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Protective effect of the newly synthesized and
characterized charge transfer (CT) complex
against arecoline induced toxicity in third-instar
larvae of transgenic Drosophila melanogaster
(hsp70-lacZ)Bg9: experimental and theoretical
mechanistic insights†
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Agents that suppress the toxic effect of arecoline (a chemical present in the Areca nut fruit) have

become a need of the hour owing to its several harmful effects on human beings. Although some drug

molecules have been developed for this purpose, yet, simple, easy to prepare, and economical

molecules with remarkable potency are still a challenge to design. The present work thus becomes

important as it involves the synthesis of a new charge transfer complex (CTC) material, which has, for

the first time, been screened to investigate its effect on the toxic effects of arecoline. The newly

designed material (CL), which is generated from the reaction between 2,4,6-trinitrophenol (TNP) and

pyrazole (PYZ), has been crystallized by a slow evaporation method and characterized by employing

spectral studies including single crystal X-ray crystallography. Spectrophotometry studies with the

inclusion of the Benesi–Hildebrand equation reveal 1 : 1 stoichiometry and physical parameters of CL.

Assays were used for determining the protective effect of CL against arecoline. CL was found to (dose-

dependently) decrease b-galactosidase activity, damage in tissue and DNA damage caused by arecoline

(80 mM) in the third-instar larvae of the transgenic Drosophila melanogaster (hsp70-lacZ)Bg9. The

possible mechanism of this effect was explored through fluorescence and UV-vis spectroscopy. The

possibility of suppression of arecoline action on the muscarinic acetylcholine receptor 1-G11 protein

complex (found in the cell membrane) in the presence of CL was studied theoretically by molecular

docking. Density functional theory (DFT) also theoretically supported various aspects of the designed

material concerning the energy profile of the orbitals (HOMO–LUMO) as well as the energy minimized

structure. Furthermore, time dependent (TD) DFT corroborated the electronic properties of the designed

material.

1. Introduction

Arecoline (methyl-1,2,5,6 tetrahydro-1-methyl-nicotinamide) is
an alkaloid, which is isolated from Areca catechu.1 Though an
important pharmacological component for various ailments
the toxicity of this component is an important concern for
pharmacologists.2 The long-term use of arecoline could lead to

oral cancers.1 Therefore, it is necessary to find an effective and
safe strategy to minimize its harmful effects. Arecanut chewing
in the form of betel quid (with lime and with or without
tobacco) is very common in South East Asian countries and
has been associated with the development of oral cancers or
other pre-cancerous symptoms.3 The study on cultured human
keratin type cells showed that the exposure of arecoline
induced the generation of ROS and arrested cell cycle at the
G1/G0 phase.3 The toxicity of arecoline has been studied in
several models, which have been extensively reviewed by Oli-
viera et al. (2021).4 Arecoline has also been reported to be
genotoxic in various experimental models.5–9 We have studied
the toxicity of arecoline and the protective effect of natural
plant products (Geraniol) in the third instar larvae as well as

a Department of Chemistry, Aligarh Muslim University, Aligarh 202002, India.

E-mail: drishaatamu@gmail.com; Tel: +91 9412174753, +91 5712703515
b Department of Zoology, Aligarh Muslim University, Aligarh 202002, India

† Electronic supplementary information (ESI) available. CCDC 1973751. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.

org/10.1039/d2tb02362h

Received 30th October 2022,
Accepted 25th December 2022

DOI: 10.1039/d2tb02362h

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER

Pu
bl

is
he

d 
on

 2
7 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
19

:2
0:

58
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3581-8545
https://orcid.org/0000-0002-7131-8900
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tb02362h&domain=pdf&date_stamp=2023-01-16
https://doi.org/10.1039/d2tb02362h
https://doi.org/10.1039/d2tb02362h
https://rsc.li/materials-b
https://doi.org/10.1039/d2tb02362h
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB011006


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. B, 2023, 11, 1262–1278 |  1263

adult flies of the transgenic Drosophila melanogaster (hsp70-
lacZ)Bg9.10–12 The toxic effects of arecoline could be reduced
by using natural plant products and the supplementation of
various vitamins.13

The charge transfer complexes (CTCs) are self-assembled
organic materials formed from the interaction between donor
and p-acceptor moieties through N+–H� � �O� bonding, and this
concept was first introduced by Mulliken and Foster.14,15 CTCs
have widespread applications in drug actions, dendrimers’
second-order non-linear optical activity, redox processes,
organic semiconductors, and micro-emulsion.16–22 Nowadays,
CTCs have emerged as promising and potential chemosensors for
detecting hazardous materials.23–25 CTCs of 2,4,6-trinitrophenol
(TNP) with donors like 4-(2-thiazolylazo)resorcinol (TAR),26 hetero-
cyclic 4-methylpyridine-2-azomethine-p-benzene derivatives,27

1-naphthylamine,28 p-toluidine,29 p-phenylenediamine,30 norflox-
acin and ciprofloxacin drugs,31 2-hydroxypyridine,32 o-tolidine,33

and 2,20-bipyridine34 have been studied before. The formation of a
CTC of TNP and pyrazole (PYZ) for exploring its protective effect
against arecoline induced carcinogenicity has not been achieved.
The reactant PYZ has effective therapeutic and biologically active
scaffolds. PYZ has been reported to possess an extensive range of
biological activities like anti-cancer, anti-convulsant, anti-micro-
bial, anti-viral, anti-tubercular, anti-inflammatory, anti-fungal, etc.
Chemical modification like adding suitable functional groups on
the PYZ moiety revealed useful biological activities and many PYZ
derivatives like-1,3,4-trisubstituted pyrazole derivatives, ethyl-5-
amino-3-methylthio-1H-pyrazole-4-carboxylates, 4-thiazolyl pyra-
zolyl derivatives, etc.,35 have already found their application as
nonsteroidal anti-inflammatory drugs clinically. Recent observa-
tions suggest that substituted pyrazole heterocycles, which are the
structural isosteres of nucleotides having fused heterocyclic nuclei
in their structures that allow them to interact easily with bio-
polymers, possess potential activity with lower toxicity in the
chemotherapeutic approach in humans.36

In this study, we have designed a CTC material (CL) having
N+–H� � �O� bonding between TNP and PYZ, which is evident in
single crystal XRD data. This CTC was characterized and
studied through FTIR, 1H NMR, TGA-DTA, powder-XRD, and
SEM. Hirshfeld surface analysis of the designed material (CL)
was used to show dnorm, curvedness and shape index surfaces,
along with the fingerprint (2D) plot showing the percentage of close
contacts in the crystal. Electronic spectroscopy was employed to
calculate the molar extinction coefficient and formation constant to
obtain other important physical parameters of the designed
material.

