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Highlights 

 Synthesis of 4-arylazo-1-phenyl-3-(2-thienyl)-5-hydroxy-5-trifluoromethylpyrazolines 

and regioisomeric 4-arylazo-1-phenyl-5(3)-(2-thienyl)-3(5)-trifluoromethylpyrazoles was 

accomplished.  

 All the synthesized compounds were screened for their DNA photocleavage on 

suercoiled pBr322 plasmoid. 
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Abstract
Quantitative detection of hydrogen peroxide (H2O2) is reported by utilizing an optical sensor based on the Surface Plasmon
Resonances (SPR) of Ag and Au nanoparticles embedded in chitosan, a biopolymer. Ag and Au nanoparticles, fabricated by
chemical reduction approach, were incorporated individually in chitosan matrix by solution casting method. Subsequently, their
presence in the host matrix was confirmed using UV-visible spectroscopy, X-Ray diffractometer (XRD), High Resolution
Transmission Electron Microscopy (HRTEM) and Field Emission Scanning Electron Microscopy (FESEM) along with
Energy Dispersive Analysis of X-Ray (EDAX) spectroscopy. Structural changes induced in chitosan with addition of varying
concentration of Ag or Au nanoparticles were studied using Fourier transform infrared (FTIR) spectroscopy. Optical energy gap
of chitosan decreased from 3.82 ± 0.28 eV to 1.84 ± 0.19 eV for Ag-chitosan nanocomposite (Nc) film containing 0.50 wt% Ag
nanoparticle while to a value of 2.14 ± 0.08 eV for Au-chitosan Nc film containing 0.5 wt% of Au nanoparticle. A significant
difference in position and intensity of SPR absorption band was observed as a function of variable concentration of H2O2. The
detection limit of these optical sensors is upto 0.3 μM concentration of H2O2.

Keywords Nanocomposite . Chitosan . Plasmon . Absorption . Sensor

Introduction

Chitosan is a linear cationic polysaccharide derived from the
deacetylation of chitin, the second most abundant polysaccha-
ride after cellulose [1]. Though like other biopolymers chitin
is biodegradable, biocompatible and non-toxic but its applica-
tions and processing are limited due to its insolubility in

conventional solvents. Owing to this fact chitosan is derived
by chemical/enzymatic deacetylation of chitin thus maintain-
ing green properties of chitin [2].

Chitosan can be claimed as one of the best contenders for
fabricating thin films owing to its excellent film-forming prop-
erty. It contains free amino and hydroxyl groups which can be
functionalized through binding with the cationic and anionic

Highlights
• Stable Ag-chitosan and Au-chitosan Nc films were fabricated.
•Optical energy gap reduces to 1.84 ± 0.19 eV and 2.14 ± 0.08 eV for Ag-
chitosan Nc film and Au-chitosan Nc film respectively as compared to
3.82 ± 0.28 eV for chitosan.
• FTIR analysis confirms the strong interaction of Ag and Au nanoparti-
cles with chitosan.
• The detection limit of these optical sensors is upto 0.3 μM concentration
of H2O2.
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forms of noble metals and can stabilize their nanoparticles [3].
Due to these unique physico-chemical properties chitosan is
finding increasing applications in the fields of biotechnology,
nanotechnology, food technology, agriculture, medicine, wa-
ter purification and textiles [4].

Among different nanofillers metal nanoparticles are one of
the most popular nanofillers as they exhibit size and shape
dependent properties, resulting in their applications in opto-
electronics, catalysis, coatings and sensors [5–7].
Nanoparticles of noble metals silver (Ag) and gold (Au) dis-
play peculiar characteristics like; surface plasmon resonance
(SPR) in visible region, surface enhanced Raman scattering
(SERS), outstanding plasmonic activity, catalytic activity etc.
[8–10]. Such features of interest of Ag and Au nanoparticles
make them potential candidates for diverse technological ap-
plications such as sensors [11], optics [12], filter technology
[13], photovoltaic applications [14], etc. Therefore, incorpo-
ration of Ag or Au nanoparticles in chitosan matrix is a unique
way to combine the properties of both noble metal nanoparti-
cles as well as chitosan highlighting the need for comprehen-
sive studies on synthesis and characterization of Ag-chitosan
and Au-chitosan Ncs. There are several reports pertaining to
antibacterial, antifungal as well as photoresponsive properties
of Ag/Au-chitosan Ncs [15–18]. However, there is still a need
for in-depth investigation of optical and sensing properties of
Ag-chitosan and Au-chitosan Nc films in order to explore the
full potential of applications of Ag-chitosan and Au-chitosan
Nc films.

Sensors play an imperative role in analyzing the environ-
ment, providing information on industrial production process-
es, quality management of food products and numerous other
applications. They provide valuable information by
interacting with various chemical components. Hydrogen per-
oxide (H2O2) is one of the analytes that is routinely being used
by the medical community. H2O2 is being used in several
fields such as water treatment plants, fumigation as well as
bleaching and cleaning microcircuits [19] however, it is haz-
ardous to environment and living organisms. Even a little
concentration of H2O2 can harm the cellular system. Hence,
detection of H2O2 quantity in environment, food, pharmaceu-
tical products and particularly in clinical laboratories is of
utmost importance [20].

Thus, the development of new techniques for the quantita-
tive detection of H2O2 is essential. Ning et al. [21] have uti-
lized platinum, ZnFe2O4 functionalized reduced graphene ox-
ide based electrode for determination of H2O2. They observed
high sensitivity and selectivity of electrode towards H2O2.
Zhang et al. [22] have employed Au/CeO2–chitosan compos-
ite film as electrochemical biosensors for detection of H2O2.
However, these techniques suffer from several drawbacks
such as use of highly sophisticated instruments and low
selectivity/poor reproducibility. Therefore, other alternative
methods are required for the determination of H2O2. One of

the ideal candidates for the determination of H2O2 is SPR
based optical sensor due to its high sensitivity and cost effec-
tive detection. SPR sensing is based on the principle of mea-
surable shifts in the SPR wavelength due to its strong depen-
dence on refractive index of surrounding medium. Noghabi
et al. [23] investigated the colorimetric sensing of green syn-
thesized Ag nanoparticles towards H2O2. They observed a
significant change in the intensity of SPR peakwith increasing
concentration of H2O2. Mohan et al. [24] have also employed
starch stabilized Ag nanoparticles for detection of H2O2.
However, fabrication of SPR based sensor for the detection
of H2O2 by utilizing Ag-chitosan and Au-chitosan Nc films
has seldom been reported.

The present research work reports the synthesis of Ag and
Au nanoparticles via chemical reduction approach and fabri-
cation of Ag-chitosan and Au-chitosan Nc films by solution
casting technique. The structural and optical properties of syn-
thesized Nc films have been investigated and their sensitivity
towards H2O2 has been demonstrated.

Experimental section

Reagents and materials

Silver nitrate (AgNO3) (Mol. wt. = 169.87 g mol−1), glycerol
(Mol. wt. = 92.10 g mol−1) and tri-sodium citrate dihydrate
(Mol. wt. = 294.10 g mol−1) were procured from Rankem.
Soluble starch (Mol. wt. = 342.30 g mol−1), 36% H2O2

(Mol. wt. = 34.01 g mol−1) and acetic acid (Mol. wt. =
60 g mol−1) were bought from HIMEDIA. Choloauric acid
(HAuCl4.xH2O) was purchased from Molychem. Chitosan
(viscosity 47.78 cp) with degree of deacetylation 96.80%
was procured from Central Institute of Fisheries (CIF)
Kochi, India. Analytical grade chemicals were used as re-
ceived and deionized water was used to prepare all solutions.

Methods

Preparation of Ag nanoparticles

For synthesizing Ag nanoparticles, 0.1 g of soluble starch was
dissolved in 25 ml of distilled water at 85 °C. Subsequently,
10 ml of freshly prepared 0.04 M AgNO3 was added to 25 ml
of hot aqueous solution of soluble starch under vigorous stir-
ring under dark. Then 15 ml of 0.12 M fructose solution was
added to the reactive system, which was held at 85 °C under
vigorous stirring for half an hour when colour of the mixture
changed to light yellow indicating the formation of Ag nano-
particles. Colour of the mixture continued to darken and final-
ly turned brown after 1 h [10, 25, 26].
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In silico enhancement of azo dye adsorption affinity for 
cellulose fibre through mechanistic interpretation under 
guidance of QSPR models using Monte Carlo method with 
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ABSTRACT
Azo dyes are a group of chemical moieties joined by azo (-N=N-) 
group with potential usefulness in different industrial applications. 
But these dyes are not devoid of hazardous consequence because 
of poor affinity for the fibre and discharge into the water stream. 
The chemical aspects of 72 azo dyes towards cellulose fibre in terms 
of their affinity by QSPR have been explored in the present work. 
We have employed two approaches, namely balance of correlation 
without IIC (TF1) and balance of correlation with IIC (TF2), to gen-
erate 16 QSAR models from 8 splits. The determination coefficient 
of calibration and validation set was found higher when the QSPR 
models were developed using the index of ideality correlation (IIC) 
parameter (TF2). The model developed with TF2 for split 3 was 
considered as a prominent model because the determination coef-
ficient of the validation set was maximum (r2 = 0.9468). The applic-
ability domain (AD) was also analysed based on ‘statistical defect’, d 
(A) for a SMILES attribute. The mechanistic interpretation was done 
by identifying the SMILES attributes responsible for the promoter of 
endpoint increase and promoter of endpoint decrease. These 
SMILES attributes were applied to design 15 new dyes with higher 
affinity for cellulose fibre.
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Introduction

The use of colouring is a very sophisticated method used to change the colour features of 
various substrates, including cloth, paper and leather. Substances with dyeing abilities 
were derived from natural substances, mostly from animals or plants, before even the 
mid-nineteenth century [1]. But by the advent of the twentieth century, natural dyes were 
rendered almost obsolete by synthetic dyes. Today, nearly all commercially produced 
dyes and pigments are synthetic compounds, with a few inorganic pigments [2,3]. Dyes 
are used in almost all types of products in the market such as textiles, paper, food, 
packaging, plastics, lasers, biometrics, solar capture, diagnostic tools, cosmetics and 
household goods [4–6].
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The whole textile industry is highly dependent on the dyes, and approximately 700,000 
tons of more than 100,000 dyes are produced annually for commercial purpose [7,8]. 
These display an enormous range of dazzling shades and good wet fastness. However, 
dye loss, which is mainly caused by relatively poor dye fibre fixation and the presence of 
unreactive hydrolysed dye, is a matter of concern as it leads to the release of dyes into the 
environment. Pollution of the environment resulting from the release of industrial efflu-
ents has attracted the attention of the scientific community worldwide [9]. Effluents from 
industries such as textiles, leather, paper and plastic contain different types of artificial 
dyestuffs. The groundwater quality is adversely affected by the haphazard discharge of 
these dyes into sewage, ponds and rivers. It has been proposed that nearly 10–15% of the 
total dye production is discharged into the environment through wastewater, which 
poses serious hazards to the flora and fauna [8]. Literature survey reveals that a few 
dyes can be degraded by microorganisms under anaerobic condition [10]. So, in most of 
cases, these dyes lead to the production of carcinogenic compounds [10,11].

Azo dyes are chemicals identified by the existence of one or more azo units (-N=N-), 
generally, in numbers one or four, connected to phenyl and naphthyl radicals, which are 
typically substituted by certain pairings of functional groups namely: amino (-NH2), 
chlorine (-Cl), hydroxyl (-OH), methyl (-CH3), nitro (-NO2), sulphonic acid and sodium 
salts (-SO3Na) [12–16]. Azo dyes constitute the biggest group of colours, as around 70% 
of all organic dyes products are azo dyes [17]. These are extensively consumed by the 
dyeing industry and are present in almost all types of dyes, such as direct, reactive, and 
disperse dyes [18–20]. Notwithstanding the challenge in the processing of the residues 
produced and the detrimental implications for their use, azo dyes, particularly sulphuric 
ones, are extensively employed for dyeing fabrics. This is partly because of low costs and 
good affinity features [21]. Levels of dye fixation can be measured in terms of the dye– 
fibre attractive force commonly known as ‘affinity’, and the design of high-affinity dyes is 
the need of the hour [22].

The fibre of cellulose is an incredible natural resource that has extensive uses in 
numerous industrial products, and particularly in textiles. In this, two glucose moieties 
are interconnected through a glycosidic linkage and polymer components form a hydro-
gen bond set-up with hydroxyl groups and ethereal oxygen. Cellulose cannot fixate ionic 
dyes due to a lack of ionic sites in its structure [23]. Therefore dye molecules with some 
special structural characteristics are required for direct dying of the cotton. Several factors 
such as the formation of hydrogen bonds, electrostatic fields, hydrophobicity, etc., 
influence the affinity between cotton and dye molecule, and therefore diverse experi-
mental records exist in the literature [6,23–30]. For that reason, various computational 
approaches such as quantitative structure–property/activity relationships (QSPR/QSAR) 
have been extensively used to study this affinity [23,25–31].

QSAR modelling is a statistical approach correlating the structural information of 
chemicals with endpoints/response values (activity/property/toxicity) using chemometric 
techniques [32,33]. CORAL (http://www.insilico.eu/coral/) software is commonly used for 
the building of QSAR models in accordance with OECD principles [34,35]. It uses the 
SMILES notations of the molecules in the input file and extracts the best model using 
Monte Carlo optimization [36–38]. Many endpoints, including pharmacological and tox-
icological, have been modelled by this prestigious tool [39–45].
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interpretation was done by identifying the SMILES attributes responsible for the 
promoter of endpoint increase and promoter of endpoint decrease. These SMILES 
attributes were applied to design 15 new dyes with higher affinity for cellulose fibre. 
Hence, it can be summarized that the present QSPR method enhances the azo dye 
adsorption affinity for cellulose fibre through mechanistic interpretation under the 
guidance of the QSPR model using the Monte Carlo method with index of ideality 
correlation.
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ABSTRACT
Human African trypanosomiasis (HAT) or sleeping sickness like infections remain a serious health con-
cern around the globe due to unavailability of safe and potential drugs for their treatment. Moreover,
developing safe, potential and highly specific target based treatments is still a challenge for present
drug discovery programs. A series of pyrazole based sulfonamides are identified as an inhibitor of
Trypanosoma brucei N-myristoyltransferase (TbNMT). In the present manuscript, we have developed
robust and reliable QSAR models by using the balance of correlation method in CORAL software. The
chemical structures are represented by simplified molecular input line entry system (SMILES). The sig-
nificance of the index of ideality correlation (IIC) with applicability domain (AD) is also studied at
depth. The models developed by considering the index of ideality of correlation (IIC) were found to
statistically more significant and robust. One QSAR model with best R2calibration ¼ 0.8638 for split 2 was
considered as the leading model. A greater value of cRp2 i.e. 0.5 for all models in Y-randomization test
showed the robustness of developed models. The outliers and promoters of increase and decrease of
endpoint were also extracted independently from the leading models. The mechanistic interpretation
of developed models explains the role of different structural attributes in predicting the pIC50 of pyra-
zole sulfonamides extracted from the crystal structure of Leishmania major N-myristoyltransferase
(NMT) along with co-crystallized myristoyl-CoA and ligands NMT106, NMT157, NMT187 and NMT236
(PDB ID: 4A2Z, 4A30, 4A32, 2WSA).

Abbreviations: HAT: Human African trypanosomiasis; IIC: Index of Ideality of Correlation; TbNMT:
Trypanosoma brucei N-myristoyltransferase; CW: Correlation weight; OECD: Organization of Economic
Co-operation and Development; QSAR: Quantitative Structure Activity Relationship; CORAL:
CORrelation And Logic; AD: Applicability Domain

ARTICLE HISTORY
Received 12 May 2020
Accepted 12 June 2020

KEYWORDS
Human African
trypanosomiasis; QSAR;
index of ideality of
correlation; SMILES;
applicability domain; Monte
Carlo method

Introduction

Human African trypanosomiasis (HAT) or sleeping sickness is
caused by the kinetoplastid parasite Trypanosoma brucei and
it is transmitted by the bite of an infected tsetse fly (Glossina
genus) (Nagle et al., 2014; Njoroge et al., 2014). Mainly two
species i.e. Trypanosoma brucei gambiense and Trypanosoma
brucei rhodesiense of the above protozoan parasite is respon-
sible for the HAT disease which leads to death if not treated
properly or treatment is delayed (Klug et al., 2020; Lepovitz
et al., 2020; Scarim et al., 2020). The clinical features are char-
acterized by lymphadenopathy, fever and excessive sleepi-
ness due to encephalopathy or encephalitis (Macleod et al.,
2020; Singh et al., 2019; Watson et al., 2019). This disease is
progressed by two distinct stages: the hemolymphatic stage
and central nervous system (CNS) involvement or menin-
goencephalitic stage. The first stage is initially an acute

stage, starts with the proliferation of parasite in the hemo-
lymphatic system and give rise to non-specific symptoms
(Bayliss et al., 2017; Harrison et al., 2018; Klug et al., 2020;
Montalvo-Quiros et al., 2015; Patrick et al., 2017). However,
the second stage onsets with the migration of parasite from
the hemolymphatic system to CNS and cause classical symp-
toms of sleeping sickness, ultimately leading to coma and
death. In the present scenario, the drugs available for HAT
treatment are unsafe and frequently allied with severe or
life-threatening side effects such as fatal encephalopathy,
agranulocytosis, drug-resistance, and myocardial damage.
Mainly five drugs (suramin, pentamidine, melarsoprol, eflorni-
thine and nifurtimox) are used to treat various stages of HAT
disease (Hagen et al., 2020). For 1st stage treatment, suramin
and pentamidine are used, whereas melarsoprol and eflorni-
thine are recommended for stage 2 infection. Recently, the
nifurtimox-eflornithine combination therapy (NECT) has
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ABSTRACT
The Monte Carlo algorithm was applied to formulate a robust quanti-
tative structure–property relationship (QSPR) model to compute the 
reactions rate constants of hydrated electron values for a data set of 
309 water contaminants containing 125 aliphatic and 184 phenyl- 
based chemicals. The QSPR models were computed with the hybrid 
optimal descriptors which were procured by combining the SMILES 
and hydrogen-suppressed molecular graph for both classes of com-
pounds. Approximately 75% of the total experimental data set was 
randomly divided into training and invisible training sets, while 
approximately 25% was divided into calibration and validation sets. 
The authenticity and robustness of the developed QSPR models were 
also judged by the Index of Ideality of Correlation. In QSPR modelling 
of aliphatic compounds, the numerical values of r2

Training, r2
Validation, 

Q2
Trainingand Q2

Validation were in the range of 0.852–0.905, 0.815–0.894, 
0.839–0.897 and 0.737–0.867, respectively. Whereas, in the QSPR 
modelling of phenyl-based compounds, the numerical values of 
r2

