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ARTICLE INFO ABSTRACT

Nanoparticle and drug molecule interaction study has become a very important topic for research
which can open various avenues for several biomedical fields. Here we tried to formulate a model
nanoparticle structure in silico using Avogadro soft ware in several ways. We went up to nine atoms
of metals (Zinc, Cadmium and Copper) along with six Boron atoms for the construction of the
nanoparticle model structure. We hypothesize that it would be energetically more favourable if Boron
atoms get inserted in between the metal atoms during their bond formation rather than metals
interacted amongst them directly and Boron atoms are attached at the corner. We also tagged ferulic
acid to all three computationally formulated nanoparticles and observed their energy levels. It was
found that Zinc and Cadmium are the better choice for synthesizing nanocomposite with ferulic acid
rather than Copper.

Copyright © 2021. Soumalya Chatterjee et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Nanoparticle is a small particle that ranges between 1 to 100
nm in size by at least one dimension, undetectable by the
human eyes. Nanoparticles can exhibit significantly different
physical and chemical properties to their larger material
counterparts. More properly we can define a nanoparticle
suspension where at least half of the particles in the number
size distribution must be of hundred nm or below
measurement. Mostly the nanoparticles are made up of few
hundreds of atoms. The material’s properties change as their
size approaches to the atomic scale, this happens due to the
increase of surface area to volume ratio. As a result, the
material’s surface atoms dominate the material performance.
Because of their very small size, nanoparticles possess a very
large surface area to volume ratio when compared to bulk
materials, like powder, plate and sheet etc.  This feature
enables nanoparticles to show unexpected optical, physical and
chemical properties as they are small enough to confine the
electrons and produce Quantum effects (TWI, 2021).
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The huge ranges of applications of nanoparticles in various
fields have drawn the focus on its research. The area in which
nanoparticles has played the most important role is to study on
biomedicine and Agriculture (Hazra and Pal, 2020a). Metals
are found to be very good ingredient for synthesis of
nanoparticles. Many metals have already been reported for
being used as precursor for nanoparticle synthesis among them
some mostly common are Gold (Au) (Duncan et al., 2010),
Silver (Ag) (Santos et al., 2014), Copper (Cu) (Kruk et al.,
2015), Iron (Mahdy et al., 2012), Zinc (Zn) (Rojas et al.,
2016), Nickel (Ni) (Guo et al., 2009), Platinum (Pt) (Kim et
al., 2010), Palladium (Pd) (Adams et al., 2014), Ruthenium
(Ru) (Xu et al., 2019), Rhodium (Rh) (Viau et al., 2003),
cadmium (Cd) ( Qi et al., 2001) and antimony (Sb) (Yin et al.,
2019). The nanoparticles produced by these metals are widely
used as a vehicle for drug molecules to be administered during
the treatment. Benefits and supports of such vehicle make this
drug -nanoparticle composites very useful mode of drug
delivery system in medical science. Free drug molecules
dissociate and metabolize very easily in the body due to the
presence of different metabolic pathways. But if these drug
molecules are administered with a vehicle like nanoparticle,
the slow release will occur in physiological condition and the
drug will get more time to show its activity in the body.
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Hence the study of interaction between drug molecule and the
nanoparticles have become very useful for scientists who are
working on drug -nanoparticles composite formulation and
their application in various fields. For the treatment against a
huge range of diseases, flavonoids stand in a strong position
among various biomolecules having medicinal activity. Hence
the composite structure of metal nanoparticles with different
flavonoid molecules play key role in the field of biomedical
research. Flavonoid – coated nanoparticle formulation also
serves the purpose in which the drug molecules are attached on
the surface of the nanoparticle during their synthesis (Riaz et
al., 2020). Many reports have been found where the metal
nanoparticles are synthesized by using the extracts of different
parts of several plants. This method is commonly known as
green synthesis (Shafey, 2020).

In this present study, we have selected ferulic acid as a drug
molecule.  This flavonoid has major array of applications in
various fields and can act as antimicrobial (Shi et al., 2016)
anti-inflammatory (Zhu et al., 2014), antioxidant (Ohnishi et
al., 2004), antidiabetic (Latifi et al., 2019) and anticancer (Kim
et al., 2013) agent. As this bioflavonoid possess only one -OH
group in its chemical structure, we used this drug molecule for
our research to overcome the confusion of drug attachment
site. The formulated nanoparticle will surely attach at the
single -OH group present. As metal, we choose copper (Khalid
et al., 2015), zinc (Ghanta et al., 2013) and cadmium (Salam et
al., 2018) as because they all can be synthesized by reduction
method with borohydrate. So the computer generated model
structure could be done with the metal and boron atoms only.
From this study we can have a better idea about the formation
and developed of metal nanocomposite structures.

