. 2010). Also, the
roots and leaves vary in type, as does the constitution of
withanolides. Whereas withaferins and withanolides are
found in leaves in higher proportions (Chaurasiya et al.
2008), roots tend to accumulate more withanolide glycosides,
which contain glycosyl substituents attached mostly to the A
chain (Ha et al. 2022). An increase in withanolide biosyn-
thesis in roots has only been possible through augmentation
of root development with phytohormones such as Indole
Acetic Acid (IAA) and Indole 3 Butyric Acid (IBA) through
extrinsic manipulations as root-associated endophyte cultiva-
tion (Pandey et al. 2018) and adoption of suspension culture
(Rangaraju et al. 2019).

Analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway suggests that IAA promotes the influx of the
metabolic intermediates Isopentenyl pyrophosphate (IPP)
and Dimethyl-allyl pyrophosphate, the two primary precur-
sors of withanolides biosynthesis. Withanolide levels are also
found to be enhanced during reproductive stages of the
plant being mediated directly by IAA and IBA (Srivastava
et al. 2018; Thorat et al. 2022). IAA-mediated increase in
withanolides biosynthesis clearly suggests that withanolides
are intrinsically associated with plant growth promotion. In
addition, the inclusion of agents such as chitosan and methyl
salicylate has also resulted in enhanced synthesis, particularly
of Withaferin A, by the plant (Singh et al. 2020). In a separate
study, the biosynthetic pathway for withanolides was found
to be upregulated under stress through enhanced expression
of the genes dedicated to the synthesis of withanolides, such
as CAS, SMT, DXR, and HMGR (Thorat et al. 2022) (Figure 2).

1.4. The root: leaf: whole plant debate for production of
phytotherapeutics

Despite the increased contents of both withanones and with-
aferins in the leaves, there has been a trend amongst the
nutraceutical industries to shift towards the development of
root-based formulations of Ashwagandha, arising chiefly out
of withanone-associated toxicity concerns with crude leaf
extract (Lubarska et al. 2023; Siddiqui et al. 2021) and regula-
tory frameworks imposed by government agencies (Ministry
of Ayush 2021). As a result, most of the documented safety
studies have been conducted on root (Table 1). In addition
to the withanolides, roots have other plant alkaloids such as
withanins (Saleem et al. 2020), withanosides (Modi et al.
2022; Nile et al. 2019), and phytochemicals possessing anti-
inflammatory (Orr�u et al. 2023), anti-bacterial (Kumari and
Gupta 2015) and antiviral activities (Singh et al. 2022). W.
somnifera roots are also a significant source of withanolide
glycosides (withanosides), a group of water-extractable mole-
cules, responsible for a host of biological effector functions
(Modi et al. 2022; Nile et al. 2019). The anti-SARS COV2 activ-
ity of a root extract of W. somnifera was also traced to be
associated with withanoside V, a novel root derived withano-
lide glycoside in vitro (Singh et al. 2022).

On the contrary, leaves represent far more significant
sources of withanolides and withanones than roots.
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Withanones are exclusively found in leaves and selectively
induce apoptosis in cancer cells by upregulating the expres-
sion of p53 (Widodo et al. 2009). Intriguingly, withanones
downregulate p53 in normal cells and thus act as anti-aging
factors (Widodo et al. 2009). They are also implicated in
imparting protection against several toxic environmental pol-
lutants such as lead (Kumar et al. 2014) and methoxy acetic
acid (Priyandoko et al. 2011) by mitigating reactive oxygen
species-induced damage and switching on cellular defense
pathways. Leaf extract has also been found to be more
potent than root-derived components in the management of
diabetes in a study conducted on glucose uptake by adipo-
cytes. In addition, a leaf extract was also able to induce insu-
lin secretion from the basal pancreatic beta cells (Gorelick
et al. 2015). Apart from the withanolides, the leaves are also
enriched in other bioactive components which are integral
to the synergistic health-ameliorating effect of Ashwagandha.
The plant is well known for the treatment of sleep disorders.
Triethylene glycol, a water-extractable small molecule metab-
olite, found exclusively in leaves, was found to be the major
effector of non-REM sleep (Kaushik et al. 2017). The leaf-

associated fraction was also able to neutralize withaferin A-
induced toxicity in normal fibroblast cells (Widodo et al.
2009) plausibly by sequestering the toxicity of excess electro-
philic withaferin A.

However, at higher concentrations, withanones can bind
to thiols as glutathione (GSH) by virtue of their strong elec-
trophilic property (Groeger and Freeman 2010) jeopardizing
the endogenous antioxidant pathway leading to liver dam-
age. In addition, it also forms adducts with the deoxy nucleo-
sides dG, dA, and dC. In contrast not many significant and
reportable toxic effects were found to be associated with the
root extract of the plant except for mild symptoms of stom-
ach upset, diarrhea, and vomiting. It must be stressed that
irrespective of the root or leaf, the toxic effects are realized
only at concentrations beyond the prescribed safe limit of
the extract which is 500-2000mg/kg body weight per day
(Kumar et al. 2023).

It is generally accepted that the success of the therapeutic
potential of Ashwagandha which is synergistic in nature and
dependent upon the combination of withanolides, alkaloids,
saponins, and other steroidal lactones (White et al. 2016),

Figure 2. Distribution of biologically active metabolites across parts of Ashwagandha: The chief effector molecules of the plant’s phytotherapeutic potential, witha-
ferin A, withanolide A, and withanone show a gradient in their distribution from leaves and stems to roots whereas certain equally significant metabolites are
found exclusively in either roots (withanosides) or leaves (triethylene glycol). This goes to show that formulations developed from the whole plant will be more
complete and optimized in terms of therapeutic potential in comparison to the ones based on roots or leaves only.

Table 1. Investigation of therapeutic potential of Ashwagandha in human volunteers.

Source tissue Recommended dosage Therapeutic effect/Toxicity Reference

Root and leaf 400mg daily for 30 days Improved cognition and reduce stress/Nil Remenapp et al. 2022
Root 300mg twice daily for 8 weeks Boosted sexual health in males/Nil Chauhan et al. 2022
Root 300mg twice daily for 8 weeks Improved female sexual health/Nil Ajgaonkar et al. 2022
Root 300mg twice daily for 8 weeks Improved cardiorespiratory endurance/Nil Tiwari et al. 2021
Root 300mg twice daily for 8 weeks No adverse effect/Nil Verma et al. 2021
Root 300mg for 90 days Reduce stress and improve cognitive functions/Nil Gopukumar et al. 2021
Root and Leaf 240mg daily for 60 days Reduced stress/Nil Lopresti et al. 2019
Root and Leaf 250mg bid for 7 weeks Reduced anxiety and stress/Nil Pingali et al. 2014
Root and Leaf 250mg twice daily for 12 weeks Improved physical strength and endurance/Nil Ziegenfuss et al. 2018

N.B. The above table is not exhaustive and gives a representative picture of data over the last five years. Although root extracts are predominant, leaf and
whole plant extracts have also yielded promising results; however, none of the studies on human volunteers has tested the exclusive use of leaf extract.
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with many of the active components still to be discovered
(Speers et al. 2021). Either the roots or the leaves, individu-
ally, are not able to optimally highlight the therapeutic bene-
fit of the plant. None of the studies carried out on safety
analysis of the plant has reported adverse issues arising out
of consumption of Ashwagandha extract within the admis-
sible level of 500–2000mg/kg of body weight (for human tri-
als) for a period not exceeding three months. Therefore,
discarding other parts of the plant for designing root-based
phytotherapeutics not only adds up to the economic burden
of the production process but additionally deprives the for-
mulation of added health benefits.

The use of whole plant extract rather than only root or
leaf-based formulation reported in only a handful of studies
thus far has yielded much more promising results with no
reported risk. One such studies conducted on animal models
for a period of four weeks involving oral administration of
the whole plant extract at a dosage of 1000mg/kg of body
weight proved to be safe and effective at the same time
(Balkrishna et al. 2022). Based on the lack of adverse event
reports with Ashwagandha whole plant formulations, three
research-driven commercial products, WferinAmax ashwa-
gandha, and two other whole plant-based phototherapeutics
have successfully emerged into the market amidst the cur-
rent popularity of root-based extracts. Toxicological profiling
of WferinAmax ashwagandha has indicated that is free from
harmful pesticides, heavy metals and pathogenic microbes
(Kumar et al. 2023).

2. Concluding remarks

Since the discovery of the potential of the plant as a remedy
for countless human ailments, extracts of Withania somnifera
have been used by drug and pharmaceutical industries for
developing phytotherapeutic formulations. While a small
number of these have actually made it to the market, many
more are in different phases of trial and are expected to be
marketed soon. However, the debate over choosing roots
over leaves as the raw material for extraction has grown to a
sizable proportion, with reports of scientific studies present-
ing contrasting claims regarding their safety and efficacy. As
indicated earlier, withanolides can modulate several meta-
bolic as well as physiological pathways, including compo-
nents of cell division, enzymes involved in metabolic
pathways, and proteins involved in cellular signal transduc-
tion pathways. Therefore, it is not unprecedented that the
therapeutic properties of these compounds will transform
into toxic manifestations if the safety limits are not properly
assessed.

Keeping in mind the complex compartmentalization of
the various genes involved in the biosynthesis of the diverse
spectra of withanolides and withanosides as well as the vari-
ous environmental factors guiding their differential expres-
sions, it may be safely inferred that it is never adequate to
judge a withanolide-based phytotherapeutic formulation
based on the tissue extracted. Rather, a holistic information
database consisting of the time of collection, the status of

soil, and the use of nutrients, growth promoters, etc. should
be adequately maintained and considered during the pro-
duction process to achieve reproducibility of the desired
phytochemical composition and effectiveness while simultan-
eously minimizing toxicity. Taking into consideration all the
above factors, the safest approach for the development of
herbal remedies from this plant from the present perspective
appears to be the use of the whole plant instead of roots or
leaves.
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ABSTRACT
Background:  Trigonella foenum-graecum (Fenugreek) is an extensively researched phytotherapeutic 
for the management of Type 2 diabetes without any associated side effects. The major anti-diabetic 
bioactive constituents present in the plant are furostanolic saponins, which are more abundantly 
available in the seed of the plant. However, the bioavailability of these components depends on the 
method of extraction and hence formulation of the phytotherapeutic constitutes a critical step for 
its success.
Objective:  The present study reports the efficacy of a novel, patented fenugreek seed extract, 
Fenfuro®, containing significant amount of furostanolic saponins, in an open-labelled, two-armed, 
single centric study on a group of 204 patients with Type 2 diabetes mellitus over a period of 
twelve consecutive weeks.
Results:  Administration of Fenfuro® in the dosage of 500 mg twice daily along with metformin and/
or sulfonylurea-based prescribed antidiabetic drug resulted in a reduction of post-prandial glucose 
by more than 33% along with significant reduction in fasting glucose, both of which were greater 
than what resulted for the patient group receiving only Metformin and/or Sulfonylurea therapy. 
Fenfuro® also resulted in reduction in mean baseline HOMA index from 4.27 to 3.765, indicating 
restoration of insulin sensitivity which was also supported by a significant decrease in serum insulin 
levels by >10% as well as slight reduction in the levels of C-peptide. However, in the case of the 
Metformin and/or Sulfonylurea group, insulin levels were found to increase by more than 14%, 
which clearly indicated that drug-induced suppression of glucose levels instead of restoration of 
glucose homeostasis. Administration of the formulation was also found to be free from any adverse 
side effects as there were no changes in hematological profile, liver function and renal function.
Conclusion:  The study demonstrated the promising potential of this novel phytotherapeutic, 
Fenfuro®, in long-term holistic management of type-2 diabetes.

Introduction

Type 2 Diabetes has emerged as one of the most significant 
alarming diseases in recent times, closely following the foot-
steps of obesity, its clinical counterpart in metabolic syn-
drome. It accounts for more than 90% of all cases of diabetes 
and according to the projection of the International Diabetes 
Federation, more than 12% of the global population will be 
living with Type 2 diabetes by the end of 2045 (1). Chronic 
insulin resistance or insensitivity of insulin to free plasma 
glucose remains to be the primary cause behind develop-
ment of Type 2 diabetes. Patients with the disease often suf-
fer from multiple microvascular ailments including 

retinopathy, nephropathy, and neuropathy (2). Chronic insu-
lin resistance, often coupled with obesity increases the car-
diovascular risk factors and contributes to the development 
of Metabolic syndrome (MetS) (3).

Type 2 Diabetes is a multifactorial disorder with both 
genetic as well as environmental/lifestyle factors accounting 
for abnormal glucose homeostasis associated with the dis-
ease. Regulation of glucose metabolism is tightly controlled 
by a network of Signal transduction pathways which coordi-
nate glycogen synthesis, glycogenolysis, glycolysis and gluco-
neogenesis for meeting the energy needs of the vital organs 
of our body (4). However, a breakdown in the regulation of 
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either of these pathways leads to altered glucose homeosta-
sis. Three key mechanisms have been identified for the 
development of impaired glucose metabolism and develop-
ment of insulin resistance: (a) Binding of insulin to specific 
tyrosine kinase receptors (InsR) initiates the insulin signal-
ing pathway mediated by the activation of phosphoinositide 
3-kinase (PI3K) and mitogen-activated protein kinases 
(MAPKs) respectively which culminates in the upregulation 
of Glut 4 receptor for mediating glucose uptake. FOXO1, a 
transcription factor belonging to Forkhead Box O proteins, 
is responsible for upregulation of the gluconeogenic genes as 
well as downregulation of glycolysis. The activity of FOXO1 
is kept in check by PI3K mediated phosphorylation which 
prevents its translocation into the nucleus for driving expres-
sion of target genes. However, any impairment in the insulin 
signaling pathway leads to constitutive activation of 
FOXO1 (4).

The resultant increase in concentration of glucose levels 
in plasma thus initiates unresponsiveness to insulin (5); (b) 
Increase in the rate of mitochondrial β-oxidation leads to 
accumulation of an excess of acetyl CoA which results in 
feedback inhibition of glycolytic pathway with concomitant 
increase in concentration of glucose in plasma and loss of 
insulin sensitivity (6); and (c) Intermediates of fatty acid 
metabolism may arrest PI3K pathway by Protein Kinase C 
mediated phosphorylation of serine and threonine residues 
in Insulin Receptor Substance (IRS) (7). The disease etiology 
of Type 2 diabetes is intricately connected with obesity (8). 
In particular, the accumulation of belly fat is a significant 
marker toward development of insulin resistance and 
pre-diabetic hyperglycemia (9). Although the exact molecu-
lar connection between increase in free fatty acids and 
development of insulin resistance remains to be deciphered 
completely, several reports have indicated that free fatty 
acids (FFAs) from visceral body fat bring about activation of 
the inflammatory response which causes dysregulation of the 
insulin receptor substrate (IRS)/phosphoinositide-3-kinase 
(PI-3K)/protein kinase B (PKB) axis with concomitant devel-
opment of insulin resistance (4).

The first line of therapy which medical practitioners fre-
quently advise prediabetic patients is a drug free health reg-
imen including appropriate diet and regular exercise for at 
least 30 min. Primary non-pharmacological interventions 
include appropriate diet and exercise (10). Most of the cur-
rently available drugs including metformin and sulfonylureas 
are based on suppressing hepatic gluconeogenesis, boosting 
insulin secretion, increasing insulin sensitivity, and stimulat-
ing glucose uptake (11, 12). However, they suffer from a 
plethora of side effects including diarrhea and lactic acidosis 
for metformin and hypothyroidism and obesity in case of 
the sulfonylureas (13). Under the circumstances, use of phy-
totherapeutics has shown significant promise for safe and 
effective management of hyperglycemia and arresting devel-
opment of insulin resistance (14). Several bioactive polyphe-
nols including resveratrol (15), emodin (16), ellagic acid (17) 
as well as flavonoid polyphenols such as Epigallocatechin 
gallate (18), Curcumin (19), Baicalein (20), Naringenin (21), 
Hesperetin (22), Chrysin (23), Genistein (24), Kaempferol 
(25), Eriodictyol (26), Apigenin (27), and Quercetin (28) 

have shown promising results in management of Type 2 dia-
betes and many more are still to be explored. In this respect, 
the anti-diabetic potential of Fenugreek seed extract has 
been in vogue as a traditional knowledge in Indian Ayurveda 
and Oriental folklore since time immemorial (29, 30).

The plant is enriched in proteins, vitamins, and micronu-
trients, and contains several bioactive compounds including 
steroid saponins and alkaloids such as trigonelline, couma-
rins, flavonoids, sterols, lecithin, choline and nicotinic acid 
and polyphenols such as rhaponticin and isovitexin (31). 
Ranade and Mudgalkar (32) demonstrated that dietary addi-
tion of fenugreek seeds was able to significantly reduce 
post-prandial hyperglycemia (32). In another study, the fen-
ugreek seed powder was also reported to alleviate dyslipid-
emia, a prime cause of development of cellular insulin 
resistance (33). The administration of the fenugreek seed 
powder for a longer period was able to bring down substan-
tially fasting plasma glucose as well as glycated hemoglobin 
(34). Apart from its promising role in the treatment of dia-
betes, Fenugreek seed extract has also been found to be 
valuable phytotherapeutic against cancer, cholesterolemia, 
oxidative stress and a booster of immune surveillance (35).

Previous studies by our group had also demonstrated the 
anti-diabetic potential of Fenugreek in a human trial involv-
ing more than 154 diabetic subjects (36). The objective of 
the present clinical study was to investigate the efficacy of a 
novel formulation of fenugreek seed extract “Fenfuro®” in an 
open-labeled two-armed, single centric model of more than 
204 subjects with diabetes for a period of twelve weeks and 
ascertain its safety.

Materials and methods

Fenfuro®, a patented Trigonella foenum-graecum seed 
extract

This study investigated a patented T. foenum-graecum seed 
extract (Fenfuro®, Batch No F0715, Mfg Date July 2015, US 
Patent 8,217,165B2; European Patents EP 2285821B1 and 
EP2437763 B1; Indian Patents 285647 and 371174; African 
Patents AP 3077; and Chinese Patents CN102448479 B 
[Patent Holder: Chemical Resources (CHERESO), Panchkula, 
Haryana, India] enriched in 54.1% total furostanolic sapo-
nins (detected by HPLC), which utilized a novel water-ethanol 
extraction process in a GMP-NSF certified manufactur-
ing plant.

Ethical approval

The clinical study design and subject recruitment procedures 
were conducted following a stringent inclusion and exclusion 
criteria procedure. The clinical practices and procedures, 
and methodologies of this randomized double-blind, 
single-center, two-arm, comparative study were performed in 
compliance and accordance with International Council for 
Harmonization (ICH) guidelines for Good Clinical Practices 
(GCP), including the archiving of essential documents as per 
International Ethical Standards guaranteed by the Declaration 
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of Helsinki and its subsequent amendments. Patient confi-
dentiality was strictly maintained throughout the study. 
Institutional Ethics Committee (IEC) of the All India 
Institute of Medical Sciences (AIIMS), Bhubaneswar, 
approved this study protocol (Protocol #T/EM-F/Pharm/14/05 
dated May 8, 2015, Ref: IRB Proposal “Clinical Evaluation of 
Fenugreek Seed Extract, a Nutraceutical, in Patients with 
Type-2 Diabetes: An Add-On Study” [Protocol # CR001/01/15 
(Version-2)]. The study was also duly registered on clinical-
trials.gov (NCT02693392).

Subject information and consent

Prior to the recruitment of subjects, the IEC-approved study 
protocol and the inclusion and exclusion criteria were 
demonstrated in detail to all study participants and subse-
quently asked to sign off the IEC-approved consent forms. 
All recruited subjects read and duly signed the health ques-
tionnaire and the Consent Form. Subject confidentiality was 
strictly enforced. Adverse event monitoring was strictly 
ascertained.

Study compliance
Both the placebo and treatment capsules (Fenfuro®) were 
distributed to the recruited patients by the site staff during 
this clinical investigation. Individual data entry was con-
trolled by the study coordinator(s) and endorsed by the 
Principal Investigator (PI). Moreover, the study associate 
responsible for distribution of the study capsules was 
instructed by the PI to sign the investigational product (IP) 
accountability log.

Allocation concealment
To prevent selection bias in this randomized control trial, 
allocation concealment was carried out to the study groups 
from those responsible for the assessment of the patients 
entering the trial. Adequate measures including sequentially 
numbered opaque capsules in coded pack of 60 capsules in 
a sealed aluminum pouches were used for concealing the 
identity.

Study discontinuation clause
The criteria for the “stopping” of trial or “discontinuation 
criteria” was only in the case of serious adverse events (as 
defined in safety assessments clause).

Recruitment of study participants
Following a rigorous IRB-approved inclusion and exclusion 
criteria (Table 1), all subjects were examined, screened, and 
critically evaluated for this clinical investigation. After a rig-
orous screening of 340 subjects, a total of 204 male and 
female subjects were recruited and evenly divided into pla-
cebo and treatment groups. As a double-blind study, the 
randomization codes were generated by SAS procedure 
PROC PLAN using block design. The recruited subjects 
were asked not to alter their daily physical activities. Table 2 
exhibits the demographic data of the recruited subjects in 
the placebo and treatment (Fenfuro®) groups.