Training, r2
Validation, Q2

Trainingand Q2
Validation were in the range of 0.867–0.896, 

0.852–0.865, 0.816–0.850 and 0.760–0.762, respectively. The struc-
tural attributes, which are promoters of log Ke�aq

increase/decrease 
are also extracted from the SMILES notation for mechanistic interpre-
tation. These QSPR models can also be applied to compute the 
reaction rate constants of organic contaminants.
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Introduction

Currently, one notable problem is water pollution associated with contaminants released by 
industrial effluent wastes, leakage from water tanks, marine dumping, radioactive waste and 
atmospheric deposition. The quality of water is important for health in both developing and 
developed countries. Water pollution has a direct effect on human health, crops and the 
industrial sector. A literature survey shows that various methods such as chemical oxidation 
technologies, nanofiltration, reverse osmosis and advanced oxidation process have been used 
to eliminate contaminants, especially for organic compounds [1]. Biological or chemical 
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results of the models were obtained using the hybrid descriptor, that is both molecular 
graph (HSG) and SMILES descriptor. Split 2 gave the leading model for the aliphatic data set, 
and in the case of phenyl-based compounds the leading model was given by split 3. The 
described approach provides the possibility of predictions of rate constants of hydrated 
electrons with new organic contaminants. The authenticity and robustness of the devel-
oped models were predicted by various statistical parameters such as r2, CCC, IIC, Q2

F1; Q2
F2;

Q2
F3 r2

m, CR2
p etc. The structural attributes, which are promoters of log Ke�aq 

increase or 
decrease, are recognized from the leading models. The present hybrid QSPR models are 
more robust and predictive than models reported in the literature. In the present paper, the 
developed QSPR models are based on molecular structures and these do not involve the use 
of 3D molecular descriptors, physicochemical descriptors, and/or descriptors of quantum 
mechanics. Hence, it can be concluded that the present QSPR method can be used to 
predict the log Ke�aq

of 309 water contaminants containing 125 aliphatic and 184 phenyl- 
based compounds using the Monte Carlo method with index of ideality correlation.
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ABSTRACT
Human African trypanosomiasis (HAT) or sleeping sickness like infections remain a serious health con-
cern around the globe due to unavailability of safe and potential drugs for their treatment. Moreover,
developing safe, potential and highly specific target based treatments is still a challenge for present
drug discovery programs. A series of pyrazole based sulfonamides are identified as an inhibitor of
Trypanosoma brucei N-myristoyltransferase (TbNMT). In the present manuscript, we have developed
robust and reliable QSAR models by using the balance of correlation method in CORAL software. The
chemical structures are represented by simplified molecular input line entry system (SMILES). The sig-
nificance of the index of ideality correlation (IIC) with applicability domain (AD) is also studied at
depth. The models developed by considering the index of ideality of correlation (IIC) were found to
statistically more significant and robust. One QSAR model with best R2calibration ¼ 0.8638 for split 2 was
considered as the leading model. A greater value of cRp2 i.e. 0.5 for all models in Y-randomization test
showed the robustness of developed models. The outliers and promoters of increase and decrease of
endpoint were also extracted independently from the leading models. The mechanistic interpretation
of developed models explains the role of different structural attributes in predicting the pIC50 of pyra-
zole sulfonamides extracted from the crystal structure of Leishmania major N-myristoyltransferase
(NMT) along with co-crystallized myristoyl-CoA and ligands NMT106, NMT157, NMT187 and NMT236
(PDB ID: 4A2Z, 4A30, 4A32, 2WSA).

Abbreviations: HAT: Human African trypanosomiasis; IIC: Index of Ideality of Correlation; TbNMT:
Trypanosoma brucei N-myristoyltransferase; CW: Correlation weight; OECD: Organization of Economic
Co-operation and Development; QSAR: Quantitative Structure Activity Relationship; CORAL:
CORrelation And Logic; AD: Applicability Domain
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Introduction

Human African trypanosomiasis (HAT) or sleeping sickness is
caused by the kinetoplastid parasite Trypanosoma brucei and
it is transmitted by the bite of an infected tsetse fly (Glossina
genus) (Nagle et al., 2014; Njoroge et al., 2014). Mainly two
species i.e. Trypanosoma brucei gambiense and Trypanosoma
brucei rhodesiense of the above protozoan parasite is respon-
sible for the HAT disease which leads to death if not treated
properly or treatment is delayed (Klug et al., 2020; Lepovitz
et al., 2020; Scarim et al., 2020). The clinical features are char-
acterized by lymphadenopathy, fever and excessive sleepi-
ness due to encephalopathy or encephalitis (Macleod et al.,
2020; Singh et al., 2019; Watson et al., 2019). This disease is
progressed by two distinct stages: the hemolymphatic stage
and central nervous system (CNS) involvement or menin-
goencephalitic stage. The first stage is initially an acute

stage, starts with the proliferation of parasite in the hemo-
lymphatic system and give rise to non-specific symptoms
(Bayliss et al., 2017; Harrison et al., 2018; Klug et al., 2020;
Montalvo-Quiros et al., 2015; Patrick et al., 2017). However,
the second stage onsets with the migration of parasite from
the hemolymphatic system to CNS and cause classical symp-
toms of sleeping sickness, ultimately leading to coma and
death. In the present scenario, the drugs available for HAT
treatment are unsafe and frequently allied with severe or
life-threatening side effects such as fatal encephalopathy,
agranulocytosis, drug-resistance, and myocardial damage.
Mainly five drugs (suramin, pentamidine, melarsoprol, eflorni-
thine and nifurtimox) are used to treat various stages of HAT
disease (Hagen et al., 2020). For 1st stage treatment, suramin
and pentamidine are used, whereas melarsoprol and eflorni-
thine are recommended for stage 2 infection. Recently, the
nifurtimox-eflornithine combination therapy (NECT) has
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ABSTRACT
Alzheimer’s disease is the most common neurodegenerative disorder and being a social burden
Alzheimer’s has become an economic liability on developing countries. With limited understanding
regarding the cause of disease, it is commonly identified by extracellular deposit of amyloid b (Ab)
peptides as senile plaques. Pyroglutamated Ab is identified from the brain of AD patients and consti-
tuted the majority of total Ab present. The formation of Pyroglutamated Ab could be hindered by the
use of Glutaminyl cyclase inhibitors and could efficiently improve the symptoms of Alzheimer’s. The lit-
erature revealed the competence of quantitative structure activity/property relationship studies in
drug discovery. The present work explores the efficiency of Monte Carlo based QSAR modelling stud-
ies on a dataset of 125 Glutaminyl cyclase inhibitors with pKi taken as the endpoint for QSAR analysis.
The dataset is divided into training, subtraining, calibration and validation sets resulting in the gener-
ation of five random splits. The validation is performed in accordance with the Organization of
Economic Corporation and Development principles. The values of R2, Q2, index of ideality of correl-
ation, concordance correlation coefficient, av. r2m and delta r2m of calibration set of the best split are
found to be 0.9012, 0.8775, 0.9479, 0.9435, 0.8347 and 0.0847, respectively. The structural features
responsible for increasing the inhibitory activity are identified. These structural features are added to a
base compound from the dataset to design six novel molecules. These new molecules possess
improved inhibitory activity as compare to the base compound. The results are further supported by
docking studies.

Abbreviations: AD: Alzheimer’s disease; APP: amyloid precursor protein; ASP: aspartic acid; Ab: amyl-
oid beta; BACE: beta site amyloid precursor protein cleaving enzyme; CCC: concordance correlation
coefficient; DCW: descriptors of correlation weight; GLN: glutamine; GLU: glutamic acid; HIS: histidine;
IIC: index of ideality of correlation; ILE: isoleucine; LEU: leucine; MAE: mean absolute error; OECD:
organisation for economic cooperation and development; PDB: protein data bank; PHE: phenylalanine;
QSAR: quantitative structure activity relationship; RMSE: root mean square error; SMILES: simplified
molecular input line entry system; TRP: tryptophan; ZBG: zinc binding group
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Introduction

Alzheimer’s disease (AD) is a prevalent irreversible neuro-
logical disease and according to the Brightfocus Foundation,
worldwide 50 million people are suffering from Alzheimer’s
or neurological dementia (Alzheimer’s-Disease-International,
2019). The disease is responsible for the social and economic
burden. In 2018, the estimated cost of Alzheimer’s and
dementia care in the US was $277 billion (Alzheimer’s-
Association, 2018). The most common identifiable symptom
of Alzheimer’s is memory loss. As the disease advances from
preclinical to late-stage, the symptoms encompass behav-
ioural, cognitive, functional and complete mental decline of
the patient (Kumar et al., 2015). Now a days, neuropsychiatric

symptoms like depression, apathy, aggression, and psychosis
are identified as main features of AD, and symptoms com-
plexity characterize the disease progression (Lanctôt et al.,
2017; Li et al., 2014). In addition to genetics, head injuries,
depression, diabetes and obesity, age is the most prominent
factor leading to AD (Lao et al., 2019).

Clinical diagnosis of AD includes patient history, collateral
history from relatives, and clinical remarks, based on the
existence of neurological and neuropsychological features.
With limited understanding regarding the cause of disease, it
is commonly identified by extracellular deposits of amyloid b
(Ab) peptides as senile plaques, transmission loss at synapsis,
tangles formed by deposition of tau protein and degener-
ation of cholinergic neurons (Du et al., 2018; Verma et al.,
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hydrogen bonding with ILE 303. In GC06, the benzene group
was substituted with amino group. In GC06, the coordination
bond with Zinc was absent but subsequently, the benzene ring
of the molecule showed p-p stacking interactions with HIS 330,
TRP 329 and imidazole with PHE 325. The 5-methyl substituent
of imidazole ring was seen involved in p-alkyl interactions with
ILE 303. The substituted amino group showed hydrogen bond-
ing interactions with ASP 159 and GLU 201.

Conclusion

Five different SMILES based QSAR models were developed
on 125 glutaminyl cyclase inhibitors adopting logical and sci-
entific process. The developed models were thoroughly vali-
dated, and various validation parameters were found to be
within described limits. The studies pointed towards the
importance of five-membered heterocyclic ring with three
methylene unit spacer attached to two heavy atoms with a
terminal phenyl ring. The results also demonstrated the
importance of 5-methyl substituted imidazole ring and alkyl-
substituted benzene ring in activity enhancement. Structural
features extracted from the best QSAR model helped in
designing of novel 06 glutaminyl cyclase inhibitor com-
pounds. The newly designed compounds were found to
have improved inhibitory potential. The pKi of compound
GC05 was found to be 4.05. Docking studies further verified
the results as the designed compound showed the crucial
binding interactions with the residues of the active site and
the binding affinity was in well correlation with the predicted
inhibition potential. The results of the present study are very
encouraging and would be very useful for researchers work-
ing in the field of AD treatment.
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ABSTRACT
Alzheimer’s disease is one of the leading causes of disability and death in the global scenario.
Acetylcholinesterase inhibitors are symptomatically involved in the therapeutic management of
Alzheimer’s disease. Due to the prophetic capability of SMILES-based QSAR studies, the current
method explored its efficiency for designing novel inhibitors of acetylcholinesterase enzyme. Two
newly introduced validation parameters (the ideality of correlation (IIC) and the correlation
contradiction index (CCI)) were studied for further validating the predictive capability of developed
models. The index of ideality of correlation was found to have a positive effect on models
developed in comparison to models developed without IIC. The structural features accountable for
intensifying the inhibitory activity were identified by performing QSAR modelling studies on 60
acetylcholinesterase inhibitors from the literature. Based on the molecular features identified
designing of new molecules was accomplished and was found to have satisfactory inhibitory
potential. Docking interactions of designed molecules pointed the importance of position of nitro
group, aromatic ring and alkyl substitution in influencing the inhibitory activity and binding
interactions. The designed compound DD2 was found to have highest inhibitory potential (4.33)
and binding affinity (−11.2 kcal mol−1).
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1. Introduction

With over 40 million people suffering and the sixth leading
cause of death, Alzheimer’s disease has become the most
widespread neurodegenerative disorder. It is not only a social
burden but also an economic burden for developing
countries. The present lifestyle has also contributed towards
the growth of the disease. Regardless of extensive research
over the last century the knowledge regarding the exact
cause and the ways for its treatment are still incomplete
[1–3]. In light of the above facts there are only four FDA-
approved drugs e.g. donepezil, rivastigmine, galantamine
and memantine that can only slow down the advancement
of the disease. The first three drugs are Acetylcholinesterase
inhibitors (AChEIs) and are based on Cholinergic hypothesis
which states that the reduction in the level of acetylcholine
and loss of cholinergic neurons are responsible for learning
difficulties and cognitive impairment [4,5]. AChEIs causes
inhibition of cholinesterase enzyme responsible for the break-
down of acetylcholine. This improves acetylcholine levels in
brains and slows the memory loss.

The last few decades have witnessed a considerable
increase in the use of computational methods in drug discov-
ery and development collectively called as Rational Drug
Design [6]. Reduction in laboratory and animal testing
experiments are the reasons responsible for the diversion of
traditional drug design to rational drug design. One of the

cost-effective and predictive techniques of Rational Drug
Design is Quantitative Structure Activity Relationship
(QSAR). QSAR studies include the mathematical correlation
of descriptors of a bioactive molecule with its activity. In
QSAR-based drug designing the pharmacokinetic/toxicologi-
cal parameters are appropriately correlated with potency/
selectivity [7–11]. The literature revealed that SMILES-
based QSAR studies have remarkable prophetic capability
[12–18]. The purpose of the current work is the explanation
of CORAL software as a means for QSAR modelling [19],
which uses simplified molecular input line entry system
(SMILES)-based optimal descriptor [20–22]. Prediction capa-
bility is the most important criterion for QSAR model devel-
opment process. To determine this criterion many statistical
methods have been reported in the literature. However, none
of them is capable of estimating the prediction ability of
QSAR model individually and all are associated with one
or more drawbacks. Recently a new criterion of predictability
i.e Index of ideality of correlation (IIC) has been suggested by
Toropov[23–25] which is based on correlation coefficient and
mean absolute error. In 2019, same authors have introduced
a new criterion for prediction i.e. correlation contradiction
index (CCI) [26]. It has been shown that there is good
correlation between correlation coefficient of validation and
CCI. In this work, comparison of IIC and CCI has been per-
formed using a new dataset of 60 AChEIs. The further effect
of IIC on CCI has also been investigated. In addition, the
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ABSTRACT
In this study, different water-soluble derivatives of chitosan were synthesized by treating chitosan
with monochloroacetic acid to yield O-carboxymethyl chitosan (O-CMC) and this O-CMC treated
with vanillin to form Schiff base. Metal complexes of this Schiff base were prepared with different
salt of metal ions like Cu(II), Ni(II), Fe(II) and Zn(II). O-CMC and its Schiff base were characterized
by FTIR, 1H-NMR and all other derivatives were characterized by using FTIR, UV-visible and fluores-
cence spectroscopic techniques. In FTIR study, the main characteristic peaks were observed at
1744 cm�1 (C¼O str. in O-CMC), 1666 cm�1 (C¼N str. peak in Schiff base) and 600–640 cm�1

(metal-ligand str.). In 1H-NMR different signals were obtained at d 9.58 ppm due to the proton of
imine group (–CH¼N- in Schiff base) and signals in between d 6.5 and 7.5 ppm due to aromatic
protons. Antimicrobial activity of all these derivatives was also investigated against Bacillus subtilis
(Gram-positive bacteria), Escherichia coli (Gram-negative bacteria) and Aspergillus niger (fungi). The
result shows that Ni- and Zn-complexes of O-CMC Schiff base has almost similar activity as that of
standard drug ampicillin. Thermal behavior of all these derivatives was also examined by using
TG/DTG techniques.

RESEARCH HIGHLIGHTS

� Water-soluble derivatives of chitosan were synthesized (O-CMC, Schiff base and
metal complexes).

� All derivatives were characterized by using different techniques (FTIR, 1H-NMR).
� Thermal, spectral and antimicrobial studies were also carried out.
� All derivatives are water-soluble and thermally stable and exhibited enhanced antimicro-
bial activity.
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1. Introduction

Natural biopolymers become very popular among the peo-
ples because they have some unique properties of biocom-
patibility, biodegradability, they can be extracted from
natural resources like agriculture and marine food resources
and with the additional benefit of their use is that they are

safe for our environment. Chitin is also a natural biopoly-
mer which has all these properties and can be obtained as
waste material from the exoskeleton of crustaceans (shrimp,
lobster, crab, crawfish, etc.) after food processing.[1] But chi-
tin is not soluble as such in most of the solvents that reduce
its applications so; it is converted into chitosan, which is
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which showed that Zn-metal ion binds very efficiently with
Schiff base.

4.5. Antimicrobial results

The antimicrobial activity of chitosan and its different
water-soluble derivatives were investigated against B. subtilis
(Gram-positive strain), E. coli (Gram-negative strain) and
their antifungal activity against A.niger. The antibacterial
activities of all these compounds were calculated by measur-
ing the zone of inhibition method against the test organ-
isms/specimen. The tested biopolymers possessed variable
antibacterial activity against B. subtilis with a diameter of
zone of inhibitions ranging in between 10 and 32mm
(Figure 5) and against E. coli the diameter of zones in
between 10 and 26mm (Figure 5). Among all the tested
samples, Zn-complex and Ni-complex were found to be
most effective against Gram-positive and Gram-negative
bacteria because their zones of inhibition had the largest
diameter. The overall results of antibacterial activity showed
that all the newly synthesized derivatives are more effective
than chitosan against both the strains (B. subtilis and E. coli)
but Zn- and Ni-complexes of Schiff base showed almost
equal activity as that of standard drug ampicillin.

On the basis of very good antibacterial activity of Ni-
complex and Zn-complex, further investigation was carried
out to find their least but sufficient amount to show their
antibacterial action in terms of MIC. For this purpose, the
optical density (OD) of solution of Ni-complex and Zn-
complex of different concentrations containing inocula of B.
subtilis and E. coli at 600 nm was recorded by using spectro-
photometer.[38] The initial concentration of metal complexes
of Schiff base was prepared 2000 ppm against B. subtilis but
the concentration of metal complex against E. coli was
3000 ppm and then they were decreased to get optimum
result. As the concentration of metal complex solution
decreased turbidity of solution increases which showed more
growth of bacteria in the solution. The results showed that
MIC of Ni-complex and Zn-complex against B. subtilis was
nearby 1mg per ml (1000 ppm) and against E. coli was
between 1.75mg and 2mg per ml (1750–2000 ppm).

The antifungal activity of chitosan, O-CMC and its deriv-
atives was tested against A.niger by using poisoned food
method (Figure 6). In the antifungal activity, among all the
tested compounds Zn and Ni metal complexes of Schiff base
showed good activity with more than 0.55 inhibition against
A.niger, whereas other tested compounds showed moderate
activity. Thus, the results of antifungal activity showed that
all the synthesized derivatives have moderate activity, but
Schiff base and its metal complexes were found to be most
active as compared to chitosan.

