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Abstract: This review focuses on recent developments arising from studies of fluorescent sensors for different biologically important metal
ions and anions, utilizing ligands containing phenolic unit during last decade. Emphasis is given to phenol based ligands owing to their phenol
to phenolate conversion with respect to pH and in consequent generation of fluorescence property. A number of chemo-sensors based on
phenolic chromophore have recently been introduced in reputed journals.
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|. INTRODUCTION

For the last two decade there has been a significant growth in research related to molecular recognition and molecular signaling.
Chemists, environmental scientist and biologists pay incredible strategic attention to design and synthesis of chemical sensor for
detecting ionic and neutral species in meaningful way.'Chemo-sensing performance based on fluorescence spectroscopy may be
considered as primary research tool owing to its smplicity, high sensitivity, rapid responsive ability and obviously non-destructive
facility.2Such technique is further advantageous not only for ratiometric responses of the analyte but put-in extra feather to find out
the precise low detection limit of the sensing iorymolecule.®Since after rapid modernization, ions and molecules have increasingly
been redistributed in the environment with sufficient accumulation in terrestrial and aquatic habitats, that may often invite adverse
effects on the human health.“On the other hand, some biomolecules in their excessive or :acute storage may alter the actual
metabolic pathway and in consequent undesirable physiological activities are often observed. Undoubtedly, designing and synthesis
of fluorescence chemo-sensor, operable under physiological conditionsis achallenging task. In continuation, the fluorescent probes
could effectively be utilized to study living cells including living organism using bio-imaging studies.®In this short review some
phenol based ligands were discussed as fluorogenic chemo sensor mentioned in the existing literature.

1.1 General approachesfor designing of fluorescent sensors

An ideal fluorescent chemo-sensor must fulfill three basic requirements — first of all, binding selectivity that is the receptor must
have the strongest affinity towards the relevant target. Secondly the signal selectivity that is the fluorescence property should
remain unaffected from the environmental interferences such as sensor concentration and photo-bleaching tendency etc. Finally, it
must be stable under illumination. The fluorescence signal reflected by different pathways like as Photo-induced electron transfer
(PET), & Photo-induced charge transfer (PCT), 7 Intra and intermolecular charge transfer (ICT), ® Exited state proton transfer
(ESIPT), ® Fluorescence resonance energy transfer (FRET) 1° etc. Three different approaches are generally employed to construct
optical sensors for the detection of different analytes (Fig. 1). The most popular strategy involves the chemodosimeter approach
which is based on the irreversible binding phenomenon, usually centered on a specific reaction induced by the analyte of
interest.™' The process is associated with significant chemical modification involving both breaking and making of the covalent
bonds results the formetion of products differing from the gtarting material concomitantly with optically different properties.
Secondly, the drategic use of sensors in which the binding sites and signaling subunits are linked covalently. In this case,
interaction of analyte with the binding site makes a change in fluorescence of the signaling subunit. Last but not the least; a
coordination complex may be used through displacement approach.”?In these case, the introduction of analyte leads to
decomplexation and regeneration of fluorophoric behavior of the signaling unit. However, the development of fluorescence chemo-
sensors for ion/molecule in pure agueous media is much more advantageous compare to those function only in organic
solvents. > Among aforesaid strategies, fluorophoric ligand connected coordination complex-based displacement approach is
probably the best way to develop chemo-sensor for its simple and straight forward mechanism along with readily operable
suitability in physiological condition.'* Hence, design of fluorescent chemo-sensors is an interesting field towards the chemists, not
only because of the potential practical applications in cell physiology and analytical and environmental chemistry, but also as a
proving ground for manipulation and/or engineering of various photo-physical processes toward an ultimate goal of selective and
sensitive signaling of targeted species.
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Fig.1. The three main approaches for sensing purpose: (a) chemodosimeter; (b) Binding site-signaling approach; (c)
displacement approach.

1.2 Brief review of phenol based ligands for chemo-sensoning

A number of chemo-sensors based on phenolic chromophore have recently been introduced in reputed journals. Some of them
are reported as AlI** sensor. Development of simple probes to sense Al3*in vivo and in vitro in real time is highly desirable since
imbalance accumulation of AI** often correlates with variety of neuro-degenerative diseases. A phenol-based chemo-sensor (P1)
with dual PET processes by simultaneous introduction of both nitrogen and sulfur donors were synthesized by Y. Lu et al. The
fluorescence signal of the free chemo-sensor is in its normal-off mode due to sulfur and nitrogen donor mediating PET process.
Added advantage of the probe is that it may operative over a wide pH range from 3-11. A large fluorescence enhancement was
observed for the complexation with AI** owing to the inhibition of PET processes from both the sulfur and the nitrogen donors of

the fluorophore.®
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Fig.2. Scheme for AI®* sensing mechanism

Another interesting phenol-based ligand (P2) was reported by X. J. Zheng et al. as AI** sensor. Here, inhibition of the ESIPT
process by Al®*ion selectively shows fluorescence enhancement.’®Again, P. Ghosh and co-workers developed an ESIPT based
highly sensitive ratiometric fluorescence sensor (P3) for selective Al**detection in acetonitrile as well as in mixed agueous medium.
About 2.3-fold enhancement in emission intensity and lower detection limit ~ 0.5 nM are mentionable features for aforesaid
chemo-semsor.'” Besides, M. Sukwattanasinitt and co-workers have prepared a series of phenolic ligands (Chart-1) for turn-on
A3 sensors, based on metal chelation-enhanced fluorescence (CHEF) effect that inhibit the non-radiative PET and ESIPT
processes.’® Recently H. Hou and his group synthesized 8-hydroxyquinoline based a fluorescent chemodosimeter (P4) for detection
of Al*3ion. The probe exhibits turn-on fluorescence response to AI®* owing to Al**promoted hydrolysis of carbon-nitrogen double
bond.*®Another highly sensitive chemo-sensor based on Schiff-base phenolic ligand (P5) for AI®* detection in HEPES buffer
medium wasre ported by S. Goswami and co-workers.? I n this connection, organic dye chromone connected phenolic Schiff-based
ligand (P6) deserves special attention for exhibiting Al3*chemo-sensingin eco-friendly aguatic environment.?> Another phenol
containing Schiff-base ligand (P7) acts as Al* sensor in 100% agqueous media, reported by H. Wu and co-workers, renders novelty
for its easy applicability to find out unknownAlI3* concentration in river and tap water.?? Notably, in the contemporary period,
anotherAl**chemo-sensor (P8) highlighted in literature for excellent bio-imaging study owing to its excellent cell permeability and
low cytotoxicity.?®In the same Year, D. K. Das et al. reported a novel condensation product (P9) of 2-hydroxy-1-naphaldehyde and
2-aminophenol to detect Al**exclusively in agueous medium. The sensor was well explored for intracellular bio-imaging purpose
using live rat L6 myoblasts cells.?*
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Fig.3. Structural representation of different ligands (P2, P3, P4, P5 and P6)

Phenol-based ligands are also exploited for precise Zn?* detection. M. Ali and co-workers utilized p-cresol containing a Schiff-
base ligand (P10) that was highly selective and sensitive to Zn*? in mixed agueous medium at physiological pH.2A colorimetric
and fluorometric dual signaling probe (P11) for Mg*? and Zn*?was prepared by the same group in 9:1 acetonitrile/water (V/V)
medium. The turn-on fluorescent enhancement for Mg*? and Zn*?2 was reported as 40 fold and 53 fold respectively and sensing
response was nicely explored in-vivo cell imaging.?® R. G. Harrison et al. have synthesized a metal ion sensor (P12) containing
quinoline and pyridylamino phenolic precursor. It was acted as Zn?*sensor in acetonitrile medium and Cd?* sensor in agueous
medium respectively. The unique combination of pyridine and phenol group appended with quinoline plays the pivota role for
imparting fluoro-sensing selectivity.?” T. K. Mondal and co-workers reported a coumarin based chemo-sensor (P13), in dual
switching turn-on mode for Zn*?and HSO,~. Gradual addition of Zn*2 to the probe in acetonitrile-water mixture (1:1, V/V) showed
an excellent fluorescence emission intensity enhancement ~ 27 fold, whereasthat for HSO4‘was 17 fold.?®
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Fig.4. Structural representation of different ligands (P7, P8, P9, P10, P11and P12)

A phenol containing Schiff-base ligand (P14) acts as a chemo-sensor for Zn*? over other competitive metals ions in methanol
water (4:1) mixture was reported by S. C. Bhattacharya et al. using ITC mechanism.?® In contemporary, M. Hosseini and co-
workers have synthesized a water soluble phenol-based ligand (P15) for Zn*2 sensor a 7.2 pH. Interestingly the sensor was
successfully utilized for fluorometric Zn*?determination in water.* A physiologically compatible pyridoxal based Zn?*
fluorescence chemo-sensor, (P16) was reported by S. Goswami and co-workers. It exhibits a turn-on fluorescence response for
Zr?* in ethanol/water mixture. The combined effect of proton transfer between the prevailing tautomeric forms, C=N isomerization
and in consequent metal induced CHEF are responsible for such sensing activity.®! A water soluble Schiff-base (P17), prepared by
the same group using salicylaldehyde and 2-amino-1-ethanol, also acts as Zn*? fluorescence sensor at physiological pH.% An
interesting multi-meta colorimetric and fluorescent sensor (P18) based on Schiff base bearing an “O-N-N”-coordination site was
developed by S. Jiang and his group. This newly designed sensor is a turn-on fluorescence chemo-sensor towards Zn?*. The sensor
is also advantageous for cell-imaging. In addition color changes were observed from colorless to yellow, orange and purple
respectively for selective binding with Cu?*, Zn?*and Ni?* respectively. The corresponding color changes may be utilized for
colorimetric determination. The sensor could simultaneously detect and differentiate three transition metal ions through fluorogenic
(Zr?*) and chromogenic (Cu?*, Zn?*and Ni2*) pathways in agueous medium.33
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Fig.5. Structural representation of different ligands (P13, P14, P15, P16, P17 and P18)

An amino acid appended Schiff base ligand (P19) nicely exhibits its sensing ability for Zn*2 was reported by M. A. Neelakantan
et al. Zn*? ion after complexation in agueous medium avoids the loss of energy via non-radiative transition, resulting fluorescence
enhancement. A. Misra and co-workers reported a phenol based new simple and inexpensive fluorescent probe, (P20) for Zn?
detection, exploiting its promising CHEF/AIEE features. Sensing ability for Zn?* was observed in dual path way in terms of both
colorimetric and fluorometric response in DMF-water (9:1, V/V) medium.® P. Ross et al. have synthesized the ligand (P21)
containing a bis-phenolic moiety linked as side arm to an N,N’-dimethylethylenediamine scaffold. The deprotonated form of the
ligand selectively coordinates to Zn*?and Cd*2 ions in 50% ethanol/water medium, resulting sharp increase in emission intensity.*
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Fig6. Structural representation of different ligands (P19, P20, P21, and P22)

In contemporary, S. Dey and his group have synthesized a novel phenol-based ligand (P22), acting as Zn?* sensor by inhibiting
the ligand assisted PET in mixed agueous solvent with very low LOD.*” M. Shahid and A. Mishra have reported a light stimulated
photo-enolization in phenol containing imidazole system by ESPT induced turn-off-on fluorescence and ratiometric responses for
acetate in mixed agqueous medium.® Later, H. Li and co-workers have synthesized a novel cationic fluorescent probe for
simultaneous detection of SOs2/HSOs; and HSO4 ion with different emission channels. They also reported the fluorescence
response in bio-imaging studies for aforesaid ions in HelLa cells.® The extracellular pH is often acts as a key factor in many
biological processes. In this regard a pioneer work was reported by P. Roy and co-workers.*’ The phenol containing Schiff-base
molecule, acts as a pH sensor and exhibits a strong emission band a 464 nm in Britton Robinson buffer solution (pH 2.0) for400
nm excitation. While increasing pH, the intensity at 464 nm decreases gradually and at the same time, a new fluorescence peak
emerges at 530 nm and 435 nm in acid and basic region respectively. The probe nicely exploited for unknown pH determination for
river water and successfully utilized in bio-imaging studies. It is mentionable that the same group has also designed another Schiff
base probe by dlight ateration of the mother ligand to monitor the unknown pH both calorimetric as-well-as fluorometrically with
better sensitivity.*

During this period a new 2-(2'-hydroxyphenyl)thiazole-4-carboxaldehyde based fluorescent probe was reported in the literature
for sequential detection of AI** and F ions in methanol medium. AI®* was selectively detected through a “switch on” response
driven by the selective complexation of Al®*ions with ligand by ESIPT and CHEF mechanism followed by F ions detected
sequentially through a “switch off” regponse.*? In the same period a new diketopyrrolopyrrole -based dual-responsive colorimetric
and fluorescent “turn-on” chemosensor developed for detection of Fe** ions with high sensitive and selective response based on the
inhibition of PET effect and CHEF effect. It also showed a dramatic color change from purple to red with blue shift in absorption
maxima and a 9.5-fold fluorescence enhancement response to analyte in water medium.*® In next year a considerable amount of
quality research was published in the literature. Phenyl-ethynyl-phenyl based Schiff base sensor was used to detect Cu?* ions in
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water medium with high level of selectivity and sensitivity.** A novel terthiophene-derived chemo- sensor was synthesized by a
group for colorimetric and fluorescent dual-channel sensing of Fe3* and Cu?* ions with low detection limits.
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Chart -1

The chemo-sensor showed a significant fluorescence “turn-on” response to Fe®* and obvious fluorescence turn-off response to
Cu?* with high sensitivity, ultrafast response time and high reversibility. They employed the probe to rapidly and visually determine
Fe** and Cu?* in water based on paper test strips and solid silica gel with good results.*® Based on salicylaldehyde and imidazo[2, 1-
bjthiazole a simple Schiff base was exploited to detect AI** ions through a significant fluorescence enhancement respone via CHEF
and inhibition of PET process and then to identify Cu®* selectively through paramagnetic quenching.® Two new fluorescence
sensors were published by G. Wang and group exploiting benzothiazole moiety identify Fe* through sdlective fluorescence
quenching response. They employed the probes to monitor the existence of Fe** ions in living cells.*” Contemporary a simple sensor
was come to the literature to detect various ions and PPi through “turn on-off” response in mixed medium with paper gtrip test in
tap water.%®
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Fig7. Structural representation of different ligands (P23, P24, P25, P26 and P27)
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A group of Chinese scientists synthesized a fluorescent chemo-sensor based on a bis(salamo)-like tetraoxime to detect selective
metal ions in water medium. It used in double N2O; cavities as sensing elements, which.can be combined with specific metal ions
to achieve ion recognition. It can detect Cu?* ions by fluorescence quenching response, and a test-strip loaded with the sensor is
used to quickly and accurately identify Cu?*. Besides, the chemical sensor also can continuously recognize AI** in the system and
redlize the interference-free identification effect of other trivalent metal ions on aluminum.*® Recently, S. K. Chattopadhyay
reported a Ni-complex containing phenolic unit to detect most toxic cyanide ion in water medium. >

3. Conclusionsand Future Outlook

Among many different types of binucleating ligands and more generaly polynucleating ligands, the phenol-based ligands and
their metal complexes have attracted particularly a great number of researchers. This is due to the key role played by the phenolic
group which has many useful electronic and structural characteristics such as: (i) charge as function of pH, spanning from lower pH
to higher pH values; (ii) bridging capability, often the phenolic donor atom binds two metal centers in close proximity; (iii) the
benzene ring present allows a great synthetic flexibility, (iv) the phenolic chromophore, itself often exhibits fluorescence.
Consequently tuning the various characteristic modes to exhibit different physicochemical properties are a great challenge and
render special attention. On the other hand, the acid-base properties of the phenol in agueous solution depends on the ligand
topology in which it is inserted, in fact although the phenol loses its acidic proton a pH >10, giving the phenolate anionic species,
the process can occur also at lower pH values when the phenol takes part of an amino-phenolic ligand. Often the phenolate oxygen
atom takes part to bridge two metal centers. Considering the immense applications in diversified field, phenol containing ligands
and their polynuclear complexes demand further exploration. Designing and synthesis of new application oriented phenol based
ligands is also a new challenge in this field. Moreover, synthesis of new homo or hetero polynucleating macrocyclic or acyclic
metal complexes and isolation of their single crystals not only significant for structural determination that mimick the various
metalloenzymes but also important to generate supramolecular motif to understand interesting physicochemical phenomenon.
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Abstract:

Possible pH dependent aggregation as well as micellization behaviour of amphiphilic block copolymers
consisting of poly-(DMA) (DMA= 2-(dimethylamino) ethyl methacrylate) as the hydrophilic block and poly-
(MMA) (MMA=methyl methacrylate) is probed by the Coumarin 153 (C-153) as a fluorescent probe molecule. The
C-153 molecules are preferentially accommodated in the hydrophobic core region of micelles and aggregates of
amphiphilic block copolymers, which is characterized by a strongly non-polar microenvironment of the probe.
Steady state and time resolved fluorescence, and dynamic light scattering studies have shown that micellization
occurs in presence of ultra dilute polymer concentration range of about 0.001 — 0.005 g/L (32 — 160 nM) inpH 7.0
medium, whereas in pH 9.0 medium micellization takes place at more than three times higher polymer
concentration. But on increasing the pH of the medium from 7.0 to 9.0, the aggregation with few numbers of
polymer molecules is favored due to the positively charged polymer molecules becomes electrically neutral and
hence the intermolecular hydrophaobic interaction will work more efficiently at higher pH condition. On the other
hand, possible intermolecular H-bonding interaction between protonated hydrogen in the amide moiety of DMA and
the carbonyl oxygen of MMA may facilitate the process of micellization at pH 7.0.

Key words: Fluorescent Probe, Micellization, Amphiphilic Block Copolymer, Hydrophobic interaction

1. Introduction

Polymeric micelles derived from block copolymers in an aqueous phase have attracted much attention; because
of their unique morphological behavior and a fascinating range of properties.’* Block copolymer micelles have
several useful characteristics such as nano size, enormous mechanical and thermodynamic stability etc. Among
various polymeric micellar NPs, amphiphilic block copolymeric micelles, which possess significant potentia as a
carrier for drug delivery,>” have been chosen for present investigation, primarily due to the chemical flexibility of
their structure and their outstanding physicochemica and biological properties including biocompatibility3* and
various extent of self-assembly property in physiological condition. For instance, the size and shape as well as the
different other properties of micelle can be controlled by varying the relative length of hydrophilic part compared to
the hydrophobic part.®
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Block copolymer showing remarkable ability to solubilize low-molecular weight hydrophobic organic guest
molecules and transport them efficiently through an aqueous medium.>”21° The micellization of block copolymers
as a function of temperature and copolymer concentration has been studied using various techniques like thermal
anaysis,* light scattering,*? surface tension measurement,*3%* optical absorption,*® fluorescence spectroscopy, 618
etc. Among these, fluorescence spectroscopy has emerged as a powerful technique, since it alows not only the
determination of such micellization parameters as critica micellization concentration (CMC) and critica
micellization temperature (CMT), but also provides a means to investigate the local environment experienced by the
small fluorescent probe molecules at various regions within the micelle.’51® This is particularly relevant in the
context of the drug-delivery problem, since the nature of the micellar microenvironment is an important factor
governing the uptake and release of a small drug molecule by a nano-particulate micelle>'These micelles are
aggregates that have been observed for a variety of block copolymers in water, polar and nonpolar organic solvents,
and more recently, in supercritical fluids. For this generality and for the possibility of tuning the aggregate
properties by varying either the kind of monomer or the size and proportion of the constituting blocks, these
aggregates are able to provide a much wider range of applications involving solubilization of drugs or pollutants, as
nanoreactors, as potential DNA carriers, cosmetic industry, templates for inorganic synthesis, protective shells for
sensitive enzymes and catalysts, or as confined reaction vessels for performing bio-chemistry even at a single
molecule level etc.

In the present work the microenvironment and micellization characteristics of block copolymers having specific
hydrophobic and hydrophilic compartment is investigated using coumarin 153 (C-153) as a fluorescent probe
molecule. The morphological representations of block copolymers are shown in Fig. 1, along with the molecular
formulae of the individual blocks. This copolymer is DMAsMAAsDMAG tri block copolymers with average
molecular weight ~ 30,000 D and consist of linear morphology. The hydrophilic part comprises of poly-(DMA)
blocks and hydrophobic part comprises of poly-(MMA) blocks, where DMA= 2-(N, N-dimethyl amino ethyl
methacrylate) and MMA = methyl methacrylate, asillustrated in Fig.1.

The above polymers are particularly interesting because agueous solutions of similar block copolymers are

known to form micelles within the size range of nano particles.
The C-153 is chosen as the fluorescence probe due to its fluorescence properties are known to be extremely
senditive to the polarity of its immediate microenvironment.’®? In media with low polarity, the fluorescence
intensity and lifetime of C-153 increase, while the fluorescence peak-position is blue-shifted, a property that has
been used in numerous systems to probe the local microenvironment.

CF3

AN |
1
N o o '
T Ve T e T
Coumarin 153 DMA MMA DMA
Scheme 1: Structure of coumarin 153 and copolymer Block copolymer

Recently, Castner and co-workers have shown that the thermally-induced micellization of Pluronic F88 triblock
copolymer was reported by three different fluorescent probes in different ways: the most hydrophobic probe,
Coumarin 153, showed a sharp response, while the response of the less hydrophobic Coumarin 102 and Coumarin-
343 were gradual .’ They attributed this difference to the fact that C-153 tends to reside predominantly near the
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hydrophobic PPO core, while the other two probes partition between the core and the hydrophilic shell. As aresult,
the former is more sensitive to the dehydration of the core region during micellization.

In this study, we have found that DM AsMAAsDMAs form micelle at extremely diluted condition at ~ 0.005
g/lit (160 nM) at pH 7.0 in sodium phosphate buffer, whereas the micellization occurs at relatively higher
concentration when the pH of the medium is higher. To the best of our knowledge, this is the first report of
micellization in such a dilute polymer concentration. We have also detected the premicellar aggregates at even
lower concentration ~ 0.001 g/L (32 nM) preferably at higher pH condition. We have employed steady state and
time resolved fluorescence, and dynamic light scattering methods for the present investigation.

2. Experimental Section
2.1 Material

The DMAsMAA& DM Ag triblock copolymer was received as gift and used without further purification. Laser
grade C153 was obtained from Exciton, USA, and used as received. NaoHPO., H,O, NaH,PO4,H>0, Na,COs,
NaHCOs and NaCl were obtained from Aldrich, and used without further purification. Deionized water, having a
conductivity of 0.1 #S cm, was obtained by passing distilled water through a Millipore Water System and used for
the preparation of the different solutions.

Preparation of buffer:

The buffer with pH 7.0 was obtained as follows. 20 mM NaHPO,, H2O solution was added gradually to 20 mM
NaH>PO4, H2O until the pH of solution became 7.0 at 25°C. The buffer solution with pH 9.0 was obtained by
appropriate mixing of 20 MM NaHCOswith 20 mM NaCOsat 25°C.

Preparation of polymer and C-153 solution:

The stock solution of poly-(DMA-b-MMA-b-DMA) was prepared as follows. About 0.035 g of solid copolymer
was taken by accurate weight in 3.0 mL DMF and stirred until the entire solid dissolved in DMF. Then deionized
water was added drop wise until the total volume of the solution became 25 mL. The resulting solution was dialyzed
overnight to remove DMF from the polymer solution using the dialysis bag (cutoff range 6000 to 8000 Da). After
diaysis, the volume of solution was measured accurately and added further water until the concentration of solution
became 1.0 g/L. Experiments were performed by diluting the stock solution of 1.0 g/L in the buffer medium. The
stock solution of C-135 was prepared in MeOH and the concentration was measured from literature extinction
coefficient value by UV-Vis absorbance study. The concentration of C-153 was 5.5x107 M for al fluorescence
experiments. All the solutions were filtered through syringe filter of pore size 0.2 um.

2.2 Methods

Absorbance spectra were measured with Shimadzu UV-1601PC UV-Vis spectrophotometer. Fluorescence
spectra were recorded on a Spex Fluorolog-2 spectrophotometer equipped with DM 3000F software. The excitation
and emission dlits were set at 5 nm (excitation) and 3 nm (emission) respectively. Emission spectra were obtained
with excitation wavelengths at 420 nm. All the experiments were done at 25° C.

Time-resolved fluorescence measurements were carried out using time-correlated-single photon-counting
(TCSPC) techniques. The nanosecond diode (IBH, U. K. nano-LED) as the light source at 450 nm were used as the
excitation source and a TBX4 detection module (IBH, U.K.) coupled with a special Hamamastu photomultiplier
tube (PMT) was used for the detection of the fluorescence decays. The time resolution achievable with the present
setup following deconvolution anaysis of the fluorescence decays is about 50 ps. Fluorescence decays were
recorded with a verticaly polarized excitation beam and fluorescence was collected at the magic angel 54.7°.
M easurements were repeated three times to check the reproducibility.
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The hydrodynamic diameter of micelle and aggregates were estimated by Dynamic Light Scattering (DLS)
method with DL S-nano ZS90, zeta sizer, nano series, Malvern instrument. In DL S, the monochromatic light beam,
e.g. laser, irradiate the particles whose have the diameter much smaller than the incoming wavelength. Then light is
scattered by the particlesin all directions. The observed scattered light intensity at any instant will be a result of the
interference of light scattered by each element. Particles in random Brownian motion show fluctuations in
measuring the scattered light intensity. These fluctuations of the scattered light are recorded and then analyzed using
the autocorrelation function. It gives a description of the particle’s motion in the medium, measuring the diffusion
coefficient (D) of the dispersed particles (taken to be spherical) and evaluates the hydrodynamic diameter (dn) in
terms of Stokes-Einstein equation.

3. Result and Discussion

In the present study, we have chosen Coumarin 153 (C-153) as a fluorescent probe for studying the
microenvironment of amphiphilic block copolymeric systems (Scheme 1). The polymer contains hydrophilic amide
moiety and hydrophobic ester moiety showing amphiphilic behavior in agueous medium. When this block
copolymer forms micelle, the amide groups are oriented towards the bulk water phase and the hydrophobic ester
groups form the core structure of the micelle. In a previous study, it has been observed that, at pH lower than 8.0,
some amount of positive change is generated in the polymer surface due to the protonation of amide moiety of
DMA, whereas the polymer becomes neutral at higher pHS.

To determine the specific role of the pH induced protonation of DMA-block for the formation of micelles or
aggregates, we have investigated the comparative micellization process at the two different pH conditions (pH 7.0
and pH 9.0) of the medium.

3.1 Fluorescence studies

Steady state absorbances of C-153 (not shown here) have been carried out in the presence of different
copolymer concentration to investigate possible ground state interaction between polymer and the fluorescent probe
molecules. No perceptible changes in the absorbance spectrum as observed indicate that there is no prominent
ground state interaction between C-153 and polymeric molecule.

In all the fluorescence measurements, the absorbance maxima at ~425 nm of C-153 in aqueous medium has
been selected as the excitation wavelength.

The fluorescence measurements have been performed starting from very diluted polymer concentration ~ 0.001
g/L (about 32 nM) to a concentration of ~ 0.5¢g/L (about 16 uM) at two different pH (7.0 and 9.0) conditions (Fig. 1
A to D). The fluorescence response of C-153 (with afixed concentration of 5.5x10 M in each polymer solution), at
both the pH conditions, isfound to be afunction of the increasing polymer concentration.
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Figure 1: Steady state fluorescence spectra in presence of various polymer concentrations at different pH at 25°C. (A, B)
Fluorescence spectra at the lower concentration region (0.0 — 0.005 g/L) and (C, D) Fluorescence spectra at the higher
concentration region (0.0 — 0.5 g/L). C-153 concentration was 5.5x107 M for all measurements. The direction of arrow
indicates the fluor escence change in presence of polymer.

In pH 7.0 medium, gradual increase in the concentration of the polymer solution (lower concentration region,
0.0 — 0.005 g/L) results to the generation of a new blue shifted peak at ~ 485 nm apart from the regular peak at ~
550 nm (Fig-1A). The fluorescence intensity of both the peaks of C-153 (~ 485 nm and ~ 550 nm) increases with
increasing concentration of polymer solution. Whereas, at pH 9, similar increase in polymer concentration results
amost same magnitude of overall fluorescence enhancement, but without the formation of any new peak (Fig-1B).

The gradual increase in fluorescence intensity may be due to the location of C-153 in the hydrophobic
environment produced by the self-aggregation of polymeric molecules. However, the generation of a new peak ~
485 nm in pH 7.0 medium clearly indicates the formation of specific hydrophobic environment by an appreciable
amount and which may suggest that majority of polymeric molecules are aggregated in a specific manner. On the
other hand, absence of such new fluorescence peak at pH 9.0 was probably due to the superposition of different
fluorescence response from multiple types of aggregated forms without maintaining any specific arrangement.

On further increase of polymer concentration from 0.01 to 0.5 g/L, the fluorescence intensity increases mostly
around 500 nm at both the pH conditions (Fig. 1C and D). Although, the magnitude of fluorescence enhancement is
similar at both pH conditions, the half width of the emission curve at al polymer concentration is noticeably larger
in case of pH 9.0 compared to pH 7.0 (Fig. 1C and D). This result also indicates the presence of greater number of
multiple aggregated forms at pH 9.0 relative to that at pH 7.0.

3.2 Fluorescence lifetime measurement

Fluorescence lifetime analysis plays critical role for identification of different micro-domains and solvation
properties in presence of self-assembling systems. Since C-153 shows large dynamic stroke shift and higher
quantum yield and subsequently larger excited state lifetime in the nonpolar medium, the lifetime analysis could be
important to understand the nature of micro-environment produced in presence of various of polymeric solutions
Emission lifetimes are measured in the presence of different polymer concentration 0.001 — 0.5 g/L at two different
emission wavelengths (at 500 and 550 nm) respectively and the fluorescence decay analysis are performed using an
iterative convolution method (Fig 2A and B). The reason behind choosing these wavelengths is mainly due to
determination of relative amount of aggregation, since fluorescence maxima are shifted from 550 to 500 nm in
presence of different amount of polymer solution.
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Figure 2: Fluorescence transients of C-153 at (A) pH 7.0 and (B) 9.0 in presence of 0.0 (red), 0.001(blue), 0.005 (pink),
0.040 (dark yellow), and 0.5 (purple) g/L polymer solution. Scattering profile is shown by black curve. The excitation
and emission wavelength wer e 450 and 500 nm r espectively.

In absence of polymer, the fluorescence lifetime measurement plot of C-153 best fits to the mono-exponentia
decay having the same rate constant (~ 1.6 ns) at both the pH. The result suggests that the change in solvent pH
from 7.0 to 9.0 does not contribute any change in fluorescence lifetime of C-153 (Fig 2A and B). In presence of
very dilute polymer concentration of ~ 0.001 g/L, at both the pH conditions, the mono exponential behavior changes
into bi-exponential decay with fluorescence lifetime of ~ 1.6 (fast decay) and ~ 6.0 ns (dow decay), particularly in
the 500 nm region. The additiona 6.0 ns lifetime even in presence of trace amount of polymer clearly indicates that
some aggregated form is generated with nonpolar micro-environment, where the excited state of C-153 is
significantly stabilized due to decrease in non-radiative decay rates. The magnitude of dower component with
larger fluorescence lifetime gradually increases with increasing polymer concentration due to greater number of
aggregated polymers resulting less amount of free dye (Fig. 3).
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Figure 3: Theratio between slow and fast component obtained from the bi-exponential fitting of fluorescence transients
at pH 7.0 (square, black line) and pH 9.0 (circle, red line) in presence of various polymer concentrations. Theratios are
plotted with natural logarithmic of concentration.

The unchanged fluorescence lifetime in these two different pH as well as in presence of increasing polymer
concentration suggests that the micro-environment of different aggregated forms is similar in nature. However, the
plot of the ratio of slow and fast component of the fluorescence lifetime with natural logarithm of the polymer
concentration shows single liner correlation at pH 9.0, whereas two different linear behavior with difference in the
slop values is observed a pH 7.0 condition (Fig. 3). In the lower polymer concentration (< 0.01 g/L), a smaller
number of associated forms may be produced at pH 7.0 compared to pH 9.0, but the amount of association increases
more rapidly with increasing amount of polymer concentration beyond 0.01 g/L on lowering the pH of the medium
resulting in the two different liner correlation.
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3.3 Dynamic Light Scattering measurements

Dynamic Light Scattering (DLYS) is a technique that can be used to determine the size distribution profiles of
small particles with nm to um diameter size in suspension or polymers in solution. In the present case, DLS study
has been utilized to determine the relative size (hydrodynamic diameter) distribution of the aggregated form of
polymer at two different pH (7.0 and 9.0) in presence of different polymer concentrations (Fig. 4).

The formation of nanoparticle with diameter of about 200 nm is detected in presence of 0.005 g/L at pH 7.0,
whereas the formation of nanoparticle with average diameter of about 170 nm is observed in presence of three-fold
excess polymer amount of about 0.015 g/L at higher pH 9.0 condition. Interestingly, the particle sizes remained the
same in presence of all the higher amount of polymer concentrations at both the pH conditions, although the average
diameter is smaller by a magnitude of 30 nm in case of pH 9.0. Since the average diameter does not change
perceptibly with the polymer concentration, it has presumed that micellization occurs at 0.005 g/L for pH 7.0,
whereas threefold higher amount of polymer (0.015 g/L) is needed to form micelle at pH 9.0.
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Figure 4: Distribution of average particle size was obtained from dynamic light scattering at pH 7.0 (black curve) and
pH 9.0 (red curve) in presence of (A) 0.005, (B) 0.015, (C) 0.040 and (D) 0.500 g/L polymer concentration.

3.4 Effect of salt on polymeric aggregation

To evauate the possible driving force for the aggregation processes, fluorescence study of diluted polymeric
solution (~ 0.002 g/L) at both the pH conditions is performed in the presence of various salt concentrations (Fig. 5).
We have chosen diluted polymeric condition, where hardly any micellization occurs at both pH conditions. In case
of pH 9.0, the magnitude of fluorescence intensity at ~ 500 nm is increased noticeably in presence of 10 — 50 mM
sodium chloride, whereas fluorescence intensity remains almost unaffected for pH 7.0 a the same salt
concentration.
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Figure 5: Steady state fluorescence spectra of the solution containing 0.002 g/L polymer in presence of various NaCl
solution at (A) pH 7.0 and (B) pH 9.0. Salt concentrations were 0.0 (red), 30 mM (green) and 100 mM (blue). The black

curverepresented the spectrain absence of polymer.

The result suggests that the hydrophobic interaction among the neutral polymer molecules at pH 9.0 plays crucial
role for the aggregation at diluted polymeric condition. Such intermolecular hydrophobic interaction between
positively charged polymer molecules is not so operative at pH 7.0 due to same charge repulsion between
protonated forms of the polymer molecules and hence the fluorescence intensity ~ 500 nm remain constant.

4. Conclusion

The above results have shown that the block copolymer form different types of aggregations depending on the
pH of the medium. The nature of aggregates has been identified by steady state and time resolved fluorescence as
well as dynamic light scattering methods. Although similar magnitude of fluorescence enhancement until 0.005 g/L
polymer concentration is detected at either pH condition, the shape of the spectra at ~ 500 nm is showing some
difference in two pH medium. A clear peak is found at pH 7.0, whereas contentious fluorescence increase is
observed at pH 9.0 (Fig. 1A and B). The existence of particle with average diameter of about 200 hm is detected by
DLS study only in case of pH 7.0 and we presumed the increase of fluorescence is observed mainly due to
formation of this particle (Fig 4). Since the existence of particles are not detected at pH 9.0 by DL S measurement,
the fluorescence enhancement occurs probably due to the formation of aggregate with fewer number of polymer
molecules which could be difficult to detect by DLS measurement. Moreover, a pH 9.0, the bi-exponential
behavior in the fluorescence lifetime anaysis also suggests the existence of the aggregates even in presence of
0.001 g/L polymer concentration (Fig. 2B). But higher contribution of the slow component at pH 9.0 compared to
pH 7.0 under same polymer concentration indicates that a greater number of dye molecules are associated at pH 9.0,
because smaller number of polymer molecules are involved to form single aggregate at pH 9.0 due to its smaller
size, whereas larger particle size at pH 7.0 needs a greater number of polymer molecule which results fewer number
of particles (Fig. 2 and 3 Table 1). However, the particles with average diameter 170 nm were started to form in
presence of three-fold higher polymer concentration (~ 0.015 g/L) at pH 9.0. This result indicates that micelle
formation is more favorable at lower pH condition, whereas the formation of aggregates with lower molecular
weight becomes easy at pH 9.0.

The higher width of the steady state fluorescence spectra at pH 9.0 compared to pH 7.0 in presence of al the
polymer concentrations also suggests the existence of a greater number of different aggregated forms with variable
fluorescence properties. Since the amide moiety becomes positively charged at pH 7.0 due protonation, the
hydrophobic interaction during aggregation is not energetically favorable due to columbic repulsion, but the
possible intermolecular H-bonding interaction between protonated hydrogen in the amide moiety of DMA and the
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carbonyl oxygen of MMA may facilitated the process of micellization. The little larger micellar size at pH 7.0 was
found due to micellization becomes more favorable at this pH. The enhancement of fluorescence intensity at ~ 500
nm in presence of electrolyte at pH 9.0 also suggests that the aggregation occurs due to the presence of

intermol ecul ar hydrophobic interaction
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Completely water soluble molecule 4-methyl-2,6-diformyl phenol (MFOH) was designed as chemosensor
to identify physiological pH. The spectroscopic behaviour of the MFOH and its form in physiological pH
was investigated with multi-spectroscopic method like UV-Vis and fluorescence spectroscopy. This sen-

Keywords: sor exhibited a pH-dependent ratiometric absorption property, along with a reversible color change from
PHl sensor colorless to yellow with increasing pH, where as completely non-fluorescent behavior to strong green flu-
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orescence was generated due to such change of pH. Most importantly, a linear fluorescence intensity
changes with pH from 6.5 to 7.7 was observed, which may be utilized for ratiometric determination of
physiological pH. Detailed DFT-based theoretical calculation was also performed to understand the sens-
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1. Introduction

The design and development of pH sensing probe have attracted
considerable attention to determining the exact inter-cellular H*
concentration preliminary because of many fundamental biologi-
cal processes, such as metabolism, enzyme catalytic, apoptosis,
transport of organelles, cell signaling, membrane trafficking,
including endo- and exo-cytosis, reactions, ion channel formation,
and various signaling pathways depend on specific H" ion concen-
tration [1-8]. However, intra- or inter-cellular abnormal chemical
reactivates may be spotted due to deviation from normal physio-
logical pH conditions [9]. Indeed, the function of different
membrane-bound proteins is very sensitive to the environmental
pH [10]. Even some proteins manipulate H* concentration at the
membrane interface, for instance, the enzyme ATP synthase [11].
A minor change in intercellular pH may lead to cellular dysfunc-
tion, associated with the disease [12]. Under normal physiological
conditions, extracellular H* concentration is maintained within
very narrow limits. The normal value is about 40 nmol/L at pH
7.4 and varies by about 5 nmol/L in the pH range of 7.35-7.45
[13]. Deviation by 0.10-0.20 units of pH in either direction can
cause cardiopulmonary and neurologic problems (e.g. Alzheimer’s
disease), and more extreme variations can be extremely fatal [9].
Therefore, the precise determination of physiological H* concentra-
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tion or pH of the medium by developing a suitable pH sensing
probe is one of the key issues.

Fluorescence and absorption techniques are the two most
widely applicable methods owing to their sensitivity and stability
for monitoring intercellular pH by selecting suitable pH-sensitive
fully water-soluble probe [14-17]. The fluorescence method is very
sensitive and often the precise detection of the range of 0.005unit
change of pH is possible by selecting a suitable fluorescent probe of
high quantum yield, whereas absorption spectroscopy is very use-
ful for the detection of pH from H" concentration-dependent
change of probe color by naked eye [14]. A limited number of
pH-responding fluorescent probes have been developed to monitor
diverse physiological and pathological processes. Limitations of the
currently available pH probes include low sensitivity and/or excita-
tion profiles in the ultraviolet region [14]. Most importantly, the
pH detection range is far beyond from normal physiological pH
range, hence the precise determination as well as in vivo applica-
tion with that reported probe shows serious disadvantages.

In this study, [ have designed a fully water-soluble small organic
fluorescent molecule for sensing the pH of a pure aqueous medium
in which the fluorescence quantum yield increase from 0.002 to
0.25 for the variation of pH 5.0 to 8.0 with a detection limit of
~0.01 pH unit. Since the detecting pH range covers the physiolog-
ical range of interest for most plant and animal species, the present
pH-sensitive fluorescent probe is very curtailed for in vivo purposes
as well as bio-imaging applications. The desired pH-induced fluo-
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rescence was observed by visible light excitation instead the appli-
cation of any UV light which may sometime be responsible for
undesired cell damage, and hence the present pH-sensing fluores-
cent probe shows enormous utility for bio-medical application.
Moreover, a distinct colorimetric response from colorless to bright
yellow on the above similar change of pH is extremely useful for
monitoring the pH by the naked eye detection method.

2. Experimental
2.1. Materials

All the chemicals and solvents were purchased from Sigma-
Aldrich Chemicals Private Limited (India) and used without further
purification. 4-Methyl-2,6-diformyl phenol (MFOH) was prepared
as per the reported procedure and purified through recrystalliza-
tion from spectroscopic grade ethanol and dried repeatedly before
use [17]. Mili-Q Milipore®18.2 MQcm ! water was used for the
preparation of Britton-Robinson buffer (0.04 M boric acid, 0.04 M
phosphoric acid and 0.04 M acetic acid) solution of different pH
throughout all spectroscopic measurements. Britton-Robinson buf-
fer, known as universal buffer, was used for obtaining pH from 2.0
to 12.0 by adding 0.2 M NaOH. The 40 mM Britton-Robinson buffer,
with variable pH from 4.0 to 11.0 (experimental conditions) were
prepared by the addition of an appropriate amount of NaOH solu-
tion by following the standard procedure. The pH of different
Britton-Robinson buffer solutions was determined by Systronics
digital pH meter (model No.335).

2.2. Methods

2.2.1. UV-Vis absorption, fluorescence and time resolved fluorescence

LAMBDA 25 and LS-55 instruments (Perkin-Elmer, USA) were
used to measure UV-Vis absorption fluorescence spectra with a
1 cm quartz cell path length. The excitation wavelength was
440 nm, and slits 8 and 3 were used for excitation and emission,
respectively. The time-correlated single photon counting (TCSPC)
technique was used to measure time-resolved fluorescence. For
the detection of the fluorescence decay, the TBX4 detection module
(IBH, U.K.) was used in conjunction with Hamamatsu photomulti-
plier tubes (PMTs) as the light source at 450 nm. After deconvolu-
tion analysis of the fluorescence decays, we achieved a time
resolution of 100 ps with the present setup. An optically polarized
excitation beam with a magic angle of 54.7° was used to record flu-
orescence decays.

A minimum of three times of spectroscopic measurements were
conducted to check for reproducibility. The temperatures at which
all experiments were performed were 25 °C. Spectroscopic mea-
surements were conducted only with freshly prepared solutions.

2.2.2. Determination of fluorescence quantum yield

The fluorescence quantum yield of MFOH was determined using
the standard method [18] 9,10-diphenyl anthracene in ethanol was
used as reference [19],

s [AFn?
o= {AsFrng}

where, A is the absorbance at the excitation wavelength, F is the
integrated emission area and n is the refraction index of the sol-
vents used. Subscripts refer to the reference (r) or sample (s) com-
pound. The MFOH fluorescence spectra were recorded by 440-nm
excitation at 25 °C in 40 mM Britton-Robinson buffer, pH 7.3. By
using the above equation, ¢r = 0.4 (Aex = 440 nm) at pH 11.0 was
obtained in an aqueous 40 mM Britton-Robinson buffer at pH 7.3.
[17].
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2.2.3. Theoretical calculation

In the gas phase, Pseudo-empirical density function theories
(DFTs) were used to optimize the ground state geometries of MFOH
and its corresponding deprotonated species MFO-[20]. In this cal-
culation, a 6-31 G basis set was selected as the basis set for the
B3LYP function. All stationary points were found to have positive
vibrational frequencies by means of a normal mode analysis.
Accordingly, TD-DFT using the optimized geometries of the ground
(So) states of respective species were used to study low-lying
excited states in a water medium [21]. The conductor-polarized
continuum model (CPCM) was used to describe the solvent effect
in both ground and excited states. Moreover, vertical excitation
energies were calculated for the lowest 20 singlet states. The pos-
itive vibrational frequencies of all of these species confirmed their
global minima. It is also calculated here how much energy is
required to excite the lowest 20 singlet states vertically. We com-
puted UV-Vis spectra in a water medium between 250 and 550 nm
based on TD-DFT calculations.

3. Results and discussion
3.1. UV-Vis absorption studies

UV-Vis absorption studies of 4-methyl-2,6-diformyl phenol
(MFOH) (~100 puM) were performed in an aqueous 40 mM
Britton-Robinson buffer of different pH from 4.0 to 12.0 [17]. At a
lower pH-range in an aqueous Britton-Robinson buffer medium,
the absorption profile was similar to that of another non-
aqueous solvent, where the intensity maxima appeared in the UV
region at ~340 nm with a molar extension coefficient of
~0.5 x 10* M~'em™! (Table 1). On increasing pH, a new absorption
peak in the visible region centered at ~430 nm was formed with a
concomitant decrease of 340 nm peak intensity through an isos-
bestic wavelength at ~370 nm until the saturation was observed
at ~pH, 12.0 (Fig. 1A). With increasing pH, the amount of base
increase which can be facilitate the phenolic proton abstraction.
This formation of phenoxide ion accelerates the resonance of neg-
ative charge with phenyl ring as well as two aldehyde groups. This
effect was reflected in the spectral change UV-vis by the appear-
ance of peak at 430 nm. These results clearly indicate that with
the increase of pH, more amount of deprotonation of phenolate
anion (MFO™) are formed from neutral MFOH (Scheme 1).

The plot of normalized 430-nm absorption intensities (each
value normalized by 340-nm intensity at pH 5.0) with medium
pH was follow typical sigmoidal behavior with a transition mid-
point pH of ~7.2. The unknown pH of an analyte can easily be esti-
mated from the fitted equation by monitoring the 430 nm inten-

sity; where [0, intensity at 430 nm normalized by 340 nm
M —12- 12
Normz 1+exp(pH —7.2)/0.4

Intensity were recorded at pH 5.0 and unknown pH value for
the medium (Fig. 1B). It is noteworthy to mention that the transi-
tion midpoint pH is very close to the physiological pH, hence small
fluctuations of pH for the different physiological mediums can
easily be monitored with great accuracy. Therefore, the spectral
changes of the compound are rapid with slight changes in the pH
of the medium. Most importantly, the colorimetric response from
colorless to distinct yellow with increasing pH is highly beneficial
for necked eye pH detection (Fig. 1C).

3.2. pH responsive fluorescence studies

The fluorescence method because of its high sensitivity and bio-
imaging facility play curtailed role in sensing a very small amount
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Table 1
UV-Vis absorption parameters.
Systems Transi-tion 2, feal ex1074
(nm) (M~'em™1)
Calculated MFOH So— S$1 345 0.13 0.53
MFO™ So = $1 436 0.24 0.96
Observed MFOH So = $1 350 0.52
(pH-4.0)
MFOH So — S 427 0.69
(pH-10.5)
A) B_ C)
[/} 5.8 ] -
T W E‘ e i J -
[ o - 5
P b E - [ Color change in TIT-,*I,
iy L e -
Ii E 4 vigible reglon
- [ :
B3 .
¥ E. B3
[ B ] 3 d
16 [ -
[
i I T P
T I I T ]
3de £aa £d i.b a.b ib.4d
Wavelengihs [nm ] pH ﬂHEE F]H'E'E

Fig. 1. (A) UV-Vis absorption spectrum profile of MFOH (100 mM) in 40 mM Britton-Robinson buffer medium with increasing pH (4.0-11.0). The increase or decrease in
intensities with an increase in pH is indicated by the arrow. (B) The normalized absorbance at 427 nm with different pH of the medium is plotted. The absorbance values at
different pH are normalized by dividing absorbance of 340 nm at pH 5.0. The red curve represents the sigmoidal fitting with a transition mid-point of 7.2 + 0.05. (C)
Photograph for the cell containing 1 mM of MFOH at two different pH. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Scheme 1. Acid-base equilibria in aqueous medium.

of essential molecules present in a biological system. It has already
been shown that pH-induced fluorescence generation is very use-
ful for the precise estimation of minute cellular pH changes, which
is generally not possible by other common electrochemical, con-

ductivity measurements. In the present investigation, we have cho-
sen MFOH as a pH indicator fluorescent probe. However, MFOH did
not produce any fluorescence for excitation at 340 nm in aqueous
as well another protic (MeOH and EtOH) and aprotic solvent (ace-
tonitrile, THF, etc).On increasing the pH of the Britton-Robinson
buffer medium, the fluorescence intensity centered at ~530 nm
increases gradually upon excitation at ~440 nm due to the forma-
tion of phenolate anion (MFO™) until the saturation was observed
at pH ~ 12.0 (Fig. 2A). Almost 200 times fluorescence quantum
yield (¢r) enhancement from 0.002 to 0.4 for changing of pH from
5.0 to 12.0 was detected (Fig. 2B). To remove the probe concentra-
tion dependencies for analytical usefulness during the determina-
tion of the unknown pH of the medium, the fluorescence
intensities at various pH were normalized by diving the intensity
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— c. 3
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Fig. 2. (A) Fluorescence response of MFOH (25 mM) in 40 mM Britton-Robinson buffer medium with increasing pH (4.0-11.0) (excitation: 440 nm). The increase in intensities
with an increase in pH is indicated by the arrow. (B) The normalized fluorescence at 530 nm with different pH of the medium is plotted. The fluorescence values at different
pH are normalized by dividing the fluorescence at pH 5.0. The red curve represents the sigmoidal fitting with a transition mid-point of 7.2 + 0.05. (C) The normalized
fluorescence at 530 nm with different pH of the medium is plotted. The red curve represents the linear fitting. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)



S. Das

value at pH 5.0, which was then plotted with the pH of the medium
(Fig. 2B). The calibration curve was sigmoidal in nature and the
transition midpoint was found at ~7.2 (Fig. 2B). The unchanged
transition midpoint value between absorption and fluorescence
studies clearly suggests that the anionic form of MFOH is solely
responsible for the generation of 530-nm fluorescence (Fig. 1B
and 2B). Although the typical sigmoidal behavior was grossly fol-
lowed for the whole pH range from 4.0 to 11.0, a perfect linear cor-
relation was detected near the transition midpoint from 6.5 to 7.7
pH (Fig. 2C), which may be applied for the determination of
unknown physiological pH ratio-metrically. Since a large enhance-
ment of emission intensity due to a minute variation of pH
between 6.5 and 7.7 was observed, a very small amount of pH
change in this range (6.5 to 7.7) may be determined ratio-
metrically. Indeed, based on the instrumental accuracy and error
for linear curve fitting, the limit of certainty ~0.01 for the detection
of pH was identified.