Subjects were instructed to consume either placebo or 
treatment (Fenfuro®) capsules. Treatment (Fenfuro®) group 
was instructed to consume Fenfuro® capsules (2 capsules of 
500 mg each/day; batch number: FEN0715) over a period of 
12 consecutive weeks. All placebo and treatment subjects 
maintained daily diaries and get it regularly endorsed by the 
study coordinators and finally countersigned by the principal 
investigator. Adverse event monitoring was strictly enforced.

Gender and age-wise distribution

In this investigation, male: female ratio placebo group was 
67.7: 32.3, while in the treatment (Fenfuro®) group the male: 
female ratio was 68.5: 31.5. Moreover, in Fenfuro®-treated 
group, average age of the study population was 53.03 years, 
and in an on-going anti-diabetic therapy-treated group, aver-
age age of the study population was 52.22 years. Both the 
groups were evenly distributed age-wise.

Study compliance

Study coordinators meticulously distributed the placebo and 
treatment (Fenfuro®) capsules to the enrolled subjects. At the 

Table 1. inclusion and exclusion criteria.

a inclusion criteria
1. either gender and attending diabetic clinical at hospital.
2. age between 25 and 60 years
3. type 2 diabetes mellitus of less than 5 years duration
4. on oral hypoglycemic agents (metformin ± sulfonylurea)
5. no change in anti-diabetic treatment for the last one month
6. hba1c >7.5%
7. fasting plasma glucose not exceeding 180 mg/dl
8. Patients with negative urine sugar
B. exclusion criteria
1. Diabetes other than type 2 diabetes mellitus
2. evidence of renal disease (serum creatinine > 1.5 mg/dl)
3. evidence of liver disease (ast/alt >3 times of normal)
4. Pregnant and lactating mothers and women intending pregnancy
5. Participation in any other clinical trial with in the last 30 days
6. history of any hemoglobinopathy that may affect the determination of glycosylated hemoglobin (hba1c)
7. treatment with oral anti-diabetic agents (other than metformin or sulfonylurea) during the 12 wk before baseline visit.
8. history of intolerance or hypersensitivity to sulfonylurea or metformin or fenugreek seed extract.
9. any condition which in the opinion of the Pi that is significant and can make the patient unsuitable for study or can place it under additional risk, such as 
intolerance, allergy to fenugreek seeds or its extract.



4 D. HOTA ET AL.

beginning of each month, all the subjects were provided one 
pack of 60 capsules in a sealed aluminum pouch and 
instructed to consume two capsules each day and maintain 
a record in the daily diary. The investigational product was 
instructed to store at room temperature in a cool and dark 
place  protected from direct sunlight. Allocation of the 
investigational product was done by the site staff only. 
Distribution of the product was maintained in the IP 
accountability log provided by the sponsor to the site staff. 
Each entry was maintained separately with the date/signa-
ture of the PI and study coordinators. The study coordinator 
responsible for the distribution of the study capsules was 
instructed to sign off the IP accountability log. IP account-
ability log was available at the time of the audit.

Concomitant medication

All concomitant prescription medications taken during the 
study by the participants were recorded on the case report 
forms (CRFs). Reported medications included concomitant 
prescription medications, over-the-counter medications 
(OTC) and non-prescription medications.

Assessment of safety

Safety of patients consuming investigational products was 
assessed whenever the patient visited the clinical study site. 
All the subjects visited the clinic every 4 wk for their rou-
tine physical checkup, returned the unused capsules, if any, 
and collected their next 4 wk capsules from the study coor-
dinators. At each follow-up visit, safety was assessed by 
checking physical signs of any adverse drug reaction. At 
baseline and last follow-up visit, the safety was assessed by 
laboratory investigations also as described above.

Moreover, serum glutamic oxaloacetic transaminase activ-
ity (SGOT), serum glutamic pyruvic transaminase activity 
(SGPT), serum alkaline phosphatase activity (ALP), serum 
bilirubin, blood urea nitrogen (BUN) level, serum creatinine 
level, hemoglobin level, total leukocyte counts (TLC), serum 
urea, creatinine, cholesterol, LDL-C, HDL-C, and triglyceride 
levels were critically assessed at the baseline and at the com-
pletion of 12 consecutive weeks of supplementation.

Assessments of efficacy

This clinical investigation was conducted on the subjects 
suffering from type 2 diabetes for not more than 5 years. 
Moreover, the HbA1c readings in all the recruited subjects-
were > 7.5% and the fasting blood glucose ≤ 180 mg/dl. All 

the recruited subjects in both the placebo and treatment 
(Fenfuro®) groups were on metformin and/or sulfonylurea. 
Accordingly, the effect of metformin and/or sulfonylurea 
would be similar in both placebo and treatment 
(Fenfuro®) groups.

Assessment of fasting and postprandial blood 
glucose levels

Fasting and postprandial plasma glucose levels (mg/dL) were 
assessed at 0, and 12 wk of investigation using kits from 
authorized distributor of Johnson & Johnson Ltd, 
Mumbai, India.

Determination of glycosylated hemoglobin (HbA1c) 
levels

HbA1c levels were assessed at 0, and 12 wk of investigation 
using kits manufactured by Bio-Rad Laboratories (Irvine, 
CA, USA).

Assessment of homeostatic model assessment for insulin 
resistance (HOMA-IR) levels

HOMA-IR values to approximately estimate insulin resis-
tance, were assessed at 0, and 12 wk of investigation and 
calculated according to the formula: fasting insulin 
(microU/L) × fasting glucose (nmol/L)/22.5.

Assessment of c-peptide level (ng/ml)

Fasting and postprandial C-peptide levels were assessed at 0 
and 90 days of treatment using the kits manufactured by 
DiaSorin S.p.A. (Saluggia, Italy).

Assessment of insulin levels

Insulin levels were assessed at 0 and 90 days of treatment 
using kits manufactured by Elabscience Biotechnology, 
Wuhan, China.

Monitoring of the adverse events

All recruited study participants were specifically advised to 
record all types of adverse events in their daily diary during 
the duration of this investigation. During each of their visits, 
subjects were critically questioned if they had experienced 
any uncomfortable situation/problems or difficulties. Taken 
together, adverse event reporting was strictly enforced.

Statistical analyses

Data was decided to be described as mean ± standard devia-
tion (S.D.). The baseline characteristics were compared 
between the two groups using t-test and other statistical 
parameters. Appropriate parametric and non-parametric tests 

Table 2. Demographic data of the study population.

Data (mean + sD) Placebo fenfuro®

Body Weight (Kg) 67.1 + 11.3 68.9 + 11.5
height (cm) 159.7 + 10.9 181.8 + 17.9
Bmi (kg/m2) 26.2 + 4.9 26.7 + 4.0
sBP (mmhg) 131.7 + 17.8 127.2 + 16.6
DBP (mmhg) 77.2 + 10.8 76.3 + 9.2
Pulse rate (/min) 84.2 + 12.6 80.4 + 5.3

Data are expressed as mean ± s.D.
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were used according to the data. Appropriate statistical tests 
such as t-test and chi-square test were used to evaluate effi-
cacy and safety of Fenfuro® in type 2 diabetic patients.

Results

Influence of Fenfuro® on fasting and post-prandial 
plasma glucose levels

Fenfuro® supplementation exhibited no effect on fasting 
blood glucose level. However, post-prandial plasma glucose 
levels were significantly improved (p = 0.0001**) in both pla-
cebo and Fenfuro® supplemented groups (Table 3).

Fenfuro® on C-peptide and plasma insulin levels in the 
placebo- and fenfuro®-treated subjects

No significant changes in c-peptide and insulin levels were 
observed in both the placebo and Fenfuro®-treated subjects 
following completion of 12 wk of treatment (Table 4).

Efficacy of Fenfuro® on glycosylated hemoglobin level 
(HbA1c) and HOMA-IR levels

Mean HbA1c levels reduced significantly (p = 0.0001**) in 
the Fenfuro®-treated subjects from baseline levels of 8.127% 
to 5.16% following completion of 12 wk of treatment. The 
HbA1c levels also decreased significantly (p = 0.0001**) in 
the placebo group (on-going anti-diabetic therapy-treated 
subjects) from baseline value of 8.122% to 5.653% at the end 
of 12 consecutive weeks of treatment (Table 5). However, the 
reduction was more in Fenfuro®-supplemented group as 
compared to the ongoing anti diabetic therapy group. 
However, the change between the groups was statistically 
non-significant.

Fenfuro® supplementation resulted in normalizing the 
mean HbA1c levels of the study population. Basically, the 
HbA1c levels decreased significantly in the study population 
of both groups on completion of the treatment. Mean HbA1c 
levels decreased more in Fenfuro®-treated group as compared 
to the placebo group (on-going anti-diabetic therapy group) 
(Table 5).

HOMA-IR level was reduced in Fenfuro®-supplemented 
subjects, while an increase in the HOMA-IR level was 
observed in the placebo-group (on-going anti diabetic ther-
apy group) (Table 5). Thus, Fenfuro® supplementation 
improved insulin sensitivity and reduced insulin resistance.

Clinical biochemistry and immuno-hematological 
parameters

No significant changes in the liver, kidney, and cardiovascu-
lar function tests (SGOT, SGPT, ALP, serum bilirubin, blood 
urea nitrogen and creatinine levels) were observed following 
completion of 12 wk of supplementation in both placebo 
and Fenfuro® groups (Table 6). No significant change in the 
immune-hematological parameter including total leukocyte 
counts was observed at the end of 12 consecutive weeks of 
supplementation (Table 6). In the differential leukocyte 
count (%) parameters including neutrophil count, lympho-
cyte count, monocyte count, basophil count, and eosinophil 
count, no significant changes were observed (data 
not shown).

Adverse events

No significant adverse events were reported in this 
investigation.

Table 3. efficacy of fenfuro® on fasting and post-prandial plasma glucose levels 
in the placebo- and fenfuro®-treated subjects.

Parameters Groups Baseline 12-Weeks of treatment p value

fasting 
Glucose 
(mg/dl)

Placebo 145.5 + 29.5 144.2 + 46.4 0.6308
fenfuro® 144.1 + 35.6 139.4 + 40.7 0.318

Post-Prandial 
Glucose 
(mg/dl)

Placebo 239.3 + 67.1 156.6 + 120.0** 0.0001**
fenfuro® 230.5 + 65.3 153.7 + 103.8** 0.0001**

Data are expressed as mean ± s.D.
**significant reduction.

Table 4. efficacy of fenfuro® on c-peptide and plasma insulin levels in the 
placebo-and fenfuro® -supplemented subjects.

Parameters Groups Baseline 12-Weeks of treatment p-value

c-Peptide 
level (ng/
ml)

Placebo 2.2 + 1.4 2.3 + 1.3 0.5459
fenfuro® 2.1 + 1.0 1.9 + 0.7 0.1447

insulin level Placebo 12.8 + 15.0 14.7 + 23.6 0.557
fenfuro® 12.3 + 10.5 10.9 + 6.4 0.265

Data are expressed as mean ± s.D.

Table 6. effect of placebo and fenfuro® on total blood chemistry and 
immuno-hematological parameters.

Parameters Groups Baseline 12-Weeks of treatment p-value

sGot (ast) 
u/l)

Placebo 25.7 + 11.8 24.8 + 12.1 0.582
fenfuro® 24.5 + 7.9 24.5 + 9.1 0.987

sGPt (alt) 
(u/l)

Placebo 41.2 + 17.8 39.8 + 17.8 0.458
fenfuro® 37.4 + 14.4 37.7 + 16.8 0.863

alP (u/l) Placebo 98.5 + 27.2 96.2 + 28.7 0.314
fenfuro® 92.1 + 27.5 93.4 + 23.7 0.581

serum Bilirubin 
u/l)

Placebo 0.6 + 0.6 0.6 + 0.2 0.643
fenfuro® 0.6 + 0.3 0.6 + 0.3 0.324

Blood urea 
nitrogen 
(mg/dl)

Placebo 23.0 + 5.7 22.5 + 6.1 0.445
fenfuro® 21.1 + 5.9 21.2 + 6.3 0.911

creatinine (mg/
dl)

Placebo 0.9 + 0.3 0.9 + 0.2 0.452
fenfuro® 0.9 + 0.2 0.9 + 0.2 0.091

hemoglobin 
(g/dl)

Placebo 12.9 + 1.6 13.1 + 1.6 0.163
fenfuro® 13.0 + 1.6 13.2 + 1.8 0.43

total leukocyte 
count

Placebo 7.9 + 2.0 8.1 + 2.2 0.529
fenfuro® 7.8 + 2.3 8.0 + 1.7 0.580

Data are expressed as mean ± s.D.

Table 5. Glycosylated hemoglobin (hba1c) and homa-ir levels in the placebo- 
and fenfuro®-supplemented subjects.

Parameters Groups Baseline 12-Weeks p-value

Glycosylated 
hemoglobin 
(hba1c)

Placebo 8.1 + 1.3 5.7 + 3.5** 0.0001**
fenfuro® 8.1 + 1.8 5.2 + 3.6** 0.0001**

homa-ir Placebo 4.8 + 4.9 4.8 + 6.1 0.903
fenfuro® 4.3 + 3.5 3.8 + 2.5 0.245

Data are expressed as mean ± s.D.
**significant reduction.
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Discussion

The usefulness of Fenugreek seed extract in controlling 
hyperglycemia has been reported by several studies and is a 
well-established phenomenon. However, not many of them 
have attempted to understand systematically the probable 
mechanism involved in fenugreek mediated control of blood 
sugar level. The biological effect of fenugreek is mostly 
believed to be exerted by its rich content of more than 60% 
(w/w) furostanolic saponins as demonstrated earlier by our 
team (37). Gaddam et  al. had reported that administration 
of 5 gm of fenugreek powder twice daily before meals 
resulted in substantial decrease in fasting glucose and post-
prandial plasma glucose (38). Kiss et  al. went one step ahead 
and found that melanin-concentrating hormone (MCH) 
played a critical role in mediating the insulin sensitizing 
effect of Fenugreek (39). Najdi et  al. also reported that 
administration of Fenugreek extract in a dosage of 2 gm per 
day resulted in a significant decrease in blood glucose level 
(40). Addepalli et  al. reported significant reduction of fasting 
blood glucose as well as HbA1C on continued supplementa-
tion with Fenugreek powder for a period of 12 months (41).

As a result of the action of Fenfuro®, both the fasting as well 
as the postprandial blood glucose went down, but the effect was 
more significant in case of the glucose measured after consump-
tion of meal. It is known that postprandial blood glucose bears 
a more direct relationship with hyperglycemia and its marker 
HbA1c (42). It also gives a more direct risk indication of car-
diovascular complicacies than fasting glucose (43). A potent 
clinical marker of chronic hyperglycemia is the covalent attach-
ment of sugars to the amino group side chain of proteins and 
other cellular macromolecules, commonly known as protein gly-
cation (44). In this respect, the most frequently used and reliable 
tool is the measurement of extent of glucose attachment to 
hemoglobin because of persistently elevated serum glucose con-
centration (45). Supplementation of conventional therapeutic 
regimen of Metformin-Sulfonylurea with Fenfuro® resulted in 
more significant arrest in glycation of Hemoglobin as compared 
to Metformin-sulfonylurea alone. Moreover, inclusion of Fenfuro® 
also caused a significant decrease of Homeostatic Model 
Assessment (HOMA) index as compared with the placebo 
(anti-diabetic regime) group. HOMA index is a recognized 
marker for assessment of β cell function and therefore also 
monitors the production of insulin (46). Unlike the 
Metformin-Sulfonylurea combination which did not result in 
any change of HOMA index, administration of Fenfuro® resulted 
in decrease of HOMA index. To assess the pancreatic beta cell 
function, the C peptide test is often reliably employed since it is 
produced proportionately along with insulin (47). No significant 
changes were observed both for C-peptide as well insulin levels 
in the Fenfuro® supplemented patient group. The results together 
clearly indicated that the incorporation of Fenfuro® increased 
insulin sensitivity and restored glucose homeostasis instead of 
merely increasing the production of insulin as observed in the 
Metformin-sulfonylurea placebo group. Similar findings have 
also been reported by Dalvi et  al. where administration of 
Fenugreek extract resulted in a slight decrease in both C-peptide 
as well insulin levels after 12 wk (48). As already discussed, res-
toration of insulin sensitivity mandates proper functioning of 

the insulin signaling pathway where phosphoinositide kinases 
play a significant part by preventing overactivation of FOXO 
transcription factors and subsequent induction of gluconeogenic 
pathways. Fenfuro® probably acts by preventing buildup of glu-
cose from noncarbohydrate sources via gluconeogenesis and 
also regularizes insulin secretion. A slight decrease in insulin 
levels in the Fenfuro® group also suggests that elicitation of oxi-
dative stress by NADPH oxidase 4 (NOX4) due to enhanced 
insulin secretion is prevented inside the cellular atmosphere. 
The above optimal insulin concentration leads to an altered 
insulin signaling pathway, as a result of which PI3-kinase phos-
phorylates Rac instead of PIP2. Activated Rac boosts the activity 
of NOX4, eventually leading to production of ROS (49).

The mechanisms leading to insulin resistance or loss of 
sensitivity of insulin receptor to glucose are complex and 
poorly understood. One probable cause is FOXO3 mediated 
increase in gluconeogenic enzymes which results in over-
abundance of concentration of glucose in plasma thus result-
ing in insulin sensitivity. On the other hand, increase in 
concentration of insulin beyond normal levels also results in 
malfunction of the IRS pathway and phosphorylation of 
RAC instead of Akt, which results in elucidation of inflam-
matory response (Schematic Diagram Figure 1).

The safety of Fenugreek formulation has been demon-
strated earlier through Ames’ test and toxicity testing (37). 
However, since the components of insulin signaling pathway 
has cross-talks with several other significant physiological 
responses of the body including proper functioning of the 
cardiovascular system, optimized lipid metabolism and 
inflammatory response; it was essential to investigate whether 
the consumption of Fenugreek adversely affected the func-
tioning of the kidney, liver and cardiovascular system. Levels 
of SGOT, SGPT and ALP as markers of liver function (50) 
were found to be grossly unaltered both in the placebo as 
well as in the Fenfuro® supplemented group. Consequently, 
there was also no change in the serum bilirubin levels. 
Reports on the effect of Fenugreek on liver function till date 
have been contrasting. While some studies have demonstrated 
Fenugreek induced necrosis of liver hepatocytes in lactating 
females (51) high several old as well as new studies had 
demonstrated the hepatoprotective effect of Fenugreek seed 
extract against potential liver toxicity (52, 53). Probably, the 
dosage of consumption is the determining factor in govern-
ing protective action or toxicity of the phytotherapeutic (54).

The gross imbalance in glucose homeostasis occurring 
due to insulin resistance is known to result in elicitation of 
inflammatory response and concomitant oxidative stress (55). 
As discussed earlier, an alteration in the insulin signaling 
pathway may also aggravate this response. Additionally, insu-
lin resistance can also disrupt the normal lipid metabolism 
leading to elevated levels of plasma triglycerides, suppressed 
levels of high density lipoproteins and appearance of low 
density lipoproteins. Therefore, lipids accumulate on the 
inner linings of blood vessels and bring about cardiovascular 
complications (55). Hematological parameters including 
hemoglobin and total leukocyte count were unaltered in the 
Fenfuro® group. Alongside, there was no significant change in 
serum creatinine and blood urea nitrogen, confirming that 
the extract did not confer any toxicity on consumption.
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Conclusion

Although the exact molecular mechanism of Fenugreek 
induced lowering of blood glucose remains to be deciphered, 
it is mostly accepted that the furostanolic saponins along 
with the alkaloid trigonelline and pectins mediate the hypo-
glycemic effect of fenugreek extract by boosting the (IRS)‐1/
PI3K/AKT mediated upregulation of GLUT-4 receptor (56). 
These bioactive molecules are also thought to exert their 

action by mediating gastric emptying. The present studies 
reinstated the efficacy of Fenugreek seed extract in the form 
of a novel patented formulation, Fenfuro®, in alleviating the 
clinical symptoms of Type 2 diabetes and normalizing the 
insulin response pathway.

There are numerous phytotherapeutics whose anti-diabetic 
properties are well documents (Table 7) (57–68). However, 
fenugreek seed not only lowers blood glucose but also is 
known for lowering inflammatory response, treating 

Figure 1. impairments in insulin signaling pathway and potential targets of fenufuro®: normal operation of the insulin signaling pathway causes initiation of a 
phosphorelay which leads to akt mediated activation and translocation of Glut4 receptor in adipocytes for sequestration of glucose from extracellular environ-
ment. however, defects in the signaling pathway leads to phosphorylation of the wrong substrate foXo, this in turn leads to enhanced gluconeogenesis. an 
abundance of glucose eventually leads to development of chronic insulin resistance. on the other hand, excess insulin also leads to faulty signaling where Pi3K 
phosphorylates rac instead of PiP2. rac in turn activates noX4 for elicitation of ros and oxidative stress. fenfuro (fenugreek seed extract is believed to act at 
three potential targets in this cascade (1) Preventing foXo mediated glucose production from non-carbohydrate sources (2) Preventing akt mediated phosphory-
lation of foXo and (3) Preventing activation of noX4.