The mechanism of biological activity of chitosan and its
derivatives can be explained as negatively charged bacterial
membrane interact with the positively charged chitosan mol-
ecules and eventually the normal cell got destroyed.[39]

Greater positive charge on -N in case of Schiff base of
(-RC¼N-) as compared to amine group of polymeric chain
of chitosan (-NH2 group) may be the reason for higher

antimicrobial activity of Schiff base of chitosan. The metal
complexes were more biologically active than Schiff base
because the density of positive charge on -N increased after
chelation of Schiff base with metal ions.[24]

5. Conclusion

The present work describes the synthesis and characterization
of water-soluble derivatives of chitosan i.e., O-CMC, Schiff
base of O-CMC and metal complexes of Schiff base with
Cu(II), Ni(II), Fe(II) and Zn(II) ions. O-CMC was prepared
by reacting chitosan with monochloroacetic acid in strong
basic condition and this O-CMC was treated with vanillin to
obtain Schiff base and due to the chelating property of Schiff
base different metal complexes were prepared. FTIR, 1H-
NMR, UV-visible and fluorescence are some spectroscopic
techniques which were used to confirm the structure of all
these derivatives. Antimicrobial property of chitosan and its
derivatives was investigated against bacteria (B. subtilis, E. coli)
and fungi (A. niger). Analysis of results showed that Schiff
base and its metal complexes have enhanced antimicrobial
activities as compared to chitosan. Among these two deriva-
tives, Zn and Ni-complexes of Schiff base have comparable
antimicrobial activity to the standard drug ampicillin.
Investigations were also carried out to find out MIC of these
compounds by using a broth dilution method. The thermal
inquiry of chitosan and its synthesized derivatives showed that
they were quite thermally stable and stability of metal com-
plexes was slightly more than Schiff base with also increased
in their char yield due to the formation of their metal oxides.
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Introduction
Diabetes mellitus (DM) is a disorder related to imbalance in carbo-
hydrate, protein and fat metabolism and characterized by hyper-
glycemia [1]. Hyperglycemia results into microvascular and mac-
rovascular problems such as failure of visualization, heart disease 
etc [2]. World Health Organization (WHO) has included diabetes in 
chronic diseases [3]. About 80 % of the total deaths occur due to 
diabetes every year [4] and the rate at which it is spreading, diabet-
ic patients will enhance up to 300 million in 2025 [5]. Diabetes Mel-
litus or non-insulin-dependent diabetes mellitus (NIDDM) is regard-
ed as the mostly widespread type of diabetes in all known forms 
[6]. Although various therapeutics agents are available as anti-di-
abetic drugs, but still many of them have a number of serious side 
effects. In medicinal chemistry, development of anti-diabetic drugs 
with less side effects and relatively low price is still a challenge [7]. 
From different radioisotopic analysis & some experimentation by 

means of 13C NMR, it has been reported that the glucose (in non-
absorptive state) is produced in the liver by a process known as the 
GNG (gluconeogenesis). In Type-2 diabetic (T2D) patients GNG flux 
is excessive. Hence, to maintain the level of blood glucose in T2D 
patients, GNG as a pharmacological target represents an attractive 
approach [8]. Gluconeogenesis involves a principle regulatory en-
zyme fructose-1,6-bisphosphatase which converts the fruc-
tose-1,6-bisphosphate into fructose-6-phosphate and an inorgan-
ic phosphate is also released with it [9].

In the modern medicine development practices, to predict the 
pharmacological action of novel molecules by Quantitative struc-
ture activity relationship (QSAR) is assumed as the best option [10]. 
The major motive of all QSAR modeling process is the development 
of a model which can correlate pharmacological activity of a mol-
ecule with its properties by a simple mathematical equation [11]. 
For QSPR/QSAR study, the CORALSEA software is one of the best 
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Fructose-1,6-bisphosphatase performs a significant function 
in regulating the blood glucose level in type 2 diabetes by con-
trolling the process gluconeogenesis. In this research work 
optimal descriptor (graph) based quantitative structural activ-
ity relationship studies of a set of 203 fructose-1,6-bisphos-
phatase has been performed with the help of Monte Carlo 
optimization. Distribution of compounds into different sets 
such as training set, invisible training set, calibration set and 
validation sets resulted in formation of splits. Statistical param-
eters obtained from quantitative structural activity relationship 
modeling were good for various designed splits. The statistical 
parameters such as R2 and Q2 for calibration and validation sets 
of best split developed were found to be 0.8338, 0.7908 & 
0.7920 and 0.7036 respectively. Based on the results obtained 
for correlation weights, different structural attributes were 
described as promoters and demoters of the endpoint. Further 
these structural attributes were used in designing of new fruc-
tose-1,6-bisphosphatase inhibitors and molecular docking 
study was accomplished for the determination of interactions 
of designed molecules with the enzyme.
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compounds are given in table S7 along with their structures, which 
are comparable with experimental data given by Dang et al. [16].

Conclusion
In current research work, three QSAR models of a dataset of 203 
Fructose-1,6-bisphosphatase inhibitors using graph based optimal 
descriptors have been developed by CORAL. During QSAR mode-
ling process OECD guidelines were strictly taken into consideration 
and developed models have good predictions regarding all the sta-
tistical parameters. Extracted structural features emphasized the 
importance of Morgan’s extended connectivity, path lengths, ver-
tex numbers and nearest neighboring code in modulation of FB-
Pase inhibitory activity. Incorporation of these graph attributes in 
the structure of compound D155 resulted in design of novel com-
pounds with increased activity. Further the prediction ability of 
best QSAR model was confirmed by higher docking score of de-
signed molecules. The suggested novel inhibitors could be tested 
for their in vitro activity in the laboratory and this study will assist 
the researchers in further design and development of novel FBPase 
inhibitors.
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Introduction

The present chapter is an extension of review presented in CHEC-II(1996) (Chapter 11.06) which covers five-membered fused bicyclic
systems with three heteroatoms in the same ring and one bridgehead nitrogen atom.1 Some additional entries based on such fused
systems appeared in the literature after the publication of CHEC-II (2015). In this chapter, some of the fused bicyclic compounds are
shown which are reported in the literature in terms of scientific findings. The ring systems covered by this chapter are fused tetrazoles.

Theoretical methods

Structure and tautomerism

Various theoretical aspects related to the structure and tautomerism of pyrrolotetrazoles have been discussed in this chapter. The
studies on structure and tautomerism were done using quantum-chemical methods (HF/6-31G�� and DFT B3LYP/ANO-S) in the
gas phase. In the case of pyrrolotetrazoles based heterocyclic systems, theoretically four neutral prototropic forms (1H-, 3H, 5H- and
7H-tautomers) are possible (Scheme 1).

The four theoretically possible tautomeric forms are further categorized into two class based on the aromaticity of the pyrrole
ring. In the first case, 1H- and 3H-tautomers are placed where aromaticity of half pyrrole ring remains intact. On the contrary, in the
second case maintenance of aromaticity for pyrrole ring is impossible for 5H- and 7H-tautomers. The aromaticity of the pyrrole ring
in both the cases is controlled solely by the proton transfer from the pyrrole ring to the tetrazole ring or vice versa (Scheme 2).

Scheme 1

Scheme 2

☆Change History : April 2020. P Kumar and J Sindhu prepared the update. In the section “Energetics of Intramolecular cyclisation", the citation of Table 2 has
been changed.
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The annular tautomerism in pyrrolo[1,2-d]tetrazoles was explored for the first time by Zubarev et al. using quantum-chemical
methods (HF/6-31G�� and DFT B3LYP/ANO-S) (DFT calculations) in the gas phase.2 The total energy was calculated for the four
possible tautomers (i.e., 1H-, 3H-, 5H, and 7H-forms) to find the stable one among them. The calculation was done using
unsubstituted as well as mono-, di- and tri-substituted derivatives to explore the effect of the substituent on the stability of
tautomeric forms. Both electron-donating and electron-withdrawing substituents (Me, CN and Cl) were used in various positions
of the pyrrole ring help in the evaluation of the influence of electronic nature and their positions on the prototropic tautomerism of
these annulated systems. The structures of all possible forms were optimized using DFTmethod, no negative frequencies were found
and the total energies were calculated taking ZPE-corrections into account. It was observed that 5H-tautomer is the most stable form
for unsubstituted pyrrolotetrazoles and its derivatives containing methyl substituents at the carbon atom(s) in which aromaticity of
the tetrazole fragment is maintained. On the contrary, 1H-tautomer is the most stable form for pyrrolotetrazoles with electron-
withdrawing substituents (CN or Cl) in which the pyrrole fragment is aromatic. A difference in the relative electron-accepting ability
of heterocyclic half-rings may affect the stability of such tautomeric forms.

The aromaticity for various tautomeric forms (1H-, 3H-, 5H-, and 7H-forms) was calculated using various geometrical
parameters (bond lengths) obtained from the optimized structure, where optimization was done using HF/6-31G�� method.
Pozharskii criterion, based on deviations of interatomic bond orders from the average value in each annulated heterocyclic system,
was used for the determination of aromaticity of each of the above-mentioned prototropic forms (Table 1).

Energetics of intramolecular cycloaddition

An attempt was made by Santelli and co-workers to study the theoretical aspect of intramolecular cycloaddition of azidoenynes and
azidobutenenitriles to give 5H-pyrrolo[1,2-d]tetrazoles.3 The theoretical calculations were done by DFT using B3LYP/6-311+
+G(3df,3pd) level of theory in ideal gas and H2O as a solvent. The same level of theory was used for the transition state during
the cyclisation of the parent compound. The synthesis and alkylation/acylation of 5H-pyrrolo[1,2-d]tetrazoles was reported by the
cyclization of 4-azidobut-2-enenitriles in the acidic medium.4,5 In the present chapter, the calculated thermodynamic and kinetic
data concerning various steps reported by these workers have been discussed. The thermal cyclization of 4-azidobut-2-enenitriles
(4a-4f ) to 5a-5f was weakly exergonic and explained the lack of experimental observation in neutral medium (Scheme 3, Table 2).
Nevertheless, the use of H2O as solvent facilitated this thermal cyclization.

Table 1 Aromaticity (in percentage) of various prototropic forms of pyrrolotetrazoles calculated
according to the Pozharskii criterion optimized by the HF/6-31G�� method.

Form Aromaticity (A,%) Integral aromaticity of annulated system

Pyrrole ring Tetrazole ring

1H 35 28 32
3H 38 32 35
5H 10 50 30
7H 12 50 31

Scheme 3

Table 2 Energetics of the thermal cycloaddition of 4-azidobut-2-enenitriles (4a–4f ) to 5H-pyrrolo[1,2-d]tetrazoles (5a-5f ).

R DE¼E5-E4 DG¼G5-G4 DE¼ E5-E4 DG¼G5-G4

[Kcal mol−1]a [Kcal mol−1]a [Kcal mol−1]b [Kcal mol−1]b

4a!5a R1¼R2¼R3¼H −9.66 −4.37 −13.02 −7.54
4b!5b R1¼Me, R2¼R3¼H −11.40 −6.28 −14.55 −9.34
4c!5c R1¼R3¼H, R2¼Me −8.87 −3.58 −12.60 −7.27
4d!5d R1¼R2¼Me, R3¼H −12.69 −7.17 −16.22 −10.06
4e!5e R1¼H, R2¼R3¼Me −11.07 −5.86 −14.61 −9.35
4f!5f R1¼R2¼R3¼Me −14.48 −9.41 −17.81 −12.43

aCalculated in ideal gas.
bCalculated using H2O as solvent.
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ABSTRACT
The present manuscript describes the synthesis, a-amylase inhibition, in silico studies and in-depth
quantitative structure–activity relationship (QSAR) of a library of aroyl hydrazones based on benzothia-
zole skeleton. All the compounds of the developed library are characterized by various spectral techni-
ques. a-Amylase inhibitory potential of all compounds has been explored, where compound 7n
exhibits remarkable a-amylase inhibition of 87.5% at 50mg/mL. Robust QSAR models are made by
using the balance of correlation method in CORAL software. The chemical structures at different con-
centration with optimal descriptors are represented by SMILES. A data set of 66 SMILES of 22 hydra-
zones at three distinct concentrations are prepared. The significance of the index of ideality of
correlation (IIC) with applicability domain (AD) is also studied at depth. A QSAR model with best
R2validation ¼ 0.8587 for split 1 is considered as a leading model. The outliers and promoters of increase
and decrease of endpoint are also extracted. The binding modes of the most active compound, that
is, 7n in the active site of Aspergillus oryzae a-amylase (PDB ID: 7TAA) are also explored by in silico
molecular docking studies. Compound 7n displays high resemblance in binding mode and pose with
the standard drug acarbose. Molecular dynamics simulations performed on protein–ligand complex for
100ns, the protein gets stabilised after 20 ns and remained below 2Å for the remaining simulation.
Moreover, the deviation observed in RMSF during simulation for each amino acid residue with respect
to Ca carbon atom is insignificant.

Abbreviations: IIC: index of ideality of correlation; CW: correlation weight; OECD: Organization of
Economic Co-operation and Development; QSAR: quantitative structure–activity relationship; CORAL:
CORrelation And Logic; AD: applicability domain; MD: molecular dynamics
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1. Introduction

Diabetes and obesity are a cluster of metabolic disorders
related to lifestyle and characterised by high blood glucose
over a prolonged time. The increasing occurrence of these
two disorders accelerated the discovery of new drugs.
a-Amylase (EC 3.2.1.1) is an endoamylase which mainly
occurs in plants, microorganism and higher organisms and
belongs to 13th family of glycoside hydrolases (GH13). Its

main function is to hydrolyze the a-D-(1,4)-glycosidic linkage
in starch (Brayer et al., 1995; Shi et al., 2018; Souza &
Magalh~aes, 2010) and retaining a-anomeric configuration in
the products. The over-expression of a-amylase leads to
hyperglycaemia which results in the development of dia-
betes mellitus. This feature established a-amylase as a well-
known molecular target for type 2 diabetes mellitus.
Marketed drugs prescribed to treat type-II diabetes mellitus
are associated with numerous side effects such as diarrhoea,
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the QSAR model built by CORAL Software, AD is calculated
by arranging SMILES attributes in the training and calibration
sets. If a compound falls outside the range of AD, it is
labelled as an outlier. In the CORAL QSAR model, the AD is
defined in consonance with the distribution of SMILES char-
acteristics in training and calibration sets as two steps:

Step 1: The definition of statistical defects (d(FK)) for each
of the SMILES attributes included to construct the model:

d FKð Þ ¼ PT AKð Þ−PC AKð Þ
NT AKð Þ þ NC AKð Þ (11)

where PT(AK) and PC(AK) are probabilities of attributes AK in
training and calibration set, respectively; NT(AK) and NC(AK)
are the frequency of attributes AK in the training set and cali-
bration sets, respectively.

Step 2: the calculation for all substances the statistical
SMILES defect (Dj):

Dj ¼
XNA
K¼1

dðFKÞ (12)

where NA is the number of non-blocked SMILES attributes in
the SMILES.

In the current statistical calculation, a compound falls in
AD if

Dj < 2� DefectNS (13)

Here, DefectNS is the average of the statistical SMILES
defect for the training set.

8.2. Docking studies

Marvin sketch was used for preparing the optimized 3D
structure of compounds 7n. The protein data bank was
assessed for the PDB structure of a-amylase for A. oryzae
(PDB ID: 7TAA) (http://www.rcsb.org/pdb). The protein was
prepared by using UCSF Chimera 1.10 (Pettersen et al., 2004)
in which co-crystallized ligand and solvent molecules were
removed to avoid interference in binding interactions.
Missing side-chain gaps were filled using Dun Brack Rotamer
Library (Dunbrack, 2002). Gasteiger charges were calculated
using AMBERf14SB and antechamber (Wang et al., 2006) and
hydrogens were added. The docking studies were performed
using Auto Dock Vina 1.1.2 (Trott & Olson, 2010). Grid center
with following size center_x¼ 38.1433640994, center_-
y¼ 39.1685534078, center_z¼ 31.0477751774, size_x¼ 25.0,
size_y¼ 25.0 and size_z¼ 25.0 was placed on the active site.
The results of docking studies were analysed using
Desmond interface.

8.3. MD simulations

The molecular dynamics simulation of the docked complex
of 7TAA.pdb with 7n was performed for 100 ns using
Desmond module of Schr€odinger 2019-4 to establish the sta-
bility of the docked complex (Guo et al., 2010). The docked
poses of protein ligand complexes were used as input struc-
tures and each complex was prepared by system setup
option in Desmond module. Explict solvent system with

OPLS2005 force field was used for this simulation study.
Orthorhombic periodic boundary condition for 10 Å buffer
region was used for solvation of molecular system with crys-
tallographic water (TIP3P) (Jorgensen et al., 1983) and the
system was neutralised by adding Naþ as counter ions. An
ensemble (NPT) of Nose–Hoover thermostat (Martyna et al.,
1992, 1994) and barostat was applied to maintain the con-
stant temperature (300 K) and pressure (1 bar) of the systems,
respectively. A limited memory algorithm (Broyden–
Fletcher–Goldfarb–Shanno (LBFGS)) was employed with con-
vergence threshold gradient of 1 kcal/mol/Å for energy mini-
mization. The data were collected for every 100 ps, and the
obtained trajectory was analyzed with Desmond interphase.
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A B S T R A C T

Obesity has acquired notable attention due to its high occurrence and link with grievous health problems such as
hypertension, diabetes and heart disease. It has been reported that the endocannabinoid system executes a pivotal
part in the management of food absorption, fat augmentation, and energy balance. In the present manuscript, we
report a detailed QSAR analysis for 165 CB1 cannabinoid receptor inhibitors employing the Monte Carlo opti-
mization process incorporated within the CORAL software. Eight splits are made from the whole dataset and
sixteen QSAR models are developed from these splits employing two target function TF1 (without index of ideality
of correlation) and TF2 (with index of ideality of correlation). All the QSAR models developed with TF2 have
better predictive potential than the models developed with TF1. The model built for split 5 using TF2 is the leading
model due to the higher value of the determination coefficient of the validation set (R2

Valid ¼ 0.8518). The index of
ideality of correlation (IIC) improves the statistical performance of CORAL-based QSAR-models and gives sta-
tistically robust predictive models of the investigated endpoint pIC50. In the present manuscript, a novel criterion
“Correlation Contradiction Index (CCI)” is also applied to know its predictive potential. The absolute value of CCI
for calibration set is less when QSAR models are developed employing IIC. The promoters of increase and decrease
endpoint pIC50 are identified and these are applied to design seven new compounds. All the newly designed
molecule were docked into in the active site of human cannabinoid receptor CB1 (PDB ID: 5tgz).