Drosophila melanogaster (fruit fly) has been used as an in vivo
model organism not only for the study of genetics and devel-
opment but also for toxicological studies.37 Drosophila melano-
gaster shows various similarities with the human genome38 and
also has a functional homology of approximately 75% of the
known human disease genes.39 In this context, the heat shock
proteins are often associated with the cellular response to
harmful environmental agents.40 The stress proteins are highly
conserved from bacteria to humans and the most highly
conserved family of stress proteins is hsp70.41 Therefore, the

present study was carried out on the third instar larvae of
transgenic Drosophila melanogaster (hsp70-lacZ)Bg.9 The synthesized
compound (CL) was studied for its protective effect against areco-
line induced toxicity in the third instar larvae of transgenic
Drosophila melanogaster (hsp 70-lac Z)Bg9. We have performed and
explored the in situ histochemical b-galactosidase assay, trypan blue
exclusion test and comet assay (DNA damage) to study the protec-
tive effect of CL in the arecoline exposed third-instar larvae of the
transgenic Drosophila melanogaster (hsp70-lacZ)Bg9.

The possible mechanism was explored through UV-visible
and fluorescence titration. Molecular docking was used to
explore the pharmaceutical action of CL by targeting the
muscarinic acetylcholine receptor 1-G11 protein complex as
arecoline is known to be a partial agonist of muscarinic
acetylcholine M1. Experimental data were supported with the
help of DFT theoretical calculations (B-3LYP/6-31G**), and
chemical, structural, spectroscopic, thermodynamic and vibra-
tional phenomena of the synthesized material were obtained.

2. Experimental
2.1. Materials, synthesis and crystallization of CL

All reagents of analytical grade, including pyrazole (Aldrich)
and 2,4,6-trinitrophenol (Merck), were purchased commercially
and used without any further purification. Arecoline and stains
(acridine orange and ethidium bromide) were procured from
Sigma-Aldrich.

The CTC (CL) of pyrazole (PYZ) and 2,4,6-trinitrophenol (TNP)
was synthesized from individually prepared saturated solutions
of TNP (1.145 g, 5 mmol) and PYZ (0.34 g, 5 mmol) in acetoni-
trile. The saturated solutions of TNP and PYZ were mixed slowly
with continuous stirring for 2 hours at room temperature. A
yellow precipitate started to appear in the solution, which was
filtered and washed using acetonitrile. The filtrate was allowed
to dry in a desiccator (over anhydrous CaCl2); this dried filtrate is
our desired CTC material (CL). The crystallization of CL was
achieved by preparing a saturated solution of CL in acetonitri-
le:ethanol. This saturated solution was stirred for about 3 hours
at 35 1C and then filtered to eliminate impurities. The filtered
solution was then left undisturbed for 4 days, after which yellow
crystals could be seen at the bottom of the beaker.

2.2. Preparation of different solutions

Stock solutions of TNP and PYZ in ethanol at 10�2 M concen-
tration were obtained by mixing 0.228 g of TNP in 100 mL of
ethanol and 0.068 g of PYZ in 50 mL of ethanol. The stock
solution of PYZ was then diluted to prepare different concen-
trations (1 � 10�4, 1.5 � 10�4, 2.0 � 10�4, 2.5 � 10�4, and 3.0 �
10�4 M) of the solution, while TNP was diluted to obtain only 1�
10�4 M solution. Similar concentration solutions were also
prepared with other polar solvents (acetonitrile and methanol).

2.3. Characterization of CL

The FTIR (Fourier transform infrared spectroscopy) spectra of
CL, PYZ, and TNP were obtained separately by using a
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PerkinElmer FTIR spectrometer with a KBr disc. The UV-visible
spectra of CL, PYZ, and TNP were observed in three polar
solvents separately (acetonitrile, methanol, and ethanol). The
spectra were recorded in the region of 200–550 nm using a
PerkinElmer UV Lambda 45-visible spectrophotometer.
1H NMR of CL was obtained through a Bruker Avance II-400 MHz
spectrometer. The P-XRD pattern of CL was recorded through a
Bruker Advance D8-diffractometer, at 40 kV in the range of
4–80 1C using Cu K radiation having l = 0.1542 nm. The
TG/DTA (thermogravimetric and differential thermal) study of
CL, PYZ, and TNP was done with an EXSTAR TG/DTA
6300 model using a nitrogen (N) atmosphere and 20 1C min�1

heating rate. An aqueous solution of CL (10�4 M) was prepared
and fluorescence was measured following excitation at 390 nm
using a F-2700 FL-Spectrophotometer. The slit widths of 5.0 and
5.0 nm for the detector and source, respectively, were set.
For understanding the microstructure and morphology of
CL, scanning electron microscopy (SEM, Quanta FEG-250
instrument) was used. A voltage of 20 kV was supplied to the
instrument.

2.4. Single crystal X-ray study

For obtaining crystallographic data of CL, an appropriate
crystal was chosen on a Bruker APEX-II CCD diffractometer.
The selected crystal of CL was kept at 100 (2) K at the time of
collecting data. The structure was solved Using Olex2,42 with
the olex2.solve43 structure solution program using Charge
Flipping and the data were refined using Gauss-Newton mini-
mization with the olex2.refine43 refinement package.

2.5. Design and assays for determining the protective effect of
CL against arecoline

A transgenic fly strain of the Drosophila melanogaster line was
used, which expresses bacterial b-galactosidase as a response to
stress.44 The transformation vector in this fly strain is inserted
with a P-element, i.e., the line contains the wild type hsp70
sequence up to the lac Z fusion point. The larvae and flies were
cultured on standard Drosophila food containing agar, maize
powder, sugar, and yeast at 24 1C � 1 1C.45

Larvae were individually exposed to 0.0010, 0.0020, 0.0030,
0.0040, 0.0050, 0.0060, 0.0070, 0.0080, and 0.0090 M CL for
24 hours, and 50% mortality was observed at 0.0070 M CL. This
was undertaken as a pilot study to determine LC50. The highest
tested dosage was therefore 1/4th of LC50.46 Third instar larvae were
permitted to consume CL at final concentrations of 0.2187 �
10�3 M, 0.4375 � 10�3 M, 0.875 � 10�3 M and 1.75 � 10�3 M
mixed in food alone and combined with 80 mM arecoline for 24 hours.