METHODS
During the synthesis of nanoparticles and their composites, one
drug molecule may interact with more than one metal atom.
We know that Bioflavonoids are polyphenolic in nature which
contains many -OH groups in its chemical structure. To avoid
the confusion that which free -OH group will take part in the
interaction with metal nanoparticle, we selected ferulic acid
(figure 1) which has only one free -OH group in its molecular
structure. Metals we selected for our study were Copper (Cu),
Zinc (Zn), Cadmium (Cd), as these metals have been reported
for having capability to synthesize nanoparticles by many
research groups. Not only that, all these three metals can
formulate nanoparticles by the reduction method with
borohydrate compound (Ghanta et al., 2013; Khalid et al.,
2015; Salam et al., 2018). Here, we used Avogadro software
for windows (Hanwell et al., 2012) to compose the structure of
nanoparticles and their conjugates with ferulic acid. At very
beginning we constructed the chemical structure of ferulic acid
and allowed it for energy minimization. The structure showed
the level of energy as we also found in our previous study
(Hazra and Pal, 2020a).

After we noticed that the borohydrate is the common reducing
agent for all 3 metal nanoparticles, we constructed the
nanoparticle model structures in such a way that metal atoms
and boron atom took part in formation of the particles. First we
attached three metal atoms together with themselves and boron
was attached to each metal atoms as first hypothetical model
structure. In our second hypothetical model structure, we
bonded three metal atoms through three boron atoms.

Figure 1. A) Chemical structure of ferulic acid and B) Model
structure of ferulic acid derived in Avogadro software (Hazra and

Pal, 2020a)

Both model structures were constructed for all three metals
(Zn, Cd and Cu) under consideration of our present study.
Every structure was then subjected for energy minimization.
From this experiment, it was observed that the structures
constructed through second hypothesis exhibited much less
energy than that of first hypothesis. Hence, we selected the
second hypothetical model structures for further study. After
that we took six metal atoms (Zn, Cd and Cu) and four boron
atoms for the formation of nanoparticle model structures
according to our second hypothesis. All structures were
subjected for energy minimization. After the formation of
nanoparticle model structure with six metal atoms, we went
one step higher i.e. again we constructed model structures of
nanoparticles with nine metal atoms. In these structures also
we incorporated boron atoms in between the metal atoms. So,
for nine metal atoms to be connected through boron, we
required six boron atoms. The energy minimizations of all
model structures were performed and the energy levels were
listed.

At last, we tagged ferulic acid with all three metal
nanoparticles (consisting of nine metal atoms and six boron
atoms) to formulate the ferulic acid nanoparticle composite
model structure. The bonding between the molecules is done
through the boron atom of the nanoparticle and oxygen atom of
single -OH group of ferulic acid.

RESULTS AND DISCUSSION
According to the first hypothesis described in methodology
section, at first we plotted three atoms of each metal (Zn, Cd
and Cu) and make single bonds among the atoms. Then three
Boron atoms were bonded with the metal atoms at three
corners of the structure and energy minimization was done for
each structure. We gave the structures name as Zn_1, Cd_1
and Cu_1. The structures are depicted in figure 2 (figure 2A,
figure 2B and figure 2C). The energy levels of all these
structures are also listed in table 1.

Table 1. List of energy possessed by nanoparticle model
structures with three metal atoms and three Boron atoms using

two different hypotheses

Metal Compound Energy (KJ / mol)
Zinc (Zn) Zn_1 194.397

Zn_2 5.015
Cadmium (Cd) Cd_1 128.354

Cd_2 4.863
Copper (Cu) Cu_1 207.953

Cu_2 6.701

As per our second hypothesis, we plotted three metal atoms
and in between each atom, Boron atom was plotted. All metal
atoms were bonded through Boron atoms, not directly to each
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other. For three different metals, this type of structures have
been formulated and subjected for energy minimization. We
named these structures as Zn_2, Cd_2 and Cu_2. The energy
levels of these structures have also been listed in table 1 and
the model structures are shown in figure 2 (figure 2C, figure
2D and figure 2E).

Figure 2. Model structure of A) Zn_1, B) Cd_1, C) Cu_1, D)
Zn_2, E) Cd_2 and F) Cu_2

By comparing the structures obtained from both the
hypothesis, it was observed that all structures composed by
second hypothesis exhibited much lower energy that of the
first hypothesis. Hence we consider the second hypothetical
structures to be more stable and energetically favourable. Then
we tried to attach more metal atoms in the next level of
structure formation.