Fluorescence lifetime measurements often serve as a sensitive
indicator of the local environment of a fluorophore and are respon-

T T T
10 20 30
Time delay(ns)

Fig. 3. Fluorescence transient decays of MFOH at different pH: pink, 6.0; yellow,
7.0; blue, 9.0 and black, scatter. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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sive to excited-state interactions. This technique provides an effi-
cient way to address and monitor sensitive issues like differential
degrees of solvent relaxation around a fluorophore, the presence
of more than one chemical entity in a solution, and so forth. Thus
in order to achieve a deeper insight into pH-dependent fluores-
cence changes, excited state lifetime analysis for the 530-nm emis-
sion at different pH was performed. The typical decay profile is
presented in Fig. 3 with the corresponding fitting parameters cal-
culated. Single exponential behavior for the transient decay at var-
ious pH clearly suggests that anionic species is solely responsible
for this fluorescence (Fig. 3). The unchanged excited state lifetime
of about 4.7 ns also indicates that increasing emission with pH is
not due to different excited state species but to more amount of
MFO~ formation.

3.3. Theoretical calculations

Density function theories (DFT) were used to optimize the
ground state geometry of MFOH in the gas phase in comparison
to its corresponding deprotonated species MFO in the gas phase.
An H-bonding interaction between the phenolic-H and one of the
adjacent formyl-O was detected in the optimized structure for pro-
tonated species (MFOH), which exist mainly at acidic pH. Another
formyl moiety was located at the position trans to phenolic-OH. It
has been found, however, that both formyl moieties prefer to posi-
tion away from phenolate-O at the trans-position in the deproto-
nated molecule (MFO~), which mostly exists in a basic pH, to
prevent electrostatic repulsion between negatively charged
phenolate-O and either formyl-O. As a result, TDDFT calculations
of UV spectra in an aqueous medium based on ground state
geometries matched the experimental spectra nicely (Fig. 4,
Table 1). In Table 1, theoretically calculated and experimentally
determined UV-Vis absorption parameters are compared. Accord-
ing to Fig. 4B, it can be seen the electronic distribution of both
HOMO and LUMO for the Sq — S; transition. In summary, those
results suggest that trans-located two formyl moieties generate a
colorimetric response as pH sensors.

4. Conclusion

A completely water soluble, suitable pH sensor using 4-Methyl-
2,6-diformyl phenol (MFOH) for pH determination in the range of

A =350
—

f,=0.13

MFOH
(HOMO)

MFOH
(LUMO)

A =436
—
f,=0.24
MFO- MFO-

Fig. 4. (A) Calculated absorption spectrum of MFOH and MFO ™. Experimental absorption spectrum at pH 5.0 and 11.0 are depicted for comparison. (B) HOMO and LUMO (for
both MFOH and MFO ™) involving for electronic UV-Vis transition with important parameters (» = wavelength of transition, f., = oscillator strength) are shown.
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5.0-11.0 has been developed by utilizing the pH-dependent colori-
metric and fluorometric responses. The generation of bright yellow
color from colorless due to the formation of anionic MFO™~ at
increased pH has been utilized for a colorimetric response,
whereas strong green fluorescence at ~530 for this anion
responded for fluorescent pH sensor. The obtained pK, for the
MFOH/MFO™ equilibria ~7.2 is very close to physiological pH and
hence the present pH sensing probe is highly beneficial for deter-
mining in vivo pH. Extensive theoretical calculations were per-
formed for evaluating the pH-sensing mechanism.
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A simple fluorometric detection for AlI** ion in mixed aqueous medium using a simple Schiff-base molecule through PET mechanism is
discussed. The di-phenolic Schiff-base molecule (EAMHM) was synthesized by the condensation reaction of multiple phenolic aldehyde
mol ecules with a diamine containing multiple al dehyde-reacting primary amine moieties. The extremely low fluorescence quantum yield
for EAMHM is highly useful for the off-mode of fluorescence sensing purposes. Contrary to various other cations Ni, Mg, Co?, Cu?®,

presence other bi- or tri-valent cations. Moreover, linear change in fluorescence intensity with AI** concentration is highly beneficial for

ratiometric detection of unknown AI** concentrations. As revealed from various spectroscopic and theoretical calculations, EAMHM

electrontransfer (PET) in free EAMHM ismainly responsiblefor itslow fluorescence intensity, whereas the removal of such PET process
during its complexation with Al** produces|arge fluorescence enhancement. The structural and el ectronic parameters of the free EAMHM
and EAMHM-AI** complex have been analyzed using DFT-based theoretical calculations.

-
|
|
|

Zn?, Cr¥, Cd*, Fe*, Ba?*, Hg*, the selective Al**ion induced large fluorescence enhancement can be employed to detect Al** eveninthe |
|
|
|
|
|
|

Keywords: Fluorometry, Aluminium ion, Mixed aqueous solvent, Photo-induced electron transfer, Schiff base.
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| formsa1:1 complex with AI** showing a large increase in fluorescence intensity. It has also been identified that efficient photo-induced
|

|

|

|
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INTRODUCTION

Inthelithosphere, aluminium isone of the most available
elements, whichiswidely usedin the paper industry, electronic
industry, pharmaceutical industry, food processing industry,
etc. [1-3]. Beyond to the permissible limits, aluminum lead to
disorders in people can lead to Alzheimer’s, Parkinson’s and
dialysisencephal opathy, which are neurol ogical diseases[4-6].
Humans are recommended to consume about 7 mg of Al** per
kilogram of body weight per week, according to WHO recomm-
endations[7]. In addition to retarding plant growth, it damages
cellular membranes via oxidative damage. Although Al has
several disadvantages, its mass usagein daily life can accum-
ulate AI** and cause toxicity to humans and the environment.
Aluminum increases the acidity of soil, so it isvery fetal for
theagricultural production [8]. On account of closerelationship
between aluminum and human health, thereis an urgent need
to develop a chemosensor for Al*.

Fluorescence method is more advantageous than other
sophisticated methods asitsoperational simplicity, sensitivity,

high selectivity, easy sampl e preparation and detection by both
visual and instrumental methods and obviously for low cost
[9,10]. Due to its weak coordinating abilities, AI*" is more
challenging to work with than other metals when it comes to
making sensors[11]. Asaresult, AlI** chemosensorsin agueous
media require high selectivity and sensitivity.

Schiff bases are often used as chemosensors because they
areeasy tomake and inexpensive[12-14]. For AI** chemosensors
to work well in agueous media, they need to be sensitive and
selective. Thus, in thiswork, an attempt is made to construct a
novel fluorescent ‘turn-on’ chemosensor for Al ions based
on simple Schiff-base molecule through PET mechanism. A
diphenolic Schiff base molecule (EAMHM) was synthesized
by the condensation reaction of multiple phenolic aldehyde
mol eculeswith adiamine containing multiple aldehyde reacting
primary amine moieties.

EXPERIMENTAL

Commercially available reagents and solventswere proc-
ured from Sigma-Aldrich ChemicalsPvt. Ltd., USA, whereas

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercialy, as long as they credit the author for the original
creation. You must give appropriate credit, provide alink to the license, and indicate if changes were made.
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the spectroscopic grade sol vent was purchased from E. Merck,
India. The solventswere purified and dried by distillation proc-
edure and used only after checking their purity fluorimetrically
in the interest range of wavelength. Water (Milli-Q Millipore
18.2 MQ cm™) was used throughout the study. Solvent mixture
MeOH-HEPES buffer (25 mM, pH 7) (1:1 v/v) was used for
all the spectroscopic measurements.

Characterization: LAMBDA 25 and L S-55 instruments
(Perkin-Elmer, USA) were used for the UV-Vis absorption
and fluorescence emission spectra, respectively. Quartz cells
with apath length of 10 mm were used for absorption spectrum
recording. For all measurements, the excitation wavel ength was
365 nm, while the emission wavelength was between 8 and 3
nm. The fluorescence spectra were calibrated with respect to
theinstrumental response. To check the reproducibility, every
spectroscopic measurement was conducted three times. An
NMR spectrometer with aBruker Advance DPX 300 MHz was
used to measure *H NMR spectra in DM SO-ds with tetra-
methylsilaneasaninternal standard. Also, al the spectroscopic
measurements were peformed with freshly made solutions,
and the experiments were conducted at 25 °C.

Synthesisof Schiff-base probe: 2-Hydroxy-3-(hydroxy-
methyl)-5-methylbenzaldehyde (HHMB) was synthesized
from p-cresol with yield of 62% by foll owing reported method
[15]. To synthesize Schiff-base molecule 6,6°-(1Z,1°Z)-
(ethane-1,2-diylbis(azan-1-yl-1-ylidene))bis(methan-1-yl-1-
ylidene)bis(2-(hydroxymethyl)-4-methylphenol) (EAMHM),
ethylenediamine (EDA) (0.066 mL, 1 mmol) was added drop-
wisewith constant stirring to amethanolic solution of HHMB
(0.322 g, 2 mmol) followed by the addition 3 drops of acetic
acid. Thereaction mixturewasthen refluxed for 2.5hat 45°C
and finally the crude product was collected under reduced pres-
sure. The product was purified by column chromatography to
obtain deep yellow solid product and dried over CaCl, under
vacuum (Scheme-1). 'H NMR (DM SO-ds, 300 MHz) & ppm:
2.22 (s, 6H, Ar-CHs), 2.49,3.31 (dueto H.0 presencein DM SO-
ds), 3.83 (s, 4H, N-CHy,), 4.45 (s, 4H, CH,-OH), 4.97 (s, 2H,
CH»-OH), 7.1-7.23 (s, 4H, Ar-H), 8.51 (s, 2H, imine-H), 13.41
(s, 2H, Ar-OH) ppm.

Determination of fluorescence quantum vyield: The
quantumyield of EAMHM aswell assEAMHM-AI*" were deter-
mined using standard method [16]. The standard fluorophore
used was 9,10-diphenylanthracene in ethanol with emission
quantum yield (¢r) = 0.95. Using the following equation, the
or for the different systems was cal cul ated:

_ ODstawdard ><As%ample Xq)f

sample - standard
ODsampIe X A standard

o

where, Ajisthe absorbance at the excitation wavelength, F is
the integrated emission area and n is the refractive index of
solvent used. Subscriptsrefer to thereference (r) or sample(s)
compound. The Schiff base EAMHM aswell ssEAMHM-A[®*
fluorescence spectra were recorded by 365 nm excitation at
25°Cin1:1 MeOH-HEPESbuffer (v/v). At 450 nm fluorescence
intensity band the quantum yield of EAMHM and EAMHM -
Al* were determined 0.02 and 0.2, respectively.

CHjy
H2N Reflux in N OH OH
MeOH
+ —»
| H,N N H H
OH OH 0 ., |
HHMB
CH,
EAMHM

Scheme-l: Synthesis of the Schiff base molecule (EAMHM)

Theoretical calculation: By utilizing Gaussian 09, the
ground state geometries of the probe (EAMHM) and itschelate
complex with Al* were fully optimized in the gas phase to
study their molecular and electronic structure[17]. The B3LY P
functional with standard 6-31G basis set for all atoms had
been adopted for this calculation. All of these species’ global
minimawere confirmed using positive vibrational frequencies.
The electrochemical properties of singlet excited states were
investigated using B3LY P density functional theory (TD-DFT)
based on the optimized geometry of their ground states (S;).
A ground state geometry was then evaluated with respect to
excitation energies and respective oscillator strengths. Based
on TD-DFT calculations, the UV-Vis spectra were cal cul ated
in a water medium between 250 and 650 nm. In aqueous
medium, the conductor-polarized continuum model (CPCM)
was adapted to calculate the fluorescence wavelength for the
lowest singlet excited statesusing TD-DFT. Cal cul ationsbased
on theoretical modelswerefound to reproduce experimentally
obtained trends satisfactorily.

RESULTSAND DISCUSSION

UV-Visstudies: The UV-Vis absorption spectrum of the
Schiff base ligand (EAMHM) was recorded at 25 °C in 1:1
aqueous-methanol solution showing two well-defined intensity
maxima at ~ 330 and 420 nm, respectively (Fig. 1a). It has
been shown that the visible absorption intensity appears due
to formation of deprotonated phenolate chromophore due to
solvent polarity induced ground state proton transfer reaction
from phenolic-OH to adjacent imine-N to generate partially
charge separated zwitterionic species[ 18], while 330 nminten-
sity indicates that the second phenol-moiety remain as proto-
nated form. The Schiff-base molecule containing multiple
N- and O-centers (EAMHM) produceslarge affinity to interact
various metal ions. To monitor the metal ion-induced comple-
xation reaction for EAMHM, thechangesin UV-Visabsorption
for EAMHM were investigated in presence of various metal
ions, suchasAl**, Ni*, Mg*, Co*, Cu*, Zn*, Cr*", Cd*", Fe™,
Ba*, Hg* (Fig. 1b). Interestingly, the absorptionintensity profile
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Fig. 1. (a) UV-Visabsorption spectraof EAMHM (25 mM) in 1:1 methanol-HEPES buffer solvent mixture with increasing concentration of
Al* ion (0-225 uM); the changes in absorbance on addition of AI** is depicted by arrow. (b) The spectrain presence of various metal
ions (10 equiv. w.r.t. AI*") are depicted. Black and pink spectra are for bare ligand EAMHM and in presence of Al** ion respectively.
(c) Plot of normalized absorbance as a function of AI** ion concentration at 365 nm

of the EAMHM remains amost unchanged in presence of those
variousindividual ions except AI**. It has been observed that
both 330 and 420 nm absorption intensity for EAMHM grad-
ually decreaseswith concomitant formation of new absorption
intensity centered at ~ 365 nm until saturation was observed
in presence of 9-equivalentsof Al**ions (Fig. 18). Most import-
antly, the appearances of two different isosbestic wavel engths
~ 334 and 390 nm justify aformation of new molecular species
between AI** and EAMHM. Therefore, it has been considered
that the Schiff-base molecule involved in complexation only
with Al* ions among those various metal ions and the saturation
in the absorption profile originated because of no other free
EAMHM molecule present in solution to participate any further
complexation reaction. The Al* ion-induced such changein
UV-Vis absorbances of EAMHM may be useful for detection
of AI*in agueous sol ution. To observe the sensing applicability,
the normalized 365 nm absorption intensities (normalized by
365 nm absorption intensity in absence of Al*) were plotted
with the concentration of Al* ions and the linear correlation
curve upto 4 equiv. of AI** ishighly beneficial for detection of
unknown Al** present in solution (Fig. 1c).

Toidentify the complex stoichiometry between EAMHM
and AI**, absorbance related with the EAMHM-AI®*" complex
wasplotted againgt different molefractions of AI**, whilevolume
of solution had remained constant according to the Job’s plot
(Fig. 2) [19]. The maximum amount of complexation at 0.5
mole-fraction of AI* convincingly suggests the formation of
1:1 complex between EAMHM and Al* ions.

Theinfluenceof different anionsto dissociatethe EAMHM-
Al* complex was also studied. A 365 nm absorption peak for
the complex remains unperturbed in presence of various poten-
tial anions, suchasCl-, BHz, Br, NO3, SCN, NO,, CN", S,0%
(Fig. 3b), which indicates that the complex is highly stable
towards those anions. On the other hand, a notable change of
absorption was identified in presence of 10 equiv. of S (Fig.
3a). More specifically, anidentical spectrum between thefinal
absorption spectrum of the complex in presence of saturated
S*ionand EAMHM clearly suggeststhat Al* is displaced as
insoluble Al,S; from the complex to generate free EAMHM.

Fluorometric detection: The fluorometric studies for
EAMHM with or without the presence of various metal ions

©
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Fig. 2. Job’'splot for determining the stoichiometry of the complex between
EAMHM and AI** ion. The difference between the observed and
EAMHM absorbance at 365 nm were plotted with mole fraction of
Al in the mixture of EAMHM and AlI** with various compositions

were performed by maintaining conditionsidentical to that of
absorption studiesin 1:1 methanol/buffer mixed solvent medium.
The Schiff-base molecule (EAMHM) showsvery weak fluore-
scence intensity centered at ~ 510 nm (relative ¢« < 0.01) for
420 nm excitation (Fig. 4a), whereas the molecule behaves
completely non-fluorescent due to excitation by 330 nmlight.
The results indicates that the zwitterionic residue containing
phenolate-conjugated with protonated imineisresponsiblefor
weak fluorescence intensity, however, the protonated phenol
conjugated with imine moiety in the other half of moleculeis
completely non-fluorescent in nature. Theextremely low fluore-
scenceintensity of EAMHM ishighly useful for itsapplication
as off-mode of fluorescence sensing. As a fluorescent sensor
in aqueous media, EAMHM may be detected by enhancing its
fluorescence with asuitable external reagent inits*on” mode.

Asthe concentration of AlI*" wasincreased in presence of
25mL of Schiff base (EAMHM), asignificant increase of fluore-
scence centered at 450 nm was observed. It reached saturation
at 10 equiv. in 1:1 methanol/buffer (20 MM HEPES) medium
(pH 7.0) (Fig. 4d). Thisindicatesthat the EAMHM-AI** complex
may be responsible for the large fluorescence enhancement
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Fig. 4. Changes in the fluorescence spectra of EAMHM (25 puM) in 1:1 HEPES buffer-methanol solvent mixture (a) with increasing
concentration of Al**ion (0-250 uM); the changesin fluorescence intensity on addition of AlI** ionis depicted by arrow. (b) in presence
of different anions (10 equiv. w.r.t. $*): wine, bare ligand EAMHM; red, EAMHM-AI*"in presence of $°. Excitation wavelength was
365 nm. (c) Plot of normalized fluorescence as a function of Al*ion concentration at 450 nm

since the amount of Al* required for fluorescence saturation
isequal tothat required for UV-Visintensity saturation. When
reaching saturation, Al** generated a 150-fold increase in the
fluorescence at 365 nm (Fig. 44).

Using DFT-based theoretical calculations, thelow fluore-
scenceintensity of freeligand (EAMHM) isdueto theelectron
delocalization process (PET) caused by phenoxide oxygen
atoms delocalizing el ectrons to a -conjugated system of two
aromatic rings and imino groups. Thereisalarge increasein
fluorescence intensity in the presence of AlI*" ions, which is
likely dueto the PET process being restricted efficiently to the
EAMHM. Dueto the reduction of electron-accepting abilities
of the two aromatic rings and imine groups in the EAMHM-
Al* coordinated complex, the PET process within the ligand
would become weak. Additionally, the redshift of the emission
wavelength of Schiff base ligand to 450 nmisalso peculiar to
the intensity of fluorescence emitted by Al*" complexes [20].
A trace amount of Al** in an analytical medium can be detected
by the large fluorescence intensity caused by Al**.

To verify Al* selectivity, the fluorescence of EAMHM
(25 uM) was monitored individually in presence of different
biologically or industrially important cations viz. Ni**, Mg*,
Co*, Cu*, Zn*, Cr*, Cd*, Fe*, Ba®", Mg*, Hg*" Na', Ca?*, K",
Fe?* (~ 10 equivalent each w.r.t. Al*) in 1:1 methanol/buffer
(20mM HEPES) medium, pH 7.0 (Fig. 5) but failed to generate
any noticeably enhanced fluorescence with an exception for
the AI*" ion with a very small fluorescence increment for the
same cations. Interestingly, AlI*" induced fluorescence incre-
ment was not disturbed in presence of various other cations
under identical solvent composition (Fig. 5). Itisalsoimportant
for AI* detection in the presence of other cations to have an
unperturbed ratiometric responsefor EAMHM inthe presence
of large excess of those cations. Inaddition to limit of detection
(LOD) of 1.0 M obtained, it is noteworthy that atrace amount
of AI** can be detected with this LOD.

To determine the binding stoichiometry between Schiff
base EAMHM and AI* aswell asthe binding constant, Benesi-
Hildebrand procedure was adopted [21], where the change in
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fluorescence intensity factor ((Fma-Fo)/(Fx-Fo)) shows linear
relationwithinverse of AlI** concentrationindicating 1:1 binding
stoichiometry between EAMHM and Al* (Fig. 6). Onthe other
hand, the binding constant (k,) ~ 3.4 x 10* M was determined
from the slope value ~ 2.99 x 10° M.

(Fmax FO) =1+( 1 nj (1)
(F-FK) K.IC]

where, Fna, Fo @and F are fluorescence intensities of ligand in
the presence of AI* at saturation, freeligand and any interme-
diate AI** concentration at Ame = 450 nm. K4isthedissociation
congtant of the EAMHM-AI*complex and concentration of AI**
isrepresented by C. The binding constant (k) of the complex
has been determined using the following relation:

Assimilar tothe UV-Visabsorption studies, the quenching
of fluorescenceintensity dueto dissociation of EAMHM-AI®*

14 =
12 = o

10 o

(Fra—Fo)F—Fy)
Y

4 = i
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g. 6. Benesi-Hildebrand plot of (Fmex-Fo)/(F-Fo) vs. Y[AI**] (obtained from
emission spectra) shows a linear relationship with an intercept of
about 0.95 + 0.1 (close to 1.0) (Aex = 365 NM)

Fi

complex in presence of various anions, such as CI-, BHz, Br,
NOjz, SCN-, NOz, CN-, S,0% and S* was monitored by the
fluorescence method (Fig. 4b). Except in presence of S anion,
almost unchanged fluorescence intensity clearly justifies the
complex is highly stable and it can be used as a fluorescence
sensor for the detection of Al** in presence of those anions.
Whereas, in case of S, almost complete quenching of the
fluorescenceto asame extent asthat of free EAMHM may also
indicate that such fluorescence quenching is resulted by the
generation of free EAMHM ligand.

Notably, the S~ induced sel ective fluorescence quenching
isuseful for detection of S~ ion by observing such fluorescence
guenching. Moreover, as similar to the UV-Vis absorption
studies, thelinear correlation of fluorescenceintensity increase
vs. Al concentration can be utilized for ratiometric detection
of Al* (Fig. 4c).

Theoretical calculations: Based on evidences, molecular
formulaof EAMHM-AI*for 1:1 complex asreveded from Job's
plot analysis, the ground state geometry for most probable
structure was optimized by DFT method for investigating the
absorptiontothesinglet excited statesvia TD-DFT calculations
insolvent MeOH (Fig. 7). In addition, similar cal culation was
performed for free EAMHM tojustify for present consideration
for the proposed structural geometry of the EAMHM-AI®
complex. The geometry of complexes possessadistorted tetra-
hedral arrangement around the central meta ions. The optimized
geometry of complex isrepresented in Fig. 7.
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Fig. 7. Optimized ground state geometries of (A) EAMHM and (B)
EAMHM-AI®* complex

For EAMHM-AI®* complex, a band around 362 nm is
dominated by the HOMO-1(99) — LUMO (101) excitations,
while the band around 377 nm for EAMHM is mainly dueto
HOMO (87) — LUMO (88) transitions. On comparing the
experimental UV-Visspectrafor free EAMHM and EAMHM-
Al* complex, it hasbeen observed that the cal cul ated €l ectronic
transitions are very closeto the experimental electronic bands
(Table-1).

Conclusion

In conclusion, anovel fluorescent ‘turn-on’ chemosensor
EAMHM based on a Schiff base molecul e containing multiple
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TABLE-1
ELECTRONIC EXCITATION WAVELENGTH (nm), OSCILLATOR STRENGTHS (f,), ABSORPTION MAXIMUM (Ars) AND
EXTINCTION COEFFICIENT () OF EAMHM AND EAMHM-AI* FORMS OBTAINED BY THE TD-DFT/B3LY P/6-31G++(d,p)
CALCULATION ON GROUND STATE GEOMETRIESIN VARIOUS SOLVENT WITH CPCM DIELECTRIC SOLVATION MODEL.
THE EXPERIMENTALLY OBTAINED UV-VIS ABSORPTION (Obs/Abs) PARAMETERS ARE DEPICTED FOR COMPARISON

Form Solvent A (M) fea £x10* (M™*cm?)
TD-DET EAMHM MeOH 377,303 0.04,0.21 0.42,0.39
EAMHM-AJ?* MeOH 362 0.07 0.55
Obs/Abs EAMHM 1:1 aqueous methanol 420, 330 0.44,0.41
EAMHM-AI® 1:1 aqueous methanol 365 0.59

phenol-conjugated-imine moieties derived from phenolic
aldehyde and diamine molecule is developed . The EAMHM
exhibits a high selectivity and sensitivity for the detection of
Al* through significant visible fluorescence enhancement in
thewavel ength centered at 450 nm with amicromolar detection
limitin CHsOH/HEPES buffer (pH 7.0) binary solution mixture.
The unperturbed Al** induced fluorescence enhancement by
addition of different other cationsjustify that EAMHM molecule
can be utilized for the detection of Al**in the presence of other
competing metal ions also.
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ABSTRACT

A study was undertaken to determine the level of chemical pollutants present in groundwater and water from
other sources used for drinking purpose in Nadia district, West Bengal. For this purpose, 76 water samples were
collected during the period 2014 - 2016 from the tubewells of the area and municipality sources. The samples
were then assessed for eleven parameters - arsenic, fluoride, chloride, residual chlorine, iron, phosphate, nitrate,
nitrite, ammonium, total akalinity and pH. The results clearly indicated high levels of arsenic, low levels of
fluoride and phosphate and high levels of nitrate in samples from certain areas. A comparison of the data of
those areas with the data from a similar study undertaken two years ago was made to highlight the importance
of monitoring process.

KEYWORDS: Chemical pollutants, Groundwater, Drinking water, Monitoring, Assessment.

INTRODUCTION

Water is the most abundant and precious resource of our planet, yet availability of clean, potable water for
human use is shrinking day by day. Decades of pollution caused by effluents of industries, use of pesticides in
agriculture, rampant withdrawing of groundwater for irrigation, washing purposes and housing have led to the
contamination of groundwater with heavy metals like arsenic and toxic anions like fluoride, nitrate and
phosphate. Indeed, the Gangetic delta area of West Bengal has been in the spotlight for arsenic contamination
since the landmark study by Chakraborti et al." The contamination of groundwater by arsenic in districts of
Murshidabad, Nadia, 24 Parganas and others, have been the focus of decades of study. Arsenic is highly toxic
and long-term use of drinking water with high concentrations can lead to a wide range of health problems in
humans.?* The contamination of groundwater by fluoride is another serious hazard® and also presence of nitrate
in drinking water can cause a potentially fatal disease in infants called methemoglobinemia, or Blue-Baby
Syndrome.® In this scenario it is, therefore, essential to continuously monitor groundwater wherever it is being
consumed for drinking purpose whether it isin rura or urban area.

The World Health Organization (WHO) has defined safe drinking water as “quality of water that is acceptable
for lifelong consumption”.” In its “Guidelines for drinking water quality”, nearly one hundred chemical
contaminants are listed which have significant bearing in the short-term and long-term health of human beings.
Also, there are some “acceptable limits” or values of the concentrations of the chemicals which do not result in
any significant risk to health over alifetime of consumption.® Hence, for determining the suitability of drinking
water in a given areg, it is necessary to determine whether the concentration of an ion is within limits given in
the Guidelines.

In view of the above-mentioned significance of Nadia district, West Bengal in context of arsenic contamination,
it was suitable as the area of study. The aim was to determine the quality of drinking water consumed by the
students of Krishnagar Government College and their families in Nadia district and to spread awareness in case
of high level of contamination found. In the study, water samples were collected by three batches of students of
1% Year Chemistry Honours in 2014, 2015 and 2016 respectively, from their households or neighboring water
sources and analysis of those water samples was carried out in the department of chemistry, Krishnagar
Government College. Since the occurrence of 1% Year Honours students in a college is a random choice, the
study may be considered as a random study of the quality of drinking water of the households in Nadia district,
West Bengal.
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EXPERIMENTAL

Material and Methods: Commercially available water-testing kits, which are a low-cost, easily available, easy-
to-use and rapid means to detect inorganic ions, were used to analyse the water samples. Their usefulness and
limitations are given in the Guidelines.” Water-testing kits were purchased from NICE Chemicals Pvt. Ltd.,
Kochi, Kerala. Five different types of kits, either for a single ion or for more than one ion (combination kit)
were used, viz., one kit for Total Alkalinity and pH, one for Arsenic, one for Iron and Phosphate, one for
Fluoride, Chloride and Residua Chlorine and one for Nitrate, Nitrite and Ammonium.

General procedure: Approx. 200 mL of water sample was collected, either from a tubewell, house reservoir or
municipality tap, in 250 mL of a standard plastic bottle and analysed as such within 2-3 days of collection. Each
sample was given a unique sample humber and the source of water in each case was noted. The samples were
analysed following strictly the procedure given in each testing kit and reagents provided in the kit.

Detection Method: The chemical reaction by the reagents in a given water sample produced some observable
change, either different colours (e.g. in case of pH) or different intensities of a particular colour (e.g. yellow in
case of arsenic). The produced colour or intensity of colour was then matched with the range of concentration of
that particular ion given in the chart in the kit. In order to determine whether a water sample contains harmful
ions in “unsafe range”, it iS not necessary to know the absolute value of concentration but rather whether the
concentration is above the “acceptable limit” or not. This can be easily detected by the water-testing kit.

RESULTSAND DISCUSSION

The WHO and the Bureau of Indian Standards (BIS) have established some acceptable limits of concentrations
ionsin drinking water.”*® These are given in Table 1.

In 2014, water samples were collected from 21 households in Nadia district, their addresses identified by the
Post Office (P.O.) and the Police Station (P.S.) for smplicity and analyzed for 10 parameters. These households
have been grouped into 7 different localities according to the corresponding Police Stations. Further, the results
have been grouped into two categories — Table 2 shows the parameters which were within acceptable limits and
Table 3 shows the water source of the samples and the parameters which exceeded the acceptable limits in
these areas.

From an analysis of the results obtained in Table 2, it can be seen that although strictly within acceptable limit,
48% (sample Nos. 1-3, 8, 11, 13-15, 18, 20) of the samples showed fluoride to be in borderline concentration
(0-1 mg/L). An analysis of the results abtained in Table 3 showed that 11 samples had high pH and 8 samples
had borderline or high iron content. However, more alarmingly, 52% samples (Nos. 1, 3, 4, 6, 8, 9, 11, 13, 15,
16, 21) showed the presence of nitrate while 29% samples (Nos. 6, 8, 9, 10, 13, 16) tested positive for nitrite
ions.

In 2015, water samples were collected from 28 households, identified by their P.O. and P.S. and analyzed for 11
parameters. These households have aso been grouped into 11 localities according to the corresponding P.S. As
before, the results have been grouped into two categories — Table 4 shows the parameters which were within
acceptable limits and Table 5 shows the water source of the samples and the parameters which exceeded the
acceptable limitsin these areas.

From the results obtained in Table 4, it can be seen although within acceptable limits, 46% samples had fluoride
(Nos. 2-4, 6, 7, 9, 13-15, 19, 26-28) in borderline concentration (0-1 mg/L) while 21% samples (Nos. 2, 7, 13,
18, 22, 23) tested positive for nitrite ions. However, from Table 5, it can be seen that two of the samples (Nos.
13, 27) had very high values of Total akalinity, one sample (No. 7) had very high pH, two samples (Nos. 8, 15)
had very high value of arsenic and one sample (No. 6) had very high value of nitrate. Overal, 39% and 25% of
the samples tested positive for arsenic and nitrate, respectively.

In 2016 also, water samples were collected from 27 households in Nadia district, identified by the respective
P.O. and P.S. and analyzed for 11 parameters. The said households have been grouped into 9 localities
according to the Police Stations. The results for which parameters were within acceptable limit are shown in
Table 6 and those for which the parameters exceeded the acceptable limits are shown in Table 7.

From Table 6, it can be seen that the concentration of arsenic was found to be borderline in 44% of samples
(Nos. 3,5, 6, 10, 11, 14, 16, 17, 21-23, 26) while 37% of the samples (Nos. 2, 4, 6, 9, 13, 18, 23, 25-27) showed
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the presence of nitrite ion. Form Table 7, it can be seen that two of the samples (Nos. 25, 27) had very high
value of total akalinity, 14 of the samples had high values of iron content and two samples (Nos. 25, 27) had
very high value of nitrate. Overall, 26% of the samples (Nos. 9, 13, 20, 23, 25-27) tested positive for nitrate.

In order to further assess the status of chemical pollutants in drinking water in Nadia district, the contaminants
arsenic, fluoride and nitrate were chosen since these three have significant health impacts in the population.
Percentage of samples which produced a positive result for presence of these three ions, that is, were present at
least in the minimum concentration range, was compared over a period of 4 years (in case of Arsenic) and over
aperiod of 5 years (in case of Fluoride and Nitrate) from afew chosen localities, namely, Nabadwip, Dhubulia,
Nakashipara and Kotwali since data was available from these localities for al 4/5 years. The data for 2012 and
2013 were obtained from a previous study by the present author.™ The detection trends for these three ions are
shown in Figure 1, Figure 2 and Figure 3, respectively.

From Figure 1, it can be seen that although percentage of samples containing arsenic has decreased over the
years, more localities in Nadia district are affected by arsenic.

From Figure 2, it can be seen that percentage of samples containing fluoride exhibits a downward trend. From
Figure 3, it can be concluded that on an average, the percentage of samples containing nitrate exhibits a
downward trend.

CONCLUSION

In the present study, 76 water samples were collected from 76 different households in Nadia district, West
Bengal over a period of three years in three batches and were analyzed each year by water testing kits for 11
selected parameters of chemical pollutants. The comprehensive results of the analysis have been presented
which helped to successfully monitor the the status of drinking water of the corresponding localities of Nadia
district. Further, to assess the trends of arsenic, fluoride and nitrate contamination, the percentage of samples
which produced a positive result for these ions or positivity percentage data for 2014-2016 was compared with
data for 2012-2013 for certain chosen locdlitites. This showed upward trends for presence of Arsenic in more
localities and downward trends for presence of Fluoride and Nitrate ions. This study re-iterates the need to
routinely monitor the water from a particular areas, since the concentration of ions could change with time.
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Table1 Acceptable Limits (in mg/L or ppm) of lonsin Drinking Water

Chemical WHO BIS
Total Alkalinity (TA) (in terms of CaCOs) - 200/600°
pH -- 6.5-85
Arsenic (As) 0.01 0.01/0.05°
Fluoride (F) 15 1.0/1.5%
Chloride (CI") b 250/1000%
Residual Chlorine (Res. Cl,) (used for 0.2 0.2/1.0°
disinfection)
Iron (Fe) b 0.3
Phosphate (PO, b 5
Nitrate (NO5") 50 45
Nitrite (NO,) 3 3
Ammonium (NH," b 5

a. Permissible limit in absence of aternate source.

b. Not of health concern at levels found in drinking water.

Table 2 Parameters’™ within Acceptable Limitsin Water Samples of 2014

Sample No. P.O. P.S. TA F ClI Res Cl, PO NH 4
1 Habibpur Ranaghat 450 1 290 0 0 0
2 Ranaghat Ranaghat 400 0-1 60 0 0 0
3 Nazirpur Tehatta 310 0-1 100 0 0-0.5 0
4 Betal Tehatta 445 0 180 0 0-0.5 0
5 Bagula Hanskhali 390 0 120 0 0-0.5 0
6 Bagula Hanskhali 470 0 250 05 0-0.5 0-0.5
7 Bagula Hanskhali 390 0 120 0 0-0.5 0
8 Bethuadahari Nakashipara 450 0-1 100 0 0 0
9 Bethuadahari Nakashipara 420 0 120 0 0 0
10 Bethuadahari Nakashipara 285 0 70 0 0 0
11 Gachha Nakashipara 290 0-1 100 0-0.2 0-0.5 0-0.5
12 Duttapulia Dhantaa 250 0 30 0 0 0-0.5
13 Natna Pattabuka Karimpur 520 0-1 250 0-0.2 0 0
14 Krishnagar Kotwali 400 0-1 50 0 0-0.5 0
15 Krishnagar Kotwali 455 0-1 100 0 0-0.5 0
16 Krishnagar Kotwali 495 0 160 0 0 0
17 Krishnagar Kotwali 390 0 80 0 0 0
18 Krishnagar Kotwali 360 0-1 70 0 0 0
19 Krishnagar Kotwali 275 0 30 0 0 0
20 Krishnagar Kotwali 400 1 80 0 0-0.5 0
21 Saktinagar Kotwali 430 0 100 0 0-0.5 0
" Measuredin mg/L or ppm
Table 3 Parameters’” exceeding Acceptable Limitsin Water Samples of 2014
Sample No. P.S Water Source pH Fe NO5;~ NO,"
1 Ranaghat Tubewell (house) 89 0.3 5 0
2 Ranaghat Filter (house) 8-9 0 0 0
3 Tehatta Municipality 7-8 0-0.3 0-5 0
4 Tehatta Tubewell 8 0 20-30 0
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5 Hanskhali Filter (house) 8-9 0 0 0
6 Hanskhali Tubewell (house) 8 0.3-1 50 5
7 Hanskhali Filter (house) 8-9 0-0.3 0 0
8 Nakashipara Tubewell (house) 8 0 30-50 0-0.5
9 Nakashipara Tubewell (house) 8 0 30-50 0-0.5
10 Nakashipara Tapwater (outside) 89 0 0 0-0.5
11 Nakashipara Tubewell (house) 7-8 0-0.3 20-30 0
12 Dhantala Tubewell 7-8 0.31 0 0
13 Karimpur Tubewsell 7-8 0 30-50 35
14 Kotwali Supplied water 7-8 0 0 0
15 Kotwali House Reservoir 7-8 0 0-5 0
16 Kotwali House Reservoir 89 0 5-10 0-0.5
17 Kotwali Supplied water 89 0 0 0
18 Kotwali Tapwater (house) 9 0 0 0
19 Kotwali Tubewell (house) 9 0 0 0
20 Kotwali House Reservoir 89 0-0.3 0 0
21 Kotwali Krishnagar 89 0.3 0-5 0
Municipality
""Measuredin mg/L or ppm
Table 4 Parameters’™ within Acceptable Limitsin Water Samples of 2015
Sample No. P.O. P.S. Fe F Cl” Res Cl, PO, NH," NO,
1 Idrakpur Nabadwip 0-0.3 0 40 0 0 05 0
2 Aranghata Dhantala 0 1 70 0 0-0.5 0 0-0.5
3 Duttapulia Dhantala 0 0-1 30 0 0-0.5 0 0
4 Panditpur Dhubulia 0 0-1 130 0 0-0.5 0 0
5 Anandanagar Dhubulia 0 0 60 0 0-0.5 0 0
6 Mayakol Dhubulia 0 01 120 0 0.5 0 0
7 Bethuadahari Nakashipara 0 0-1 40 0-0. 0 0 0-0.5
8 Chandanpur Nakashipara  0-0.3 0 50 0 0 0 0
9 Dharmatala Nakashipara 0 0-1 40 0 0-0.5 0 0
10 Bethuadahari Nakashipara 0.3 0 60 0 0 0 0
11 Dharmada Nakashipara 0 0 40 0 0-0.5 0 0
12 Santipur Santipur 0 0 70 0 0 0 0
13 Babla Santipur 0 0-1 110 0 0-0.5 0 0-0.5
Gobindapur
14 Babla Santipur 0 0-1 40 0 0-0.5 0 0
Gobindapur
15 Chakdaha Chakdaha 0-03 01 40 0 0-0.5 0-0.5 0
16 Chakdaha Chakdaha 0-0.3 0 40 0 0-0.5 0 0
17 Bangaljhi Chapra 0 0 30 0 0-0.5 0 0
18 Bangaljhi Chapra 0-0.3 0 40 0 0-0.5 0 0-0.5
19 Ramnagar Hogalbaria 0 0-1 40 0 0 0 0
20 Bagula Hanskhuli 0.3 0 60 0 0.5 0 0
21 Hanspukuria Tehatta 0-0.3 0 80 0 0 0 0
22 Krishnagar Kotwali 0 0 70 0 0 0 0-0.5
23 Krishnagar Kotwali 0 0 150 0 0 0 0-0.5
24 Krishnagar Kotwali 0 0 20 0 0 0 0
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25 Krishnagar Kotwali 0 0 110 0 0 0 0
26 Krishnagar Kotwali 0 0-1 20 0 0 0 0
27 Krishnagar Kotwali 0 0-1 130 0 0-0.5 0 0
28 Krishnagar Kotwali 0 0-1 80 0 0-0.5 0 0
" Measuredin mg/L or ppm
Table5 Parameters’™ exceeding Acceptable Limitsin Water Samples of 2015
Sample P.S. Water Source TA pH As NO;
1 Nabadwip Tap water 60 7 0 0
2 Dhantaa Tubewell 385 8-9 0 0-5
3 Dhantala Tubewell 445 7-8 0-0.05 0
4 Dhubulia Tap water 780 7-8 0.05 5
5 Dhubulia Tap water 185 8-9 0-0.05 0
6 Dhubulia Tubewell 535 8 0 50
7 Nakashipara Tap water 160 9-10 0 0
8 Nakashipara Tap water 435 89 05 0
9 Nakashipara Tap water 180 8-9 0 0
10  Nakashipara Tubewell 420 9 0-0.05 0
11  Nakashipara Tap water 185 9 0 0
12 Santipur Tap water 320 9 0 30
13 Santipur Tubewell 695 8 0 10
14 Santipur Water Filter 300 7-8 0 0
15 Chakdaha Municipality 565 7 0.1-0.5 0
16 Chakdaha Municipality 580 89 0 0
17 Chapra Tubewell 500 89 0.05 0
18 Chapra Tubewell 405 89 0.05 0
19 Hogabaria Water Filter 45 5-6 0 0
20 Hanskhuli Tap water 390 9 0-0.05 0
21 Tehatta Tubewell 325 8 0.05 0
22 Kotwali Water Filter 315 8 0 0
23 Kotwali Tubewell 410 9 0.05 20-30
24 Kotwali Water Filter 95 7 0 0
25 Kotwali Water Filter 320 8-9 0 0
26 Kotwali Water Filter 100 6 0 0
27 Kotwali Tubewell 600 8 0 5
28 Kotwali Water Filter 545 8 0 0
"Measuredin mg/L or ppm
Table6 Parameters'™ within Acceptable Limitsin Water Samples of 2016
Sample P.O. P.S. As F Cl~ ResCl, PO, NH, NO,
1 Nabadwip Nabadwip 0 0 40 0 0 0 0
2 Nabadwip Nabadwip 0 0 60 0 0.5 0 0.5
3 Charbrahmanagar Nabadwip 0-0.05 0 30 0 0 0.5 0
4 Nabadwip Nabadwip 0 0 40 0 0 0-0.5 0.5
5 Charbrahmanagar Nabadwip 0-0.05 0 30 0 0 0-0.5 0
6 Dhubulia Dhubulia 0-0.05 0 30 0 05 0 0.5
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7 Ghateswar Dhubulia 0 0 70 0 0 05 0
8 Bethuadahari Nakashipara 0 0 230 0 0 1-3 0
9 Bethuadahari Nakashipara 0 0 120 0 0 0 05
10 Matchpota Nakashipara  0-0.05 0 120 0 0 0-0.5 0
11 Bethuadahari Nakashipara 0.05 0 80 0 0 0 0
12 Bethuadahari Nakashipara 0 0 80 0 0 0 0
13 Bethuadahari Nakashipara 0 0 120 0 0 0 0-0.5
14 Fulia Colony Santipur 0-0.05 0 60 0 0 0-0.5 0
15 Subarnapur Haringhata 0 0 60 0 0 0-0.5 0
16 Majdia Krishnagan 0.05 0 60 0 0 0.5 0
17 Debagram Kdigan 0-0.05 0 80 0 0 0.5 0
18 Jitpur Tehatta 0 0 80 0 0 0 05
19 Ghurni Kotwali 0 0 70 0 0 0 0
20 Krishnagar Kotwali 0 0 50 0 0 0 0
21 Ghurni Kotwali 0.05 0 50 0 0 0 0
22 Krishnagar Kotwali 0-0.05 0 80 0 0 0 0
23 Krishnagar Kotwali 0.05 0 60 0 0.5 0.5 0.5
24 Krishnagar Kotwali 0 0 160 0 0 0 0
25 Krishnagar Kotwali 0 0 150 0 0 0 0-0.5
26 Krishnagar Kotwali 0.05 0 90 0 0 0 0.5
27 Krishnagar Kotwali 0 0 170 0 0 0 0-0.5
"Measuredin mg/L or ppm
Table 7 Parameters'™ exceeding Acceptable Limitsin Water Samples of 2016
Sample P.S. TA pH Fe NOs
1 Nabadwip 405 8 0-0.3 0
2 Nabadwip 345 9 0 0
3 Nabadwip 510 8 0-0.3 0
4 Nabadwip 435 8-9 0.3 0
5 Nabadwip 560 9 35 0
6 Dhubulia 360 8-9 1 0
7 Dhubulia 425 8 1 0
8 Nakashipara 505 9 1 0
9 Nakashipara 445 89 0.3 20
10 Nakashipara 360 89 0.3-1 0
11 Nakashipara 370 8 1 0
12 Nakashipara 300 8-9 0-0.3 0
13 Nakashipara 400 8 0.3 5-10
14 Santipur 300 9 1 0
15 Haringhata 365 9 0 0
16 Krishnagan; 350 7-8 3 0
17 Kaliganj 450 9 35 0
18 Tehatta 365 8-9 1 0
19 Kotwali 440 9 1-3 0
20 Kotwali 445 8 0-0.3 5
21 Kotwali 495 8 1-3 0
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22 Kotwali 380 8 3-5 0
23 Kotwali 405 8-9 0.3 5
24 Kotwali 550 7 0-0.3 0
25 Kotwali 605 8-9 0-0.3 30-50
26 Kotwali 450 8 1 5
27 Kotwali 650 8-9 0 30-50

" Measuredin mg/L or ppm

Detection of 'As' in Water Samples

% of Samples with As >= 0-0.05 mg/L

2012 2013 2015 2016
Water Samples collected from Localities in Nadia district

s Nabadwip Dhubulia ms== Nakashipara mmsm Kotwali Total

Fig. 1 Detection Trend of Arsenic in water samples over 4 years (2012, ’13, 15, ’16)

Detection of 'F-' in Water Samples

Linear (Nakashipara)

% of Samples with F- >= 0-1 mg/L

2512 2013 2014 2015 2016

Water Samples collected from Localities in Nadia district

«=@==Nakashipara Kotwali ~e=@==Total

Fig. 2 Detection Trend of Fluoridein water samples over 5 years (2012 - 2016)

Soecial Issue on Current Research in Chemistry and Nanosciences (CRCNS-2022)

264



Asian Journal of Organic & Medicinal Chemistry ISSN Online: 2456-8937
Vol. 7 No. 2 (April-June, CRNSS 2022) UGC CARE APPROVED JOURNAL

Detection of 'NO3-' in Water Samples

% of Samples with NO3- >= 0-5 mg/L

2012 2013 2014 2015 2016

Water Samples collected from Localities in Nadia district

mmm Nabadwip Dhubulia mss= Nakashipara msssm Kotwali Total Linear (Nakashipara)

Fig. 3 Detection Trend of Nitrate in water samples over 5 years (2012 - 2016)
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Introduction

Fluorometric trace methanol detection in ethanol
and isopropanol in a water medium for application
in alcoholic beverages and hand sanitizerst

Snigdha Roy,? Sanju Das,® Ambarish Ray*© and Partha Pratim Parui® *@

Detection of methanol (MeOH) in an ethanol (EtOH)/isopropanol (PrOH) medium containing water is
crucial to recognize MeOH poisoning in alcoholic beverages and hand sanitizers. Although chemical
sensing methods are very sensitive and easy to perform, the chemical similarities between the alcohols
make MeOH detection very challenging particularly in the presence of water. Herein, the fluorometric
detection of a trace amount of MeOH in EtOH/PrOH in the presence of water using alcohol
coordinated Al(i)-complexes of an aldehydic phenol ligand containing a dangling pyrazole unit is
described. The presence of MeOH in the EtOH/'PrOH causes a change of the complex geometry from
tetrahedral (Td) to octahedral (Oh) due to the replacement of the coordinated EtOH/PrOH by MeOH
molecules. The Td-complex exhibited fluorescence but the Oh-species did not, because of the
intramolecular photo-induced electron transfer (PET). By interacting the Oh species with water, its one
MeOH coordination is replaced by a water molecule followed by the proton transfer from the water to
pyrazole-N which generates strong fluorescence by inhibiting the PET. In contrast, the water interaction
dissociates the Td-complex to exhibit fluorescence quenching. The water induced reversal of the
fluorescence response from the decrease to increase between the absence and presence of MeOH is
utilized to detect MeOH in an EtOH/'PrOH medium containing water with a sensitivity of ~0.03-0.06%
(v/v). The presence of water effected the MeOH detection and allows the estimation of the MeOH
contamination in alcoholic beverages and hand sanitizers containing large amounts of water.

used to alter the EtOH strength in alcoholic beverages to give
a higher profit. Nevertheless, in recent times during the COVID-

Worldwide, hundreds of economically constrained people are
dying every year because of consumption of methanol (MeOH)
contaminated illicit liquors.* In the countryside, use of crude
fermentation methods and improper distillation are the main
culprits for the MeOH contamination in ethanol (EtOH). In
some cases, unavoidable MeOH formation during standard
fermentation processes is also a major concern.* Consumption
of MeOH beyond a certain permissible limit (1—2 mL per kg
body mass) directly affects the central nervous system, by
inhibiting the activity of cytochrome c oxidase, causing hypoxia,
acidosis or even a painful death.>® Even a minute amount of
MeOH ingestion, approximately 10 mL of dietary intake, is
potent enough to cause some adverse effects.'®"* The use of
much less expensive MeOH is a very common illegal practice
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19 pandemic, a large number of poisonous MeOH containing
hand sanitizers were seized worldwide, even after repeated
warnings from the FDA."> Because the use of costly EtOH and
isopropanol (‘PrOH) based hand sanitizers has significantly
increased to help combat the COVID-19 pandemic, indiscrimi-
nate commercial production inevitably increases the chance of
using MeOH containing cheaper hand sanitizers.*?