2.5.1. Trypan blue exclusion test. A dye exclusion test was
employed to study the tissue damage extent in the larvae.47,48

The explantation of internal tissues of larvae (5 larvae per
treatment and 5 replicates per group) was done in the Poles
Salt Solution (PSS) drop and the tissues were washed thor-
oughly in phosphate buffer saline (PBS). The washed explanted
tissues were then stained for 30 min in 0.2 mg mL�1 trypan
blue in PBS and washed again in PBS, and were immediately
scored for dark blue staining. The scoring for the trypan blue

staining was done on an average composite index per larva:
complete staining of most cells in the tissue = 4; large patches
of darkly stained cells = 3; darkly stained = 2; any blue = 1; or no
color = 0.47

2.5.2. Soluble O-nitrophenyl-b-D-galactopyranoside (ONPG)
assay. The larvae were washed in PBS and kept in an Eppendorf
tube (20 larvae per tube; 5 replicates per group), permeabilized
for 10 minutes by acetone, and incubated overnight at 37 1C in
600 mL of ONPG buffer. The reaction was stopped after incuba-
tion by adding 300 mL of Na2CO3. The absorbance at 420 nm
was used to quantify the extent of the reaction. The ONPG test
measures the cytotoxicity of hsp70 expression by measuring the
activity of b-galactosidase.49

2.5.3. In situ histochemical b-galactosidase activity. The
larvae (10 larvae/treatment; 5 replicates/group) were dissected
out in PSS and X-gal staining was performed using the method
described by Chowdhuri et al. (1999).50 The larval explants were
fixed in glutaraldehyde (2.5%), washed in 50 mM sodium
phosphate buffer (pH 8.0) and stained overnight at 37 1C in
the dark with X-gal staining solution.

2.5.4. Comet assay (DNA damage). The comet assay experi-
ment was done according to Mukhopadhyay et al. (2004).51 The
larval midgut was explanted in PSS (20 larvae/treatment and
4 replicates per group); 300 mL (0.5 mg mL�1 in PBS) of
collagenase (pH B 7.4) was used to replace PSS in the micro-
centrifuge tube which was left at 25 1C for about 15 min. For
preparing the suspension of cells, the pellet was washed using
phosphate buffer saline and cells were suspended in 80 mL of
PBS. 1.5% of 80 mL low melting agarose was mixed with 75 mL of
cell suspension, which was then layered on the slides precoated
with 1% agarose having a regular melting point. These pre-
pared slides were engrossed in chilled lysing solution (100 mM
EDTA, 2.5 M NaCl, 1% Triton-X-100 pH B 10.0 and 10 mM Tris
pH B 10.0) at 4 1C for 2 h. Further, they were transferred to the
chilled solution of electrophoresis (300 mM NaOH, 1 mM
Na2 EDTA, pH 4 13). The unwinding of DNA was allowed by
keeping it for 10 min in this solution. Electrophoresis was
conducted at 4 1C (300 mA) for 15 min and 0.7 V cm�1. After
electrophoresis, all the slides were washed using 0.4 M Tris
buffer (neutralizing buffer). Slides were then stained for 10 min
in the dark using EB (75 mL per slide and 20 mg per mL) and
washed with chilled distilled water. At constant gel depth,
20 cells per slide and 4 replicates per group were captured
randomly. To calculate the DNA damage, the mean tail length
(a.u.) was measured through software Comet ScoreTM v1.5, Su-
merduck, TriTek Corporation.52

2.5.5. Statistical analysis. Using the GraphPad Prism soft-
ware [version 5.0], the data were statistically analyzed using
one-way analysis of variance (ANOVA) and the post hoc Tukey
test. The significance threshold was held at p o 0.05. Mean �
SEM was used to express the findings.

2.6. Computational studies

2.6.1. Molecular docking. The muscarinic acetylcholine
receptor 1-G11 protein complex found in the cell membrane,
which is responsible for the end-receptor stimulation by releasing
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acetylcholine, was used as a target molecule as arecoline is known
to be a partial agonist of muscarinic acetylcholine M1. Muscarinic
acetylcholine M1 (PDB IB = 6OIJ) was downloaded online from the
Protein Data Bank (https://www.rcsb.org/) to study the possible
interaction of arecoline with muscarinic acetylcholine M1 in the
presence and absence of CL. Hex 6.153 software was used for this
study using shape + DARS + electrostatic correlation and Grid:
118 � 118 � 118. Visualization of the docking pose was obtained
using Chimera software (https://www.cgl.ucsf.edu/chimera). The
overall docking experiment was run on a processor (Intel(R)
Core(TM) i5-4200U CPU @ 1.60 GHz 2.10 GHz 2.30 GHz, 64 bit).

2.6.2. DFT calculations. The Gaussian 09 software package54

was used for DFT studies to characterize the molecular geometry
and electronic transitions and to better understand the spectral
assignments in the synthesized material CL. Optimized structures
and Mulliken charges of CL, TNP and PYZ were obtained through
the Pople basis set (B3LYP/6-31G**). DFT in combination with the
gradient-corrected correlation functional and Becke’s three-
parameter hybrid exchange function having the Pople basis
set were used for full geometrical optimization.55 Moreover,
structure-based molecular properties like atomic charges, total
energy, electronic properties, frontier molecular orbital energy
eigenvalues with their gap and molecular electrostatic potential
were also calculated by theory in the gas phase. For visualization
of the obtained DFT results, ChemCraft 1.5 software was used.

2.6.3. Hirshfeld surface analyses of the CL crystal. The
partitioning space of the molecule in the crystal into regions
where the procrystal is being dominated by the promolecule is

the Hirshfeld surface of the crystal.56 CrystalExplorer 3.157 was
used to obtain Hirshfeld surfaces (dnorm, curvedness, shape
index, etc.) and fingerprint plots (2D). The color scheme (blue-
red-white) in the Hirshfeld surfaces represents different types
of contacts. The areas of white color represent van der Waals
contact separation, bright red areas are for shorter contacts and
areas of blue lack close contacts. de and di are the two distances,
where di represents the distance from the Hirshfeld surface to
the nearest nucleus internal to the surface and de is for the
outer surface. The normalized contact distance (dnorm) of the
Hirshfeld surfaces, based on de and di, is represented as

dnorm ¼
di � rvdWi

rvdWi

þ de � rvdWe

rvdWe

where rvdW
e and rvdW

i are the van der Waals radii of the atoms.58

3. Results and discussion
3.1. Instrumental characterization

3.1.1. 1H NMR study for CL. The 1H NMR spectra of free
reactants (TNP and PYZ) were compared with the 1H NMR
spectrum of CL obtained using DMSO-d6 as a solvent and
tetramethylsilane (TMS) as a standard reference to study the
proton shifts (Fig. 1). A signal for the N–H proton can be
observed at d = 13.7 ppm in the spectra of PYZ, while it is
observed at d = 14.35 ppm in the case of CL. A signal for the
O–H proton at d = 5.35 ppm, which was observed in the spectrum

Fig. 1 1H NMR of the synthesized charge transfer complex (CL) of PYZ and TNP.
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of free TNP, cannot be seen in the 1H NMR spectra of CL
[(PYZH)+(TNP)�].59–61 On the other hand, a new broad signal
appeared at d = 3.45 ppm, which can be designated as a new
center (+N–H) due to the electron transfer to the pyrazole N atom
from TNP. A triplet at d = 7.69 ppm for the C8 proton and a
doublet at d = 8.59 ppm for C7 and C9 protons can be seen in the
spectrum of CL, which were observed at d = 7.55 and d = 6.25 ppm
respectively in the PYZ spectrum. The singlet at d = 9.14 ppm for

the C5 and C3 protons of TNP can be seen at d = 9.08 ppm in CL.
The peaks at 2.51 and 2.50 ppm appeared in the spectrum of CL
due to the DMSO-d6 solvent. The shift in the frequency is caused
by the transfer of hydrogen to TNP and increasing electron density
on PYZ.