1. Introduction

Obesity is a worldwide health problem. In 2016, about 74 million
boys and 50 million girls were overweight and obesity has greatly
increased in recent decades [1]. Obesity has acquired notable attention
due to its high occurrence and link with grievous health problems such as
hypertension, diabetes and heart disease [2–4]. Food and Drug Admin-
istration (FDA) has approved the only one medicine, Orlistat, to treat the
obesity in children and adolescents. Whereas in adults, the FDA has
recommended six drugs i.e. Orlistat, Phentermine, Bupropion, Lorcaserin
and Liraglutide for obesity treatment. The therapeutic potential of these
drugs has been limited due to their unwanted side effects and variable
efficacy [5,6]. Therefore, the novel target development for the
anti-obesity drug is still a challenge to the medicinal chemist [7,8].
Literature survey reveals that the endocannabinoid system gave a new
platform for anti-obesity drug development [9–13]. It has been reported

that the endocannabinoid system executes a pivotal role in the man-
agement of food absorption, fat augmentation, and energy balance [14].
The hyperactivation of this endogenous signalling system appears to be
firmly associated with abdominal obesity and the progress of the meta-
bolic syndrome. The two cannabinoid receptors subtypes, CB1 and CB2,
are a member of the G-protein coupled seven-transmembrane-spanning
receptor family (GPCRs) [15,16]. The CB1 and CB2 receptor are
expressed in the central nervous system& peripheral tissues and immune
system, respectively. The CB1 receptor is presumed to be associated in
the management of perception, motor activity, sensation, idea, under-
standing through thought, the senses, intuition resulting from the process
of cognition and the suppression of transmitter release through its
coupling to ions channels [17,18]. The antagonism of CB1 receptor has
been discovered by the scientific community as an alluring target for
obesity therapy because the specific blockage of this receptor can induce
bodyweight reduction [14,15,17].

Quantitative structure-activity relationship (QSAR) is an important
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part of computer-assisted drug design (CADD) and it has been effectively
applied for designing of new lead molecules [19–22]. QSAR correlates
the endpoints with the structural features of the molecules. Especially,
the CORAL software (http://www.insilico.eu/coral) based on the Monte
Carlo algorithm has been extensively used for designing the QSAR
models [19,20,23–27]. In this software, the molecular attributes ob-
tained from simplified input-line entry system (SMILES) and molecular
graph have been applied to develop QSAR models. The molecular
descriptor in terms of correlation weight (CW) has been calculated by
CORAL software and the numerical value of CW gives a maximal value of

a target function. This method is applied by the different research group
for a large number of various physicochemical, biochemical, ecological,
and medicinal endpoints [19,23–25]. In the last few years, the index of
ideality correlation (IIC) has been calculated to judge the predictive
potential of built QSAR model and it helps to predict the better model in
place of various statistical parameters such as Q2, Q2F1, Q2F2, Q2F3 etc
[19,28–31].

In continuation to our work on QSAR [32–34] and synthesis of
pharmacological active heterocyclic compounds [35–42], we herein
publicize the CORAL based QSAR-models for 165 CB1 cannabinoid re-
ceptor inhibitors. In this manuscript, two new criteria Index of ideality
correlation (IIC) and Correlation Contradiction Index (CCI) is also
studied.

2. Materials and method

2.1. Dataset

A total of 165 CB1 cannabinoid receptor inhibitors were taken from
the database https://www.ebi.ac.uk/chembl/old/(CheMBL ID are given
in Supporting information) and same experimental conditionwas applied
to measure the IC50 of CB1 receptor [6,17,43,44]. All IC50 (nM) values for
CB1 cannabinoid receptor were converted into the corresponding pIC50
(-logIC50) and it is taken as a dependent factor for the building of QSAR
models. Eight splits were made from the whole dataset and each split was

List of abbreviation

CB1 Cannabinoid Receptor-1
CCC Concordance Correlation Coefficient
CORAL: CORrelations And Logic
IIC Index of Ideality Correlation
MAE Mean Absolute Error
QSAR Quantitative Structure Activity Relationship
SMILES Simplified Input-Line Entry System
CCI Correlation Contradiction Index
TF Target fuction

Table 1
Percentage of the identity of splits 1–8 CB1 receptor inhibitors.

Split SET Split 1 (%) Split 2 (%) Split 3 (%) Split 4 (%) Split 5 (%) Split 6 (%) Split 7 (%) Split 8 (%)

Split 1 Total 100 0.0 0.0 0.0 25.5 24.8 24.2 25.5
Training 100 0.0 0.0 0.0 24.4 26.5 24.4 24.4
Invisible training 100 0.0 0.0 0.0 26.2 24.1 24.1 26.5
Calibration 100 0.0 0.0 0.0 26.5 24.1 23.8 26.5
Validation 100 0.0 0.0 0.0 24.7 24.7 24.7 24.4

Split 2 Total 100 0.0 0.0 24.8 25.5 25.5 24.2
Training 100 0.0 0.0 24.1 26.2 26.5 24.1
Invisible training 100 0.0 0.0 26.5 24.4 24.4 24.4
Calibration 100 0.0 0.0 24.7 24.7 24.4 24.7
Validation 100 0.0 0.0 24.1 26.5 26.5 23.8

Split 3 Total 100 0.0 24.2 25.5 25.5 24.8
Training 100 0.0 24.7 24.4 24.7 24.7
Invisible training 100 0.0 23.8 26.5 26.5 24.1
Calibration 100 0.0 24.1 26.5 26.2 24.1
Validation 100 0.0 24.4 24.4 24.4 26.5

Split 4 Total 100 25.5 24.2 24.8 25.5
Training 100 26.5 23.8 24.1 26.5
Invisible training 100 24.4 24.7 24.7 24.7
Calibration 100 24.4 24.4 26.5 24.4
Validation 100 26.5 24.1 24.1 26.2

Split 5 Total 100 0.0 0.0 0.0
Training 100 0.0 0.0 0.0
Invisible training 100 0.0 0.0 0.0
Calibration 100 0.0 0.0 0.0
Validation 100 0.0 0.0 0.0

Split 6 Total 100 0.0 0.0
Training 100 0.0 0.0
Invisible training 100 0.0 0.0
Calibration 100 0.0 0.0
Validation 100 0.0 0.0

Split 7 Total 100 0.0
Training 100 0.0
Invisible training 100 0.0
Calibration 100 0.0
Validation 100 0.0

Split 8 Total 100
Training 100
Invisible training 100
Calibration 100
Validation 100
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A B S T R A C T   

The assessment of cytotoxicity of quantum dots is very essential for environmental and health risk analysis. In the 
present work we have modelled HeLa cell cytotoxicity of sixty one CdSe quantum dots with ZnS shell as a 
function of its experimental conditions and molecular construction using quasiSMILES representations. The index 
of ideality of correlation helps in the building of ten statistically significant models having good fitting ability 
with value of R2 ranging from 0.8414 to 0.9609 for the training set. The split 5 model is rated as the best model 
with values of R2, Q2

F1, Q2
F2 and Q2

F3 as 0.8964, 0.8267, 0.8264 and 0.8777 respectively for the calibration set. 
The extraction of features causing increase and decrease of cytotoxicity of quantum dots indicates importance of 
neutral surface charge, surface modified with protein, 72 h exposure time, combination of MTT assay with 
surface protein in decreasing the cytotoxicity. Amphiphilic polymer, polyol ligand with neutral charge, 0.5 – 
0.6 nm quantum dot diameter with lipid ligand and unmodified positively charged surface are grouped in toxicity 
enhancer features. Further, consensus modelling using split 5 and 8 patterns enhances the prediction quality by 
increasing the R2

val to 0.9361 and 0.9656 respectively.   

1. Introduction 

Quantum Dots (QDs) have wide range of applications in various 
fields like quantum computing, solar cells, laser diodes, LEDs, transis-
tors, displays and medical imaging (Choi et al., 2018; Imamoglu, 2003; 
Jin et al., 2011; Kahmann et al., 2020; Reithmaier and Forchel, 2003; 
Sakho and Oluwafemi, 2019). Extensive work is going on to make these 
attractive nanomaterials applicable for pharmaceutical and medical 
purposes because of their potential features of greater quantum yield, 
broad excitation, narrow emissions and superb photostability (Bajwa 
et al., 2016; Reshma and Mohanan, 2019). However the increasing op-
portunities in biological applications for quantum dots have introduced 
significant concerns with respect to their toxicological effects (Hu et al., 
2017). 

Many reports show that many QDs are cytotoxic in nature (Shiohara 
et al., 2004; Rozenzhak et al., 2005; Deka et al., 2009; Lee et al., 2010; 
Zhang et al., 2010; Bakalova et al., 2011; Chahal et al., 2012; Yeh et al., 
2013) and causes inhibition of cell development, mitochondrial 
dysfunction, DNA destruction, and apoptosis (Nikazar et al., 2020). The 

cytotoxicity is influenced by the chemical and physical properties of QDs 
like size, surface ligand, charge, concentration etc (Oh et al., 2016). 
Therefore determination of cytotoxicity of QDs is very important. To 
check the toxicity in vitro and in vivo is expensive and also much 
harmful for the animals which are being employed for testing (Erhirhie 
et al., 2018) but there exist no other method to easily assess the cyto-
toxicity of QDs till date. 

Computational methods enjoy the top positions in prior determina-
tion of toxicity of chemicals (Raies and Bajic, 2016) and among these 
methods, quantitative structure activity relationship (QSAR) techniques 
are of paramount importance. In this process the endpoint of any series 
of structures is correlated with the chemical and physicochemical 
characteristics of the compounds via mathematical functions (Buglak 
et al., 2019; Basant et al., 2016). The era of QSAR started with the use of 
graph based descriptors as independent variables (Bonchev et al., 1980; 
Randić, 2001). Later on simplified molecular input-line entry system 
(SMILES) notations of the molecules has been frequently used in the 
creation of robust and predictive QSAR models for many endpoints 
including physical, chemical and biological endpoints through the 
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illustrates the comparison of MAE (95 %) for individual and three 
consensus models for validation sets of both splits. All these outcomes 
suggest that the consensus model can be used for better prediction of the 
cytotoxicity of the quantum dots of cadmium. 

4. Conclusion 

This study was designed to develop the quantitative feature toxicity 
relationship models for the prediction of cytotoxicity of sixty one CdSe 
quantum dots using quasiSMILES representations. The increase in the 
weight of index of ideality of correlation from 0.0 to 0.2 resulted in 
formation of statistically reliable models with high prediction capa-
bility. Model generated with split 5 was most successful in calibration set 
prediction with value of prediction quality parameter Q2

F1 as 0.8267. 
Extraction of cytotoxicity modulating features pointed towards the 
involvement of 0.6− 0.7 nm QDs diameter and its combination with 
polyol ligand, neutral unmodified surface, WST assay with 72 h expo-
sure time in reducing the cytotoxicity while unmodified surface and 
positive surface charge with lipid were favourable for cytotoxic effects of 
quantum dots. Original consensus models made from ten individual 
models using split 5 and 8 patterns were more predictive for validation 
sets and the value of determination coefficient for validation sets 
increased to 0.9361 and 0.9656 respectively. The mean absolute error 
(95 %) was also reduced to 0.0815 for split 8 validation set. The resul-
tant consensus models also possessed wider applicability domain con-
taining all the calibration and validation set objects and can be used for 
prediction of cytotoxicity of QDs with reliability. This combination of 
index of ideality of correlation and consensus modelling can be applied 
for predictive and accurate modelling of different endpoints related with 
nano as well as other materials. 
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development of cell-permeable polymer colloids decorated with nanocrystal imaging 
probes optimized for cell tracking. Chem. Sci. 3 (7), 2246. https://doi.org/10.1039/ 
C2SC20206A. 

Chen, F., Gerion, D., 2004. Fluorescent CdSe/ZnS nanocrystal− Peptide conjugates for 
long-term, nontoxic imaging and nuclear targeting in living cells. Nano Lett. 4 (10), 
1827–1832. https://doi.org/10.1021/nl049170q. 

Chirico, N., Gramatica, P., 2011. Real external predictivity of QSAR models: how to 
evaluate it? Comparison of different validation criteria and proposal of using the 
concordance correlation coefficient. J. Chem. Inf. Model. 51 (9), 2320–2335. 
https://doi.org/10.1021/ci200211n. 

Choi, M.K., Yang, J., Hyeon, T., Kim, D.H., 2018. Flexible quantum dot light-emitting 
diodes for next-generation displays. NPJ flex. Electron. 2 (1), 49. https://doi.org/ 
10.1038/s41528-018-0023-3. 

Choi, J.S., Trinh, T.X., Yoon, T.H., Kim, J., Byun, H.G., 2019. Quasi-QSAR for predicting 
the cell viability of human lung and skin cells exposed to different metal oxide 
nanomaterials. Chemosphere 217, 243–249. https://doi.org/10.1016/j. 
chemosphere.2018.11.014. 

Deka, S., Quarta, A., Lupo, M.G., Falqui, A., Boninelli, S., Giannini, C., Morello, G., 
Giorgi, M., Lanzani, G., Spinella, C., Cingolani, R., Pellegrino, T., Manna, L., 2009. 
CdSe/CdS/ZnS double shell nanorods with high photoluminescence efficiency and 
their exploitation as biolabeling probes. J. Am. Chem. Soc. 131 (8), 2948–2958. 
https://doi.org/10.1021/ja808369e. 

Erhirhie, E.O., Ihekwereme, C.P., Ilodigwe, E.E., 2018. Advances in acute toxicity testing: 
strengths, weaknesses and regulatory acceptance. Interdiscip. Toxicol. 11 (1), 5–12. 
https://doi.org/10.2478/intox-2018-0001. 

Fu, Y., Ding, C., Zhu, A., Deng, Z., Tian, Y., Jin, M., 2013. Two-photon ratiometric 
fluorescent sensor based on specific biomolecular recognition for selective and 
sensitive detection of copper ions in live cells. Anal. Chem. 85 (24), 11936–11943. 
https://doi.org/10.1021/ac403527c. 

Goto, Y., Matsuno, R., Konno, T., Takai, M., Ishihara, K., 2008. Artificial cell membrane- 
covered nanoparticles embedding quantum dots as stable and highly sensitive 
fluorescence bioimaging probes. Biomacromolecules 9 (11), 3252–3257. https://doi. 
org/10.1021/bm800819r. 

Hu, L., Zeng, G., Chen, G., Huang, Z., Wan, J., Chen, A., Yu, Z., Yang, J., He, K., Qin, L., 
2017. Bioaccumulation and toxicity of CdSe/ZnS quantum dots in Phanerochaete 
chrysosporium. Colloids Surf. B Biointerfaces 159, 303–311. https://doi.org/ 
10.1016/j.colsurfb.2017.08.006. 

Imamoglu, A., 2003. Are quantum dots useful for quantum computation? Phys. E Low 
Dimens. Syst. Nanostruct. 16 (1), 47–50. https://doi.org/10.1016/S1386-9477(02) 
00581-7. 

Jin, S., Hu, Y., Gu, Z., Liu, L., Wu, H.C., 2011. Application of quantum dots in biological 
imaging. J. Nanomater. 2011 (46), 1–13. https://doi.org/10.1155/2011/834139. 

Kahmann, S., Shulga, A., Loi, M.A., 2020. Quantum dot light-emitting 
transistors—powerful research tools and their future applications. Adv. Funct. 
Mater. 30 (20), 1904174 https://doi.org/10.1002/adfm.201904174. 

Kumar, A., Chauhan, S., 2017. QSAR differential model for prediction of SIRT1 
modulation using Monte Carlo method. Drug Res. 67 (3), 156–162. https://doi.org/ 
10.1055/s-0042-119725. 

Kumar, A., Chauhan, S., 2018. Use of Simplified Molecular Input Line Entry System and 
molecular graph based descriptors in prediction and design of pancreatic lipase 
inhibitors. Future Med. Chem. 10 (13), 1603–1622. https://doi.org/10.4155/fmc- 
2018-0024. 

Kumar, P., Kumar, A., 2019. Nucleobase sequence based building up of reliable QSAR 
models with the index of ideality correlation using Monte Carlo method. J. Biomol. 
Struct. Dyn. https://doi.org/10.1080/07391102.2019.1656109. 

Kumar, A., Kumar, P., 2020a. Construction of pioneering quantitative structure activity 
relationship screening models for abuse potential of designer drugs using index of 
ideality of correlation in Monte Carlo optimization. Arch. Toxicol. https://doi.org/ 
10.1007/s00204-020-02828-w. 

A. Kumar and P. Kumar                                                                                                                                                                                                                      

https://doi.org/10.1016/j.jhazmat.2020.123777
https://doi.org/10.1016/j.chemosphere.2019.125192
https://doi.org/10.1016/j.chemosphere.2019.125192
https://doi.org/10.3109/21691401.2015.1052468
https://doi.org/10.1021/bc700431c
https://doi.org/10.2147/IJN.S17995
https://doi.org/10.2147/IJN.S17995
https://doi.org/10.1039/c6tx00083e
https://doi.org/10.1021/nn400702r
https://doi.org/10.1021/ci60022a011
https://doi.org/10.3390/molecules24244537
https://doi.org/10.3390/molecules24244537
https://doi.org/10.1039/C2SC20206A
https://doi.org/10.1039/C2SC20206A
https://doi.org/10.1021/nl049170q
https://doi.org/10.1021/ci200211n
https://doi.org/10.1038/s41528-018-0023-3
https://doi.org/10.1038/s41528-018-0023-3
https://doi.org/10.1016/j.chemosphere.2018.11.014
https://doi.org/10.1016/j.chemosphere.2018.11.014
https://doi.org/10.1021/ja808369e
https://doi.org/10.2478/intox-2018-0001
https://doi.org/10.1021/ac403527c
https://doi.org/10.1021/bm800819r
https://doi.org/10.1021/bm800819r
https://doi.org/10.1016/j.colsurfb.2017.08.006
https://doi.org/10.1016/j.colsurfb.2017.08.006
https://doi.org/10.1016/S1386-9477(02)00581-7
https://doi.org/10.1016/S1386-9477(02)00581-7
https://doi.org/10.1155/2011/834139
https://doi.org/10.1002/adfm.201904174
https://doi.org/10.1055/s-0042-119725
https://doi.org/10.1055/s-0042-119725
https://doi.org/10.4155/fmc-2018-0024
https://doi.org/10.4155/fmc-2018-0024
https://doi.org/10.1080/07391102.2019.1656109
https://doi.org/10.1007/s00204-020-02828-w
https://doi.org/10.1007/s00204-020-02828-w


Journal of Hazardous Materials 402 (2021) 123777

12

Kumar, P., Kumar, A., 2020b. CORAL: QSAR models of CB1 cannabinoid receptor 
inhibitors based on local and global SMILES attributes with the index of ideality of 
correlation and the correlation contradiction index. Chemometr. Intell. Lab. Syst. 
200, 103982 https://doi.org/10.1016/j.chemolab.2020.103982. 

Lee, J., Im, J.H., Huh, K.M., Lee, Y.K., Shin, H., 2010. Preparation and characterization of 
CdSe/ZnS quantum dots encapsulated in poly(ethylene glycol)-b-poly(D,L-lactide) 
micelle nanoparticles. J. Nanosci. Nanotechnol. 10 (1), 487–496. https://doi.org/ 
10.1166/jnn.2010.1736. 