Table 7. current reports on commonly used nutraceuticals in the management of diabetes other than fenugreek.

nutraceutical model of study mode of action reference

anacardium occidentale (cashew nuts) bark Diabetic mice anacardic acid in cashew boosts glucose uptake (57)
Peel, pulp and seed of lychee fruit Wistar rats reduces blood sugar level, shows synergistic action with 

metformin
(58)

cinnamon powder In vitro and in silico studies suppresses alpha amylase and alpha glucosidase (59)
astragalus polysaccharide t2Dm rat Prevents expression of Glut 2 and Glut 4 as well as 

genes for glycolipid metabolism
(60)

Blueberry anthocyanins hePG2 cell line and 
streptozotocin-induced diabetic mice

reduces expression of gluconeogenesis enzymes through 
amPK signaling pathway

(61)

aqueous extracts of  Allium cepa streptozotocin-induced diabetic rat acts like metformin, increases GlP-1 (62)
carica papaya leaves streptozotocin-induced type-2 Diabetic 

rats
lowers muscle insulin resistance through ir/Glut 4 

signaling pathways
(63)

resveratrol elderly male patients with t2Dm reduces Glucose-6-phosphatase activity (64)
moringa leaves hot infusion streptozotocin-induced type-2 Diabetic 

rats
lowering of blood glucose (65)

Psidium guajava
(Guava leaves)

streptozotocin-induced type-2 Diabetic 
rats

restores glycogen synthase activity and reduced 
glycogen phosphorylase

(66)

Zingiber officinale
(Ginger) aqueous extract

mice increased glucose uptake (67)

curcumin t2Dm rats increase in inulin clearance and reduction in serum 
creatine

(68)
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dyslipidemia, and minimizing the factors responsible for 
onset of Metabolic syndrome and cardiovascular diseases. 
However, further mechanistic insights can only be warranted 
after ascertaining the Fenugreek induced changes in the 
expression profiles of the components of the insulin signal-
ing pathway. Owing to the unprecedented rise in incidences 
of lifestyle associated disorders coupled with the low cost 
availability of Fenugreek plants across the globe, it has the 
potential to become the most sought after next-gen phyto-
therapeutic for both prevention and treatment of a plethora 
of human maladies.
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ABSTRACT
Introduction:  Polycystic Ovary Syndrome (PCOS) is an endocrine disorder which accounts for 
infertility around the world. The disease is characterized by elevated secretion of androgens in 
the women which results in enlargement of ovaries with accumulation of fluid filled cysts, irregular 
menstrual cycles, and hirsutism. This study reports the efficacy of a patented, standardized Trigonella 
foenum-graecum extract (Furocyst®) as an effective phytotherapeutic for effective management of 
PCOS.
Objective:  This randomized one-arm study assessed the efficacy of Furocyst® in 107 female 
volunteers over a period of 12 consecutive weeks.
Method:  Following approvals of the Institutional Ethical Committee and clinicaltrials.gov, 107 
female volunteers (age: 18-45 years) were recruited. Subjects consumed Furocyst® capsules (1,000 mg/
day p.o.) over a period of 12 consecutive weeks. Physical (Sonographic scan, Hirsutism Score, 
Menstrual cycle, Body Weight, BMI, Height, Waist Circumference and Blood Pressure) and biochemical 
parameters (LH/FSH ratio, TSH, Prolactin, Fasting insulin, Fasting Glucose, triglyceride, cholesterol, 
HOMA Index, free and total testosterone, 2-hour GTT, DHEAS) were assessed at the beginning of 
the study as well as at intervals of 4 weeks till 12 weeks to determine the efficacy of Furocyst® on 
PCOS induced damage on reproductive and endocrine system.
Results:  Furocyst® treatment induced >40% reduction of mean cyst sizes in both ovaries with 
corresponding reduction of in ovarian volumes. LH:FSH ratio was also significantly improved with 
corresponding reduction in total testosterone and prolactin levels. As a result of improvement in 
endocrine function, menstrual cycle became regular in the subjects. Furocyst® also reduced the 
severity of other associated ailments such as insulin resistance, dyslipidemia, and improved liver 
function significantly.
Conclusions:  This study reinstated the efficacy of Furocyst® as a safe phytotherapeutic to reverse 
the effects of PCOS inflicted damage on the female reproductive system without any adverse 
events.

Introduction

Polycystic Ovary Syndrome (PCOS) has emerged as the 
single most significant threat to the reproductive health of 
women globally. The prevalence of the disease has increased 
steeply since its first proper clinical description and diag-
nosis (1). According to a recent estimate, approximately 1 
in 10 women has PCOS over the world. PCOS is a complex 
multifactorial disease caused chiefly by the dysbiosis of the 
female hypothalamic–pituitary–ovarian (HPO) axis (2, 3) 
resulting in gross imbalance in reproductive hormones like 
LH, FSH, estrogen and testosterone (4). The significant rise 
in testosterone levels resulting in hyperandrogenism is 

responsible for several reproductive abnormalities like 
chronic ovulatory dysfunction, menstrual irregularity, 
reduced fertility as well as post pregnancy complications 
such as gestational diabetes mellitus (GDM) and 
pregnancy-induced hypertension (PIH) (5). Observable clin-
ical features of the disease include hirsutism, pelvic pain, 
acne and appearance of dark patches on the skin. Apart 
from reproductive maladies, onset of PCOS also leads to 
many metabolic disorders including insulin resistance, obe-
sity and cardiovascular disease (CVD) (6, 7). Elevated tes-
tosterone levels together with concomitant drop in FSH 
arrest further development of the follicles (8). These 
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prematurely terminated follicles develop into fluid-filled 
cysts, the signature pathophysiology of PCOS (6).

Owing to its multifactorial nature as well as complex 
etiology, development of a tangible therapy has not been 
possible. The intended medicines have been shown to bring 
down or cure only a specific symptom or ailment associated 
with PCOS instead of treating it from the root cause. The 
most popular therapies in this regard have been antiandro-
genic drugs (9), insulin sensitizers (10), artificial ovulation 
inducers (11), and oral contraceptives (12). Metformin has 
been found to be very promising with regards to its use 
both as an insulin sensitizing agent as well as an ovulation 
inducer (13). Drugs such rosiglitazone and pioglitazone have 
also yielded encouraging results against hirsutism and insu-
lin resistance. However, a single medication which can 
address all the issues together has eluded both researchers 
as well as clinicians till date. Therefore, it is very much 
apparent that a treatment regimen of PCOS will be based 
on its management rather than its cure or prevention (9).

The use of phytotherapeutics for treatment of chronic, 
complex and multifactorial ailments has been in vogue for 
many centuries in oriental countries including India. 
Frequently, ethnomedicines have yielded encouraging results 
in treatments of female reproductive problems like irregular 
menstrual periods, menstrual cramping, uterine fibroids and 
infertility (14). These have been also successful in some 
respect in alleviating the symptoms and disorders in PCOS 
(15, 16). The active constituents in these plant combinatorial 
therapies have been found to exert their action mainly 
through interaction with the ɑ/β estrogen receptors (17, 18), 
induction of vasoconstriction (19), regulation of blood sugar 
and reduction of serum levels of triglycerides and 
LDL-cholesterols (14).

Fenugreek (Trigonella foenum-graecum) seeds have been 
a century-old effective home-remedy for treating gyneco-
logical problems of women. It is most popular as a flavor 
enhancer in culinary delicacies in oriental countries of 
south-east and alongside has many therapeutic benefits 
also. Fenugreek seeds are fortified with multiple protective 
components such as choline, inositol, biotin, multivitamins, 
fiber and iron. They have established roles in stimulating 
insulin to bring down hyperglycemia, improving testoster-
one and estrogen levels to rejuvenate reproductive health, 
alleviate hypercholesterolemia, cure hepatotoxicity, nullify 
oxidative stress and restore overall body homeostasis (20). 
Many studies have reported the benefits of Fenugreek seeds 
in management of hormonal disorders resulting in post 
and peri-menopausal problems (21). Their potential in 
alleviating PCOS related complications had also been doc-
umented by several earlier studies (22). Previous reports 
in our laboratory have shown that a fenugreek seed extract, 
enriched in 40% furostanolic saponins can effectively rec-
tify the altered LH:FSH ratio and regularize menstrual 
periods in women belonging to reproductive age (23). In 
the present investigation, an open labeled, single armed, 
single-centric, and non-comparative study was carried out 
on the effect of consumption of Furocyst®, a Fenugreek 
seed extract formulation, on premenopausal women affected 
with PCOS.

Materials and methods

A novel, patented Trigonella foenum-graecum seed 
extract

Furocyst® [Chemical Resources (CHERESO), Panchkula, 
India][US and European Patents# US 8,754,205 B2; US 
8,217,165 B2; EP 2285821 B1], a water-ethanol extracted 
Trigonella foenum-graecum (family Leguminosae) seed extract 
fortified in 45% furostanolic saponins [26-O-beta-D-gl
ucopyranosyl-22-hydroxyfurost-5-ene-3-beta,26-diol-3-o-
beta-diglucorhamnoside (CAS#: 84625-40-1), manufactured 
in an NSF-GMP certified manufacturing facility, was used 
in this study. Furocyst® was stored at room temperature in 
a cool and dark place and protected from  sunlight.

Ethical and regulatory approvals

Study design, subject recruitment and assessment following 
the rigorous inclusion and exclusion criteria, study compli-
ance, protocols, procedures, and methodologies of this open 
labeled, one-arm, single-center, and non-comparative study 
were conducted in compliance with the International Council 
for Harmonization (ICH) guidelines for Good Clinical 
Practices as per the procedures and protocols of interna-
tional standards guaranteed by the Declaration of Helsinki 
and amendments implemented later. The study protocol 
(CR-PCOS/1-15) was duly approved by the Institutional 
Ethics Committee (IEC) (Registration No. ECR/262/Inst/
UP/2013) located at King George’s Medical University, 
Lucknow, UP, (Protocol #6107/Ethics/R.Cell-15 dated May 
7, 2015; Ref: IRB Proposal “To Study the Efficacy and Safety 
of Standardized Fenugreek Seed Extract in Polycystic Ovary 
Syndrome patients (PCOS) (Ref. Code 71st ECM 11-A/P9). 
Prior to the recruitment, the IEC-approved study protocol 
including inclusion and exclusion criteria and IEC-approved 
study protocol were explained to all study participants, and 
all subjects duly signed the informed consent forms. The 
study was also registered in the Central Drugs Standard 
Control Organization (CDSCO) DCGI approval of Ethics 
C o m m i t t e e  ( E C R / 4 2 1 / G e o r g e’s / I n s t / U P / 2 0 1 3 /
Re-Registration-2016). Finally, the protocol entitled “To 
study the efficacy and safety of Furocyst in polycystic ovary 
syndrome (PCOS) patients” was enrolled in the clinical study 
registration NCT02703064 (https://clinicaltrials.gov/ct2/show/
study/NCT02703064?term=Furocyst&cond=PCOS&rank=1) 
All enrolled subjects read and duly signed the health ques-
tionnaire. Subject confidentiality was strictly enforced. 
Adverse event monitoring was strictly ascertained.

Protocols and procedures

Analytical kits for serum aspartate transaminase (AST)/serum 
glutamic oxaloacetic transaminase (SGOT), serum alanine 
transaminase (ALT)/serum glutamate-pyruvate transaminase 
(SGPT), serum alkaline phosphatase activity (ALP), serum 
urea, serum glucose, serum insulin, serum triglyceride (TG), 
high density lipoproteins (HDL), luteinizing hormone (LH), 
follicular stimulating hormone (FSH), thyroid stimulating 

https://clinicaltrials.gov/ct2/show/study/NCT02703064?term=Furocyst&cond=PCOS&rank=1
https://clinicaltrials.gov/ct2/show/study/NCT02703064?term=Furocyst&cond=PCOS&rank=1
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hormone (TSH) and prolactin levels were purchased from 
Siemens USA (Authorized representative Schenker India Pvt 
Ltd, Gurgaon, Haryana, India). Hemoglobin levels (Hb), total 
leukocyte count (TLC) and differential leukocyte count 
(DLC) were assessed using electronic impedance in a 
Beckman Coulter Counter (Beckman Coulter India Pvt Ltd, 
New Delhi, India). Ultrasound was conducted in a GE 
LOGIQ P5 ultrasound system provided by Wipro GE 
Healthcare Pvt Ltd (Bangalore, India). Dia Sources’ ELISA 
kit (catalog#CAN-FTE-260), purchased from Krishgen 
Biosystems, Mumbai, India, was used to measure free tes-
tosterone, while and total testosterone was measured using 
an automated bidirectionally interfaced Chemiluminescent 
Immunoassay (CLIA) from Siemens Health Care Pvt Ltd, 
Mumbai, India. Dehydroepiandrosterone sulfate (DHEA-S) 
was measured using the Cobas Electrochemiluminescence 
Immunoassay (ECLIA) (catalog# 03000087122) kit purchased 
from Roche Diagnostics India Pvt Ltd, Mumbai, India. 
Hemoglobin level was evaluated using a Sysmex fully auto-
mated bidirectional analyzer (SYSMEX XN-1000) purchased 
from Transasia Bio Medicals Ltd, Mumbai, India, and fasting 
blood glucose (FBS) levels were assessed using photometry 
technology (Agappe Diagnostics Ltd, Mumbai, India).

Recruitment of subjects

All enrolled subjects were physically examined and critically 
screened for this clinical investigation according to the inclu-
sion and exclusion criteria (Table 1). Enrolled subjects were 
instructed not to alter their routine physical activities and 
plans. Following rigorous screening, a total of 107 female 
subjects (age: 18-45 Y; average age of the study popula-
tion: 25.94 ± 5.78 Y; pulse rate: 74.10 ± 4.06) were recruited. 
Furocyst (2 capsules of 500 mg each/day; batch numbers: 
FUR0517, FUR0117, FUR0415, FUR0416, and FUR0816) was 
consumed by all the subjects over a period of 12 consecutive 

weeks to determine its efficacy in reducing ovarian volume 
and the number of ovarian cysts. All Subjects maintained 
daily diaries, which were regularly endorsed by the study 
coordinators and endorsed by the principal investigator. 
Adverse event monitoring was strictly enforced.

Study compliance
Furocyst® capsules were meticulously distributed by the proj-
ect coordinators. All subjects were provided one pack of 60 
capsules in a sealed aluminum pouches at the beginning of 
each month and directed to consume two capsules every 
day. The records of individual entry were maintained sep-
arately with the date/signature of the subject, endorsed by 
the study coordinators(s) and principal investigator and thus 
IP accountability log was maintained.

Assessment of safety
Serum aspartate transaminase (AST)/serum glutamic oxalo-
acetic transaminase (SGOT), serum alanine transaminase 
(ALT)/serum glutamate-pyruvate transaminase (SGPT), 
serum alkaline phosphatase activity (ALP), serum urea, 
hemoglobin, differential leukocyte counts (DLC), creatinine, 
cholesterol, HDL-C, and triglyceride levels were meticulously 
checked at the baseline and at the completion of 12 weeks 
of treatment.

Clinical assessment of Furocyst® in female subjects
Physical, biochemical, and hematological parameters were 
assessed at baseline, 4-, 8-, and 12-weeks post-treatment 
(Table 2). Time-dependent efficacy of Furocyst was deter-
mined on the number of cysts (both on right and left ova-
ries) and on the reduction in ovarian volume (both on right 
and left ovaries) at baseline, 4-, 8-, and 12-weeks 
post-treatment. Hirsutism score, menstrual cycle, luteinizing 
hormone (LH), follicle stimulating hormone (FSH), LH/FSH 

Table 1. inclusion and exclusion criteria

inclusion criteria
 ■ Diagnosed with Pcos by rotterdam criteria (22)

 ■ Premenopausal women (age: 18–45 years) and Bmi (<42 kg/m2)
 ■ adequate hepatic, renal, cardiac, and hematological functions
 ■ Willingness to participate in the study and follow the norms
 ■ Provide informed consent in writing for the study
 ■ regularly visit the hospital clinic, as and when required, for follow up
 ■ stable body weight for the last two months (permissible change <3 kg)
 ■ Physicians’ approval for selected patients

exclusion criteria
 ■  male subjects
 ■ Postmenopausal women subjects
 ■ Women with hysterectomy
 ■ Women suffering from hyperprolactinemia
 ■ Women suffering from congenital adrenal hyperplasia
 ■ subjects suffering from cushing’s syndrome
 ■ acute or chronic medical illness including hepatic, cardiac or renal insufficiency, coPD, or gastrointestinal disorders
 ■ uncontrolled hypertensive subjects
 ■ Diabetics on drugs
 ■ use of oral contraceptives or hrt for last three months.
 ■ Patients diagnosed with androgen secreting tumors
 ■ Patients with thyroid dysfunction (t3, t4 level is higher than that in normal women of reproductive age)
 ■ Pregnant or lactating mothers.
 ■ smoking or drug addicts or with psychiatric illness
 ■ subjects with hypogonadotropic and hypogonadism (central origin of ovarian dysfunction
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ratio, thyroid stimulating hormone (TSH), and prolactin 
levels were assessed. Dehydroepiandrosterone sulfate 
(DHEAS), fasting insulin, fasting glucose, HOMA index, 
free and total testosterone levels were also assessed.

Adverse events monitoring
All adverse events were meticulously recorded by the study 
participants, who recorded their daily activities in the diaries. 
These diaries were regularly verified by the study coordinators 
and endorsed by the principal investigator. Subjects were 
instructed to record all their daily activities including adverse 
events, i.e., headache, diarrhea, running nose, or temperature 
in their diaries. In case of emergency, all subjects were 
instructed to contact the principal investigator immediately.

Statistical methods
Data was indicated as mean ± standard deviation (SD). All 
the baseline parameters were compared between the two 
groups using t-test and other statistical parameters. 
Appropriate parametric and non-parametric test were used 
according to the data. Appropriate statistical tests such as 
t-test and chi-square test were conducted to evaluate the 
safety and efficacy of Furocyst in PCOS patients. Hirsutism 
score was analyzed using Wilcoxon signed rank test.

Results

Time-dependent effects of furocyst® on body weight, 
body mass index (BMI) and waist circumference in 
pre-menopausal women

Influence of Furocyst® treatment was investigated on 
time-dependent changes in body weights and BMI at base-
line, 4-, 8- and 12-weeks of treatment (Table 3). A 
time-dependent non-significant reduction in body weight 
was observed, while BMI was significantly reduced at both 
8- and 12-weeks post-treatment. At the completion of 

12 weeks of supplementation, the waist circumference was 
significantly reduced.

Effect of furocyst® on mean cyst size, ovary volume and 
hirsutism levels in pre-menopausal women

Effect of Furocyst® were investigated on the number of cysts 
on the ovary, ovary volume and hirsutism levels at baseline, 
and week 12 of treatment. Significant reduction in the mean 
cyst size on the right and left ovary (Table 4), ovary volume 
(Table 5), and hirsutism levels were observed.

The mean cyst size in the right ovaries decreased by 
41.57% from 6.35 mm to 3.71 mm on completion of the treat-
ment (p-value 0.0001*), while the mean cyst size in the left 
ovaries decreased by 44.92% from 6.50 mm to 3.58 mm on 
completion of the treatment (p-value 0.0001*). The mean 
right ovary volume decreased by 29.32% from 12.72 cc to 
8.99 cc at the completion of the study (p-value 0.0001*), while 

Table 2. clinical assessment of furocyst

time point Parameters assessed

Baseline (Visit 1) sonographic scan, hirsutism score, menstrual cycle, Body Weight, Bmi, height, Blood Pressure, Waist 
circumference, lh, fsh, lh/fsh ratio, tsh, Prolactin, fasting insulin, fasting Glucose, homa index, free and 
total testosterone, 2-hour Gtt, Dheas

4-Week Post-treatment 
(Visit 2)

lh, fsh, lh/fsh ratio, hirsutism score, menstrual cycle, Body Weight, Bmi, height, Blood Pressure

8-Week Post-treatment 
(Visit 3)

lh, fsh, lh/fsh ratio, hirsutism score, menstrual cycle, Body Weight, Bmi, height, Blood Pressure

12-Week Post-treatment (Visit 4) sonographic scan, hirsutism score, menstrual cycle, Body Weight, Bmi, height, Blood Pressure, Waist 
circumference, lh, fsh, lh/fsh ratio, tsh, Prolactin, fasting insulin, fasting Glucose, homa index, free and total 
testosterone, 2-hour Gtt, Dheas

Table 3. effects of furocyst® on Body Weight, and Bmi

Parameters Baseline Week 4 Week 8 Week 12

Body weight (kg) 57.69 + 12.12  57.34 + 11.94 56.86 + 12.05 56.47 + 11.58
Bmi (kg/m2) 24.58 + 5.35 24.53 + 5.30 

(p = 0.253)
24.44 + 5.42* 

(p = 0.047)
24.16 + 5.29* 

(p = 0.017)
Waist circumference (cm) 54.74 + 28.85 – –   54.46 + 28.65* 

(p = 0.003)

Data are expressed as mean ± s.D. n = 107. *significant reduction.