3.1.2. Size and morphology of CL (SEM images). Scanning
electron microscopy (SEM) analysis was also performed to
elucidate the morphology of CL. SEM provides plentiful infor-
mation regarding the morphology and texture of CL. From
Fig. 2 it is clear that the morphological analysis of CL shows
a bunch of rectangular plate-shaped crystals with a partial size
of 90 � 40 � 20 micrometers approximately. The detailed
analysis on zooming out (�600) indicates that the size of the
material is larger and the study rules out the presence of any
nanoparticle.

3.2. Electronic spectra

The UV-visible spectra were recorded for the different stock
solution (PYZ and TNP) mixtures (1 � 10�4 M) in acetonitrile,
methanol and ethanol in the range of 200–550 nm. It was
observed that new absorption peaks appeared with lmax 374,
361 and 358 nm in acetonitrile, methanol and ethanol, respec-
tively, due to the n - n* transition. These new peaks were not
present in the respective acceptor and donor spectra, which
indicates the transfer of an electron between reactants, resulting
in CL formation (Scheme 1). This transfer of an electron results
in the appearance of a hydrogen bond between TNP and PYZ.

Fig. 2 SEM micrographs showing the morphology of the synthesized
charge transfer complex (CL).

Scheme 1 Mechanism of the reaction between donor (PYZ) and acceptor (TNP) reactants.
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The UV-visible spectra of PYZ and TNP and the resulting CTC CL
[(PYZH)+(TNP)�] in acetonitrile, methanol and ethanol are
shown in Fig. S3 (ESI†). The absorption intensity was recorded
at lmax in the respective solvents for different solutions prepared
by mixing different concentrations of PYZ with a fixed concen-
tration of TNP (Table S1, ESI†). The Gaussian function fitting
was applied to analyze the charge transfer band,

y = y0 + [A/(w O(p/2))] exp [�2(x � xc)2/w2]

Here, y and x are for absorbance and wavelength, respectively.
Table S2 (ESI†) represents the Gaussian fitting results. The
Benesi–Hildebrand equation62 was applied to obtain the [A0]/A0

vs. 1/[D0] Benesi–Hildebrand plot,

A0½ �
A0
¼ 1

KCTeCT
:
1

D0½ �
þ 1

eCT

Here, [A0] denotes the initial concentration of TNP, [D0] denotes
the initial concentration of PYZ, A denotes absorbance at lCT,
KCT denotes the formation constant and eCT denotes the molar
extinction coefficient. A straight line plot was obtained for all
solvents suggesting 1 : 1 stoichiometry of CL (Fig. 3). For
calculation of the molar extinction coefficient (eCT) and for-
mation constant (KCT) of CL, the intercept and the slope were
obtained from the Benesi–Hildebrand plot (straight line
method) (Table S1, ESI†).25,63 It can be noted that KCT decreases
with the increase in the dielectric constant of the solvent, while
eCT significantly increases. This is because of the formation of a

strong and stabilized CTC in a less polar solvent. Taken as a
measure of solvent polarity, the smaller value of eCT means
lower polarity and smaller ability to stabilize charges and hence
greater formation constant of the CT complex.64 The data in
Table S1 (ESI†) show that KCT is strongly dependent on the
solvent used with the order ethanol 4 methanol 4 acetonitrile.
The least polar aprotic solvent, acetonitrile, exhibits the smal-
lest value of the formation constant relative to both polar protic
solvents, methanol and ethanol, due to electric permittivity of
the investigated solvents.65

With the help of calculated eCT and KCT values, other
important physical parameters like ID (ionization potential) by
Aloisi and Piganatro,66 ECT (energy of interaction), RN (resonance
energy) by Brieglab and Czekalla,67 DG1 (free energy),68 f (oscil-
lator strength),69 and mEN (dipole moment) by Tsubumora and
Lang70 were also calculated using the following equations:

ID (eV) = 5.76 + 1.53 � 10�4 nCT,

ECT = 1243.667/lCT nm,

eCT = 7.7 � 104/[hnCT/|RN| � 3.5],

DG1 = �2.303 RT log KCT,

F = 4.32 � 10�9 eCTDn1/2, and

mEN = 0.0952 [eCTDn1/2/Dn]1/2

The above calculations reveal that with the increase in the
polarity of the solvent, the value of ionization potential and
energy of interaction decreases. RN is the resonance energy of
the complex in the ground state, which serves as a contributing
factor to the stability of CL. The transition probability of the CT-
band is expressed by oscillator strength ( f ) which is a dimen-
sionless quantity, which is lowest in acetonitrile. This indicated
that the stability of CL would be more in less polar solvents
(observed on the basis of calculated eCT and KCT values)64 as the
dative structure D+–A� should be stabilized in less polar
solvents. The calculated data are shown in Table 1.

3.3. Assays for determining the protective effect of CL against
arecoline

The larvae exposed to 80 mM arecoline showed a significant
2.01 fold increase in the expression of hsp70 compared to the
control (Fig. 4; p o 0.05). The larvae exposed to 80 mM arecoline
along with 0.2187 � 10�3, 0.4375 � 10�3, 0.875 � 10�3 and

Fig. 3 Benesi–Hildebrand plots of CL, [A0]/A vs. 1/[D]0, in ethanol, metha-
nol and acetonitrile at room temperature.

Table 1 Wavelength (lCT), ionization potential (ID), energy of interaction (ECT), resonance energy (RN), oscillator strength (f ), dipole moment (mEN), free
energy (DG) and correlation coefficient (r) of CL

Solvent
Wavelength
lCT (nm)

Ionization
potential ID (eV)

Energy of
interaction
ECT (eV)

Resonance
energy RN

Free energy
�DG (kJ mol�1)

Oscillator
strength
( f � 10�3) Dipole moment mEN (D)

Correlation
coefficient (r)

Ethanol 358 10.03 3.47 0.168 25.79 9.74 23.26 0.9984
Methanol 361 9.99 3.44 0.178 25.55 6.91 22.89 0.9989
Acetonitrile 374 9.85 3.32 0.191 24.15 3.55 19.54 0.9971
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1.75 � 10�3 M CL showed a significant dose dependent
decrease of 1.09, 1.22, 1.38, and 1.47 fold, respectively, in the
expression of hsp70 compared to the larvae exposed to 80 mM
arecoline alone (Fig. 4; p o 0.05).