Towards efficient designing of safe nanomaterials. In: Leszczynski, J., Puzyn, T. (Eds.), 
2012. Nanoscience & Nanotechnology Series. Royal Society of Chemistry, 
Cambridge.  

Lin, L.I.K., 1992. Assay validation using the concordance correlation coefficient. 
Biometrics 48 (2), 599. https://doi.org/10.2307/2532314. 

Liu, Y.-F., Xie, B., Yin, Z.-G., Fang, S.-M., Zhao, J.-B., 2010. Synthesis of highly stable 
CdTe/CdS quantum dots with biocompatibility. Eur. J. Inorg. Chem. 2010 (10), 
1501–1506. https://doi.org/10.1002/ejic.200900978. 

Maity, A.R., Saha, A., Roy, A., Jana, N.R., 2013. Folic acid functionalized nanoprobes for 
fluorescence-, Dark-Field-, and dual-imaging-Based selective detection of cancer cells 
and tissue. ChemPlusChem 78 (3), 259–267. https://doi.org/10.1002/ 
cplu.201200296. 

Manisha, Chauhan S., Kumar, P., Kumar, A., 2019. Development of prediction model for 
fructose- 1,6- bisphosphatase inhibitors using the Monte Carlo method. SAR QSAR 
Environ. Res. 30 (3), 145–159. https://doi.org/10.1080/1062936X.2019.1568299. 

Mikolajczyk, A., Gajewicz, A., Mulkiewicz, E., Rasulev, B., Marchelek, M., Diak, M., 
Hirano, S., Zaleska-Medynska, A., Puzyn, T., 2018. Nano-QSAR modeling for ecosafe 
design of heterogeneous TiO 2 -based nano-photocatalysts. Environ. Sci. Nano 5 (5), 
1150–1160. https://doi.org/10.1039/C8EN00085A. 

Nikazar, S., Sivasankarapillai, V.S., Rahdar, A., Gasmi, S., Anumol, P.S., Shanavas, M.S., 
2020. Revisiting the cytotoxicity of quantum dots: an in-depth overview. Biophys. 
Rev. https://doi.org/10.1007/s12551-020-00653-0. 

Nimbhal, M., Bagri, K., Kumar, P., Kumar, A., 2020. The index of ideality of correlation: a 
statistical yardstick for better QSAR modeling of glucokinase activators. Struct. 
Chem. 31 (2), 831–839. https://doi.org/10.1007/s11224-019-01468-w. 

Oh, E., Liu, R., Nel, A., Gemill, K.B., Bilal, M., Cohen, Y., Medintz, I.L., 2016. Meta- 
analysis of cellular toxicity for cadmium-containing quantum dots. Nat. 
Nanotechnol. 11 (5), 479–486. https://doi.org/10.1038/NNANO.2015.338. 

Papa, E., Gramatica, P., 2010. QSPR as a support for the EU REACH regulation and 
rational design of environmentally safer chemicals: PBT identification from 
molecular structure. Green Chem. 12 (5), 836. https://doi.org/10.1039/B923843C. 

Papa, E., van der Wal, L., Arnot, J.A., Gramatica, P., 2014. Metabolic biotransformation 
half-lives in fish: QSAR modeling and consensus analysis. Sci. Total Environ. 470- 
471, 1040–1046. https://doi.org/10.1016/j.scitotenv.2013.10.068. 

Qian, J., Gao, X., 2013. Triblock copolymer-encapsulated nanoparticles with outstanding 
colloidal stability for siRNA delivery. ACS Appl. Mater. Interfaces 5 (8), 2845–2852. 
https://doi.org/10.1021/am3021813. 

Quarta, A., Ragusa, A., Deka, S., Tortiglione, C., Tino, A., Cingolani, R., Pellegrino, T., 
2009. Bioconjugation of rod-shaped fluorescent nanocrystals for efficient targeted 
cell labeling. Langmuir 25 (21), 12614–12622. https://doi.org/10.1021/la901831y. 

Raies, A.B., Bajic, V.B., 2016. In silico toxicology: computational methods for the 
prediction of chemical toxicity. Wiley Interdiscip. Rev. Comput. Mol. Sci. 6 (2), 
147–172. https://doi.org/10.1002/wcms.1240. 
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Abstract: Ionic liquids (ILs) have enticed the curiosity of chemists due to their vast applications in 

academic and industrial research. These have many advantages over other conventional solvents such 

as broad liquid temperature, negligible vapour pressure, non-volatility, etc. But, from an 

environmental point of view, these advantages can develop heterogeneous toxic results when released 

into the environment.  It is important to predict the toxicity of ionic liquids. A useful tool for 

predicting ILs toxicity is the quantitative structure-toxicity relationship (QSTR). The toxicity of ionic 

liquids is evaluated by predicting the acetylcholinesterase (AChE, EC3.1.1.7) enzyme inhibition. In 

the present manuscript, an exhaustive QSTR analysis for 229 ionic liquids as an acetylcholinesterase 

enzyme inhibitor is described using the inbuilt Monte Carlo optimization method of CORAL 

software. Eleven splits are prepared and from these split, 22 QSTR models are developed using two 

target functions, i.e. TF1 (without IIC) and TF2 (with IIC). All models developed by TF2 are robust 

and have better predictability. The model developed for split 1 using TF2 is considered as the best 

model (𝑅𝑉𝑎𝑙𝑖𝑑
2  = 0.7782). In the present work, a novel parameter “Correlation Contradiction Index 

(CCI)” is studied to recognize its predictability. The docking simulation was also performed to 

understand the mechanistic interpretation. Further, the mechanistic interpretation of the best QSTR 

model was in good correlation with the three-dimensional studies of ligand binding. In order to see 

the true picture of inhibitory potential, ligand transport study of five ILs (IL015, IL040, IL116, IL156 

and IL211) was studied in the tunnel leading to the active site of AChE using the services of Caver 

Web. Result of the transport study showed that these ILs formed a most stable complex in the active 

site and not in the tunnel and did not obstruct the tunnel for the accessibility of the enzyme active site 

for the substrate. 

Keyword: QSTR, Ionic Liquids, Toxicity, Acetylcholinesterase, IIC, CCI 
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a b s t r a c t 

An efficient, novel and transition metal-free protocol has been developed for the synthesis of polyfunc- 

tionalized aminothioalkenes via direct C –H sulfenylation of in situ generated enamines. The reaction was 

performed using a catalytic amount of inexpensive and nontoxic K 2 CO 3 under mild reaction condition. 

All the reactions resulted in good to excellent yields. The cross-coupling reaction has been achieved by 

in situ aerobic oxidation at room temperature with good functional group tolerance. The molecular archi- 

tecture and stereochemistry has been established by spectral data, X-ray single crystal diffraction studies 

and supported by Density Functional theory (DFT). Hirshfeld surface analysis has been used to explore 

the intramolecular and intermolecular interactions present in the case of 4a . Moreover, the intramolecu- 

lar hyperconjugative interactions have been investigated using natural bond orbitals (NBOs) analysis and 

their intensity was categorized according to their second-order stabilization energy (E(2)). The electro- 

static properties such as global reactivity descriptors, local reactivity descriptors, ESP and NLO have been 

investigated using DFT method and B3LYP/6–311 + G (d) level of theory. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

Development of novel, green and accessible procedures for the 

synthesis polyfunctionalized functionalities is a worthwhile con- 

tribution in organic synthesis. The progression of new C-S cross- 

dehydrogenative coupling (CDC) strategies attract synthetic organic 

chemists due to wide application of organosulfur compounds in 

pharmaceuticals, agrochemicals, organic dyes, and materials chem- 

istry [1–6] . The C –H activation is a class of organic transforma- 

tions [7–9] , wherein the Heck reaction has established itself with 

high practicality [10,11] . Lately, the cross-coupling (CC) reaction of 

aryl halides with aryl thiols has become one of the most efficient 

method for C-S bond formation. A number of CDC reactions have 

been developed recently to form C sp - C sp , C sp - C sp 
2 and C sp 

2 - C sp 
2 

bonds [12–19] . With the focus on emergence of “atom-economy ”

[20,21] and “green chemistry ”[22] in organic synthesis, transition 

metal-free functionalization and specially, the C –C and C-X bond 

∗ Corresponding author. 

E-mail addresses: jayantchem@gmail.com (J. Sindhu), jmkhurana1@yahoo.co.in 

(J.M. Khurana). 

formation via C –H activation or CDC reactions has become more 

important. 

Several CDC reaction based methodologies have been devel- 

oped for thiolation/sulfenylation via C –H activation which, how- 

ever, require synthesis of thiolation reagents initially [23–31] . Di- 

rect utilization of arylthiols as sulfenylating agent in metal-free 

protocols have not been explored to a significant extent. Thi- 

olation/sulfenylation of five and six membered heterocycles has 

been reported using transition metal-free reagents viz. I 2 /BSA 

[32] , K 2 CO 3 /DMSO [33] , I 2 /DMSO [34] , N -chlorosuccinimide [35] , 

I 2 /DMSO [36] , and KClO 3 /ethylacetate [37] . Molecular oxygen has 

been utilized as mild oxidant in organic synthesis by various re- 

search groups in C –H oxygenation [38] , C –H amination [39] and 

C –H thiolation of enamines/enaminones [40,41] . To the best of our 

knowledge, synthesis of polyfunctionalized alkenes via CDC medi- 

ated sulfenylation of enamines by using environmentally benign 

method has not been explored yet. 

The non-covalent interactions largely affect the molecular archi- 

tecture by controlling the aggregation process in crystals. [42] The 

role of strong hydrogen bonds (O—H 

••••O, N—H 

••••H, N—H 

••••O 

etc.) is very significant in crystal packing [43] . Further, crystal pack- 

https://doi.org/10.1016/j.molstruc.2020.129089 
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Table 1 

Optimization of reaction conditions a . 

Entry Base (equiv.) Solvent Time(h) Yield(4a) 

1. – CH 3 CN 24 h No reaction 

2. K 2 CO 3 (2) CH 3 CN 24 h 42 b 

3. K 2 CO 3 (1) CH 3 CN 24 h 32 b 

4. K 2 CO 3 (4) CH 3 CN 24 h 42 b 

5. K 2 CO 3 (4) EtOH 24 h 42 b 

6. K 2 CO 3 (4) THF 24 h 20 b 

7. K 2 CO 3 (4) DCM 24 h 36 b 

8. K 2 CO 3 (4) DMF 12 h 76 

9. K 2 CO 3 (4) DMSO 09 h 83 

10. NaOH (4) DMSO 24 h 68 

11. Cs 2 CO 3 (4) DMSO 24 h 78 

12. K 2 CO 3 (4) DMSO 24 h No reaction c 

a Conditions: 1a (1.0 mmol), 2a (1.0 mmol) and 3a (2.0 mmol), 

base in 5 mL of solvent at room temperature; 
b Incomplete Reaction; 
c reaction was attempted under N 2 atmosphere. 

Table 2 

Synthesis of polyfunctionalized aminothioalkenes (4a-4i) . 

Compound no R 1 R 2 Ar Time (h) Yield (%) 

4a OMe H C 6 H 5 09 83 

4b OMe H 4-ClC 6 H 4 08 82 

4c OMe H 2-Naphtyl 12 85 

4d Cl H 4-ClC 6 H 4 10 85 

4e Br H 4-BrC 6 H 4 24 78 

4f Me H 4-MeC 6 H 4 12 86 

4g H H 4-ClC 6 H 4 12 81 

4h F H 4-ClC 6 H 4 24 80 

4i Cl Cl 2-Naphthyl 12 82 

ing in molecules devoid of these strong directional forces depends 

mainly upon weak interactions. The role of -CH group in self- 

assembly is well established and plays a significant role in crystal 

packing [44] . DFT based theoretical methods provide an alternative 

to crystallography for molecular structure prediction. The detailed 

exploration of structural features from optimized molecular geom- 

etry using DFT based methods is one of our interest [45] . [46] 

Keeping in view the need of development of novel transition 

metal-free methodologies and continuing our interest in the same 

field [47–50] , we have carried out metal free C –H sulfenylation of 

in situ prepared enamines and their detailed structural study using 

X-ray single crystal diffraction studies (XCDS) and DFT methods 

2. Results and discussion 

2.1. Chemistry 

The direct sulfenylation of in situ generated enamine was 

investigated using a one-pot, three-component protocol, where 

dimethylacetylenedicarboxylate ( 1a ), p -anisidine ( 2a ) and thiophe- 

nol ( 3a ) were used as model substrates. Firstly, a mixture of 

dimethylacetylenedicarboxylate ( 1a ) (1.0 mmol) and p -anisidine 

( 2a ) (1.0 mmol) was stirred at room temperature in ethanol for 

5 min. After the formation of enamine, as monitored by TLC 

using EtOAc: Pet ether (10:90, v/v ) as solvent, ethanol was re- 

moved under reduced pressure and 2.0 mmol of thiophenol (3a) 

in 5 mL of CH 3 CN was added to the reaction mixture. The con- 

tents were stirred at room temperature and the progress of the 

reaction was monitored using TLC for 24 h. No new product for- 

mation was observed in the reaction even after 24 h ( Table 1 , 

entry 1) ( Scheme 1 ). The same model reaction was further ex- 

plored using K 2 CO 3 (2 equiv.) as a base. A new spot was ob- 

served on TLC, however, the reaction was incomplete even af- 

ter 24 h. The reaction was quenched by adding ice. The reaction 

mixture was extracted using DCM, dried over anhyd. Na 2 SO 4 and 

chromatographed over silica gel (230–400) using EtOAc: Pet ether 

(2:98, v/v ) as eluent. The solid thus separated was characterized as 

dimethyl 2-((4-methoxyphenyl)amino)-3-(phenylthio)fumarate (4a) 

using 1 H NMR, 13 C NMR and X-ray single crystal diffraction studies 

(XCDS) and was obtained in 42% yield ( Table 1 , entry 2). 

In order to develop a highly efficient and convenient method- 

ology for the synthesis of aminothioalkenes (4) , the scope of the 

same model reaction was further explored using different concen- 

tration of base i.e., 1 eq. and 4 eq. of K 2 CO 3 ( Table 1 , entries 3 & 4). 

It was observed that reaction went to completion with high yield 

when higher concentration of base was used ( Table 1 , entry 4). 

A variety of solvents i.e., EtOH, THF, DCM, DMF and DMSO were 

explored in the same model reaction using K 2 CO 3 (4 equiv.) as a 

base ( Table 1 , entry 5–9). In first three cases, reactions did not pro- 

ceed to completion even after 24 h and gave 42%, 20% and 36% of 

4a , respectively ( Table 1 , entries 5–7) while in case of DMF, the 

reaction was complete in 12 h but gives 4a in 76% yield ( Table 1 , 

entry 8). To our delight, the reaction carried out in DMSO at room 

temperature under ideal conditions resulted in 83% yield of 4a in 

9 h ( Table 1 , entry 9). The effect of different bases like NaOH and 

Cs 2 CO 3 ( Table 1 , entries 10 & 11) was also explored. However, no 

significant improvement in yield and reaction time was observed 

in both the conditions. In order to explore the role of air, the reac- 

tion was carried out under N 2 atmosphere and no desired product 

(4a) were detected ( Table 1 , entry 12). It can be inferred that thiol 

3a undergoes aerobic oxidation in situ to disulfide. This shows that 

the reactions occurring via an aerobic oxidative cross-coupling. 

It can be inferred from above results that the reaction of 

dimethylacetylenedicarboxylate ( 1a ) (1 mmol), p -anisidine ( 2a ) 

(1 mmol) and thiophenol ( 3a ) (2 mmol) in presence of 4 equiv. 

of K 2 CO 3 using DMSO as solvent is the standardized reaction 

condition for the synthesis of dimethyl 2-(phenyl)thio)-3-((4- 

methoxyphenyl)amino)fumarate (4a) . 

The developed methodology was then extended to other sub- 

strates by carrying out reactions of dimethylacetylenedicarboxylate 

( 1a ) with substituted thiophenol and aniline under otherwise iden- 

tical conditions ( Scheme 2 ). All the reaction gave the correspond- 

ing polyfunctionalized alkenes in high yields in 8–24 h under sim- 

ilar condition (4b-4i) . The developed methodology failed to yield 

desired product when aliphatic thiol ( n -hexanethiol) was reacted 

with in situ generated enamine under identical conditions. 

We believe that the thioarylation proceeds by a nucleophilic 

attack of in situ generated enamine on diphenyldisulfide linkage 

followed by isomerization to give the desired product ( Scheme 3 ). 

The initial formation of enamine from dialkyl acetylenedicarboxy- 

late and aromatic amine in ethanol was followed by removal 

of ethanol under reduced pressure. This was followed by addi- 

tion of 2 eq. of thiophenol which undergoes aerial oxidation in 

K 2 CO 3 /DMSO, followed by attack of enamine on disulphide to give 

the desired compound polyfunctionalized aminothioalkenes. 

2.2. Molecular structure (X-ray diffraction) 

The detailed molecular structure of dimethyl 2-((4- 

methoxyphenyl)amino)-3-(phenylthio)fumarate (4a) was explored 

using XCDS. The trans stereochemistry of double bond in 4a was 

confirmed from the structure derived from diffraction studies 

( Fig. 1 ). The ORTEP view of the asymmetric unit along with the 

optimized structure of 4a are shown in Fig. 1 . The refinement 

details and crystallographic parameters are provided as sup- 

plementary material (Table S1). The molecule 4a crystallises in 

monoclinic system within p21/n space group with lattice parame- 

ter a = 10.8877(2) Å, b = 20.6639(3) Å, c = 8.1934(8) Å with β= 

90.502(3) ° respectively. 
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Dimethyl 2-((4-chlorophenyl)thio)-3-((4-fluorophenyl)amino)fumarate 

(4 h) 

Off white solid; 1 H NMR (400 MHz, CDCl 3 ) δH 10.79 (s, 1H, NH), 
7.27–7.12 (m, 6H, ArH), 7.03 (t, J = 8.5 Hz, 2H, ArH), 3.72 (s, 3H, 

COOCH 3 ), 3.63 (s, 3H, COOCH 3 ); 
13 C NMR (100 MHz, CDCl 3 ) δC 

170.34, 162.74, 161.03(d, 1 J C- F = 246 Hz), 159.39, 137.01, 134.14, 

131.38, 128.77, 127.72, 125.33, 116.26 (d, 2 J C- F = 24.7 Hz), 85.57, 

52.54, 52.15. 

Dimethyl 

2-((3,4-dichlorophenyl)amino)-3-(naphthalen-2-ylthio)fumarate(4i) 

Off white solid; 1 H NMR (400 MHz, CDCl 3 ) δH 10.95 (s, 1H, NH), 
7.81–7.72 (m, 3H, ArH), 7.66 (s, 1H, ArH), 7.49–7.35 (m, 4H, ArH), 

7.29 (d, J = 2.7 Hz, 1H, ArH), 7.02 (dd, J = 8.7, 2.7 Hz, 1H, ArH), 3.71 

(s, 6H, 2 X COOCH 3 ); 
13 C NMR (100 MHz, CDCl 3 ) δC 170.65, 163.05, 

158.27, 137.49, 135.77, 133.82, 132.68, 131.82, 128.41, 127.83, 127.26, 

126.50, 125.46, 124.91, 124.41, 124.12, 119.56, 87.16, 52.87, 52.45. 