Here we took six metal atoms for Zn, Cd and Cu separately
and four Boron atoms in between the metals. These structures
are then stabilized with their minimum energy levels. Their
structures were named as Zn_3, Cd_3 and Cu_3 respectively
and depicted in figure 3 (figure 3A, figure 3B and figure 3C).
The energy levels were listed in table 2.

Table 2. List of energy levels of nanoparticle model structures
with six metal and four Boron atoms as well as nine metal and six

Boron atoms

Metal Compound Energy (KJ / mol)
Zinc (Zn) Zn_3 27.246

Zn_4 60.367
Cadmium (Cd) Cd_3 30.95

Cd_4 63.428
Copper (Cu) Cu_3 43.82

Cu_4 67.297

After successfully constructing the nanoparticle model
structures with six metal and four Boron atoms, we jumped
into one step higher where we plotted nine metal and six Boron
atoms bonded together to form representative nanoparticle
structure.

As our second hypothesis worked better, we integrated the
Boron atoms in between the metal atoms and likewise we
made nanoparticle model structures for all three metals i.e. for
Zn, Cd and Cu. These structures were given names as Zn_4
(figure 3D), Cd_4 (figure 3E) and Cu_4 (figure 3F)
respectively and allowed to undergo for energy minimization.
The energy levels of these model structures are listed in table
2.

Figure 3. Model structure of A) Zn_3, B) Cd_3, C) Cu_3, D)
Zn_4, E) Cd_4 and F) Cu_4.

After formulation of model nanostructures, we tried to observe
the interaction pattern between the nanoparticles and a drug
molecule. As stated in the introduction section, we selected
ferulic acid for this study because it contains only one -OH
group in its chemical structure. The single -OH group strongly
determines where the nanoparticles could be bound with the
drug molecule. In the nanoparticle, the Boron atom was
interacted with -OH group of the ferulic acid. Similarly we
constructed three ferulic acid – metal nanocomposite model
structures with three different metals (Zn, Cd and Cu) and
energy minimizations were performed. These formulated
nanocomposite model structures were named as Zn_FA_1
(figure 4A), Cd_FA_1 (figure 4B) and Cu_FA_1 (figure 4C).

Figure 4. Model structure of A) Zn_FA_1, B)
Cd_FA_1 and C) Cu_FA_1

To characterize the structures, we also calculated the bond
lengths between the Boron atoms of nanoparticle and the
Oxygen atom of drug molecule as well as the Oxygen and
Carbon atoms of ferulic acid as these two bonds are making
the bond angle at the interaction. Along with the bond lengths,
the bond angles between Boron–Oxygen–Carbon atoms (B-O-
C bond angle) for all three nanocomposites were measured
through the same software. The values on bond lengths and
angles are listed in table 3. Many research groups have studied
on ferulic acid or any other flavonoid and nanoparticle
composite structures with several metals like Zn (Babu et al.,
2017), Fe (Angkawijaya et al., 2011), Cu (Lopez et al., 2019)
etc, but study on their mode of interaction have not been
revealed yet in detail. Our lab is engaged in this kind of studies
for past few years where we found that not all but few metals
are energetically favourable for making nanocomposite
structures with several drug molecules (Hazra et al, 2020;
Hazra and Pal, 2020b; Hazra and Pal, 200c).
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It is very much important to find the most probable structure
before performing experiments in wet laboratory condition so
that researcher’s can have a preliminary idea about the
nanocomposite structures and its properties prior to
synthesizing them in vitro.

Conclusion

From our present study, we can conclude that if the Boron
atoms get incorporated in between the metal atoms, the
formulated nanoparticle structures may possess less energy
than the Boron atoms when attached to the corner allowing the
metals to be interacted amongst them directly. Accordingly we
constructed our nanoparticles with six and nine metal atoms
(Zn, Cd and Cu). When the nanoparticles are in free form, Zn
showed minimum energy level which is 60.367 KJ / mol with
respect to others. Interestingly when ferulic acid was attached
to the nanoparticles, Cadmium nanoparticle exhibited lowest
energy level in Cadmium ferulic acid nanocomposite model
structure (160.8 KJ / mol), although Zn showed almost similar
but little higher energy which is 161.402 KJ / mol. Hence both
Zn and Cd may be used for nanocomposite formation with
ferulic acid. Copper may also be used but its higher energy
level suggests energetically less favourable for formulating this
kind of nanocomposite structure with ferulic acid which makes
Copper less suitable for this purpose than Zinc and Cadmium.
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