The results obtained for X-gal staining are presented in
Fig. 5(a–j). The larvae exposed to 80 mM arecoline showed the
highest activity of b-galactosidase in the midgut region com-
pared to control (Fig. 5a and b). The larvae exposed to 0.2187 �
10�3, 0.4375 � 10�3, 0.875 � 10�3, and 1.75 � 10�3 M CL
showed a dose dependent decrease in X-gal staining (Fig. 5c–f)
compared to larvae exposed to 80 mM arecoline.

The result obtained for trypan blue staining is shown in
Fig. 6(a–j) and the same has been quantified in Fig. 7. The
highest tissue damage was observed in the larvae exposed to
80 mM arecoline (Fig. 6a). A dose dependent decrease in the
tissue damage was observed in the larvae exposed to 80 mM
arecoline along with 0.2187 � 10�3, 0.4375 � 10�3, 0.875 �
10�3, and 1.75 � 10�3 M CL, respectively (Fig. 6a). The larvae
exposed to 80 mM arecoline showed a significant increase of
3.07 fold in the tissue damage compared to control (Fig. 5; p o
0.05). The larvae exposed to 80 mM arecoline along with 0.2187 �
10�3, 0.4375� 10�3, 0.875� 10�3, and 1.75� 10�3 M CL showed a
significant decrease of 1.10, 1.27, 1.5 and 1.90 fold, respectively, in
the tissue damage compared to arecoline alone (Fig. 7; p o 0.05).

The result obtained for the comet assay is shown in Fig. 8(a–f)
and the same has been quantified in Fig. 8. The larvae exposed
to 80 mM arecoline showed an increase of 7.52 fold in the DNA
damage compared to control (Fig. 9; p o 0.05). The larvae
exposed to 80 mM arecoline along with 0.2187 � 10�3,
0.4375 � 10�3, 0.875 � 10�3, and 1.75 � 10�3 M CL showed a
decrease of 1.04, 1.12, 1.17, and 1.61 fold, respectively, in the DNA
damage compared to 80 mM arecoline treatment (Fig. 9; p o 0.05).

Fig. 4 Quantification of b-galactosidase activity in the third instar larvae
of transgenic Drosophila melanogaster (hsp70-lac Z)Bg9 after exposure to
various doses of CL alone and along with 80 mM arecoline for 24 h. [A =
80 mM arecoline; X = CL; X1 = 0.2187� 10�3 M, X2 = 0.4375� 10�3 M, X3 =
0.875 � 10�3 M, X4 = 1.75 � 10�3 M; asignificant at p o 0.05 compared to
control; bsignificant at p o 0.05 compared to control].

Fig. 5 X-gal staining performed on the third instar larvae of transgenic Drosophila melanogaster (hsp70-lac Z)Bg9 after exposure to various doses of CL
alone and along with 80 mM arecoline for 24 h. [a – control; b – A; c – A + X1; d – A + X2; e – A + X3; f – A + X4; g – X1; h – X2; i – X3; j – X4; A = 80 mM
arecoline; X1 = 0.2187 � 10�3 M, X2 = 0.4375 � 10�3 M, X3 = 0.875 � 10�3 M, X4 = 1.75 � 10�3 M; X = CL; asignificant at p o 0.05 compared to control;
bsignificant at p o 0.05 compared to control; BG – brain ganglia, SG – salivary gland, PV – proventriculus, FG – foregut, MG – midgut, HG – hindgut,
MT – Malpighian tubule, GC – gastric caeca].
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The results obtained in our present study suggested that CL is
potent enough to counter the toxic effects of arecoline. The
exposure of arecoline, induced the hsp70 expression as evidenced
by the increase in the activity of b-galactosidase (estimated by

performing ONPG assay). The results were corroborated by the
results obtained for X-gal staining. The larvae exposed to varying
concentrations/doses of CL showed a dose dependent decrease in
the activity of b galactosidase. Similarly, the tissue damage was
also reduced in a dose dependent manner as evidenced by the
reduction in staining of the tissues. Arecoline is metabolized in

Fig. 6 Trypan blue staining performed on the third instar larvae of transgenic Drosophila melanogaster (hsp70-lac Z)Bg9 after exposure to various doses
of CL alone and along with 80 mM arecoline for 24 h. [a – control; b – A; c – A + X1; d – A + X2; e – A + X3; f – A + X4; g – X1; h – X2; i – X3; j – X4; A =
80 mM arecoline; X1 = 0.2187 � 10�3 M, X2 = 0.4375 � 10�3 M, X3 = 0.875 � 10�3 M, X4 = 1.75 � 10�3 M; X = CL; asignificant at p o 0.05 compared to
control; bsignificant at p o 0.05 compared to control; BG – brain ganglia, SG – salivary gland, PV – proventriculus, FG – foregut, MG – midgut, HG –
hindgut, MT – Malpighian tubule, GC – gastric caeca].

Fig. 7 Quantification of tissue damage after performing trypan blue
staining on the third instar larvae of transgenic Drosophila melanogaster
(hsp70-lac Z)Bg9 exposed to various doses of CL alone and along with
80 mM arecoline for 24 h. [A = 80 mM arecoline; X1 = 0.2187 � 10�3 M, X2 =
0.4375 � 10�3 M, X3 = 0.875 � 10�3 M, X4 = 1.75 � 10�3 M; X = CL;
asignificant at p o 0.05 compared to control; bsignificant at p o 0.05
compared to control].

Fig. 8 Comet assay performed on the midgut cells of the third instar
larvae of transgenic Drosophila melanogaster (hsp70-lac Z)Bg9 exposed to
various doses of CL alone and along with 80 mM arecoline for 24 h. [a –
control; f – arecoline treated; b – A + X1; c – A + X2; d – A + X3; e – A +
X4; X1 = 0.2187 � 10�3 M, X2 = 0.4375 � 10�3 M, X3 = 0.875 � 10�3 M,
X4 = 1.75 � 10�3 M; X = CL; A = 80 mM arecoline; asignificant at p o 0.05
compared to control; bsignificant at p o 0.05 compared to control].
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the liver and the two major metabolically active products are
arecaidine and arecoline N-oxide (AO).4 Arecaidine is mainly
considered for oxidation of proteins or other adducts.71 It was
also evident in our earlier study performed on the third instar
larvae of transgenic Drosophila melanogaster (hsp 70-lacZ)Bg9.11