The MeOH, EtOH and ‘PrOH are all chemically similar in
nature.”* Thus, using a reaction based chemical sensor,
MeOH detection in commercial alcoholic beverages and hand
sanitizers containing a large amount of EtOH/'PrOH as well as
water is an extremely challenging task.'*™® In the search for an
alternative method of detection, researchers focused on various
other analytical procedures, such as different types of mass
spectrometry (MS),***' gas chromatography,?* cyclic voltam-
metry,” capillary electrophoresis,® quartz crystal microbal-
ances (QCMs) and so on.*” However, costly sophisticated
instrumentation, the requirement of skilled technicians or
tedious standardizations for the previous methods are major
disadvantages for using them in routine analysis. In view of
their cost-effectiveness and easy detection protocol, the reaction

RSC Adv, 2021, 11, 30093-30101 | 30093
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based chemical sensing methods are far superior detection
techniques.

Fluorometric chemical sensing because of its ultra-high
sensitivity is considered to be one of the most effective
methods. Despite this, few organic fluorescent probes for
MeOH are reported in the literature and those that are have
certain limitations."”**>° Different materials have also been
used as MeOH fluorosensors such as a supramolecular ionic
material by Zhang et al.,** a bimetallic lanthanide-organic
framework by Du and co-workers,>® and nitrogen-doped
oxidized carbon dots by Latha et al?** In most of the cases
MeOH is differentiated only from EtOH but not from ‘PrOH.
The detection is based on either an increase or decrease of the
relative intensity changes between MeOH and EtOH but never
in the opposite direction, that is an increase for one and
a decrease for the other. In addition, the effect of a large amount
of water in the sample being analyzed for MeOH, although
useful in the preparation of alcoholic beverages and hand
sanitizers, has not been thoroughly investigated. Thus, it is
proposed that the MeOH detection based on water induced
a reverse fluorescence response for the probe such as an
increase in intensity in the presence of MeOH but a decrease in
intensity in its absence for a EtOH/'PrOH medium.

The aldehydic phenol ligand (PPY) and its alcohol coordi-
nated Al(ur)-complexes were strategically synthesized, and they
exhibited a water mediated MeOH selective fluorometric
response. The presence of MeOH in EtOH/PrOH induces
a change in the complex geometry from a fluorescent tetrahe-
dral (Td) form to a weakly fluorescent octahedral (Oh) form,
which is due to the exchange of coordinated EtOH/'PrOH by
MeOH. The interaction of water with the Oh-species exhibited
a strong fluorescence intensity because of the exchange of its
one coordinated MeOH with a water molecule followed by an
intramolecular proton transfer from the coordinated water to
the ligand moiety. However, the less stable Td-complex in the
absence of MeOH is dissociated by the water interaction to
exhibit an intensity decrease. Such water induced opposite
intensity changes between the absence and presence of MeOH
are utilized to detect MeOH in EtOH/PrOH and in alcoholic
beverages/hand sanitizers in a water medium.

Experimental

The general experimental procedures and materials are
described on page S2 of the ESL.{

Synthesis of PPY

Firstly,  3,5-dimethylpyrazole (1) and  2-hydroxy-3-
(hydroxymethyl)-5-methylbenzaldehyde (2) were synthesized
according to published procedures.**** To synthesize 3-
(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (3), 2 (0.5 mol)
was taken in 2 mL of dichloromethane (DCM, CH,Cl,) and the
suspension obtained was stirred. Freshly distilled SOCI, in
DCM was added drop wise (final ratio of SOCl, : DCM = 1: 1)
under constant stirring. The yellow colored solution obtained
was then stirred for another hour. Then the unreacted SOCI,
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was removed. The solid residue was dissolved in 1 mL of DCM
and the solution was further diluted in 1 mL of hexane. The
diluted solution was then kept until it had evaporated to
dryness, which produced white colored crystals. Next, 1.84 g (10
mmol) of 3 was dissolved in 5 mL of dry THF. Then, 0.96 g (10
mmol) of 1 was taken in 20 mM of TEA. The solution of 1 was
added drop wise into the solution of 3, and the mixture was
stirred for 24 h. The solution was extracted with brine solution
and activated by Na,SO, to obtain the desired product (PPY),
which was further purified using column chromatography. 'H-
NMR (DMSO-dg, 400 MHz): 2.08 (s, 3H, ArCHj3), 2.23 (s, 6H,
Py-2CH3;), 2.51 (solvent residual peak), 3.33 (due to trace H,0),
5.14 (s, 2H, CH,-Ar), 5.86 (s,1H, Py-C=CH), 6.98 (s,1H, ArH),
7.49 (s,1H, ArH), 10.08 (s, 1H, CH=0), 11.12 (s,1H, ArOH) ppm.
13C.NMR (DMSO-dg, 75 MHz): 10.96, 13.82, 20.51, 39.51-40.90
(solvent residual peak), 46.51, 105.44, 121.82, 126.43, 129.27,
131.85, 136.95, 139.96, 139.79, 146.99, 156.36, 196.19 (Fig. S1
and S2, ESIt). ESI-MS' for PPY in methanol: m/z calc. for [PPY +
H]'": 245.281, found: 245.221 (Fig. S3A, ESIY).

Generation of PPY/AP*" in situ complex and its reaction with
water

For preparation of a stock solution of AlCl; (1 mM), appropriate
amounts of anhydrous AICIl; were taken in different alcohol
mediums and the mixture was vortexed until completely solu-
bilized. Stock solutions of PPY (1 mM) in each alcohol medium
were prepared separately. The alcohol medium was kept the
same for the preparation of stock solutions and reaction
medium. A portion (10 pL or 4 pL) of the stock solution of PPY
(final concentration: 10 uM or 2 uM) was added to each reaction
medium (final volume 2 mL) containing various amounts of
AlCl; (5-200 uM) in the absence or presence of water and/or
MeOH in alcohol mediums under constant stirring, and the
time-dependent PPY/AI’* complex formation kinetics were
monitored using UV-vis absorption and fluorescence studies at
25 °C. A diluted solution of PPY/AI** (0.1 uM PPY + 5 uM AICl,)
was used for the limit of detection (LOD) studies.

UV-vis absorption and fluorescence studies

The UV-vis absorption and fluorescence studies were carried out
in a double beam spectrophotometer (TCC-240A, Shimadzu,
Japan) and spectrofluorometer (LS 55, PerkinElmer). The fluo-
rescence spectra were obtained upon excitation at 402 nm
(excitation band-pass: 10 or 8, and emission band pass: 2 or 8).
Time-dependent fluorescence intensities at 505 nm were
monitored for up to 60 min upon excitation at 405 nm while
maintaining the same excitation and emission band-pass. The
measuring solutions were filtered using a 0.45 mm filter (Millex,
Millipore). The data reproducibility was checked using multiple
measurements.
The LOD for MeOH was obtained as:*®

Detection limit (LOD) = 30/k,
where ¢, and k represent the experimental standard deviation

and slope value of the linear fitting, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The fluorescence quantum yields were measured according
to a procedure described earlier.*”

Theoretical calculations

For structural optimization, density function theory (DFT)
calculations were performed with the Gaussian 09 Program.*®
Time-dependent DFT (TD-DFT) calculations were performed to
obtain UV-vis absorption parameters of different species. The
structural optimizations were carried out by considering the
B3LYP exchange-correlation functional and the 6-31G basis
function.

Results and discussion

Probe design for MeOH detection

The synthesis route of the AI** binding aldehydic phenol ligand

consisting of a dangling pyrazole unit (PPY) is shown in Scheme
1. It has recently been reported that the AI’* ion exhibits
a strong complex formation affinity with phenolic Schiff-base
molecules by binding to phenolic-O and imine-N in alcohol
solvents, and the rest of the Al(m)-coordination sites were filled
by alcohol molecules.* In this research, the aldehydic moiety
was deliberately not converted into the corresponding imine
functionality of PPY, in order to achieve a reduced complex
formation affinity due to the weaker interaction ability of
aldehydic-O than that of the imine-N. Thus, upon the addition
of a trace amount of the MeOH in the EtOH/PrOH medium,
a spontaneous conversion from a structurally fragile Td geom-
etry to a relatively stable Oh symmetrical PPY/AI** complex is
possible due to the exchange of coordinated EtOH/'PrOH by
MeOH molecules. The reaction of water with PPY/AI’>" induces
a fluorescence increase for the Oh species, but an intensity
decrease for the Td complex. The MeOH induced the reversal of
the fluorescence intensity change due to the change of the Al(m)
geometry which was utilized for the detection of trace MeOH in
EtOH/'PrOH.

The PPY/AI** complex formation and its interaction with
water

In the presence of anhydrous AICl; (200 pM), the UV-vis
absorption intensity at ~340 nm for PPY (10 uM) in alcohol
solvents decreased gradually with time (up to 60 min), upon the
formation of a new intensity at 405—410 nm through an iso-
sbestic point at ~378 nm (Fig. 1 and S4, ESI{), indicating that
PPY was involved in a complex formation reaction with the AI**
ion by a kinetically slow process. The amount of complex
formation was evaluated directly by judging the relative
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Scheme 1 Synthesis route of PPY.
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Fig. 1 The UV-vis absorption spectra of PPY (10 pM) in the presence
(solid lines) and absence (broken lines) of 2.5% (v/v) water containing
anhydrous AlClz (200 puM) at 25 °C: red, MeOH; blue, EtOH and green,
'PrOH. The spectra were collected during the 60 min of AlCls addition.
The spectra of PPY in the absence of AlCls and water are depicted in
their respective light colors for comparison.

intensity changeover from ~340 nm to the 405-410 nm
absorption band, because both intensities are not overlapped by
each other (Fig. 1). However, to estimate the equilibrium
between PPY and its Al(m)-complex in the presence of various
amount of AICl; (20-200 pM), the intensity values when the
reaction attained equilibrium in nearly in 60 min were evalu-
ated (Fig. 1 and S5, ESI¥). It should be noted that a large amount
of AI’" (~200 uM, 20 equiv.) was required to react all the PPY
with AI** in an MeOH medium (Fig. 1 and S5, ESI{), which
suggested that the interaction of PPY with the Al** ions was not
only kinetically slow but also thermodynamically weak in
nature. However, large fractions of unreacted PPY ~60% in
EtOH and ~50% in ‘PrOH medium were identified in the
presence of the same concentration of AI** (20 equiv.) (Fig. 1).
This result indicates that the complex formation affinity was
reduced even more in the EtOH/PrOH than in the MeOH
medium.

In spite of inadequate complex formation in the EtOH or
PrOH solvents, the intensity at ~405 nm for the PPY/AI*
complex was ~3-fold larger, i.e., there was a 6-7 times higher
molar extinction coefficient (&) value (~1.1 x 10* M™' em™1),
than that observed in MeOH (~0.17 x 10* M~" em™ ") (Fig. 1).
Although phenolate-O and AI** bond formation was quite
obvious, the formation of aldehydic-O with the AI** bond was
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Fig. 2 (A) Time-dependent fluorescence intensity changes at 505 nm
upon the addition of anhydrous AlClz addition (50 uM), and (B) fluo-
rescence spectrain 60 min of AlClz addition in various alcohol solvents
in the presence (solid line) and absence (broken line) of 2.5% (v/v) water
containing PPY (2 uM) at 25 °C: red, MeOH; blue, EtOH and green,
'PrOH. The spectrum in the absence of PPY is shown in grey (B). The
excitation wavelengths were 405 nm in both (A and B).
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assured by an up-field "H-NMR chemical shift from ~9.91 to
9.53 ppm, which was presumably due to an AI** binding
induced, increased negative charge density at the aldehydic-O
(Fig. S6 and S7 ESI,t compare with the theoretical calculation
section). Furthermore, a 1 : 1 PPY to Al** binding with a reflec-
tion of coordinated alcohol molecules (maximum up to four
MeOH molecules (m/z cale. for [PPY + 4MeOH + Al + CIJ":
433.873, found: 433.912) and two EtOH molecules (m/z calc. for
[PPY + 2EtOH + Al + CI]: 397.854, found: 397.823)) were
recognized in the ESI-MS" studies (Fig. S3B and D ESIY)). The
results indicated that the saturation of the Al(u)-coordination
was effected by the solvent alcohol molecules. The reaction of
MeOH (1-20% (v/v) with the solvent coordinated PPY/AI** in the
presence of unreacted PPY in EtOH/'PrOH showed a gradual
decrease of both UV-vis intensities at ~340 nm of unreacted PPY
and at ~403 nm of the PPY/AI’* complex due to newly formed
MeOH coordinated complexes and a replacement of coordi-
nated EtOH/'PrOH by MeOH molecules in the solvent coordi-
nated PPY/AI*', respectively, (Fig. S8, ESI{). The results justified
the proposition that the stability or formation affinity was
higher for MeOH coordinated PPY/AI*" than for the EtOH/'PrOH
coordinated one.

The interaction of the PPY/AI** complex with water mole-
cules in EtOH/'PrOH medium showed an increase of absorption
intensity at ~340 nm whereas a decrease in intensity at
~405 nm indicated the dissociation of the complex (Fig. S9,
ESIf). However, a similar water interaction in the MeOH
medium caused a large increase of absorption intensity (~4-
fold) at 405 nm without generating any absorption band at
~340 nm for free PPY (Fig. 1). This result shows that water
reacted with the Al(m) center in the MeOH coordinated PPY/AI**
complex without disturbing the PPY and Al(m) interaction.
Because of the greater stabilities of MeOH coordinated species,
an incorporation of a water molecule in the Al(u) coordination
site may occur by it replacing one coordinated MeOH molecule,
and this phenomenon was verified from the ESI-MS" measure-
ments (m/z calc. for [PPY + 3MeOH + H,0 + Al + CI]": 419.842,
found: 419.762) (Fig. S3C, ESIY).

Solvent alcohol/water induced fluorescence response for PPY/
A13+

The PPY exhibited no fluorescence intensity. With an addition
of AICl; (50 puM, 25 equiv.) in separate different alcohol
mediums (MeOH, EtOH or ‘PrOH) containing PPY (2 uM), the
fluorescence intensity at ~510 nm was enhanced gradually with
time until the intensity was nearly saturated in ~60 min of AI**
addition (Fig. 2A). However, the saturated intensity value varied
widely depending on the alcohol medium. Compared to MeOH,
~8- and 2-fold larger intensities were detected in PrOH and
EtOH, respectively, (¢r ~ 0.013 for MeOH, ~0.025 for EtOH, and
~0.102 for ‘PrOH) (Fig. 2). Interestingly, the interaction of water
with the PPY/AI’" complex exhibited an increase of intensity in
the MeOH medium but an intensity decrease in the EtOH/'PrOH
medium (Fig. 2). An intensity increase of about 6-fold was
observed in the MeOH medium containing ~1.2% (v/v) water,
whereas the intensity increased maximally up to ~6.7-fold (¢r ~
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Fig. 3 The ratio of fluorescence intensities at 505 nm for the PPY/A*

complex in the presence of various amounts of water% and its absence
are plotted with the value of water% (v/v) in different alcohol mediums
at 25 °C: red, MeOH; blue, EtOH and green, ‘PrOH. The intensity values
in the absence and presence of different water% are collected in
60 min of anhydrous AlClz (50 uM) addition in the medium containing
PPY (2 pM). Inset: the Y-axis expanded plots for EtOH and 'PrOH
medium are shown for clarity. Excitation and emission wavelength
were 405 and 505 nm, respectively. The data points for each alcohol
solvent are fitted using a single exponentially-fitted method. The
average value for each data point is obtained from triplicate
measurements (n = 3).

0.09) in the presence of ~2.5% water (Fig. 3). In contrast,
intensity quenching, almost completely in ‘PrOH and ~20% in
EtOH solvents was detected by the addition of 5% water (Fig. 3).
Similarly to the EtOH/'PrOH solvent, the water induced fluo-
rescence decrease was noticed for other alcohols (n-PrOH,
‘BuOH, n-hexanol) (Fig. S10, ESIT). Therefore, MeOH is a unique
alcohol to use to show the water induced fluorescence increase.

DFT theoretical calculations: complex structure vs. optical
response

40-42

The Al(m) can exist as both Oh and Td geometric forms,
where the Oh symmetry is more preferred than the Td
symmetry.*#2 According to the results of the ESI-MS" studies,
coordination of four MeOH and two EtOH molecules in the
respective solvents were identified (Fig. S3, ESIt). Because PPY
was acting as 1 : 1 bi-dentate ligand for AI**, the coordination of
the four MeOH molecules was related to the Oh geometry of
Al(m). However, the same number of alcohol molecules binding
for bigger EtOH or ‘PrOH or any other alcohol molecules may
not be a steric fit around the Al(u) coordination sphere, thus
a less stable Td structure which would allow two EtOH/'"PrOH
molecules was the most likely to occur (Scheme 2).

Using a DFT based theoretical calculation, it was identified
that a possible Oh to Td structural interconversion for PPY/AI’*
was responsible for the alcoholic solvent dependent changes in
UV-vis absorption and fluorescence properties, both in the
presence and absence of water. The ground state geometries of
four MeOH and two EtOH/'PrOH molecules coordinated Oh and
Td complexes, respectively, with common phenolic-O and
aldehydic-O coordination were optimized using B3LYP density
function and a 6-31G basis set. The UV-vis absorption properties
for the Oh and Td structures were evaluated using the TD-DFT
calculations on the optimized ground state structures. The
calculated HOMO to LUMO electronic transitions at ~409 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for both Oh and Td structures corresponded well with the
respective experimental absorption wavelengths (Fig. 1, 4 and
Scheme 2). In a similar way to the experimentally observed UV-
vis intensity increase at ~405 nm obtained by changing the
solvent medium from MeOH to EtOH/PrOH, the HOMO —
LUMO oscillator strength (f,) for the MeOH coordinated Oh
geometry (~0.04) was found to be significantly lower than that
detected for the EtOH/"PrOH coordinated Td geometry (~0.07)
(Fig. 4). When one coordinated MeOH close to the pyrazole-N
was replaced by a water molecule, the optimized structure
showed a proton transfer reaction from the coordinated water
molecule to pyrazole-N, and a large increase of f;,; from ~0.04 to
0.09 was detected (Fig. 4 and Scheme 2). The increase of f.y
agreed well with the experimentally observed water induced
large increase of UV-vis intensity in the MeOH medium (Fig. 1).

The efficient PET process from the pyrazole unit to the
aldehydic phenol chromophore moiety made the PPY non-
fluorescent (Fig. S11, ESIf). For the MeOH coordinated Oh
structure, the PET process did not disturb it significantly, and
thus a weak fluorescence intensity was observed experimentally
(Fig. 2 and 4). However, the electron distribution in both HOMO
and LUMO for EtOH or ‘PrOH coordinated Td-species centered
mostly at the aldehydic phenol chromophore, and the resultant
suppression of the PET process made the Td complex highly
fluorescent (Fig. 2, 4 and Scheme 2). Most interestingly, the
calculations also identified that the PET process in the water
substituted Oh species was eliminated, which clarified the
probable reason for the water induced large increase of fluo-
rescence intensity in the MeOH medium. All these studies
suggested that the change of Al(ur) geometry from Oh to Td may
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Scheme 2 Mechanistic view of alcoholic solvent selective formation
of geometrically different PPY/AI®* complexes and their reaction with
water molecules. The Al(i) coordination saturation for the octahedral
(Oh) geometry in MeOH and the tetrahedral (Td) geometry in EtO-
H/'PrOH medium are achieved by the coordination of four MeOH and
two EtOH/PrOH molecules, respectively. The coordination geometry
dependent relative UV-vis absorption (abs), and the emission param-
eters of the PPY/A®* complex are shown.
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be responsible for the alcohol solvent dependent change in
optical response for the PPY/AI*" complex.

Detection of MeOH in EtOH or ‘PrOH in the presence of water

It was found that the addition of water induced a fluorescence
increase for MeOH coordinated Oh PPY/AI®**, whereas the
intensity decreased for the EtOH/PrOH coordinated Td
complex (Fig. 3). An intensity increase of about 6.7-fold was
found in MeOH/water mixed medium, which remained unaf-
fected within a water% of ~2.5%-11.0% (v/v), although the
intensity decreased gradually as the water% was further
increased (Fig. 3 and S12, ESI}). However, for the water%
amount above ~75%, the intensity value was found to be less in
comparison to that observed in the absence of water (Fig. S12,
ESIT). It was also observed that the coordinated solvent in the
PPY/AI** complex were replaced by MeOH from the EtOH/'"PrOH
molecules with a subsequent change of complex geometry from
Td to Oh by the addition of MeOH in EtOH/PrOH (Fig. 2,
Scheme 2, and Fig. S8, ESI{). Additionally, the residual
unreacted PPY existed after the completion of a complex
formation in EtOH/'PrOH medium reacted further with AI*" to
form MeOH coordinated PPY/AI*" in the presence of MeOH
(Fig. S8, ESIt). Moreover, the presence of 10% MeOH in the
solution with various EtOH/'PrOH to water ratios showed that
the presence of water effected different extents of intensity
increase up to 70% water (Fig. S13, ESIt). All these results
strongly suggest that the relative percentage of MeOH

Fig. 4 Frontier molecular orbital (FMO) profiles including different
calculated UV-vis absorption parameters of MeOH (A: left upper panel)
and MeOH/H,O (A: right upper panel) coordinated Oh. The EtOH (B:
left lower panel) and ‘PrOH (C: right lower panel) coordinated Td
complexes based on DFT and TD-DFT (B3LYP/6-31G) calculations.
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coordinated Oh complex with respect to the EtOH/"PrOH coor-
dinated Td species should be much higher even in the presence
of a low amount of MeOH in EtOH/'PrOH. The water effected
fluorescence intensity increased in the presence of various
MeOH amounts was investigated for its potential use in the
analytical detection of MeOH in EtOH/'PrOH.

In the EtOH/PrOH medium containing water, the intensity
ratios between the presence and absence of MeOH increased
gradually with the increase of MeOH% (0.5-10% (v/v)) when the
amount of any fixed water% value was within 2.5-55% (Fig. 5
and S14, ESI}). The relative intensity enhancements depended
on the water%. For a solution containing 10% MeOH, the
relative intensity increments were ~2.0-, 3.1-, 2.5- and 1.5-fold
for the EtOH system or ~1.8-, 3.7-, 3.5- and 2.2-fold for the
‘PrOH system in the presence of 2.5%, 10%, 25%, and 55% (v/v)
of water, respectively (Fig. 5). The extent of the relative intensity
increase with increasing MeOH% under various water% (2.5-
55%) values followed a fairly good linear correlation (residual of
fitting x> ~ 0.99) for both the EtOH and ‘PrOH systems, where
the water% dependent slope values were estimated to be ~0.10,
0.21, 0.15 and 0.08 for EtOH or ~0.08, 0.26, 0.25 and 0.12 for
‘PrOH in the presence of 2.5%, 10%, 25% and 55% water,
respectively (Fig. 5). Using the linear calibration curve, the
unknown amount of MeOH in the EtOH/PrOH solvent con-
taining various water% can be evaluated ratiometrically. It was
evident that the water amount present in the solution played the
most critical role for the MeOH detection sensitivity, in which
the sensitivity was at maximum at a water amount of ~10% (v/v)
for both EtOH and ‘PrOH. Notably, the MeOH (10% v/v) also
induced an appreciable amount of increased fluorescence
intensity for PPY/AI*" and this was also observed in other
alcohol mediums (n-PrOH, ‘BuOH and n-hexanol) containing
5% water (Fig. S15, ESIT), which indicated that the MeOH
detection selectivity of the PPY/AI** complex did not alter with
the change of alcohol systems. However, to detect a low amount
of MeOH or low LOD values, fluorescence studies were
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Fig. 5 Relative fluorescence intensity changes between the presence
and absence of MeOH for PPY/AI** are plotted with MeOH% (v/v) in (A)
EtOH/water and (B) 'PrOH/water mixed medium containing various
amounts of water% (v/v): black, 2.5%; red, 10%; blue, 25%; orange, 55%.
The identical value of water% before and after the MeOH spike was
maintained by an addition of an appropriate amount of water in the
spiked sample. The intensity values in the absence and presence of
various MeOH% were collected during the addition of AlClz (50 uM),
over 60 min, to the medium containing PPY (2 uM). The data points for
each solvent system are fitted with a linear equation. Excitation and
emission wavelengths were 405 nm and 505 nm. The average value for
each data point is obtained from triplicate measurements (n = 3).
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conducted in the presence of very low PPY/AI’* concentrations
(0.1 uM PPY and 4 uM AI**) so that an appreciable fluorescence
response can be observed even in the presence of much lower
amount of MeOH. The fluorescence intensity changes in the
presence of much lower amounts of MeOH (0.05-0.30%) are
shown in Fig. S16 (ESIt). The LOD was evaluated using the
equation: LOD = 30/k (see Experimental section). The LOD
values for MeOH detection were estimated to be ~0.03%-0.06%
depending on the solvent compositions.

The water% dependency variation of the fluorescence
response for MeOH was interpreted by combining the water%
dependent various extent of intensity increase for MeOH
medium in the absence of EtOH/PrOH and the intensity
decrease for EtOH/'PrOH in the absence of MeOH (Fig. 3 and
S12, ESIt). The presence of a small amount of MeOH in the
EtOH/'PrOH medium replaced coordinated EtOH/'PrOH with
MeOH molecules in PPY/AI’" to obtain a Td to Oh structural
change. However, the existence of an EtOH/'PrOH coordinated
Td complex and its water interaction induced intensity decrease
cannot be neglected entirely in the interpretation of the fluo-
rescence response values in the presence of various amounts of
MeOH and water. The presence of a water induced ~6.7-fold
intensity increase remains unchanged between 2.5% and 10%
of water for MeOH in the absence of EtOH/'PrOH (Fig. 3 and
S12, ESIf) and the observed intensity was decreased by
increasing the water% (2.5% to 10%) for EtOH/'PrOH in the
absence of MeOH, which effects the enlargement of the MeOH
detection slope value (~0.10 to 0.21 for EtOH and ~0.08 to 0.26
for ‘PrOH) by the increase of water%. Significantly higher slope
changes for ‘PrOH medium: ~3.7-fold compared to ~2.1-fold
for EtOH medium due to the increase of water% (2.5% to 10%)
was rationalized by the increased water amount which induced
a greater amount of intensity quenching for ‘PrOH (~90%) than
the EtOH medium (45%) in the absence of MeOH (Fig. 5 and
S12, ESIt). However, any further increase of water% from 10%
to 55% produced a larger intensity decrease for MeOH in the
absence of EtOH/'PrOH than for EtOH/'PrOH in the absence of
MeOH (Fig. S12, ESIt), and thus a gradual decrease of the
MeOH detection slope value from ~0.21 to 0.08 for EtOH and
~0.26 to 0.12 for ‘PrOH was observed.

The MeOH detection in alcoholic samples and sanitizers

The EtOH% in alcoholic beverages are dependent (5-70% (v/v))
on their classifications, and usually water is the rest of the
liquid volume. However, according to WHO guidelines, the
composition of hand sanitizers should be ~80% EtOH (v/v) or
75% ‘PrOH (v/v), glycerol (1.45% (v/v)), and H,0, (0.125% (v/
v)).** Spiked MeOH% in high and low EtOH% containing
vodkas (~45% (v/v)) and wine (~15% (v/v)) samples, respec-
tively, were estimated. As the MeOH detection sensitivity at
above 55% (v/v) of water was comparatively low (Fig. S12 and
S13, ESIf), an external EtOH addition is required for the
detection of MeOH in the wine samples. In addition, spiked
MeOH was estimated both in the presence and absence of
externally added EtOH to show the applicability of the method
for alcoholic beverages containing higher EtOH%. However, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spiked MeOH amounts were estimated in EtOH- and ‘PrOH-
based hand sanitizers without any further addition of external
EtOH/'PrOH.

To observe the MeOH induced fluorescence intensity
increase, the water% before and after MeOH spikes in the hand
sanitizer samples were maintained by addition of an appro-
priate amount of water in the spiked MeOH sample. With the
increase of MeOH spikes from 0.5% to 10% in the vodka sample
in the presence and absence of externally added 30% EtOH
(total water ~25%), the relative fluorescence intensity between
the presence and absence of MeOH was found to increase
linearly from 1.04- to 1.77-fold and 1.08- to 2.45-fold, respec-
tively (Fig. 6A-C). For a wine sample with the externally added
30% EtOH, the relative intensity also increased linearly from
1.05- to 1.78-fold (Fig. S17, ESIt), where the slope value of the
linear plots ~0.08 was found to be similar to that obtained for
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Fig. 6 The relative fluorescence spectral changes between the
presence and absence of MeOH for PPY/A* with various MeOH
spikes (0.5-10% (v/v)) in an alcoholic beverage (vodka: labelled EtOH%
~ 45% (v/v)) in (A) the absence and (B) the presence of externally added
30% EtOH, and (D) EtOH or (E) 'PrOH-based hand sanitizers (labelled
'PrOH ~75% and EtOH ~80%) at 25 °C. The spectra in the absence of
MeOH spikes are shown in black. The maximum intensity values for
alcoholic beverages (C) and hand sanitizer (F) samples are plotted
against the amount of the MeOH spikes. (A—C) Blue and red corre-
spond to the presence and absence of externally added 30% EtOH,
respectively. (D—F) Purple and green correspond to EtOH- and 'PrOH-
based hand sanitizer, respectively. (A—F) The identical value of water%
before and after of MeOH spike was maintained by using an appro-
priate amount of water addition in the spiked sample. The intensity
increases with the increase of MeOH% are shown by arrows. The
excitation wavelength was 405 nm. The average value for each data
point is obtained from triplicate measurements (n = 3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a known EtOH/water mixed medium (45% EtOH) or vodka (45%
EtOH) sample (Fig. 5A). In addition, the slope values for vodka
samples with 30% EtOH added externally (total EtOH, 75%)
were also similar to the results obtained for the known 75%
EtOH medium (Fig. 5A, 6B and C). All these results clearly
showed that the presence of other chemicals in alcoholic
beverages did not disturb the detection ability of the MeOH.
Even without knowing the accurate water% value in the test
sample, the estimation of MeOH contamination was possible
from the correlation of fluorescence response of the test sample
with the linear calibration plots for the corresponding MeOH
free alcoholic beverages (Fig. 6C).

The fluorescence spectra for PPY/AI** in EtOH (80%) or
‘PrOH (75%) and a water mixed medium remain unchanged by
the addition of glycerol (1.45% (v/v)) or HyO, (0.125% (v/v)),
both in the presence and absence of MeOH (Fig. S18, ESIf),
showing that the presence of glycerol and H,0, in hand sani-
tizers did not affect the performance of the probe. The intensity
increased linearly from ~1.05 to 2.38 for EtOH-based sanitizer
or from ~1.08 to 3.22 for the ‘PrOH-based sanitizer because of
the increase of the amount of MeOH spiking from 0.5% to 10%
under the identical water% condition. The observed slope value
of ~0.22 for the ‘PrOH-based sanitizer and of ~0.14 for the
EtOH-based sanitizer were similar to that detected for the
known 80% EtOH and 75% ‘PrOH medium, respectively (Fig. 5
and 6D-F). Therefore, an unknown amount of MeOH contam-
ination in hand sanitizers could be estimated by correlating the
intensity value of the test sample with the known linear cali-
bration line obtained for the EtOH (or ‘PrOH) containing water
or MeOH free standard for the EtOH (or ‘PrOH)-based hand
sanitizer.

As in the procedure described previously, a low level of
MeOH contamination in alcoholic beverages and sanitizer
could be estimated using a low probe concentration (0.1 uM
PPY and 4 pM AI**). The MeOH induced fluorescence spectral
changes in the presence of a lower amount of MeOH spikes
(0.06-0.18% for a vodka sample and 0.03-0.10% for the ‘PrOH
hand sanitizer) revealed that even a MeOH contamination of
below 0.1 uM in alcoholic beverages and sanitizer can be esti-
mated accurately by the present protocols (Fig. S19, ESIt). The
efficiency of probe recovery was also verified by conducting
EDTA induced fluorescence intensity quenching studies in
vodka and EtOH-based hand sanitizers. For both samples,
MeOH induced ~90% of the increased intensity for PPY/AI**
which was found to be quenched by the addition of EDTA,
whereas the intensity recovered again upon further addition of
AI’" (Fig. S20, ESIT). The EDTA induced displacement of PPY
from the PPY/AI*" complex again participated in complexation
with the freshly added AI’" to regain the fluorescence intensity
by the reaction with MeOH present in solution. Thus, the probe
can be reused on several occasions.

Conclusions

A sensitive fluorometric MeOH detection method was demon-
strated in EtOH/'PrOH in a water medium using a 1 : 1 Al(u)-
complex of an aldehydic phenol ligand containing a pyrazole

RSC Adv, 2021, 11, 30093-30101 | 30099
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unit (PPY). The complex adopted the MeOH coordinated weakly
fluorescent octahedral (Oh) geometry from the fluorescent
tetrahedral (Td) structure by an addition of MeOH in the EtO-
H/’PrOH. The interaction of water with the Oh species causes
a large fluorescence intensity increase due to the exchange of
one coordinated MeOH by a water molecule, whereas a similar
water interaction for the Td complex resulted in an intensity
decrease due to its dissociation. The water mediated fluores-
cence intensity reversal due to the change in complex geome-
tries by the addition of MeOH was utilized to detect MeOH in
EtOH/'PrOH and various alcoholic beverages/hand sanitizers.
Such water induced MeOH detection could be very useful
industrially.
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A facile potassium 18-crown ether catalysed synthesis of
2,6-dicyanoaniline and 3-amino-9,10-dihydrophenanthrene-
2,4 dicarbonitrile and their in vitro intercalation study on
calf thymus DNA

Arijit Kundu

Department of Chemistry, Maulana Azad College, Kolkata, India

ABSTRACT ARTICLE HISTORY
An efficient two-component domino reaction strategy has been Received 24 June 2021
developed for the synthesis of 2,6-dicyanoaniline and 3-amino-9,10-
dihydrophenanthrene-2,4-dicarbonitrile derivatives in moderate to
good yield by the reaction between malononitrile and f-chloro-
o,f-unsaturated aldehydes catalyzed by potassium hydroxide-18-
crown-6 in methanol. In-vitro intercalation studies of 3-amino-9,10-
dihydrophenanthrene-2,4-dicarbonitriles with Calf-Thymus DNA have
been carried out which reveal that the moiety interacts with an affin-
ity greater than that of ethidium bromide (EtBr).

KEYWORDS

ADA molecule; DNA
intercalation; potassium-18-
crown 6

Introduction

Aromatic compounds substituted with acceptor-donor-acceptor (A-D-A) moieties such
as 2,6-dicyanoaniline derivatives are of significant interest not only for mechanistic
organic chemistry but for material science also. They are key structural features of vari-
ous types of bioactive compounds, both naturally occurring and synthetically pre-
pared,!’! and also versatile synthons for the wide-ranging nature of asymmetric
compounds.”? Varieties of molecules bearing A-D-A architectures have exhibited prom-
ise for use as molecular electronic devices”®’ and nonlinear optical materials."*! Hence,
there is an enduring effort to explore an efficient methodology for the synthesis of A-
D-A functionalized molecules starting from simple substrates and numerous protocols
have been developed.!”) Domino reaction is a highly effective pathway in the sustainable
and diversity-oriented synthesis involving the required number of starting materials
using a one-pot reaction strategy, thus fulfilling the criteria of cost-effectiveness and less
reaction time. With this idea in view, we have developed a two-component reaction
for the synthesis of 2,6-dicyanoaniline and 3-Amino-9,10-dihydrophenanthrene-2,4-
dicarbonitrile derivatives. Utilizing the benefit of the structural motif of P-chloro-
o,B-unsaturated aldehydes, we optimize our strategy on the reaction between
malononitrile and B-chloro-o,B-unsaturated aldehydes catalyzed by potassium
hydroxide-18-crown-6 in methanol. To the best of our knowledge, this is the first report

CONTACT Arijit Kundu @ kunduarijit85@gmail.com e Department of Chemistry, Maulana Azad College, 8, Rafi
Ahmed Kidwai Road, Kolkata 700013, India.
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Table 1. Optimization study using 1c and 2.

cl NH,
CHO CN NC CN
7 < — K
C“ (O
1c 2
3c

Sl No. Base® Solvent® Time (h) Temp (°C) Yield (%)
1. K>COs Water 35 100 15
2. K,CO3 Water:EtOH (1:1) 3 100 20
3. K,COs3 Water:EtOH (1:1) 25 80 25
4. K,CO3 Water:EtOH (1:1) 35 60 15
5. Triethyl amine Water 3 100 20
6. Triethyl amine Water:EtOH (1:1) 3 100 35
7. Triethyl amine Acetonitrile 35 100 15
8. Pyridine Water 4 100 -
9. Pyridine Acetonitrile 4 100 -
10. y-Picoline Water 4 100 10
11. y-Picoline Acetonitrile 4 100 -
12. Piperidine Water 45 100 35
13. Piperidine Water:EtOH (1:1) 4 100 40
14. Piperidine Water:EtOH (1:1) 35 80 45
15. Potassium hydroxide-18-crown-6 Water 1 100 70
16. Potassium hydroxide-18-crown-6 Methanol 40 min 65 80
17. Potassium hydroxide-18-crown-6 Methanol 30 min 65 97
18. Potassium hydroxide-18-crown-6 Methanol 45min 50 90

2All the reactions were carried out with 3 mmol base; 215 ml of solvent was used in each case; “All the reactions were
carried out with 1-chloro-3,4-dihydronaphthalene-2-carbaldehyde (1.0 mmol) and malononitrile (2.0 mmol); Yield of
isolated product.

of the syntheses of 2,6-dicyanoanilines and 3-Amino-9,10-dihydrophenanthrene-2,4-
dicarbonitriles from B-chloro-o,B-unsaturated aldehydes as masked B-dicarbonyl.

As nucleic acids have been chosen as drug targets for several types of ailments, stud-
ies on the nature of binding DNA by small molecules become highly important for
drug designing.!®’ DNA-binding via intercalation occurs by introducing a planar aro-
matic/heteroaromatic motif between adjacent DNA base pairs resulting in a substantial
change in DNA structure with lengthening, stiffening, and unwinding of DNA helix.!”’
Literature survey of the intercalators, which included highly potent drugs and also some
carcinogens,®! revealed that they encompass phenanthridines, quinolones, acridines,
anthraquinones, anthracenes, phenazines, phenanthrolines, pyrenes derivatives. In the
recent era, attention toward the designing and synthesis of new and efficient DNA-
targeted intercalators acting as antitumor agents had grown.”! In this perspective, we
undertake in vitro binding studies of the synthesized A-D-A moieties bearing 9,10-
dihydrophenanthrene structures with DNA. We have demonstrated that one 3-amino-
9,10-dihydrophenanthrene-2,4-dicarbonitrile derivative interacts with Calf-Thymus
DNA with an affinity greater than that of ethidium bromide (EtBr).

Results and discussion

We have established the optimum reaction condition for the synthesis of 2,6-dicyanoa-
niline derivatives viz. 3-amino-9,10-dihydro-phenanthrene-2,4-dicarbonitrile derivatives
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Table 2. Potassium hydroxide-18-crown-6 catalysed synthesis of dicyanoaniline derivatives from
p-chloro-o, f-unsaturated aldehydes.

cl CN <. _> % L NH,
fI N < : &

N
Y “cHo © CH,0H (15 ml), 65°C, ~ 30 mins ﬁ'zl CN
lmmole 2mmole
NC, NH,
O~ O3 Y
3a1075% 40 min 3¢, 97%, 30 min
' ' b, 72% 35min

MeO MeO
NC NC
NH, MeO.
NH, NC
‘ "
CN
CN
CN

3d, 96%, 30 min

CN
NH,

39, 97%, 30 min

3e, 95%, 25 min
3f, 96%, 25 min

by carrying out extensive screening of a representative reaction between 1-chloro-3,4-
dihydronaphthalene-2-carbaldehyde (1c¢) (1 mmol) and malononitrile (2) (2 mmol) in
presence of different solvents and bases. The reaction parameters such as temperature,
reaction time, etc. were also investigated and the results have been summarized in
Table 1.

Initially, the reaction was carried out in the water by using potassium carbonate as a base
which gave a low yield of the desired product after 3.5h at 100°C (Table 1, entry 1). The
reaction was further carried out with the same base in water-ethanol (1:1) solvent at varying
temperatures (Table 1, entries 2, 3, and 4) which resulted in a slight increase of product for-
mation at the temperature 80 °C. The reaction was again tried in presence of triethylamine
as a base in different solvents (Table 1, entries 5, 6, and 7) when no perceptible development
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Figure 1. Plausible mechanism for the synthesis of dicyanoaniline derivatives from f-chloro-
o, f-unsaturated aldehydes.

in the yield of product formation was observed. Henceforth, more screening tests were done
by varying the bases, solvents, and temperatures (Table 1, entries 8, 9, 10, 11, 12, 13, 14, and
15) which showed a moderate yield of the desired product when potassium hydroxide-18-
crown-6 was used in water at 100 °C within 1h. Eventually, to identify the optimum condi-
tion, the reaction was carried out in methanol by varying temperatures in presence of potas-
sium hydroxide-18-crown-6 (Table 1, entries 16, 17, and 18) and it was observed that
heating the substrates in methanol at 65°C using potassium hydroxide-18-crown-6 as base
provided 97% yield of the product within 30 mins (Table 1, entry 17). Even slight alteration
of reaction temperature caused a lower yield of the product formation (Table 1, entries 16
and 18). On the basis of the above results, we further studied the new methodology using
different acyclic B-chloro-o,B-unsaturated aldehydes, and cyclic B-chloro-o,B-unsaturated
aldehydes to demonstrate the versatility of the reaction (Table 2). In all the cases reaction
proceeded efficiently with good to an excellent yield of the products.

The reaction was also scaled up with 10 mmoles of (1¢) and 20 mmoles of (2) when
the percentage vield of the product remained the same. The methodology yielded five
new compounds (3c-3g) bearing 3-amino-9,10-dihydro-phenanthrene-2,4-dicarbonitrile
structural features.
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Figure 2. X-ray crystallographic structure of compound 3b.

A plausible mechanistic pathway is proposed to explain the formation of 3-phenyl-2,6-
dicyanoaniline derivatives and 3-amino-9,10-dihydro-phenanthrene-2,4-dicarbonitrile
derivatives from B-chloro-o,p-unsaturated aldehydes (Fig. 1). Initially [-chloro-
o,B-unsaturated aldehyde undergoes condensation with malononitrile in presence of potas-
sium hydroxide-18-crown-6. Consequently the second molecule of malononitrile replaces
the vinylic chlorine atom of B-chloro-o,p-unsaturated aldehyde to form 4a. The in-situ
formed 4a undergoes hydrolysis followed by decarboxylation in methanol at 65°C and
ring closure yielding the desired dicyanoaniline derivatives.

The structures of all seven products were well characterized by using spectral (IR, 1y,
and ">C NMR) and elemental analyses data. The structural motif was fully established
by X-ray crystallographic analysis of one signified compound 3b (CCDC 1543187) (Fig.
2). We could not obtain well- defined single crystal of any of the new com-
pounds 3c-3g.

Role of potassium hydroxide-18-crown-6

Potassium hydroxide-18-crown-6 plays an important role in the formation of dicyano-
amines from B-chloro-o,B-unsaturated aldehyde. Essentially it acts as a base to abstract
proton from malononitrile and initiates Knovenagel reaction. It is also evident from the
mechanism that the hydrolysis of the aliphatic cyanide group in the proposed inter-
mediate 4a requires a very strong base. The naked hydroxyl ions from potassium
hydroxide 18-crown-6 fulfill the criterion and accelerate the reaction to completion.

In vitro intercalation study on calf thymus DNA
Interaction of compound 3c with DNA

Absorption spectroscopic studies of the compound in presence of CT DNA

The interaction of the 3-amino-9,10-dihydrophenanthrene-2,4-dicarbonitrile derivatives
with chromosomal CT DNA was investigated by the spectrophotometric method. From the
spectral data it has been observed that, among the five synthesized 3-amino-9,10-dihydro-
phenanthrene-2,4-dicarbonitrile derivatives, only compound 3c interact with CT DNA
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Figure 3. Absorption spectroscopic study of 50 uM of 3c with increasing concentrations of CT DNA
(0, 2,4, 6,8,10, 12, 14, and 16 ug/ml, respectively) (1-9).

(3a and 3b also show no interaction with DNA). So the investigation regarding DNA inter-
action was scheduled with compound 3c only. This is probably due to a more planer struc-
ture of 3c. When CT DNA was added with increasing concentrations to a fixed
concentration of 3¢ (50 uM), the absorption gradually decreased at A, of the compound
(377 nm) with the generation of an isosbestic point (Fig. 3) while the addition of 3¢ to a
fixed concentration of DNA solution (50 ug/ml) showed an increase in absorption of the
DNA band again with the generation of an isosbestic point (Fig. 4). These different types
of absorption characteristics, under specified conditions mentioned above, may be due to
some specific type of interaction between compound 3¢ and DNA molecules resulting in a
more relaxed structure of the compound and conversely enhanced rigidity within base pairs
of DNA. At the absorption maximum of DNA, the binding constant between compound
3c and DNA was calculated by using a modified Benesi-Hildebrand (BH) plot (Fig. 5). It
was found out from the calculation that the value of the binding constant is 1.7 x 10*
M, which indicates a strong interaction between the moieties.

Fluorescence spectroscopic studies of the compound 3c with ethidium bromide
(EB) bound DNA

Fluorescence spectroscopic studies have been carried out to find the interaction of DNA
with compound 3c. As evidenced from absorption spectral studies, that compound 3¢
interacts with DNA molecules, it is important to know whether compound 3c is able to
replace ethidium bromide (EB) from DNA, which has an association constant value of
34x10° M™' against any double-stranded DNA.!"?l As, either DNA or EB or even
compound 3c do not show fluorescence property individually at 510nm excitation
wavelength, we have used the fluorescence property of EB bound DNA for comparing
the ability of DNA binding of compound 3¢c. When the solution of 3¢ was added to EB
saturated DNA (Fig. 6a) the compound partially replaces EB from DNA (Fig. 6b) which
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Figure 4. Absorption spectroscopic study of CT DNA (50 pg/ml) with increasing concentrations of 3c
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Figure 5. Modified Benesi-Hildebrand plot for the determination of ground state binding constant
between CT DNA and 3c.

is indicated from the change in fluorescence intensity. EB-DNA association constant is
34x10° M1

However, it is not necessary to be an intercalator which would reduce the fluores-
cence intensity of the EB bound DNA. Alternatively, the compound might bind DNA
molecules in such a way (possibly slight unwinding of the DNA backbone) that
affects structural variation in the DNA leading to partial replacement of EB from DNA.
The compound 3¢ also has low-lying energy states that might quench the emission of
EB by means of energy transfer when both molecules are bound to DNA in

close proximity.
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Figure 6. Comparative fluorescence spectroscopic study of 3c with EB bound CT DNA. Excitation
wavelength was 510 nm and the emission spectra were scanned from 520 to700 nm in each case. (a)
The mode of EB saturation in CT DNA (50 ng/ml). The maximum fluorescence intensity of EB bound
DNA complex was observed at 10.45uM of EB concentration. At this point of saturation, 3¢ was
added gradually up to 42 uM till its saturation level, which is represented in (b).

Reaction procedure

2mmol of malononitrile and 1mmol of B-chloro-o,p-unsaturated aldehydes were
heated with potassium hydroxide-18-crown-6 in 15ml methanol solvent at 65°C for
25-40 min. In the case of 2,6-dicyanoaniline derivatives the reaction mixture was poured
into the water and extracted with ethyl acetate. Ethyl acetate part was washed with brine
solution thrice and evaporated under vacuum. Column chromatographic separation was
done on silica gel using different proportions of pet-ether: ethyl acetate mixture. The
product was obtained from a 20% ethyl acetate pet-ether mixture. In the case of
3-Amino-9,10-dihydro-phenanthrene-2,4  dicarbonitrile derivatives, the products
precipitated out from the reaction mixture and were filtered and crystallized from
chloroform- pet-ether solvent. The products were characterized by IR, 'H- and"“C-
NMR, elemental analyses, and an X-ray crystallographic study.

Conclusion

An atom economic straightforward methodology has been developed for the synthesis
of 2,6-dicyanoaniline and 3-Amino-9,10-dihydro-phenanthrene-2,4-dicarbonitrile deriva-
tives from [-chloro-o,B-unsaturated aldehydes, and malononitrile using potassium
hydroxide-18-crown-6 with good to the excellent yield of the product. One 3-amino-
9,10-dihydrophenanthrene-2,4-dicarbonitrile compound induces important structural
changes in Calf-Thymus DNA as indicated from spectroscopic evidence.