Table 4. effects furocyst® on mean cyst size (mm) on the left and right ovary

mean cyst size (mm) furocyst®

right (Baseline) 6.35 + 2.22
right (Visit 4)  3.71 + 1.07*
p-Value 0.0001↓
left (Baseline) 6.50 + 2.21
left (Visit 4)  3.58 + 1.29*
p-Value 0.0001↓
Data are expressed as mean ± s.D. n = 107. *significant reduction.

Table 5. effect of furocyst® on ovary Volume

ovary volume (cm3) furocyst®

right (Baseline)  12.72 + 3.84
right (Visit 4)   8.99 + 3.56*
p-Value 0.0001↓
left (Baseline)  12.36 + 21.80
left (Visit 4)   9.42 + 3.29*
p-Value 0.0001↓
Data are expressed as mean ± s.D. n = 107. *significant reduction.
hirsutism score was significantly reduced after 8 weeks of treatment (p = 0.038*) 

and 12-weeks of treatment (p = 0.002*).
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the left ovary volume decreased by 23.78% from 12.36 cc to 
9.42 cc on completion of the treatment (p-value 0.0001*). 
Overall, the right and left ovary volume reduced by 96.7% 
and 90% of the enrolled subjects, respectively.

Interestingly, 15 subjects got pregnant during the study, 
while complete dissolution of cysts was observed in 8 
enrolled subjects. More than 65% of patients exhibited 
reduction in cyst size in both left and right ovaries.

Influence of furocyst® on menstrual cycle in pre-
menopausal women

Table 6 demonstrates the effects of Furocyst® on the improve-
ment and regularization of menstrual cycle. Following are 
the categorized improvements observed

Menstrual cycle: At the baseline (visit 1), the menstrual 
cycle was observed to be delayed in 75.9% of the study 
population which was decreased to 52.9% of the study pop-
ulation following treatment with Furocyst® over a period of 
4 weeks (Visit 2). On Visit 3, the delayed menstrual cycle 
reduced to 33.3% of the study population, which was further 
decreased to only 12.3% of the study population after 
12 weeks (Visit 4) of Furocyst® treatment.

Irregular menstrual cycle: At the baseline (visit 1), irreg-
ular menstrual cycle was observed in 23% of the study 
population which was reduced to 18.8% of the study pop-
ulation following treatment with Furocyst® over a period 
of 4 weeks (Visit 2). On Visit 3, 12.8% of the enrolled 
subjects had irregular menstrual cycle which was further 
reduced to 8.2% of the study population at the completion 
of the study.

Regular menstrual cycle: At the baseline (visit 1), men-
strual cycle was regular in only 1.1% of the enrolled subjects. 
Following 4 weeks (visit 2) of Furocyst® supplementation, the 
regularity in menstrual cycle was improved in 28.2% of the 
study population. At the completion of 8 weeks of treatment 
(visit 3), the enrolled subjects with regular menstrual cycle 
was increased to 53.8%, while the number was further 
increased to 79.5% of the study population at the completion 
of 12 weeks of treatment (visit 4).

Effect of furocyst® on luteinizing hormone (LH) and 
follicle stimulating hormone (FSH)

Time-dependent reductions in LH and FSH levels were 
observed in the Furocyst®-treated subjects as compared to 
the baseline. Furocyst® treatment significantly reduced the 
LH levels at 4-, 8- and 12-weeks of treatment. Overall, LH 
levels were decreased up to 42.89% in these subjects at the 
completion of 12 weeks of treatment. On the contrary, FSH 
level significantly increased at the completion of 12 weeks 
of treatment. Time-dependent significant gradual reduction 
in LH/FSH ratio was observed at the completion of week 
4-, week 8-, and week 12 of treatment. The LH/FSH ratio 
decreased up to 47.97% in the study population as the 
completion of the treatment (Table 7).

Effect on furocyst® on serum thyroid stimulating 
hormone (TSH), prolactin hormone, fasting insulin, and 
dihydroepiandrosterone sulfate (DHEAS) levels

Non-significant change in mean TSH level was observed in 
the Furocyst®-treated subjects. At the end of 12 weeks of 
treatment, the mean prolactin level significantly reduced by 
21.64% (p = 0.0001**), while the fasting insulin level signifi-
cantly reduced by 45.12% (p = 0.0001**) at the completion 
of 12-weeks of treatment. Mean DHEAS level of the study 
population was 164.56 µg/dl at the initiation of the study, 
which was significantly reduced from 164.56 µg/dl to 
157.97 µg/dl (p = 0.006) at the completion of 12 weeks of 
Furocyst® treatment (Table 8).

Effect of furocyst® on fasting glucose, HOMA index, 
glucose tolerance test (GTT), free and total 
testosterone

Following completion of 12 weeks of treatment, 
non-significant changes in fasting glucose, free testoster-
one and bound testosterone levels were observed. Although 
reductions in all these three parameters were observed 

Table 6. effect of furocyst® on menstrual cycle in study Volunteers

menstrual cycle

Baseline (Visit 1) Visit 2 Visit 3 Visit 4
status frequency Percent (%) frequency Percent (%) frequency Percent (%) frequency Percent (%)
Delayed 66 75.9 45 52.9 26 33.3 9 12.3
irregular 20 23.0 16 18.8 10 12.8 6 8.2
regular 1 1.1 24 28.2 42 53.8 58 79.5

Data are expressed as % (percentage); n = 107.

Table 7. effect on furocyst® on luteinizing hormone (lh) and follicle 
stimulating hormone (fsh)

Parameters

furocyst®

mean + sD

lh (miu/ml)
 Baseline 10.91 + 7.16
 Visit 2 (Week 4)  8.62 + 6.15** (p = 0.001)
 Visit 3 (Week 8)  7.94 + 5.51** (p = 0.002)
 Visit 4 (Week 12)  6.23 + 2.67** (p = 0.0001)

fsh (miu/ml)
 Baseline  7.30 + 6.83
 Visit 2 (Week 4)  7.34 + 6.61 (p = 0.918)
 Visit 3 (Week 8)  7.21 + 6.61 (p = 0.075)
 Visit 4 (Week 12)  7.42 + 1.74** (p = 0.0001)

lh/fsh ratio
 Baseline  1.73 + 1.16
 Visit 2 (Week 4)  1.28 + 0.67** (p = 0.001)
 Visit 3 (Week 8)  1.18 + 0.88** (p = 0.0001)
 Visit 4 (Week 12)  0.90 + 0.49** (p = 0.0001)

Data are expressed in mean ± s.D. n = 107. **significant reduction.
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(Table 9). Furocyst® exhibited a significant reduction 
(46.54%) in the HOMA index as compared to baseline 
(Table 9), and the decrease was observed in 75.6% of the 
study population at the completion of 12 weeks of treat-
ment. Following 12-weeks of Furocyst® treatment, 
non-significant change in the GTT levels were observed 
in the enrolled subjects (data not shown). Table 9 exhibits 
that although considerable reductions were observed in 
both free- and bound testosterone levels, but these were 
non-significant reductions.

Effect of furocyst® on serum SGOT/AST, SGPT/ALT, ALP, 
urea, creatinine and triglyceride levels at the initiation 
and completion of the investigation

No significant changes were observed in the serum SGOT/
AST, urea and triglyceride levels were observed in the study 
participants at the completion of 12 weeks of treatment as 
compared to the baseline (Table 10). Significant reductions 
in the serum SGPT/ALT, ALP, and creatinine levels were 
observed at the completion of the clinical trial (Table 10), 
however, the values remained within the normal range.

Effect of furocyst® on cholesterol, HDL, triglyceride, 
hemoglobin, and total leukocyte count (TLC) and 
differential leukocyte count (DLC) at the initiation and 
completion of the study

No significant changes were observed in the cholesterol, 
triglyceride and hemoglobin (Hb) levels were observed in 
the Furocyst® group at the completion of the clinical trial 
(Table 11). Significant increases in the HDL levels were 
observed, while the mean total leukocyte count (TLC) level 
significantly reduced (Table 11).

There was non-significant change in the differential leu-
kocyte count (DLC) including neutrophils, lymphocytes, 
monocytes, eosinophils, and basophils count of the study 
population at the completion of 12-weeks of treatment (data 
not shown).

Discussion

The etiology of PCOS has remained to be complex and 
poorly understood due to simultaneous involvement of a 
plethora of signaling pathways as revealed by Genome Wide 
Association Studies (24). Therefore, it has not been possible 
to associate any single factor for development of this syn-
drome. The efficacy of Fenugreek seed extract in alleviating 
the symptoms of PCOS had been demonstrated earlier both 
by our group as well as others (22, 23). The present clinical 
investigation was kept open labeled and single-armed to 
understand categorically the reversal of physiological changes 
inflicted by PCOS on consumption of Furocyst®, an opti-
mized Fenugreek seed extract formulation enriched with the 
three principal components galactomannan, 4-OH isoleucine, 
and steroidal saponin along with other vital nutrients (25).

The two most significant clinical features for identifica-
tion of PCOS according to Rotterdam criterion (26) are 
formation of fluid filled cysts and enlargement of at least 
one of the ovaries beyond 10 ml. However, absence of cyst 

Table 9. effects of furocyst® on fasting Glucose, homa index, free and total 
testosterone

Parameters furocyst®

fasting glucose (mg/dl)
 Baseline   89.20 + 12.32
 Visit 4 (week 12)   86.62 + 8.87 (p = 0.085)

homa index
 Baseline     3.33 + 3.64
 Visit 4 (week 12)     1.78 + 1.45* (p = 0.0001)

free testosterone (pg/ml)
 Baseline     2.60 + 1.51
 Visit 4 (week 12)     2.11 + 1.17 (p = 0.051)

total testosterone (pg/ml)
 Baseline 299.53 + 236.47
 Visit 4 (week 12) 251.40 + 245.09 (p = 0.09)

Data are expressed in mean ± s.D. n = 107. *significant reduction.

Table 10. sGot, sGPt, alP, urea, and creatinine levels at the initiation and 
completion of 12 Weeks of treatment

Parameters furocyst®

sGot/ast (u/l)
 Baseline 29.92 + 11.10
 Visit 4 (Week 12) 28.74 + 7.99 (p = 0.127)

sGPt/alt (u/l)
 Baseline 32.60 + 21.28
 Visit 4 (Week 12) 28.10 + 12.82* (p = 0.007)

alP (u/l)
 Baseline 93.31 + 24.91
 Visit 4 (Week 12) 88.32 + 22.14* (p = 0.016)

urea (mg/dl)
 Baseline 15.44 + 6.11
 Visit 4 (Week 12) 14.54 + 6.19 (p = 0.064)

creatinine (mg/dl)
 Baseline   0.71 + 0.16
 Visit 4 (Week 12)  0.66 + 0.14* (p = 0.032)

Data are expressed in mean ± s.D. n = 107. *significant reduction.

Table 8. effect of furocyst® on thyroid stimulating hormone (tsh), Prolactin 
and fasting insulin.

Parameters

furocyst®

mean + sD

tsh (µΙu/ml)
 Baseline     2.79 + 1.00
 Visit 4 (week 12)     2.71 + 1.12 (p = 0.529)

Prolactin (ng/ml)
 Baseline   13.40 + 5.89
 Visit 4 (week 12)   10.50 + 5.10* (p = 0.0001)

fasting insulin (µu/ml)
 Baseline   14.98 + 15.02
 Visit 4 (week 12)     8.22 + 6.42* (p = 0.0001)

Dheas (µg/dl)
 Baseline 164.56 + 59.73
 Visit 4 (week 12) 157.97 + 60.47* (p = 0.006)

Data are expressed in mean ± s.D. n = 107. *significant reduction.
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does in no way imply absence of PCOS. The cyst sizes were 
reduced significantly together with corresponding decrease 
in the volumes of both ovaries. This clearly indicated that 
Furocyst® was able to alleviate PCOS inflicted damage in 
the reproductive anatomy. PCOS is by and large a gross 
endocrine disorder believed to originate from hypothalamic 
insensitivity to progesterone. This results in uncontrolled 
secretion of androgen hormones in the ovary including tes-
tosterone, dihydrotestosterone, dehydroepiandrosterone and 
DHEA-sulfate. Due to elevated levels of insulin under PCOS, 
production of Sex Hormone Binding Globulin (SHBG) 
decreases in the body, which also contributes substantially 
to the rise in free testosterone (27). PCOS leads to gross 
imbalance in the gonadotrophin axis which is reflected in 
severe alteration in the levels of most of the reproductive 
hormones. Heightened gonadotropin secretion leads to 
reduced follicle development. Parallelly, there is a significant 
drop in the levels of Follicle Stimulating Hormone (FSH), 
responsible for production of estradiol, regulation of the 
menstrual cycle and growth of eggs in ovaries (27). Estrogens 
maintain a low level of gonadotropin throughout the cycle 
by effecting a negative feedback-loop on hypothalamic 
gonadotropin-releasing hormone, Luteinizing hormone (LH) 
and FSH secretion. FSH induced LH surge occurs as a nor-
mal physiological response in a healthy pituitary-hypothalamus 
system which promotes initial maturation of the follicles 
(28). However, in PCOS, the regulation over LH surge is 
lost leading to significant rise in its levels which further 
augments the level of testosterone in the body. As a result 
of altered LH and FSH levels, the healthy ratio of LH:FSH 
is jeopardized (4). Prolactin is another key marker for assess-
ment of endocrine function during pregnancy. It is necessary 
for enlargement of the mammary gland and breastfeeding 
after birth; however elevated levels of prolactin before or 
during pregnancy can adversely affect fertility or normal 
delivery of the baby (29). Furocyst® was also able to bring 
down successfully the levels of prolactin over the 12 weeks 

of study period. Concomitant with the normalization of 
hormone levels, regularity in the menstrual cycle was also 
restored.

Onset of PCOS is almost always associated with insulin 
resistance. Although the symptoms of insulin resistance 
start to appear much later after those of PCOS, recent 
evidence has indicated that insulin resistance plays a major 
role in the development of the latter (30). Besides main-
taining glucose homeostasis, insulin also facilitates fatty 
acid uptake and inhibits lipolysis in adipose tissue. This 
excess accumulation of abdominal fat is one of the hallmark 
features of PCOS and insulin resistance aggravates this 
condition. Enhanced insulin secretion, on the other hand, 
brings about heightened release of androgen which again 
promotes PCOS. Since PCOS affects many cellular signaling 
pathways simultaneously, it is imperative that its onset will 
also disrupt the body’s lipid metabolism. In fact, PCOS is 
also associated with dyslipidemia and cholesterolemia with 
rise in levels of low-density lipoproteins (LDL) and tri-
glycerides (31). This also explains why PCOS can often 
lead to development of Cardiovascular Diseases (CVD). 
Consumption of Furocyst® over a period of 4 weeks onwards 
was able to significantly decrease levels of both fasting 
insulins, fasting glucose as well as triglyceride. Insulin resis-
tance was assessed with homeostasis model of assessment 
(HOMA) index, a widely accepted clinical marker where 
an index value of 2.5 is considered to be an indicator of 
insulin resistance in adults (32). As a result of Furocyst® 
consumption, HOMA index dropped by close to 60 percent 
well within normal levels indicating the alleviation of insu-
lin resistance.

Another serious concern which occurs co-laterally with 
dyslipidemia and development of insulin resistance in PCOS 
is alcohol independent damage to liver function referred to 
as Nonalcoholic Fatty Liver Disease (NAFLD) (33). Early 
detection of liver function by virtue of analysis of marker 
enzymes such as Alkaline Phosphatase Test (ALP), Serum 
Glutamate Pyruvate Transaminase (SGPT), Serum Glutamate 
Oxaloacetate Transferase (SGOT) as well as by virtue of 
certain excreted metabolites including urea and creatinine. 
Furocyst® significantly brought down the levels of all of 
these clinical markers thus substantiating its role in treat-
ment of PCOS.

In women of reproductive age, leukocytosis is an early 
predictor for onset of PCOS along with chronic low grade 
inflammatory response (34). Fenugreek seed is effective in 
restoring the overall homeostasis of the body including nego-
tiation of free radicals and minimization of oxidative stress 
(35). A furostanolic saponin termed protodioscin has been 
implicated to be the major phyonutrient responsible for the 
huge but largely unexplored potential of fenugreek seed 
extract (36). Consumption of Furocyst® for twelve weeks 
slightly improved blood Hemoglobin and also brought down 
the total leukocyte count indicating that it was able to curb 
the effects of PCOS associated inflammatory response in the 
body. Cumulatively, this novel formulation of Fenugreek seed 
extract seemed to be a promising new natural therapeutic 
for management of PCOS and overall rejuvenation of 
the body.

Table 11. effect of furocyst® on cholesterol, hDl, triglyceride, hemoglobin, 
and total leukocyte count (tlc) and Differential leukocyte count (Dlc) at the 
initiation and completion of the study.

Parameters furocyst®

cholesterol (mg/dl)
 Baseline 164.28 + 29.37
 Visit 4 (week 12) 165.19 + 26.44 (p = 0.700)

hDl (mg/dl)
 Baseline 43.58 + 10.33
 Visit 4 (week 12) 45.27 + 8.09* (p = 0.03*)

triglyceride (mg/dl)
 Baseline 113.11 + 59.55
 Visit 4 (Week 12) 107.30 + 41.33 (p = 0.303)

hemoglobin (hb) (g/dl)
 Baseline 13.08 + 1.57
 Visit 4 (week 12) 13.25 + 1.10 (p = 0.162)

tlc (×103 µl)
 Baseline   6.69 + 1.87
 Visit 4 (week 12)   6.16 + 1.49** (p = 0.002)

Data are expressed in mean ± s.D. n = 107, *,**significant reduction.
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Conclusion

Despite unprecedented advancement in medical research 
with the inception of new tools like CRISPR, Artificial 
Intelligence, Immunotherapy and Telehealth, both prognosis 
as well as establishment of a proper therapeutic regimen 
for PCOS has remained to be a challenging feat both for 
scientists as well as medical practitioners. This has been 
inflicted chiefly by the involvement of multiple components 
as well as their complex crosstalk in determining the etiol-
ogy of the disease. In this regard, there has been a continual 
interest toward exploration and development of natural com-
pounds which could be effectively employed for treatment 
of PCOS and subsequently arrest the onset of other asso-
ciated ailments including diabetes, obesity and cardiovascular 
disorders. Fenugreek seeds enriched in multiple nutrients 
along with alkaloids, flavonoids, amino acids, saponins, ste-
roidal sapinogens and fibers have been used as effective 
remedies against a plethora of diseases as well as for overall 
rejuvenation of health and vitality. The present studies rein-
stated our earlier observations in a randomized open ended 
single armed model and paved the way for further elucida-
tion of the molecular mechanisms of the individual active 
components of Furocyst® which can synergistically be devel-
oped as a wonder drug for treatment of PCOS.
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ABSTRACT 

Background: Withania somnifera (L.) Dunal, popularly known as Ashwagandha, is an ethnomedicinal plant with multiple 

pharmacotherapeutic applications. The diverse medicinal properties of the plant are largely due to the presence of 

withanolides, a group of C28 ergostane based steroidal lactones, with several sites of unsaturation and oxygenation. 

Withaferin A, a major withanolide present in Ashwagandha plant accounts for its emerging new roles to treat cancer, 

arthritis, inflammatory responses, immunomodulatory properties, and neuronal disorders. The root and leaf extracts are 

specifically important constituent materials for the development of phytotherapeutics, mostly intended for oral 

consumption. Several studies have been carried out to delineate the toxic manifestations of the extract for human 

consumption. 

Objective: Establish the broad-spectrum safety of W-ferinAmax ashwagandha (WFA). 
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INTRODUCTION 

The use of Withania somnifera (also called Ashwagandha 

or Indian winter cherry) as an herbal medicine for the 

treatment of multiple ailments related to regulation of 

blood sugar, cardiac health, reduction of inflammation 

and pain, management of stress and improvement of 

cognitive function have been reported since ancient 

times especially in Indian subcontinent and southeast 

Asia [1-3]. The plant contains class of steroidal lactone 

metabolites known as withanolides, a C28 steroidal 

backbone with structural variations arising from differ-

ential oxidation at various sites [4-6]. Its main con-

stituent, Withaferin A is implicated in plant defence 

against pathogens as well as protective drought or low 

temperature. Chemically, it is 5,6:22,26-diepoxyergosta-

2,24-diene-1,26-dione substituted by hydroxy groups at 

Study: This investigation demonstrated a novel, standardized W-ferinAmax ashwagandha (WFA) extraction technology 

from the whole herb of Withania sominfera, conducted HPLC analysis to identify the constituents, detected the heavy 

metals, microbiological contaminants, pesticides contaminants, and safety profile. 