Cytochrome p-450 is a large and diverse family of heme
containing proteins capable of catalyzing a diverse range of
chemical reactions required for the developmental processes
and also the detoxification of foreign compounds.72 In insects,

most of the cytochrome p-450 enzymes are expressed in the
larval midgut, Malpighian tubules, and fat body, suggesting the
potential roles in detoxification processes and protection from
the harmful compounds.72 The study on Drosophila by using
the cytochrome inhibitors showed that the impact of muta-
genicity of some nitrosamines, triazenes, hydrazines, and
seneciphylline was reduced at a significant level suggesting a
promising role of cytochromes p450 in the metabolic activation
of these compounds.73 Metabolic activation property of

Fig. 9 Quantification of DNA damage after performing comet assay on
the midgut cells of the third instar larvae of transgenic Drosophila mela-
nogaster (hsp70-lac Z)Bg9 exposed to various doses of CL alone and along
with 80 mM arecoline for 24 h. [A = 80 mM arecoline; X1 = 0.2187 � 10�3 M,
X2 = 0.4375 � 10�3 M, X3 = 0.875 � 10�3 M, X4 = 1.75 � 10�3 M; X = CL;
asignificant at p o 0.05 compared to control; bsignificant at p o 0.05
compared to control].

Fig. 10 (a) UV-vis spectra of CL upon gradual addition of arecoline showing spectral change with the appearance of a new band at 214 nm and the
isosbestic point at 260 nm; and (b) modified Stern-Volmer plot for calculating the binding constant.

Fig. 11 Fluorescence enhancement of CL with the increasing amount of
arecoline (1 mM) in aqueous solution.
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Fig. 12 (a) ACL model showing possible interaction types between CL and arecoline and (b) representation of hydrogen bond surface around CL of ACL.

Fig. 13 (a) Molecular docking pose between arecoline and muscarinic acetylcholine M1 and (b) molecular docking pose between ACL and muscarinic
acetylcholine M1 (A, B, G, H, and R are the chains of the respective protein).

Fig. 14 (a) Binding sites between arecoline and muscarinic acetylcholine M1, (b) 2D diagram showing binding modes between arecoline and muscarinic
acetylcholine M1, and (c) binding sites between ACL and muscarinic acetylcholine M1.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 2
7 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
19

:2
0:

58
. 

View Article Online

https://doi.org/10.1039/d2tb02362h


1272 |  J. Mater. Chem. B, 2023, 11, 1262–1278 This journal is © The Royal Society of Chemistry 2023

Drosophila for other compounds (i.e., aryldialkyltriazenes,
cyclophosphamides, nitrosamines, azon, hydrazo and azozyalk-
anes, aflatoxins and polycyclic hydrocarbons) and polychlori-
nated biphenyl has already been validated (Vogel,1975; Idda
et al., 2020). In our present study, the ingested arecoline by the
larvae may be metabolized by the cytochrome P450s present in
the gut of the larvae and exhibit toxicity.11 The supplementa-
tion of arecoline along with the newly synthesized compound
CL showed a marked reduction in cytotoxicity as well as
genotoxicity. It may be due to the inhibition of cytochrome
P450 by CL that may prevent/reduce the metabolic activation of
arecoline by cytochrome P450. Therefore, it may also reduce the
probability of oral cancers or the pre-cancerous situations.
However, it requires a separate study to be conducted on cell
lines to establish its property as an anti-cancerous agent; but at
present, we can conclude that CL has potential to reduce the
toxicity induced by arecoline.

3.4. Possible mechanism

3.4.1. UV absorption changes. The UV spectra of CL in aqueous
solution (10�4 M) are represented in Fig. 9. The characteristic
absorption appearing in the range of 286–460 nm with a lmax of
352 nm can be observed. With the incremental addition of arecoline
to CL aqueous solution, a decrease in the absorbance with red shift
of lmax by 2 nm is observed and a new peak appears at 214 nm. An
isosbestic point can also be observed at 260 nm. This indicates the
smooth non-emissive ground state interaction between arecoline
and CL.

The binding constant was calculated to be 4.084 � 102 M�1

(R2 = 0.985) with the help of the modified Stern Volmer
equation (MSV),74

F0

F0 � F
¼ 1

fa
þ 1

faKa

1

½Q�

Fig. 15 (a) Structure showing twin sisters S1 and S2 bonded with a water molecule, (b) an ortep view showing interaction between the donor and
acceptor moieties, and (c) crystal packing showing the hydrogen bonding network.
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where the intensity before the addition of arecoline and after
the addition of arecoline is denoted by F0 and F, respectively,
[Q] denotes the arecoline concentration and Ka is the binding
constant (Fig. 10).

3.4.2. Fluorescence response of CL to arecoline. The
synthesized material CL showed average fluorescence with
lem = 453 nm upon excitation at 390 nm in aqueous solution.
On incremental addition of arecoline (1 mM), the fluorescence
intensity of CL increased correspondingly (Fig. 11). The results
obtained from fluorescence are essentially in agreement with
the UV-vis titrations performed in the previous section. No
major shift in the position of lex and lem was observed. On the
other hand, PYZ and TNP (free reactants) solutions show a
slight and negligible change in fluorescence intensity (Fig. S4,
ESI†). Structures with rigid conjugation are known to produce
strong fluorescence,75 and H2O, H+, and OH� molecules in
solution have the ability to form effective hydrogen bonds in
the excited and ground states with the chromophore donor
group.76 Therefore, CL can form H-bonds with H2O, H+ and
OH� in solution. The rigidity of CL will be enhanced by such
H-bonds and thus contributes to the moderate fluorescence of
CL. A cooperative host–guest complexation may enhance the
host conformation rigidity and thus increase its fluorescence.77

3.4.3. Interaction study between CL and arecoline by mole-
cular docking. The best possible interaction between CL and
arecoline was investigated and optimized at the M06-2X/6-
311**G (d,p) level of theory and represented in Fig. 12 and named
ACL. In ACL, arecoline and CL interact through p–p stacking
(3.8 and 4.7 Å) and carbon hydrogen bonding (2.1 and 2.6 Å).

