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Globally, cancer is the most common cause of mortality among all deadly diseases. As a result,
a nanotechnology-based drug delivery system is used to improve the efficacy of cancer treatment,
which provides an improved therapeutic index and delivers multiple drugs directly to the tumor site. In
the present work, DFT calculations were employed to investigate the surface adsorption of
a hydroxyurea (HU) anticancer drug on pristine graphene (GP), boron nitride (B»4N4), and doped GP by
replacing some of its carbon atoms with boron (B) and nitrogen (N) atoms to form CzoBgNo, C16B16N1s,
and CgB,1N5; nanosheets. In gas media, HU is adsorbed on these CzoBgNg, Ci6B1gN1s, CsB21N>1, and
B24N24 nanosheets with adsorption energies of —0.70, —3.03, —2.47, and —1.96 eV, respectively.
Alternatively, in water solvent media, the adsorption energies of C39BgNg, Ci6B1gNis. CeB21N2y, and
B.4No4 are —0.82, —0.29, —0.15, and —0.26 eV, respectively. The energy gaps of the nanosheets were
found to be 0.288, 0.174, 0.14, and 4.562 eV before adsorption, respectively. After the adsorption of HU
on the proposed nanosheets, the energy gap was reduced to 0.15 eV for Cy6B1gN16. According to the

DOS spectra, noticeable peaks appeared in the Fermi level after the adsorption of HU on the nanosheets,
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1. Introduction

Cancer is currently the number one cause of death worldwide
among all deadly diseases. With the world population growing
rapidly, the number of new cancer cases has been increasing
over the years. According to a study conducted in 2022, an
estimated 20 million new cases and 9.7 million cancer-related
deaths occur annually." The development of cancer involves
the loss of control over the cell cycle, which occurs when cell
proliferation becomes uncontrollable and invading cells start
spreading to other parts of the body.> The most common
treatments for cancer include chemotherapy, radiotherapy, and
surgery.” Chemotherapy is a treatment that aims to destroy
cancerous cells. However, it can also harm normal cells, leading
to side effects such as fatigue, hair loss, nausea, and
vomiting.*® Various chemotherapeutic drugs that are used for
cancer treatment are called anticancer drugs.” Hydroxyurea
(HU) is an orally administered anti-cancer drug that is effective
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proposed nanosheets, C1¢B1gN1g Would be an appropriate carrier for the HU drug.

and has a short-term toxicity profile in most patients.® Dresler
and Stein synthesized HU for the first time in 1869.° It was later
used as an anti-tumor agent in the 1960s and is currently used
to treat various conditions, such as leukemia,' sickle cell
anemia,"” HIV infection,* essential thrombocythemia,** psori-
asis,” and polycythemia vera.'* However, due to its lack of
selectivity, it may cause adverse effects such as gastrointestinal
disturbance, bone marrow suppression, and dermatological
reactions.™

To minimize these adverse effects and improve the effec-
tiveness of drugs, researchers are exploring the use of nano-
materials as drug carriers. Different nanomaterials, including
zero-dimensional (0D), one-dimensional (1D), and two-
dimensional (2D) materials” are being tested for drug
delivery. Among these, 2D nanomaterials are particularly
promising because of their large surface area, carrier mobility,
solubility, and exceptional electrical and thermal conductivity.*®
Graphene-based 2D nanomaterials, in particular, have attracted
much attention owing to their unique properties and wide
range of applications.”*® Guo et al. synthesized graphene
nanosheets using exfoliated graphite oxide as a precursor in
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their experiments.” Graphene nanosheets are a promising
material for various applications, such as sensors, emitters,
nanoelectronics, nanocomposites, and drug delivery.?>*
However, there are some challenges to using it for drug delivery,
primarily due to its poor dispersibility in water.”* Additionally,
the intrinsic toxicity of graphene is a serious concern that needs
thorough investigation before its use in biomedical
applications.”*?*” The surface chemistry of nanomaterials plays
a crucial role in the biocompatibility and regulated behavior of
drugs. Therefore, modifications in graphene are necessary to
overcome these problems.?® It has been reported that graphene
nanosheets have low interaction with various substances.*®
Hence, the doping process is one of the most effective ways to
enhance the reactivity of graphene nanosheets.*