Results: A novel extraction technology was employed to obtain WFA from the whole plant of Withania sominfera. HPLC 

analysis revealed that WFA contains a total of 15.4% Withanolides. In particular, Withaferin A, Withanoside IV, and 

Withanolide A contents were 6.469%, 1.022%, and 0.073%, respectively. The extract contained only 0.403 ppm of heavy 

metals out of which traces of arsenic, mercury and lead were detected, and cadmium was absent. USP recommended 

80 residue basic pesticide screening indicated that the extraction was safe for human consumption. It was also found to be

free from pathogenic microbes as assessed by the absence of E. coli and other coliforms, Salmonella and Staphylococcus 

species. 

Conclusion: The data generated cumulatively indicated that WFA is safe for further downstream processing and for 

human consumption. 

Keywords: Ashwagandha, Withaferin A, phytotherapeutics, material safety; heavy metals; pesticides 
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positions 4 and 27. Withaferin A has emerged as an 

effective therapeutic application and acts as an anti-cancer 

agent by promoting cellular apoptosis through a variety of 

mechanisms [7]. It is believed to be a potent inhibitor of 

angiogenesis [8]. Simultaneously, it also possesses strong 

immunomodulatory as well as cardio-protective activity 

[9,10]. Furthermore, it is being considered as a novel 

candidate for drug developments to treat neuronal 

disorders due to its ability to cross Blood-Brain Barrier 

[11]. Most of the immune-modulatory and anti-cancer 

activity of the compound is based on its inhibitory effect 

on NF-κβ mediated signalling pathway [12]. It also acts as 

an inhibitor of myocardial ischemia by upregulating AMP-

Activated Protein Kinase-Dependent B-Cell Lymphoma2 

signalling [10].  

Many studies have been conducted earlier to assess 

the safety of Ashwagandha as a therapeutic for oral 

consumption and all of them have demonstrated that the 

plant is free from any toxic side effects in all practical 

dosages used thus far in various formulations. However, 

there have been some studies which have indicated that 

uncontrolled and high doses may cause bowel irritability, 

diarrhoea, and vomiting. Few reports are available on 

human trials, which indicated that W. somnifera may 

exhibit neurosedative effects and at times can also bring 

about acute respiratory distress causing a sharp fall in 

blood pressure and cardiac arrhythmia [13-16].  

We developed W-ferinAmax ashwagandha (WFA), a 

methanol-water extract from the whole herb of 

Withania somnifera (Ashwagandha), in our laboratories 

and the total Withanolide content was found to 15.4%. 

HPLC analysis was conducted to detect total 

Withanolides, Withanoside IV, Withaferin A and 

Withanolide A. The bioaccumulation of heavy metals was 

also assesses using Shimadzu inductively coupled 

plasma mass spectrometry ICMPS-2030. 

According to the guidelines issued by US Pharmacopeia 

(USP), any material of botanical origin meant for 

human consumption must be either completely free 

or contain trace pesticides within the specified and 

recommended tolerable limits. Accord-ingly, 

detection of 80-compound basic pesticide 

screening with GC/MS-MS was carried out, using a com-

prehensive quantitative analysis following the AOAC 

Official Method 2007. Residual solvents were analyzed as 

per ICH/Food Industry guidelines.  

MATERIALS AND METHODS 

Extraction and manufacturing of W-ferinAmax 

ashwagandha (WFA) from the whole Ashwagandha 

(Withania somnifera) herb: The phytochemical auth-

entication and verification of the Withania somnifera (L.) 

Dunal whole herbs was performed by the in-house 

herbalist/botanist with authentic herbarium samples. 

Furthermore, to revalidate, phytochemical profiling was 

done using an HPLC. Withania somnifera whole herbs 

were freshly harvested and dried under shade at 30°C to 

minimize the loss/degradation of the active constituents. 

Moisture content at this stage was found to be about 9% 

as analysed according to guidelines of USP 43. Thereafter, 

it was extracted using methanol: water in an NSF-GMP 

certified facility. Thereafter, the solvent was evaporated 

by fractional distillation and the extract was defatted 

with hexane. at a solvent to sample ratio of 1:10. Samples 

were stirred for 12 h and the hexane was removed by 

filtering, then replaced every 12 h for a total time of 48 h. 

Finally, it was concentrated, ground, and sieved to obtain 

a homogenous powder containing the active con-

stituents. This was stored in a desiccated chamber until 

further analysis. Figure 1 demonstrates the flow chart of 

the manufacturing procedure.    
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Figure 1: Major phyotherapeutic constituents of Withania somnifera (L.) Dunal (Ashwagandha). An extract from the whole 

herb was prepared as indicated in the flow chart before analysis by HPLC. 

Analysis of W-ferinAmax ashwagandha (WFA) by HPLC: 

The recommended methodology of USP (USP 43, 

Ashwagandha/Dietary supplements) was used for the 

analysis of WFA by HPLC. The HPLC system (Shimadzu, LC-

2010CHT /LC-2030 C) was equipped with a quaternary 

pump and vacuum degasser, temperature control 

column compartment, autosampler, and UV detector. 

Briefly, about 100 mg of WFA was dissolved in about 7 ml 

of HPLC grade methanol, heated gently in a water bath 

for 20 minutes, cooled and diluted with methanol. The 

HPLC was equipped with a reverse-phase L1 C18 HPLC 

column (4.6 mm x 25 cm, end capped; 5 μm packing LI) 

(Phenomenex Luna, Torrance, California, USA) at a flow 

rate of 1.5 ml/min and the column temperature was 

maintained at 27∘C. The mobile phase consisted of 

Solution 1: Potassium dihydrogen phosphate (0.14 g) was 

dissolved in 990 ml of HPLC grade water, 0.5 ml of 

phosphoric acid was added, mixed well, and diluted with 

HPLC grade water to 1000 ml. The solution was filtered 

through a 0.45 μm membrane filter and degassed in a 

sonicator for 3 minutes; Solution 2: filtered and degassed 

HPLC grade acetonitrile solvent. The pumps were 

programmed to run a gradient of 95% Solution 1, 5% 

Solution 2 to 5% Solution 1, 95% Solution 2 over a period 

of 40 minutes (Table 1).
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Figure 2: HPLC Chromatogram of W-ferinAmax ashwagandha, a powdered herb extract from Withania somnifera (L.) Dunal 

(Ashwagandha) showing Withaferin A as the major component (pink shaded) along with other withanolides, withanosides, 

withanones, withastramonolide and physagulin D. 

Table 1. Chromatographic parameters 

Mobile Phase Solution 1: Potassium dihydrogen phosphate; Solution 2: Acetonitrile 

Column Reverse-phase L1 C18 HPLC column (4.6 mm x 25 cm) 

Wavelength 227 nm 

Flow rate (ml/min) 1.5 ml/minute 

Gradient Time (Min) Flow (ml/min) Mobile phase 

Solution A (%) 

Mobile phase 

Solution B (%) 

0.0 1.5 95 5 

18.0 1.5 55 45 

25.0 1.5 20 80 

28.0 1.5 20 80 

30.0 1.5 95 5 

40.0 1.5 95 5 

Injection Volume 20 μl 

Run Time 40 minutes 

Column Temperature 27oC 

Sample Temperature Ambient 

Sample Solution: 100 mg of accurately weighed WFA was 

dissolved in 7 ml of HPLC grade methanol, heated gently 

in a water bath for 20 minutes, cooled and diluted with 

methanol. A 20 µl of aliquot of the sample was injected 

through a HPLC column (as described above) at a flow 

rate of 1.5 ml/min with a column temperature of 27°C in 
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a gradient of the two solutions (see gradient program as 

above) over a period of 40 minutes, using a UV detector 

at 227 nm.  

Preparation of Standard Solutions: Stock solutions of all 

marker constituents were prepared at a concentration of 

1.0 mg/mL in methanol. The calibration curves were 

prepared using solutions of different concentrations 

ranging from 10 to 550 𝜇g/mL. Composite standard 

solution containing 0.1 mg/ml of USP Withanolide A RS 

and 0.1 mg/ml of USP Withanoside IV RS in HPLC grade 

methanol along with pure standard (1000 ppm) of 

Withaferin A (99.99% purity) and Withanolide A (99%) 

were also run parallelly under the same set of conditions. 

The percentage of withanolide aglycones was 

calculated as:  

• = Ru/Rs x Cs x (V/W) x 100

• Where Ru = sum of the peak areas of Withaferin

A, 12-deoxywithastramonolide, Withanolide A,

Withanone and Withanolide B from sample

solution

• Rs = peak area of Withanolide A from standard

solution

• Cs = Concentration of USP Withanolide A RS in

standard solution (mg/ml)

• V = Volume of the sample solution in ml

• W = Weight of the Ashwagandha extract (in mg)

The percentage of withanolide glycosides in the     

Solution was calculated as:  

• = Ru/Rs x Cs x (V/W) x 100

• Ru = sum of the peak areas of withanoside IV,

withanoside V, and withanoside VI from Sample

solution

• Rs = peak area of withanoside IV from Standard

solution

• Cs =concentration of USP Withanoside IV RS in

Standard solution (mg/mL)

• V = volume of the Sample solution (mL)

• W = Weight of the Ashwagandha extract (in mg)

• Add the percentages of withanolide aglycones

and withanolide glycosides.

Methodology Validation: USP 43 Validation of Comp-

endial Procedures was followed, and as outlined in the 

ICH guidelines, HPLC method was validated in terms of 

precision, accuracy, and linearity. All the assay method 

and procedure were repeated and evaluated in triplicate. 

The limit of detection (LOD) and limit of quantification 

(LOQ) were ascertained by injecting serial dilutions of 

solutions of the ISRN Analytical Chemistry 3-4 standards 

with known concentrations. The LOD and LOQ were 

calculated based on the signal-to-noise ratio of more 

than 3-4 times for LOD and 10-12 times for LOQ, 

respectively. 

Heavy metal analysis of W-ferinAmax ashwagandha 

(WFA) using Shimadzu inductively-coupled-plasma-

mass spectrometry (ICPMS): Analysis of heavy metals 

was carried out using a Shimadzu ICPMS-2030 inductively 

coupled plasma mass spectrometer (Shimadzu Scientific 

Instruments, Inc., Columbia, MD, USA) coupled with an 

auto sampler AS-10. Certified individual reference 

standards from Sigma Aldrich 1000 ppm were employed 

for making the stock solution and calibration. The 

parameters used are shown in Table 2. Approximately 1-

2 gm of homogenized WFA was completely digested 

under pressure with 6 mL of nitric acid (HNO3) and 1 mL 

of perchloric acid (HClO4). After subsequent cooling, they 

were filtered using a 0.45 μm filter (Whatman Millipore, 

Clifton, NJ, USA) and adjusted to 50 mL with 1% HNO3. 

Lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg) 

were detected in the final solution.
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      Table 2. Instrument parameters for Shimadzu ICPMS 2030 

Instrument Shimadzu ICPMS 2030 

Acquisition type Quantitative 

Quantitation method Calibration curve method 

Replicates 3 

Profile integration time Mid 

Sweeps/Replicate 10 

Solvent rinse (Low and High) 45 Sec 

Sample rinse (Low and High) 45 Sec 

Rotation speed (Low) 20 RPM 

Rotation speed (High) 60 RPM 

Integration mode Auto 

Basic pesticide screening in W-ferinAmax ashwagandha 

(WFA) using an Agilent 7000D Triple Quadrupole GC/MS 

System: Pesticide detection was carried out according to 

USP guidelines using an Agilent 7000D Triple Quadrupole 

GC/MS System (Agilent Technologies, Santa Clara, 

California, USA). This method is applicable to the multi-

residue analysis of 80 pesticides in various foods and 

dietary supplements. Briefly, about 100 ml of 10% (w/v) 

WFA in acetone was prepared and allowed to stand for 

20 minutes. To it, 1 ml of toluene solution containing 1.8 

mg of carbophenothion was added and mixed 

thoroughly. The solution was subsequently filtered and 

washed twice with acetone. It was then dried using a 

rotary evaporator set below 40°C until complete 

evaporation of the solvent was attained. The evaporation 

was repeated after dissolving the residue in minimal 

volume of toluene, filtered, and finally diluted in toluene 

to 10.0 ml. For detection of Organochlorine, Organo-

phosphorus, and Pyrethroid Insecticide, a size-exclusion 

chromatography using a 7.8- mm × 30-cm stainless steel 

column with 5-mm packing L21 was used along with 

toluene as the mobile phase at a flow rate of about 1 

mL/min.  The column was calibrated using test solutions 

of the pesticides prior to analyses. An alkali flame-

ionisation detector was used, and hydrogen was used as 

the carrier gas. The temperature of the injection port 

temperature was maintained at 250°C and that of the 

detector was maintained at 275°C. The column temp-

erature was programmed in the following way:  80°C for 

the first minute and then increased to 150°C at a rate of 

30°C/min, maintained at 150°C for 3 min, then increased 

to 280°C at a rate of 4°C/min and maintained at this 

temperature for 1 min. Carbophenothion was used as the 

internal standard. A measured aliquot of the sample was 

injected subsequently and the chromatograms were 

recorded. The content of each pesticide was determined 

from the peak areas of each pesticide. Typical limit of 

quantification (LOQ) estimated during the method 

validation are at or below 0.01 mg/kg for the majority of 

the analytes. 

Analysis of the microbial load in W-ferinAmax 

ashwagandha (WFA): Presence of microflora in WFA was 

ascertained according to USP guidelines for safety ana-
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lyses of samples of botanical origin. A 10% (w/v) WFA 

solution was prepared in sterile potassium phosphate 

buffer (pH 7.2). Then the sample was diluted suitably 

with the same buffer and passed through membrane 

filters for transferring the microbes of the sample to the 

membrane. In order to obtain the Total Aerobic Microbial 

Count (TAMC) and the number of CFUs per gram or 

millilitre of the product, the membrane filter was placed 

aseptically to the surface of a Soybean-Casein Digest Agar 

(in three replicates) and incubated at 37°C for 48-72 hrs. 

Total combined yeasts and moulds count (TYMC) was 

also obtained in a similar manner using Sabouraud 

Dextrose Agar. In order to ascertain the anaerobic flora, 

the pour plate method was used. 1 ml volume (3 

replicates for each dilution) was taken for each dilution 

over which molten Soybean-Casein Digest agar was 

poured and incubated at 37°C for 48-72 hrs. In order to 

detect coliforms, the same membrane filtration test was 

performed using filter pads saturated with lauryl 

sulphate Tryptose broth, a selective media used for 

detection of coliforms. Subsequently, the filter pads were 

transferred into the base of petri-dishes with a sterilised 

pad dispenser and incubated at 37°C for 24 hrs for 

enumeration of total coliforms. For specific detection of 

fecal coliforms (E. coli), the incubation temperature was 

set at 44.5°C. Lysine-Mannitol-Glycerol agar was used for 

detection of Salmonella sp. [17] whereas Tryptic Soy 

broth Agar was used to detect Staphylococcus sp. using 

the same technique [18].  

Statistical analysis: The results are expressed as mean ± 

S.D. All the data were analyzed using one-way analysis of

variance followed by Tukey’s post-hoc test. A value of p < 

0.05 was considered statistically significant. 

RESULTS 

W-ferinAmax ashwagandha (WFA), a standardized

Withania somnifera extract: The standardized W-

ferinAmax ashwagandha (WFA), extracted from the 

whole Ashwagandha (Withania somnifera) herb, 

appeared as a brown-colored powder with a bulk density 

ranging between 0.5 to 0.75 gm/ml. It was subsequently 

dried and subjected to HPLC analysis for estimation of the 

major chemical constituents. Loss in mass after drying 

was not more than 6 percent, while the particle size 

(minimum 95% passes through 40 mesh), residual 

solvents (not more than 3000 ppm methanol and 290 

ppm n-hexane) and elemental impurities (not more than 

10 ppm) conforms to USP 43. 

Determination of Total Withanolides, Withanoside IV, 

Withaferin A, and Withanolide A content in W-

ferinAmax ashwagandha (WFA): The content of 

different withanolides in WFA was detected by HPLC 

analysis (Figure 2). Three significant peaks corre-

sponding to Withanoside IV, Withaferin A and With-

anolide A were identified according to their retention 

times (Fig 2). It was found that total Withanolide content 

in WFA was 15.4%, while the concentration of Withaferin 

A was 6.469%. Also, the Withanoside IV and Withanolide 

A contents were found to be 1.022% and 0.073%, 

respectively (Table 3). 

      Table 3. Key constituents in W-ferinAmax ashwagandha (WFA) as determined by HPLC 

Constituents Amount (%) 

Total Withanolides 15.4% 

Withanoside IV 1.022% 

Withaferin A 6.469% 

Withanolide A 0.073% 
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Assessment of W-ferinAmax ashwagandha (WFA) for 

heavy metal and pesticide screening: Leaching of heavy 

metals in the soil has increased unprecedentedly over the 

last few decades both due to natural as well as anthro-

pogenic reasons. Consequently, their bioaccumulation in 

the plant body has also gone up to levels which are 

deemed unfit for subsequent human consumption. Even 

higher has been the threat posed by uncontrolled 

application of pesticides for which often there is little or 

no mitigation. Pesticides not only persist in the 

environment for longer times, but they are also 

biotransformed to other potentially more toxic forms 

[19] thus making them more difficult to contain. In order

to carry out a quantitative investigation regarding the 

safety of Ashwagandha extracts with regards to heavy 

metals and commonly used pesticides as per guidelines 

of USP, their contents were determined in the 

Ashwagandha extract. 

Arsenic, mercury and lead were detected in trace 

limits within permissible levels (Table 4) but no cadmium 

was found in WFA. Ingestion of heavy metals has been 

associated with numerous adverse effects. It is well 

acclaimed that long term exposure to Arsenic increases 

the risk of many diseases including skin cancer, 

hyperpigmentation and diabetes [20].  Mercury is a 

potent neurotoxin, and its commonest form methyl 

mercury is associated with impaired senses, muscle 

weakness and lack of coordinated muscle movement 

[21]. Prolonged exposure to Pb blocks heme synthesis 

and hence leads to severe anaemia, additionally lead 

poisoning also leads to neurological disorders like 

dementia [22].  The Environmental Protection Agency 

(EPA) has set the pesticide limits in Withaferin A as 

mentioned in the Code of Federal Regulations (40 CFR 

Part 180) or the Federal Register (FR). In case of 

pesticides where EPA approved tolerance level has not 

been indicated, the limit is calculated by the formula: 

Limits (mg/kg) = AME/100B where A is the acceptable 

daily intake (ADI), as published by FAO-WHO, in mg/kg of 

body weight; M is body weight, in kg (60 kg); and B is the 

daily dose of the article, in kg and E is the extraction 

factor of the preparation method, determined exper-

imentally. The 80-compound basic pesticide screen 

carried out by GC analyses as recommended by USP 

guidelines, Environmental Protection Agency, showed 

that the pesticide traces found in the preparation were 

within the acceptable limit for most of the compounds 

screened except for Coumaphos, Demeton-S and 

Disulfoton (Table 5). All three of these are popularly used 

organo-thiophosphate pesticides with acute neuro-

toxicity. They are strong inhibitors of acetyl-choline 

esterase [23] activity leading to severe loss of neuronal 

coordination and death in extreme cases [24].  The gross 

absence of pesticides above significant detection limits 

indicated that the extract was safe to be developed as a 

potent Withaferin A enriched phytotherapeutic.