Molecular docking poses for arecoline and muscarinic acet-
ylcholine M1, and ACL and muscarinic acetylcholine M1 were
obtained and it was concluded that they bind to chain B of
muscarinic acetylcholine M1 (Fig. 13). Arecoline individually
forms conventional hydrogen bonds with LEU 318 and SER 275;

carbon hydrogen bonds with HIS 62 and LEU 318; van der Waals,
p-cation and alkyl interactions are also present (Fig. 14). The
interactions/hydrogen bonds between arecoline and the target
protein result in the stimulation of parasympathetic effects. On
the other hand, the docking pose of ACL and muscarinic acet-
ylcholine M1 reveals that the CL portion of ACL blocks the active
binding sites and thus acts as a hindrance between muscarinic
acetylcholine M1 and arecoline (Fig. 13). This may result in the
reduction of the arecoline effect on muscarinic acetylcholine M1.78

3.5. Single crystal XRD studies of CL

Single crystal X-ray diffraction data help us to study the bonding
and structural features of the synthesized crystal CL. The data
obtained from SC-XRD reveal the empirical formula of CL to be
‘‘2[(C9H7N5O7).0.5H2]’’ and show H-bonding between TNP and
PYZ in a stable crystal lattice.79 Twin sisters S1 and S2 can be seen
connected with the water molecule (Fig. 15). PYZ and TNP form a
bond through the transfer of the hydrogen atom from O14 of TNP
to the N5 atom of PYZ, with a bond length of 2.69 Å (S1). A similar
structure (S2) with a hydrogen bond length of 2.79 Å between O7
of TNP and N10 of PYZ was found to be connected through H2O
with S1. The water molecule forms a hydrogen bond between N4
of PYZ of S1 with 2.68 Å and N9 of PYZ of S2 with 2.77 Å. Table 2
and Table S3 (ESI†) provide the refinement parameters and bond
lengths for the synthesized crystal (CL), respectively. Hydrogen
atom coordinates (Å � 104) and isotropic displacement para-
meters (Å2 � 103) for CL are shown in Table S4 (ESI†). The ortep
view and hydrogen bonding network in the crystal are represented
in Fig. 14. The CCDC no. of the crystal is 1973751.†

3.6. DFT/TD-DFT studies, Mulliken charge, and electrostatic
potential map

The minimization energy for TNP, PYZ, and CL was obtained
and it was observed that the total energy of TPN is �920.57 a.u.,

Table 2 Crystal data and structure refinement for CL

Crystal CL

Empirical formula C18H16N10O15

Formula weight 612.39
Temperature/K 100(2)
Crystal system Triclinic
Space group P%1
a, b, c/Å 7.6872(6), 11.8217(8), 13.5376(10)
a, b, g/1 98.528(2), 101.825(2), 91.802(2)
Volume/Å3 1188.39(15)
Z 2
rcalc/g cm�3 1.7112
m/mm�1 0.152
F(000) 628.4
Crystal size/mm3 0.38 � 0.26 � 0.16
Radiation Mo Ka (l = 0.71073)
2y range for data collection/1 5.66 to 50.1
Index ranges �10 r h r 10, �15 r k r 15, �18 r l r 18
Reflections collected 16 890
Independent reflections 4139 [Rint = 0.0444, RSigma = 0.0562]
Data/restraints/parameters 4139/0/412
Goodness-of-fit on F2 1.099
Final R indexes [I Z 2s(I)] R1 = 0.0496, wR2 = 0.1001
Final R indexes [all data] R1 = 0.0607, wR2 = 0.1065
Largest diff. peak/hole/e Å�3 0.39/�0.34
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PYZ is �226.11 a.u., and CL is �1146.53 a.u., and the stabili-
zation energy is calculated to be �77.18 kcal mol�1 for CL.
The optimized structure of CL with atomic numbers is repre-
sented in Fig. 16. Mulliken charges for PYZ, TNP, and CL were
also calculated and a shift in the Mulliken charges of the atom
of CL to the respective PYZ and TNP atom was observed
(Table 3). The increase in the negative Mulliken charge on O7
was observed to be 0.54444, which was 0.52425 in free TNP.
This shift in the charge on the O7 atom of CL is due to the
dissociation of the O7–H27 bond in CL. Similarly, the decrease
in the negative Mulliken charge on N20 was observed to be
0.34883, which was 0.39889 in free PYZ, which is caused by the

transfer of the proton to N20. H27 of CL also showed a decrease
in the positive Mulliken charge to 0.35857 from 0.40197. The
decrease in Mulliken charges of CL atoms with respect to PYZ
and increase with respect to TNP suggest the transfer of proton
between PYZ and TNP. All these shifts in Mulliken charges
suggest the transfer of electrons and N+–H� � �O� interaction, as
observed in single crystal XRD results. In order to know the
preferred binding sites of the nucleophilic and electrophilic
attack, the molecular electrostatic potential (MEP) map of PYZ,
TNP, and CL was generated (Fig. S5, ESI†). The electrostatic
potentials are shown by different colors on the surface of the
MEP map. The blue region represents positive electrostatic

Fig. 16 (a) Optimized structure of CL with the atom numbering scheme and (b) the pictorial representation of frontier molecular orbitals of CL showing
the HOMO–LUMO energy gap.
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potential, red represents negative electrostatic potential and
zero electrostatic potential is represented by green regions.
Negative electrostatic potential and the region with red color
are located over the oxygen atom, while positive electrostatic
potential and the blue color region are located over the hydro-
gen atom. The regions with positive electrostatic potential (blue
color) and negative electrostatic potential (red color) may be the
preferable sites of nucleophilic and electrophilic attacks.61

The FMOs (frontier molecular orbitals), i.e., the lowest
unoccupied molecular orbital (LUMO) and the highest occu-
pied molecular orbital (HOMO), of CL were also obtained to
explain chemical reactivity, kinetic stability, and the charge

delocalization within the molecule. The UV spectra and FTIR
spectra of CL were obtained through TD-DFT and DFT using
the 6-31G**/B3LYP basis set to support experimental data
(Fig. S6, ESI†). The HOMO to LUMO energy gap (DE) is
3.2591 eV and the HOMO�1 to LUMO+1 energy gap (DE) is
4.1865 eV, obtained from FMOs (Fig. 16). The molecular orbital
(MO) diagram obtained through theoretical calculations is
represented in Fig. S8 (ESI†) and MO energies are given in
Table S5 (ESI†). The coordinates of the molecules (TNP, PYZ, and
CL) were obtained from DFT and represented in Tables S6–S8
(ESI†). Based on the optimized structure and HOMO–LUMO,
some molecular parameters related to chemical reactivity (SCF
minimum energies, polarizability, thermodynamic parameters,
dipole moments) for the complexes are presented in Table 4 in
the gas phase.61,80

3.7. Hirshfeld surface analyses of the synthesized crystal (CL)

CrystalExplorer 03.157 software was used to map the Hirshfeld
surface in the dnorm range of 0.5 to 2.5 Å. The partitioning space
of the molecule in the crystal into regions where the procrystal
is being dominated by the promolecule is the Hirshfeld surface
of the crystal. Different surfaces like dnorm, di, de, shape index,
and curvedness are represented in Fig. S9 (ESI†). The shape
index represents the two complementary shapes with blue
(bumps) and red (hollow) shapes touching each other. The
root-mean-square curvature is represented by the curvedness
function, which shows green regions that are separated by deep
blue color edges. The depressions with red color on the dnorm

surface represent contacts having hydrogen bonds. di repre-
sents the distance from the Hirshfeld surface to the nearest
nucleus internal to the surface and de is for the outer surface.
The 2-D fingerprint plot between these di and de provides more
information about the different types of close contacts (Fig.
S10, ESI†).81 The two equal sharp peaks in the 2-D fingerprint
plot represent the O–H bonding of N–O� � �H interaction. Other
important close interactions like C–H� � �p, C–O� � �C, N–O� � �H
and C–H� � �H for CL were also shown with C–H = 4.5%, C–O =
43.3%, O–H = 52.2%, N–H–O = 2.7% and N–O = 5.7% of
occurrence in the molecule.