5.2 X-ray crystal studies 

The single crystal of compound 4a suitable for X-ray analysis 

was obtained by slow evaporation method using acetonitrile as 

solvent. Single, clear, whitish block of single crystal of 4a suit- 

able for X-ray was mounted on Xcalibur, Sapphire3 diffractome- 

ter using mylar loop. The data collection was done at a steady 

temperature of T = 298 K. The structure was solved using Olex2 

[64] and the model was refined with ShelXL using full matrix 

least squares minimisation on F 2 [65] . The final completeness is 

100% out to 29.556 ° in 	. A multi-scan absorption correction was 

performed using CrysAlisPro 1.171.38.46 (Rigaku Oxford Diffraction, 

2015) Empirical absorption correction using spherical harmonics, 

implemented in SCALE3 ABSPACK scaling algorithm. The absorp- 

tion coefficient μ of this material is 0.205 mm 

−1 at this wave- 

length ( λ = 0.71073 Å) and the minimum and maximum trans- 

missions are 0.796 and 1.0 0 0. Crystal explorer 17.5 was used for 

Hirshfeld surface generation and 2d fingerprint analysis [66] . Crys- 

tallography data excluding structure factors has been deposited on 

Cambridge crystallography database with CCDC no. 1,993,445 for 

4a . 

5.3 Computational details of dft studies 

All DFT calculations presented in the present manuscript were 

performed with Gaussian 09 program package [67] using hybrid 

exchange correlation functional B3LYP and 6–311( + )G(d) basis set 

[68] . Initially, the geometry of all the polyfunctionalized aminoth- 

iols (4a-4i) was optimized using same level of theory. No imag- 

inary frequencies were found for any of the structure, which in- 

dicates their stability at global minima. Density of states (DOS) 

were calculated using Gausssum 3.0. [69] After optimization of the 

molecular geometries, the global reactivity descriptors were cal- 

culated utilizing the information contained in FMO’s [70,71] . The 

NBO calculations were performed using NBO 3.0 program imple- 

mented in Gaussian 09 W package using the same level of theory 

to explore the hyperconjugative interaction present in the molecule 

[72] . Thereafter, Fukui function were calculated from same NBO 

analysis at same level of theory to explore the possibility of charge 

transfer in polyfunctionalized aminothiols (4a-4i) . Avogardo 2.0 

was used for the visualization of the results of DFT calculations. 

[73] 
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Abstract
Malaria, a nocuous disease, which has become a major challenge for the health resulting in deaths of millions of people
around the globe. Malaria is a parasitic disease propagated by mosquitoes and infects the human beings. Several species of
Plasmodium are responsible for this life-threatening disease and Plasmodium falciparum being the most virulent. In order to
eradicate the malarial parasite, the researchers are making consistent efforts in synthesizing new antimalarial drug candidates
by paying attention to the various drug targets. In this manuscript, the main focus is on the antimalarial activity of numerous
heterocyclic compounds reported by the researchers since 2010 against the different strains of Plasmodium. Antimalarial
activities of the two and three nitrogen-containing heterocycles along with their structure–activity relationship are described.

Keywords Malaria ● Plasmodium falciparum ● Heterocycles ● Antimalarial activity ● Structure–activity relationship

Introduction

Malaria, a vector-borne infectious disease, is one of the
utmost annihilating diseases of the ever-changing world
predominated chiefly in tropical regions (Ridley 2002). The
World Health Organization evaluated 219 million malaria
cases across the entire globe, an increment of 2 million from
the preceding year and 435 thousand quietus at annual
frequency as well as 1190 on daily occurrence, pre-
dominantly moppets (Tse et al. 2019). Six species of single-
celled eukaryotic Plasmodium parasites are the causative
agents of malaria: P. knowlesi, P. vivax, P. ovale curtisi, P.
ovale wallikeri, P. malariae, and P. falciparum. Out of all
these, P. falciparum is liable for ~90% of the infections
(Lee et al. 2019). Plasmodium falciparum is the most
noxious and has the highest rates of complications, mor-
tality as well as the prevalence of erythrocytic disorders
globally (Buffet et al. 2011). Plasmodium is an obligate
intracellular parasite that requires two hosts for the

completion of its life process, i.e., for sexual life cycle—an
arthropod vector and asexual life cycle-human host (Jensen
et al. 2020). Administration of the transmissive form i.e.,
the sporozite into the human skin with the assistance of the
female Anopheles mosquito with an anticoagulant saliva
prior to the blood meal. Sporozoites intrude the lymphoid
system and get dispersed to defile the liver. In the liver, they
turn out to be intracellular and escalate to embody hundreds
of merozoites that are actually invasive (the pre- or exo-
erythrocytic phase). Merozoites are discharged into the
blood stream and assail the erythrocytes. The parasite
Plasmodium nourishes on its host cell within an erythrocyte,
thereafter proliferates to form corresponding merozoites
which move out and invade novel erythrocytes, the cycle
reoccurs. There is a variation in time within different spe-
cies from invasion to exit, 48 h for P. vivax and P. falci-
parum and 72 h for P. malariae and P. ovale, the
contemporaneous release of merozoites coexisting with
fever peaks. Ultimately a sexual phase commences where
the parasite develops intrinsically in its host cell into either a
macrogametocyte i.e., a female gametocyte or a male
gametocyte i.e., a microgametocyte. The reliance on the
continuation of the life process is on gametocytes being
carried into the feeding female mosquito’s gut where twain
of gametocytes flee from their host cells. Male gametocytes
segregate abruptly into numerous locomotive whip-like
microgametes, which can individually fecundate a female
macrogamete for the formation of a zygote. The parasite
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susceptibility strain as well as IC50= 0.05 ± 0.01 µM for
chloroquine-resistant strain (Guillon et al. 2017).
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Conclusion

Malaria is a disease which posed a great burden on the
human beings becoming the cause of mortality of millions
of people all over the world. In order to obliterate the
parasite responsible for this disease and simultaneous fail-
ure of the conventional antimalarial drugs led to the mod-
ification of already available drugs as well as development
of novel drugs. In this manuscript, a comprehensive review
of the two and three nitrogen-containing heterocycles since
2010 has been described. Diverse heterocyclic scaffolds
were utilized for the evolvement of more drugs with an
enhanced bioavailability and improved physicochemical
properties. The activity of numerous compounds was
evaluated against various Plasmodium falciparum strains
such as chloroquine-sensitive, chloroquine-resistant as well
as multidrug-resistant strains. More and more novel com-
pounds with an improved pharmacokinetic profile would be
synthesized which would be more effective, economic as
well as safe for human use. These hybrids would also
possess least toxicity and a greater antimalarial potency.
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Abstract
Cancer is a disease portrayed by the uncontrolled growth of irregular cells. Tankyrase, a member of poly(ADP-ribose)
polymerase family, mediates Wnt signal transduction and has emerged as a new molecular target for the therapy of different
kinds of cancer. Wnt/β-catenin signaling functions significantly in a wide scope of biological events, such as the upkeep of
genomic stability, transcriptional control, energy metabolism, and apoptosis. ADP-ribosylation is a reversible
posttranslational modification process that regulates several cellular signaling pathways in which transferase enzymes
such as mono (ADP-ribosyl) and poly(ADP-ribosyl) transferases move a unit of ADP-ribose moiety from the NAD+ co-
substrate to specific amino acid side chains and/or potentially ADP-ribose units on target proteins. Recently, inhibition of
tankyrase has risen as an appealing strategy for the discovery of novel anticancer drugs. The current review offers an
understanding of the ongoing improvements on new lead structures as inhibitors of tankyrase and their activities. A special
spotlight is set on the structure-activity relationship, molecular docking, polypharmacology profile, and binding mode at the
active center.

Keywords Cancer ● Tankyrase ● ADP-ribosylation ● Wnt/β-catenin signaling ● Tankyrase inhibitors

Abbreviations
ARTD ADP-ribose transferase
PARP Poly(ADP-ribose)polymerase
TNKS Tankyrase
PKA Protein kinaseA
APC Adenomatous polyposis coli gene
CK1 Casein kinase1
GSK3 Glycogen synthase kinase 3
TCF T-cell factor
LEF Lymphoid enhancer-binding factor
LRP6 Lipoprotein receptor-related protein
TRF Telomere repeat-binding factor
MAPK Mitogen-activated protein kinase
SAM Sterile alpha motif
NuMA Nuclear mitotic apparatus protein
IRAP Insulin-responsive aminopeptidase

Introduction

The human body comprises a huge number of cells; these
cells grow and divide to produce new cells as the body
needs them. At that point, when cells grow old or damaged,
they die and new cells replace them. The mechanism once
in a while goes wrong and various cells grow uncontrolled,
which prompts cancer [1]. Cancer is a deadly ailment
brought about by uncontrolled cell growth and originates
from the additional mass tissue known as tumor and spreads
all through the circulatory system in the human body [2].
Leukemia affects the blood cells and includes them in their
maturity and immaturity. Some of the tumors do not spread
all through the body yet they grow wildly like benign
tumors [3]. Normal cells regulate their development and kill
themselves when they become unhealthy. Various organs
can be influenced by cancer cells like the lungs, kidney,
eyes, heart, brain, and so forth [4].

Numerous investigations have indicated that tankyrases
assume a fundamental part in the development and pro-
gression of distinct types of carcinomas involving fibro-
sarcoma, pancreatic adenocarcinoma, ovarian cancer,
glioblastoma, gastric cancer, breast cancer, and transitional
cell carcinoma of the bladder. Tankyrase 1 (TNKS1) and
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a distinct spectrum of clinical opportunity. E7499 currently
completed the first period of the clinical trial [88, 89].

Conclusion

In humans, alteration of TNKS1 and TANK2 and distorted
Wnt pathway underlies a wide array of diseases including
tumor development, tumor commencement, cell senescence,
cell demise, proliferation, and metastasis. In recent decades,
tankyrases and the Wnt pathway have proven to be an
appealing target for the discovery of anticancer drugs. The
tankyrase inhibitors which focus the amino acid of the
adenosine binding site along with the residues of the nico-
tinamide binding site show an exceptionally particular
nature for tankyrase over other ARTD isoenzymes. A large
number of tankyrase inhibitors that have been developed
indicated structural similarity with the significant coenzyme
NAD+, which may cause toxicities due to off-target bind-
ing. High specificity is important for the novel tankyrase
inhibitors to avoid the potential adverse effects. The lit-
erature review demonstrated the computational studies by
using various potent compounds that help the researchers to
observe a potential association between the coupling site
and inhibitor molecule. It shows that the inhibitory activity
of nicotinamide restricting site inhibitors can be expanded
by designing new analogs that collaborate with hydrophobic
amino acids Phe1188 residue of TNKS1 and Phe1035 of
TNKS2. Moreover, it is also indicated that adenosine
binding site restricted inhibitors form aryl interaction or π–π
stacking interaction with polar amino-acids Histidine. This
selective character of TNKS1 and TNKS2 inhibitors pro-
vides an excellent platform for dual-site binders. A recently
established quinazoline derivative was discovered to be
more potent when compared with other tankyrase inhibitors.
The quinazoline moiety ties to the nicotinamide binding
motif and forms hydrogen bonding with glycine and serine.
The central part of the moiety constitutes a hydrogen bond
with Tyrosine amino acid, while extended lateral chains
form hydrogen bonding with aspartate and glycine amino
residues of the protein. All these findings will give mean-
ingful clues in the design and advancement of new specific

inhibitors that can be utilized to treat different kinds of
cancer.
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Abstract
Drug abuse is a worldwide wide problem affecting individual, society and the environment in general and it is nothing less 
than the attempted ecocide. Designer drugs are the chemical substances used for recreational purposes and have addictive 
properties. The production of designer drugs at disturbing pace is creating difficulties for the investigators in their testing. 
Computational evaluation method can be an interesting approach for early checking of abusive drugs. In the present work, 
quantitative structure activity relationship (QSAR) models are developed for abusive potential of designer drugs using 
SMILES and graph based parameters. Dopamine transporter/serotonin transporter inhibition (DAT/SERT) ratio was used 
as endpoint and the whole data set was divided into eight non identical splits for development of the models using balance 
of correlation technique of Monte Carlo optimization. The internal and external cross validation results confirmed that the 
models created with index of ideality of correlation were reliable and robust in prediction. The developed models followed 
all the five principles of the Organisation for Economic Co-operation and Development. The best model split 2 possessed 
good fitting ability and internal as well as external predictive ability and it was used in explanation of activity trends of dif-
ferent classes of designer drugs.

Keywords Drug abuse · Designer drugs · DAT/SERT ratio · Quantitative structure activity relationship · Index of ideality 
of correlation

Introduction

Drug addiction is a major issue around the world that 
imposes immense social and economic pressures on people 
and on society at large (Han and Gu 2006). According to the 
World drug report 2019, approximately 35 million people 
are affected with illicit drug use disorders worldwide. Inter-
nationally, around 11 million people took injectable illicit 

drugs in 2017, of whom 1.4 million are infected with HIV 
and 5.6 million with hepatitis C (Hansford 2019). There is 
burgeoning worldwide apprehension about the synthetic ana-
logs of controlled drugs being produced and marketed to 
curtail drug laws and escape prohibition. “Designer drugs” 
or “legal highs” are the psychotropic drugs which are pur-
posely commercialized and delivered for recreational use by 
perpetuating shortcomings in current controlled substance 
legislation (Weaver et al. 2015). Many chemicals alluded as 
designer pharmaceutical products may be licensed medically 
in various countries, thus not meeting the standard concept 
of a designer drug (Luethi and Liechti 2020).

The abuse of designer drugs among youngsters is preva-
lent, particularly in the “rave and dance club scene” (Richter 
et al. 2019). Usage of “classic” designer drugs like ecstasy 
was record high in the 1990s but is still consumed today 
and that caused the development of most of the “classic” 
designer drugs in various countries (Langman and Snozek 
2019). These drugs generate euphoria and feeling of high 
energy, and a tendency for socialization. Designer drugs 
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Abstract
Based on the mechanism of action of PKC-θ, the inhibition of this enzyme is considered a potential target for the treatment of
autoimmune diseases such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), and psoriasis. In the present study,
57 structurally diverse tricyclic triazinone analogues as potential PKC-θ inhibitors has been taken into consideration for QSAR
analysis throughMonte Carlo optimization. QSARmodels are developed using the balance of correlation method in the CORAL
software with two target functions (TF1 and TF2). The models constructed with IIC are found more robust and authentic. The
established QSAR model with best R2

calibration = 0.9653 for split 3 is considered the topmost model. The predictabilities of the
recommended QSARmodel are assessed through various statistical parameters. The outlier of each model is also identified using
the applicability domain (AD). The common mechanistic interpretation of the increasing and decreasing attributes has been
extracted by evaluating the correlation weights of diverse structural attributes obtained in three Monte Carlo optimization runs
from two splits, i.e., split 3 and 4. In the last, the result ofmechanistic interpretation is validated by performing the docking studies
of compounds PKC03, PKC07, PKC16, PKC25, and PKC56 in the experimental structure of protein kinase C-θ (PDB ID:
4Q9Z). The numerical value of the correlation coefficient between calculated activity and binding affinity is found 0.9597.
Hence, the developed QSAR models are descriptive and predictive in nature and the results are in sound agreement with the
experimental observations.

Keywords Protein kinase C-θ . QSAR . CORAL software . IIC . Docking

Introduction

The immune system is an intricate network of biochemical
aspects that warrants the integrity of the organism by attacking
potential pathogens [1]. However, sometimes, our immune
system overreacts and attacks at the organism itself.
Therefore, the abnormalities in the immune system, mainly
the over-activation of T cells, lead to autoimmune and other
secondary diseases [2, 3]. It has been cited in the literature that

humans and mice lacking functional regulatory T cells (Tregs)
due to mutations in the Foxp3 gene give way to severe lym-
phoproliferative and inflammatory disease [4–8]. Considering
the significant role of T lymphocytes in monitoring and facil-
itating different types of immune reactions, the T cells are
considered major drug targets for treating immunological dis-
orders [9]. The unsatisfactory results with various side effects
of the calcineurin inhibitor drugs, such as cyclosporine A (ta-
crolimus), lead to the development of new immunosuppres-
sive non-calcineurin inhibitors, especially the PKC-θ inhibi-
tors [10].

The protein kinase C (PKC) enzyme family executes an
important part in signal transduction pathways that affect cell
proliferation and differentiation. The protein kinase C theta
(PKC-θ) is a novel member of Ca2+-independent novel PKC
family and it is predominantly expressed in lymphocytes (T
cells) and mast cells [11, 12]. The novel isoform PKC-θ per-
forms a significant function in the activation and survival of T
cells by transmitting the T cell receptor (TCR) signaling.
Literature survey reveals that the response of PKC-θ deficient
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Comparison of the results with reported
models

Literature survey reveals that only one manuscript by Lingwei
et al. describing the QSAR study of 54 tricyclic triazinone
analogues as potential PKC-θ inhibitors is available [45].
The comparison of the present study and the literature report
is given in Table 6. Lingwei et al. have developed the QSAR
models based on the CoMFA, CoMSIA, HQSAR, and 2D-
QSAR study. The reported QSAR models are quite complex.
The reported QSAR models are constructed with six or seven
variables, i.e., multiparametric model. The numerical value of
R2 and Q2 for the training set of reported QSAR models is
higher than the present leading QSAR model. On the other
hand, the actual predictive power of a QSAR model can be
evaluated by the test set/calibration set. The value of the de-
termination coefficient R2

cal of the QSAR models constructed
by TF2 for split 3 is 0.9653 which is more than all the reported
models. The present work describes the QSAR modeling of
57 tricyclic triazinone analogues using four splits because
“QSAR is a random event” while the formerly reported
models are developed only using one split. All QSAR models
or present research work are statistically significant and
monoparametric which makes their interpretation very easy
compared with the other reported models. In the earlier report,
the statistical parameters IIC, CCC, Q2

F2, and Q2
F3 are not

reported. In the present QSAR modeling, the structural attri-
butes responsible for the increase and decrease of the endpoint
are also reported.