      Table 4. Heavy metal analysis in W-ferinAmax ashwagandha (WFA) 

Heavy metal Results 

Arsenic 0.1159 ppm 

Cadmium Not detected 

Mercury 0.2020 ppm 

Lead 0.0851 ppm 

Total Heavy Metals 0.4030 ppm 

As per USP 43 guidelines, the allowable limits for each of the above is not more than 10 ppm. 
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    Table 5: Basic pesticide screen in Ashwagandha root extract 

Name Amount in mg/kg 

(Limit in mg/kg) 

Name Amount in mg/kg 

(Limit in mg/kg) 

Aldrin <0.010 (0.05) Hexachlorocyclohexane, alpha- (alpha-

BHC) 

HCH, beta- beta-BHC) 

HCH, delta- (delta- BHC) 

<0.010 (0.3) 

Bromopropylate <0.010 (3) 

Cadusafos <0.010 

Carbophenothion <0.010 (0.8) Heptachlor, 

Heptachlor exoepoxide 

<0.010 (0.05) 

Chlordane (cis+trans) <0.010 (0.05) 

Hexachlorobenzene <0.010 (0.1) 

Chlorfenvinphos (E- and Z-

isomers) 

<0.010 (0.5) Lindan (gamma-HCH, gamma-BHC) <0.010 (0.6) 

Chlorpyrifos-ethyl 0.068 (0.2)  Malathion <0.010 (1) 

Chlorpyrifos-methyl <0.010 (0.1) Methacrifos <0.010 (0.05) 

Coumaphos <0.010 (0.00025) Mevinphos (E- and Z-isomers) <0.010 (0.1 mg/cubic 

metre) 

Cyfluthrin (sum of isomers) <0.010 (0.1) Methidathion <0.010 (0.2) 

Cyhalothrin, lambda- <0.010 (0.1) Methoxychlor <0.010 (0.05) 

Cypermethrin (sum of isomers) 0.11 (1) Mirex <0.010 (0.01) 

(Chlorthal-dimethyl, DCPA) <0.010 (0.01) Oxadiazon <0.010 

dichlorodiphenyldichloroethane, 

p, p'- 

Dichlorodiphenyldichloroethylene

, DDT, o, p'- DDT, p,p'- 

<0.05 (1) Parathion-methyl, Parathion <0.010 (0.2) 

Pentachloranisole <0.010 (0.01) 

Pendimethalin <0.05 (0.1) 

Deltamethrin 

(0.5 mg/kg) 

<0.010 Pentachloroaniline <0.010 

Demeton-S <0.010 (0.0003) Pentachlorobenzene <0.01(0.012) 

Diazinon <0.010 (0.5) Permethrin (sum of isomers) <0.010 (1) 

Dichlofenthion <0.010 Pentachlorothioanisole <0.010 

Dichlorvos <0.010 (1) Piperonyl butoxide <0.010 (3) 

Dicloran (DCNA) <0.010 Phorate <0.010 

Dieldrin <0.010 (0.005) Phosalone <0.010 (0.1) 

Disulfoton <0.010 Pirimiphos-ethyl <0.010 (0.05) 
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Endosulfan I (alpha-isomer), 

Endosulfan II (beta-isomer), 

Endosulfan sulfate 

<0.010 (3) Procymidone <0.010 (0.1) 

Pirimiphos-methyl <0.010 (4) 

Propetamphos <0.010 

Endrin <0.010 (0.05) Profenofos <0.010 (0.1) 

EPN <0.010 (0.5) Propargite <0.05 

Ethion <0.010 (2) Propyzamide (Pronamide) <0.010 

Ethoprophos (Ethoprop) <0.010 (0.035) Prothiofos <0.010 (0.05) 

Fenchlorphos (Ronnel) <0.010 (0.1) Quinalphos 0.42 (0.05) 

Fenitrothion <0.010 (0.5) Quintozene (Pentachloronitrobenzene) <0.010 (1) 

Fenpropathrin <0.010 (0.03) Tecnazene <0.010 (0.05) 

Fensulfothion <0.010 (0.05) Tetradifon <0.010 (0.3) 

Fenthion <0.010 (0.05) Vinclozolin <0.010 (0.4) 

Fenvalerate/Esfenvalerate (sum 

of isomer) 

<0.010 (1.5) Fluvalinate, tau- (sum of isomers) <0.010 (0.5) 

Fipronil <0.0050 Fonofos <0.010 (0.05) 

   The acceptable limits are as per USP monogram (Chapter 561) and InChem guideline. 

Analysis of Microbial Load in W-ferinAmax ash-

wagandha (WFA): Herbal extracts are often con-

taminated by microbial growth which comes from 

adjoining rhizospheres of the plant. Although presence of 

microbes symbiotically boosts production of a number of 

secondary metabolites of commercial importance [25], in 

many cases they are also responsible for spoilage of 

downstream production processes with a subsequent 

hefty production cost. Therefore, it is a mandate for 

industries to have a prior assessment of microbial load in 

the raw materials. According to the recommendations of 

USP 43 for materials of botanical origin, total bacterial 

count should be within 104 CFU/gm, and the total 

combined mold and yeasts count should be within 103 

CFU/g. In addition, the sample should be free from all 

kinds of coliforms including faecal coliforms which are 

the APHA certified indicator organism, Staphylococci 

which are also potential indicators for the presence of 

pathogens (National Research Council (US) Sub-

committee on Microbiological Criteria) as well as 

Salmonella, the potent human pathogens [26].   

Safety of Withaferin A and W-ferinAmax ashwagandha 

(WFA): Several scientists around the world have assessed 

the safety and toxicological profile of the Ashwagandha 

extract and its constituents. Sharma et al. [27] have 

demonstrated that oral administration of aqueous 

Ashwagandha extract (100 mg/kg/day) to rats over a 

period of eight consecutive months didn’t exhibit any 

toxicity. Prabu et al. [28] have also demonstrated that 

oral administration of methanolic extract of Ash-

wagandha (2,000 mg/kg/day) over a period of 28 

consecutive days induce no toxicity.  

Singh et al. [29] have reported the oral acute LD50 of 

Withania somnifera to be 1750 mg/kg body weight in 

albino mice. Sharada et al. [30] have determined the 

acute toxicity in Swiss Albino mice and sub-acute toxicity 

in Wistar rats. No deaths were reported following ad-

ministration of a single intraperitoneal administration of 
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1100 mg/kg body weight within 24 hr. The oral LD50 was 

reported to be 1260 mg/kg body weight. Oral ad-

ministration of 100 mg Withania somnifera extract/kg 

body weight/day over a period of 30 consecutive days 

didn’t cause any mortality or significant changes in 

peripheral blood constituents or other parameters [30]. 

In another independent settings, Gupta et al. [31] 

conducted extensive toxicological evaluation including 

both acute and sub-acute toxicity of oral Withaferin A in 

mice. These researchers reported that withaferin A 

exhibited no toxicity or death up to 2000 mg/kg body 

weight in the acute toxicity study.  The sub-acute toxicity 

study was conducted in mice following oral 

administration of 10-, 70-, and 500 mg/kg body 

weight/day of Withaferin A over a period of 28 con-

secutive days. Extensive toxicological analyses including 

mortality rate, serum chemistry, physiological, and 

hematological assessment exhibited no signs of toxicity 

at all the dose levels used in this study. The authors 

reported that Withaferin A is extremely safe even at high 

doses and the No Observed Adverse Effect Level (NOAEL) 

of Withaferin A to be a minimum of 500 mg/kg body 

weight [31]. 

Withaferin A is the one of the most potent chemical 

constituents’ responsible for a major part of Ash-

wagandha’s therapeutic potential. It is believed to evolve 

as a promising anti-cancer drug in near future owing to 

the versatile structural modifications which can be 

performed on its side chain leading to significant en-

hancement of its pharmacological activity [32]. Several 

researchers have demonstrated that both Withaferin A 

and Withanolide D exhibit anti-tumor efficacy [33-35]. 

Vaishnavi et al. (2012) have demonstrated that With-

aferin A exhibited cytotoxic activities in both normal and 

cancer cells [36].  

Analysis of standardized W-ferinAmax ashwa-

gandha (WFA) exhibited that the total Withanolide 

content is 15.4%, out of which Withaferin A, Withanoside 

A and Withanolide A contents are 6.469%, 1.02% and 

0.073%, respectively (Table 3). Recommended daily dose 

of WFA is 500 mg/day, which contains approximately 

15% of total Withanolide. Thus, our recommended daily 

dose of WFA is quite safe for human consumption and 

possess a huge span of margin of safety.  

Discussion: The medicinal plant Ashwagandha, scien-

tifically known as Withania somnifera Dunal (family 

Solanaceae) and commonly known as Indian ginseng or 

Winter cherry, is a stout herb that reaches a height of 170 

cm and carries yellow flowers and berry-like red fruit. 

Indigenous and Ayurvedic medicine have recognized 

Ashwagandha for more than 3000 years [1-6]. The old 

elementary foundational scripts in Ayurveda, Caraka 

(Charaka) and Sushruta Samhitas describe Ashwagandha 

as a medicinal plant exhibiting the enhancement of 

multiple vital physiological functions including (a) muscle 

and physical strength, (b) vitality and vigour, (c) nour-

ishing, (d) spermatogenic, (e) sexual and repro-ductive 

performance [2-4].  

Ashwagandha is a reservoir of biologically active 

alkaloids (isopelletierine, anaferine, cuscohygrine, ana-

hygrine, etc.), steroidal lactones (withanolides including 

Withaferin A, Withanoside IV, Withanolide A, and 

others), flavonoids, phenolic acids, alkaloids, saponins, 

tannins, saponins and volatile oils conferring a host of 

therapeutic potential [1,2]. These novel phytonutrients 

have exhibited an array of health benefits including 

immune enhancing, adoptogenic, anti-aging, anti-

diabetic, anti-arthritic, anti-anxiety, hepato-protective 

and cardioprotective activities, simultaneously offering 

protection against various neuro-degenerative diseases, 

impotency, amnesia, and several other ailments [1-4].  

However, breast-feeding, and pregnant women, and 

people with autoimmune diseases with rheumatoid 

arthritis, type 1 diabetes, and lupus, and Hashimoto’s 
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thyroid should avoid Ashwagandha for their daily 

consumption [1-3,7-10,37].  

It has also been recently demonstrated by in-

dependent research groups that Withaferin A can

effectively bind to the Spike protein of SARS-COV-2 thus 

effectively sequestering it from binding to ACE-2 protein 

[32, 37, 38]. In the process, it also does not downregulate 

cellular ACE-2 expression, thus also being compatible 

with diabetic patients. Gupta et al. reported that 

Withaferin A, being the major constituent in Withania 

somnifera, also exhibits multiple therapeutic benefits 

including immune enhancing, vitality, and vigour, 

hepato-, cardio- and neuroprotective properties [32-34,     

38,39]. As discussed earlier, Ashwagandha and its 

constituents has multiple health benefits. 

Maharia et al. (2010) had earlier reported the toxic 

manifestation induced following bioaccumulation of 

heavy metals by Ashwagandha root [40]. Accordingly, the 

accumulation of toxic heavy metals including arsenic (As), 

cadmium (Cd), mercury (Hg), and lead (Pb) was critically 

investigated using an ICPMS. Our investigational analysis 

clearly demonstrated that the total heavy metal load in 

the extract is way less than permissible limit of 10 ppm, 

as specified in the USP 43.  

Pesticides accumulate in plants through in-

discriminate use in agricultural fields, so much that they 

are sometimes also significantly bioabsorbed by non-

crop plants. Therefore, despite their indispensability for 

commercial production of food-crops and aesthetic 

plants, pesticides continue to pose a serious threat to 

human health because of their non-perishability in the 

ecosystem and bioconversion to other more toxic forms. 

The major chemical groups of pesticides include the 

organochlorines (DDT, Endrin, Chlordane etc.), Organo-

phosphates (Trichlorfon, glyphosate etc.), Carbamates 

(Carbaryl, Carbofuran etc.) and Pyrethroids (Permethrin, 

chrysanthemic acid) [41]. Coumaphos is not a popular 

and widely used pesticide, however it is frequently used 

in apicultures to confer protection against ectoparasites 

of bees. Based on recent evaluation of pesticide traces in

veterinary products, the revised Maximum Residue Limit 

of Coumaphos has been fixed at 0.1 ppm in honey [42] 

which is much higher than ADL of 0.00025 ppm as set by 

ESDA. Therefore, the toxicity associated with the 

consumption of traces of Coumaphos with the Withania 

extract powder will be negligible, considering the fact 

that the extract will not be consumed be further 

processed to develop therapeutic formulations. 

The extract was also found to be grossly free from 

any residual solvents. In parallel, we conducted extensive 

microbiological testing to determine the total bacterial 

and fungal counts, total coliform and Escherichia coli (E. 

coli), Salmonella sp., and Staphylococcus aureus (S. 

aureus). The results showed that the total bacterial count 

is less than 104 cfu/g and the total fungal count is less 

than 103 cfu/g, while E. coli, Salmonella, S. aureus, and 

Coliform were altogether absent in the sample. 

Safety and toxicity analyses are now mandated for 

any nutraceutical product development. Owing to its 

growing interest and importance in the phyto-

pharmaceutical sector, many upcoming therapeutics are 

believed to be based on purified Withaferin A instead of 

incorporating the wholesome Ashwagandha extract. 

Therefore, the present studies carried out on safety 

assessment of standardized ashwagandha extract have 

been meant to provide important insights for designing 

further downstream purification of Withaferin A. 

CONCLUSION 

Taken together, Withania sominfera plant derived and 

standardized W-ferinAmax ashwagandha (WFA) contains 

a total of 15.4% Withanolides as demonstrated by HPLC. 

Specifically, Withaferin A, Withanoside IV, and With-

anoline A contents in WFA were 6.469%, 1.022%, and 

0.073%, respectively. Furthermore, WFA contains only 

0.403 ppm of heavy metals out of which traces of arsenic, 
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mercury and lead were detected, and cadmium was 

absent, which complies with USP 43 guidelines. Micro-

biological screening exhibited the absence of E. coli, 

Salmonella, S. aureus and Coliform in WFA, while it 

complies with the total bacterial and fungal counts. 

Furthermore, USP 43 recommended 80 residue basic 

pesticide screening was conducted, which complies with as 

per USP 43 guidelines. No Observed Adverse Effect 

Level (NOAEL) for Withaferin A was reported to be a 

minimum of 500 mg/kg body weight. These studies 

demonstrated that a daily recommended dose of 500 mg 

W-ferinAmax ashwagandha (WFA), containing a total of 

approximately 15% of total Withanolide, is safe for 

further downstream processing into therapeutics or 

health supplements for human consumption. 

Abbreviations: ACE-2, angiotensin converting enzyme 2; 

ADI, acceptable daily intake; AOAC, Association of Official 

Analytical Chemists; APHA, American Public Health 

Association; CFU, colony forming unit; FR, Federal 

Register; GC-MS – gas chromatography-mass spect-

rometry; EPA, environmental protection agency; HPLC, 

high performance liquid chromatography; LOD – limit of 

detection; LOQ – limit of quantification; NOAEL - no 

observed adverse effect level (NOAEL); ppm: parts per 

million; SARS-COV-2, Severe Acute Respiratory Syndrome 

Coronavirus 2; TAMC, total aerobic microbial count; 

TYMC, total combined yeasts and moulds count; USP, 

United States Pharmacopeia; WFA, W-ferinAmax 

ashwagandha 
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ABSTRACT: Plants and it’s various parts have been used with medicinal effects from the ancient times. 

Numerous parts of plants including leaves, flowers, barks, roots, obviously fruits and total plant body may 
be considered as source of variety of medicinal values. The phytochemicals, precisely the secondary 
metabolites have potent antimicrobial activities. Here, in this particular study, the antibacterial effect of 
flower extracts of Madhuca longifolia and Butea monosperma against enteric pathogens like Shigella 
flexneri, Salmonella enterica Typhimurium, Pseudomonas aeruginosa and Escherichia coli (control) was 
tested. Flowers of above mentioned plants were collected and extracted with methanol and methanolic 
extracts were made into powder form. The preservation of flowers in their original state as far as possible 
was a challenging task in this study since loss of original quality could influence actual effect of the 
phytochemicals on the target bacteria. These powdered extracts were used to treat enteric pathogens to 
study different growth and pathogenicity related properties. Inhibition of growth and other pathogenic 
potentials by the use of these extracts were evident in case of the above mentioned well-known enteric 
pathogens from this particular study. The obtained result indicated that, Madhuca longifolia flower extract 
was more potent compared to Butea monosperma flower extract in antibacterial activity.  

Keywords: Phytochemicals, Ethnomedicine, Biofilm, Minimal Inhibitory Concentration, Minimal Bactericidal 
Concentration. 

 
INTRODUCTION 

Medicinal plants may be defined as a group of plants 
those possess some special properties qualifying them 
as article of drugs and therapeutic agents and are used 
for medicinal purposes (Chopra & Doiphode 2002). 
Plants and plant products have been considered to have 
medicinal roles and used to heal many diseases from 
ancient times. There is evidence of use of Hollyhock by 
Neanderthals dating back to 60000 years ago in present 
day Iraq (Cowan, 1999). These plants are still used in 
ethnomedicines (Cowan, 1999). Indian traditional 
herbal and ethnomedicinal practices date back to 
approximately 5000 years ago since Charaka and 
Sushruta Samhita refer to the use of 341 and 395 herbal 
medicines (Dev, 1999). Egyptian history (“Ebers 
Papyrus”) also reports the use of plants or plant 
products as medicine from 1500 BCE (Borchardt, 
2002).  
The use of medicinal properties of plants has seen quite 
a lot of financial investments and that will continue 
since the health beneficial effects of herbals have 
started gathering attention newly (Hoareau & Dasilva, 
1999). According to the observation by UNESCO, the 
use of traditional medicinal plants in developing 
countries has been carried our as on normative basis 
(Goncalves, n.d.). Also UNESCO reports indicated 
about the choice of these traditional medicinal plants 
for preparation of various herbal chemotherapeutic 

agents with better acceptance probability over the 
conventional antibiotics (Kenya, 1998). Combinatorial 
therapy consisting of antibiotics and phytochemicals 
can overcome the antibiotic-resistance in certain cases 
as combination of epigallocatechin gallate (EGCG) 
with tetracycline resulted in synergistic effect where 
EGCG inhibited bacterial efflux pump and 
consequently, the effect of tetracycline could become 
more pronounced (Khameneh et al., 2019). 
Plants have the ability to synthesise numerous aromatic 
substances which are phenolics or their derivatives 
(GEISSMAN, 1963). These compounds are principally 
secondary metabolites and naturally serve as plant 
defence mechanisms against microbes, insects and 
herbivores (Cowan, 1999). Antimicrobial plants 
products can be broadly divided into several categories: 
phenolics and polyphenols (simple phenol & phenolic 
acids; quinones; flavones, flavonoids & flavonols; 
tannins), terpenoids and essential oils, alkaloids, lectins 
& polypeptides and other minor compounds (Cowan, 
1999). The medicinal usages of Ocimum tenuiflora 
(Tulsi), Azadirachta indica (Neem), Curcuma longa 
(Turmaric), Rauvolfia serpentina (Sarpagandha) etc. are 
very common in practice. Earlier studies have shown 
that the fresh fruit extracts (both aqueous and alcoholic) 
form Malus domestica, Punica granatum, Psidium 
guajava, and Citrus sinenses possess antibacterial and 
antifungal activities tested against Gram positive 
bacteria like Bacillus subtilis & Staphylococcus aureus; 
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Gram negative bacteria like Escherichia coli & 
Pseudomonas aeruginosa and fungus Candida albicans 
(Malaviya & Mishra 2011). 
Butea monosperma or ‘Flame of Forest’ is a member of 

family Fabaceae and colloquially known as Palash, 
dhak, Bastard Teak etc. This tree is common throughout 
India, Myanmar, Sri Lanka. Almost every part of the 
tree are being utilised for several thousand years owing 
to the medicinal value and many other purposes (DAVE 
et al., 2019; Kapoor, 2018). Indian Ayurvedic texts 
refer to Palash as a medicinal plant since it’s leaves, 

stem, flowers, seeds and roots have been widely used as 
traditional ethnomedicine (DAVE et al., 2019). Palash 
has proven to be astringent, anti-diarrhoeal, anti-
dysenteric and anti-helminthic in nature. The phyto-
components of flower extract like butein, butrin, 
isobutrin and isocoreospin have been shown to posses 
anti-inflammatory including antioxidant properties of 
rutin. These phyto-extracts were also shown to have 
anti-diabetic and hepato-protective characteristics 
(DAVE et al., 2019). 
Madhuca longifolia is commonly known as butter tree, 
colloquially called Mahuya belongs to the family 
Sapotaeceae and widely distributed across various 
regions of India in arable and plaeotropic lands. It is a 
large, shady, deciduous tree. Main phyto-chemical 
composition of Mahuya includes tannins, saponins, β-
amyrin, β -amyrin acetate, β -amyrincinamate, β -
amyrindecanate, betullic acid, ursolic acid, stigma 
sterol,- β carotene and quercetin (Reddy et al., n.d.). 
The distilled liquor from flowers brings the fame for the 
tree and widely used to prepare household vinegar. The 
distilled juice of flowers is considered as tonic with 
nutritional value. Mahuya preparations are used to 
remove intestinal worms, treating respiratory infections 
and other aliments in Indian folk medicine (Yadav et 
al., 2011b, 2011a). Phyto-components like madhucic 
acid (pentacyclic triterpenoid), madhusha zone 
(untypical isoflavone) and glycosides present in 
Mahuya flower extract were shown to have medicinal 
beneficial effects like antioxidant and anti-diabetic 
properties (Ramadan et al., 2016).  
Considering the different health beneficial and 
medicinal properties of Butea monosperma and 
Madhuca longifolia, in this current work, the direct 
effect of these plants’ flower extracts on the common 

enteric pathogens was explored in details by studying 
the growth inhibition pattern, effect on generation time, 
inhibition of biofilm formation of the enteric 
pathogenic bacteria like Shigella flexneri, Salmonella 
enterica Typhimurium and Pseudomonas aeruginosa 
taking E. coli K12 as the control type. 

MATERIALS AND METHODS 

A. Preparation of flower extracts 
Butea monosperma and Madhuca longifolia fresh 
flowers were collected from Betla, Jharkhand, India. 
300g of each type of flower was shade dried thoroughly 
for 6-7 days. The dried materials were crushed properly 
and soaked in 300ml methanol for 3 days to dissolve 
the constituents completely. After that, the extracts 
were filtered twice and concentrated up to 30% using 

rotary evaporator. These concentrated extracts were 
further made into powdered form by freeze drying. For 
experimental purposes, these extracts were dissolved in 
dimethyl sulphoxide (DMSO) to prepare 1mg/ml stock 
solution and this was diluted in DMSO accordingly. 