3.8. Thermograms study

TGA-DTA analysis was done for free reactants (PYZ and TNP) and
the resulting complex CL [(PYZH)+(TNP)�] to study the thermal
stability and confirming the interaction between PYZ and TNP
(Fig. S11, ESI†). Table 5 shows the useful data obtained from the
thermograms study. The DTA of [(PYZH)+(TNP)�] reveals three
endothermic peaks which appeared at 122.4 1C (DH = �148.1 mJ),

Table 3 Mulliken atomic charges of CL atoms

Atom CT complex TNP Atom CT complex PYZ

O1 �0.35997 �0.29579 H27 0.35857 0.40197
O2 �0.29808 �0.22189 N19 �0.37390 �0.53453
O3 �0.29906 �0.27743 N20 �0.34883 �0.39889
O4 �0.29878 �0.23741 C21 0.25568 0.12516
O5 �0.30442 �0.29248 H22 0.19358 0.16723
O6 �0.29324 �0.29248 C23 �0.21810 �0.21452
O7 �0.54444 �0.52425 H24 0.15519 0.13588
N8 0.07219 0.04076 C25 0.28996 0.02788
N9 0.04469 0.03065 H26 0.21101 0.15672
N10 0.06547 0.01169 H28 0.348887 0.33596
C11 0.23190 0.34143
C12 0.31506 0.23572
C13 0.24807 0.36277
C14 �0.03060 �0.10351
H15 0.16008 0.24117
C16 0.26521 0.33504
C17 �0.00470 �0.08943
H18 0.15856 0.24304

Table 4 Various other theoretical molecular parameters of CL and their
constituents

Parameters CL (B3LYP/6-31G**)

Minimum SCF energy (a.u.) �1146.63765124
Stabilization energy (kcal mol�1) �77.18 kcal mol�1

Polarizability (a.u.) 242.629
Zero point vibrational energy (kcal mol�1) 116.01423
Total thermal energy (kcal mol�1) 127.139
Field independent dipole moment (Debye) mtotal 11.7943
Electronic spatial extent (a.u.) 7534.5215
Frontier MO energies (eV)

LUMO �2.8827
HOMO �6.1418
LUMO+1 �2.5894
HOMO�1 �6.7759

Gap [LUMO–HOMO] 3.2591
Gap [(LUMO+1)–(HOMO�1)] 4.1865

Table 5 Weight loss, enthalpy (DH), and degradation temperature (T) for pyrazole, 2,4,6-trinitrophenol and CL

Step

Pyrazole 2,4,6-Trinitrophenol CT complex [(PYZH)+(TNP)�]

Weight loss (%) T (1C) DH (mJ) Weight loss (%) T (1C) DH (mJ) Weight loss (%) T (1C) DH (mJ)

1 99.6 130.9 �91.2 99.3 274.4 �276.1 74.3 265.7 �148.1
2 �202.8 �386.5 99.9 292.3 �125.9
3 �430.6 �119.4
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167.2 1C (DH = �125.9 mJ) and 285.8 1C (DH = �119.4 mJ),
respectively, while three endothermic peaks at 121.5 1C (DH =
�276.1 mJ), 240.9 1C (DH = �386.5 mJ) and 281.4 1C (DH =
�430.6 mJ) were observed in the DTA of TNP (acceptor) and only
two endothermic peaks at 75.4 1C (DH = �91.2 mJ) and 147.2 1C
(DH = �202.8 mJ) in the case of PYZ. The TGA of [(PYZH)+(TNP)�]
shows decomposition with the weight loss of 74.3 and 99.9% at
265.7 and 292.3 1C (mid points), respectively. PYZ was decom-
posed with the weight loss of almost 99.6% at 130.9 1C (mid
points) and TNP was decomposed with the weight loss of 99.3% at
274.4 1C (mid points). From these above results, it can be
concluded that CL [(PYZH)+(TNP)�] is thermodynamically more
stable as compared to free PYZ and TNP due to the formation of
H-bonding interaction (N+–H� � �O�) between TNP and PYZ to form
the CT complex.82 The TGA is not consistent with the acceptor
and donor molecules due to strong H-bonding between these
moieties providing extra robustness to the final product (CL). In
the TGA curve from 190 to 290 1C there is weight loss of both these
moieties as we did not get a sharp peak to distinguish them. This
may be due to the strong interaction between these two moieties.
Thus we can suggest that after 300 1C both donor and acceptor
decompose subsequently giving only the residue after 300 1C.83

Moreover, deviation in the thermograms of [(PYZH)+(TNP)�] in
comparison with PYZ and TNP confirms the formation of
[(PYZH)+(TNP)�].84

4. Conclusion

In summary, the biological activity of an organic material CL is
maneuvered by various techniques like in situ histochemical
b-galactosidase activity and comet assay. Herein, the synthesized
charge transfer complex CL was characterized by various spectro-
scopic and crystallographic techniques and was observed to be
formed through N+–H� � �O� bonding between TNP and PYZ; it
was found to cause a remarkable dose-dependent decrease in the
toxic effect of arecoline. b-Galactosidase activity, apoptosis and
DNA damage in the midgut cells of third-instar larvae of the
transgenic Drosophila melanogaster (hsp70-lac Z)Bg9 exposed to
80 mM arecoline were found to be decreased on increasing the
dose of the synthesized material (up to 20 mM). A slight and
negligible decrease in the toxic effects caused by arecoline was
observed on using the highest dose (20 mM) of free reactants
(PYZ and TNP) suggesting that CL as a whole is responsible for
the reduction of these toxic effects. The decrease in the arecoline
toxic effects occurs because of the ground state interaction
between arecoline and CL. Molecular docking analysis for inter-
action of arecoline with muscarinic acetylcholine M1 shows
perfect binding at the active sites of muscarinic acetylcholine
M1, triggering its end-receptor stimulation. Interestingly, after
complexation of CL and arecoline (ACL), it is observed that CL
moieties of ACL inhibit the interaction between arecoline and
muscarinic acetylcholine M1 by blocking the active sites available
for arecoline and it itself interact with arecoline. In this way, a
route to design and develop new simple organic molecules with

desired efficacy in lowering the toxic effect of arecoline could be
achieved in future endeavors.
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