Conclusion

The present research demonstrates the development of new
robust and reliable QSAR models for tricyclic triazinone ana-
logues as PKC-θ inhibitors based on the Monte Carlo optimi-
zation method. The SMILES were used to symbolize the
chemical structures of tricyclic triazinone analogues. The
QSAR models were developed using the balance of correla-
tion method in the CORAL software with two target functions
(TF1 and TF2). The IIC was applied to improve the robustness
and predictability of the developed QSAR models with sec-
ond target function (TF2). The models constructed with IIC
were found more robust and authentic. The established QSAR
model with best R2

calibration = 0.9653 for split 3 was deliberated
as the topmost model. The predictabilities of the recommend-
ed QSAR model were assessed through various statistical pa-
rameters such as R2, CCC, IIC,Q2,Q2

F1,Q
2
F2,Q

2
F3, s, MAE,

F, RMSE, R2
m, ΔR2

m, CR2
P
, and Y test. However, all of the

established models were appropriate to predict the PKC-θ
inhibition of tricyclic triazinone analogues. The outlier of each
model was also identified using the applicability domain

(AD). The outliers were absent in all QSARmodels developed
by TF1. However, in the case of the QSAR models construct-
ed by TF2, the number of outliers was 10 and 9 for split 1 and
split 3, respectively, while in other splits, outliers were absent.
The common mechanistic interpretation of the increasing and
decreasing attributes had been extracted by evaluating the cor-
relation weights of diverse structural attributes obtained in
three Monte Carlo optimization runs from two splits, i.e., split
3 and 4. In the last, the result of mechanistic interpretation was
validated by performing the docking studies of compounds
PKC03, PKC07, PKC16, PKC25, and PKC56 in the experi-
mental structure of protein kinase C theta (PDB ID: 4Q9Z).
The numerical value of the correlation coefficient between
calculated activity and binding affinity was found 0.9597
while it was 0.9837 between experimental activity and bind-
ing affinity. Hence, the developed QSAR models were de-
scriptive and predictive in nature and the results were in sound
consensus with the experimental observations.

Acknowledgments The authors are thankful to Dr. Andrey A. Toropov
and Dr. Alla P. Toropova for providing the CORAL software. The au-
thors are also thankful to their respective universities for providing the
infrastructure.

Authors’ contributions Authors have done equivalent contributions to
this work.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Zanin-Zhorov A, Kumari S, Hippen KL, Merkel SC, MacMillan
ML, Blazar BR, Dustin ML (2017) Human in vitro-induced regu-
latory T cells display Dlgh1dependent and PKC-theta restrained
suppressive activity. Sci Rep 7(1):4258. https://doi.org/10.1038/
s41598-017-04053-5

2. Han C, Lei D, Liu L, Xie S, He L, Wen S, Zhou H, Ma T, Li S
(2020)Morphine induces the differentiation of T helper cells to Th2
effector cells via the PKC-theta-GATA3 pathway. Int
Immunopharmacol 80:106133. https://doi.org/10.1016/j.intimp.
2019.106133

3. von Essen MR, Kongsbak M, Levring TB, Hansen AK, Boding L,
Lauritsen JP, Woetmann A, Baier G, Odum N, Bonefeld CM,
Geisler C (2013) PKC-theta exists in an oxidized inactive form in
naive human T cells. Eur J Immunol 43(6):1659–1666. https://doi.
org/10.1002/eji.201243140

4. Wachowicz K, Baier G (2014) Protein kinase Ctheta: the pleiotro-
pic T-cell signalling intermediate. Biochem Soc Trans 42(6):1512–
1518. https://doi.org/10.1042/BST20140179

5. Cole DC, Asselin M, Brennan A, Czerwinski R, Ellingboe JW, Fitz
L, Greco R, Huang X, Joseph-McCarthy D, Kelly MF, Kirisits M,
Lee J, Li Y, Morgan P, Stock JR, Tsao DH, Wissner A, Yang X,
Chaudhary D (2008) Identification, characterization and initial hit-
to - lead opt imiza t ion of a se r ies of 4-a ry l amino-3-
pyridinecarbonitrile as protein kinase C theta (PKCtheta) inhibitors.

Struct Chem

https://doi.org/10.1038/s41598-017-04053-5
https://doi.org/10.1038/s41598-017-04053-5
https://doi.org/10.1016/j.intimp.2019.106133
https://doi.org/10.1016/j.intimp.2019.106133
https://doi.org/10.1002/eji.201243140
https://doi.org/10.1002/eji.201243140
https://doi.org/10.1042/BST20140179


J Med Chem 51(19):5958–5963. https://doi.org/10.1021/
jm800214a

6. Sakowicz-Burkiewicz M, Nishanth G, Helmuth U, Drogemuller K,
Busch DH, Utermohlen O, Naumann M, Deckert M, Schluter D
(2008) Protein kinase C-theta critically regulates the proliferation
and survival of pathogen-specific T cells in murine listeriosis. J
Immunol 180(8):5601–5612. https://doi.org/10.4049/jimmunol.
180.8.5601

7. Solomou EE, Juang YT, Tsokos GC (2001) Protein kinase C-theta
participates in the activation of cyclic AMP-responsive element-
binding protein and its subsequent binding to the -180 site of the
IL-2 promoter in normal human T lymphocytes. J Immunol 166(9):
5665–5674. https://doi.org/10.4049/jimmunol.166.9.5665

8. Thuille N, Siegmund K, Klepsch V, Schorgenhuber J, Danklmaier
S, Leitges M, Baier G (2019) Loss-of-function phenotype of a
PKCtheta(T219A) knockin mouse strain. Cell Commun Signal
17(1):141. https://doi.org/10.1186/s12964-019-0466-8

9. Cywin CL, Dahmann G, Prokopowicz 3rd AS, Young ER,
Magolda RL, Cardozo MG, Cogan DA, Disalvo D, Ginn JD,
Kashem MA, Wolak JP, Homon CA, Farrell TM, Grbic H, Hu H,
Kaplita PV, Liu LH, Spero DM, Jeanfavre DD, O'Shea KM,White
DM, Woska Jr JR, Brown ML (2007) Discovery of potent and
selective PKC-theta inhibitors. Bioorg Med Chem Lett 17(1):
225–230. https://doi.org/10.1016/j.bmcl.2006.09.056

10. Tanaka Y, Altman A (2002) T cell signaling: protein kinase Cθ the
immunological synapse and characterization of SLAT a novel T
helper 2-specific adapter protein. Allergol Int 51 (3):167–174.
https://doi.org/10.1046/j.1440-1592.2002.00261.x

11. Niu C, Boschelli DH, Tumey LN, Bhagirath N, Subrath J, Shim J,
Wang Y, Wu B, Eid C, Lee J, Yang X, Brennan A, Chaudhary D
(2009) First generation 5-vinyl-3-pyridinecarbonitrile PKCtheta in-
hibitors. BioorgMed ChemLett 19(20):5829–5832. https://doi.org/
10.1016/j.bmcl.2009.08.086

12. Salek-Ardakani S, So T, Halteman BS, Altman A, Croft M (2004)
Differential regulation of Th2 and Th1 lung inflammatory re-
sponses by protein kinase C theta. J Immunol 173(10):6440–
6447. https://doi.org/10.4049/jimmunol.173.10.6440

13. Healy AM, Izmailova E, Fitzgerald M, Walker R, Hattersley M,
Silva M, Siebert E, Terkelsen J, Picarella D, Pickard MD, LeClair
B, Chandra S, Jaffee B (2006) PKC-theta-deficient mice are
protected from Th1-dependent antigen-induced arthritis. J
Immunol 177(3):1886–1893. https://doi.org/10.4049/jimmunol.
177.3.1886

14. Salek-Ardakani S, So T, Halteman BS, Altman A, Croft M (2005)
Protein kinase Ctheta controls Th1 cells in experimental autoim-
mune encephalomyelitis. J Immunol 175(11):7635–7641. https://
doi.org/10.4049/jimmunol.175.11.7635

15. Tan SL, Zhao J, Bi C, Chen XC, Hepburn DL, Wang J, Sedgwick
JD, Chintalacharuvu SR, Na S (2006) Resistance to experimental
autoimmune encephalomyelitis and impaired IL-17 production in
protein kinase C theta-deficient mice. J Immunol 176(5):2872–
2879. https://doi.org/10.4049/jimmunol.176.5.2872

16. Nagahama K, Ogawa A, Shirane K, Shimomura Y, Sugimoto K,
Mizoguchi A (2008) Protein kinase C theta plays a fundamental
role in different types of chronic colitis. Gastroenterology 134(2):
459–469. https://doi.org/10.1053/j.gastro.2007.11.005

17. Dushin RG, Nittoli T, Ingalls C, Boschelli DH, Cole DC, Wissner
A, Lee J, Yang X, Morgan P, Brennan A, Chaudhary D (2009)
Synthesis and PKCtheta inhibitory activity of a series of 4-
indolylamino-5-phenyl-3-pyridinecarbonitriles. Bioorg Med Chem
Lett 19(9):2461–2463. https://doi.org/10.1016/j.bmcl.2009.03.053

18. Tumey LN, Bhagirath N, Brennan A, Brooijmans N, Lee J, Yang
X, Boschelli DH (2009) 5-Vinyl-3-pyridinecarbonitrile inhibitors
of PKCtheta: optimization of enzymatic and functional activity.
Bioorg Med Chem 17(23):7933–7948. https://doi.org/10.1016/j.
bmc.2009.10.020

19. Basak SC, Vracko MG (2020) Parsimony principle and its proper
use/ application in computer-assisted drug design and QSAR. Curr
Comput Aided Drug Des 16(1):1–5. https://doi.org/10.2174/
157340991601200106122854

20. Veeravarapu H, Malkhed V, Mustyala KK, Vadija R, Malikanti R,
Vuruputuri U, MuthyalaMKK (2020) Structure-based drug design,
synthesis and screening of MmaA1 inhibitors as novel anti-TB
agents. Mol Divers. https://doi.org/10.1007/s11030-020-10107-0

21. Senthil R, Sakthivel M, Usha S (2020) Structure-based drug design
of peroxisome proliferator-activated receptor gamma inhibitors:
ferulic acid and derivatives. J Biomol Struct Dyn:On Line
Published. https://doi.org/10.1080/07391102.2020.1740790

22. Sadhasivam A, Nagarajan H, Umashankar V (2020) Structure-
based drug target prioritisation and rational drug design for
targeting Chlamydia trachomatis eye infections. J Biomol Struct
Dyn 38(11):3131–3143. https://doi.org/10.1080/07391102.2019.
1652691

23. Kumar P, Kumar A (2020) CORAL: QSAR models of CB1 can-
nabinoid receptor inhibitors based on local and global SMILES
attributes with the index of ideality of correlation and the correlation
contradiction index. Chemometr Intel Lab Syst 200:103982. https://
doi.org/10.1016/j.chemolab.2020.103982

24. Kumar A, Sindhu J, Kumar P (2020) In-silico identification of
fingerprint of pyrazolyl sulfonamide responsible for inhibition of
N-myristoyltransferase using Monte Carlo method with index of
ideality of correlation. J Biomol Struct Dyn:On Line Published.
https://doi.org/10.1080/07391102.2020.1784286

25. Puratchikody A, Prabu SL, Umamaheswari A (2019) Computer
applications in drug discovery and development. Advances in med-
ical technologies and clinical practice (AMTCP) book series.
Medical Information Science Reference, Hershey, PA

26. Worachartcheewan A, Mandi P, Prachayasittikul V, Toropova AP,
Toropov AA, Nantasenamat C (2014) Large-scale QSAR study of
aromatase inhibitors using SMILES-based descriptors. Chemometr
Intel Lab Syst 138:120–126. https://doi.org/10.1016/j.chemolab.
2014.07.017

27. Doucet J-P, Panaye A (2010) Three dimensional QSAR : applica-
tions in pharmacology and toxicology. QSAR in environmental and
health sciences. CRC Press, Boca Raton

28. Qi R, Pan Y, Cao J, Jia Z, Jiang J (2020) The cytotoxicity of
nanomaterials: modeling multiple human cells uptake of function-
alized magneto-fluorescent nanoparticles via nano-QSAR.
Chemosphere 249:126175. https://doi.org/10.1016/j.chemosphere.
2020.126175

29. Mondal D, Ghosh K, Baidya ATK, Gantait AM, Gayen S (2020)
Identification of structural fingerprints for in vivo toxicity by using
Monte Carlo based QSTR modeling of nitroaromatics. Toxicol
Mechan Methods 30 (4):257–265. https://doi.org/10.1080/
15376516.2019.1709238

30. Jain S, Bhardwaj B, Amin SA, Adhikari N, Jha T, Gayen S (2020)
Exploration of good and bad structural fingerprints for inhibition of
indoleamine-2,3-dioxygenase enzyme in cancer immunotherapy
using Monte Carlo optimization and Bayesian classification
QSAR modeling. J Biomol Struct Dyn 38 (6):1683–1696. https://
doi.org/10.1080/07391102.2019.1615000

31. Ahmadi S, Ghanbari H, Lotfi S, Azimi N (2020) Predictive QSAR
modeling for the antioxidant activity of natural compounds deriva-
tives based onMonte Carlo method. Mol Divers. https://doi.org/10.
1007/s11030-019-10026-9

32. Toropov AA, Toropova AP, Selvestrel G, Benfenati E (2019)
Idealization of correlations between optimal simplified molecular
input-line entry system-based descriptors and skin sensitization.
SAR QSAR Environ Res 30(6):447–455. https://doi.org/10.1080/
1062936X.2019.1615547

33. Toropova MA, Veselinovic AM, Veselinovic JB, Stojanovic DB,
Toropov AA (2015) QSAR modeling of the antimicrobial activity

Struct Chem

https://doi.org/10.1021/jm800214a
https://doi.org/10.1021/jm800214a
https://doi.org/10.4049/jimmunol.180.8.5601
https://doi.org/10.4049/jimmunol.180.8.5601
https://doi.org/10.4049/jimmunol.166.9.5665
https://doi.org/10.1186/s12964-019-0466-8
https://doi.org/10.1016/j.bmcl.2006.09.056
https://doi.org/10.1046/j.1440-1592.2002.00261.x
https://doi.org/10.1016/j.bmcl.2009.08.086
https://doi.org/10.1016/j.bmcl.2009.08.086
https://doi.org/10.4049/jimmunol.173.10.6440
https://doi.org/10.4049/jimmunol.177.3.1886
https://doi.org/10.4049/jimmunol.177.3.1886
https://doi.org/10.4049/jimmunol.175.11.7635
https://doi.org/10.4049/jimmunol.175.11.7635
https://doi.org/10.4049/jimmunol.176.5.2872
https://doi.org/10.1053/j.gastro.2007.11.005
https://doi.org/10.1016/j.bmcl.2009.03.053
https://doi.org/10.1016/j.bmc.2009.10.020
https://doi.org/10.1016/j.bmc.2009.10.020
https://doi.org/10.2174/157340991601200106122854
https://doi.org/10.2174/157340991601200106122854
https://doi.org/10.1007/s11030-020-10107-0
https://doi.org/10.1080/07391102.2020.1740790
https://doi.org/10.1080/07391102.2019.1652691
https://doi.org/10.1080/07391102.2019.1652691
https://doi.org/10.1016/j.chemolab.2020.103982
https://doi.org/10.1016/j.chemolab.2020.103982
https://doi.org/10.1080/07391102.2020.1784286
https://doi.org/10.1016/j.chemolab.2014.07.017
https://doi.org/10.1016/j.chemolab.2014.07.017
https://doi.org/10.1016/j.chemosphere.2020.126175
https://doi.org/10.1016/j.chemosphere.2020.126175
https://doi.org/10.1080/15376516.2019.1709238
https://doi.org/10.1080/15376516.2019.1709238
https://doi.org/10.1080/07391102.2019.1615000
https://doi.org/10.1080/07391102.2019.1615000
https://doi.org/10.1007/s11030-019-10026-9
https://doi.org/10.1007/s11030-019-10026-9
https://doi.org/10.1080/1062936X.2019.1615547
https://doi.org/10.1080/1062936X.2019.1615547


of peptides as a mathematical function of a sequence of amino
acids. Comput Biol Chem 59 Pt A:126-130. https://doi.org/10.
1016/j.compbiolchem.2015.09.009

34. Toropova AP, Schultz TW, Toropov AA (2016) Building up a
QSAR model for toxicity toward Tetrahymena pyriformis by the
Monte Carlo method: a case of benzene derivatives. Environ
Toxicol Pharmacol 42:135–145. https://doi.org/10.1016/j.etap.
2016.01.010

35. Toropova AP, Toropov AA, Veselinovic JB, Miljkovic FN,
Veselinovic AM (2014) QSAR models for HEPT derivates as
NNRTI inhibitors based on Monte Carlo method. Eur J Med
Chem 77:298–305. https://doi.org/10.1016/j.ejmech.2014.03.013

36. Ibezim E, Duchowicz PR, Ortiz EV, Castro EA (2012) QSAR on
aryl-piperazine derivatives with activity on malaria. Chemometr
Intel Lab Syst 110(1):81–88. https://doi.org/10.1016/j.chemolab.
2011.10.002

37. Kumar A, Manisha, Bagri K, Kumar P (2020) Use of graph based
descriptors for determination of structural features causing modula-
tion of fructose-1,6-bisphosphatase. Drug Res (Stuttg) 70 (5):226–
232. https://doi.org/10.1055/a-1138-8725

38. Kumar P, Kumar A, Sindhu J (2019) Design and development of
novel focal adhesion kinase (FAK) inhibitors using Monte Carlo
methodwith index of ideality of correlation to validate QSAR. SAR
QSAR Environ Res 30 (2):63–80. https://doi.org/10.1080/
1062936X.2018.1564067

39. Kumar P, Kumar A, Sindhu J (2019) In silico design of diacylglyc-
erol acyltransferase-1 (DGAT1) inhibitors based on SMILES de-
scriptors using Monte-Carlo method. SAR QSAR Environ Res
30(8):525–541. https://doi.org/10.1080/1062936X.2019.1629998

40. Toropova AP, Toropov AA, Carnesecchi E, Benfenati E, Dorne JL
(2020) The index of ideality of correlation: models for flammability
of binary liquid mixtures. Chem Pap 74(2):601–609. https://doi.
org/10.1007/s11696-019-00903-w

41. Kumar A, Kumar P (2020) Construction of pioneering quantitative
structure activity relationship screening models for abuse potential
of designer drugs using index of ideality of correlation in Monte
Carlo optimization. Arch Toxicol 94 (9):3069–3086. https://doi.
org/10.1007/s00204-020-02828-w

42. Ahmadi S (2020) Mathematical modeling of cytotoxicity of metal
oxide nanoparticles using the index of ideality correlation criteria.
Chemosphere 242:125192. https://doi.org/10.1016/j.chemosphere.
2019.125192

43. Kumar P, Kumar A, Sindhu J, Lal S (2019) QSAR models for
nitrogen containing monophosphonate and bisphosphonate deriva-
tives as human farnesyl pyrophosphate synthase inhibitors based on
Monte Carlomethod. DrugRes (Stuttg) 69 (3):159–167. https://doi.
org/10.1055/a-0652-5290

44. Achary PGR, Toropova AP, Toropov AA (2019) Combinations of
graph invariants and attributes of simplified molecular input-line
entry system (SMILES) to build up models for sweetness. Food
Res Int 122:40–46. https://doi.org/10.1016/j.foodres.2019.03.067