It contains full experimental details and 'H and >C NMR spectra. This material can
be found via the “Supplementary Content” section of this article’s webpage.
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An inquisitive fluorescence method for the
real-time detection of trace moisture in polar
aprotic solvents with the application of water
rancidity in foodstuffsy

Snigdha Roy,? Sanju Das,” Ambarish Ray® and Partha Pratim Parui () *?

A simple analytical technique for detection of trace water in organic solvents is indispensable for
moisture-free organic synthesis, environmental research, and food monitoring industry. Using a simple
4-methyl-2,6-diformyl phenol molecule (AH), we report the convenient fluorometric detection of trace
water in various polar aprotic organic solvents having detection limits within 0.01-0.04% (v/v).
Phenolate-oxygen of deprotonated AH (A™) forms an H-bond with a water molecule to exhibit a large
spectral blue-shift from ~485 to 440 nm in the UV-vis absorption or fluorescence excitation spectra,
while unchanged emission characteristics were detected apparently due to dissociation of the H-bond
in the excited state. The gradual blue-shift of the excitation band with the increase in water% (v/v) in the
solution affects an opposite emission intensity changing behavior, from an increasing to a decreasing
trend, due to the change in the excitation wavelength from 440 to 485 nm. Emission intensity changes
of free A~ and A"/H,O H-bonded species for each water addition are combined together for the
spectral normalization to achieve water% induced a highly manifested linear emission response. The
improved sensitivity allows us to quantify real-time atmospheric moisture incorporations in various polar
aprotic solvents. The normalized emission intensity does not depend on AH concentration, and thus the
water detection process is very effective for the estimation of water% in the solution with
heterogeneous probe distributions. With this advantage, we succeed to estimate water’% in various
moisture-sensitive edible oils and dairy foods produced from water-rich raw materials. Therefore, the
method can be applied to prevent water rancidity in foods with greater than its permissible limits via
identifying higher moisture contamination.

phase separation processes,”' resulting in the blockage of fuel
pipe, and subsequent engine damage or failure.""> Further-

An effective analytical procedure for the estimation of trace
water in organic solvents displays a direct impact in chemical
research, industry and food inspection.' ™ For organic synthesis,
in particular the synthesis of organometallic compounds,
moisture-free solvents are essential to obtain the optimum
product yield.*” Carboxylic ester and imine functional com-
pounds are highly susceptible to hydrolysis even in the presence
of trace amounts of moisture during their storage in organic
solvents.® The moisture contamination in oil can be a major
problem in the petroleum industry due to emulsification and
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t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dOnjo6046a

4574 | New J. Chem., 2021, 45, 4574—4583

more, the estimation of water in food samples is very important
for various reasons:"*" (a) optimum moisture level in foods is
essential for to sustain an appropriate test, texture and appearance,
and most vital nutritional values; (b) food manufacturers often
incorporate inexpensive water ingredients illegally as much as
possible in foods for their profit; (c) trace water affects microbial
food degradation or water rancidity, especially for pure oil-based
food materials;"®™” (d) food processing operations such as
transferring through pipes, packaging and mixing also affect
the estimation.

The Karl Fischer titration is one of the best known methods
for the estimation of moisture in organic solvents.’® Gas chromato-
graphy is another well-acquainted classic option.'*?*° However,
certain limitations in those methods such as time consumption,
inability for realtime analysis, specialized equipment design
requirement, difficulties in sample preparation, and rigorous data
handling are major concerns for easy and cost-effective moisture

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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2122 pluorescence techni-

detection for applied analytical samples.
que may opt as a better alternative owing to its simplicity and rapid
response, and non-destructive fabrication and most importantly its
high sensitivity.>**> Consequently, a number of research groups
currently switch their focus to various kinds of commercially
viable fluorescence-based water sensing procedures. Up to now,
a number of fluorosensing mechanisms, such as intramolecular
charge transfer (ICT),>**” photo-induced electron transfer (PET),"*®
excited-state intramolecular proton transfer (ESIPT),*>*® hydrogen-
bonding interaction,>*'** aggregation-induced emission (AIE)***
or Forster resonance energy transfer (FRET),***” have been
reported to detect trace water in organic solvents. Water fluor-
osensors based on chemical rearrangements such as ring-
opening of cyclic rhodamine derivatives,*® hydrolytic cleavage
of Schiff bases*>*° and hydration of aldehyde functionality®*
have also been reported. In addition, researchers constructed
various metal/ligand complexes or metal organic frameworks
(MOFs)*>** as water fluorosensors.

Among the various water sensing fluorescent probe molecules
reported in the literature, some exhibit very high detection
sensitivity (~0.001% or even below), although often the high
detection accuracy is restricted to specific solvent systems."****¢
However, the requirement of multi-step complex synthesis proce-
dures for the preparation of probe molecules makes the overall
moisture detection procedure inconvenient for routine analy-
tical purpose.***”*'™*® In most cases, the detection methodo-
logies are relying only upon a single emission/excitation band
originated by the association/interaction of water with the
recognition site of a probe molecule,>® 32347384142 Therefore,
it is not always straightforward to recognize the actual cause for
the observed fluorescence response between the inhomo-
geneous probe distribution in the solution due to sample
micro-heterogeneity and any moisture affected changes. In
addition, photobleaching of the probe molecule and instru-
mental parameters** are often troublesome to assess the actual
fluorosensing response induced by water incorporation.

In this study, a simple 4-methyl-2,6-diformyl phenol fluore-
scent probe (AH) was exploited to detect trace water in several
polar aprotic organic solvents with high precision (detection
limit ~0.01-0.04% (v/v)). The phenolate form of the probe
molecule (A7) exhibits a water-induced spectral blue-shift to
various extents in the UV-vis absorption and fluorescence excita-
tion spectra from ~470-490 nm to 440-450 nm depending on
various polar aprotic organic solvents due to the formation of an
A" /H,0 H-bonded complex. Although both A”/H,0 and free A~
show identical fluorescence emission characteristics, an opposite
emission intensity changing pattern, from a gradually increasing
to a decreasing trend with the increase in water%, was detected
upon switching the excitation wavelength from 440 to 485 nm.
Water induced emission intensity changes of A~ and A" /H,0
species for each water% value were combined together to obtain a
normalized single spectral profile, and thus the water% induced
emission increase manifested considerably with eliminating
the probe concentration dependency on the intensity response.
Moreover, such normalization eventually produces linear
intensity changes dependent on water%, which are effective

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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to estimate water% ratiometrically. In addition, a large spectral
blue-shift of ~25 nm in the excitation spectra induced by only
a small quantity of water (2-5% v/v) can also be suitably tuned
for its detection purpose. The water detection procedure was
applied to monitor real-time atmospheric moisture incorpora-
tion in common polar aprotic solvents and moisture analysis
studies in various food samples useful for water rancidity.

Experimental
Chemicals and general methods

Chemicals of analytical grade were purchased from different
commercial sources. The chemical 4-methyl-2,6-diformyl phenol
(AH) was synthesized according to a published procedure starting
from p-cresol®” (Sigma Aldrich (USA)), and the purity was checked
by 'H-NMR studies (Fig. S1, ESIT). Different commercially available
food samples (butter, cheese, ghee and coconut oil) were collected
from different local market sources. Molecular sieves of 3 A pore
size were obtained from Sigma-Aldrich (USA). HPLC-grade solvents
(methanol, ethanol, acetone, MeCN, DMF and DMSO) and triethyl
amine (TEA) were purchased from Sigma-Aldrich (USA), and the
solvents were further dried over the 3 A molecular sieves.”* The
solvents were stored in a dry nitrogen atmosphere in the
presence of the molecular sieves. Throughout all experimental
studies, Milli-Q water (Millipore) of conductivity 18.2 MQ cm was
used. '"H-NMR studies were performed in DMSO-ds using a
Bruker 300 MHz NMR spectrophotometer considering tetramethyl-
silane (0 ppm) as an internal standard.

UV-vis absorption and fluorescence studies

UV-vis absorption spectra were monitored using a 1 cm path-length
quartz cell with a double-beam spectrophotometer (Shimadzu,
Japan; model TCC-240A) equipped with a thermostatted cell holder.
Steady-state fluorescence studies were carried out using a Perkin-
Elmer LS-55 spectro-fluorimeter (PerkinElmer, USA) using a 1 cm
path-length quartz cell. Fluorescence excitation and emission
spectra were recorded for the fixed emission at 525 nm and
excitation at 440 or 485 nm, respectively (excitation band pass:
11; emission band pass: 4). The measuring solutions were
filtered using a 0.45 mm filter (Millex, Millipore). The spectral
reproducibility was checked by measurements in triplicat.

The phenolic-OH deprotonated form of AH (A™) acting as
the actual water sensing probe was generated by addition of
base (KOH or TEA) in different solvents. For the detection of
water in polar aprotic solvents (acetone, MeCN, DMF and
DMSO), the fluorescence spectral studies for A~ were monitored
in the absence and presence of various water% (v/v) values.

The fluorometric limit of detection (LOD) for water was
obtained using the following equation:*®

Detection limit (LOD) = 3a/k,

where ¢ and k represent the experimental standard deviation
and slope value of the linear fitting curve, respectively.

The fluorescence quantum yield for the A~ form of AH (AH
(0.5 uM + KOH (10 pM))) was evaluated according to the
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procedure described earlier.* In brief, 9,10-diphenylanthracene
in an ethanol medium was used as the reference fluorophore
with an emission quantum yield (#) = 0.95. The @ was
estimated using the following equation:

DF = [AFsns*/AF | Dg"

where A represents the absorbance at the excitation wavelength,
and the integrated emission area is designated by F. n is the
refractive index of the medium. Subscripts refer to the reference
(r) or sample (s) molecule.

Fluorescence transient decays were monitored by the time-
correlated single-photon counting (TCSPC) method. Two separate
nano-second diodes with excitation at ~450 and 490 nm respec-
tively (nano-LED; IBH, UK) were used as the light source. Fluore-
scence decays were monitored using a special Hamamastu photo-
multiplier tube (PMT) coupled with TBX4 detection module (IBH,
UK). The solutions for analysis were passed through a 0.45 um
filter (Millex, Millipore) before all the experiments. All measure-
ments were repeated at least three times to check the repro-
ducibility. The decays were analyzed using the in-built software.

Theoretical calculations

To identify the solution structure of the hydrogen-bonded A~/
H,0 complex, density function theoretical (DFT) calculations
were performed using the Gaussian 09 Program.’® Further-
more, time-dependent DFT (TD-DFT) calculations were carried
out to obtain UV-vis absorption parameters. The structural opti-
mization was carried out by considering the B3LYP exchange-
correlation functional. The 6-31G++(3d,3p) basis was set and the
geometries were optimized in the solvent phase. The global
minima of all these species were confirmed by the positive
vibrational frequencies. The TD-DFT calculation in different
solvents with the CPCM solvent model was performed to obtain
the electronic properties of the singlet excited state using optimized
geometries of the ground states (S,) of the relevant species, along
with the determination of vertical excitation energy and oscillator
strength of the respective ground-state geometry.

Atmospheric moisture incorporation studies

First, 40 mL of dry acetone, MeCN, DMF and DMSO were taken
separately in a 100 mL dry beaker with a diameter of ~5 cm.
Each solvent was incubated under open laboratory conditions
with 75% (+5%) relative humidity at 25 °C (£1 °C) for different
time intervals (12 to 120 min). To estimate atmospheric moisture
incorporation in the medium, steady-state fluorescence emis-
sion and excitation spectra were monitored by addition of AH
(0.5 uM) with KOH (10 uM) in the laboratory-exposed solvents at
different intervals of time (12 to 120 min). For acetone and
MeCN solvents, the effects of small amounts of solvent evapora-
tion during the exposure in the open atmosphere on the
moisture incorporation values evaluated from the fluorescence
response at different time intervals were included to find the
time-dependent actual moisture incorporation values.
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Moisture detection in food samples

All the food samples (butter, cheese, ghee and coconut oil) were
collected from local markets. The food samples were stored at
4 °C in the same commercial seal container until use for the
moisture analysis studies. To extract free moisture present in
food samples, various amounts of different food samples were
mixed separately with 100 mL DMSO in a stoppered container
under dry nitrogen conditions at room temperature (25 °C).
Then, each mixture was heated at 60-70 °C to completely
liquefy the food samples, followed by vigorous vortexing at
the same temperature for 10 min to relocate all the free water
from the food sample to the DMSO medium. Then, the solution
was settled until complete separation of the DMSO phase from
the rest of the solution. The DMSO phase was separated using a
separating funnel, and the fluorescence studies were conducted
in the DMSO phase by addition of AH (0.5 uM) and KOH
(10 pM).

Results and discussion
Solvent-induced spectral shifts of the phenolate form of AH

AH deprotonated partially around neutral pH (pK, ~ 7.1) in an
aqueous buffer according to the pH-dependent changeover of
UV-vis absorption intensities between ~ 350 nm for the phenol
form (AH) and ~440 nm for the phenolate form (A™) (Fig. S2,
ESIt). A~ exhibited a strong fluorescence intensity (quantum yield
(@) ~ 0.4) (¢f Experimental section), but AH did not (Fig. S3,
ESIT).>" Consistent with the earlier reports, an additional absorp-
tion intensity at ~485 nm with appreciable quenching of the
intensity at ~350 nm for AH (6 pM) was identified in the DMF or
DMSO medium even in the absence of the base®>>* (Fig. S4A,
ESIT). The appearance of band at ~485 nm is mainly due to
partial deprotonation of AH induced by the basic solvent
character,> since the spectral shape and position did not change
except a large increase in its intensity by an addition of base (KOH,
15 uM) in DMF or DMSO (Fig. S4B, ESIt). This proposition is
further supported by the base-induced similar spectral shift from
~350 nm to 470-480 nm for other non-basic aprotic solvents
(acetone, MeCN) (Fig. S4B, ESIt). However, similar to the aqueous
medium, a large blue-shifting of absorption band from 470-
485 nm to 440-435 nm for the phenolate form (A™) was detected
by changing the medium from aprotic to protic methanol or
ethanol (Fig. S5, ESIt). Previously, the solvent-induced large
spectral blue-shift has been justified with presuming higher dipole
moment of DMSO/DMF than the water molecule.® However,
since the solvent-dependent absorption spectral shift is usually
very nominal, the large spectral blue-shift is attributed to a specific
A" /solvent interaction (Fig. 1 and Fig. S5, ESIY).

Formation of A~/H,0O complexes in aprotic solvents

The phenolic-OH deprotonated form of AH (A™) was confirmed
with forming UV-vis intensity at 470-485 nm by addition of any
base (KOH or TEA) to polar aprotic solvents (Fig. 1). However,
TEA (THF-solubilized base) induced no spectral change in a rela-
tively nonpolar THF medium, suggesting no such deprotonation
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Fig. 1 Schematic of base or basic solvent (DMSO/DMF)-induced complete/
partial deprotonation of AH (A7) and its H-bonding interaction with water.
The DFT-optimized structures are shown (color index: C, gray; O, red; and
H, white). The experimental UV-vis absorption (l,,s) and emission (lem)
wavelengths for different species are depicted in the lower panel. (cf) The
calculated absorption parameters are shown in Table 1.

reaction of AH (Fig. S6, ESIt), presumably due to poor solvation
of the negatively charged A~ species. The water-induced large
blue-shift of the absorption band for A~ shows the interaction of
A~ with the water molecule (Fig. 2). A similar UV-vis spectral
blue-shift by water interaction was reported by C. Pinheiro et al.®
Instead, the presence of water causes no spectral changes for the
protonated AH form (Fig. S7, ESIT), which excludes the possibility
of water/AH interaction. Most probably, the large negative charge
density at phenolate-O in A~ may induce efficient H-bonding
affinity with the water molecule to form an A™/H,O complex.

To avoid any significant change of general solvent properties,
UV-vis absorption spectral changes of A~ (AH (6 uM) + KOH
(15 pM)) in different polar aprotic solvents (acetone, MeCN, DMF
and DMSO) were monitored in the presence of low amounts of
water up to ~6-12% (v/v). With the increase in water% in
solvents (0.1-6.0% for acetone, 0.1-8% for MeCN, 0.1-12% for
DMF and 0.3-12% DMSO), the absorption band of A~ gradually
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Fig. 2 UV-vis absorption spectra of AH (6 uM) in the presence of KOH
(15 uM) and various water?% (v/v) in different solvents: (A) acetone (water%:
0.1,03,06, 10, 15,20, 35, 6.0, 85 and 11.0); (B) MeCN (water%: 0.1, 0.3,
0.6,15,25,6.5and 9.0); (C) DMF (water%: 0.1, 0.4, 1.0, 15,27, 48, 6.5, 85
and 10.0) and (D) DMSO (water%: 0.3, 0.9, 1.4, 2.0, 3.2, 5.1, 6.3, 8.5, 6.3, 10.0
and 12.3). (A—D) The gradual spectral blue-shift with the increase in water% is
depicted by arrows. The spectra in the absence of water are shown in black.
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blue-shifted from 475 to 488 nm maximally up to ~445-450 nm
(Fig. 2). The spectrum at the highest water% for each aprotic
solvent was found to be closely similar to that obtained in a pure
aqueous medium (Fig. 2 and Fig. S5, ESIT). Upon reverse solvent
addition, i.e., each aprotic solvent (~10% (v/v)) in an aqueous
medium causes an insignificantly small spectral wavelength shift
(Fig. S8, ESIt), indicating that A~ involves a specific interaction
with water in the aprotic solvents. Notably, the observed small
spectral changes between the aprotic medium in the presence of
the highest water% and in pure water can be explained by their
general solvent properties, even though the same species,
namely, A"/H,O complex, can be expected in both types of
solvents (Fig. 2 and Fig. S8, ESIT). However, the replacement of
water with other protic solvents such as methanol or ethanol, in
the aprotic solvents showed a similar spectral blue-shift up to
~435 nm (Fig. S9, ESIf), while the blue-shift requires much
higher alcohol% (~23-25% (v/v)) than water% (6-12%) presum-
ably due to weaker interaction ability of A~ with the alcohol
molecules. Most probably, A~ participates in the H-bonding
interaction with water molecules, which may increase the
So — S; transition energy for the phenolate chromophore
moiety to attribute for the 30-50 nm spectral blue-shift
(Fig. 1). Since the water molecule itself participates in the
H-bonding interaction with large affinity in the aprotic solvents,
the fraction of H-bonded A~ was found to be enhanced with
the increase in water% due to the formation of more number of
A" /H,0 H-bonded complexes than its dissociation affected by the
increased ratio of the water amount in the solvent composition.

The H-bonding interaction of A~ with water molecules was
also examined by steady-state and time-resolved fluorescence
methods. The deprotonated A~ species exhibited a strong
emission intensity at 525-535 nm in different solvents (acetone,
MeCN, DMF, DMSO and water) (Fig. S10, ESI{). The excitation
spectra of deprotonated A~ for the emission at 525 nm showed
an intensity at 470-490 nm for different aprotic solvents,
whereas in the water medium the peak shifted to ~440 nm
(Fig. S11, ESIY), which is consistent with the observed absorp-
tion wavelength shift by changing an aprotic to water medium
(Fig. 2 and Fig. S5, ESIt). Similar to the absorption studies, the
fluorescence excitation band gradually blue-shifted up to
~445-450 nm by a gradual increase in water% up to 6-12%
(v/v) in different aprotic solvents (Fig. 2 and Fig. S12, ESI¥).
These results corresponded well with that interpreted from the
absorption studies for the formation of the H-bond in the
AT/H,0 complex (Fig. 1). However, no emission wavelength
shift under a particular water% value in the aprotic media was
detected by the change in the excitation wavelength from 440 to
485 nm (Fig. S13, ESIt). The result indicates that the emissive
properties are similar between free A~ and A" /H,O H-bonded
complexes.

Different water%-dependent fluorescence transient decays
for A™ in the aprotic solvents were monitored at 530 nm for
excitations at ~450 nm and ~ 490 nm. For either excitation, a
mono-exponential decay with unchanged fluorescence lifetime
(r) values was noticed at each water% value (Fig. 3 and Fig. S14,
ESIT), where the t value was found to increase gradually with
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Fig. 3 Excitation wavelength-dependent fluorescence transients of AH
(6 uM) in the presence of KOH (15 pM) in acetone under various water% (v/v)
values (water%: red, 1.0%; orange, 2%; green, 4%; purple, 8%). Excitation
wavelengths were (A) 450 nm and (B) 490 nm. (A and B) The transient decay
in pure water and acetone media is shown in blue and black, respectively, for
comparison. The emission collected at 525 nm both excitation wavelengths.
The scattering profile is shown in grey.

the increase in water% from 0 up to 8%; from ~3.3 to 5.7 ns for
acetone, ~3.8 to 5.7 ns for MeCN, ~3.8 to 5.9 ns for DMF and
4.1 to 5.9 ns for DMSO (Table 1). The similar 7 value between two
different excitations (450 and 490 nm) especially when the A™/H,O
complex and free A~ coexist at the water% value below 4%
strongly justify our proposition that the emission of the A~/H,O
complex originated from the excited state of free A after breaking
of the H-bond in the excited state (Fig. 4 and Fig. S14, ESIT).
However, an expected stronger electrostatic interaction of A~ with
the water molecule than any of those aprotic solvent molecules
may increase the local water concentration surrounded to A~
largely than remaining of the solution even for a small increase
of water% in the solution. Presumably, the higher water accumu-
lation around A~ may affect greater solvation induced its higher
excited state stability to observe the gradual increase in the 7 value
with the increase in the water% value. Moreover, the t value for
the A~ species in a pure aqueous medium is ~4.7 ns which is
significantly lower than that observed in various aprotic solvents
containing 8% water (~5.9 ns) probably due to a significant
decrease in non-radiative decay rate from the aprotic solvents to
water (Fig. 3, Fig. S14, ESIT and Table 1).

Theoretical studies for H-bonding interaction in A" /H,0

To identify the probable H-bonding mode in the A"/H,O
complex, DFT-based theoretical calculations were performed

Table 1 Emission lifetime values of A~ in different polar aprotic solvents
containing various water% (v/v)?

Lifetime (t/ns)

Water% (v/v)

Solvent 0.0 1.0 2.0 4.0 8.0

Acetone 3.34 (3.34
MeCN 3.83 (3.83

(3.34) 4.03 (4.03) 4.22 (4.22) 4.77 (4.77) 5.71(5.71)
DMF  3.85 Es.ssg 4.39 (4.39) 4.47 (4.77
(4.09)
(4.75)

4.38 %4.38) 4.54 (4.54% 4.97 (4.97% 5.75 55.75)
( ) 4.87 (4.87) 5.87 (5.87)
( ) 4.86 (4.86) 5.87 (5.87)

DMSO  4.09 (4.09) 4.57 (4.57) 4.60 (4.60
Water”  4.75 (4.75) — —

“ The emission collected at 525 nm for the excitations at 450 nm and
490 nm. The t values in bracket are for the excitation at 490 nm.
b 7 values in pure water solvent.
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Fig. 4 Excitation wavelength-dependent fluorescence emission spectra
of AH (0.5 uM) in the presence of KOH (10 uM) and various water% (v/v)
values in different solvents: (A and E) acetone (water%: 0.1, 0.3, 0.6, 1.1, 1.8,
3.0, 4.5, 8.0 and 11.5); (B and F) MeCN (water%: 0.1, 0.2, 0.3, 0.4, 0.6 0.8,
1.0,15,2.0,25,3.0,4.0,4.7 and 5.5); (C and G) DMF (water%: 0.2, 0.4, 0.8,
15,25,4.0,6.5,8.0,10.0 and 12.0); (D and H) DMSO (water%: 0.5, 1.0, 2.0,
3.5, 5.0, 7.5, 10.0 and 11.4). The spectra in the absence of water are
depicted in black. The gradual increase or decrease in intensities with the
increase in water% values is indicated by arrows. Excitation wavelengths
were 440 nm (A-D) and 485 nm (E-H).

considering the most probable H-bonding interaction between
phenolate-O and one hydrogen atom of water molecules (Fig. 1
and Fig. S15A, ESIY). The ground-state structures in the gas
phase for free A~ and A"/H,O complex were optimized using
the B3LYP 6-31G++(3d,3p) basis set (Fig. S15A, ESIT). To correlate
the experimental UV-vis absorption parameters, TD-DFT calcula-
tions (B3LYP, 6-31G++(3d,3p) basis function) on the optimized
ground-state geometries were performed in the solution phase
considering the CPCM solvent model for acetone, MeCN and
DMSO, and the calculated values of various absorption para-
meters are depicted in Table 2 and Fig. S15B (ESIt). The electric
charge densities in HOMO/LUMO both for A~ and A" /H,0 are
centered within the diformyl-phenolate unit (Fig. S15B, ESIT).
The excitation wavelengths for A~ species in different aprotic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 2 Solvent dependent experimental (exp.) and TD-DFT calculated
(cal.) wavelengths of UV-vis absorption band (Zmax) and molar extinction

coefficients (¢) for the deprotonated form of AH (A™) and its H-bonded
complex with water (A~/H,0)?

Absorbance parameters

A A"/H,0

Jmax (nm) & x 10* M ' em ™) Apax (nm) & x 10° (M em ™)

Solvent Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
Acetone 477 458 1.32 0.91 450 444 1.19 0.80
MeCN 478 457 1.34 0.91 445 443 1.06 0.80
DMF 485 — 1.39 — 457 — 1.16 —

DMSO 489 460 1.50 0.95 463 445 1.21 0.90
Water — — — — 443 443 1.20 0.87

“ Experimental UV-vis parameters for A~ (absence of water) and A~ /H,0
(presence of highest water% value) obtained according to Fig. 2.

solvents (acetone, DMF and DMSO) were computed to be ~455-
460 nm due to the HOMO (43) to LUMO (44) electronic transition
(Table 2). However, the A”/H,O H-bonded complex exhibited the
absorption intensity at ~443-445 nm for HOMO (48) to LUMO
(49) transition (Table 2). Although the energy of LUMO is
comparable between A~ (—0.075 eV) and A" /H,O (—0.077 eV),
a considerable decrease in the HOMO energy by 0.006 eV for A~
upon its H-bond interaction with water causes for the spectral
blue-shift (Fig. S15B, ESIf). The calculated spectral blue-shift
from free A~ species to its water-complex well corresponded with
the water-induced experimental blue-shift of the UV-vis absorp-
tion (or fluorescence excitation) band of the A species in the
aprotic solvents (Table 2). In addition, the experimental UV-vis
molar extinction coefficient (¢) values also well matched with
those values calculated theoretically (Table 2). The results justify
the proposed H-bonding mode of the water molecule with A™.

Detection of water in polar aprotic solvents

Water-induced fluorescence response for A~ remained similar
on the nature of base (KOH or TEA) used in the polar aprotic
solvents (Fig. S16, ESIt). Thus, the addition of base attributes
no other role except for the deprotonation of the phenolic-OH
moiety in AH. The conversion from free A~ to H-bonded
A"/H,O species by the addition of water attributes the blue-
shifting of the fluorescence excitation (or UV-vis absorption)
band from ~485 to 440 nm for the fluorescence emission at
525 nm (Fig. S12, ESIT), where the excitation band intensity at
~485 and ~440 nm were assigned to the ground-state free A~
and A" /H,O species, respectively. In contrast, their emissive
propetties, e.g., its intensity-wavelength (~530 nm) and lifetime
values for different excitation wavelengths at 440 and 485 nm are
observed to be identical due to the excited-state H-bond disso-
ciation, as discussed before (Fig. S13, S14, ESI and Table 2).
Consequently, with the increase in water% in the solution (up to
6-12% (v/v)), the more amount of free A~ to A”/H,O conversion
in the ground state resulted in a gradual increase in the emission
intensity at ~530 nm for a fixed wavelength excitation of the
A" /H,0O species at 440 nm (Fig. 4A-D), whereas the emission
intensity was found to decrease gradually during the excitation of
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reduced amount of free A~ species with the 485 nm light
(Fig. 4E-H). It is noteworthy to mention here that the base-
induced formation of deprotonated A~ species is not possible in
relatively nonpolar aprotic solvents (THF) (Fig. S6, ESIt); thus,
the operable solvent condition for the detection of moisture
should be polar aprotic in nature.

The effect of water-induced changes in the equilibrium
concentration of the free A~ and A”/H,O complex on emission
intensity changes for the two separate excitation (440 and
485 nm) can be combined together by including the effect of
both the intensity changes in a single spectrum (Fig. 4 and
5A-D (right spectra)). For each water% value, the emission
spectrum for excitation at 440 nm was divided by the maximum
intensity value in the absence of water, and the resulting
spectrum (F (4)/Fy (Zex = 440 nm)) was further divided by the
extent of emission intensity decrease factor with respect to the
zero water condition for excitation at 485 nm (Fax/Fo (Aex =
485 nm)) to obtain the normalized emission spectrum ((F (1)/
Fo)/(Fmax/Fo)) (Fig. 5A-D (right spectra)). Such normalization
procedure not only is helpful to manifest the water-induced
emission response and its detection sensitivity, but also causes
the water%-dependent linear emission response (Fig. 5E-H). In
addition, such normalization procedure eliminates the AH
concentration dependency during the ratiometric detection of
water in the solution with heterogeneous distribution of probe
molecules (Fig. 5). The maximum normalized intensity value at
~530 nm increased more than 5.5- and 5.7-fold in the presence
of 6.0% and 7.5% water in acetone and MeCN, respectively
(Fig. 5E and F). However, the extent of increased intensities,
maximally up to ~ 3.5-fold for acetone and 3.3-fold for MeCN,
in the presence of various amounts of added water% up to
2% (v/v), maintains a very well behaved linear correlation with a
residual of fitting > ~ 0.995-0.997 and slope ~ 1.24 volume% '
(acetone) or 1.20 volume% ' (acetonitrile) (Fig. 5E and F). In
comparison, the water%-dependent normalized emission inten-
sity increase was found to be relatively less for the other aprotic
solvents (DMF and DMSO) (Fig. 5G and H); maximum up to ~4.3-
fold for DMF and 3.8-fold for DMSO. Nevertheless, the linear
intensity increasing region expanded up to much higher water%
value; ~6% for DMF and ~12% for DMSO medium (R* ~ 0.995
and slope 0.34 volume% ' (DMF) or 0.21 volume% ' (DMSO))
than that observed for acetone or MeCN solvent (Fig. 5G and H).

The water amount-dependent linear emission intensity
changes can be highly useful for the ratiometric detection of
unknown water% in the aprotic solvents. Based on the water-
induced minimum extent of detectable unambiguous fluore-
scence response, the limit of detection (LOD) was evaluated
using the eqn. LOD = 3a/k, where ¢ and k represent the
standard deviation for the emission measurements and the
slope value of the linear fitting curve, respectively (Fig. 5E-H).
The LOD values for the detection of water% were evaluated to
be ~0.01% for acetone and MeCN, whereas it was ~0.04% (v/v)
for DMF and DMSO. To check the reversibility in the water
detection, fluorescence studies for AH (0.5 uM) in the presence
of KOH (10 pM) were performed at a certain water% value (1.8%
for acetone; 1.5% for MeCN; 2.5% for DMF and 3.5% for
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Fig. 5 (A-D) Normalized fluorescence excitation (left side) and emission
(right side) spectra of AH (0.5 uM) in the presence of KOH (10 uM) and
various water% (v/v) values in different solvents: (A) acetone (water%: 0.1,
0.3,0.6,11,18, 3.0, 4.5, 8.0 and 11.5); (B) MeCN (water’: 0.1, 0.2, 0.3, 0.4,
0.6 0.8,1.0, 15,20, 25, 3.0, 4.0, 47 and 5.5); (C) DMF (water%: 0.2, 0.4,
0.8, 15, 25, 4.0, 6.5, 8.0, 10.0 and 12.0) and (D) DMSO (water%: 0.5, 1.0,
2.0, 35, 5.0, 7.5, 10.0 and 11.4). The spectra in the absence of water are
depicted in black. (E-H) The normalized intensities are plotted against
water% (v/v) and fitted linearly up to certain water% range: (E) acetone;
(F) acetonitrile; (G) DMF and (H) DMSO. The variations for other higher
water?% are shown in the inset of E-G. (A-D) Each fluorescence excitation
spectrum for the emission at 525 nm is normalized by its maximum
intensity value. For normalization of emission spectra, each emission
spectrum for the excitation at 440 nm was divided by the maximum
intensity value in the absence of water, and the resulting spectrum was
further divided by the extent of emission intensity decrease factor with
respect to zero water condition for excitation at 485 nm. The gradual blue-
shift for the excitation spectra or the increase in the emission intensity with
the increase in of water% are depicted in arrows.

DMSO), and followed by the addition of a specific amount of
the same solvent without water but containing identical probe
concentrations to reach a certain value of water% below that of
the respective initial value (0.6% for acetone and MeCN; 0.8%
for DMF and 1.0% for DMSO). Fluorescence excitation and
emission spectra of final water-diluted solutions were found to
be nicely matched with the corresponding known spectra at an
identical water% value (Fig. S17, ESIT), showing that the water
association with A™ is reversible in nature. In addition to the
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Fig. 6 Water% (v/v)-dependent shift in the fluorescence excitation
wavelength (hollow circles, broken lines) for the emission at 525 nm and
UV-vis absorption wavelength (solid circles, solid lines) for AH in the
presence of KOH in different solvents is plotted: violet, acetone; purple,
MeCN; red, DMF; blue, DMSO. The data points are fitted single exponential
curves.

emission intensity changes, the wavelength shift of fluore-
scence excitation or UV-vis absorption band may also be
beneficial for the detection of water%. About ~25 nm blue-
shift for the addition of ~2% water in acetone and MeCN or
~15 and 20 nm blue-shift for the addition of ~5% water for
DMF and DMSO, respectively, was detected (Fig. 6). The extent
of blue-shift in the absorption or excitation spectra was plotted
against the water% value in different aprotic media (Fig. 6), and
the data points were fitted with a single exponential curve. The
phenomenon of such a large wavelength shift induced by the
presence of a relatively low water amount (<2% (v/v) for
acetone and acetonitrile; <4% for DMF and DMSO) can be
exploited for the detection of lower water amounts (Fig. 6).

Real-time moisture analysis in polar aprotic solvents

Polar aprotic organic solvents exhibit high moisture affinity,
and thus, require special arrangement to preserve them under
the moisture-free condition for prolonged period of time. It has
been reported that a considerable extent of moisture incorpora-
tion in the solvents may happen even for their short-time
exposure in an open atmosphere.'>?" Using the present water
detection protocol, the real-time atmospheric moisture incorpora-
tions in the aprotic solvents under the open laboratory atmo-
spheric condition were monitored.

The amount of moisture incorporations is highly dependent
on the relative atmospheric humidity and temperature.”’ As
described in detail in the experimental section, all the solvents
were dried meticulously and stored in a closed glass container
in a nitrogen atmosphere with 3 A molecular sieves up to not
more than 12 hours. No moisture incorporation during the
solvent preservation was confirmed from the unchanged emis-
sion response for A~ (Fig. S18, ESI{). We exposed each dried
solvent (~40 mL) containing A~ (AH (0.5 pM) + KOH (10 pM))
in a 100 mL beaker with a diameter of ~5 cm for different time
intervals up to 2 hours in the open laboratory atmosphere with
75% (£5%) relative humidity at 25 °C (£1 °C). The amount
of moisture incorporation was estimated by evaluating the
normalized excitation and emission spectra determined from

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 7 (A) Plots of water% (v/v) incorporation and (B) the wavelength of
fluorescence excitation band for the emission at 525 nm in various aprotic
solvents over time upon exposure to an open laboratory atmosphere at
25 °C (1 °C) and 75% (+5%) relative humidity condition: violet, acetone;
purple, MeCN; red, DMF; blue, DMSO.

the time-dependent emission spectra of A~ upon excitation at
440 nm and 485 nm, as described in the previous section
(Fig. S19, ESIf). The normalized emission intensity at its
intensity maxima at 525-530 nm increased gradually with the
increase in exposure time intervals up to 120 min, where the
extent of intensity increase depends on the specific solvent
system; 1.91-fold for acetone and 1.95-fold for MeCN, 1.40-fold
for DMF and 1.37-fold for DMSO for 120 min exposure
(Fig. S19, ESIY). The gradual increase in the normalized emis-
sion intensity with the time period of atmospheric exposure
suggests a greater extent of atmospheric moisture incorpora-
tion (Fig. 7A). In addition, the gradual blue-shift in the excita-
tion spectra (from ~474 to 467 nm for acetone; ~482 to
472 nm for MeCN; ~485 to 477 nm for DMF and ~489 to
484 nm for DMSO) with the increase in exposure time intervals
also indicates an increase in the moisture content in solvents
(Fig. 7B). However, the precise amount of atmospheric moisture
incorporation for each solvent system was evaluated by correlating
the time-dependent normalized emission intensities at 525-
530 nm, according to Fig. 5E-H. It is noteworthy to mention here
that the effect of small volume changes, particularly for acetone
and MeCN, upon exposure to the open atmosphere, on the relative
changes of normalized emission intensities was also considered
during the estimation of moisture incorporation from the
normalized emission intensity value. With the increase in the
exposure time from 12 to 120 min, the amount of moisture
intake increased along with maintaining a fairly well linear
correlation from ~0.05 to 0.73% (v/v) for acetone, ~0.06 to
0.80% for MeCN, ~0.11 to 0.97% for DMF and ~0.14 to 1.07%
for DMSO (Fig. 7A).

To justify the generality of the present methodology in terms
of detection accuracy and applicability, we also performed
similar atmospheric moisture incorporation studies in the
presence of externally added water-spike of 1% before exposing
each solvent to the open atmosphere (Fig. S20 and Table S1,
ESIt). Notably, the subtracted amount of water-spike from the
total recovered water% obtained fluorometrically was found to
well match with that evaluated under the condition of without
water-spikes (Table S1, ESIT). The results indicate the generality
that various extents of contaminated water from different
sources can be easily monitored by this method. Based on the
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atmospheric moisture incorporation capabilities for different
aprotic solvents, the relative hygroscopicity scale can be drawn
as DMSO > DMF > MeCN > acetone, which is consistent with
the earlier reports.'®*!

Moisture analysis in different food samples

The moisture content in various processed food items is one of
the key parameter from legal and economic point of view.'*"
There are ample possibility to differ the total moisture content
from its recommended tolerant limit particularly in diary food
items (butter, cheese and ghee (commonly popular in India and
south Asian countries)) or coconut oil, obtained from high
water content raw materials. Moreover, higher moisture content
than its tolerant limit of ~0.3% in pure oil-based ghee and
coconut oil are highly susceptible to undergo microbial degradation
or water rancidification during their preservation for prolonged
time period.">7°*>® Therefore, the quality control of the foods
relies heavily on cost-effective convenient moisture detection
methods.

The total moisture contents in those food items (butter,
cheese, ghee and coconut oil) available in the market were
estimated using the present water detection protocol. For the
chosen food samples, most of the food components either
insoluble or sparingly soluble in the DMSO medium, and thus,
the general solvent properties of DMSO are not expected to
differ appreciably even in their presence in large excess, making
DMSO a preferred solvent over the other aprotic solvents. In
addition, the water-induced linear emission response spanning
up to the large water-ratio value of ~12% (v/v) for DMSO is an
additional advantage for its use as a suitable medium to detect
widely different moisture contents in different food items
varying from the very low (ghee or coconut oil) to large value
(butter or cheese). The moisture content of a food material is
defined using the following equation:

% Moisture = (My/Msample) X 100

where m,, and mg,mple represent the mass of water and mass of
the sample, respectively.

The water% in various food samples was analysed by mixing
different amounts of each food sample in 100 mL DMSO
medium according to the protocol described in the Experi-
mental section. The content of free water molecules in ghee or
coconut oil is much lower than that in cheese or butter.
Therefore, a lower amount of butter (10, 20 and 40 g) or cheese
(4.0, 7.5 and 15 g) than ghee or coconut oil (100 g each) was
mixed with the DMSO solvent for effective fluorescence studies
to estimate the moisture content in those foodstuffs. Fluore-
scence spectra were recorded with the DMSO phase in the
presence of AH (0.5 uM) and KOH (10 uM) (¢f. experimental).
The relative moisture amounts in different food samples
obtained by evaluating the normalized fluorescence intensities
are listed in Table 3 (Fig. S21, ESIt). The moisture amounts
were found to be ~15% for butter and ~48% for cheese
irrespective of different quantities of each sample taken (butter
sample: 10, 20 and 40 g; cheese sample: 4.0, 7.5 and 15.0 g) in
100 mL DMSO medium (Table 3). However, low moisture
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Table 3 Estimated water amounts in commercial food samples

Water-spike?  Total water®  Ap-A,?
Sample Amount® (g) (%, v/v) (%, wiw) (%, wiw)
Butter 10.0 — 15.0 = 0.2 —
20.0 — 14.9 +£ 0.2 —
40.0 — 15.4 £ 0.2 —
Cheese 3.0 — 48.2 £ 0.3 —
7.5 — 48.5 + 0.3 —
15.0 — 47.1 + 0.3 —
Ghee 100 0 0.32 + 0.04 —
0.50 0.79 + 0.04 0.47
1.00 1.34 £+ 0.06 1.02
1.50 1.83 £+ 0.06 1.51
Coconut oil 100 0 0.40 £ 0.04 —
0.50 0.87 + 0.05 0.47
1.00 1.41 £+ 0.06 1.01
1.50 1.88 £+ 0.06 1.48

“ Mass taken in 100 mL of DMSO solvent. ” Volume% of water with
respect to DMSO volume. © Amount of water with respect to 100 g of
food sample. ¢ Subtracted value of estimated water% without the water-
spike from the total estimated water%.

amounts of ~0.3% and 0.4% were estimated for ghee and
coconut oil, respectively (Table 3 and Fig. S21(C and D), ESI¥).
As described earlier, higher moisture contamination in pure oil-
based commercial ghee or coconut oils make them susceptible to
water rancidity. To validate our method with detecting higher
water%, we introduced additional 0.5, 1.0 or 1.5% water-spike in
the DMSO medium containing ghee or coconut oil sample
(Fig. S21(C and D), ESIf). The recovered moisture amount after
subtracting the actual moisture present, i.e., 0.3-0.4% (estimated
without water-spike) in the commercial sample, from the esti-
mated total found water% were closely similar to the amount of
respective amounts of water-spikes (Table 3). The results strongly
indicate that the present moisture detection protocol can be
applied to arrest the water rancidity by identifying the contamina-
tion of higher moisture% than its permissible limit for those
essentially moisture-free food items with great accuracy.

Conclusions

We demonstrated a sensitive fluorometric method for the
detection of trace moisture in various common aprotic solvents
using a simple aldehydic phenol probe molecule. The pheno-
late form of the probe participates in the H-bonding interaction
with water in the aprotic medium to exhibit a large blue-shift,
from ~485 nm to 440 nm, in the absorption or fluorescence
excitation spectra, although both H-bonded and free phenolate
forms of probe show similar emission characteristics owing to
the dissociation of the H-bond in the excited state. The water-
induced spectral blue-shift and subsequent emission intensity
increase and decrease for excitation at 440 nm and 485 nm,
respectively, and they were utilized for the detection of moisture.
Both those emission intensities changes for two different excita-
tions were combined in a single spectral profile to enhance the
detection sensitivity eliminating the dependency of the probe
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concentration for the ratiometric detection of moisture even in
complex heterogeneous samples. The atmospheric moisture
incorporation kinetics was evaluated for various aprotic solvents.
Moreover, we estimated the water amount in butter or cheese
with a relatively high water content and edible coconut oil or
ghee food samples with a low water content. We have also shown
that the present water detection protocol is highly effective to
check water rancidity in ghee and coconut oil during their
manufacture from high-water content raw materials.
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A DBU-catalysed metal-free domino reaction strategy has been developed for the facile synthesis of
dihydro-6H-quinoline-5-ones. This protocol employs a very expedient route to the synthesis of pyridine
frameworks using B-chloro-o,B-unsaturated aldehydes, 1,3-diketones, and ammonium acetate in
ethanol: water (1:1) solvent under eco-friendly conditions. Diverse types of acyclic and cyclic B-chloro-
o,B-unsaturated aldehydes were used to obtain a variety of dihydro-6H-quinoline-5-ones. The
mechanism of the domino reaction was established by isolating the intermediate compound, which was
subjected to the next step of the reaction to obtain the target product. The structure of the
intermediate was established from spectral and single crystal XRD studies. Most of the synthesized
dihydro-6H-quinoline-5-one derivatives were found to be cytotoxic to the Hela cell lines, showing
profound cytotoxicity in MTT assays. The DNA fragmentation assay showed no fragmented DNA in the
treated sets, which indicated that the compounds did not induce apoptosis of the Hela cells. In most of
the cases, autophagic cell death was evident from fluorescence microscopy studies, though necrosis
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Introduction

In the recent eon of research, the discovery of small molecules

with the efficiency to work in complex biological processes to o
prevent diseases has been one of the major challenges facing

researchers.' This trend has clearly indicated a paradigm shift . | ']::h h:_I:H—‘IF
- 2 HH

of the spotlight from natural product chemistry to combinatorial : q'“" "c o oo _hmﬁ
chemistry.*> Among numerous nitrogen heterocycles, quinoline is E‘::j s q - e
a scaffold of crucial importance with respect to biomedical use. ] N:!I_:i'- < Ix_lj
Several quinoline derivatives, isolated from natural resources A Hye

or prepared synthetically, show a wide variety of biological i

ol = i)
activities.> One such type of important quinoline moiety is FN'L::I g g p
dihydroquinoline, which exhibits interesting biological and "”ﬁ' Wy B jj:"“*.
pharmaceutical activities including antitubercular (1), anti-HIV (2), Hy o o I.j\., e
anticancer (3), apical sodium-dependent bile acid transporter (ASBT) "
L avendarsyiin Aschliarhihens A& 1

Fig. 1 Some naturally occurring quinoline derivatives.

@ Department of Chemistry, Maulana Azad College, Kolkata-700013, India

? Department of Chemistry, Government Girls General Degree College, Ekbalpur,
Kolkata-700023, India

¢ Department of Chemistry, University College of Science and Technology,
University of Calcutta, Kolkata-700009, India. E-mail: chemkpd@gmail.com

“ Department of Botany, Presidency University, Kolkata-700019, India

¢ Department of Botany, University of Calcutta, Kolkata-700019, India

i Electronic supplementary information (ESI) available. CCDC 1542885 and

inhibition (4), (Fig. 1) etc. Compounds, streptonigrin (5), ascidiathia-
zones and lavendamycin, (Fig. 1) showed antibiotic, anticancer, and
antiproliferative activities, respectively.’

1542887. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/c9nj06346¢
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Numerous skeletal analogues incorporating these crucial
moieties have been prepared using synthetic approaches to
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accomplish a vast and diverse chemical library.* Development
of a green technique requires fulfillment of certain criteria such
as, use of nontoxic reagents and absence of additives, ambient
reaction conditions, atom economy and procedural simplicity.
Coupled with this concern, one-pot multicomponent reactions
are equally significant as they give rise to complex structures by
simultaneous formation of two or more bonds in time-saving
procedures.” A number of synthetic strategies have been utilized
for the preparation of dihydro-6H-quinoline-5-one skeletons
either by the reaction of pf-enaminones with B-dicarbonyls in
the presence of CeCly/Nal in 2-propanol,’ DBU in butanol,”
ammonium acetate using microwave,® KsCoW,;,0,4,-3H,0° etc.
or by the reaction between a ketone, 1,3-diketone, and an aldehyde
in the presence of a copper incorporated nanorod like mesoporous
silica catalyst using molecular O,"® or MCM-41 supported HPF,.""
One crucial feature of multicomponent reactions is cost efficiency.
Besides many other factors, cost efficiency depends on the number
of starting materials and reagents used or steps required for the
formation of the product. In this regard, development of reaction
protocols involving inexpensive starting materials or minimal
number of steps to reach the target molecule is more acceptable.

A literature review on the synthetic methodologies for 7,8-
dihydroquinolin-5-ones and similar derivatives reveal that most
of the synthetic techniques engage either more than one step
with costly metal catalysts or a three to four component-strategy.
The majority of groups have reported the preparation of dihydro-6H-
quinoline-5-one derivatives using a two-step procedure entailing
B-enaminone intermediates, which could be obtained from the
reaction between dimethylformamide, dimethyl acetals and aryl
methyl ketones.®® Mukhopadhyay et al.*°** demonstrated a four-
component-reaction strategy for the preparation of dihydro-6H-
quinoline-5-one derivatives (Scheme 1).

To enrich this library, we focused on the synthesis of different
dihydroquinoline derivatives. Here, the synthesis of dihydro-6H-
quinoline-5-one derivatives was developed by taking the advan-
tages of the skeletal motif of B-chloro-o,B-unsaturated aldehydes.
Goroi et al.'” had reported the synthesis of dihydro-6H-quinolin-5-
ones from similar motifs of B-bromo-o,B-unsaturated aldehydes by
using a three-component methodology between 1,3-diketones, and
ammonium acetate without any additional catalyst or metal salt at
120 °C, where the methodology involves the elimination of a more
labile bromide group. Moreover, flexibility of the methodology
with an acyclic analog of -bromo-o,-unsaturated aldehydes was
not reported. Additionally proof of mechanistic pathway was not
established in the approach. In the pursuit of an easier and more
green technique at a lower temperature we have adopted a metal-
free protocol in an ethanol/water solvent starting from different
B-chloro-o,B-unsaturated aldehydes as a source of carbonyl
functionalities. To the best of our knowledge this is the first
report of the formation of dihydro-6H-quinoline-5-ones from
B-chloro-o,B-unsaturated aldehydes as a source of carbonyl
functionality.