B. Antibacterial assays 
Antibacterial assays including effect on bacterial 
generation time, minimal inhibitory concentration 
(MIC), minimal bactericidal concentration (MBC), 
inhibition of bacterial growth by agar diffusion and 
anti-biofilm formation activity assay were performed 
following usual procedures. The test bacterial types 
Shigella flexneri, Salmonella enteric Typhimurium, 
Pseudomonas aeruginosa and Escherishia coli K12 
were procured from Division of Bacteriology, National 
Institute of Cholera &Enteric Diseases, Kolkata. The 
common antibiotics like Kanamycin & Tetracycline 
were used to compare the antibacterial efficiencies of 
these extracts. 

Bacterial growth curve assay for generation time 
calculation 
Growth curve and generation time of each of these test 
bacterial types was determined in presence of 
0.25mg/ml of each extract in Nutrient broth. Extracts 
dissolved in DMSO were filter sterilised before adding 
to the broth. Untreated Nutrient broth was used as 
control. Variation in generation time was calculated by 
comparing the bacterial growth in presence or absence 
of the extracts. 

C. MIC & MBC assay 
MIC for each of the bacterial types was determined by 
growing the bacterial types in presence of a range of 
2.5µg-500µg extracts. Similarly, MIC of these test 
bacterial types against the antibiotics was also 
performed with the same range of concentrations. For 
determination of MBC, bacterial samples from the 
corresponding MIC set and next two higher 
concentrations were plated on Nutrient agar plates to 
obtain bacterial colonies. MBC values were determined 
by observing CFU on the nutrient agar plates. 

D. Antibacterial sensitivity assay  
This was determined by agar diffusion assays. Briefly, 
the log phase cultures of each of the bacterial types 
were plated with nutrient agar medium by pour-plate 
technique. After solidification of the media, wells were 
made on agar surface and in those wells various 
concentrations of the extracts were applied. Solvent 
DMSO was used as the control here. 

E. Calculation of sensitivity index (SI) 
 SI = Diameter of Inhibition zone of the extracts Diameter of 
Inhibition zone of the standard 

F. Calculation of relative % inhibition (RPI) 
RPI = 100 (X-Y)/(Z-Y) 
X- Total area of inhibition of test extract 
Y- Total area of inhibition of solvent 
Z- Total area of inhibition of standard 

G. Biofilm formation assay 
Biofilm formation will be estimated by following the 
protocol described by George A. O’Toole (O’Toole, 
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2011). Briefly, test bacterial types were cultured in 
Luria Bertani broth supplemented with 0.25mg/ml of 
each extract and incubated o/n at 35ºC in static 
condition. Then after discarding the spent medium cells 
were washed with sterile distilled water twice. Adherent 
cells were stained with 0.1% crystal violet solution for 
10-15 mins, extra stain was washed twice and dried for 
a few hours. Remaining crystal violet was solubilised 
by 30% AcOH and absorbance was measured at 550nm 
against AcOH blank. Bacteria cultured in un-
supplemented Luria Bertani broth were treated as 
control in this case. 

H. Phytochemical assay 
Qualitative tests for the presence of alkaloids, tannins, 
flavonoids, glycosides were carried out following 
standard methods (Harborne, 1984).  

I. Statistical analysis 
Data collected in the study are expressed as the mean ± 
standard error of mean (S.E.M.) and statistical analysis 
was carried out by using one-way analysis of variance 
(ANOVA) method. P value of less than 0.05 was 
considered to be statistically significant. All groups 
were compared with Dimethyl sulfoxide treated control 
group. 

RESULTS AND DISCUSSION 

A. Phytochemical profiling of the plant extracts 

Qualitative studies for various phytochemicals present 
in the flower extracts of palash and mahuya showed the 
presence of alkaloids, flavonoids and tannins which is 
represented in Table 1. 

B. Variation in bacterial generation time 
Calculation of generation time of test bacterial types in 
presence of the extracts has shown significant change 
for E. coli K12, S. Enteric & S. flexneri but not for P. 
aeruginosa. The mean generation time has increased 
from 20 min to 48 min respectively for palash and 
mahuya extracts. Similar results were obtained in cases 
of S. flexneri where mean generation has changed from 
36 min to 49 min and 52 min respectively for palash 
and mahuya extracts. For S. enterica mean generation 
time also increased from 28 min to 49 min and 52 min 
for palash and mahuya extracts respectively. In case of 
S. enterica another interesting observation was the 
extension of lag phase which was changed from 2hrs to 
3.5hrs & 3.8hrs for palash and mahuya extracts. Growth 
of P. aeruginosa in presence of both palash and mahuya 
extracts resulted in increase in generation time but that 
was not very significant since it only changed from 42 
min to 47 min and 47 min respectively for palash and 
mahuya extracts. The changes in the generation time 
resulted here is represented in Fig. 1 where mean results 
from three independent experiments have been shown. 

Table 1: Phytochemical constituent analysis of B. Monosperma & M. longifolia flower extracts. 

 

 

 

 

 

+ indicates presence or positive reaction, ++ and +++ indicates presence in higher degree, - indicates absence or negative reaction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Effect of mahuya and plash extracts on the mean generation time of E. coli, S. enterica, S. flexneri and P. 
aeruginosa. 

Parameters Test 
Result 

B. monosperma M. longifolia 

Alkaloids Wagner’s Test ++ +++ 
Tannins Lead acetate Test ++ ++ 

Flavonoids Aluminium chloride Test ++ + 
Glycosides Borntranger Test - - 
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C. Determination of MIC and MBC 
For determination of MIC, 10ml of NB with or without 
the palash and mahuya extracts was inoculated with 
0.1ml of each of the bacterial types. The final 
concentrations of the plant extracts used here were 2.5, 
5, 10, 25, 50, 100, 150, 200, 250, 300, 400 & 500 
µg/ml. The MIC value of the common antibiotics 
kanamycin and tetracycline against these test bacterial 
types were also determined for comparison using the 
same range of antibiotic concentrations. The results 
indicated that, mahuya extract has proven to be more 
efficient in inhibiting the bacterial growth compared to 
palash extract and antibiotics used here. The MIC for 
mahuya in case of pathogens like S. enterica, S. flexneri 
was 50-100µg/ml & 100-150µg/ml and for P. 
aeruginosa it was 150-200µg/ml, whereas MIC for 
kanamycin against these bacteria were 25-50 µg/ml and 
for tetracycline it was 10-25 µg/ml for S. enterica and 
S. flexneri and 50-100 µg/ml for P. aeruginosa. The 
MIC values for palsh extract was also smaller than 
antibiotics but was comparatively higher than the MIC 
values of mahuya extract. The results showing the 
different values are summarized in Table 2. 
MBC was assayed by growing the test bacterial types 
with the plant extracts concentrations just higher than 
the MIC value and then counting the CFU after plating 
each set on nutrient agar plate. The concentration of the 
plant extract where no growth was observed on the 
nutrient agar plate was considered as the corresponding 
MBC. The resulted MBC values for S. enterica, S. 
flexneri and P. aeruginosa were found to be 100; 125; 
225µg/ml for palash extract and 100; 150; 180µg/ml for 
mahuya extract respectively. The detailed results for 
MBC values are represented in Table 3. 

D. Antibacterial sensitivity assay by agar diffusion 
Antibacterial sensitivity assay by agar diffusion has 
also resulted in significant efficiency of palash and 
mahuya extract to inhibit the growth of the test bacterial 
types. The zones of bacterial growth inhibition induced 
by plant extracts were maximum in case of E. coli K12 
which was the reference strain and the inhibition zones 

in cases of S. flexneri and S. enterica were found to be 
slightly lesser than that of in case of E. coli K12 but the 
values were significant to consider the inhibition 
efficiency of palash and mahuya extracts by in 
comparison to the antibiotics as shown in Table 4 in 
terms of activity indices. The growth of P. aeruginosa 
was also inhibited by the plant extracts but the effect of 
both of the plant extracts on P. aeruginosa was less 
compared to the other test bacterial pathogen studied 
here. Control sets were prepared by using the solvent 
DMSO. Antibacterial sensitivity is also demonstrated 
by calculating the relative percentage inhibition (RPI) 
(Table 4) considering the solvent effect and by 
comparing with the inhibition induced by equal amount 
of the standard antibiotic kanamycin and this is 
depicted in Table 4. Here also the relative highest 
inhibition was shown in case of the reference bacteria 
E. coli and mahuya extract could show greater relative 
inhibition than palash extract as the pathogens S. 
enterica and S. flexneri were inhibited by 68.5% & 
79.7% and 46.05% & 58.2% by palash and mahuya 
extracts respectively. P. aeruginosa growth inhibition 
was observed to be least amongst the pathogens since it 
cloud be inhibited by only 41.36% and 52.28% by 
palash and mahuya extracts respectively (Fig. 2). 

E. Biofilm formation assay 
Biofilm formation is considered as a crucial step for 
pathogenesis of enteric and other pathogens. Successful 
biofilm formation by pathogens eases the infection and 
subsequent growth and multiplication of pathogens 
inside the host. In this current study, it was observed 
that, the flower extracts possessed anti-biofilm forming 
activity too against S. enterica, S. flexneri and P. 
aeruginosa and also E. coli K12. The biofilm formation 
could be inhibited almost 50% in case of S. enterica, S. 
flexneri & E. coli K12. For P. aeruginosa, biofilm 
formation was inhibited but only up to 35% suggesting 
that palash and mahuya extracts have anti-biofilm effect 
on all of these test bacterial types but slightly less 
effective against P. aeruginosa. 
 

Table 2: Details of MIC values of B. monosperma & M. longifolia flower extracts against E. coli, S. enterica, S. 
flexneri & P. aeruginosa. 

Bacteria 
MIC value (µg/ml) 

Palash Extract Mahuya Extract Kanamycin Tetracycline 
E. coli 25-50 25-50 2.5-5 5-10 

S. enterica 50-100 50-100 25-50 10-25 
S. flexneri 50-100 100-150 25-50 10-25 

P. aeruginosa 150-200 100-150 25-50 50-100 
 
Table 3: MBC values of B. monosperma & M. longifolia flower extracts against against E. coli, S. enterica, S. 

flexneri & P. aeruginosa. 

Bacteria MBC value (µg/ml) 

Palash Extract Mahuya Extract 
E. coli 50 50 

S. enterica 100 100 
S. flexneri 125 150 

P. aeruginosa 225 180 
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Table 4: Activity Indices of B. monosperma & M. longifolia extracts on the test bacteria E. coli, S. enterica, S.  
flexneri & P. aeruginosa. 

 

Fig. 2.  Antibacterial sensitivity assay of palash and mahuya extracts against E. coli, S. enterica, S. flexneri and P. 
aeruginosa by agar diffusion method. 

The anti-biofilm formation activity of palash and 
mahuya extracts has been summarized in Fig. 3. 
Another aspect of biofilm formation, the swarming 
motility was also studied in case of P. aeruginosa, since 
swarming motility of P. aeruginosa is considered as an 
important factor in it’s biofilm formation and 
subsequent pathogenesis. 
It was evident from the above results that, the flower 
extracts of palash and mahuya have shown significant 
levels of antibacterial effects. The antibacterial effect 
was highest in case of the laboratory strain E. coli K12 
since the other bacterial types S. flexneri, S. enterica 
and P. aeruginosa are known for their pathogenic 
potential. These pathogenic bacteria evolve with many 
strategies to sustain in the host system and combat the 
hosts’ responses during their pathogenesis.  
Here in this particular study, palash and mahuya flower 
extracts could inhibit the growth and multiplication 
process of the above mentioned enteric pathogens 
which is evident from the increase in mean generation 
time i.e. almost doubling the generation time for S. 
flexneri and S. enterica suggesting that the extracts 
have some bio-active components which can inhibit the 
pathogen multiplication notably. The growth of P. 
aeruginosa was not inhibited as much as the other two 
pathogens used in this study- this may suggest the 
uniqueness of P. aeruginosa in withstanding the 
inhibitory effect exerted by the flower extracts. 

The study of MIC and MBC values is also suggestive of 
the fact that, these extracts were almost equally 
effective. The notable observation was that these 
extracts were effective at microgram levels. Here also 
the interaction of these extracts with P. aeruginosa 
shown that, the MIC value was relatively higher than 
other two pathogenic bacterial types. Similar results 
were also obtained for standard antibiotics against P. 
aeruginosa. Effect of mahuya leaf extract was studied 
by earlier research also showed the inhibitory properties 
on bacteria like E. coli and Staphylococcus aureus but 
these were laboratory strains not the pathogenic ones. It 
showed that the effective minimal concentration of leaf 
extract was 0.35mg (Swarnalatha, n.d.) but here in this 
study palash and mahuya flower extracts proved to be 
even more efficient since the MIC value observed was 
in the range of 100µg/ml for the test bacterial samples. 
Bacterial growth inhibition study by agar diffusion 
method has also indicated that, these extracts could 
significantly reduce the growth of pathogens S. enterica 
and S. flexneri but growth inhibition observed in case of 
P. aeruginosa was slightly lesser than other two 
pathogens. Activity indices at 100µg/ml level against S. 
enterica was 0.83 for palash extract and 0.89 for 
mahuya extract implying that pathogen growth was 
reduced notably by these extracts.  

Bacteria 
Mean diameter of inhibition zone (mm) AI (Palash 

Ext) 
AI (Mahuya 

Ext) Palash extract Mahuya extract Kanamycin 

E. coli 29±0.8 32±0.4 33±0.5 0.87 0.97 

S. enterica 26±0.6 28±0.5 31.3±0.6 0.83 0.89 

S. flexneri 18±0.6 18.5±0.7 29.5±0.3 0.61 0.63 

P. aeruginosa 17±0.3 19±0.2 23±0.5 0.74 0.82 
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Fig. 3.  Inhibition of Biofilm formation by palash and mahuya extracts on E. coli, S. enterica, S. flexneri and P. 
aeruginosa. 

This was also further strengthened by relative 
percentage inhibition (RPI) where S. enterica and S. 
flexneri were shown to be inhibited by 68.5% & 79.7% 
and 46% & 58.2% by palash and mahuya extracts 
respectively. Other studies have shown that, extracts of 
various parts of palash plant have inhibitory effect 
against the common bacteria like Bacillus subtilis, 
Staphyloccus aureus and Bacillus cereus (Dave et al., 
2019). 
Inhibition of biofilm formation has been the most 
crucial aspect of this study since the biofilms developed 
by the pathogens is a key step in rooting themselves in 
the host system. Successful biofilm development 
actually changes the pathogenic bacterial behaviour in 
the way that they start to behave as a community not as 
the single cell and this change in bacterial behaviour 
helps them to combat many drugs and multiple host 
responses. If a compound can inhibit this biofilm 
formation and development, the potential of the 
pathogen in manifesting the disease becomes 
significantly lesser. In this context, the present study 
adds the role of palash and more importantly mahuya 
extract which have crucially decreased the biofilm 
development by S. flexneri, S. enterica and P. 
aeruginosa. 

CONCLUSION 

The present day scenario of growing multiple drug 
resistance amongst various bacterial pathogens places a 
challenging task to treat most of the bacterial diseases. 
To overcome this problem, the trend of using 
complementary and alternative medicines is expanding 
in many developing countries in recent years. In this 
aspect, the ethnomedicinal values of these plants may 
be revisited following their usage from ancient times. 
This particular study throws light on the usage of 
flower extracts of B. monosperma and M. longifolia 
against the important enteric pathogens and most 
significantly against the pathogen P. aeruginosa. The 

findings from this study will be helpful in strengthening 
the research on alternative medicines which demands 
the further detailed profiling of these types of bio-active 
compounds in combating various diseases in future. 

FUTURE SCOPE 

The uses of chemotherapeutic drugs have become the 
choice of modern day medical treatments but it is also 
well established that, consumption of these drugs cause 
moderate to severe side effects. The bio-active products 
of herbal and plant origin, known from ancient times, 
do not have such severe side effects. From this point of 
view, it may be taken into account that, the flower 
extracts discussed in this study can be considered as 
effective alternatives in present scenario. The 
combinatorial usage of these extracts along with 
suitable chemotherapeutic drugs may also attract 
research interest in future. Also, there may be further 
researches required to specify the particular molecular 
pathways by which these extracts show antimicrobial 
activities and also dose and form of the extract to be 
used for medial trials with animals as well as humans. 
These studies may show the pathway of a greener 
approach in treating various microbial enteric diseases 
in future. 
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Abstract
The safety of street food is an important aspect in the field of nutrition security. A cross sectional 
study was conducted among street food vendors around the medical colleges of Kolkata selected by 
simple random sampling. Data were collected by interviewing the selected food vendors with the 
predesigned schedule and observation. Microbiological analyses of food samples selected randomly 
from seventy five vendors were carried out. Food vendors unwilling or abstaining from the interview 
could not be selected in this current study. None of the food vendors used head cap or apron or hand 
gloves during preparation or selling of foods. Only 25.33% of food vendors covered the foods after 
preparation. Most of the vendors were cleaning their serving utensils in stagnant water of bucket. 
The continuous re-use of same stagnant water for washing non-disposable utensils led to deposition 
of food materials on them and this increased the chance of chemical and microbial contamination as 
well as enhanced the food borne intoxication. Half of the food samples were contaminated with the 
organisms causing Food Borne Diseases. Significant relationship was found between various hygienic 
practices and presence ofprobable food borne pathogenic bacteria. Approximately 81% of the food 
vendors did not have clean nails and nor did they use gloves for food service resulting in increased 
chances of microbial contamination in the foods. Also, the amount of food vendors using the leftover 
food of previous day was 44% meaning a significant decrease in food quality due to mixing of leftover 
foods. So, the hygienic practices of the food vendors around the medical colleges of Kolkata were very 
poor and foods served were contaminated.
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INTRODUCTION

 The Food and Agriculture Organization 
of United Nations (FAO) defines Street foods as  
ready-to-eat foods and beverages prepared and/or 
sold by vendors and hawkers, especially in streets 
and other public places. Street food retailing is wide 
spread in urban areas of developing countries.1 It 
provides cost effective source of nourishment 
especially for the low-income workers of the urban 
poor populations.2,3 According to a 2007 study 
from the FAO, 2.5 billion people eat street food 
every day all over the world. Since it is obvious 
that proper hygienic quality of street vended 
foods is questionable, these may lead to food 
borne diseases which remain a major public health 
concern globally especially in case of diarrheal 
diseases. So, the safety of street foods is the most 
important aspect in the field of nutrition security. 
Ensuring food safety has been recognized as an 
important component in protecting the health of 
the people.4

 According to National Policy for Urban 
Street Vendor/Hawker, in India, street food 
vendors constitute approximately 2% of the 
population of a metropolis.5 Street foods are 
conceived as major public health concern since 
there is lack of infrastructure in assessing and 
monitoring large number of street food vendors 
due to their mobility, miscellany and transitory 
nature.6,7

 The eating habits of a considerable 
number of people in Kolkata have changed like 
many metropolises due to increase in city’s 
labour force and other mandatory aspects. 
Street foods area adopted chiefly because they 
are inexpensive, the taste is acceptable and they 
are conveniently available wherever people are 
gathered purposefully(schools, marketplaces, 
railway stations and office centers’). In Sealdah 
area, Kolkata, 1 to 2 % of the consumers spent 
between Rs. 1,500 to Rs.2,000 per month on street 
foods. On an average, regular consumers spent Rs. 
750 on street foods per month.
 Most of the studies done on street 
foods in India and abroad had indicated that 
these foods were not meeting the recommended 
microbiological standards and were contaminated 
with various pathogens viz. E. coli, Vibrio cholerae, 
Salmonellae, Listeria sp., etc. bringing mortality 

worldwide.8 The microbiological status of the food 
has been reported to be dependent on several 
factors like quality of raw material; handling and 
processing of food, microorganisms those survive 
the preservation and storage treatment, post 
process contamination.9 The recent cases of food 
poisoning in Kottayam district of the state of Kerala 
and very recent street food poisoning incident 
in Koderma district of Jharkhand emphasize the 
poor knowledge of food safety, hygiene and 
microbiological quality of the foods served. Also, 
the food poisoning case in a religious gathering 
in Maharastra may be considered as an example 
of lack of concept of proper food hygiene 
amongst common people.10 There is a gross lack 
of awareness of epidemiological significance 
of street foods and no concept of food hygiene 
and safety measures along with very little public 
awareness about the safety of foods vended in 
streets. Earlier epidemiological studies suggest 
that, this poor knowledge about street food safety 
and host-pathogen relationship could lead to cases 
of food poisoning. There had been incidences of 
food poisoning outbreaks from street foods in 
Shangdong province (China) where 691 outbreaks 
were recorded along with 49 deaths during the 
span of 1983 to 1992.11 Besides direct health 
consequences, these food borne illnesses can 
reduce the productivity and economic output, 
and also impose substantial stress on health care 
system.12,13 Identification of precise sources of 
microbial contamination is crucial when devising 
strategies to reduce further outbreaks.