45. Meng L, Feng K, Ren Y (2018) Molecular modelling studies of
tricyclic triazinone analogues as potential PKC-θ inhibitors through
combined QSAR, molecular docking and molecular dynamics sim-
ulations techniques. J Taiwan Inst Chem Eng 91:155–175. https://
doi.org/10.1016/j.jtice.2018.06.017

46. George DM, Breinlinger EC, Argiriadi MA, Zhang Y, Wang J,
Bansal-Pakala P, Duignan DB, Honore P, Lang Q, Mittelstadt S,
Rundell L, Schwartz A, Sun J, Edmunds JJ (2015) Optimized pro-
tein kinase Ctheta (PKCtheta) inhibitors reveal only modest anti-
inflammatory efficacy in a rodent model of arthritis. J Med Chem
58(1):333–346. https://doi.org/10.1021/jm5013006

47. George DM, Breinlinger EC, Friedman M, Zhang Y, Wang J,
Argiriadi M, Bansal-Pakala P, Barth M, Duignan DB, Honore P,
Lang Q, Mittelstadt S, Potin D, Rundell L, Edmunds JJ (2015)
Discovery of selective and orally bioavailable protein kinase C

theta (PKCtheta) inhibitors from a fragment hit. J Med Chem
58(1):222–236. https://doi.org/10.1021/jm500669m

48. Marvin-Sketch-v.14.11.17.0 (2014). ChemAxon, XhemAxon
KFT. Budapest, Hungary

49. O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch T,
Hutchison GR (2011) Open babel: an open chemical toolbox. J
Cheminform 3 (1):33. https://doi.org/10.1186/1758-2946-3-33

50. Veselinovic JB, Nikolic GM, Trutic NV, Zivkovic JV, Veselinovic
AM (2015) Monte Carlo QSARmodels for predicting organophos-
phate inhibition of acetycholinesterase. SAR QSAR Environ Res
26(6):449–460. https://doi.org/10.1080/1062936X.2015.1049665

51. Gissi A, Toropov AA, Toropova AP, Nicolotti O, Carotti A,
Benfenati E (2014) Building up QSAR model for toxicity of psy-
chotropic drugs by the Monte Carlo method. Struct Chem 25(4):
1067–1073. https://doi.org/10.1007/s11224-013-0380-4

52. Kumar A, Chauhan S (2017) Monte Carlo method based QSAR
modelling of natural lipase inhibitors using hybrid optimal descrip-
tors. SAR QSAR Environ Res 28(3):179–197. https://doi.org/10.
1080/1062936X.2017.1293729

53. Manisha CS, Kumar P, Kumar A (2019) Development of prediction
model for fructose- 1,6- bisphosphatase inhibitors using the Monte
Carlomethod. SARQSAREnviron Res 30(3):145–159. https://doi.
org/10.1080/1062936X.2019.1568299

54. Toropova AP, Toropov AA (2019) QSPR and nano-QSPR: what is
the difference? JMol Struct 1182:141–149. https://doi.org/10.1016/
j.molstruc.2019.01.040

55. Toropov AA, Toropova AP (2017) The index of ideality of corre-
lation: a criterion of predictive potential of QSPR/QSAR models?
Mutat Res Genet Toxicol Environ Mutagen 819:31–37. https://doi.
org/10.1016/j.mrgentox.2017.05.008

56. Toropov AA, Toropova AP (2018) Predicting cytotoxicity of 2-
Phenylindole derivatives against breast cancer cells using index of
ideality of correlation. Anticancer Res 38(11):6189–6194. https://
doi.org/10.21873/anticanres.12972

57. Environment-directorate guidance document on the validation of
(quantitative) structure-activity relationship [(Q)SAR] models.
Organisation for Economic Co-operation and Development. http://
www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?
doclanguage=en&cote=env/jm/mono(2007)2. Accessed 07
July 2020

58. Aher RB, Roy K (2017) Exploring the structural requirements in
multiple chemical scaffolds for the selective inhibition of
Plasmodium falciparum calcium-dependent protein kinase-1
(PfCDPK-1) by 3D-pharmacophore modelling, and docking stud-
ies. SAR QSAR Environ Res 28 (5):390–414. https://doi.org/10.
1080/1062936X.2017.1326401

59. Bhayye SS, Roy K, Saha A (2016) Pharmacophore generation,
atom-based 3D-QSAR, HQSAR and activity cliff analyses of
benzothiazine and deazaxanthine derivatives as dual A2A
antagonists/MAOB inhibitors. SAR QSAR Environ Res 27(3):
183–202. https://doi.org/10.1080/1062936X.2015.1136840

60. Golbraikh A, Tropsha A (2002) Beware of q2! J Mol Graph Model
20(4):269–276. https://doi.org/10.1016/s1093-3263(01)00123-1

61. Shi LM, Fang H, Tong W, Wu J, Perkins R, Blair RM, Branham
WS, Dial SL, Moland CL, Sheehan DM (2001) QSAR models
using a large diverse set of estrogens. J Chem Inf Comput Sci
41(1):186–195. https://doi.org/10.1021/ci000066d

62. Schuurmann G, Ebert RU, Chen J, Wang B, Kuhne R (2008)
External validation and prediction employing the predictive
squared correlation coefficient test set activity mean vs training
set activity mean. J Chem Inf Model 48(11):2140–2145. https://
doi.org/10.1021/ci800253u

63. Pratim Roy P, Paul S, Mitra I, Roy K (2009) On two novel param-
eters for validation of predictive QSAR models. Molecules 14(5):
1660–1701. https://doi.org/10.3390/molecules14051660

Struct Chem

https://doi.org/10.1016/j.compbiolchem.2015.09.009
https://doi.org/10.1016/j.compbiolchem.2015.09.009
https://doi.org/10.1016/j.etap.2016.01.010
https://doi.org/10.1016/j.etap.2016.01.010
https://doi.org/10.1016/j.ejmech.2014.03.013
https://doi.org/10.1016/j.chemolab.2011.10.002
https://doi.org/10.1016/j.chemolab.2011.10.002
https://doi.org/10.1055/a-1138-8725
https://doi.org/10.1080/1062936X.2018.1564067
https://doi.org/10.1080/1062936X.2018.1564067
https://doi.org/10.1080/1062936X.2019.1629998
https://doi.org/10.1007/s11696-019-00903-w
https://doi.org/10.1007/s11696-019-00903-w
https://doi.org/10.1007/s00204-020-02828-w
https://doi.org/10.1007/s00204-020-02828-w
https://doi.org/10.1016/j.chemosphere.2019.125192
https://doi.org/10.1016/j.chemosphere.2019.125192
https://doi.org/10.1055/a-0652-5290
https://doi.org/10.1055/a-0652-5290
https://doi.org/10.1016/j.foodres.2019.03.067
https://doi.org/10.1016/j.jtice.2018.06.017
https://doi.org/10.1016/j.jtice.2018.06.017
https://doi.org/10.1021/jm5013006
https://doi.org/10.1021/jm500669m
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1080/1062936X.2015.1049665
https://doi.org/10.1007/s11224-013-0380-4
https://doi.org/10.1080/1062936X.2017.1293729
https://doi.org/10.1080/1062936X.2017.1293729
https://doi.org/10.1080/1062936X.2019.1568299
https://doi.org/10.1080/1062936X.2019.1568299
https://doi.org/10.1016/j.molstruc.2019.01.040
https://doi.org/10.1016/j.molstruc.2019.01.040
https://doi.org/10.1016/j.mrgentox.2017.05.008
https://doi.org/10.1016/j.mrgentox.2017.05.008
https://doi.org/10.21873/anticanres.12972
https://doi.org/10.21873/anticanres.12972
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?doclanguagen&cotenv/jm/mono
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?doclanguagen&cotenv/jm/mono
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?doclanguagen&cotenv/jm/mono
https://doi.org/10.1080/1062936X.2017.1326401
https://doi.org/10.1080/1062936X.2017.1326401
https://doi.org/10.1080/1062936X.2015.1136840
https://doi.org/10.1016/s1093-3263(01)00123-1
https://doi.org/10.1021/ci000066d
https://doi.org/10.1021/ci800253u
https://doi.org/10.1021/ci800253u
https://doi.org/10.3390/molecules14051660


64. Roy K, Chakraborty P, Mitra I, Ojha PK, Kar S, Das RN (2013)
Some case studies on application of “r(m)2” metrics for judging
quality of quantitative structure-activity relationship predictions:
emphasis on scaling of response data. J Comput Chem 34 (12):
1071–1082. https://doi.org/10.1002/jcc.23231

65. Gramatica P, Sangion A (2016) A historical excursus on the statis-
tical validation parameters for QSAR models: a clarification
concerning metrics and terminology. J Chem Inf Model 56 (6):
1127–1131. https://doi.org/10.1021/acs.jcim.6b00088

66. Toropova AP, Toropov AA (2019) The index of ideality of corre-
lation: improvement of models for toxicity to algae. Nat Prod Res
33(15):2200–2207. https://doi.org/10.1080/14786419.2018.
1493591

67. Toropov AA, Toropova AP (2019) Use of the index of ideality of
correlation to improve predictive potential for biochemical end-
points. Toxicol Mechan Methods 29(1):43–52. https://doi.org/10.
1080/15376516.2018.1506851

68. Duhan M, Singh R, Devi M, Sindhu J, Bhatia R, Kumar A, Kumar
P (2019) Synthesis, molecular docking and QSAR study of thiazole
clubbed pyrazole hybrid as alpha-amylase inhibitor. J Biomol
Struct Dyn:1–17. https://doi.org/10.1080/07391102.2019.1704885

69. Kumar P, Kumar A (2020) Nucleobase sequence based building up
of reliable QSAR models with the index of ideality correlation
using Monte Carlo method. J Biomol Struct Dyn 38(11):3296–
3306. https://doi.org/10.1080/07391102.2019.1656109

70. Roy PP, Roy K (2009) QSAR studies of CYP2D6 inhibitor
aryloxypropanolamines using 2D and 3D descriptors. Chem Biol
Drug Des 73(4):442–455. https://doi.org/10.1111/j.1747-0285.
2009.00791.x

71. Roy K, Mitra I, Kar S, Ojha PK, Das RN, Kabir H (2012)
Comparative studies on some metrics for external validation of
QSPR models. J Chem Inf Model 52(2):396–408. https://doi.org/
10.1021/ci200520g

72. Golbraikh A, Wang XS, Zhu H, Tropsha A (2012) Predictive
QSAR modeling: methods and applications in drug discovery and
chemical risk assessment. In: Leszczynski J (ed) Handbook of com-
putational chemistry. Springer Netherlands, Dordrecht, pp 1309–
1342. https://doi.org/10.1007/978-94-007-0711-5_37

73. Gramatica P (2007) Principles of QSARmodels validation: internal
and external. QSAR Comb Sci 26(5):694–701. https://doi.org/10.
1002/qsar.200610151

74. Nimbhal M, Bagri K, Kumar P, Kumar A (2020) The index of
ideality of correlation: a statistical yardstick for better QSAR
modeling of glucokinase activators. Struct Chem 31(2):831–839.
https://doi.org/10.1007/s11224-019-01468-w

75. Toropova AP, Toropov AA (2019) Does the index of ideality of
correlation detect the better model correctly? Mol Inform 38(8–9):
e1800157. https://doi.org/10.1002/minf.201800157

76. Rucker C, Rucker G, Meringer M (2007) y-Randomization and its
variants in QSPR/QSAR. J Chem Inf Model 47 (6):2345–2357.
https://doi.org/10.1021/ci700157b

77. Ojha PK, Mitra I, Das RN, Roy K (2011) Further exploring rm2
metrics for validation of QSPR models. Chemometr Intel Lab Syst
107 (1):194–205. https://doi.org/10.1016/j.chemolab.2011.03.011

78. Kumar P, Kumar A (2018) Monte Carlo method based QSAR
studies of Mer kinase inhibitors in compliance with OECD princi-
ples. Drug Res (Stuttg) 68 (4):189–195. https://doi.org/10.1055/s-
0043-119288

79. Dassault-Systèmes-BIOVIA (2019). Discovery Studio, San Diego:
Dassault Systèmes. Discovery Studio, San Diego: Dassault
Systèmes.,

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Struct Chem

https://doi.org/10.1002/jcc.23231
https://doi.org/10.1021/acs.jcim.6b00088
https://doi.org/10.1080/14786419.2018.1493591
https://doi.org/10.1080/14786419.2018.1493591
https://doi.org/10.1080/15376516.2018.1506851
https://doi.org/10.1080/15376516.2018.1506851
https://doi.org/10.1080/07391102.2019.1704885
https://doi.org/10.1080/07391102.2019.1656109
https://doi.org/10.1111/j.1747-0285.2009.00791.x
https://doi.org/10.1111/j.1747-0285.2009.00791.x
https://doi.org/10.1021/ci200520g
https://doi.org/10.1021/ci200520g
https://doi.org/10.1007/978-94-007-0711-5_37
https://doi.org/10.1002/qsar.200610151
https://doi.org/10.1002/qsar.200610151
https://doi.org/10.1007/s11224-019-01468-w
https://doi.org/10.1002/minf.201800157
https://doi.org/10.1021/ci700157b
https://doi.org/10.1016/j.chemolab.2011.03.011
https://doi.org/10.1055/s-0043-119288
https://doi.org/10.1055/s-0043-119288


Contents lists available at ScienceDirect

Photonics and Nanostructures - Fundamentals and
Applications

journal homepage: www.elsevier.com/locate/photonics

Control of growth solution on the dimensions of gold nanorods accounted
for LSPR sensitivity toward liquid ammonia sensing

Saroj Balaa, Sumit Dokwalb, Sangeeta Sainic, Suman Mahendiaa,*, Shyam Kumara

a Department of Physics, Kurukshetra University, Kurukshetra, 136119, India
bDepartment of Biochemistry, Pt. B. D. Sharma PGIMS, Rohtak, 124001, India
c Department of Chemistry, Kurukshetra University, Kurukshetra, 136119, India

A R T I C L E I N F O

Keywords:
Gold nanorod
Aspect ratio
Localised Surface Plasmon Resonance (LSPR)
Ammonia sensing
Dipolar coupling

A B S T R A C T

In the present study, the effect of dimensions of gold nanorods on its sensing property to detect liquid ammonia
was reported. Gold nanorods with two different aspect ratios (GNR1 and GNR2) derived from different lengths
and diameters were synthesized using seed-mediated growth method, and the aspect ratio was controlled by
changing the silver ion concentration in growth solution. The morphological and size measurement was per-
formed using Transmission Electron Microscopy (TEM), and the average value of aspect ratio (AR) was found to
be 3.0 and 3.2 for GNR1 and GNR2, respectively. The characteristics transverse and longitudinal mode of lo-
calized surface plasmon resonance (LSPR) have been clearly depicted in UV–vis absorption spectrum of both
GNR1 and GNR2. The red shift in longitudinal mode of LSPR from 718 to 732 nm has been observed for GNR
with change in aspect ratio from 3.0 to 3.2, respectively. These samples of GNR were tested for liquid ammonia
sensing with concentration ranging from 100 to 500 ppm. A clear cut blue shift in longitudinal mode of LSPR of
prepared gold nanorod was observed. However, the GNR2 was found to be more sensitive toward liquid am-
monia sensing. The origin of such blue shifting and sensitivity of longitudinal mode of LSPR of gold nanorod was
explained on the basis of orientation dependence and Dipolar Exciton Coupling Model of coupled plasmon in
assemblies of anisotropic plasmonic nanoparticles. With the help of this model, blue shifting in longitudinal
plasmon band was correlated with the enhanced formation of H-aggregation induced by dipolar coupling of GNR
clusters followed by hydrogen bonding after successive addition of ammonia solution.

1. Introduction

Over the last decades, nanometer sized structures of noble metal like
silver, gold, platinum, etc. have received wide attention due to their
special optical response known as surface plasmon resonance (SPR) and
localized surface plasmon resonance (LSPR) [1]. Generally, there is a
difference in LSPR and SPR; in LSPR, the induced plasmon oscillate
locally to the nanostructure upon interaction with incident electro-
magnetic radiation while in SPR the induced plasmon oscillate along
the metal-dielectric interface [2]. Because of this aspect, the decay
length of the exponentially decaying electromagnetic field is observed
to be shorter in LSPR than that observed in SPR [3,4]. This decay length
for plasmon resonance plays vital role and acts as the foundation for
biosensing applications. This property reduces the sensitivity response
arises due to interference from solution refractive index as well as pH
fluctuations whilst providing increased sensitivity to refractive index
changes on the surface. Therefore, directing the larger sensitivity of

LSPR to molecular binding and rather than bulk effects. Among various
shapes, rod like nanostructures are in a great demand due to anisotropic
optical response of LSPR which can be tuned from visible to Infra-red
(IR) region of electromagnetic (EM) spectrum, depending upon their
aspect ratio [5–7]. The anisotropic optical response relies due to ex-
istence of two LSPR absorption band: transverse mode and longitudinal
mode of resonance due to the collective oscillation of the quasi-free
electrons along the long and short axes of nanorod like structure when
excited by EM radiation of comparable wavelength, respectively [8].
The transverse mode is mainly a function of diameter of nanorod ob-
served in a lower side of visible region of EM spectrum and found al-
most numb to the nanorod morphology. The longitudinal mode ob-
served at higher wavelength side is a function of aspect ratio and
refractive index of the surrounding medium and therefore provide
tunability of plasmon resonance band covering from green to near IR of
EM spectrum wavelength [9,10]. This tunable nature of LSPR benefited
from anistropic geometry of noble metal nanorods provide them a wide
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be more sensitive. The formation of H-aggregates is induced by the
formation of microscopic dipole on the surface of GNR, which will
change the energy absorption and is thus responsible for plasmon
shifting and causing such sensitivity. Thus, on the basis of orientation
dependence of coupled plasmon of anisotropic nanoparticles and in-
teraction energy dependence of dipole moment in Dipolar Exciton
Coupling Model, the coupling of GNR after the addition of ammonia
solution is explained. For nanorod with larger length, such couplings
are more, resulting in more shifting in plasmonic wavelength leading to
their better sensitivity.
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Conclusions 

The reaction is highly stereospecific and all the products obtained are geometrically pure Z-isomer obtained in higher 

yield. Fourteen novel aurones were synthesized and screened against MCF-7 cancer cell line for their anticancer activity. 

All these compounds exhibited moderate to excellent anticancer activity. Among these fourteen compounds, six 

compounds (3e, 3c, 3i, 3a, 3b and 3n) have exhibited excellent cytotoxic efficacy against MCF-7 cell line.  
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Research Highlights 

 Benzofuran-3(2H)-one and pyrazole linked fourteen novel aurones were designed and 
synthesized under solvent free sustainable conditions. 

 Structures of the synthesized aurones were confirmed by their IR, 1H-NMR, 13C-NMR, 
elemental analysis and Mass spectrometry data. 

 Cytotoxic activity of these novel hydroxy aurones derivatives was evaluated toward MCF-7 
cancer cell line. 
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