Quinolines and their derivatives are known for their diverse
(antimicrobial, anticancer, anti-HIV, anti-inflammatory, anti-
depressant etc.) biological activities and have been studied for
centuries. Anticancer drugs with quinoline moieties can induce
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Scheme 1 A comparative study of previous and present work.

apoptosis, dysregulate cell cycles and inhibit angiogenesis (Afzal
et al, 2015)."* Koprulu and coworkers (2019)"* reported the
synthesis of methoxy and hydroxy substituted quinoline com-
pounds and their antiproliferative properties against human
adenocarcinoma (HT29), human cervical cancer cell line-HeLa
and rat glioblastoma (C6). In the present study, the anticancer
activity of the synthesized dihydro-6H-quinoline-5-one derivatives
on cervical cancer cells in vitro (HeLa, HPV 18 positive cell line) was
explored. As the compounds have a planar structure, they tend to
intercalate within the DNA bases, causing DNA damage and
inhibiting replicative processes (Okten et al, 2017)," leading to
cell death. To evaluate the mode of cell death, DNA fragmentation
assays were undertaken and the presence of autophagic vacuoles
was studied.

Results and discussion

In order to find out the suitable reaction conditions associated
with the synthesis of dihydro-6H-quinoline-5-one, we optimized
the reaction by carrying out extensive screening tests utilizing a
representative reaction between 3-chloro-2-methyl-3-phenyl-
acrylaldehyde (1h) (1 mmol) and dimedone (2a) (2.0 mmol) in
the presence of NH,OAc (5 mmol) and different bases by varying
solvents to obtain 3h.

All the results are summarized in Table 1. Initially the
reaction was carried out by using potassium carbonate as the

New J. Chem., 2020, 44, 4898-4906 | 4899
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Table 1 Optimization study using 1h and aldehyde 2a

Paper

——
i, 1rvaral im, Zrrerci E Y
S. no. Base“ Solvent? Time (h) Temp. (°C) Yield? (%)
1 K,CO3 Water 12 100 10
2 Triethyl amine Water 8 100 10
3 Triethyl amine Ethanol/water (1:1) 8 100 20
4 Morpholine Water 8 100 25
5 Morpholine Ethanol/water (1:1) 8 100 45
6 Pyridine water 6 100 55
7 Pyridine Ethanol/water (1:1) 6 100 75
8 Piperidine Ethanol/water (1:1) 6 100 60
9 a-Picoline Ethanol/water (1:1) 5 100 75
10 B-Picoline Ethanol/water (1:1) 5 100 80
11 v-Picoline Ethanol/water (1:1) 4.5 100 85
12 Lutidine Ethanol/water (1:1) 4 100 85
13 Bipyridine Ethanol/water (1:1) 3 100 85
14 DABCO Ethanol/water (1:1) 1.5 100 90
15 DBU Ethanol/water (1:1) 2 100 85
16 DABCO Ethanol/water (1:1) 1 80 96
17 DABCO Ethanol/water (1:1) 2.5 60 90
18 DABCO Ethanol/water (1:1) 2 70 92

@ All the reactions were carried out with 3 mmol base. ? 10 ml of solvent was used in each case. ¢ All the reactions were carried out with 3-chloro-2-
methyl-3-phenyl-acrylaldehyde (1.0 mmol) and dimedone (2.0 mmol). ? Yield of isolated product.

base in water, but it resulted in low yield of the product even
after a long reaction time at 100 °C (Table 1, entry 1). In the
pursuit of more fruitful reaction conditions, we performed
the same reaction in water and ethanol-water mixture in the
presence of triethyl amine as the base (Table 1, entries 2 and 3)
and it was observed that there was a slight increase in the yield
of the product in the ethanol-water (1:1) solvent after a long
reaction time. Consequently, we studied the reaction in water
and ethanol-water (1:1) in the presence of morpholine and
pyridine as the bases (Table 1, entries 4-7), where a marginal
enhancement in the product yield was noticed when pyridine
was used as the base in an ethanol-water (1:1) solvent.
Henceforth screening tests were done in ethanol-water (1:1)
solvent to obtain the best reaction conditions by studying with
different non-nucleophilic bases and various reaction times
(Table 1, entries 8-15). Ultimately the optimum conditions were
realized by using DABCO as the base at 80 °C, which afforded
96% yield of the desired product in ethanol-water (1:1) solvent
(Table 1, entry 16). A study to observe the effect of temperature
on the yield of the product was also performed (Table 1,
entries 17 and 18), which indicated that any further alteration
of the reaction temperature decreased the yield of the product.
To show the scope of this protocol, we utilized the new methodology
using different 1,3-dicarbonyl systems with various acyclic -chloro-
o,B-unsaturated aldehydes (Table 2) and cyclic B-chloro-
o,B-unsaturated aldehydes (Table 3). In all the cases, the reac-
tion proceeded efficiently with good to excellent yields.

The reactions were simultaneously carried out at the 1 mmol
scale and no change in the yield of the product was observed
when scaled up to the 10 mmol scale. From the point of view of
green chemistry, it was interesting to note that the solvent used

4900 | New J. Chem., 2020, 44, 4898-4906

herein is a mixture of ethanol and water and the base DABCO is
completely benign for the environment.

Besides cost efficiency, the methodology involved procedural
simplicity, easy work-up and minimization of chemical impu-
rities. The structures of the products were well characterized by
using spectral (IR, 'H and ">C NMR) and elemental analysis
data. The structural pattern of the products was fully established by
X-ray crystallographic analysis of compound 6a (CCDC 1542885)
(Fig. 2). We herein synthesized twenty-three compounds and of
them, seven are new additions to the literature.

A plausible mechanistic pathway was proposed to explain
the base-catalyzed formation of dihydro-6H-quinoline-5-ones
from B-chloro-o,B-unsaturated aldehydes (Fig. 3). The B-chloro-
a,B-unsaturated aldehyde initially went through a Knoevenagel
condensation with the 1,3-diketone in the presence of a non-
nucleophilic base. Subsequently the presence of a vinylic chlorine
atom facilitated the incorporation of the second molecule of 1,3-
diketone to produce the xanthene-dione intermediate (8). The
in situ product 8 immediately reacted with ammonia, generated
from ammonium acetate under the reaction conditions, to form
the p-enaminone through ring opening. This B-enaminone
ultimately formed the dihydro-6H-quinoline-5-one through internal
rearrangement involving N-C bond formation and C-C bond
cleavage losing one molecule of the 1,3-diketone.

The xanthene-dione intermediate (8), proposed in the above-
mentioned reaction pathway for the formation of dihydro-6H-
quinoline-5-one derivatives, had been isolated in the following way.
Initially, the reaction between/with (Z)-3-chloro-3-phenylacrylal-
dehyde (1a) and dimedone (2a) was carried out in the presence
of base DABCO in water at room temperature for ten minutes.
The intermediate 8 was immediately precipitated, which was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Table 2 Base catalysed dihydro-6H-quinoline-5-one derivatives from acyclic B-chloro-a,B-unsaturated aldehydes
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“ 9% yield was calculated from the isolated product.

Table 3 Base catalysed dihydro-6H-quinoline-5-one derivatives from cyclic B-chloro-o,B-unsaturated aldehydes
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filtered and further reacted in the presence of ammonium procedure is shown in Fig. 4. The structure of the xanthene-dione
acetate in ethanol-water (1:1) solvent at 80 °C when 3a was intermediate (8) was confirmed by spectroscopic and X-ray
obtained after 1.2 hours. A schematic diagram of the aforesaid crystallographic studies (CCDC 1542887)1 (Fig. 5).
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Fig. 2 X-ray crystallographic structure of compound 6a.
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Isolation of intermediate 8 confirmed the proposed mechanistic
pathway as shown in the scheme shown in Fig. 3. The role of vinylic
chlorine present in the B-chloro-o,p-unsaturated aldehyde for the
formation of 8 was thus established.

Being a class of substituted pyridine scaffolds, dihydro-6H-
quinoline-5-one moieties show high potential towards biological
systems. In the present study, we have evaluated the cytotoxic
potential of the synthesized dihydro-6H-quinoline-5-one scaffolds
using MTT cell viability assays on a cervical cancer cell line
(HeLa) followed by a DNA fragmentation assay. Morphology of
acidic vesicles (vacuoles and lysosomes) and the presence of
autophagosomes were observed by fluorescence microscopy after
staining with a vital metachromatic dye acridine orange (AO).

Biological study

Cytotoxicity assay. Many of the synthesized quinoline com-
pounds bearing different functional groups exhibit antimeta-
static effects. The nature and position of the substituent on the

Fig. 3 Plausible mechanistic pathway for the synthesis of dihydro-6H-quinoline-5-one derivatives.

4902 | New J. Chem., 2020, 44, 4898-4906 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020



Paper NJC
3 r "
“ L | H
!Ia;n-'Lu-"' ¥ - e e E'::ﬂL'ii N-~i"'.-' CH
| e = I
M hepa Heo et MHOAC 30 OC, b e
i . {0l BodH = Ho0 (1:1] .
(—— 2nmode a
B 5 B
'|' o NH DA | %07, [hes
¥ QAR -
o T Hgth sk § 06 ml EeOoH ; H,0(1:0)
10 s i
H
i P
HyC— L e
B 1

Fig. 4 Schematic diagram of the formation of dihydro-6H-quinoline-5-one derivative through xanthene-dione intermediate.

Fig. 5 X-ray crystallographic structure of compound 8.

quinoline framework show variety in their efficacy in terms of
anticancer activity, thus generating structure-activity relation-
ship studies.'® In our case, the presence of methoxyl groups at
different positions with respect to quinoline nitrogen has shown
relatively higher cytotoxicity than that of other substituents.

We thereby undertook a detailed study with the compounds
containing methoxyl groups only. From the MTT assay (Table 4),
it was evident that less cytotoxicity was observed in HelLa cells
treated with 3f, 7¢, and 6b (ICs, 120 pm, 100 pm, and 90 um
respectively), whereas cells treated with 4f, 6¢c, and 7b showed
significant cytotoxicity. Among these compounds, it was found
that compound 6c¢ is the most cytotoxic when compared with
the others (IC5, ~ 0.95 uM) (Fig. 6).

DNA fragmentation assay. DNA fragmentation is a hallmark
of apoptotic cell death. However, in the treated cells no sign of
laddering of DNA (fragments with 180 kb or its multiples) was
observed (Fig. 7). Intact genomic DNA was found in all the
treated sets, which indicate that apoptosis might not be the
mechanism for inducing cell death in the treated ones.

Fluorescence microscopy with acridine orange dye. From the
fluorescence microscopy study, it was observed that in the sets
treated with compounds 3f, 4f, 6b and 7b formation of acidic
vacuoles (autophagosomes) was evident. Increased amounts of
diffused red specks can be easily observed indicating that
the cell death pathway was mediated by autophagy, which
was induced after 24 hours of chemical treatments, whereas a
necrotic cellular morphology was observed in the sets treated
with compounds 6¢ and 7c (Fig. 8).

Table 4 Results obtained from an MTT assay of Hela cells with different dihydro-6H-quinoline-5-one derivatives

Dose
Compound % cell viability 0.05 M 0.1 uyM 0.5 M 0.75 pM 1M 25 M 50 uM 100 uM 250 pM
3f Average 92 89.67 87 83.67 81.77 75.33 71.67 69.33 3.67
SD 0.65 0.73 0.5 0.72 0.05 1.6 1.63 1.05 0.4
6b Average 99.33 92 95.33 95 88.33 88 72.33 45.67 —
SD 1.25 1.15 0.65 1.15 0.45 0.75 2.08 1.13 —
6¢ Average 90.33 90.67 93.33 65.66 47 35.33 20.33 15 —
SD 2.51 0.23 0.6 0.65 0.43 1.3 0.05 1.5 —
af Average 104.69 97.66 101.17 97.26 90.23 82.03 48.44 31.05 —
SD 3.5 3.1 4.6 4.2 3.5 3.7 0.8 1.8 —
7b Average 101.7 102.54 100.2 97.07 95.31 26.75 22.07 19.94 —
SD 7.8 8.14 1.25 2.98 0.8 10.44 0.265 1.01 —
7c¢ Average 101.37 99.61 100.2 98.44 90.43 81.84 67.77 51.37 —
SD 1.82 1.2 1.5 0.41 2.12 0.11 2.6 2.62 —
Doxorubicin 1Cs5o 1 pMmY

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 7 Hela cells grown in T25 flask were treated with ICsq doses of
corresponding treatments for 24 hours. Lane 1: DNA marker (1.5 kb), lane 2:
control set, lane 3: compound 3f, lane 4: compound 6b, lane 5: compound 6c,
lane 6: compound 4f, lane 7: compound 7b, and lane 8: compound 7c.

Experimental
Procedure for the synthesis of dihydro-6H-quinoline-5-one derivatives

2 mmol of a 1,3-diketone compound and 1.2 mmol of B-chloro-
a,B-unsaturated aldehydes were stirred in the presence of
5 mmol ammonium acetate in 10 ml ethanol/water (1:1) solvent
using DABCO as a base at 80 °C for 1-1.6 hours. The reaction was
monitored by TLC. After completion of the reaction the whole
mixture was extracted with ethyl acetate and the ethyl acetate part
was washed with brine three times and evaporated under
vacuum. The reaction mixture obtained was subjected to column
chromatographic separation using different proportions of a
petroleum ether:ethyl acetate mixture. The product was obtained
from a 20% ethyl acetate petroleum ether mixture. The products
were well characterized by IR, 'H NMR, *C NMR, elemental
analysis and an X-ray crystallographic study.

Synthesis of 3,3,6,6-tetramethyl-9-(2-oxo-2-phenylethyl)-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (8) (proposed intermediate)
and its conversion to the 7,7-dimethyl-2-phenyl-7,8-dihydroquinolin-
5(6H)-one (3a)

A mixture of 3-chloro-3-phenylacrylaldehyde (1a) (1 mmol) and
dimedone (2a) (2 mmol) was stirred in the presence of DABCO

4904 | New J. Chem., 2020, 44, 4898-4906
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in 5 ml water at room temperature for 10 min. The compound
3,3,6,6-tetramethyl-9-(2-oxo-2-phenylethyl)-3,4,5,6,7,9-hexahydro-
1H-xanthene-1,8(2H)-dione was precipitated as a white solid,
which was isolated by filtration and washed with water. The
isolated xanthene dione was further reacted in the presence of
5 mmol ammonium acetate in 10 ml ethanol/water (1: 1) solvent
at 80 °C for 1.2 hour and the expected 7,7-dimethyl-2-phenyl-7,8-
dihydroquinolin-5(6H)-one was obtained.

General procedure for in vitro evaluation of anticancer activity

Maintenance of cell line. Human cervical cancer cell line,
HeLa, a HPV 18 positive cell line was obtained from NCCS,
Pune. Cells were maintained in EMEM (Eagle’s minimum essential
medium), supplemented with 10% FBS, non-essential amino acid
and glutamic acid, in a humidified CO, (5%) at 37 °C.

Cytotoxicity assay. Cytotoxicity of the chemicals towards
HeLa cells was investigated using standard MTT reduction
assays.'® Positively charged tetrazolium dye MTT can penetrate
viable cell membranes easily. After reduction by viable cell
mitochondrial dehydrogenases and oxidoreductases, the yellow
colored MTT dye turns to purple colored crystals. These water
insoluble formazan crystals can be solubilized and quantified
spectrophotometrically to determine the viability percentage.
1 x 10° cells were seeded in a 96-well plate and were incubated
overnight at 37 °C. Cells were then treated with the synthesized
compounds in a concentration range of 0.05 pM to 100 uM for
24 hours. Then 100 pg of MTT (Sigma) (5 mg MTT per ml PBS)
was added to each well, mixed and then incubated in a 5% CO,
incubator for another 3-4 hours. Then the media was removed
from the wells and the formazan crystals were dissolved with
80 pl of DMSO (Merck). Absorption spectra were recorded using
an ELISA microplate reader (BioRad) at 595 nm. The extent of
cytotoxicity was determined using the following formula:

% inhibition = [(absorbance of control set

— absorbance of treated set)/absorbance of control set] x 100

From the absorption spectral data, cell viabilities (in percentage)
in treated and control sets were calculated along with standard
deviations and bar graphs were made using the standard software
(Microsoft Excel).

DNA fragmentation

Apoptotic cell death can be established by DNA fragmentation
assays. DNA ladder assays have previously shown fragmented
DNA of 180 base pairs and its multiples (which is an apoptotic
phenomenon) in Hep-2 cells treated with only AMK OX-12, a
1,3,4-oxadiazole derivative. To assess the cell cytotoxic potential
of the synthesized chemicals on the HeLa cell line, cells were
seeded in surface-treated 60 mm culture dishes for 24 hours.
Treatments were added according to the ICs, doses from MTT
cell viability assays and incubated for 24 hours. Total DNA was
isolated according to Herrmann and his coworkers (1994) after
slight modification."® 1 x 10° HeLa cells were harvested using a
policeman (cell scrapper) and washed with chilled PBS. Then the
cells were dissolved in Tris-EDTA (TE) buffer. Equal amounts of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 8 Fluorescence microscopic study with acridine orange; fluorescence (right) and phase contrast (left) images of treated Hela cells. Cells were

treated with 1Csq doses of the respective compounds.

2x lysis buffer (200 mM NacCl, 20 mM Tris, 50 mM EDTA, 1% SDS
and 2% NP-40) was added, tapped and incubated in ice for
30 minutes. Then a phenol-chloroform-isoamyl alcohol (25:24:1)
mixture was used to eliminate fats and proteins. DNA was collected
from the aqueous phase and precipitated with isopropanol and
sodium acetate after two rounds of centrifugation. The collected
pellet was redissolved in TE buffer and incubated with RNaseA
to remove RNA. DNA was finally precipitated with isopropanol
and sodium acetate. DNA pellets were washed in 70% ethanol
and air dried to evaporate alcohol fully. Then the pellets were
dissolved in TE buffer and run on a 1.5% agarose gel and
visualized under a UV documentation system.

Fluorescence microscopic study of acidic cellular
compartments with acridine orange dye

Acridine orange (AO) is a metachromatic dye. Cell cytoplasm
and nucleus are stained as green and the acidic compartments of a
cell viz., lysosome and vacuoles are stained orange. Formation of
these kinds of acidic compartments in a higher degree represents
an increased degree of autophagosome formation, a hallmark of
autophagic cell death. In most of the autophagy pathway, the
lysosome after fusion with an autophagosome forms an auto-
phagolysosome that can engulf other cellular components
leading to completion of the autophagic cell death cascade.
Some key proteins are involved for conducting this pathway.
Beclin-1, Atg group of proteins are the positive regulatory
upstream proteins and LC3B proteins are the key proteins,
which act as downstream regulators leading to the formation of
an autophagosome.

In this experiment 1 x 10* HeLa cells were seeded on poly-lysine
coated 60 mm Petri dishes. On addition of treatments with their
respective ICs, doses, cells were incubated overnight at 37 °C.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

Cells were stained with 10 pg ml™* AO and visualized under a
fluorescence microscope (Leica).

Conclusion

A green, atom economic metal-free methodology has been
developed using a non-nucleophilic base for the syntheses
of dihydro-6H-quinoline-5-one derivatives from B-chloro-o,f-
unsaturated aldehydes with good to excellent yield of the
products. Molecular structures of two representative molecules
were investigated by means of X-ray diffraction analysis.
A mechanistic pathway was established by isolating the xanthene-
dione intermediate, which was further subjected to the second step
of the domino reaction to yield the corresponding dihydro-6H-
quinoline-5-one derivative. The biological study revealed that
dihydro-6H-quinoline-5-one derivatives were cytotoxic to HeLa cells
and among them, the compound 6¢ showed profound cytotoxicity.
As the DNA fragmentation assay showed no fragmented DNA in the
treated sets, it could be concluded that the dihydro-6H-quinoline-5-
one compounds did not induce apoptosis to the HeLa cells. In most
of the cases autophagic cell death was evident from fluorescence
microscopy studies, though necrosis was also observed in a
few cases.
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An aluminium fluorosensor for the early detection
of micro-level alcoholate corrosiony
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The detection of the dry alcoholate corrosion of aluminium is vital to design a corrosion resistive aluminium

alloy for the storage and transportation of biofuel (methanol or ethanol). By synthesizing an A fluorescent

probe operable in an alcoholic medium, we quantified the alcoholate corrosion in terms of the

fluorometrically estimated soluble alkoxide (Al(OR)s) generation under nitrogen atmosphere. With time,
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a linear increase in corrosion with specific aluminium dissolution rate constants ~2.0 and 0.9 pg per day

per cm? were estimated for aluminium and Al-7075 alloy, respectively. During open atmosphere
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Switching over from conventional fossil fuel to biofuel is of
current interest owing to the maximum utilization of eco-
friendly non-conventional energy.'! Commercially produced
less polluted biofuels such as methanol and ethanol, mixed
with fossil fuels have an acceptable performance capacity for
the gasoline engine.> Moreover, in comparison to the gasoline,
methanol and ethanol have much higher octane rating or
compression ratio to resist the knocking for better thermal
efficiency.® Since most of the fuel tanks/pipes are made of
aluminium or its alloys owing to its high strength-to-density
ratio, the aluminium corrosion due to the formation of
alkoxide (alcoholate or dry corrosion) during storage or even
transportation of such bio-alcohols may cause leakage in the
fuel tanks and in worst cases enough threat is speculated for fire
and explosion.* Mechanical overloads, alloy impurities even at
elevated temperatures are further contenders for accelerating
the alcoholate corrosion.> However, a prolong exposure to the
moisture retards the alcoholate corrosion by forming a protec-
tive layer of hydrated aluminium oxide in the metallic surface
but moisture impurity in the fuel may damage the gasoline
engine.® Hence, a maintenance optimization is crucial in crit-
ical engineering disasters by detecting alcoholate corrosion as
in its nascent state with minimizing the chance of water
contamination.®”

Several electrochemical and mechanical methods have been
exploited for decades to propose aluminium alcoholate and
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monitoring, the adsorbed moisture converted small extent of Al(OR)s to the insoluble Al(OH)s at the alloy
surface which retarded the alcoholate corrosion appreciably.

other corrosions;® yet the early detection of the alcoholate
corrosion is still a challenging task due to the lack of sensitive
analytical methods.*® Here, the fluorescence technique may act
as a better alternative owing to its simplicity and high sensi-
tivity.® Till date, a large number of fluorescent probes for AI**
have been exploited in the biological or environmental
domain,” but has never focused on alcoholate corrosion
studies. Based on this requirement, we synthesized a fluores-
cent probe, namely HMBDC ((6Z)-6-(2-hydroxy-3-(hydrox-
ymethyl)-5-methylbenzylideneamine)-2H-chromen-2-one), ~ to
detect alcoholate corrosion with pg-level detection ability along
with its retarding signature in the presence of moisture in
a judicious way. Such novel method may lead to an early
detection of alcoholate corrosion in a simpler way.

The non-fluorescent phenolic Schiff-base molecule containing
a coumarin moiety (HMBDC) was prepared by condensing an
equimolar mixture of 6-amino coumarin (6-ACO) and 2-hydroxy-
3-(hydroxymethyl)-5-methylbenzaldehyde (HHMB) in dry ethanol
(Scheme 1 and Fig. S1t) (c.f ESIf for details). Among various
organic solvents, the interaction of HMBDC with AI** was
observed only in the alcoholic medium according to the UV-vis
studies (Fig. S21). In methanol, the absorption intensity at
~353 nm for HMBDC (5 uM) decreased gradually with the
continuous addition of Al(NO;); until saturated at ~8-equiv.,
giving rise to a new peak at ~406 nm, where an isosbestic point at
~384 nm assures the formation of A’/HMBDC complex (1)
(Fig. 1A). Upon optimization of the complex formation affinity in
various ethanol/methanol mixed media, highest reactivity with
the lowest saturated AI** concentration (~5 equiv.) compared to
that obtained in pure methanol was observed in a 4 : 1 methanol/
ethanol-mixed medium (Fig. S3t). Most probably, more effective
H-bonding interaction of the dimeric ethanol/methanol** with 1
induces greater complex (1) stability, although the complex

RSC Adv, 2020, 10, 23245-23249 | 23245
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Scheme 1 Synthesis of HMBDC and its complexation with A" in an

alcohol solvent.

formation reactivity was much less in pure ethanol compared to
the methanol medium (Fig. 1 and S27).

In spite of the stronger H-bonding interactions of 1 with
water compared to the methanol or ethanol, a complete disso-
ciation of 1 in the presence of 20% (v/v) water in methanol
(Fig. S47) suggests that, in addition to the solvent assisted H-
bonded structural stability of 1, alcohol molecule may also
participate in the coordination with AI** to form 1. Indeed, the
possible methanol coordination is reflected in the ESI-MS*
analysis (Fig. S5BT). In addition, the Job's plots in the absorp-
tion studies showed that the HMBDC formed 1 :1 stoichio-
metric complex with AI** (Fig. S61). To elucidate the probable
structure of 1, we carried out the DFT-based theoretical calcu-
lation by considering the 1:1 stoichiometric AI**/HMBDC
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Fig.1 (A) UV-vis absorption and (B) fluorescence spectra of HMBDC (5
uM) in the presence (red) and absence (black) of increasing concen-
tration of Al(NOs)s (0-40 uM) in anhydrous methanol at 25 °C. The
intensity changes with increasing A** concentrations are indicated by
arrows. (C) A®* concentration dependent relative increase in the
fluorescence intensity with respect to its absence in methanol (red) or
methanol/ethanol (4 : 1) (blue). (D) Fluorescence intensity ratios in the
presence and absence of various ions or mixture of ions in the mixed
solvent (25 uM each; blue) or methanol (40 uM each; other colors) or
are shown by bar-diagram.
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complex with or without methanol coordination. A stable
structure of 1 was obtained when the oxygen atom of the
methanol molecule coordinates with AI** and other two coor-
dination sites of AI** are occupied by the phenolic-oxygen and
imine-nitrogen of HMBDC (Scheme 1, Fig. 2 and S77). Facile
coordination of those hard donor sites of HMBDC towards
harder AI’" is susceptible towards alcohol assisted stabilization
of 1. The UV-vis absorbance at ~402 nm for 1 computed from
the time-dependent DFT (TD-DFT) calculations in methanol
medium, where the HOMO (90) — LUMO (92) excitation nicely
matched with the experimental absorbance at ~406 nm (Fig. 1
and 2). However, monitoring of the "H-NMR peak characterized
for aldimine proton is a useful strategy to identify the bonding
of the imine-N to AI**.> We observed that the aldimine proton
peak intensity for HMBDC in CD;OD was quenched to a great
extent with a considerable down-field shift from 8.80 to
8.88 ppm in the presence of AI’* (Fig. S81); the down-field shift
is expected owing to the imine-N and AI** coordination, but
intensity quenching does not follow the previous trend in the
aprotic polar medium."” The generation of a partial positive
charge at the N-centre upon its binding with the AI** may
enhance the acidity of the aldimine proton to become labile for
participating in the H/D exchange in a protic medium (CD3;0D),
as reported previously for other allied systems." These results
strongly suggest the imine-N and AI** bonding in 1. On the
other hand, AI** induced large decrease in the IR intensity at
~3300 ecm™* for phenolic-OH also supports the phenoxide
coordination (Fig. S97).

The electronic distribution in the molecular orbital diagram
(MO) of the HMBDC evaluated from the DFT calculation showed
an intra-molecular photo-induced electron transfer (PET) from
coumarin to the HHMB moiety, which makes the HMBDC non-
fluorescent (Fig. 2). A’ induced an instantaneous increase in
the fluorescence intensity for HMBDC (5 uM) in the alcoholic
medium (methanol/ethanol or their mixture) due to the forma-
tion of 1 (Fig. 1B and S10}). A gradual fluorescence intensity
increase at ~506 nm (A.x = 406 nm) of ~30-fold for 8 equiv. of

= 04833

1
= {iJZ nm

=12

Fig. 2 Frontier molecular orbital profiles including various UV-vis
absorption parameters of HMBDC (left panel) and HMBDC/A®*
complex (right panel) based on TD-DFT (B3LYP/6-31G(d)).
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AP** and ~40-fold for 5 equiv. of AI** was observed in the meth-
anol and 4 : 1 (v/v) methanol/ethanol medium, respectively (Fig. 1
and S10Bf). According to the HOMO and LUMO electronic
distributions for 1 in the DFT studies, the PET process in HMBDC
was highly restricted upon its binding with A** in 1, causing for
the large increase in the fluorescence intensity (Fig. 2). However,
the better fluorescence response (lower intensity-saturated AI**
concentration and larger intensity increase) in the mixed
medium than pure methanol may be associated with greater
stability of 1, as described in the previous section (Fig. S2t). The
fluorescence intensity increase remains invariant using other
soluble Al(m)-salts (Fig. 1D and S11%), which eliminates the role
of counter anions for the increasing intensity. To ascertain the
A" selectivity, we performed similar fluorescence studies with
other potentially interfering cations but failed to produce any
noticeable fluorescence (Fig. 1D and S12). However, a linear
intensity increase with the increase in the concentration of AI**
up to 6 equiv. in methanol and 4 equiv. in the 4 : 1 methanol/
ethanol mixed medium can be useful for a ratiometric detec-
tion of unknown concentration of AI** (Fig. 1C), where the limit
of detection®* (LOD) of AI** with HMBDC in the methanol
medium was found to be ~0.5 pM (c.f details in ESIf). Most
importantly, HMBDC recognized AI** selectively from the mixture
of various other cations, and also in presence of other soluble
Al(ur) salts, particularly, aluminium alkoxide (ethoxide) with
similar accuracy (Fig. 1D and S12+). Therefore, the Al(m) sensing
ability for an alcoholate corrosion with an aluminium alloy must
not be perturbed due to the interference of other leached cations.

The dry alcoholate corrosion of aluminium or its alloy while
forming soluble alkoxide (Al(OR);) can be detected upon incu-
bation in an anhydrous alcoholic medium. However, under
a condition of prolonged incubation, the contamination of trace
amounts of moisture may also trigger the conversion of Al(OR);
to Al(OH)z;, followed by the hydrated alumina (Al,O3-xH,0O)
coating on the metallic surface.® The formation of hydrated
alumina can also be possible via the decomposition of Al(OR);.°
To characterize the alcoholate corrosion as an exclusive process
to the maximum limit, we minimized those wet-processes by
allowing the corrosion under inert conditions. A previously
grazed aluminium-sheet (dimension ~3.5 x 1.5 x 0.2 cm’;
surface area ~12.5 cm?®) was incubated for 18 days in 100 mL
anhydrous methanol or methanol/ethanol (4 : 1) mixed solvent
under nitrogen atmosphere by purging nitrogen every 24 h,
where the small change in the solution volume if required was
adjusted by injecting an appropriate amount of the nitrogen-
saturated anhydrous solvent. The amount of Al(OR); (R =
-Me, -Et) generated in the medium was estimated by monitoring
the HMBDC (5 uM) fluorescence. After 10-fold dilution of the
medium with the parent solvent, the amount of Al(OR); formed
or the alcoholate corrosion was estimated in every 3 days
interval according to the amount of AI** obtained from the time-
dependent fluorescence responses (Fig. S13t) as per the linear
calibration plots in Fig. 1C multiplied by the dilution factor. A
linear increase in the normalized fluorescence intensity from
~3.5 to 16.8 and ~7.3 to 36.1 was observed with an increase in
the incubation time period from 3 day to 18 day for methanol
and methanol/ethanol (4:1) media (Fig. 3A and S137),

This journal is © The Royal Society of Chemistry 2020
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respectively, which correspond to the linear increase in the AI**
amount in the medium from ~3.2 to 16.6 umol for either
solvents (Fig. 3C). Indeed, the weight-loss of ~0.47 mg i.e.,
~17.5 umol was found to be closely similar with that of the
increase in Al**, revealing that not only the dry corrosion leads
to the generation of AI** (Al(OR);) as the only product, but also
HMBDC is highly effective for an accurate estimation of the
alcoholate corrosion. In addition, the nice correlation between
the weight-loss and Al(OR); amount also reveals that the
decomposition of alkoxide into insoluble alumina is negligibly
small during the whole corrosion time-course.

However, under open atmospheric conditions maintained by
air purging (average relative humidity ~70%; average temper-
ature 28 °C) in every 24 h interval while maintaining other
similar experimental conditions and analysis protocol, the
specific corrosion rate (~2.0 ug per day per cm”) up to 12 days,
was found to be closely similar to that detected under the
nitrogen atmosphere (Fig. 3C and S137). The results also indi-
cate that the early stage of the alcoholate corrosion process (at
least up to 12 days) for pure aluminium is not affected signifi-
cantly by the atmospheric moisture content, although the final
corrosion amount after 18 days incubation in normal atmo-
sphere was slightly lower (~84%) for the mixed medium
compared to that obtained for pure methanol (Fig. 3C). The
decrease in the Al(OR); amount can be affected by two
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Fig. 3 (A and B) Extent of the fluorescence intensity increase due to

corrosion-induced leached A (F(x)/F(0)) of HMBDC (5 uM) and (C
and D) amount of A" in the corrosion medium according to fluo-
rescence response are plotted with various incubation times of pure
aluminium sheet or its alloy (Al-7075) in different mediums/atmo-
sphere conditions: nitrogen atmosphere in methanol (red) and
methanol/ethanol (4 : 1) (blue); open atmosphere in methanol (green)
and methanol/ethanol (4 : 1) (purple). The data at nitrogen conditions
are only fitted linearly. (A and B) The fluorescence intensity of HMBDC
(5 uM) were monitored after the 10-fold dilution of the corrosion
medium with the same solvent. (C and D) The amount of A" esti-
mated as the amount obtained from the normalized intensity with
comparing the linear plots in Fig. 1C multiplied by the dilution factor
10. The actual amount of alcoholate corrosions for the mixed medium
under open atmosphere are depicted by solid circle (purple).
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processes: (a) Al(OR); to insoluble Al(OH); conversion due to the
adsorbed moisture; (b) actual retardation of the corrosion rate
due to the surface deposition of Al(OH);. The extent of the
conversion of Al(OR); to Al(OH); in the corrosion medium
under the open air condition can be assessed by estimating the
fluorescence intensity at every 3 day time interval in the absence
of aluminium sheet (from day-3 to day-18) with the addition of
same amount of Al(OEt); (3.2, 5.7, 8.0, 11.7, 14.2 and 16.4 pmol
(final added amount) at day 0 (beginning of day 1), 3, 9, 12 and
15, respectively, in 100 mL mixed medium) as that of the
alkoxide amount detected due to the corrosion under nitrogen
condition (Fig. S14f). In comparison to the actual added
Al(OEt);, any decrease in the Al(OEt); amount upon such incu-
bation should be added with the corrosion induced formation
of Al(OR); amount under nitrogen condition for respective time
interval to obtain the actual alcoholate corrosion. The actual
corrosion was found to be slightly higher than that estimated
from the corrosion-induced Al(OR); formation (Fig. 3C, solid
symbol). According to the LOD of AI**, the detection of the
alcoholate corrosion amount as minimum as ~0.1 pg mL ™" can
be possible by monitoring the fluorescence response of
HMBDC.

Alcoholate corrosion in a widely used aluminium alloy, Al-7075
(composition: Al, 90%; Zn, 5.5%;j; Mg, 2.5%; Cu, 1.5 and Si, 0.5%)
was also studied. The previously grazed alloy sheet with same
dimension and surface area as that of the pure aluminium sheet
was incubated in 100 mL anhydrous methanol or 4 : 1 methanol/
ethanol under nitrogen as well as normal atmospheric condi-
tions. The amount of the alcoholate corrosion in every 3 days
interval up to 30 days was estimated by evaluating the fluorescence
response of HMBDC (Fig. 3B and S157). In comparison to the pure
aluminium sheet, the increase in corrosion from ~1.5 to 4.0 umol
evaluated from the increase in the normalized fluorescence inten-
sity (1.65 to 5.90 in methanol; 2.64 to 10.40 in methanol/ethanol
(4 : 1) mixture) with the increase in the incubation time from
day-3 to day-12 follows a similar linear relation regardless of the
solvent compositions and atmospheric conditions (Fig. 3B and D),
while the intrinsic rate of corrosion ~0.95 pg per day per cm” was
more than 2-fold slower (Fig. 3C and D). The lower rate constant
value for the alloy compared to pure aluminium indicates that the
contamination of other metals in the alloy resists the early stage
alcoholate corrosion process. However, under normal atmospheric
condition, the corrosion amount vs. time relation deviates from the
linearity after 12 days. Importantly, after 30 days of incubation,
a large reduction in the Al(OR); amount from ~11.38 to 6.64 umol
was estimated for the mixed medium, but the change was only
from ~13.20 to ~12.33 pmol for pure methanol (Fig. 3D). By
determining the hydration-induced conversion amount of Al(OR);
to Al(OH); according to the procedure, as described before
(Fig. S16t), the actual alcoholate corrosion was found to decrease
from ~11.38 to 7.70 pmol by changing the condition from nitrogen
to open atmosphere after 30 days (Fig. 3D, solid symbol). Our study
reveals that in comparison to pure methanol, the formation of
Al(OH); under open atmospheric condition retards the alcoholate
corrosion largely due to the presence of more hygroscopic
ethanol.”® The deposition of Al,O;-xH,O onto the alloy-surface is
responsible for resisting the further alcoholate corrosion® (Fig. 3D).
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In fact, the generation of more surface pits owing to the higher
extent of the alcoholate corrosion in methanol over the mixed
medium was also detected by naked eye (Fig. S171). The surface
morphology in the SEM studies showed that the alloy surface was
little bit smoother after the corrosion in the mixed medium
(Fig. S187), justifying our proposition for the surface deposition of
Al,03-xH,0. On the other hand, cyclic voltammetric studies in the
corrosion medium exposed to normal atmospheric conditions
identified an irreversible cathodic peak at ~—0.7 V due to the
formation of insoluble Al(OH); in addition to the conversion from
Al to AI**, but such irreversible peak was not observed for the
medium exposed to nitrogen (Fig. $19t). Moreover, the formation
of white gelatinous precipitate of Al(OH); in the mixed medium was
clearly visible by naked eye under normal atmospheric conditions
(Fig. S17Bt). All those results strongly support that the initiation of
the wet-process by forming Al(OH); inhibits the alcoholate corro-
sion rate.

In conclusion, a phenolic Schiff-base consisting of
a coumarin unit as a fluorescent sensor for AI** operable only in
the alcoholic medium is synthesized to monitor dry alcoholate
corrosion. The photo-induced electron transfer process in the
probe molecule exhibits AI** induced large increase of fluores-
cence intensity, lifted by its complexation with AI**, which was
further stabilized by the coordination and H-bonding interac-
tion with the solvent molecule. The alcohol specific complex
formation and subsequent fluorescence generation was suitably
tuned to monitor the alcoholate corrosion by fluorometrically
estimating aluminium alkoxide formation with a sensitivity of
~10 pg L', However, the simultaneous participation of small
extent of the wet-process (Al(OR); to Al(OH); conversion) and its
deposition in metal surface, particularly for the alloy, inhibits
the dry alcoholate corrosion. The alloy specific detection of the
early stage alcoholate corrosion is in progress to obtain suitable
material useful as a biofuel container.
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Protonation-induced pH increase at the triblock
copolymer micelle interface for transient
membrane permeability at neutral pH7

Yeasmin Sarkar,? Snigdha Roy,® Rini Majumder,? Sanju Das,?” Dixit V. Bhalani,
Ambarish Ray,” Suresh K. Jewrajka ) ¢ and Partha Pratim Parui () *?

Achieving controlled membrane permeability using pH-responsive block copolymers is crucial for
selective intercellular uptake. We have shown that the pH at the triblock-copolymer micelle interface as
compared to its bulk pH can help regulate membrane permeability. The pH-dependent acid/base
equilibriums of two different interface-interacting pH probes were determined in order to measure the
interfacial pH for a pH-responsive triblock copolymer (TBP) micelle under a wide range of bulk pH
(4.5-9.0). According to 'H NMR studies, both pH probes provided interfacial pH at a similar interfacial
depth. We revealed that the protonation of the amine moiety at the micelle interface and the subsequent
formation of a positive charge caused the interface to become relatively less acidic than that of the bulk
as well as an increase in the bulk-to-interfacial pH deviation (ApH) from ~0.9 to 1.9 with bulk pH
reducing from 8.0 to 4.5. From the ApH vs. interface and bulk pH plots, the apparent and intrinsic
protonations or positive charge formation pKj, values for the micelle were estimated to be ~7.3 and 6.0,
respectively. When the TBP micelle interacted with an anionic large unilamellar vesicle (LUV) of a binary
lipid (neutral and anionic) system at the bulk pH of 7.0, fluorescence leakage studies revealed that the pH
increase at the micelle interface from that of the LUV interface (pH ~ 5.5) made the micelle interface
partially protonated/cationic, thereby exhibiting transient membrane permeability. Although the increasing
interface protonation causes the interface to become relatively less acidic than the bulk at any bulk pH
below 6.5, the pH increase at the micelle interface may not be sufficiently large to maintain the threshold
for the amine-protonated condition for effecting transient leakage and therefore, a continuous leakage
was observed due to the slow disruption of the lipid bilayer.

or block copolymers during their actions have shown to form
uncontrolled lipid pores to leach out essential cellular constituents

Amphiphilic block copolymers have received enormous interest
in the field of medical science because of their interesting solution
properties. Polymers comprising hydrophilic and hydrophobic
blocks spontaneously self-organize in an aqueous solution to form
micelles or vesicles of different shapes and sizes." The generation
of membrane permeability by the interaction of a block copolymer
system with a cellular membrane is crucial for targeted drug
and gene delivery,”” insertion of bioactive peptides,®® inter-
cellular uptake,” and antimicrobial activity.'®'" However, controlling
membrane permeability is difficult owing to the large flexibility and
high elasticity of the lipid bilayers. Different antimicrobial peptides
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along with exhibiting high cytotoxicity.">"*

Formulating a suitable strategy that can not only affect the
membrane properties, but also control membrane permeability
by maintaining the bilayer structure intact is the ultimate aim
to overcome major challenges in applied biochemical research. In
the recent past, different stimuli-responsive copolymer systems
have been used to generate transient chemical gates in a lipid
bilayer by a change in the local physical (e.g:, temperature, light,
ultrasonic, magnetic, and electrical) or chemical (e.g., pH,
polarity, redox, charge, and ionic strength) properties."*™"” For
example, Sebai et al. demonstrated UV-light-induced controlled
membrane permeabilization in the presence of azobenzene-
modified polymers." Different types of graft copolymers, such as
octyl-modified poly(actylic acid),'® poly(maleic acid) copolymers 4,'®
poly(styrene-alt-methacrylic acid) (PS-alt-MAA 3),*° acrylamides,” or
octadecyl-modified dextran®' have been utilized to form transient
lipid pores at the membrane surface. However, the design and

This journal is © The Royal Society of Chemistry 2020
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development of a pH-responsive amphiphilic block copolymer
system with the capacity to generate transient lipid pores can be
advantageous using the variations in biological pH from ~7.4
(extracellular environment) to 5.5-6.5 (inside the endosome).
It has been shown that the binding of amphiphilic acrylic
copolymers at the surface of a lipid membrane generates well-
defined pores when they are partly neutralized under the mildly
acidic condition.?’ On the other hand, intense research efforts
have been directed toward developing a variety of pH-responsive
block copolymers. However, their interaction mechanism with
lipid membranes is still unexplored. It has been reported that
hydrophobic poly(r-histidine) with pendant imidazole groups at
neutral pH exhibits hydrophilic and cationic characteristics in
acidic environments, which may be used to target tumor tissues
and intracellular endocytic vesicles.**** Recently, Nutan et al.
synthesized poly(caprolactone)-poly(ethylene glycol) multiblock
copolymers that formed stable micelles under physiological pH,
whereas the micelle readily disintegrated due to protonation even
under a weakly acidic condition. The pH-dependent protonation of
acetal-, ketal-, or amido-residue-containing copolymeric systems,>* >
as well as the subsequent formation of positive charges, may
significantly perturb membrane stability, eventually generating
lipid pores even under a mildly acidic condition.

By utilizing an interface-interacting pH probe, we recently
observed that pH at the self-assembled interface is different
than the bulk pH.>>”" A change in equilibrium between two
different pH-dependent molecular forms of a pH probe at the
interface from that of the bulk can be evaluated to estimate the
interfacial pH and its deviation from bulk pH (ApH). We have
shown that the interfacial pH for a charged self-assembled
micelle or membrane is substantially different as compared to
that for bulk pH. Depending on the self-assembled composition/
nature and interfacial charge properties, a large pH deviation
of 1.5-3.0 units at the interface than that of the bulk phase
has already been reported by us.>* ! As the pH at the micelle
or membrane interface is different from that of the bulk
medium,**** a definite pH change and therefore a change in
the charge properties at the micelle interface may occur during
its interaction with the membrane. Therefore, the local pH at a
polymeric micelle interface as well as the micelle-localized
membrane surface, rather than the exterior bulk pH, can critically
regulate the protonation process of hydrophilic residues at the
micelle interface. Changes in the interface protonation or pH can
result in the fine-tuning of the interaction between the polymer
micelle and membrane bilayer, which can be exploited to control
the membrane permeability for an optimal period of time
without disrupting the lipid bilayer structure. However, no
investigation has ever been reported to identify the correlation
between pH and protonation at the polymeric micelle interface
and its effect on transient membrane permeability.

Herein, we measured the interfacial pH and ApH for a
pH-responsive triblock copolymer (TBP),>* namely, a PDMA-b-
PMMA-b-PDMA [PDMA = poly(2-dimethylaminoethyl)methacrylate;
PMMA = poly(methyl methacrylate)] micelle system under a wide
range of bulk pH (from 4.5 to 9.0), where PMMA and PDMA form
the hydrophobic core and hydrophilic shell, respectively. With an

This journal is © The Royal Society of Chemistry 2020
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increase in the extent of DMA protonation in the PDMA block
with a decrease in bulk pH, the pH at the interface was found to
be increasingly basic from ~0.9 to 1.9 as compared to the
respective bulk pH due to an equivalent increase in the interfacial
cationic charges. From the ApH vs. interface and bulk pH plots,
the apparent and intrinsic protonation/positive charge formation
(pK,) for the PDMA block were estimated to be ~6.0 and 7.3,
respectively. When the polymeric micelle interacted with an
acidic interface (pH ~ 5.5) of the anionic membrane loaded
with dye molecules at bulk pH of ~7.0,>" an increase in pH at the
micelle interface as compared to that at the membrane interface
induced PDMA block to become protonated and partially cationic,
thereby exhibiting time-limited transient membrane permeability
with dye leakage of up to ~48%. However, at any bulk pH below
6.5, the increase in protonation and positive charge formation
induce large membrane instability, presumably due to the for-
mation of strong electrostatic interactions; further, an uncontrolled
and continuous leaky characteristic was observed until all the dye
molecules were released. Our results suggest that the interfacial
pH plays a significant role in controlling the protonation of a
basic amine group at the micelle interface toward its transient
permeability for anionic membranes.

Experimental
General experimental procedures

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-
sn-glycero-3-phosphorylglycerol (DMPG) sodium salt, and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were procured
from Avanti Polar Lipids (USA). The solvents and other reagents
(analytical GR grade), unless otherwise mentioned, were pur-
chased from Sigma-Aldrich (USA) and used as received. Milli-Q
water (Millipore) (conductivity: 18.2 MQ cm) was used to prepare
the various buffer solutions for the spectroscopic studies. Different
10 mM buffer compositions were used to attain specific pH: citric
acid/Na,HPO, for pH 2.5-6.0, HEPES-NaOH for pH 6.0-7.5,
Tris-HCI for 7.0-9.0, and sodium carbonate/sodium bicarbo-
nate for 9.0-12.0. The pH of the buffer solution was determined
using a SYSTRONICS digital pH meter (model no.: 335); either
~1.0 M NaOH or 1.0 M HCI solution was used for fine-tuning
the pH. Sufficient pH probes were added into the buffer
solution containing TBP or g-TBP, with the addition of either
0.1 M NaOH or 0.1 M HCI to adjust the desired pH, if required.
The dielectric constant of the mixed solvent medium was
determined as reported earlier.>**® Further, "H NMR investiga-
tion was performed in various media with Bruker 300, 400, or
600 MHz NMR instruments, where tetramethylsilane (0 ppm)
was considered to be the internal standard. The average particle
sizes for polymeric micelles and lipid vesicles were determined by
dynamic light scattering (DLS) measurements with the Zetasizer
Nano ZS (Malvern Instruments). Differential scanning calorimetry
(DSC) measurements were carried out using a Malvern MicroCal
VP-DSC calorimeter. For performing the Langmuir-Blodgett
(LB) experiment, a Teflon-bar-barrier-type LB trough (model:
LB2007DC; Apex Instruments Co., India) was used. Cryo-transmitted
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electron microscopy (TEM) experiments were performed with a FEI
Tecnai F20 electron microscope equipped with Gatan K2 Summit
direct detection device.

Synthesis of TBPs

A neutral TBP comprising poly(methyl methacrylate) (PMMA)
middle block and two poly(2-dimethylaminoethyl) methacrylate
(PDMA) terminal blocks (molecular weight, M, = ~25 kD;
dispersity: 1.28) was synthesized by a two-step atom transfer
radical polymerization process, as reported earlier (Fig. S1,
ESI).*” The tertiary amino groups in the PDMA were quater-
nized by excess butyl bromide to yield the corresponding
cationic copolymer (q-TBP) (Fig. S2, ESIY).