MATERIALS AND METHODS
 
 A cross sectional study was conducted 
among the street food vendors around the medical 
colleges of Kolkata who sold ready to eat foods 
especially in the street or market or any public 
place.
 The duration of the study was two months 
from January 2020 to February 2020, since this 
period of the year becomes dry with lesser amount 
of moisture in the environment and chances of 
microbial contamination gets decreased. The aim 
of the study was to check the hygienic condition 
especially in the microbiological context at the 
time where chances of contaminations become 
lower due to environmental factors.
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 Taking prevalence (p) = 23; as indicated 
in an earlier similar study conducted in Kenya 
by Muhonja and Kimathi14 and absolute error as 
10%, the sample size was determined by using the 
formula n = (1.96)2pq/L2 and it was 68. [Prevalence 
(p) =23%, q= (100-p) = 77%; L= estimate of 
precision, here taken as 10%.]By considering the 
non-response cases as 10% of the total sample; 
the revised sample size was 75.
 There are seven medical colleges in 
Kolkata. The total number of food vendors around 
(within 50 metres radius) all medical colleges were 
listed and 75 food vendors were selected by simple 
random sampling.
 There were two parts of this study- first; 
assessing the hygienic practices of the street 
food vendors and the microbiological analyses of 
selected food samples to check the food safety. 
Assessment of hygienic practices was done 
among 75 randomly selected food vendors and  
food samples for microbiological analysis were 
collected from 30% of food vendors selected by 
simple random sampling as similarity of food 
vending operations and poor hygienic conditions 
along with concept of food safety were observed 
amongst various food vendors examined. The gross 
activity of mesophilic bacteria usually stays low 
during the winter season in January and February 
at Kolkata. The study aimed to determine the 
microbiological standard of street foods even in 
that weather condition when chances bacterial 
contamination usually keeps low.

Data collection
 Data collection was done in two 
ways- direct observation and interview with 
predesigned, pretested schedule. Confidentiality 
of the responses was assured. The data were 
collected specially on demography, sources of 
water, display of food items, types of serving 
plates, mode of washing plates, management of 
left-overs and personal hygiene.

Food sample collection procedure
 Food Sample collection for bacterial 
analysis was performed during the month of 
January and February, 2020. The average outside 
temperature during that period was 26°C. The 

microbiological studies were conducted during 
the end of February and beginning of March, 
2020. Generally, the food samples were taken 
at the time of lunch. The foods of interest were 
purchased from the street vendors as it is for self-
consumption. After the collection food samples 
were carried to the laboratory in pre-sterilized, 
labeled containers. The collected food samples 
were brought to the laboratory as soon as possible 
and kept in refrigerator but not for more than 36 
hours.

Microbiological analyses
 For microbiological analyses detection 
of E.coli, Staphylococcus sp., Shigella sp. and 
Enterobacter sp. were emphasised since these 
are well known for water and food borne 
contaminations.15 Briefly, food samples were 
weighed at first and then pH of the foods were 
measured. Each sample was thoroughly mixed with 
calculated volume of sterile distilled water. Serial 
dilutions of samples were prepared for further 
analysis. After serial dilution, the diluted samples 
were transferred to the Nutrient Agar plates, and 
incubated at 37°C for overnight. After incubation 
the numbers of colonies were counted on the 
plates. The isolated colonies of microorganisms 
were transferred to fresh Nutrient agar plate for 
maintenance and further characterisation. For the 
identification of bacteria, the isolated colonies 
were morphologically characterized, e.g. colonial 
growth and pigmentation. The bacterial isolates 
were primarily characterized by Gram staining 
procedure using compound light microscope with 
oil-immersion objective. The different media used 
for this microbiological analysis were EMBagar, 
MacConkey agar. In biochemical characterization, 
Catalase test, IMViC test, Starch hydrolysis, 
Carbohydrate fermentation (lactose, sucrose, 
dextrose) was also performed. Presence of Lactic 
acid bacteria in curd related foods were analysed 
by using MRS medium in an aerobic condition.

Statistical analyses
 Correlation between presence of food 
borne pathogens and various hygienic factors were 
assessed by logistic regression analysis using ‘R’.
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RESULTS AND DISCUSSION

 Out of the 75 street food vendors 
interviewed, 89.33% were male and 10.67% were 
female. Majority of the food vendors (56.00%) 

belonged to 40-60 years’ age group followed by 
41.33% in the age group of 20-30 years.
 36% of the study population was selling 
puri/paratha/muri/ghoogni/daal/alurdam. 12% 
vendors sold sugar cane juice/lassi. 16% of 

Table 1. Overall hygienic practices of the food vendors (n=75)

Attributes  Frequency Percentage

Nature of foods Hot 11 14.67
 Cold 13 17.33
 Both 51 68.00
Types of plates for Disposable 23 30.67
servings foods Non-disposable 38 50.67
 Both 14 18.67
Process of cleaning of By dropping in same 48 92.31
serving plates (n=52) buckets
 Under running water 4 7.69
Presentation of food items Exposed 26 34.67
 Covered 19 25.33
 Both 30 40.00
Management of left-overs No left over 32 42.67
 Used on next days 33 44.00
 Eat at home 9 12.00
 Thrown away 1 1.33
Fly Nuisance Yes 35 46.67
 No 40 53.33
Cleaning of hands With cloths 51 68.00
 With water 21 28.00
 With soaps 3 4.00
Water source for cooking Tap water 73 97.33
 No water (sold ready- 2 --
 to-eat foods)

Figure 1. Diversity of food items sold by street food vendors
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them sold Rice, 17.33% sold tea, biscuits, bread/
eggtoast, and 5.33% sold fast-foods and remaining 
were selling other things like sweets, cake, etc. 
(Figure 1).
 All the food vendors used tap water for 
drinking. 73 vendors out of 75 were using tap 
water for cooking and remaining two were not 
using water for cooking because they sold ready-
to-eat packaged food (Table 1). Tap water was used 
for was hing plates by 100% of the food vendors 
who were not using disposable plates.
 Most of the food vendors (88%) carried 
water by drums from the water sources to their 
business premises. 8% used bottles and 4% bucket 
for this purpose. Muindeand Kuria’s study found 
water was ferried from homes of the street food 
vendors because no potable water was available at 
their areas of operation.16 They reported that 86% 

food vendors in their survey were using tap water. 
This mainly depends upon the socio economic 
status of the vendor as well as the family. This also 
concurred with the study conducted by Bryan et 
al. and Abdalla et.al.8,17 Water may be a source of 
E. coli, Campylobacter sp. and previous studies 
have indicated the scarcity of potable water at 
many regions of Asia, Africa, South America to be 
used by street food vendors for various purposes.18 
Indian studies have also shown the presence of low 
potability of water with respect to microbiological 
standards used for drinking and dish washing 19,20 
at street food vending stalls which is similar for 
most of the cases observed in this study too.
 96% of the vendors were selling food 
on road. Twelve out of seventy five, sold food 
near open drains and seven vendors sold food 
near garbage. So, there was a high chance of 

Table 2. Relation between hygienic practices and 
presence of food borne pathogens

Attributes R2 value

Vendors used clean clothes 1.27#
Mode of hand cleaning 2.069**
(soap/only water/only a cloth)
Vendors used left-over foods on 1.761**
next day
Fly nuisance present in the food 2.954**

**indicates p<0.05 & # indicates p>0.05

Figure 2.Distribution of food vendors according to type of food items

Table 3. Average total bacterial count in various food 
items

FoodItems Average ln CFU/ml or 
 ln CFU/g ± SD

Ghooghny 15.570 ±0.75
Bread 17.296 ±0.87
Egg Toast 15.229 ±0.56
Rosogolla 11.775 ±0.65
Sugar Cane Juice 17.182 ±0.84
Chhatu Sarbat 16.639 ±1.05
Lassi 9.210 ±0.43
Fruit Juice 16.643 ±1.03
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contamination of food with dust, vehicle exhausts, 
pathogenic microorganisms etc. So it was evident 
that, usually food vending conditions for several 
vendors were unsuitable and this type of scenario 
was reported earlier also relating to food borne 
diseases.19,21 It was observed in this study that, in 
many cases the same vending place is utilized by 
several vendors sequentially promoting chances 
of cross-contaminations.
 14.67% of vendors served hot foods and 
17.33% served cold foods (Figure 2). Selling of 
hot foods may decrease the chances of microbial 
contamination but heating and cooling down a 
food item in repeated cycles may also decrease 
the quality of food considerably.22 The cold or 
ambient temperature foods may have great chance 
of microbial contamination along with other 
types of contaminations. Inadequate reheating 
of stored foods during the busy periods with high 

demands and obviously to save fuel as observed 
in this case, may also become a cause for bacterial 
development in the food. Similar observations 
contributing to increase in microbial load in such 
street foods were reported earlier too.23

 Among vendors using non-disposable 
(Figure 3) plates 92.31% were cleaning their 
serving utensils in stagnant water of bucket (Figure 
4); (Table 1). Comfort O. Chukuezi found that the 
47.62% of the vendors washed their utensils with 
dirty water which was recycled.24 Properly cleaned 
utensils and cooking as well as food vending 
equipments are required for maintenance of food 
safety. The status of utensils observed in this study 
was not satisfactory with respect to sanitary and 
hygienic standards as poorly cleaned utensils in 
stagnant water may contain residual food items 
and can facilitate microbial growth as well as 
generation of bacterial exotoxins and needless to 

Figure 3. Street food vendors according to use of different types of plates for serving foods (n=75)

Figure 4. Street food vendors according to the process of cleaing serving plates (n=52)
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say cross-contamination similar to some previous 
studies.11

 For the protection of foods from 
microorganism, dust, flies it is desirable to keep 
the foods covered. 34.67% of the food vendors 
kept food open and 25.33% covered the foods 
(Figure 5). 40% of the vendors kept some foods 
open and some covered (Table 1).
. 42.67% of the food vendors usually 
had no leftovers. A good percentage (44%) of 
vendors kept the left-overs for the next day use, 
1.33% threw away the left-overs and 12% took 
the leftovers at home. As a very high percentage 
of food vendors served their leftover in next 
day, the freshness of foods was not there and 
quality was compromised. Comfort O. Chukuezi 
also found same kind of results where 42.86% 
had leftovers for serving the next day with poor 
storage facilities. The reason behind this may be 
due to poor socio-economic status and to reduce 
the cost they used the leftovers on the next day. 

This concurred with the study of Muinde & Kuria 
which revealed that 35% of the vendors had left-
over.16 Out of those, 32.1% reported consuming 
them and the rest stored them for the following 
day’s sale. Consumption of left-over food on next 
day may impose the chances of contamination and 
degradation of food quality as a whole but these 
points were not seemed to be considered by the 
food vendors. Storage of unsold foods for next day 
or next round of business was obvious amongst 
the street food vendors here but usually storage 
conditions were improper leading to high microbial 
growth of diverse types. This practice of storing 
left-over foods was also identified in previous 
studies and significant microbial load was reported 
in Pakistan.25-27 The hot and humid weather of 
Kolkata city almost round the year also supports 
this type of microbial development on the left-
over foods. A study based on Chandigarh reported 
about the marked increase of microbial load 
on storage for 16-24 hrs and principal bacterial 

Table 4. Selected bacterial types in food samples tested

No. Food Items Avg. pH          Probable bacterial types

   E. coli Staphylococcus Shigella Enterobacter 
    sp.  sp.  sp.

1. Ghooghny 5.22 + + - +
2. Bread 5.20 + + + -
3. Egg Toast 6.30 - - + +
4. Rosogolla 5.40 - - - +
5. Sugar Cane Juice 3.90 - + - +
6. Chatu Sarbat 5.80 - - + -
7. Lassi 4.35 - + + -
8. Fruit Juice 3.20 - - - +

Figure 5. Street food vendors according to the presentation of food items (n=75)
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types identified were Salmonellae, Shigellae, 
Pseudomonas etc. as enteric pathogens.11 A recent 
study carried out in Lucknow, UP also speculated 
about the chances of contamination by faecal food 

borne pathogens due to the filthy conditions of 
street food vending both in the personal as well 
as community hygiene aspects and regarded the 
street food mostly as unhygienic.28

Table 5. Relation between food vending strategy with potential hazard and probable microbiological threats

Attributes Potential Hazard Probable microbiological threat

Water and raw materials used Inappropriate  Transmission of enteric pathogens like faecal E.coli,
(Principally tap water was used waste disposal Salmonella enterica, Shigellasp, faecal Streptococci, 
and washing of non-disposable Vegetables and Vibrio cholerae etc.
plates insame water for several raw food materials Probability of passage of spore formers like 
times)  Bacillus, Clostridium, food borne Listeriae etc.
Utensils & other  Chemical  Leaching of chemicals from the utensils due to 
equipments contamination and repeated cycles of heating and serving foods 
 severe  without considering the quality of the utensils. 
 Environmental  Most importantly, damage to the environment due
 pollution  to improper disposal of non-degradable plastic 
  and other polymeric food plates.
Food storage &  Improper storage  This may lead to growth and multiplication of food
reheating condition of foods  borne intoxicants like Clostridium botulinum and
  and reheating  Staphylococcus aureus which can lay the potent 
  and moderately heat stable bacterial toxins in the 
  foods.
Personal Hygiene Bacterial & parasitic Unclean nails and unhygienic & dirty cloths may 
(Mostly dirty clothes  hazards lead to contamination by Staphylococci, Entamoeba
and aprons used)   and helminths
Food vending location Indecent food  Dirty and unhygienic locations as near to garbage 
(Near garbage and open handling or open sewage passage may lead to cross-
 sewages)  contamination involving microbes facilitating 
  faecal-oral routes and also vector-borne diseases 
  due to fly nuisance.

Figure 6. Personal hygiene of food vendors according to cleanliness of nails
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 Personal hygiene is an important aspect 
to everybody and it is very essential for food 
vendors because poor personal hygiene increase 
the contamination greatly. In this study, none 
of the food vendors used head cap or apron 
or hand gloves during preparation or selling of 
foods indicating lack of proper personal hygiene. 
Previous studies have shown that, use of aprons, 
gloves or head cap during serving the food items 
was practiced by only small proportion of the 
food vendors and this practice of not following 
the use of gloves or head cap or aprons led to less 
safety of street,24 since they found that 42.86% 
did not use aprons; 47.62% handled food with 
bare hands and 52.38% wore no hair covering 
while 61.90% handled money while serving 
food. Hygienic practices of street food vending 
of densely populated cities were also found to 
be similar as demonstrated in a previous study in 
China where low financial condition of the vendors 
was identified as a potential cause of ill hygiene of 
street foods.29

 Only 20% of food vendors wore clean 
clothes and remaining (80%) wore unclean clothes. 
82.09% of the male food vendors wore clean 
clothes. On the other hands 62.50% of female 
food vendors wore clean clothes. Wearing of 
metallic jewellaries during food handling may not 
be considered as hygienic since food materials 
may get deposited on the jewellaries and stick to 
those leading to increased chance of microbial 
contaminations and biochemical reactions 
occurring on the metallic jewellaries due to 

microbial growth can lead to chemical poisoning 
and this was also observed previously.24

 The nails of the maximum number of food 
vendors were not clean and they were handling 
the food without gloves. 82.09% of the males and 
75% of females and in total 81.33% of food vendors 
did not have clean nail. 17.91% of males and 25% 
of females and in total 18.67% of the vendors 
possessed cleannails (Figure 6). Handling of foods 
in unsanitary ways such as using dirty hands, 
unclean nails, use of old and dirty aprons, gloves 
are considered as sources of contaminations as 
reported in a few studies.18

 It is necessary aspect of personal hygiene 
to wash the hands properly before handling 
the food items to minimise the possibility of 
contamination of foods. But as shown in the study 
found that most of the food vendors cleaning hands 
with filthy clothes and very few of them washed 
their hands by soap before preparation of foods 
(Figure 7). The female street food vendors were 
found to be little bit more hygienic as compared 
to male food vendors. The personal hygiene and 
properly maintained food vending stalls in relation 
to street food safety was a concern as depicted in 
South Africa too where almost 76% of the street 
food vendors had very little knowledge about 
food safety and consequently led to poor sanitary 
quality of street foods.30

 46.67% of the food vendors had fly 
nuisance (Table 1) and this might come out to 
be a serious problem in terms of hygienic quality 
of the foods. Since flies may bring about serious 

Figure 7. Distribution of food vendors according to hand washing hygiene
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concerns in the hygienic condition of the food by 
contaminating the foods with many dirty materials 
like sewage and faecal matters. This also increases 
the chance of contaminating the food materials 
with probable food borne pathogens. In this study, 
it was observed that fly nuisance had significant 
relation with the presence of probable food borne 
pathogens (Table 2).
 The bacterial load in sugar cane juice, fruit 
juice, chhatu-sarbat was relatively higher as they 
were not served as a hot food and compared to 
the other food items; the water content of these 
foods is high too. The bacterial load of Rosogolla 
was less which might be due to presence of sugar 
into it where sugar acted as a natural preservative.
 Total bacterial count in rosogolla (solid 
food category) and lassi (liquid food items) were 
small compared to the other food items. The 
total bacterial count in the food items assayed is 
depicted in the Table 3.
 Ha l f  o f  the  food samples  were 
contaminated with organisms which may cause 
food borne diseases. Shigella sp., Staphylococcus 
sp., E.coli, were present in lassi, chhatu-sarbat, 
sugar cane juice, rosogolla, egg toast, bread and 
ghooghny of those 24 food samples (Table 4) which 
may cause serious food poisoning. Coli forms 
were found in 8.33% of the food samples. The 
presence of E.coli in food is chiefly an indicator of 
faecal contamination, concluding that those food 
samples might be faecally contaminated. Previous 
studies have also reported about the presence 
of E.coli in almost half of the samples assayed. 
The total bacterial load depicted here is a serious 
problem form the consumer point of view, since 
the numbers of users of these foods are very high, 
complicating the problems more. FSSAI also do 
not give any such concrete guideline about the 
permissive microbial load in respect of these types 
of foods.31

 The correlation between presence of food 
borne pathogens and various hygienic practices 
was studied. In this aspect, it was observed that, 
except the clothes worn by the food vendors, 
other hygienic attributes played significant roles 
in inducing probable food borne pathogens in 
the foods. Hygienic factors like mode of hand 
cleaning (soap/only water/only a piece of cloth), 
leftover foods and presence of flies in the foods 

contributed significantly in introducing food borne 
pathogens (Table 2).
 The current study illustrates general 
practices of street food vendors around medical 
college and hospitals of Kolkata city. Since street 
foods are basically served with bare hands and 
the hands as well as fingers, nails are the most 
common ways to spread contaminations from 
other parts of the body like nose, lips, mouth, 
legs and faeces too, the hygienic quality is of 
utmost importance which is also in accordance 
with the data published by WHO.31 Here we have 
observed that, hygienic condition of the hands 
is very poor amongst most of the studied street 
food vendors which increased the chance of 
contamination by organisms like E. coli, Listeriae, 
Salmonellae etc.31,32 Also, the supply of clean water 
for washing hands and utensils maintaining the 
proper hygienic standard according to microbial 
and other aspects is not available at all the places 
in the city enhancing the chance of contracting 
microbial contaminants.8

 Selection of food vending sites as the 
places around busy medical colleges is also 
impactful as major hospitals are associated with 
medical colleges and people are bound to avail 
the facilities available at medical colleges and 
associated hospitals as per medical emergency.

Analysis of hazards and probable microbial 
threats
 Since several attributes of street food 
vendors like type and quality of water, utensils 
used, locations of the vending stalls, serving hot/
cold/reheated foods were thoroughly studied, 
a potential hazard and probable microbiological 
threat analysis is predicted (Table 5) following the 
review work by S. Rane.11

CONCLUSION

 The hygienic practices of the food vendors 
around the medical colleges of Kolkata were very 
poor. Majority of the vendors did not maintain 
proper personal hygiene. Foods were not safe as 
half of the food samples were contaminated with 
the bacteria, both fecal and non-fecal, that can 
cause food borne diseases. This might be due to 
lack of proper knowledge regarding food hygiene. 
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Another thing that has to be considered in respect 
of street food vending in Kolkata city is that the 
financial condition of the food vendors is usually 
poor and they look for the profit as high as possible 
with their least possible investment. 
 Therefore, education of the food vendors 
about personal hygiene becomes necessary and 
trainings should therefore, be arranged for the 
street food vendors on various aspects of personal 
hygiene. The state may think about conducting 
such workshops, training programmes involving 
NSS from different educational institutions. The 
FSSAI should also think to frame some baseline 
about the permissive microbial load in these foods 
readily sold in the streets.

Future scope
 This type of studies on larger scale 
may be undertaken in future by the people in 
National Service Scheme from many educational 
institutions. This would help gather the knowledge 
of food safety, personal hygiene for food handling 
and spread the concept of nutrition security with 
respect to potable standard of foods amongst 
the street food vendors of developing countries 
contributing to nation development. Also FSSAI 
may impose guidelines to increase the hygienic 
quality of street foods depending on the results 
of this type of further studies.
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