Synthesis of pH probes

Here, pH probes, namely, monofunctional phenolic-aldimine
appended to the triazole-unit-containing Schiff base molecule
(MSB),*® and a polarity-indicating probe, i.e., 2-((2-(pyridine-2-
yl)ethylimino)methyl)-6-(hydroxymethyl)-4-methylphenol (PMP),*
were prepared according to procedures reported earlier. The purity
of each compound was verified from the "H NMR spectra (Fig. S3
and $4, ESIY). For the synthesis of the bifunctional molecule (DSB),
p-cresol and 4-amino-4H-1,2,4-triazole (analytical grade) were used
as received without further purification. Further, 4-methyl-2,6-
diformyl phenol (DFC) was synthesized starting from p-cresol, as
stated elsewhere.*® A methanolic solution of DFC (0.328 g, 2 mmol)
and 4-amino-4H-1,2 4-triazole (0.336 g, 4 mmol) was added drop-
wise under constant stirring; thereafter, 0.1 mL AcOH was added
to this mixture. The reaction mixture was refluxed for 3 h and then
filtered. The filtrate was then evaporated under reduced pressure
to afford the crude product, which was purified by column
chromatography followed by rotary evaporation to obtain the
pure product and dried over CaCl, in vacuo, affording a yield of
~65.0% with respect to DFC. The structural analyses were
performed by "H NMR measurements (Fig. S5, ESIf). "H NMR
(DMSO-dg, 300 MHz): chemical shift (ppm) = 2.30 (s, 3H, Ar-CHj3),
7.79 (s, 2H, Ar-H), 9.17 (d, 6H, imine-2H and triazole-4H).

Preparation of polymeric micelle solution

PDMA-b-PMMA-b-PDMA (TBP) or its N-alkylated analogue cationic
gPDMA'-b-PMMA-b-qPDMA" (q-TBP) (50 mg) was dissolved in DMF
(1.5 mL), and the solution was added dropwise in 10 mL water
under constant stirring. To obtain the TBP/q-TBP micelle solution,
the resulting mixture was dialyzed (MW cutoff: ~1000 Da) against
water for 48 h; the water was exchanged in intervals of 6 h. By using
the surface tension method, the critical micellar concentration
(cmc) was estimated to be ~0.040-0.045 g L™' for TBP and
g-TBP at neutral pH (Fig. S6, ESIt). Further, we performed DLS
measurements at various pH values (4.5-9.0) in the absence and
presence of the probes; micelle sizes were determined to be
~10-11 nm (Fig. S7, ESI}). Similar micelle sizes were also
confirmed from the cryo-TEM studies (Fig. S8, ESIT).

Large unilamellar vesicle (LUV) preparation

Different lipid mixtures were solubilized in 1.0 mL chloroform in a
round-bottom flask. By using a rotary evaporator, chloroform was
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removed to form a lipid film on the wall of the flask. Any residual
chloroform was removed in vacuo for 3 h. The lipid film was
hydrated at a particular amount of 10 mM buffer solution in the
absence and presence of 80 mM calcein at 40 °C. For the complete
dissolution of lipids, the solution was vortexed for 2 min. Five
cycles of freeze-and-thaw were carried out from —196 to 50 °C to
obtain giant multilamellar vesicles (GMVs). To obtain LUVs, the
liposome dispersion was extruded 15 times through a poly-
carbonate membrane (pore size: 100 nm) with a Mini-Extruder
instrument (Avanti Polar Lipids, USA). The free calcein was
removed by gel filtration by using Sepharose CL-4B. The dye
encapsulation in the LUVs was confirmed from the ~ 5-6-fold
increase in fluorescence intensity by disrupting the LUVs in the
presence of 10 mM TX-100. For spectroscopic measurements, the
LUV solutions were diluted with a certain amount of buffer
solution. The LUV particle sizes (~100 nm) were determined
from the DLS and cryo-TEM measurements (Fig. S7 and S8, ESIT).

UV-vis absorption and fluorescence studies

The UV-vis absorption and fluorescence measurements were
carried out at 25 °C with a UV-2450 spectrophotometer (Shimadzu,
Japan) and a PerkinElmer LS-55 spectrofluorometer (PerkinElmer,
USA), respectively, and quartz cells (path length: 10 mm) were used
for both these measurements.

A calcein-encapsulated LUV solution was diluted to 50 uM
(total lipid) in 10 mM bulffer, pH 6.0-7.5, containing a certain
concentration of glucose in order to maintain similar osmotic
pressures on both the inside and outside of the vesicle measured
using a vapor pressure osmometer (VAPRO 5520, Germany) and
adjusted to ~200 mM kg~ ". To remove the dissolved oxygen from
the buffer, nitrogen was purged in the buffer for ~1 h. Further,
20 puL TBP or q-TBP stock solution (final concentration:
0.05 ¢ dm ) was injected in 2 mL of a solution containing
DOPC:DMPC (1:1) or DOPC:DMPG (1:1) LUV (50 uM, total
lipid) in the buffer at 25 °C under constant stirring (speed:
~130 rpm) with a small bar magnet to obtain the time-dependent
fluorescence leakage profile. The TBP/q-TBP-induced time curve of
the fluorescence leakage (L(¢)) was estimated by the equation
L(t) = (I — Ip)/(Imax — Io), where I, and I, represent the fluorescence
intensities before and after the addition of TBP/q-TBP at different
times, respectively, whereas the intense increase in the TX-100-
micelle-induced fluorescence intensity of LUV is denoted by Fya.

Results and discussion
Probes to measure interfacial pH

Two different interface-interacting pH-sensing molecules were
employed to measure the interfacial pH under a wide range of
bulk pH values from 4.5 to 9.0 for triblock polymeric micelle
systems (TBP and g-TBP) for various interfacial charges. The
pH probe, comprising a MSB*>® and DSB, exhibit pH-dependent
equilibrium between the corresponding protonated phenol form
(p-MSB or p-DSB) and deprotonated phenolate form (d-MSB or
d-DSB) (Fig. 1A). The similar chemical functionalities of MSB and
DSB are purposefully chosen to obtain synchronized interfacial

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (A) pH-Dependent equilibriums between the two molecular forms
of different pH probe molecules: (a) DSB and (b) MSB (labeled protons in
(a and b) were monitored by *H NMR, as shown in Fig. 2). (B) TBPs:
(a) protonated form (p-TBP) and deprotonated form (d-TBP) of PDMA-b-
PMMA-b-PDMA (TBP) and (b) the corresponding N-alkylated compound,
gPDMA*-b-PMMA-b-qPDMA* (q-TBP).

PpH values at a similar interfacial depth under a wide range of
bulk pH (4.5-9.0). According to the UV-vis absorption studies,
mono- to bifunctional substitution caused a large decrease in the
phenol-to-phenolate pK, interconversion from 8.7 to 7.1 (Fig. S9,
ESIt), which is useful to measure the interfacial pH at relatively
low bulk pH values. Presumably, more extended n-conjugation in
the chromophore unit of DSB than that in MSB is responsible for
the decrease in protonation pK, from MSB to DSB.

Interaction between pH probes and TBP and ¢-TBP micelles

Recently, we reported that phenolic Schiff base molecules
containing triazole moieties are highly susceptible to interactions
with the water-exposed Stern layer of the micelle interface.”>”® Here,
"H NMR becomes an effective tool to monitor the probe-localized
depth within the self-assembled interface.***' Amphiphilic self-
assembly exhibits significant differences in polarities or electrical
charge properties along various cross-sectional depths from the
water-exposed Stern layer to the inner hydrocarbon region. Since the
proton chemical shift is highly dependent on environmental charge
characteristics and polarity parameters, the probe-binding location
at the interface can be assigned from a change in the chemical shift
values induced by the amphiphilic systems. To eliminate the
bulk phase contribution in the observed changes, a large ratio of
amphiphilic molecules to probe concentrations is used to
ensure that almost all the probe molecules interact with the
amphiphilic systems.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 400 MHz *H NMR spectra (downfield region) of (A) MSB (2 mM) and
(B) DSB (2 mM) in different solvent systems in the presence or absence of
TBP/g-TBP at 25 °C: (A, B): (a) DMSO-ds; (b) DMSO-ds and the presence
of 1 equiv. NaOH (with respect to MSB or DSB); (A (c)) g-TBP micelle
(15 g dm~>) solution in D,O for pD: ~8.5; (B (c)) TBP micelle (15 g L™
solution in D,O for pD: ~6.2. (A and B) Imine and triazole protons for MSB

and DSB are labeled as H, and Hy, (as shown in Fig. 1), respectively.

With "H NMR studies, the proton chemical shifts in triazole
moieties in DSB and MSB were investigated to identify the
probe-localized depth within the TBP/q-TBP micelle interface.
Two closely spaced proton peaks were observed at 9.24 ppm
(imine proton) and 9.17 ppm (triazole proton) for DSB, and
their overlapping peaks were observed at 9.17 ppm for MSB
shifted upfield by a small amount (~0.07 ppm for DSB-triazole;
~0.10 ppm for MSB-triazole) by changing the solvent from
DMSO-dg¢ to MeOD,, presumably due to a change in the solvent
polarity (Fig. S10, ESIf). However, the chemical shift did not
change by the addition of NaOH (1 equiv. with respect to MSB/
DSB) in DMSO-d; (Fig. 2), suggesting that the chemical shifts in
the imine or triazole protons for MSB or DSB were unaffected
due to the conversion of the molecular form from phenol to
phenolate. Since the interfacial dielectric constant for the TBP
or ¢-TBP micelle (~52) is close to that of DMSO-ds (~47)
(as shown in the subsequent section), the proton chemical
shifts are compared between the D,O medium containing TBP/
g-TBP micelles and DMSO-ds medium in the absence of a
polymer to determine the probe-localize depth within the inter-
face. When MSB interacted with cationic q-TBP micelles con-
taining 1 equiv. NaOH (with respect to MSB), overlapping peaks
for imine and triazole protons observed in DMSO-d, were split,
and the peak of the triazole proton as compared to that of the
imine proton shifted toward the more upfield region by an
amount of 0.35 ppm (from 9.17 to ~ 8.82 ppm; Fig. 2). Almost a
similar magnitude of upfield chemical shift of ~0.33 ppm
(from 9.17 to 8.84 ppm) for the triazole proton of DSB was also
detected in the TBP-containing D,O medium at pH 6.2 (Fig. 2),
where TBP existed as a mixture of protonated (cationic) and
deprotonated (neutral) forms and that of DSB as a mixture of
protonated (neutral) and deprotonated (anionic) forms, as
shown in the subsequent section. These results demonstrate
that a strong as well as similar cationic charge field surrounds
both MSB and DSB, which can also justify that both MSB and
DSB are localized at the outer interfacial region of the micelle
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(Stern layer). Therefore, the interfacial pH and its deviation
from the bulk phase (ApH) at a similar interfacial depth can be
obtained from two different pH probes (MSB and DSB).

The difference in the acid/base equilibriums for the probe
molecules at the interface and in bulk can be evaluated from
the UV-vis absorption spectra. The pH difference from the bulk
to the interface and subsequently the interfacial pH under
different bulk pH conditions can be measured from the apparent
pH shift in the acid/base equilibriums of the probe molecules,
while considering the polarity-induced change in the equilibriums
between the micelle interface and bulk phase.

PDMA-b-PMMA-)-PDMA (TBP) and the corresponding amine-
quaternized qPDMA"-h-PMMA-b-qPDMA" (q-TBP) form a core-
shell-type micelle in an aqueous solution (Fig. 1B). The water/
oil-separating interface shells comprise hydrophilic neutral
PDMA or cationic gPDMA" blocks, where the amine or N-alkylated
amine and ester residues are directed to the bulk aqueous phase,
and hydrophobic PMMA units constitute the nonpolar micelle core.
Here, d-MSB and d-DSB exhibit absorbances in the visible region
(d-MSB: ~410 nm; d-DSB: ~440 nm), whereas the corresponding
p-MSB and p-DSB do not exhibit these absorbances (Fig. 3). The
visible absorption intensities for DSB (5.0 uM) at pH 5.5 or MSB
(5.0 uM) at pH 8.0 get progressively enhanced with an increase
in the TBP micelle concentration (0.0-1.0 g dm™*) (Fig. S11,
ESIt), indicating that the probe molecules not only interact with
the interface, but their acid/base equilibrium ratio at the micelle
interface is different from that of the bulk phase. Similarly, the
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UV-vis absorption spectra of the probe molecules in the presence
of various concentrations of g-TBP micelles (0.0-1.0 g dm %) were
also monitored (Fig. S12, ESI}). Irrespective of the different
pH probes used, the saturations of the absorbance intensity
were observed above TBP or g-TBP micelle concentration of
0.9-1.0 g dm™> (Fig. S11 and S12, ESI{), where the intensity
saturation indicated that nearly all the probe molecules inter-
acted with the micelle interface. Therefore, further spectral
studies were performed under saturated micelle concentrations
to determine the acid/base equilibriums for the interface-
interacting probe molecules. However, the relatively low cmc
value for TBP/q-TBP micelles (~0.04 g dm ) did not allow us to
monitor the interaction of the probe molecule (& ~10™*M ' em™)
with the polymer under the condition of less than cmc concen-
tration by maintaining the aforesaid intensity-saturated high
polymer—probe concentration ratio.

Determination of interfacial pH and its deviation from bulk pH
(ApH) for TBP/q-TBP micelles

It has been reported that the amine moieties in PDMA blocks
are highly susceptible to accept a proton even under neutral
bulk pH values.*> However, an accurate estimation of the amine
protonation pH or pK, for PDMA in TBP micelles is not possible
by monitoring the bulk-pH-dependent acid/base equilibriums
of the probe molecules by performing the usual pH-metric
titration because the pH at the micelle interface is different
from the bulk pH.**?" The interfacial pH values for different
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Fig. 3 UV-vis absorption spectra of (A—C) DSB (5.0 uM) and (E-H) MSB (5.0 uM) in the absence and presence of intensity-saturated concentrations of
TBP or g-TBP (1.0 g dm~3) at various bulk pH values. Each spectrum is normalized by dividing with the corresponding intensity at intensity-saturated pH
value at the maximum absorption wavelength (1max). (A—C) pH 10.0 and Amax: 440 nm for DSB; (E-G) pH 11.5 and Amax: 410 nm for MSB. (D and H) Bulk-
pH-dependent mole fraction (X) of d-DSB and d-MSB in the absence and presence of the intensity-saturated concentration (1.0 g dm~3) of TBP/g-TBP
micelles are plotted against different bulk pH values, respectively. The molar ratio plots in 40 wt% ethanol-containing buffer without polymer are also
shown. The solid or broken lines represent the least-square fitted curves of the plots with a sigmoidal-Boltzmann equation. (D and H) TPB/q-TBP and
apparent pH shift induced by ethanol (40% (w/w)) are depicted by 4 and §, respectively. The expression for the estimation of pH deviation from the bulk to

the interface (ApH) are shown by the dashed boxes.
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extents of amine protonations for PDMA blocks were measured
to estimate the actual amine protonation pH or pK, for TBP
micelles. The UV-vis absorption spectra of DSB and MSB in the
absence and presence of intensity-saturated concentrations of
TBP micelles were monitored at various ranges of bulk pH
values (4.5-10.0 and 6.5-12.0, respectively; Fig. 3 and Fig. S13,
ESIY). In addition, the interfacial pH values for cationic g-TBP
micelles for all the bulk pH conditions were estimated to
elucidate the role of positive interfacial charges on pH deviation
from the bulk to the interface (ApH) (Fig. 3 and Fig. S14, ESIY).
In the presence of TBP-micelle-interacting-saturated concentration
(~1.0 g dm ™), the absorption intensities at 440 nm for DSB
(5 uM) and 410 nm for MSB (5 uM) increased progressively with
the bulk pH until the intensity saturated at above pH ~10.0 for
MSB and pH ~ 8.0 for DSB. Similarly, the pH-dependent UV-vis
spectra for these probe molecules were also measured in the
presence of ¢-TBP micelle-interacting saturated conditions
(Fig. S12, ESIT). In the absence of TBP or q-TBP micelles, the
pH-saturated intensities were observed at bulk pH ~9.5 and
~11.0 for DSB and MSB, respectively (Fig. S14, ESIt). The
pH-saturated intensities in the absence or presence of TBP/
g-TBP micelles (1 g dm™?) justified the fact that p-MSB and
p-DSB were completely converted into d-MSB and d-DSB,
respectively (Fig. 1A). The pH-dependent absorption intensities
in the absence or presence of micelle-interacting saturated
conditions were normalized by dividing the spectra with the
maximum intensity of the corresponding pH-saturated spectra,
and d-MSB and d-DSB molar ratios for the respective probe
molecules were determined from the corresponding intensities
of the normalized spectra (Fig. 3). The bulk-pH-dependent
normalized absorption spectra of MSB/DSB (Fig. 3) reveal that
the intensities of the deprotonated forms (d-DSB or d-MSB)
significantly increase when all the probe molecules were localized
at the interface upon the addition of interaction-saturated con-
centrations of TBP or g-TBP micelles (Fig. 3). As the bulk pH
increased from 4.5 to 7.0, the normalized absorbances of DSB
increased from 0.16 to 0.59 and from 0.16 to 0.82 for TBP and
g-TBP, respectively (Fig. 3(A)-(D)). On further increase in the bulk
pH from 8.0 to 9.0, the intensity at 410 nm for MSB increased
from 0.16 to 0.86 for TBP and 0.49 to 1.0 for q-TBP (Fig. 3(E)-(H)).
The increased deprotonations for DSB and MSB at the micelle
interface as compared to that at the bulk phase is correlated with
a pH increase at the interface than the bulk pH.

The difference in the protonation/deprotonation equilibriums
of the probe molecules between the interface and bulk phase was
estimated in order to measure the interfacial pH values for TBP/
g-TBP micelles. It is noteworthy that the large ratio of TBP or
g-TBP (1 ¢ dm™?) to the probe (5 uM) required to induce
intensity saturation suggests that the probe molecules non-
specifically interact with the micelle interface. The intensity-
saturated TBP/q-TBP micelle concentration (1 g dm ) induced
an apparent pH shift from the pH at the micelle interface to the
bulk medium (4 = the apparent pH difference between red (TBP
micelle) or blue (q-TBP micelle) points and the corresponding
point on the solid black curve shown in Fig. 3D and H) is
related to the difference in the equilibrium molar ratio at the
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interface and in the bulk. By evaluating 4 from the plots of
molar ratios of the deprotonated form of the probe (DSB/MSB)
vs. bulk pH, interfacial pH under various bulk pH values were
obtained (Fig. 3D and H). A positive value of 4 due to an
increase in the deprotonation of the probe upon the addition of
micelles (Fig. 3(A)~(C) and (E)-(G)) corresponds to a higher
pH value at the interface than that at the bulk. However, the
protonation/deprotonation equilibriums of the probe molecules
is not only affected by the probe-localized environmental pH,
but also depends on local polarity (Fig. S15, ESIt). Since the
polarity at the interface is lower than that of the bulk phase,
4 should incorporate the contributions of both pH and polarity
differences between the interface and bulk. By estimating the
difference in pK, between the buffer and buffer/ethanol mixture
with a similar dielectric constant (k) as that of the micellar
interface, the contribution of interface polarity affected the
apparent pH shift, which was defined as the polarity correction
factor (9) (the pH difference between the dark yellow and black
curves, as shown in Fig. 3D and H), was estimated as 4. Similar
Kk values (~ 52-53) for TBP and q-TBP micelles were estimated by
using a probe for detecting interface polarity (PMP)*° (Fig. S15,
ESIT) and therefore « is expected to remain unchanged due to a
change in the positive interfacial charges upon being subjected
to various extents of PDMA protonation in TBP micelles. Nota-
bly, the higher extent of PDMA protonation for TBP with a
decrease in bulk pH from 6.5 to 4.5 causes an increase in the
magnitude of 4 from 0.6 to 1.6 (Fig. 3D). Regardless of the bulk
pH, almost a constant value of 6 was estimated for MSB and DSB
(~—0.30 and —0.34, respectively) by comparing the respective
pH-metric titration curves between the buffer and 40% (w/w)
ethanol/buffer mixture with similar dielectric constants as those
at the micelle interface (Fig. 3D and H (dark yellow curve)).
Therefore, the increase in 4 upon a decrease in bulk pH for TBP
micelles directly reflects the higher pH deviation from the bulk
to the interface (ApH). Notably, 4 for TBP micelles under
completely protonated conditions was found to be similar to
that of g-TBP micelles (Fig. 3D), revealing that the formation of
positive charges makes the interface less acidic (more basic)
than the corresponding bulk.

However, the pH at the micelle interface (pH;) at a certain
bulk pH (pHp) can be quantitatively estimated from the following

equations:**"

ApH =pH; — pHp,=4 — 0 (1)

pHi:pr+A -0 (2)

The estimated values of interfacial pH and ApH under different
bulk pH values calculated as per eqn (1) and (2) are listed in
Table 1. For TBP micelles, ApH of ~0.9 at pH 8.0 was found to
gradually increase with a decrease in bulk pH until reaching
saturation (ApH ~ 1.9) at pH below 4.5 (Table 1). Interestingly,
the magnitude of ApH at pH below 4.5 for TBP micelles
remained almost constant, which is similar to that of cationic
g-TBP micelles (ApH: ~1.9) for the entire range of bulk pH
under consideration (4.5-9.0) (Table 1).
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Table 1 pH deviation from the bulk to the interface (ApH) and interfacial
pH (pH)) for TBP micelles for different bulk pH values (pHy) at 25 °C?

TBP q-TBP
PHp ApH PH; ApH pH;

4.5 1.89 6.39 1.92 6.42
5.0 1.82 6.82 1.94 6.94
5.5 1.66 7.16 1.94 7.44
6.0 1.42 7.42 1.93 7.93
6.5 1.26 7.76 1.93 8.43
7.0 1.1 7.96 1.94 8.94
7.5 0.98 8.48 1.98 9.49
8.0 0.94 8.94 1.97 9.97
8.5 0.93 9.43 1.91 10.36
9.0 0.92 9.92 1.93 10.93

“pH; and ApH under different pH,; values were estimated using
different probe molecules: DSB for pH}, 4.5-6.5 and MSB for pHj, 7.0-9.0.

The quaternized amine-containing cationic gPDMA" unit in
g-TBP is not involved in the protonation/deprotonation reaction
with the buffer medium and remains cationic at any bulk pH
(4.5-9.0), whereas the DMA group in the PDMA blocks for TBP
accepts protons at an acidic pH to generate positive interfacial
charges. However, when the PDMA unit in TBP becomes com-
pletely protonated exhibiting similar surface charge as that of
g-TBP micelles, a similar value of 4 (~1.6) or ApH (~1.9) could
be determined upon the addition of TBP or g-TBP under identical
bulk pH (4.5) (Fig. 3D). This result suggests that the protonation
of PDMA does not affect the acid/base equilibriums of the
probe molecules upon the addition of TBP; in fact, the increased
amount of positive interfacial charges and subsequent pH
increase at the micelle interface is responsible for this. For a
cationic micelle interface, the interfacial charge character may
change the distribution of H" and OH™ concentrations between
the interface and bulk. The cationic charges at the micelle interface
may involve electrostatic interactions with the negatively charged
OH ™ ions, whereas it repels the positively charged H' ions
(Scheme 1). The concentrations of H' and OH™ may decrease
and increase at the interface as compared to those in the bulk
phase, respectively, and the decrease in H' concentration at
the interface may increase the pH at the micelle interface,
whereas the concentrations of H" and OH~ and subsequently
the bulk pH do not change due to the large volume of the bulk
phase (Scheme 1).

Scheme 1 Schematic representation of the pH-dependent H* and OH™
concentrations at the interface of TBP micelles (yellow: hydrophilic PDMA
block; violet: Stern layer). Changes in the charge characteristics of the PDMA
blocks from neutral (left) to partially cationic (right) and subsequent variations
in the interface H* and OH™ concentrations and pH deviation from the bulk to
the interface (ApH) due to pH-dependent protonation of PDMA unit in TBP are
shown. The interface-localized probe molecules are depicted in brown color.

804 | Soft Matter, 2020, 16, 798-809

View Article Online

Paper

Relationship between ApH with interface protonation or
positive charge formation for TBP micelles

As the increased amine protonation in the PDMA-block-dependent
higher cationic charge generation at the TBP micelle interface
increases the magnitude of ApH, the ApH values of ~0.9 and 1.9
can be associated with entirely deprotonated (neutral) and entirely
protonated (cationic) PDMA blocks, respectively. The ApH values
were plotted with bulk pH, which exhibited a sigmoidal fit to yield
the PDMA protonation curve for TBP micelles at various pH
conditions (Fig. 4). The transition midpoint of the fitted curve
represents the protonation pK,. Since the protonation of PDMA
was evaluated in terms of bulk pH, the obtained pK, considered as
the apparent pK, was estimated to be ~6.0 (Fig. 4, blue curve).
Alternatively, applying the usual acid/base titration method, a
similar value of the apparent protonation pK, of ~6.2 was
determined by measuring the pH of the aqueous micelle solution
containing 50 mol% HCI with respect to the total amine groups for
the PDMA blocks. The similar apparent pK, values between those
two different procedures strongly justify that the increase in amine
protonation to form cationic PDMA is responsible for the increase
in ApH from ~0.9 to 1.9 (Table 1).

However, as the PDMA protonation reaction occurs at the
micelle interface and the pH at the interface is larger to a
different extent as compared to the bulk pH, the intrinsic pH or
pK., for the protonation/deprotonation reaction in the PDMA
block is expected to be larger than that of the corresponding
apparent pH or pK,. To determine the intrinsic pH/pK, for the
protonation or cation formation of the PDMA block, the change
in ApH at various interfacial pH values are plotted and fitted
with the sigmoidal curve, similar to that done earlier (Fig. 4, red
curve). The fitted curve represents the intrinsic PDMA proto-
nation or cation formation curve, and the intrinsic pK, value
was estimated to be ~ 7.2 by evaluating the transition midpoint
of the fitted curve (Fig. 4, red curve). As the bulk pH decreases,
the increase in PDMA protonation at the micelle interface may
suppress the effective pH decrease at the interface owing to the
increasing magnitude of ApH. Consequently, the difference
between the intrinsic and apparent protonation pH values
can be represented by the bulk-pH-dependent ApH values
(Table 1). Our results show that the estimation of the intrinsic
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Fig. 4 pH deviations from the bulk to the interface (ApH) are plotted
against bulk pH (squares, blue) and interfacial pH (circles, red) for TBP, and that
against interfacial pH for g-TBP (circles, gray). The lines represent the least-
square fitted curves of the plots with sigmoidal-Boltzmann or linear equations.
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protonation pH or pK, for the functional residue localized at
the self-assembled interface is practically impossible by the
usual acid/base titration using a pH probe, particularly when an
appreciable difference in the pH between the interface and bulk
exists. However, to determine the validity of our method for the
determination of intrinsic protonation pH or pK,, the DMA
protonation reaction characteristics with non-micelle-forming
homopolymer of DMA (homo-PDMA) (removing the possibility
of apparent pH) were obtained from 'H NMR studies and
simple acid/base titration. The "H NMR spectra of homo-
PDMA were recorded in D,O at pH ~8.2 and ~ 6.0. The downfield
chemical shift from 2.34 to 2.96 for methyl protons (6H, connected
to N-), 2.74 to 3.54 for methylene protons (2H, connected to N-),
and 4.18 to 4.35 for methylene protons (2H, ester) by decreasing
the medium’s pH indicated the protonation of amine groups in
homo-PDMA (Fig. S16, ESIt). This result also revealed that the
intrinsic DMA protonation pK, for TBP micelles was at least greater
than 6.5. In fact, by measuring the pH of the poly-PDMA solution
containing 50 mol% HCI with respect to the total DMA residues,
the DMA protonation pK, was estimated to be ~ 7.3, which is fairly
similar to that of the intrinsic protonation pK, for TBP micelles
obtained from the ApH vs. interfacial pH plot. All these results
strongly authenticate our methodology for the estimation of the
intrinsic protonation pH or pK, for self-assembled systems.

Anionic membrane permeability induced by TBP micelles

Cellular membranes contain different types of negative and
neutrally charged zwitterionic lipids that produce overall negatively
charged membrane surfaces. Further, pH-controlled cationic mole-
cules (cytosolic or foreign) can be electrostatically bound to the
negatively charged membrane surface by tuning the membrane
functionality.*>™*> We observed that a decrease in pH induced a
higher extent of PDMA protonation at the TBP micelle interface,
making the micelle interface more cationic and less acidic than the
corresponding bulk pH. However, the interfacial pH and positive
charges remain unaltered at the analogous cationic q-TBP micelle
interface. The TBP and g-TBP micelles induced membrane perme-
ability for anionic DOPC: DMPG (1:1) LUVs were investigated with
fluorescence leakage studies at different bulk pH values (5.8-7.6).
The role of pH-dependent variation in the positive charge quantity
at the TBP micelle interface on the properties of membrane
permeability can be assured from the difference in fluorescence
leakage characters between TBP and q-TBP. Further, we per-
formed fluorescence leakage studies for neutrally charged DOPC :
DMPC (1:1) LUVs under similar experimental conditions to
evaluate the effect of negatively charged membrane interfaces
on membrane permeability.

The permeability of LUV membranes by their interaction
with TBP/q-TBP micelles was estimated from the extent of fluores-
cence intensity increase due to the leakage of fluorescent dyes
from the inner space of the LUVs to the exterior buffer medium
through the lipid pores formed at the membrane surface. A very
high concentration of fluorescent dye, namely, calcein (~50 mM),
was encapsulated within the inner space of the LUVs to obtain
a large extent of self-quenched fluorescence intensity. In the
presence of TBP/q-TBP micelles (0.05 g dm™?), a recovery of
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Fig. 5 Time profile of the fluorescence leakage fraction induced by the
block copolymer (TBP and g-TBP) micelles for different LUVs encapsulated with
calcein at different pH values for 10 mM buffer. (A—D) Bulk pH conditions are as
follows. Blue: pH 5.8; green: pH 6.5; red: pH 7.0; purple: pH 7.3; and violet: pH
7.6. Measurement conditions are as follows. Buffer: 10 mM HEPES; pH: 5.8-7.6;
LUV diameter: ~100 nm; total lipid concentration: 50 puM; block copolymer
concentration: 0.05 g dm~>; temperature: 25 °C. The identical osmotic pressure
of the experimental buffer solution similar to the LUV-encapsulated calcein
stock solution was adjusted with glucose. The leakage fraction curve is obtained
by subtracting the intensity curve without the addition of a polymer from that
with the polymer, further divided by the increased intensity amount due to the
intense reaction of LUV with the TX-100 surfactant (20 mM). The excitation/
fluorescence wavelength was 485/515 nm.

fluorescence intensity was observed, showing the leakage of
calcein from the inner space of the LUV to the outer buffer
medium due to the dilution of dye molecules (Fig. 5). The amount
of dye leakage was estimated from the ratio of the increase in
fluorescence intensity induced by the polymeric micelles against
that induced by complete leakage accomplished by the addition of
TX-100 (10 mM) micelles. The time-dependent micelle-induced
leakage fraction (L(¢)) was determined from the following equation:

L(t) = (I = Io)/(Imax — Io) 3)

where the background fluorescence before the addition of
polymeric micelles is denoted by I,. Further, I, and I;,,.x represent
the fluorescence intensities at time ¢ after the addition of TBP/
g-TBP micelles and that due to the complete disruption of LUV by
the addition of TX-100 (20 mM), respectively. Depending on the
polymeric systems (TBP and q-TBP) and bulk pH, the fluorescence
intensity increased via a single phase (fast phase) or a double phase
(fast phase culminating into a slow phase). An increase in
fluorescence intensity via the fast phase with the maximum
leakage fraction of ~48% or less followed by an intensity saturation
within ~20-30 min after the addition of TBP micelles was observed
for DOPC: DMPG (1:1) LUVs at bulk pH of 7.0 or above (Fig. 5A;
red, purple, and violet curves). The saturation of the fluorescence
intensity even though more than 52% of the dye was still entrapped
within the LUV at pH 7.0 reflected the fact that the leakage
process through the formed lipid pores onto the membrane
interface is transient in nature. In contrast, the fluorescence
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intensity increased in two phases at bulk pH of 6.5 or below
(Fig. 5A; blue and green curves): a fast phase similar to that at
pPH 7.0 or above followed by a continuously increasing slow
phase. Although the leakage in the fast phase was completed
within ~20-30 min at pH of less than 6.5, the continuous
leakage phenomenon may correspond to the slow destruction of
the lipid bilayer structure. In fact, the leakage of all the
encapsulated dye molecules was observed in ~65 min after
the addition of TBP at pH 6.0 (Fig. 5A, blue curve).

The time dependence of the dye leakage was analyzed with
the sum of two exponential curves as follows:

L(t) = Af(1 — exp(—kgt)) + Ag(1 — exp(—kst)) (4)

where k¢ and k, represent the leakage rate constants for the fast
and slow phases, respectively. Further, A¢ and A, represent the
contribution of each leakage phase. The leakage rate constant
for the fast phase (k) was determined from the initial slope of
the fluorescence increase with respect to time. When leakage
occurs in the two phases, the extrapolated fluorescence inten-
sity at zero reaction time for the fitted exponential curve of the
slow phase corresponds to the fluorescence intensity change
caused by the leakage in the fast phase, Ar. The leakage fraction
and rate constant in the fast phase in the presence of TBP
micelles were found to increase from ~15% to 73% and from
0.03 to 0.15 min~', respectively, as the pH of the medium
decreased from 7.6 to 5.8 (Fig. 5A and Table 2). For all the pH
values (5.8-7.6), the dye leaked through two similar phases for
g-TBP micelles, similar to that observed for TBP micelles at pH
5.8: namely, the fast phase followed by a continuous slow
phase. Moreover, the leakage fraction (71-76%) and rate con-
stant (0.14-0.16 min~') of the fast phase for q-TBP micelles
were found to remain unchanged regardless of the bulk pH
(5.8-7.6) (Fig. 5B).

By using an anionic interface-interacting glucose derivative
in the form of a spiro-thodamine molecule, we recently reported
that the interfacial pH for anionic DMPG: DMPC (2:1) LUV is
~1.6 units more acidic under various bulk pH values.*" Using
the same pH probe, the ApH value for DOPC: DMPG (1:1) LUV

Table 2 Kinetics of the pH-dependent fluorescence leakage for calcein-
encapsulated LUVs in the presence of block copolymer (TBP and g-TBP)
micelles®

TBP q-TBP
LUV pPH ke (min™") Af (%) k¢ (min™") Af (%)
Anionic DOPC/DMPG (1:1) 5.8 0.15 73 0.15 71
6.5 0.13 59 0.16 76
7.0 0.11 48 0.14 72
7.3 0.07 29 0.14 70
7.6 0.03 15 0.15 76
Neutral DOPC/DMPC (1:1) 5.8 — 0 0.01 9
6.5 — 0 — 3
7.0 — 0 — 0
73 — 0 — 0
7.6 — 0 — 0

“ Leakage rate constant and leakage amount for the fast phase are
denoted by k¢ and Ag, respectively.
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Scheme 2 Schematic representation of H* and OH™ concentrations at
the interface of TBP micelles (large spheres) and DOPC : DMPG (1:1) LUVs
(yellow: DMPG; light blue: DOPC) at neutral bulk pH. The cationic charges
at the interface of the TBP micelles interacting with the anionic DMPG
headgroup at the LUV interface are shown. PDMA-protonation-induced
positive charges are formed at the micelle interface when the micelle
interacts with the membrane interface. The purple arrows represent the
transient permeation of small molecules (green) from the interior of the
LUV to the exterior buffer medium (middle panel). Permeation caused by
the formation of a lipid—polymer complex (lower panel).

was estimated to be around —1.5, according to eqn (1) (Fig. S17,
ESIt) at various bulk pH values. When the TBP micelles inter-
acted with the DOPC:DMPG (1:1) LUV interface at bulk pH
(7.0), the local pH surrounding the micelle interface in contact
with the LUV interface was expected to be around —1.5 pH units
more acidic than that of the bulk medium®' (Scheme 2). There-
fore, PDMA blocks for TBP micelles attached with the DOPC:
DMPG (1:1) LUV interface may face a decreased pH environ-
ment as compared to the surrounding bulk pH (Scheme 2). For
the TBP micelle system, by correlating ApH vs. bulk pH plots
with the protonation of PDMA at the TBP micelle interface
(Fig. 4 and Table 1), the micelle interface was found to be
mostly neutral (around pH 7.0) while exhibiting relatively small
ApH (~1.0). With a decrease in bulk pH, the comparisons
between ApH vs. bulk and ApH vs. interfacial pH plots reveal that
the effective pH decrease at the TBP micelle interface gradually
reduces in comparison to the amount of bulk pH decrease
to induce a considerable suppression in PDMA protonation and
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positive charge formation at the micelle interface (Fig. 4). On the
other hand, the interface protonation or positive charge formation
causes an increase in pH at the TBP micelle interface. Therefore,
the amount of effective pH at the micelle interfacial region in
contact with the DOPC:DMPG (1:1) LUV interface can be
effectively above the LUV interfacial pH (~5.5), but less than
the bulk pH (7.0). Presumably, such pH adjustment at the
membrane-contact micelle interface makes the micelle interface
partially protonated or cationic to exhibit transient membrane
leakage without disrupting the LUV bilayer structure for TBP
micelles up to the bulk pH (7.0) (Scheme 2). However, for the
increasing protonation of PDMA for TBP micelles as bulk pH
reduces from ~6.5, an uncontrolled leaky nature was detected
(Fig. 5A). With increasing protonation, the increase in pH at the
micelle interface than that at the bulk may not be sufficiently
large to maintain the threshold for the partially protonated
PDMA condition to eliminate the continuously slow leakage
phase. The leakage in the slow phase may be due to the disruption
of the LUV membrane structure under bulk pH of 6.5 or below
(Fig. 5A; blue and green curves). Therefore, the pH at the TBP
micelle to DOPC:DMPG (1:1) LUV membrane contact increases
from ~5.5 (membrane interfacial pH at bulk pH is 7.0) and plays
the most important role to avoid uncontrolled leakage or disruption
of the bilayer structure of the LUV membrane by making the PDMA
unit only partially protonated or cationic. On the other hand, the
total charge quantity for positively charged N-alkylated amine
residues at the corresponding g-TBP micelle interface remains
unperturbed by any change in the surrounding pH within that of
the bulk pH (5.8-7.6) and therefore the continuous slow leakage is
similar to that at pH 6.0 for TBP micelles was detected at all the
studied pH values (5.8-7.6) (Fig. 5). Because all the PDMA blocks
in TBP are protonated and cationic at the bulk pH (5.8), the
uncontrolled leakage between TBP and q-TBP were comparable
for DOPC/DMPG (1:1) (Fig. 5A and B).

Further, we performed similar fluorescence leakage studies
for neutral DOPC:DMPC (1:1) LUVs. For TBP micelles, we
found that the DOPC:DMPC (1:1) LUV did not leak at all for
the pH values under investigation (5.8-7.6) (Fig. 5C). Even in the
presence of cationic q-TBP micelles, only a small extent of leakage
(~9%) was detected at pH 5.8 (Fig. 5D). Therefore, the replace-
ment of anionic DMPG with neutral lipid DMPC with identical
acryl lipid chain, g-TBB, or TBP micelles exhibited almost no
fluorescence leakage even at acidic pH (5.8) (Fig. 5D). These results
demonstrate that the presence of anionic lipids with an acidic
membrane interface in the LUV membrane composition is also
important to ensure membrane permeability.

The cationic form of TBP due to the protonation of PDMA
blocks can involve electrostatic interactions with negatively
charged DOPC: DMPG (1:1) LUV interface to alter the homo-
geneous distribution of lipids. The anionic headgroups of DMPG
may accumulate in the surrounding of the cationic micelle
interface comprising protonated PDMA blocks in contact with
the LUV interface (Scheme 2). This lipid rearrangement probably
makes the membrane surface porous to allow the leakage of
small molecules (Scheme 2). It has been reported that the loose
packing of the lipid molecules during such a rearrangement of
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the lipid phase in the membrane allows the formation of lipid
pores that induce membrane permeability."****” As mentioned
earlier, the appreciable amount of residual dyes inside the
LUV even after the completion of the leakage process at pH 7.0
or above suggests that pore formation is transient in nature
(Fig. 5A). We propose that TBP-micelles-induced transient for-
mation of leakage pores may reflect the relaxation process of
membrane reorganization, yielding lipids domains enriched with
phase-separated DMPG or DOPC (Scheme 2).***° The closing of
lipid pores may occur after the completion of lipid rearrangement
due to the formation of another thermodynamically stable lipid
arrangement (Scheme 2; lower panel). DSC thermograms or
surface pressure (m)-area (4) compression isotherms of the LB
monolayer for the DOPC/DMPG (1:1) lipid mixture in the presence
and absence of TBP are compared to justify the formation of phase-
separated lipid domain. In the DSC thermogram, a new peak at
~9 °C was formed by the addition of TBP micelles in DOPC/DMPG
(1:1) LUVs, whereas without TBP, no peak was detected within
5-40 °C (Fig. S18, ESIf). Because the gel-liquid-crystalline
temperature (Ty,) of DMPG (24 °C) is greater than that of DOPC
(—18 °C) (Fig. S18, ESI}), the peak at ~9 °C can be assigned to
the gel-liquid-crystalline phase transition of the DMPC-rich
domain. In LB monolayer studies, the 7-4 isotherm of DOPC/DMPG
(1:1) contains a small plateau region within an area/molecule of
0.88-0.92 nm* in a high-pressure region of ~40 mN m™"
(Fig. S19, ESI}). By the addition of TBP in the water subphase,
the area/molecule shifted toward a higher value with respect to
DOPC/DMPG (1:1) in the absence of TBP, suggesting the
association of TBP with the lipid headgroups. Most signifi-
cantly, when TBP interacted with the lipid headgroups, the
plateau region appeared at a lower pressure (~37.4 mN m ™)
with a much larger expansion of its area/molecule from 0.98 to
1.10 nm” (Fig. S19, ESIf). It has been reported that such a
plateau region can be formed in a high-pressure region (beyond
the liquid expansion phase) due to the squeezing out of the
molecules from the monolayer.’®*" With increasing monolayer
contraction, because of the large stability of the electrostatic
interaction between the negatively charged DMPG headgroup
and the cationic form of TBP, neutral DOPC may be squeezed
out from the binary lipid monolayer much more effectively with
respect to that in the absence of TBP to form DMPG-rich lipid
domains, as proposed by us. In addition, to ensure that there is
a definite impact of the pH probe molecules on the membrane
properties, similar studies were also performed. Because of the
same negative charge characteristic of the lipid system and
probe molecule (DSB/MSB), almost identical DSC thermograms
or m-A compression isotherms between the presence and
absence of probe molecules were detected (Fig. S18 and S19,
ESIT), which confirms that the surface properties of the lipids
remain unchanged upon the addition of the probe.

Upon the generation of increasing positive charges at the
TBP micelle interface at bulk pH (6.5 or below), an increased
amount of DMPG may participate in the lipid rearrangement
process for DOPC: DMPG (1:1) LUVs, which may increase the
total pore formation area on the LUV membrane surface,
yielding an increase in the leakage fraction and rate constant
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(Fig. 5, Table 2, and Scheme 2). In addition, the participation of
a large number of lipid molecules in phase rearrangement can
also significantly destabilize the bilayer membrane structure.
The gradual loss of the membrane bilayer structure can be
responsible for the appearance of a continuous slow leakage
until all the dye molecules get removed from the LUV interior at
pH 6.5 or below.

Conclusions

By utilizing two different interface-interacting pH probe molecules,
we measured the interfacial pH and its deviation from the bulk pH
(ApH) for a pH-responsive TBP, ie., PDMA-b-PMMA-b-PDMA
[PDMA = poly(2-dimethylaminoethyl) methacrylate; PMMA =
poly(methyl methacrylate)] micelle system under a wide range
of bulk pH (from 4.5 to 9.0). To estimate the interfacial pH and
pH deviation from the interface to the bulk (ApH), the change in
the equilibrium ratio between the two pH-dependent molecular
forms for each probe molecule at the micelle interface from the
bulk medium were evaluated. As the bulk pH decreased from
8.0 to 4.5, the ApH value gradually increased from 0.9 to 1.9 due
to the increased protonation of the amine moieties in water-
exposed hydrophilic PDMA block at the TBP micelle interface.
However, regardless of the variation in bulk pH, almost similar
ApH (~1.9) for analogous n-alkylated copolymer (q-TBP)
micelles revealed that the protonation-induced cationic charge
generation at the interface for TBP micelles was responsible for
the increase in ApH with decreasing bulk pH. From the correlation
between ApH vs. protonation or cation formation pH, intrinsic
protonation pK, was estimated to be ~7.3. When the TBP micelle
interface interacted with anionic DMPG-containing membrane
interface, the pH increase at the polymer micelle interface from
that of the membrane interface pH (~5.5) at the bulk pH (7.0 or
above) made the membrane surface partially positive, thereby
generating transient membrane permeability up to a certain time
period. However, the interfacial pH increase was insufficient at
bulk pH below 6.5 to increase the interfacial charges to higher
positive values, allowing uncontrolled and continuous leakage
until all the dye molecules were released. Considering these results,
we introduced a novel view on selective and controlled permeability
through various anionic membranes by their interaction with
PDMA-containing polymeric systems under physiological pH.
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Introduction

Biological membranes separate cellular organelles from the
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Determination of proton concentration at
cardiolipin-containing membrane interfaces and its
relation with the peroxidase activity of cytochrome

ct

Partha Pratim Parui, © *3° Yeasmin Sarakar,? Rini Majumder,? Sanju Das,?°
Hongxu Yang,® Kazuma Yasuhara® and Shun Hirota ©' *°

The activities of biomolecules are affected by the proton concentrations at biological membranes. Here, we
succeeded in evaluating the interface proton concentration (—log[H*] defined as pH’) of cardiolipin (CL)-
enriched membrane models of the inner mitochondrial membrane (IMM) using a spiro-rhodamine-
glucose molecule (RHG). According to fluorescence microscopy and *H-NMR studies, RHG interacted
with the Stern layer of the membrane. The acid/base equilibrium of RHG between its protonated open
form (0-RHG) and deprotonated closed spiro-form (c-RHG) at the membrane interface was monitored
with UV-vis absorption and fluorescence spectra. The interface pH’ of 25% cardiolipin (CL)-containing
large unilamellar vesicles (LUVs), which possess similar lipid properties to those of the IMM, was
estimated to be ~3.9, when the bulk pH was similar to the mitochondrial intermembrane space pH (6.8).
However, for the membranes containing mono-anionic lipids, the interface pH’' was estimated to be
~5.3 at bulk pH 6.8, indicating that the local negative charges of the lipid headgroups in the lipid
membranes are responsible for the deviation of the interface pH’' from the bulk pH. The peroxidase
activity of cyt c increased 5-7 fold upon lowering the pH to 3.9-4.3 or adding CL-containing (10-25%
of total lipids) LUVs compared to that at bulk pH 6.8, indicating that the pH’' decrease at the IMM
interface from the bulk pH enhances the peroxidase activity of cyt c. The peroxidase activity of cyt ¢ at
the membrane interface of tetraoleoyl CL (TOCL)-enriched (50% of total lipids) LUVs was higher than
that estimated from the interface pH’, while the peroxidase activity was similar to that estimated from
the interface pH’ for tetramyristoyl CL (TMCL)-enriched LUVs, supporting the hypothesis that when
interacting with TOCL (not TMCL), cyt ¢ opens the heme crevice to substrates. The present simple
methodology allows us to estimate the interface proton concentrations of complex biological membranes.

H' concentration, which is affected by the membrane lipid
composition, may also control the biological processes at the
membrane interfaces. Although determination of the

exterior of cells. The water-exposed interfaces of bilayer
membranes act as barriers keeping ions, proteins, and other
molecules where they are needed, and preventing them from
diffusing into areas where they should not be. Selective cellular
uptake and refusal of various molecules by channels and other
proteins at membrane interfaces frequently control biological
processes, such as protein and ion transport,” cell apoptosis,*
cell signaling,* membrane trafficking,®> etc. Membrane interface
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membrane interface H' concentration is indispensable for
evaluating the biomolecular activities at the membrane inter-
face, the interface H' concentration and its relationship with
biological processes are often elusive.

The proton gradient across the inner mitochondrial
membrane (IMM) makes the IMM acidic (pH ~ 6.8) and the
matrix alkaline (pH ~ 7.7) in isolated mitochondria.® It has been
reported that the pH change and proton gradient at the mito-
chondrial membrane are induced by physiological processes,
such as Ca®" transport,” glutamate transport,® and glucose
starvation or sorbic acid stress.’ The lateral pH-profile along the
p-side of cristae has been measured in situ by attaching
a ratiometric fluorescent pH-sensitive GFP variant to oxidative
phosphorylation complex IV and the dimeric FoF; ATP-synthase
in the mitochondrial membrane, showing that the local pH

This journal is © The Royal Society of Chemistry 2019
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(—log[H"]) at FoF; ATP-synthase dimers is 0.3 unit less acidic
than that of complex IV.*

Self-assemblies of amphiphilic lipids and surfactants have
been utilized to investigate the properties of biological
membranes' and their effects on protein activities,"” where the
deviations in the interface —log[H'] (defined as pH') from the
bulk pH have been determined from the shifts in the acid/base
pK, of small organic molecules upon interaction with self-
assemblies.” For example, the interface pH' has been estimated
from the shift in the acid/base pK, between the self-assembly
interface and bulk by heterodyne-detected electronic sum
frequency generation (HD-ESFG) spectroscopy.'* Various
anionic amphiphilic self-assemblies, including inner and outer
mitochondrial membranes, interact -electrostatically with
cationic rhodamine derivatives." Recently, we have introduced
an interface pH' detection method for various amphiphilic self-
assemblies by exploiting the acid/base equilibrium of a H'
concentration probe (RHG), which is a glucose derivative of
a spiro-rhodamine molecule.*

Cytochrome ¢ (cyt ¢) contains 104 amino acid residues and is
a positively charged protein at neutral pH. It is bound to the
outer interface of the IMM, mainly by electrostatic interactions
with anionic cardiolipins (CLs) in the membrane,"” and triggers
apoptosis by its release from mitochondria.”® The peroxidase
activity of cyt ¢ increases upon interaction with CL, resulting in
CL oxidation and subsequent apoptosis execution via cyt c¢
permeabilization to the cytosol.” Recently, it has been sug-
gested that protein activities are affected by the pH gradient
across biological membranes.* The peroxidase activity of yeast
cyt ¢ adsorbed onto kaolinite was enhanced remarkably by
decreasing the pH value below 4.*! In this study, by monitoring
the acid/base equilibrium of RHG, we showed that the pH’ at
the interfaces of large unilamellar vesicles (LUVs) containing
monounsaturated tetraoleoyl CL (TOCL) or saturated tetramyr-
istoyl CL (TMCL) (10-50% CL of total lipids) decreases ~2.5-3.2
units from the neutral bulk pH. The peroxidase activity of cyt ¢
was found to increase 5-7 fold at the LUV interface, due to the
decrease in the interface pH’, while that at the interface of
TOCL-containing LUVs was enhanced more than that estimated
from the decrease in the interface pH’, apparently due to a cyt ¢
structural change which has been previously reported.*

Results and discussion
Interaction of RHG with the membrane interface

RHG shows a pH-dependent equilibrium between a protonated
open form (0-RHG) and a deprotonated closed spiro-form (c-
RHG), with an interconversion pK, of ~4.35 (Fig. 1A).** RHG
comprises a hydrophobic rhodamine moiety (a cationic moiety
for 0-RHG) and a hydrophilic glucose moiety; thus, it binds to
an anionic membrane. The difference in the o-RHG/c-RHG
equilibrium at the membrane interface and in the bulk can be
monitored by examining the UV-vis absorption and fluores-
cence spectra of RHG (Fig. 1A).**

The pH of the intermembrane space is 6.8-6.9,> while high
concentrations of di-anionic CL are unique for mitochondrial
membranes.* Giant unilamellar vesicles (GUVs) (diameter, 1-
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Fig. 1 (A) Equilibrium between the two pH-dependent forms of RHG.
(B) Fluorescence microscopy observations of (a) DOPC/DOPE/TOCL
(2:1:1) and (b) DOPC/DOPG (1:2) GUVs. GUVs were prepared in
1 mM HEPES buffer, pH 6.5, containing 200 mM sucrose. The total
concentration of the lipids was 0.5 mM. RHG was added to GUVs for
0.06% of the total lipid concentration of GUVs. The red colour
represents RHG fluorescence. White bars represent 5 pm. (C) *H NMR
(500 MHz) spectra of RHG (1.5 mM) in D,O medium (a) in the absence
of lipids at pH 4.5, (b) in the presence of DOPC/DOPE/TOCL (2:1:1)
LUVs (total lipid, 15 mM) at pH 6.5 and (c) in the presence of DOPG
LUVs (total lipid, 15 mM) at pH 5.5. The pD value of the solution was
adjusted by addition of 0.01 M CFsCOOH. The protons labeled in (C)
correspond to the protons labeled in (A).

10 pm; Fig. S1t) and LUVs (diameter, ~100 nm) with a lipid
composition  of  1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE)/TOCL = 2:1:1 were constructed to reproduce the
major lipid components of the IMM>* (zwitterionic phosphati-
dylcholine (PC), ~40%; zwitterionic phosphatidylethanolamine
(PE), ~30%; TOCL, ~25%). The fluorescence of the 0o-RHG form
of RHG (0.3 puM) was observed at the DOPC/DOPE/TOCL
(2:1:1) GUV (total lipid, 500 uM) surface but not in the bulk
medium (Fig. 1Ba), indicating that all the RHG molecules
interacted with the GUV interface and the interface was more
acidic than the bulk. However, for the interaction of RHG with
a  DOPC/1,2-dioleoyl-sn-glycero-3-phosphoglycerol ~ (DOPG)
(1:2) GUV containing mono-anionic lipids, the RHG fluores-
cence intensity decreased significantly compared to that for the
interaction with the DOPC/DOPE/TOCL (2 :1:1) GUV under
the same RHG and total lipid concentrations (Fig. 1Bb),
apparently due to the decrease in H' concentration and the o-
RHG/RHG ratio at the DOPG GUV interface.

We obtained the absorption spectra of RHG in the presence
of LUVs by subtracting the absorption spectrum of the LUV
solution from that of the solution containing RHG and LUVs,
although the LUV solution exhibited light scattering at the
excitation (~530 nm) and emission (~560 nm) wavelengths of
RHG (Fig. S2t). The absorbances of the DOPC/DOPE/TOCL
(2:1:1) LUV solution (total lipid, 1 mM) were 0.080-0.145
and 0.071-0.130 at 530 and 560 nm, respectively, and those of
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the DOPG LUV solution were 0.051-0.097 and 0.045-0.088 at
530 and 560 nm, respectively, at pH 4.0-7.0 (Fig. S2Af). To
identify the inner filter effect (IFE) in the RHG fluorescence
intensity due to the LUV light scattering, we increased the
concentration of DOPC/DOPE/TOCL (2 :1: 1) LUVs at pH 4.5
and DOPG LUVs at pH 4.0 from 0.2 to 1 mM (total lipid) under
a constant RHG concentration (0.2 pM), where the RHG fluo-
rescence intensity was saturated (against LUV concentration)
for all LUV concentrations used. The fluorescence intensity
remained identical for the LUV concentrations studied
(Fig. S37), revealing that the IFE due to LUV light scattering was
negligibly small, as reported previously.*® A linear correlation
between the RHG concentration (keeping RHG : lipid =1 : 1000
constant) and fluorescence intensity at 560 nm was observed up
to 1.0 pM RHG at pH 5.5 and 6.0 (Fig. S4At). The fluorescence
intensity of the RHG (1 uM) solution was also measured in the
presence of DOPC/DOPE/TOCL LUVs (DOPC : DOPE =2:1: 1)
at pH 5.5 and 6.0 under different concentrations of TOCL by
changing the LUV concentration. A linear behaviour between
the TOCL concentration and fluorescence intensity was
observed up to 50 pM TOCL (Fig. S5Bft). All these results
demonstrate that there was no significant interference from
light scattering on the fluorescence intensity. The absorbance
and fluorescence intensity of RHG (1.0-2.0 pM) at pH 5.5
gradually increased upon increasing the amount of DOPC/
DOPE/TOCL (2:1:1) or DOPG LUVs (Fig. S51), indicating
that RHG interacted with LUVs and the o-RHG/RHG ratio
increased due to the interaction. Thus, LUV-binding saturation
conditions with high LUV concentrations were used at all pH for
further experiments.

The fluorescence quantum yield of RHG did not change upon
varying the TOCL% (5-25% of total lipids) in DOPC/DOPE/TOCL
LUVs at acidic pH 3.0, in which all of the c-RHG was converted to
the o-RHG form (Fig. S61). These results indicate that the fluo-
rescence of RHG was not due to formation of a dimer, the
formation of which has been reported for 10-N-nonyl acridine
orange when it interacts with TOCL.*® To investigate the inter-
action of RHG with TOCL in more detail, the absorbance of RHG
at 535 nm was measured for RHG solutions under various TOCL
concentrations obtained by changing the concentration of DOPC/
DOPE/TOCL LUVs (DOPC : DOPE = 2 : 1; TOCL, 10 and 25% of
total lipids) at pH 6.2. A gradual increase in the absorbance of
RHG (2 pM) at 535 nm was observed upon increasing the TOCL
concentration, and the absorbance saturated at ~125 and ~160
uM TOCL for LUVs containing 10 and 25% TOCL, respectively
(Fig. S7t). Large [TOCL)/[RHG] ratios were required for the
absorbance to saturate, suggesting a non-specific binding
between RHG and TOCL. These results support the hypothesis
that the dimer formation is not responsible for the increase in
the fluorescence intensity of RHG.

RHG binding to DOPC/DOPE/TOCL (2 : 1 : 1) LUVs was also
investigated at pH 4.5-8.0 (Fig. S871). The RHG (2 pM) solutions
containing LUVs at various pHs from 4.5 to 8.0 were filtered
using a 100 K molecular weight cut-off filter. The pH value of the
filtrate was adjusted to 2.0, at which all of the RHG is converted
to the 0-RHG form and exhibits absorbance at 532 nm. For all
the pH conditions (4.5-8.0) studied, the absorbance at 532 nm
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of the filtrate after adjusting the pH to 2.0 was less than 5% that
of 2 uM RHG at pH 2.0. These results reveal that the binding of
RHG to TOCL was more than 95% at pH 4.5-8.0.

We have previously reported that when RHG is located at the
outer interface, the fluorescence of RHG can be selectively
quenched by addition of Cu(ClO,),/Na,S (1 : 2) solution con-
taining a non-permeable Cu®**/S>~ quencher.’® The amount of
RHG localized at the inner interface can be estimated from the
residual fluorescence intensity obtained after the addition of
the quencher. DOPC/DOPE/TOCL (2 : 1 : 1) LUVs (total lipid, 1
mM) were prepared in 10 mM cacodylate buffer, pH 6.0. The
solution containing RHG (1 pM) and DOPC/DOPE/TOCL
(2:1:1) LUVs (total lipid, 1 mM) in 10 mM cacodylate buffer,
pH 6.0, was concentrated from 1 mL to ~40 uM using a 100k Da
molecular weight cut-off filter to separate unbound RHG from
LUVs. Subsequently, we diluted the concentrated LUV solution
to 1 mL with 10 mM HEPES buffer, pH 8.0, and the pH of the
solution was adjusted to 8.0 with addition of ~3 uL of 0.1 M
NaOH. The fluorescence intensity of the pH-adjusted solution
decreased to ~9% compared to that of the solution at pH 6.0
before concentration (Fig. S9t). We also concentrated the
solution containing RHG (1 pM) and DOPC/DOPE/TOCL
(2:1:1) LUVs (total lipid, 1 mM) in 10 mM cacodylate buffer,
pH 6.0, and mixed the concentrated LUV solution with the
filtrate. The fluorescence intensity of the mixture was similar to
that of the solution before filtration (Fig. S9). Upon addition of
Cu(ClO,4),/Na,S (1:2) (total salt, 2 mM) to the mixture, the
fluorescence intensity decreased to a similar intensity (~8%) to
that observed when changing the pH from 6.0 to 8.0 with the
concentration procedure (Fig. S91). These results demonstrate
that not only ~8% RHG was incorporated into the inner LUV
lumen during the concentration procedure but also RHG
exhibited negligibly small fluorescence intensity in the presence
of DOPC/DOPE/TOCL (2 : 1 : 1) LUVs at pH 8.0.

To identify the interface location of the two molecular forms
of RHG (0-RHG and ¢-RHG), we performed "H-NMR studies in
D,O medium in the presence and absence of LUVs under the pH
conditions at which 0o-RHG and c-RHG coexist: in the presence
of DOPC/DOPE/TOCL (2 : 1: 1) LUVs at pH 6.5, in the presence
of DOPG LUVs at pH 5.5, and in the absence of LUVs at pH 4.5
(Fig. 1C). In the absence of LUVs, "H-NMR chemical shifts of the
imine protons (H-C=N: a, and a,) were observed at 7.92 ppm
for both 0-RHG and c-RHG, and those of the aromatic protons ¢,
and ¢, were observed at 7.30 ppm for o-RHG and c-RHG.
However, the chemical shift of the aromatic proton b; of o-
RHG shifted downfield to 7.79 ppm compared to that of the
aromatic proton b, of c-RHG at 7.72 ppm, presumably due to the
nearby positive charge field caused by the protonation of the
amine moiety (Fig. 1A and C). The chemical shifts of ¢; of o-RHG
and ¢, of ¢c-RHG were both observed at the same chemical shifts
of 7.17 and 7.11 ppm in the presence of DOPC/DOPE/TOCL
(2:1:1) LUVs and DOPG LUVs, respectively, and at 7.30 ppm
in the absence of LUVs, indicating that the rhodamine unit was
located in a strong negative charge field formed at the Stern
layer of LUVs for both o-RHG and c-RHG. Similar upfield
chemical shifts were observed for the b, protons of 0-RHG and
¢-RHG: from 7.72 to 7.60 ppm for DOPC/DOPE/TOCL (2:1: 1)
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LUVs and from 7.72 to 7.55 ppm for DOPG LUVs. Interestingly,
the chemical shifts of the imine protons (a; and a,) in the
presence of LUVs were not the same for o-RHG and ¢-RHG; they
differed relatively significantly for DOPC/DOPE/TOCL (2 :1: 1)
LUVs (downfield from 7.92 to 8.06 ppm for a; and upfield from
7.92 to 7.89 ppm for a,), suggesting positive and negative charge
environments around the imine protons of 0-RHG and c-RHG,
respectively. When the cationic rhodamine moiety of o-RHG
interacts with the anionic headgroup of TOCL as evaluated
from the chemical shifts of the ¢; protons, the imine-N—con-
necting the water-exposed glucose region and the rhodamine
unit—may face the positive charge field, due to the increase in
proton concentration around the interface compared to the
bulk as identified in the microscopic observation (Fig. 1Ba). A
relatively small downfield chemical shift from 7.92 to 7.94 for
the imine proton of 0-RHG was detected upon addition of DOPG
LUVs (Fig. 1C), indicating that the difference in the proton
concentration between the interface and bulk is relatively small
for DOPG LUVs (Fig. 1Bb). However, irrespective of LUV
compositions, a similar upfield chemical shift for the imine
proton (a,) of c-RHG was observed at 7.89 ppm, suggesting
a negative charge environment around the imine proton. The
neutral hydrophobic rhodamine unit of c-RHG may move
toward the hydrophobic acyl chain of the lipids, while the
hydrophilic glucose region prefers to stay in the water phase,
and eventually the imine-N connecting the two units will face
a negative charge environment produced by the anionic lipid
headgroups of the LUVs. All these results suggest that both o-
RHG and c-RHG interact with the Stern layer of the LUVs, and
are useful to estimate the interface H' concentration.

Red-shifts of 5-7 nm were observed in the wavelengths of
absorption and fluorescence intensity maxima of RHG when it
interacted with DOPC/DOPE/TOCL (2 : 1: 1) LUVs at bulk pH
4.0-6.5 (Fig. 2 and S57), presumably due to the decrease in
dielectric constant at the interface compared to that of the bulk
solution.*** The absorption and fluorescence spectra of RHG
(concentration: absorption, 2 pM; fluorescence, 1 uM) were
measured in the presence of DOPC, DOPE, or DOPG LUVs (total
lipid: absorption, 2 mM; fluorescence, 1 mM) and in the
absence of LUVs. When RHG was attached to the DOPG LUVs,
the maximum intensity wavelengths of absorption and fluo-
rescence were observed at 539 and 560 nm, respectively, at pH
4.0-5.0, and they were also red-shifted 5-7 nm compared to the
corresponding wavelengths in the absence of LUVs (Fig. S107).
However, the wavelengths and intensities of the absorption and
fluorescence maxima in the RHG spectra did not change
significantly when DOPC or DOPE LUV was used at pH 4.0-5.0,
indicating that RHG interacts with DOPG LUV but not with
DOPC or DOPE LUV.

There is a debate on the two pK, values of the phosphate
groups of CL. It has been reported that the phosphate groups of
CL have strongly disparate ionization behaviours (pK; ~ 2-4
and pK, ~ 7.5).”” In contrast, a recent study suggested that both
of the phosphates ionize as strong acids with pK, values ranging
between 1 and 1.5.*® RHG interacts with mono-anionic DOPG
LUVs at bulk pHs 4.0-6.5 (Fig. 2 and S57), but not with neutral
DOPE LUVs at similar bulk pHs (4.0-5.0) (Fig. S10t), indicating
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that RHG may interact with CL even if it is monoionic under the
acidic conditions used (pH 4.5). However, the concentration of
RHG (1-2 pM) was considerably lower than that of the lipids (1-
2 mM), and thus there was presumably no significant effect of
RHG on the pK, of CL.

Estimation of H* concentration at the LUV membrane
interface

The absorbance and fluorescence intensity of RHG increased
gradually upon decreasing the pH from 8.3 to 2.0 in the absence
of lipids and in the presence of DOPC/DOPE/TOCL (2 : 1 : 1) or
DOPG LUV (RHG : lipid = 1 : 1000) under LUV-binding satura-
tion conditions of RHG (Fig. S117), indicating that c-RHG con-
verted to o-RHG at low pH. The absorption and fluorescence
intensity in the presence of DOPC/DOPE/TOCL (2 :1:1) and
DOPG LUVs saturated below pH ~ 4.0 and ~3.5, respectively,
while they saturated below pH ~ 2.0 in the absence of LUVs
(Fig. S111). However, the intensities of the saturated absorption
and fluorescence spectra increased about 30% upon addition of
DOPC/DOPE/TOCL (2 : 1 : 1) LUVs at pH 3.8 or DOPG LUVs at
pH 3.5 (Fig. S11}), apparently due to changes in the UV-vis
extinction coefficient and fluorescence quantum yield of o-
RHG brought about by the change in polarity.** The intensi-
ties of the absorption and fluorescence spectra were normalized
by dividing the spectra by the maximum absorbance and fluo-
rescence intensities, respectively, of the corresponding pH-
saturated spectra, and the o-RHG/RHG ratios were calculated
using the normalized spectra. The normalized absorption at
539 nm and fluorescence intensity at 560 nm of RHG increased
gradually from 0.044 to 0.44 and 0.065 to 0.45, respectively,
upon increasing TOCL from 5 to 25% in DOPC/DOPE/TOCL
(DOPC : DOPE = 2:1) LUVs at pH 6.5 (Fig. 2A and B), indi-
cating the conversion of c-RHG to o-RHG due to the increase in
acidity at the LUV interface.

The interface pH' values of LUVs were estimated by
measuring the difference in the o-RHG/RHG ratio at the inter-
face and in the bulk (Fig. 2C and D). The apparent difference (4)
between the pH’ at the LUV membrane interface and pH in the
bulk medium is related to the difference in the o-RHG/c-RHG
equilibrium at the interface and in the bulk. A similar value
of 4 = ~0.8 was obtained for DOPG LUVs by the absorption and
fluorescence measurements under all bulk pH conditions
measured (Fig. 2C and D, black and purple curves). For DOPC/
DOPE/TOCL (2 : 1 : 1) LUV, the value of 4 decreased from ~2.1
to ~1.5 and ~1.2 according to absorption and fluorescence
measurements, respectively, upon decreasing the bulk pH from
7.5 to 4.5 (Fig. 2C and D, black and red curves). However, the o-
RHG/RHG ratio and thus 4 are affected by the polarity of the
medium (Fig. S127). The polarity contribution (9) to 4 is esti-
mated from the apparent pH shift caused by the polarity
difference between the interface and the bulk. The LUV inter-
face pH' (pH'int) is obtained from the bulk pH (pHpn), 4, and

6,16c

pH/inf =pHpy +4 -9 (1)
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Fig.2 (A and B) UV-vis absorption and fluorescence spectra of RHG in
the presence of DOPC/DOPE/TOCL LUVs at binding saturation
concentrations (DOPC : DOPE =2 : 1; TOCL, 5, 7.5, 10, 12.5, 15, 17.5,
20, 22.5, and 25% of total lipids) at pH 6.5: (A) UV-vis absorption and (B)
fluorescence spectra. ¢ represents the molar extinction coefficient of
RHG, and ¢4 represents e at 539 nm at pH 3.0. F represents the
fluorescence intensity, and Fleo represents F at pH 3.0. The intensity
changes upon increasing the TOCL ratio in LUVs are shown by arrows.
(C and D) Plots of X,_rug ([0-RHGI/[RHG]) against bulk pH under LUV-
binding saturation conditions (red, DOPC/DOPE/TOCL = 2:1:1;
purple, DOPG): analysed with (C) absorption and (D) fluorescence
spectra. The X_rng plots for RHG are also shown (gray, with 58% (w/w)
ethanol; black, without ethanol). The solid lines represent the least-
squares fitted curves of the plots with sigmoidal-Boltzmann equations.
Measurement conditions: RHG, (A and C) 2.0 uM and (B and D) 1.0 uM;
total lipid, (A and C) 2 mM and (B and D) 1 mM; buffer: citrate—phos-
phate buffer, pH 3.5-5.0, 10 mM cacodylate buffer, pH 5.0-6.0, or
10 mM HEPES buffer, pH 6.0-8.5; temperature, 25 °C.

The interface dielectric constants of 45 and 44 were obtained
for DOPC/DOPE/TOCL (2 : 1: 1) and DOPG LUVs, respectively,
by utilizing an interface polarity detecting Schiff base molecule
(2-((2-(pyridine-2-yl)ethylimino)methyl)-6-(hydroxymethyl)-4-
methylphenol (PMP)) (Fig. S131).>° The dielectric constant of the
buffer solution was adjusted to 44-45 with addition of 58% (w/
w) ethanol at pH 2.0-6.5,* where the 3 value was estimated to be
~0.7 (Fig. 2C and D, gray and black curves). The pH’ values at
DOPC/DOPE/TOCL (2 : 1 : 1) and DOPG LUV interfaces under
various bulk pHs were obtained from eqn (1) and are listed in
Table 1. When the bulk pH was 7.0, the interface pH’ of the
DOPC/DOPE/TOCL (2:1:1) LUV was ~4.1, ~2.9 units more
acidic compared to the bulk pH. Considering these results, the
interface pH’ of the IMM interface may be reduced to ~3.9 when
that of the mitochondrial intermembrane space is ~6.8.
However, the deviation between the interface pH’ and the bulk
pH decreased gradually to ~2.0 upon decreasing the bulk pH to
~4.5 (Table 1), presumably due to protonation of one of the
phosphate groups of TOCL. For the mono-anionic DOPG LUVs,
a ~1.5 unit decrease in interface pH' from the bulk pH was
detected under all bulk pH conditions investigated (pH 4.0-6.5)
(Table 1).

We isolated mitoplasts from horse heart muscle, and tried to
estimate the interface pH’ with RHG at pH 6.8. However, the
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Table 1 Interface pH’ (pH'inq) values of DOPC/DOPE/TOCL (2:1:1)
and DOPG LUVs at various bulk pHs*

PH'int

DOPC/DOPE/TOCL

(2:1:1) DOPG
pH Abs FL Abs FL
7.50 4.59 £ 0.08 4.60 £ 0.05 — —
7.00 4.10 £ 0.05 4.13 + 0.04 — —
6.50 3.65 £ 0.03 3.75 £ 0.02 4.92 £ 0.06 4.86 £ 0.05
6.00 3.33 £ 0.03 3.41 + 0.02 4.44 + 0.04 4.41 £ 0.03
5.50 2.99 £+ 0.03 3.09 £ 0.02 3.93 £ 0.02 3.95 £ 0.02
5.00 2.68 + 0.04 2.81 + 0.03 3.43 + 0.02 3.44 £+ 0.02
4.50 2.44 £+ 0.07 2.49 £ 0.05 2.97 £ 0.04 2.93 £ 0.03
4.00 — — 2.55 + 0.07 2.39 + 0.06

¢ Interface pH’ values were estimated from the absorption (Abs) and
fluorescence (FL) spectra of RHG at 25 °C.

mitoplast solution exhibited very large absorbances (~1.5) at
the excitation (530 nm) and emission (560 nm) wavelengths of
RHG even at one order lower lipid concentration (~0.1 mM)
necessary for fluorescence saturation (Fig. S141), not allowing
us to measure the RHG absorption and fluorescence intensity
under LUV-binding saturation conditions (lipid concentrations
> ~1 mM). Thus, we made LUVs with lipids extracted from
mitochondrial membranes, where the interface pH’ of the LUVs
made with extracted mitochondrial lipids was ~4.5 at bulk pH
6.8 (Fig. S151).

A similar amount of c-RHG-to-0-RHG conversion was ob-
tained between DOPC/DOPE/TOCL (2 : 1 : 1) and DOPC/TOCL
(3:1) LUVs for a wide range of pH (4.0-8.0) (Fig. S16t%),
showing that DOPE does not influence RHG binding to LUVs at
pH 4.0-8.0. We obtained the fluorescence intensity of RHG (1
puM) under fluorescence saturation conditions with high LUV
concentrations for all the measurements (total lipid, 1 mM;
Fig. S177). The interface pH’ decreased as the TOCL% in DOPC/
DOPE/TOCL LUVs was increased at pH 5.5-7.0 (Fig. S18Af).
However, using DOPC/DOPE/TOCL LUVs with constant DOPC
and DOPE concentrations but different TOCL concentrations
([DOPC] = 360; [DOPE] = 180 pM; TOCL 60-290 uM) under
saturated RHG fluorescence intensity conditions at bulk pH 6.5,
the plots of the interface pH' against the TOCL% in LUVs were
similar to those obtained with a constant total lipid concen-
tration (1 mM) (Fig. S18BY). These results indicate that the
increase in the negative charges in LUVs causes a decrease in
the interface pH'.

It has been reported that the pH' values at the anionic
interfaces of amphiphilic self-assemblies are lower than the
bulk pH.'** The o-RHG/RHG ratios at the interfaces of DOPC/
DOPE/TOCL (DOPC/DOPE = 2:1; TOCL = 5-25%) and
DOPC/DOPG (DOPG = 8-100%) LUVs increased for higher
TOCL% and DOPG% (Fig. 2A and B, and S197), strongly sup-
porting the hypothesis that the negative charges of the anionic
lipids at the interfaces are responsible for the decrease in pH’ at
the interfaces compared to the bulk pH. [H'] values at the LUV

This journal is © The Royal Society of Chemistry 2019
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interface, calculated from the interface pH’ (Fig. S18 and S197),
were higher than those in the bulk by ~40- and ~50-fold at pH
6.5 and 7.0, respectively, even for DOPC/DOPE/TOCL
(DOPC : DOPE = 2:1) LUVs containing 5% TOCL (Fig. 3A).
Upon increasing TOCL% from 5 to ~25% in DOPC/DOPE/TOCL
LUVs, the ratio of [H'] between the interface and the bulk
increased linearly to ~700 and ~800 at bulk pH 6.5 and 7.0,
respectively (Fig. 3A). For DOPC/DOPG LUVs containing 25%
mono-anionic DOPG, the [H'] ratio between the interface and
the bulk was ~5 at bulk pH ~ 5.0, and only a ~35-fold increase
was detected for DOPG LUVs at 100% DOPG (Fig. 3). For an
anionic lipid membrane, the negatively charged headgroups of
the lipids at the membrane interface may interact electrostati-
cally with H', whereas they repel OH™. [H'] and [OH ] may
increase and decrease, respectively, at the interface compared to
those in the bulk phase, while [H'] and [OH ] remain
unchanged in the bulk (Fig. 4). However, a deviation (~2.9)
about twice as large between the interface pH' and bulk pH was
observed for DOPC/DOPE/TOCL (2 : 1 : 1) LUV compared to that
(~1.5) for DOPG LUV, although the DOPG ratio in DOPG LUV
was four times higher than the TOCL ratio in DOPC/DOPE/
TOCL LUV, showing that the local negative charges of the
lipid headgroup affect the interface pH' significantly (Fig. 4).

H' concentration at the interface of the LUV membrane in the
presence of cyt ¢

The effect of cyt ¢ binding to TOCL on the interface pH' was
estimated at bulk pH 6.5 and 7.0 in the presence of oxidized
horse cyt ¢ (0.5-5.0) at a low TOCL concentration (10 puM) in
DOPC/DOPE/TOCL (2 :1: 1) LUVs to avoid cyt ¢ precipitation
(Fig. 5 and S207). A concentration of 0.05 uM was used for RHG
to satisfy the fluorescence intensity saturation by LUV binding.
The fluorescence intensity decreased a little, but less than 10%,
for all the pH conditions studied (pH 2.5 to 5.3) (Fig. S211). The
fluorescence spectra of 0-RHG in the presence of cyt ¢ were
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Fig. 3 Ratio between interface [H*] and bulk [H*1 ((H*Tine/[H ouu)
plotted against the molar ratio of charged lipids (XtocL/pops and
Xpora). (A) Plots of [H*1in¢/[H 1 against TOCL ratio (ITOCLI/(IDOPC]
+ [DOPE] + [TOCL])) for DOPC/DOPE/TOCL LUVs (total lipid, 2.0 mM)
at various bulk pHs: dark yellow, pH 6.0; blue, pH 6.5; red, pH 7.0. The
DOPC : DOPE ratio was kept constant at 2 : 1. The plots of [H™]in¢/
[H*lpu against DOPG ratio for DOPG/DOPC LUVs at pH 5.0 are also
shown (black). (B) Extended plots of [H*li/[H*Tpui against DOPG ratio
for DOPG/DOPC LUVs. The absorption intensities of RHG were
saturated under the TOCL and DOPG concentrations used.
Measurements were performed at 25 °C.
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Fig.4 Schematic representation of H* and OH ™ concentrations at the
interface of a CL-containing LUV (yellow, CL; light blue, DOPC and
DOPE) and the bulk medium. The peroxidase reactivity of cyt c (violet)
is enhanced at the membrane interface due to a higher H* concen-
tration than that in the bulk.
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Fig. 5 Interface pH' (—log[H*]) of DOPC/DOPE/TOCL (2 :1:1) LUVs
(total lipid, 0.04 mM) plotted against cyt ¢ concentration at 25 °C in
10 mM HEPES at various pHs: blue, pH 6.5; red, pH 7.0. The plots of
interface pH’ in the absence of cyt c at pH 6.5 and 7.0 are depicted in
red and blue broken lines, respectively, for comparison.

calibrated taking into account of the quenching effect by cyt ¢
(Fig. S20C and D), and the interface pH' at each concentration
of cyt ¢ was obtained from the calibrated spectra (Fig. 5). By
increasing the cyt ¢ concentration from 0 to 1.5 pM at pH 7.0,
the interface pH' decreased gradually from 4.07 to 3.86, fol-
lowed by a gradual increase until it saturated at ~4.51 at cyt ¢
concentrations higher than 4.0 uM (Fig. 5). Although a similar
trend was observed at pH 6.5, a smaller interface pH' decrease
from 3.69 to 3.59 was detected upon increasing the cyt ¢
concentration from 0 to 1.0 uM (Fig. 5). Positively charged cyt ¢
interacts electrostatically with negatively charged TOCL, form-
ing TOCL-enriched lipid domains in LUVs (Fig. 4).>* When the
concentration of TOCL is significantly higher than that of cyt ¢
(TOCL concentration, 10 puM; cyt ¢ concentration, <1.5 uM), the
negative charge density at the TOCL-enriched domain may be
higher compared to that of a homogeneous distribution
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domain, even though the negative charge density of the TOCL-
enriched domain can be partially reduced by the positively
charged cyt c. As a result, the increase in the negative charge
density at the interface due to accumulation of TOCL may
contribute to the decrease in the interface pH’ upon addition of
0.5 to 1.5 uM cyt c. At high cyt ¢ concentrations (>1.5 uM), the
effect of cyt c on the decrease in the negative charge density may
supersede that by TOCL clustering, inducing an increase in the
interface pH' (Fig. 5). However, the interface pH’ saturated at
~4.18 and ~4.51 at bulk pH 6.5 and 7.0, respectively, upon
addition of cyt ¢ with concentrations higher than 4.0 uM, sug-
gesting saturation of cyt ¢ binding to LUVs.

Effect of pH’' decrease at the cardiolipin-containing LUV
interface on the peroxidase activity of cyt ¢

Recently, theoretical calculations have shown that the charge
density 2-3 nm away from the interface of a 100 nm diameter
nanoparticle does not alter significantly.** Cyt c is localized at
the IMM interface and its diameter is 2-3 nm. Thus, cyt ¢ may
experience a pH' close to ~3.9 at the IMM interface (Fig. 4). It
has been reported by NMR studies that only a certain number of
cyt ¢ molecules may exist in the TOCL-bound state in the pres-
ence of TOCL-containing LUVs, while the other cyt ¢ molecules
exist in the free state, indicating an equilibrium for cyt ¢ binding
to the TOCL-containing LUVs.** However, the H" concentration
may affect the stability and function of cyt ¢ at the IMM. At pH
below 3.0, cyt ¢ exists in the molten globule and denatured
states in the presence of high and low salt concentrations,
respectively, according to circular dichroism (CD), differential
scanning calorimetry (DSC), and small angle X-ray scattering
measurements.** The structures of various partially unfolded
intermediate states of cyt ¢ have been determined during alka-
line pH-dependent unfolding using the fluorometric photon
counting histogram model.*®> We obtained an approximate
folded-to-unfolded transition temperature (Ty,) of cyt ¢ from the
DSC thermogram as in other papers (Fig. S221),* although cyt ¢
aggregation was detected in the DSC thermogram at all pH
values studied (pH 3.9-6.8) at high temperatures (Fig. S22 and
S23%). Try, decreased from 81 °C to 71 °C upon lowering the pH
from 6.8 to 3.9, whereas it did not change significantly at pH 5.3
(~80 °C) (Fig. S221), indicating that the stability of cyt ¢
decreases when it is bound to the IMM interface. Upon inter-
action with mono-anion-containing lipid membranes, cyt ¢ may
not destabilize significantly, owing to the pH' at the membrane
interface not changing appreciably from the bulk pHT).
However, the peroxidase activity of cyt ¢ increases when the
Met80-heme iron coordination is cleaved or perturbed signifi-
cantly.’” A decrease in the 695 nm absorbance, which is related
to the Met80-heme iron coordination bond, was observed when
decreasing the pH from 6.8 to 3.9 in the presence of H,0, and 2-
methoxyphenol, indicating that the Met80-heme iron bond was
perturbed under high H' concentration environments, such as
the IMM interface (Fig. S247).

The product formation 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
is frequently used as a model substrate in the oxidation reaction

rates for
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of heme proteins;?*** thus the oxidation of ABTS (40 uM) by cyt
¢ (5 uM) in the presence of H,O, (0—4 mM) was monitored at
730 nm (730 ~ 14 mM ™' cm™').* The steady-state rate (kops)
increased linearly from 0.09 to 0.65 s~' upon increasing the
H,0, concentration from 0.5 to 4 mM at pH 6.8, indicating that
ABTS oxidation followed a bimolecular kinetics (Fig. 6). We
estimated the effect of interface pH' on the cyt ¢ peroxidase
activity for DOPG and DOPC/DOPE/TOCL LUVs (DOPC : DOPE
=2:1; CL, 10—50% of total lipid) containing various mol% of
a different CL, TOCL or TMCL. The product formation rate of
the cyt ¢ peroxidase reaction increased in the presence of DOPC/
DOPE/TOCL (2:1:1) LUVs upon increasing the TOCL
concentration up to 0.2 mM and did not change further up to
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Fig. 6 H>O, concentration-dependent horse cyt c-catalysed ABTS
oxidation reaction parameters in the presence of DOPC/DOPE/CL
LUVs containing different CL% or DOPG LUVs (circles, solid line) and in
the absence of LUVs (squares, broken lines). (A, C, and E) Plots of
observed reaction rate ks against H,O, concentration and (B, D, and
F) plots of inverse of reaction rate against inverse of H,O, concen-
tration: (A and B) in the presence of DOPG LUVs (lipid, 0.5 mM) at bulk
pH 6.8 and in the absence of LUVs at pH 5.3 (purple); (C and D) in the
presence of DOPC/DOPE/TOCL LUVs (DOPC : DOPE=2:1, TOCL =
10% (blue), 25% (red) and 50% (green) of total lipids; TOCL = 0.25 mM)
at bulk pH 6.8 and in the absence of LUVs at pH 4.3 (blue), 3.9 (red), and
3.6 (green); (E and F) in the presence of DOPC/DOPE/TMCL LUVs
(DOPC : DOPE = 2 : 1, TMCL = 10% (blue), 25% (red) and 50% (green)
of total lipid; TMCL = 0.25 mM) at bulk pH 6.8 and in the absence of
LUVs at pH 4.3 (blue), 3.9 (red), and 3.6 (green). The plots in the
absence of LUVs at pH 6.8 are represented in black for comparison in
(A—F). The initial reaction rate was obtained by spectrophotometric
measurement of ABTS oxidation. The oxidation rate of ABTS in (A, C,
and E) agrees with the equation for a bimolecular reaction: kops =
kileyt cllH05] = kopsleyt ¢l (kops = k1[H205]). Reaction conditions: cyt
¢ concentration, 5 uM; H,O, concentration, 0-4 mM; ABTS concen-
tration, 40 uM; 25 °C.
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~0.28 mM, followed by a gradual decrease, apparently due to
the degradation of cyt ¢ (Fig. S25t).** Thus, we used a constant
concentration (0.25 mM) for TOCL and TMCL, exhibiting
a relatively high cyt ¢ peroxidase activity, and measured the cyt ¢
peroxidase activity in the presence of LUVs with different CL
ratios. DOPG LUVs (total lipid, 0.5 mM) were used as a reference
by adjusting the total negative charge to that of DOPC/DOPE/
TOCL LUVs (DOPC : DOPE = 2 : 1). A similar pH dependence
of the interface pH' was observed for LUVs containing TMCL
(pH' 4.25, 3.95, and 3.55 for LUVs containing 10, 25, and 50%
TMCL, respectively) and those containing TOCL (pH' ~ 4.32,
3.90, and 3.61 for LUVs containing 10, 25, and 50% TOCL,
respectively) (Fig. S267).

Similar to the Kitz-Wilson double-reciprocal plots,** peroxi-
dase activity constants, k., and K,,, were obtained from the
intercept (1/k.a¢) and slope (Kn/kcar) of the plots of the inverse of
product formation rate (1/k.ps) against inverse of H,O,
concentration, according to the following equation.

1/kobs = l/kcat + (Km/kcat) X 1/[H202], (2)

where k., represents the turnover number and K, represents
the Michaelis-Menten constant. Due to the suicidal nature of
cyt ¢ during the catalytic process, the product formation rate
was obtained from the initial reaction rate.

In the presence of DOPC/DOPE/TMCL LUVs (DOPC : DOPE
= 2: 1), the cyt ¢ peroxidase activity increased 5 to 7 fold upon
addition of LUVs depending on the TMCL% in the LUVs (Fig. 6
and Table 2). However, only a ~2 fold increase in peroxidase
activity was detected in the presence of DOPG LUVs (Fig. 6A and
B). To evaluate the effect of pH decrease at the LUV interface on

Table 2 Kinetic parameters for ABTS oxidation by the peroxidase
reaction of cyt ¢ in the presence of DOPC/DOPE/TOCL LUVs con-
taining TOCL or TMCL (TOCL or TMCL = 0.25 mM) and DOPG LUVs
(0.5 mM) at pH 6.8, and those in the absence of LUVs at bulk pH
corresponding to the interface pH'. Measurements were performed at
25°C

Interface

LUV Bulk pH pH’ keat 571 K (UM)

None 6.80 2.0 £ 0.1 10.0 + 0.4
DOPG 6.80 5.30 4.7 £ 0.2 11.8 £ 0.5
None 5.30 5.5 4 0.2 12.3 £ 0.5
10% TOCL? 6.80 4.32 11.3 £ 0.4 12.7 £ 0.5
None 4.32 — 11.2 4 0.4 14.0 + 0.6
25% TOCL® 6.80 3.90 15.5 £ 0.5 13.5 £ 0.5
None 3.90 — 14.4 £ 0.5 13.2 + 0.6
50% TOCL® 6.80 3.61 31.9 £ 1.0 14.0 £ 0.5
None 3.61 15.9 4+ 0.5 14.1 4 0.5
10% TMCL? 6.80 4.25 10.3 £ 0.4 12.1 £ 0.5
None 4.25 11.1 4 0.4 11.9 + 0.5
25% TMCL? 6.80 3.95 13.7 £ 0.5 13.5 £ 0.5
None 3.95 12.9 4+ 0.5 13.3 + 0.5
50% TMCL? 6.80 3.55 15.7 £ 0.5 13.9 £ 0.6
None 3.65 15.5 4+ 0.5 13.7 £ 0.5

“ DOPC/DOPE/TOCL LUVs (DOPC : DOPE = 2 : 1, TOCL = 10, 25, and
50% of total lipids). > DOPC/DOPE/TMCL LUVs (DOPC : DOPE = 2: 1,
TMCL = 10, 25, and 50% of total lipids).
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the peroxidase activity, we measured the peroxidase activity in
the absence of LUVs at bulk pH identical to the interface pH'.
Interestingly, the kinetic parameters (k... and K,,) at pH 6.8 in
the presence of DOPC/DOPE/TOCL (DOPC:DOPE = 2:1,
TOCL = 10—25%), DOPC/DOPE/TMCL (DOPC : DOPE = 2: 1,
TMCL = 10-50%), and DOPG LUVs were similar to the corre-
sponding values obtained in the absence of LUVs at pH values
corresponding to the interface pH' (Fig. 6 and Table 2) (Fig. 6C-
F and Table 2). However, the k., in the presence of LUVs con-
taining relatively high TOCL% (>50%) was ~2-fold higher than
that estimated by the pH decrease (Fig. 6C and D, and Table 2),
indicating that other factors than the interface pH’ affect the
peroxidase activity of cyt c¢. Related to this, protein modification
of cyt ¢ may also affect its peroxidase activity.**

It has been reported that the peroxidase activity of cyt ¢
increases dramatically upon interaction with TOCL, due to the
opening of the protein upon breaking of the Met80-heme iron
bond and increase in ligand accessibility to the heme.?*4
Additionally, docking studies of cyt ¢ with TOCL have shown
that C11 of CL can bind to cyt ¢ at a position adjacent to the
heme.”” Full binding of cyt ¢ to a membrane requires a cyt
¢ : TOCL threshold ratio of 1:5 for cyt ¢ to gain peroxidase
activity.”> The structure of cyt c is perturbed significantly when it
interacts strongly with TOCL-containing membranes.?* There
are three possible TOCL binding sites of cyt ¢ containing posi-
tive amino acid residues (Lys, His and Asp), and the heme
crevice is opened to substrates by the simultaneous binding of
two sites, at opposing sides to the heme, to the membrane.” A
~50-fold increase in the cyt ¢ peroxidase activity has been re-
ported for the reaction of cyt ¢ (40 pM) with H,O, (100 pM) and
etoposide (700 uM) upon addition of DOPC/TOCL (1 : 1) LUVs
(total lipid, 400 puM), due to a change in the protein struc-
ture.??** On the other hand, it has been reported that the
peroxidase activity increases ~15-fold for the reaction of cyt ¢ (1
uM) with H,0, (100 uM) upon addition of DOPC/TOCL (1 : 1)
LUVs (total lipid, 250 uM).** Although the peroxidase activity of
cyt ¢ at the membrane interface of TMCL-enriched LUVs (50% of
total lipid) was similar to that estimated from the interface pH’,
the cyt ¢ peroxidase activity was higher than that estimated from
the interface pH’ for TOCL-enriched LUVs (Fig. 6 and Table 2),
supporting the hypothesis that cyt ¢ opens the heme crevice to
substrates when interacting with TOCL. We conclude that the
peroxidase activity of cyt ¢ increases due to both the pH decrease
at the interface and the cyt ¢ structural perturbation caused by
the interaction with TOCL.

Conclusions

We demonstrate that RHG, an interface H' concentration-
sensing probe, can be used to measure the proton concentra-
tion (—log[H"], defined as pH’) at lipid membrane interfaces by
monitoring the change in its acid/base equilibrium between the
Stern layer and the bulk. The interface pH' for CL-enriched
membrane models of the IMM is evaluated to be ~3.9, while
the mitochondrial intermembrane space pH is ~6.8. The large
decrease in pH at the interfaces of the IMM model membranes
compared to the bulk pH may enhance the peroxidase activity of
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cyt ¢ by a factor of 5-7 fold. However, the peroxidase activity of
cyt ¢ increased not only because of the decrease in the interface
pH’ but also due to the structural perturbation of cyt ¢ when
interacting with TOCL, whereas there was no additional
increase in the peroxidase activity from that estimated from the
interface pH' when interacting with TMCL. Considering these
results, we added information on interface pH' to the peroxi-
dase activity of cyt ¢ at negatively charged membranes. These
results also show that the inherent simplicity of our method for
H' concentration detection can be widely applied to various
biological membrane interfaces.

Experimental
Materials and general procedures

DOPC, DOPG, and DOPE were purchased from NOF Co. (Tokyo,
Japan). TOCL and TMCL were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Horse cyt ¢, ABTS, and 2-methox-
yphenol were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cyt ¢ was purified by gel filtration chromatography
(Superdex 75, GE Healthcare, Sweden) before performing
spectroscopic measurements. Different buffer compositions
were used to obtain specific medium pH: pH 1.5-5.0, sodium
citrate-phosphate buffer (a mixture of sodium phosphate and
sodium citrate solutions); pH 5.0-6.0, sodium cacodylate buffer;
PH 6.0-8.3, HEPES buffer. The pH value was adjusted by addi-
tion of 1.0 M NaOH or 1.0 M HCI, if necessary.

Syntheses of a spiro-rhodamine-glucose molecule and
a Schiff-base molecule

A spiro-thodamine-glucose molecule (RHG)* and a Schiff-base
molecule (PMP)* were prepared according to earlier proce-
dures. Briefly, spiro-rhodamine 6G hydrazide was prepared by
the reaction of rhodamine 6G hydrochloride with hydrazine in
ethanol. The condensation reaction between rhodamine 6G
hydrazide and glucose was performed in the presence of p-
toluene sulfonic acid. The product was purified by silica gel
column chromatography followed by rotary evaporation. Stock
aqueous RHG solutions were used for all absorption and fluo-
rescence experiments. The purity of RHG was confirmed by the
"H NMR spectrum in DMSO-d; (Fig. S271). PMP was synthesized
by the condensation reaction between 2-hydroxy-3-
(hydroxymethyl)-5-methylbenzaldehyde and 2-(2-aminoethyl)-
pyridine.

Purification of mitochondria and mitochondrial lipids

Horse heart meat chunks (200 g) were placed in 0.6 L of 10 mM
sodium phosphate buffer, pH 8.0, containing 250 mM sucrose
and 0.1 mM EDTA, and blended with a food processor (TK430,
TESCOM) for 2 min. The blended sample was centrifuged at
900g for 10 min, and the supernatant was filtered with 2 layers
of gauze to remove the fat. After adjusting the pH of the solution
to 7.4 with 3 M NaOH, the solution was centrifuged at 7000g for
10 min. The precipitate was suspended in 25 mL of 10 mM
sodium phosphate buffer, pH 7.4, containing 150 mM NacCl.
The suspended solution (25 mL) was homogenized twice with
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a tissue grinder (WHEATON) and centrifuged at 7600g for
10 min. The supernatant was removed with a pipette, and the
brown precipitate was suspended in 25 mL of 10 mM Tris-HCl
buffer, pH 7.4, containing 70 mM sucrose and 210 mM
mannitol. The suspended solution was homogenized twice with
the tissue grinder and centrifuged at 7600g for 10 min. The
supernatant was removed with a pipette, and the brown
precipitate was suspended in 4 mL of 5 mM sodium phosphate
buffer, pH 7.4, containing 10 mM KCl, 2 mM MgCl,, 70 mM
sucrose, 0.2 mM EDTA, and 210 mM mannitol, obtaining
mitochondria. To extract lipids from mitochondria, a mixture of
chloroform (20 mL), methanol (40 mL), and pure water (12 mL)
was added to the mitochondrial solution, and mixed for 2 min.
Additional chloroform (20 mL) was added to the solution
mixture, and the solution was mixed for 30 s. Subsequently,
pure water (20 mL) was added to the sample solution, and the
solution was mixed for another 30 s (the final proportion of
chloroform, methanol, and water was 2 : 2 : 1.8).*” The sample
was filtered through filter paper on a Buchner funnel and
transferred to a separatory funnel. After allowing a few minutes
for complete separation and clarification of the solutions, the
chloroform layer containing the mitochondrial lipids was
collected.

Preparation of LUVs

Lipid components of DOPG, DOPC, DOPE, DOPC/DOPG
(DOPG, 8-95%), DOPC/CL (3:1), DOPC/DOPE/CL
(DOPC : DOPE = 2:1; CL (TOCL/TMCL), 5-50% of total
lipids), or lipids separated from mitochondria were dissolved in
chloroform in a flask. The chloroform solvent was removed with
arotary evaporator at 40 °C, forming a thin lipid film on the wall
of the flask. Residual chloroform in the thin lipid film was
completely removed by drying in vacuo for 3 h. The lipids were
hydrated by addition of a buffer with desired pH (2.0-8.3) at
40 °C. The lipid solution was mixed with a vortex mixer for
~2 min for complete dissolution of the lipids. Seven cycles of
freeze-and-thaw were performed at —196 and 50 °C to obtain
multilamellar vesicles (MLVs). MLVs were extruded 15 times
through two stacked polycarbonate membrane filters (pore size,
100 nm) equipped in a Liposo Fast mini extruder (Avestin, USA)
to adjust the diameter of LUVs to 100 nm.

Formation and microscopic observation of GUVs

A DOPC/DOPG (1 : 2) or DOPC/DOPE/TOCL (2 : 1 : 1) mixture
was dissolved in chloroform in a cylindrical container. A thin
lipid film was prepared on the wall of the container as descried
above. The lipid film was hydrated with 1 mM HEPES buffer, pH
6.5, containing 200 mM sucrose by placing the buffer gently on
the lipid film at 30 °C and incubating overnight, resulting in the
formation of GUVs (=1 um in diameter).

RHG (0.3 pM) was added to GUVs (total lipid, 500 pM) in
1 mM HEPES buffer, pH 6.5. The solution containing RHG
and GUVs was incubated for at least 30 min to obtain uniform
fluorescence intensities among different GUV surfaces. GUVs
were imaged at room temperature using an Olympus IX 71
microscope (Olympus, Center Valley, PA, USA). An Olympus

This journal is © The Royal Society of Chemistry 2019
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60x/1.4 NA Plan Apo oil immersion lens was used as an
objective lens. Excitation light was obtained using an Hg
lamp with a U-MWIY2 filter set (Olympus; excitation wave-
length, 545-580 nm). Microscopic images were recorded
using an Orca-Flash2.8 Scientific CMOS Camera (Hama-
matsu, Japan).

'H-NMR measurements

'"H-NMR spectra were measured in DMSO-dg and D,O in the
presence and absence of DOPC/DOPE/TOCL (2 : 1 : 1) or DOPG
LUVs (total lipids, 15 mM) with a 300 MHz or 500 MHz NMR
spectrophotometer (Bruker, USA) using tetramethylsilane (6 =
0) as a standard. The pD of the D,O medium in the presence and
absence of LUVs was adjusted to 4.5-6.5 by addition of 0.01 M
CF,COOH.

Absorption and fluorescence measurements

The UV-vis optical absorption and fluorescence measurements
were performed with a UV-2450 spectrophotometer (Shimadzu,
Japan). Fluorescence measurements were performed with
a PerkinElmer LS-55 spectrofluorimeter (PerkinElmer, USA) or
a Fluoromax-4 spectrophotometer (HORIBA, USA). RHG (0.05-
2.0 uM) was mixed with LUVs (total lipids, 0-2.0 mM), and the
UV-vis absorption spectra (RHG, 2 uM) and fluorescence spectra
(RHG, 0.05-1.0 uM) were measured at 25 °C in the presence and
absence of cyt ¢ (0.5-5.0 uM) with and without DOPC/DOPE/CL
LUVs (DOPC : DOPE = 2:1; CL (TOCL/TMCL), 5-50%). The
spectra were also measured for DOPC/TOCL (3 : 1) LUVs and
LUVs of mitochondrial lipids at pH 3.0-8.3, DOPC and DOPE
LUVs at pH 3.5-5.0, DOPC/DOPG and DOPG LUVs (DOPG, 8-
100%) at pH 2.0-7.0, and buffers containing ethanol (35-58%
(w/w)) at pH 1.5-6.0. The fluorescence spectrum of RHG was
corrected by subtracting the background intensity. The UV-vis
absorption/fluorescence spectra were normalized by dividing
them by the intensities of the corresponding spectra at 532/
554 nm in the buffer medium and 539/560 nm in the buffer
containing LUVs or ethanol, where the intensities were satu-
rated by lowering the pH. The saturated spectra used for the
calculations were measured at pH 3.0 for DOPC/DOPE/CL LUVs
(DOPC : DOPE = 2 : 1; CL (TOCL/TMCL), 5-50%) and LUVs of
mitochondrial lipids, pH 2.0 for DOPC, DOPE, DOPG and
DOPC/DOPG LUVs, and pH 1.5 for buffers containing ethanol.
The plots of normalized intensities vs. bulk pH were fitted with
sigmoidal-Boltzmann equations. The bulk and interface H"
concentrations were calculated from the bulk pH and interface
pH’ values, respectively.

The UV-vis absorption spectra of PMP were measured in the
presence and absence of DOPC/DOPE/CL (2:1:1), DOPC/
DOPE (2 : 1), DOPC, or DOPG LUVs (total lipid, 3 mM) and
LUVs of lipids from the mitochondrial membranes in 10 mM
HEPES buffer, pH 6.5. The dielectric constant (D) at the LUV
interface was estimated using the following relation as reported
previously.*

8420D/84208'0 =042xD—-18 (3)
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The extinction coefficient at 420 nm for the buffer containing
LUVSs (e420") was divided by that for THF (g45,°°), where D of
THEF is 8.0.

The UV-vis absorption spectra of cyt ¢ (10-20 pM) in the 600-
800 nm region were measured in the presence of H,O, and 2-
methoxyphenol (5 pM) at pH 3.9, 5.3, and 6.8 in citrate-phos-
phate buffer (a mixture of 10 mM sodium phosphate and 10 mM
sodium citrate solutions), 10 mM cacodylate buffer, and 10 mM
HEPES buffer, respectively, at 25 °C.

Determination of the fluorescence quantum yield

The fluorescence quantum yields of RHG (1 uM) in the presence
of DOPC/DOPE/TOCL LUVs (total lipid, 1 mM) containing
various TOCL% (5-25% of total lipids) were determined by
adapting the procedure described previously.* In brief, 9,10-
diphenylanthracene in ethanol was used as the reference fluo-
rophore with fluorescence quantum yield (¢,) = 0.95. The
fluorescence quantum yield of RHG (¢s) in the presence of LUVs
was measured by using the following equation:

¢s = (A Fsnd AFn,) X ¢ (4)

where A is the absorbance at the excitation wavelength, F is the
integrated emission area, and n is the refractive index of the
solvent used. Subscripts refer to the ethanol (r) and LUV (s)
media.

Binding assay of RHG to LUVs

After mixing RHG (2.0 uM) with DOPC/DOPE/TOCL (2:1: 1)
LUVs (total lipid, 2 mM) at pH 4.5-8.0, unbound RHG molecules
were collected with a centrifugal filter (Amicon Ultra, Millipore;
cut-off, 100k MW). The amount of RHG in the filtrate was
calculated from the concentration of unbound RHG estimated
by measuring the UV-vis absorption spectrum after adjusting
the pH to 2.0.

DSC measurements

DSC thermograms of oxidized horse cyt ¢ (100 uM) at pH 3.9,
5.3, and 6.8 in citrate-phosphate buffer (a mixture of 10 mM
sodium phosphate and 10 mM sodium citrate solutions),
10 mM cacodylate buffer, and 10 mM HEPES buffer, respec-
tively, were measured with a VP-DSC calorimeter (MicroCal, GE

Healthcare) at a scan rate of 1 °C min™".

Peroxidase activity measurements

The catalytic steady-state kinetics of ABTS oxidation was
investigated with a UV-2450 spectrophotometer (Shimadzu) at
25 °C. The oxidation of ABTS (40 uM) with H,O, (0-4 mM) was
catalyzed by oxidized horse cyt ¢ (5 uM) at pH 3.6-4.3, 5.3, and
6.8 in citrate-phosphate buffer (a mixture of 10 mM sodium
phosphate and 10 mM sodium citrate solutions), 10 mM
cacodylate buffer, and 10 mM HEPES buffer, respectively. The
steady-state reaction rates were obtained by monitoring the
absorbance at 730 nm using a molar absorption coefficient of
14 mM~' em ™' for ABTS oxidation.*® The reaction rate was
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determined from the initial reaction. Each experiment was
repeated at least three times.
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Glutathione-selective “off-on” fluorescence
response by a probe-displaced modified ligand
for its detection in biological domainsf

Partha Pratim Parui, & ** Ambarish Ray, () ** Sanju Das,®® Yeasmin Sarkar,®
Tanaya Paul,“ Snigdha Roy,? Rini Majumder® and Jaya Bandyopadhyay®©

The detection of a specific biothiol in a mixture of biothiols is a challenging task because of their similarity in
structure and reactivity. To discriminate between glutathione (GSH) and cysteine (Cys)/homocysteine (Hcy) at
physiological pH, the fluorometric “off-on" displacement approach was adopted, utilizing a Cu(i)-complex of a
Schiff-base ligand (Ly) containing a phenolic aldimine group attached to a triazole moiety along with a dangling
benzylic alcohol branch. The weakly fluorescent Ly (quantum yield (¢f) ~ 0.006) formed a non-fluorescent 1:1
Cu(i)/Ly stoichiometric complex (1) and remained as a dimeric [Cu-L4],%" species in an aqueous medium.
The Cu(i)-centre in 1 is highly susceptible to interactions with the —SH moiety of biothiol to participate in
demetallation reactions. Unlike other solvents, the GSH-induced decomplexation of 1 generates strong
fluorescence intensity in an aqueous medium, indicating the liberation of the modified Ly (Ly/).
Experimental evidence suggests that the benzylic alcohol moiety of L, is itself oxidized to the formyl
group during the course of the GSH interaction with 1. However, Cys/Hcy liberates Ly by the partial
decomplexation of 1 (~40%) in the usual displacement pathway to exhibit an intensity increase of less
than 5% in comparison to GSH under similar experimental conditions. Unlike L;, there was an acidity
increase by about 2.5 pH units for the phenolic-OH of Ly’ (pK, ~ 7.0) with ~65% phenol to fluorophoric
phenolate conversion at pH 7.3, attributed to a large GSH-induced increase in the fluorescence intensity
(pr = 0.18). It is proposed that GSH induced a comparatively rapid attack at the Cu(i) center in 1,
favouring the possibility for radical generation resulting in ligand modification of Ly’ along with
decomplexation. This is the first report of a biothiol-selective ligand modification exhibiting an “off-on”
fluorescence response in the displacement strategy. For biogenic GSH detection and its effect on different
biothiol quenchers, in vivo fluorescence imaging was carried out in the multicellular domain on Caenorhabditis
elegans (C. elegans), as well as in living human neuroblastoma SH-SY5Y cells. GSH depletion in the presence of
a pain killer drug, acetaminophen, was also monitored for C. elegans.

in GSH level can lead to leukocyte loss, AIDS, heart problems,
neurological disorders and other ailments.®® The excessive use

Biological thiols, including glutathione (GSH), cysteine (Cys),
and homocysteine (Hcy), are essential for controlling many
fundamental biochemical processes.’™ A number of studies have
shown that different biothiols and their biological functions are
highly interrelated.>* A high GSH concentration in cells
(1-10 mM) acts as a vital endogenous antioxidant to protect
the cells from undesired toxins and free radicals.” The change
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of certain drugs including apparently safe painkillers may
deplete the normal GSH levels in liver and kidney cells resulting
in severe multi-organ damage."® Therefore, a precise estimation
of in vivo GSH concentration is very important. However, the
accurate detection of GSH in the presence of Cys/Hcy is highly
challenging due to their close similarity in chemical reactivity.'*
In addition, the inter-convertibility equilibrium among the
biothiols in cells makes the detection of GSH more complicated
under in vivo conditions.">

For selective biothiol detection, the fluorescence technique
is highly advantageous due to its high sensitivity, rapid sensing
ability, low-detection limit and suitability for bio-imaging."*™*> To
date, a number of small organic fluorescent probes have been
designed for the detection of GSH by excluding Cys and Hcy.'* >

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Among them, Yoon and co-workers reported sulfonamide group-
attached cyanine-based near-infrared fluorescent molecules for
the detection of in vivo GSH concentration."® The probe was also
exploited to determine the reduction of GSH levels in mouse
tissue by injecting a large amount of pain killer, acetaminophen
(APAP). Other GSH induced fluorescence “off-on” behavior for
rhodamine/BODIPY/coumarin-based probes with effective cell
imaging facilities were reported by different research groups.”’>>
However, in most cases, the requirement for a toxic organic medium
to solubilize the giant organic probe molecule in a buffer can be a
major concern for GSH detection in biological systems. In this
regard, nontoxic ionic metal complexes that are soluble in a pure
aqueous medium are more purposeful. Commonly, a suitable
fluorophoric ligand is chosen for complexation to generate the
cationic probe in its ‘off mode’ fluorescence sensing, which on
interaction with the -SH moiety of the specific biothiol under-
goes subsequent decomplexation to liberate the fluorescent
ligand in its ‘on-mode’ of sensing. This approach to detection
is known as the “co-ordination complex-based displacement
approach”.*?

Using a similar route, we recently reported a number of
fluorescent probes by choosing cationic Cu(u) chromophores in
aqueous medium.”*?® The difference in decomplexation ability
among different biothiols was exploited to detect specific biothiols.
However, the magnitude of decomplexation for apparently less
reactive biothiols may considerably increase in high concentration.
Therefore, the detection of specific biothiols in the heterogeneous
distribution of different biothiols under in vivo conditions is not
always straightforward and convincing. Herein, we report a unique
displacement strategy, in which the specific biothiol detection
exclusively depends on the modification from non-fluorescent to
highly fluorophoric ligand transformation during the demetalization
process. A dimeric Cu(u) complex (1) of a non-fluorescent Schiff base
ligand (L,) containing a phenolic aldimine group attached to a
triazole moiety with a dangling benzylic alcohol branch was
synthesized and exploited for fluorometric GSH detection via
the “off-on” mode of sensing. A large GSH-induced fluores-
cence intensity enhancement was observed due to the liberation
of a partially modified ligand (L,’) generated by the oxidation of the
benzyl alcoholic moiety of L, into formyl during the demetalization
process. In contrast, Cys/Hcy under similar experimental conditions
liberated unchanged L; during decomplexation to exhibit a
negligibly small amount of fluorescence intensity as compared to
that of GSH. This unique GSH detection method, by discriminating
other biothoils (Cys/Hcy), was well explored in bio-imaging for the
multi-cellular organism, Caenorhabditis elegans (C. elegans) as well as
human SH-SY5Y (neuroblastoma) living cells. GSH depletion by the
addition of excessive pain killer, APAP, was also monitored.

Experimental
General methods

Most of the reagents were procured from Sigma-Aldrich (USA)
and used as received. All measurements were carried out using
Mili-Q Millipore™ water with conductivity 18.2 MQ cm. Different

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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buffer compositions were used to obtain specific medium pH:
HEPES-NaOH for pH 6.0-7.5, Tris-HCIl for pH 7.5-9.0. The
concentration of generated hydrogen peroxide in the buffer
solution was estimated with the MAK165 kit (Sigma-Aldrich
(USA)), where the H,0, concentration was evaluated from the
standard curve according to the manufacturer kit protocol. The
solvents saturated with oxygen were achieved by purging oxygen
for ~15 min. The ESI-MS", NMR and IR spectra were recorded
on a Waters Qtof Micro YA263 mass spectrometer, Bruker
300 MHz NMR Spectrophotometer and Perkin-Elmer Spectrum-2
spectrophotometer equipped with Zn-Se ATR, respectively. EPR
experiments were performed using a JEOL JES-FA-200 instrument
at liquid nitrogen temperature (77 K) in water/MeCN 1: 1 mixture.
CHN analysis, pH measurement and bio-imaging studies were
carried out in a Perkin-Elmer 240-elemental analyzer, Systronics
digital pH meter and Leica DM-3000 fluorescence microscope
(excitation ~ 480 nm) fitted with a Leica DFC-450 C Camera (Leica
FireWire V1.39.0), respectively.

Synthesis of ligands (L; and L,’)

The ligand (L,) was synthesized as previously reported, with a
better yield using slight modification.>” Briefly, 2 mmol (0.168 g)
of 4-amino-4H-1,2,4-triazole (Tz) was dissolved in 20 mL of
methanol and added dropwise to an equimolar amount (2 mmol,
0.332 g) of 2-hydroxy-3-(hydroxymethyl)-5-methylbenzaldehyde
(HHMB) with constant stirring. After adding 0.1 mL of acetic
acid, the yellow solution was refluxed for 4 h, followed by cooling
and filtration. The filtrate became a yellow solid mass after rotary
evaporation, which was dried and further purified from aceto-
nitrile-water. Yield: ~71% as compared to the starting aldehyde.
M.P. 187 °C. CHN analysis; caled (obsd.): C1;H;,N40,: C, 56.89
(56.18); H, 5.21 (5.27); N, 24.12 (24.35)%; selected IR in cm™*
(KBr): 3300-3200 (br), 3094 (W), 2920 (w), 2881 (w), 1622 (s),
1596 (s), 1512 (s). The structural analyses were performed by NMR
and ESI-MS" measurements (see details in ESE:¥ S1A, B and S3A).

The synthesis of the starting material, 2,6-diformyl-p-cresol
(DFC) for obtaining L,’ is described elsewhere.*® Briefly, equimolar
proportions of DFC (2 mmol, 0.328 g) and Tz (2 mmol, 0.168 g)
along with 0.1 mL acetic acid were mixed in anhydrous methanol
with constant stirring, refluxed for 4 h and then filtered. A deep
yellow colored crude solid was obtained from the filtrate under
reduced pressure. The impurities were removed by a column
chromatographic technique using petroleum ether-ethylacetate
(8:2, v/v) eluent and the desired product was collected, recrystal-
lized and dried over CaCl, under vacuum; yield: 35.4% with
respect to DFC. M.P. 192 °C. CHN analysis; caled (obsd.):
C11H,N,O,; C, 57.39 (57.42); H, 4.38 (4.25); N, 24.34 (24.51)%;
selected IR in em ™" (KBr): 3400-3320 (br), 3130 (m), 1651 (s),
1507 (s), 1310 (s), 1163 (s), 1056(s) (Fig. S10B, ESIt). 'H NMR
(DMSO-ds, 300 MHz): & = 2.33 (s, 3H, ArCH,), 7.76 (s, 1 H, ArH),
7.89 (s, 1 H, ArH), 9.18 (d, 3H, imine-H, and Tz-2H), 10.19 (d,
1H, aldehydic-H) 11.13 (s, 1H, ArOH) ppm. >C NMR (DMSO-d,,
75 MHz): 20.57, 58.40, 117.11, 128.72, 129.08, 130.78, 132.88,
139.25, 153.39, 158.74 ppm (see details in ESL:} S2A and B).
ESI-MS" for L,’ in water: m/z caled (obsd.) for [L,’ + H]": 231.235
(231.088) (Fig. S3B, ESIY).
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Generation of probe 1

The in situ complex (probe 1) in water was generated by
gradually adding 10 mL of 1 mM aqueous Cu(ClO,), solution
(10 pmol, 3.7 mg) to an equimolar amount of L, (10 pmol, 2.3 mg)
with continuous stirring for 30 min, followed by filtration. The
formation of 1 was verified by UV-Vis absorption studies. Mass
spectral analysis of the filtrate confirmed the existence of
the dinuclear entity [Cu-L,-2H,0],>" (1): m/z caled (obsd.) for
[C5H,6NgO6Cu, + ClO,]": 725.038 (725.109) (Fig. S3C, ESIT).
The composition of the in situ complex (1) remained unchanged
in 20 mM HEPES-NaOH buffer at pH 7.3, consistent with the
ESI-MS'. Selected IR in ecm ' (Zn-Se ATR): 3400-3200 (br),
3052 (s), 2978 (s), 1422 (s), 1263 (s).

UV-Vis absorption and fluorescence measurements

UV-Vis absorption and fluorescence investigations were performed
in solution at 25 °C with a UV-2450 (Shimadzu, Japan) and LS-55
(Perkin Elmer, USA), respectively. Absorption and fluorescence
spectra were monitored with a quartz cuvette with a path length
of 10 mm. Fluorescence spectra were obtained for different
excitation wavelengths (340-440 nm). To obtain the time profile
of absorption and fluorescence changes, stock solutions of
different reactants were injected in the measuring solution
under continuous stirring with a small bar magnet at speed of
~130 rpm. The solutions were filtered using a 0.45 mm filter
(millex, Millipore) before measurements. The reproducibility of time-
course and spectral data were verified by triplicate measurements.

The fluorescence quantum yields of L, and L,’ were estimated
by as reported elsewhere.>® The ethanolic solution of 9,10-diphenyl-
anthracene was considered as the reference fluorophore with a
quantum yield (¢f) = 0.95. The ¢ of the unknown sample was
determined from the equation below:

O% = [AFons’IAF ] (1)

where, the absorbance and fluorescence are represented by A
and F, respectively. The refraction index is denoted by n. The
reference (r) or sample (s) compounds are represented by
subscripts. By using the above eqn (1), ¢ ~ 0.006 and 0.18
for L, and L,’ were obtained, respectively, in 20 mM HEPES-
NaOH buffer medium at pH 7.3. However, the ¢ of L," changed
to ~0.27 at pH ~ 9.0. The GSH detection limit was evaluated
from the equation below:*°

Detection limit = K X Sp; X S (2)

Here, K = 3, as per the IUPAC convention. Sy; is the experi-
mental standard deviation for the blank, and S is the slope of
the fluorescence increase with respect to GSH concentration.
The GSH detection limit was estimated as ~40 nM in 20 mM
HEPES-NaOH buffer medium at pH 7.3.

Theoretical calculations

The most probable geometry of 1 was determined using calculations
based on density functional theory (DFT) by the Gaussian 09
program.®" The B3LYP function, the 6-31G+(d,p) basis set for H,
C, N, O atoms and LANL2DZ effective core potentials basis set
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for the Cu atom, were chosen for the calculations. The energetic
minima for different structures were assigned from the positive
vibrational frequencies. The low-lying excited states using the
optimized geometries of the ground states (S,) were calculated by
time-dependent DFT (TD-DFT) considering the B3LYP function.**?
The UV-Vis spectra were obtained from TD-DFT calculations.

Bio-imaging studies for multicellular C. elegans and human cell
line

Strains of C. elegans (wild-type N2) and Escherichia coli bacteria
(OP50) were collected from the worm laboratory, Department
of Biotechnology, Maulana Abul Kalam Azad University of
Technology, Kolkata 700064, India. Detailed experimental
techniques are described elsewhere.?” Suitably washed worms
were exposed to solution 1 (maximum up to 40 uM) in the absence
or presence of different pretreated analytes (N-ethylmaleimide
(NEM) + Cys/GSH/APAP) individually in M9 buffer at pH 7.0
at 37 °C.

For cell line imaging purposes, the human SH-SY5Y cell line
was chosen, grown according to standard protocol.>* Cells were
exposed to solution 1 (maximum up to 30 uM with respect to L)
in the absence or presence of pretreated L-buthionine sulfoximine
(BSO) and BSO + N-acetylcysteine (NAC).

Toxicity studies

Toxicity studies were conducted by monitoring the survival
assays in wild-type (N2) C. elegans according to the procedure
described elsewhere.** Experimental reproducibility was cross-
checked in triplicate, with 100 worms (n = 100) in each set.
Percentage worm survival on exposure to different analytes was
statistically calculated. For cell lines, cell viability was measured
using the MTT assay as per the standard protocol of keeping
controlled culture in normal medium.*

Results and discussion
Synthesis and characterization of probe 1

The Schiff-base molecule (L,) consisting of a phenolic aldimine
group attached to a triazole moiety on one end and a benzylic
alcohol branch on the other end was designed for complexation
with Cu(u). The complex formation reaction between L, and
Cu(n) was investigated in 20 mM HEPES-NaOH bulffer, pH 7.3.
In UV-Vis absorption studies, L; exhibited absorbances at
~340 nm and a weak intensity centered at 408 nm, due to
the nonionic phenol and the anionic phenolate species, respectively,
in pH 7.3 buffer (Fig. 1).*” By increasing the concentration of
Cu(ClO,), (0-40 pM or 8 equiv.) in the buffer containing L,
(5 uM), the absorption intensities at ~ 340 nm of L, were shown
to gradually decrease with the concomitant generation of a new
absorbances at a close proximity to the phenolate form of L, at
~405 nm until the intensity saturation was identified in the
presence of 40 uM Cu(ClO,),. The isosbestic absorbance at
~370 nm confirmed the generation of the L;/Cu(u) complex
(probe 1) (Fig. 1). The absorbance at 405 nm for 1 was found to
remain unaffected by a change in buffer pH from 6.0 to 9.0, and
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Fig.1 UV-Vis absorption spectra of Ly (5 pM) with increasing con-
centration of Cu(ClOy), (0-40 uM) in 20 mM HEPES-NaOH buffer,
pH 7.3 at 25 °C. The spectrum in the absence of Cu(ClO,), is shown in
green. The gradual increase or decrease in absorption intensity for different
concentrations of Cu(ClO,); is indicated by the arrows.

the pH-stability of the probe can be useful for pH variation
studies (Fig. S4, ESIt). Moreover, in time-dependent studies,
the rapid complex formation reaction was confirmed by the
Cu”*-induced instantaneous generation of absorption intensity
at 405 nm (Fig. S5, ESIt). The complex formation with other
transition metal ions (Fe**, Co**, Ni**, Mn>") was also estimated
from UV-Vis absorption studies, where only ~25% of L, was
found to participate in complexation with Ni** among those
metal ions (8 equiv. each) (Fig. S6, ESIt).

To identify the stoichiometric ratio between Cu(u) and L, for 1,
the amount of complex formation was evaluated by estimating
the absorbance at 405 nm for different L, to Cu(u) mol% (0.1-0.9)
according to Job’s method (Fig. S7, ESIf). The maximum
absorption intensity at an equal mole-ratio between L, and
Cu(n) suggests a 1:1 L;/Cu(u) stoichiometric ratio in 1. Formation
of the aforementioned complex was also confirmed by the ESI-MS"
studies. The m/z peak at 233.216 (calcd m/z: 233.251) corres-
ponding to L, was found to disappear completely with the
formation of a new peak at 725.109 by the addition of Cu(u),
indicating that the cationic chromophore of the complex 1
exists as a dimeric [Cu-L,],>" species (caled m/z: 725.038 for
[C22H,6N5O06Cu, + Cl0,4]") in the buffer solution (Fig. S3A and C,
ESIf). To determine the structure of the dimeric [Cu-L,],>"
species, DFT-based theoretical calculation was performed. The
dimeric Cu(u)-complex is formed by the intermolecular coordi-
nation of benzylic-OH.***° Most probably, the monomeric unit
is susceptible to dimerizing by coordinating the benzylic-OH
from the adjacent monomer due to the lack of enough suitable
coordinating sites in L;. Accordingly, the most probable geo-
metries for [Cu-L,],>* in the ground state were optimized to
monitor various absorption characteristics between the ground
and excited singlet states (Fig. 2). Furthermore, the time-dependent
DFT (TD-DFT) calculation was performed on the optimized
ground state geometry of [Cu-L,],>" to evaluate the oscillator
strengths for the vertical electronic transitions. The HOMO
(144)->LUMO (145) electronic transition at 418 nm and its
extinction coefficient (¢) of ~0.42 x 10* M™" ecm™" closely
correspond to the experimental UV-Vis absorption coefficient
(e ~ 0.39 x 10%) at 405 nm (Fig. S8, ESIt). These results strongly
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Fig. 2 DFT-optimized structure of 1; color index: C, gray; N, blue; O, red; H,
white and Cu, brown.

justify that the chromophore of 1 maintains a dimeric structure
in aqueous medium (Fig. 2).

Decomplexation of 1 with different biothiols

The decomplexation reactivity of 1 by the addition of increasing
amounts of different biothiols (Cys, Hcy and GSH) in 20 mM of
HEPES-NaOH buffer, pH 7.3, containing 1 (5 uM with respect
to L,) were investigated with UV-Vis absorption studies (Fig. 3).
By increasing Cys or Hey concentrations, the UV-Vis absorbances at
~405 nm for 1 (5 uM with respect to L,) decreased proportionately
with the intensity at ~340 nm by maintaining an isosbestic
absorbance at ~370 nm, and an intensity saturation was observed
in the presence of ~50 equiv. (250 pM) of Cys/Hcy (Fig. 3A and B).
The spectrum of 1 in the presence of the intensity saturated
amount of Cys/Hcy was almost similar to that of L, indicating
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Fig. 3 (A-C) UV-Vis absorption spectra of 1 (5 pM with respect to Ly) with
increasing concentration of different biothiols in 20 mM of pH 7.3 HEPES—
NaOH buffer at 25 °C: A, Cys (0-250 uM); B, Hcy (0-250 uM) and C, GSH
(0—100 pM). (D) The spectra of 1 in the presence of the intensity saturated
concentrations of mixed biothiols GSH + Cys (violet), GSH + Hcy (purple)
and GSH + Cys + Hcy (dark cyan) (for Cys/Hcy: 250 uM; GSH: 100 uM). The
gradual increase or decrease in the absorption intensity for different
concentrations of biothiols is indicated by the arrows. The spectra in the
absence of biothiols are depicted by red. The spectrum for Ly (broken line
in green) is shown for comparison.
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the regeneration of L due to Cys or Hey-induced decomplexation of
1 (Fig. 3A and B). Recently, we showed that the -SH moiety of
biothiols is highly susceptible to interacting with and reducing the
Cu(u) center into Cu(i) for various Cu(u)}-complexes, triggering the
decomplexation process.>>*® The unstable displaced Cu() may be
instantaneously converted into Cu(u) by aerial oxidation in
aqueous medium. Consequently, the in situ regeneration and
decomplexation of 1 may occur in a repetitive cyclic pathway in
aqueous buffer until the major portion of Cys is converted into
cysteine (the oxidized form of Cys), which probably justifies
the requirement of the relatively high biothiol concentration
(~50 equiv.) to obtain complete demetalization of 1.

In comparison to Cys or Hcy, a different absorption profile
was obtained for the GSH-induced decomplexation of 1. By the
addition of increasing GSH concentration, the absorbances at
~440 nm and ~ 365 nm steadily increased with the proportionate
decrease in the intensity at ~327 nm and ~390 nm by main-
taining isosbestic absorption at ~348 nm, ~380 nm and
405 nm, respectively (Fig. 3C), indicating the decomplexation
of 1. Interestingly, the saturation of the absorption intensity due
to the decomplexation of 1 was detected at a 2.5-fold lower
concentration of GSH (100 uM, 20 equiv.) than Cys/Hcy. In
addition, time-course UV-Vis absorption studies show that the
decomplexation reaction was rapidly saturated for GSH in ~10 s
with a rate constant (k) of ~0.4 s~ ' as compared to Cys/Hcy in 40 s
with k ~ 0.1s™" in the presence of the respective intensity-saturated
biothiols (Fig. S9, ESIt). However, the different absorption
characteristics of 1 in the presence of intensity saturated
concentration between Cys/Hcy and GSH suggest that the
ligand (L,’) liberated by the GSH-induced decomplexation of
1 is somehow different from that of L, (Fig. 3 and Scheme 1).
Presumably, the decreased in situ complexation affinity
between L;" and Cu(u) after the decomplexation of 1 affects
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relatively lower values for the minimum required concentration of
GSH as compared to Cys/Hcy to achieve complete demetalization
of 1. To identify L,’, the reaction mixture for each biothiol (Cys,
Hcy and GSH)-induced decomplexation of 1 in water medium was
analyzed by FT-IR and ESI-MS' studies. In the FT-IR spectrum, the
characteristic aldehydic peak at ~1691 cm ™" (vco) during GSH-
induced demetalation renders the assurance of L,’ generation,
while such a signature was completely absent for Cys or Hcy-
induced analogous reactions (Fig. S10, ESIT). On the other hand,
the m/z peak at 231.305 (caled m/z: 231.235) corresponding
to the molecular formula C;;H;,N,0, (L,") was detected in the
ESI-MS' studies, although the major m/z peak at 233.581 for Cys
or Hcy was well-matched with that of L, (Fig. S3, ESIT). The
results suggest that the benzylic alcohol moiety of L, is susceptible
to self-oxidation to give one formyl group during the GSH-induced
decomplexation of 1 (Scheme 1). There has been some evidence
that the ligand containing the benzylic alcohol moiety in the
Cu(m)-complexes is converted into the self-oxidized formyl end-
product after decomplexation in a free radical pathway.*°

We synthesized L,’ due to our repeated failure to isolate L,’
from the reaction mixture. The synthesized L,’ exhibited similar
UV-Vis absorption intensities at 440 nm and 365 nm at pH 7.3
(Fig. S11, ESIY), and the m/z value at 231.088 was similar to that
for 1 in the presence of GSH (Fig. S3B, ESIT). Also, the FT-IR
peak position at ~1690 cm ™" for the aldehydic C—0 moiety of
the synthesized L," was almost identical to that obtained for 1
with GSH (Fig. S10, ESIt). All these results strongly justify the
aforesaid proposition for the formation of the modified-ligand
(L) and unchanged ligand (L,) by GSH and Cys/Hcy-induced
decomplexation of 1, respectively. The liberated L,’ may exist
in a pH-dependent inter-conversion equilibrium between the
deprotonated phenolate form (absorbances at 440 nm) and the
protonated phenol form (absorbances at 365 nm) with a pK, ~ 7.0,
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Scheme 1 Schematic representation of the biothiol selective generation of different ligands (L or Ly’) due to the decomplexation of 1. The acid/base
equilibriums between the phenol form and phenolate form of Ly and Ly’ in pure buffer medium, pH 7.3 are shown in brackets, where the phenolate forms

of Ly and Ly are weakly and strongly fluorescent, respectively.
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according to the pH-metric UV-Vis absorption studies of the
synthesized L," (Fig. S11, ESIf). On the other hand, the acid/
base pK, of L, is ~8.7 as reported previously,’” suggesting that
the liberated L; exists as mostly the protonated phenol form
(absorbances at 340 nm). The co-existence of phenol and pheno-
late forms of L," in pH 7.3 causes the absorption spectrum of
GSH-induced liberated L,’ to be quite different from that of Cys/
Hcey-induced liberated L, (Fig. 3A-C).

GSH selective “turn-on” fluorescence for 1

For fluorometric biothiol detection, fluorescence studies of 1
(5 uM with respect to L,) were performed in the absence and
presence of different biothiols (Cys, Hcy and GSH) and their
mixtures. 1 exhibited almost no fluorescence intensity for
different excitation wavelengths from 300 to 450 nm in 20 mM
HEPES-NaOH buffer at pH 7.3, making 1 useful for the “turn-off”
fluorescence sensing mode (Fig. 4). Cys, Hcy and GSH (20 equiv.)
were separately added to the pH 7.3 buffer containing 1 (5 uM
with respect to L), in its “turn-off’ mode, and fluorescence
intensity increases were estimated due to the biothiol-induced
generation of free ligands; L, for Cys/Hcy and L," for GSH. By
exciting the GSH-induced liberation of free L, with 440 nm light,
a gradual increase in the fluorescence intensity at 550 nm up to
~550 fold (¢r ~ 0.18) was observed until the intensity was
saturated in the presence of ~100 uM GSH (20 equiv. with
respect L, in 1) (Fig. 4A). It is worth mentioning that GSH induced
a rapid increase in fluorescence saturation within 10-30 s for
various concentrations of GSH (Fig. S12, ESIT). Therefore, all the
fluorescence intensities were measured 1 min after the addition
of GSH. However, the intensity did not increase for the excitation
of L, with 365 nm light (Fig. S13, ESIY).

By comparing ¢4 ~ 1.01 x 10* M~ " em ™' or ¢p ~ 0.27 for
the phenolate form of L,’, according to the pH titration of the
synthesized L,” with that of 1 in the presence of saturated GSH
concentration at pH 7.3 (440 ~ 0.71 X 10° M~ ' ecm ™" or ¢z ~ 0.18),
the liberated L,’ after decomplexation existed as ~65% phenolate
in the buffer medium, and the phenolate species is responsible for
the GSH-induced large fluorescence increment (Scheme 1, Fig. 3C,
4A and Fig. S13, ESI{). Interestingly, a small amount of fluorescence
generation was detected up to 7 equiv. of GSH with respect to 1
(Fig. 4A), apparently due to the rapid in situ conversion of Cu(u) from
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unstable Cu(1) by GSH-induced demetalation and the subsequent
formation of the non-fluorescent Cu(u)-L,’ complex.*® Although
the increase in fluorescence intensity appeared troublesome up to
~7 equiv. of GSH (~35 puM), a linear fluorescence response
with increasing GSH concentration for 1 was detected within
10-20 equiv. (Fig. 4B). Since the cellular GSH concentration is
higher (1-10 mM),> the linear calibration curve can be beneficial
for the ratiometric measurement of the in vivo GSH concentration
by choosing the right concentration of 1.

The extent of fluorescence enhancement for 1 (5 pM with
respect to L,) was also monitored in the presence of similar
amounts of other biothiols, Cys or Hey (0-100 uM). From a UV-
Vis study, it has already been observed that only ~40% of 1 was
involved in decomplexation to generate an equivalent amount
of free L, by the addition of 100 uM Cys/Hcy (Fig. S14, ESIf).
However, the partial liberation of L; did not contribute to the
generation of even a trace amount of fluorescence intensity by
the excitation of the protonated phenol form of L, at 340 nm,
whereas Cys/Hcy induced only a small fluorescence enhance-
ment, below 5%, as compared to that observed for GSH on
excitation at 440 nm by maintaining identical conditions to
that of GSH-induced fluorescence intensity enhancement
(Fig. 5 and Scheme 1). The addition of Cys/Hcy induced the
partial decomplexation of 1, and the small extent of proton
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Fig. 5 The extent of the 550 nm fluorescence intensity increase (F/Fq) for
1 with the addition of intensity-saturated concentrations (20 equiv.) of Cys
Hcy, GSH and other physiologically relevant molecules in 20 mM HEPES—
NaOH buffer at pH 7.3 is shown by bar-diagram.
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Fig. 4 (A) Fluorescence changes in 1 (5 uM with respect to Ly) with increasing concentration of GSH (0—-100 uM) in 20 mM HEPES—-NaOH buffer at
pH 7.3 at 25 °C. The increase in fluorescence intensity with the concentration of GSH is depicted by the arrow. The broken pink line represents the
synthesized modified ligand (Ly') (5 uM). (B) The increase in fluorescence intensities with increasing GSH concentrations is plotted. The data points in the

range 5-100 uM are fitted with a linear equation.
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dissociation of L; at pH 7.3 (pK, ~ 8.7) to form the weakly
fluorescent phenolate species (¢r ~ 0.04) contributed to the
small increase in fluorescence intensity.

To determine the interference of Cys/Hcy in the detection of
GSH, fluorometric studies of 1 (5 uM with respect to L,) under
identical buffer medium at pH 7.3 were performed in the
presence of biothiol mixtures (GSH + Cys, GSH + Hcy and
GSH + Cys + Hcy), where the concentration of each biothiol
in the mixture was adjusted to the same as that of intensity-
saturated GSH concentration (100 uM, 20 equiv.). The fluorescence
intensity increase was ~ 550-fold for all biothiol combinations,
which was similar to that of GSH (20 equiv.) (Fig. 5), indicating that
the GSH detection ability of 1 remained unperturbed even in
the presence of Cys and Hcy. In comparison to Cys/Hcy, the
approximately 4-times higher rate constant of the GSH interaction
for the decomplexation of 1 precludes the possible participation of
Cys and Hcy-induced decomplexation (Fig. S9, ESIf). The much
smaller GSH requirement (20 equiv. with respect to 1) as compared
to that of Cys or Hey (50 equiv.) to obtain complete decomplexation
of 1 is also consistent with the observation of a higher GSH-induced
decomplexation reaction rate (Fig. S14, ESIT). As a result, the UV-Vis
absorption spectra for different biothiol combinations simply
followed the GSH-induced decomplexation trend to generate L,’
instead of L, (Fig. 3D).

The higher selectivity and sensitivity of GSH to 1 is explained
pictorially in Scheme 1. On the basis of the higher decomplexation
rate constant for GSH as compared to Cys/Hcy (Fig. S9, ESIt), we
propose that biothiols like Cys or Hcy exert comparatively less
steric congestion, and the electron deficient triazole moiety prob-
ably retards their attack on the Cu(u) center in 1, while such
retardation is less significant for tripeptide GSH due to its more
negative charge at neutral pH of around 7.3.*" In contrast to Cys/
Hcy, GSH-induced rapid attack favours the ligand modification to
L," along with decomplexation (Scheme 1). It has been reported
that GSH interaction with Cu(u) generates reduced Cu(r) with the
formation of the Cu(1)/GSH complex as an intermediate.*” It has
also been reported that aerial oxidation of the Cu(i) to Cu(u), along
with the generation of the superoxide anion (O, ™) are responsible
to form H,O, in the reaction medium.** Indeed, the in situ
formation of H,0, (~1.5 pM) was identified during the GSH
(100 pM)-induced decomplexation of 1 (10 pM) in 20 mM
HEPES-NaOH buffer solution at pH 7.3 by following the standard
protocol as described in the H,O, detection kit (MAK165). On the
other hand, the GSH-induced instantaneous abolition of the EPR
signal of Cu(n) in the EPR spectra also suggests a rapid conversion
from Cu(u) to Cu(1) during GSH-induced decomplexation (Fig. S15,
ESIY). The in situ generated H,O, during the decomplexation of 1
may be responsible for benzylic-OH oxidation to the corresponding
formyl group via the free radical pathway.*

Interestingly, no fluorescence increase for 1 was detected by
the addition of similar amounts of GSH (20 equiv.) to different
organic solvents like methanol, tetrahydrofuran (THF), aceto-
nitrile (ACN), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO) etc., due to the formation of non-fluorescent L; by
following the usual decomplexation of 1 (Fig. S16, ESIt). To
identify the role of dissolved oxygen in solution for ligand
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Table 1 Comparison of various fluorescence sensing parameters for
previously reported probes with the present probe for GSH detection?

LOD? Response’

Solvent (uM) (min) Bio-imaging
Water/DMSO (99:1)"*  0.60/0.33 60 SCC7 cell
Water/ACN (7:3)" 0.12 10 Hela cell
Water/DMSO (9:1)'®  5.00 15 HeLa/RAW 264.7 cell
Water'’ 0.06 30 HelLa cell
Water/DMSO (1:1)*>  0.03 7 A549 cell

Water?® 0.05 3.5 C. elegans
Water/ACN (2:1)* 0.43 0.5 Hela cell
Water/ACN (1:3)* 1.07 — HelLa cell

Water*’ 0.04 — Hela/U20S cell
Water/DMSO (99:1)*® 24.16 3 Hela cell
Water/DMF (99:1)"  0.17 0.1 HeLa/RAW 264.7 cell
Water (this work) 0.04 0.2 C. elegans/SH-SY5Y cells

“ Different literature references are indicated by superscripts in the solvent
column. ? Limit of detection. ¢ In vitro fluorescence sensing response time.

modification during GSH interaction, the decomplexation of
1 was separately monitored by UV-Vis absorption spectra in
all the non-aqueous solvents, in presence of saturated oxygen
concentration. According to UV-Vis absorption studies, the
same ligand (L,) was liberated either in the absence or presence
of dissolved oxygen in a non-aqueous medium (Fig. S17, ESIf).
The results strongly support our proposition that an aqueous
solvent system under atmospheric oxygenated conditions is
essential for the oxidation of L, into L,’ during the decomplexation
of 1 (Scheme 1). The decomplexation of 1 and subsequent
fluorescence generation did not take place in the presence of
other anions viz. OAc™, CN~, $>7, N°7, H,PO,” and HPO,*~
under identical experimental conditions (Fig. S18A, ESIY).
Moreover, the GSH-induced fluorescence intensity enhancement
remained unperturbed in the presence of other interfering bio-
molecules (NAD, NADH, GSSG, cystine, H,0,, taurine, ds-DNA,
glucose, etc.) and different biologically important metal ions (K,
Na*, Mg?*, Ca®* and Fe*"** and Zn*") present in living systems
(Fig. 5 and Fig. S18B, ESIf). Also, no significant fluorescence
increase was detected by exposing 1 (5 pM with respect to L,) to
pH 7.3 buffer medium containing various amino acids (20 equiv.)
(Fig. S18C, ESIY). The results reveal that 1 is highly suitable for
the monitoring of GSH under in vivo conditions. In addition,
various fluorescence sensing parameters for other reported
probes towards the selective detection of GSH under in vitro
as well as in vivo conditions were compared with our results
to justify the importance of the present probe selection
(Table 1)‘14716,19,22,25,43747

Bio-imaging studies

The nematode, Caenorhabditis elegans (C. elegans), was chosen
for bio-imaging purposes because of its basic functional similarity
to more advanced animals including humans.*® In addition, the
transparent body system of C. elegans is highly suitable for
monitoring the distribution of essential molecules/ions within
its whole-body by the fluorescence imaging method in a simple
and cost-effective way. Well-defined organs, such as the pharynx,
intestines, gonads (proximal, distal) and uterus are generally
exploited for bio-imaging purposes. For the detection of in vivo

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 6 (A: upper panel) 1 concentrations (0—-40 uM) dependent fluorescence imaging studies for C. elegans. Fluorescence was monitored at 30 min after
the addition of 1. (B: middle panel) Fluorescence images in presence of 1 mM NEM. The NEM-treated living C. elegans were pretreated with 2 mM
different biothiols individually followed by further exposure to 1 for 30 min. (C: lower panel) Fluorescence imaging with exposure of APAP (0.5-5 mM)
treated living C. elegans to 1 (40 uM) after 30 min. (A—C) White scale bars represents 40 pm.

GSH, L4/young adult nematodes were exposed to various con-
centrations of 1 (0-40 uM with respect to L,) or synthesized L,’
(40 uM) for the control experiment in a nematode growth media
(NGM) plate at room temperature for various time periods with-
out affecting the survival assay of living C. elegans (Fig. S19, ESIT).
Fluorescence intensity was mostly observed in the peripheral
region of the nematodes for concentrations of 1 up to ~10 uM
(Fig. 6A(a and b)). On gradually increasing the concentration of 1
under similar experimental conditions, the fluorescence intensity
was found to spread throughout the whole body of C. elegans,
where the intensity saturation was observed for 40 pM of 1
(Fig. 6A). The liberation of fluorescent L," by decomplexation of
1 is responsible for the fluorescence intensity increase since an
almost identical fluorescence increase was observed for the
synthesized L, in the control experiment (Fig. S20, ESIT).

To investigate the GSH selectivity of the probe and its reflection
in bio-imaging, N-ethylmaleimide (NEM), a well-known biothiol-
blocking agent, was added (up to 1 mM) prior to incubation with
1 (40 uM); more than 90% of the worms remained alive after
treatment with NEM and 1 (Fig. S19, ESIt). The fluorescence
intensity in the NEM-treated worms was greatly attenuated
(Fig. 6B(a)). Strong fluorescence intensity was found to reappear
when NEM-treated living nematodes were further exposed to
externally added GSH (2 mM) before the addition of 1 under the
same conditions (Fig. 6B(b)). However, no noticeable fluorescence
was observed for Cys/Hcy (2 mM) exposure under identical
measurement conditions (Fig. 6B(c and d)), showing the
remarkable selectivity of 1 to detect GSH in vivo judging by
the fluorescence response.

The safest painkiller drug acetaminophen (APAP) causes
serious liver injury after an overdose in humans. During excretion,
APAP may be converted into N-acetyliminoquinone, which
can generally be detoxified due to its high reactivity with
hepatic GSH.*> An overdose of APAP may generate the highly

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

active metabolite, N-acetyl-p-benzoquinoneimine, which directly
combines with GSH and appears to be responsible for initiating
liver damage.’® Very little is known about APAP distribution in
other organs and its impact on GSH. Depletion of GSH levels in
the presence of various concentrations of APAP (maximum up to
5 mM) was monitored by 1. C. elegans were pretreated with
APAP, followed by the addition of 1 (40 pM), without affecting
the survival conditions as mentioned before (Fig. S19, ESIt). The
fluorescence measurements in different nematode organs were
performed ~30 min after sequentially treating the nematodes
with APAP and 1. Only a small decrease in fluorescence intensity
was detected up to APAP concentration of ~0.5 mM (Fig. 6C(a)).
However, a large decrease in fluorescence intensity, particularly
in the intestines, was observed in the presence of 5.0 mM
APAP (Fig. 6C). The decreased reactivity of 1 clearly indicates a
significant decrease in vivo GSH concentration influenced by
APAP. The results also justify the use of 1 as a GSH probe for
multi-cellular organisms.

It has been well investigated that GSH acts as an essential
protector of neural cells to overcome various oxidative stresses
and plays a crucial role in destroying free radical-generated
neurotoxins in Perkinson’s disease (PD).>' To clarify the role of
GSH as an intracellular antioxidant, we performed bio-imaging
studies of probe 1 on human neuroblastoma SH-SY5Y cells by
exposing it to a potent GSH synthase inhibitor, r-buthionine-
SR-sulfoximine (BSO)>* in the presence or absence of a GSH
source, N-acetyl-i-cysteine (NAC)>® with consideration of the
cell viability (Fig. S21, ESI+).%® Probe 1 (30 uM) was incubated in
SH-SY5Y cells at 37 °C for 30 min and green fluorescence was
observed inside the cell (Fig. 7A). In the control measurement, a
large amount of fluorescence quenching was identified after
BSO (0.5 mM)-pretreated cells were exposed to 1 (30 uM with
respect to L,) for 30 min (Fig. 7B), which diminished completely
within 2 h (Fig. 7C). Interestingly, an appreciable amount of green

New J. Chem., 2019, 43, 3750-3759 | 3757
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Fig. 7 Fluorescence images (upper panel) and corresponding bright field images (lower panel) of SH-SY5Y cells were captured after incubation with (A) 1
(30 uM) and (B) BSO (0.5 mM) treated cells exposed to 1 (30 uM). (C) A portion of BSO (0.5 mM) + 1 (30 uM) treated cells was further exposed in presence

of NAC (5 mM) for 2 h at 37 °C. (A-D) White scale bars represent 40 pm.

fluorescence was regained when the BSO-induced cells were
further treated with 5 mM of the water-soluble GSH precursor,
NAC, within 2 h (Fig. 7D). Since 1 remains non-fluorescent with the
in vitro addition of NAC (Fig. 5), the fluorescence intensity increase
was definitely due to the increasing concentration of GSH in cells.
These significant findings may be explored in the future for
GSH-related PD and related diseases.

Conclusions

We demonstrated a novel decomplexation strategy in a pure
aqueous medium for the selective detection of glutathione
(GSH) in both the absence and presence of other biothiols,
cysteine (Cys) and homocysteine (Hcy), by monitoring the “off-on”
fluorescence response. A weakly fluorescent phenolic Schiff base
molecule (L) forms a non-fluorescence dimeric Cu(u)-complex
that shows a great affinity for participating in the decomplexation
reaction by the interaction of the -SH moiety of biothiols with
Cu(n). Among the different biothiols, only strong GSH-induced
fluorescence intensity was detected by liberating the modified-L,;
(Ly’) during the decomplexation process. The ligand modification
due to the oxidation of the benzylic alcohol moiety to the corres-
ponding formyl is attributed to the large GSH-induced fluorescence
enhancement. In contrast, Cys or Hey-induced partial decomplexa-
tion exhibited less than 5% intensity increase as compared to GSH,
which was due to the liberation of the unmodified-ligand (L,) by
following the usual decomplexation reaction. The difference in the
decomplexation ability of GSH and Cys/Hcy was used to determine
biological GSH in living Caenorhabditis elegans and human
neuroblastoma SH-SY5Y cells. Fluorescence bioimaging was
also performed to monitor GSH depletion induced by the
common pain killer, acetaminophen, in living C. elegans. The
simplicity of our GSH detection method may be tuned for more
advanced biological domains.
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