In previous research, scientists improved graphene nano-
sheets by adding boron (B) and nitrogen (N) atoms to create
heterostructures,® and it was found that the addition of
heteroatoms improved the interaction behavior of the nano-
sheets.>* Recently, in 2023, Ramasamy et al. researched the
effect of defects and Si-doping on graphene sheets.*® They
claimed that defective and Si-doped graphene is more suitable
than pristine sheets as a carrier for drug delivery. Louis et al.**
also investigated the use of heteroatom (B, N, S)-doped gra-
phene quantum dots as a possible drug carrier for isoniazid
using Density Functional Theory (DFT). They observed
substantial interaction between the doped graphene and the
drug. On the other hand, hexagonal boron nitride nanosheets
(BNNS), often referred to as “white graphene”, have an analo-
gous structure to graphene, featuring a honeycomb lattice
where boron (B) and nitrogen (N) atoms replace carbon (C)
atoms in sp>-bonded two-dimensional (2D) layers.***® BNNS
possess several critical advantages over graphene, including
awide band gap, large surface areas, high thermal conductivity,
excellent mechanical strength, high structural and chemical
stability, high oxidation resistance, good chemical inertness,
and lower toxicity.>’*° These unique properties have garnered
significant attention, leading to their use in various fields, such
as dielectric materials,”* catalysts,” composite materials,*
electrochemical sensors," and hydrogen storage elements.*
Additionally, recent experimental studies have highlighted
BNNS as a promising drug delivery system.**** Their high
biocompatibility and impressive performance in loading,
releasing, and delivering anticancer drugs suggest promising
applications in biological and biomedical fields. Consequently,
BNNS are being extensively researched as potential drug carriers
targeting cancer cells, paving the way for developing a new
generation of drug delivery systems.

In our present work, we have investigated the surface
adsorption of the HU anticancer drug on the pristine graphene
(GP), boron nitride (B,4N,4) nanosheet, and doped GP by
replacing some of its carbon atoms with boron (B) and nitrogen
(N) atoms, at doping concentrations of 37.5%, 66.67%, and
87.5%, respectively, to form C3¢BgNy, C16B16N16, and CeBy1 Ny
nanosheets. The aim of this study was to increase the selectivity
and reactivity of these nanosheets towards HU. In this simula-
tion, we investigated the drug-loading mechanism, along with
the electronic and structural properties of the nanosheets and
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complexes. Our aim was to find the most suitable carrier for HU
by studying the adsorption energy, charge transfer, energy gap,
electron density (ED) and electrostatic potential (ESP) maps. In
order to gain a deeper understanding of the energy gap, we
examined the density of states (DOS) and partial density of
states (PDOS) spectra. Quantum molecular descriptors, such as
the chemical potential (u), global hardness (7), global softness
(s), and electrophilicity index (w), have been analyzed to predict
the reactivity of the nanosheets toward HU. We also analyzed
the effects of the solvent using the Conductor-like Screening
Model (COSMO).

2. Computational details

All calculations in the present study were performed using the
spin-unrestricted DFT framework in the DMol3 module in both
air and water media.***® Generalized gradient approximation
(GGA) was chosen instead of local density approximation (LDA)
in order to optimize the structures of the nanosheet, along with
the complexes of HU,* because it has been shown in several
prior research studies that LDA inflates findings for the equi-
librium distance and bond energy.”> DFT calculations are
crucial for comprehending the electronic structure and prop-
erties of molecules.®® DFT provides a quantum mechanical
method used to investigate the electronic distribution within
atoms and molecules, which in turn determines their chemical
reactivity, stability, and physical characteristics. One of the key
inputs required for DFT calculations is a model for the
exchange-correlation interaction between electrons. The Per-
dew-Burke-Ernzerhof (PBE) functional is a widely used model
that accounts for both the exchange and correlation effects
within the GGA framework.** For better accuracy than the 6-
31G(d,p) basis set in Gaussian, the DFT semi-core pseudopo-
tential with a double-numerical basis set with polarization
(DNP) was utilized in the core treatment.”>*® The DNP basis set
can minimize or even eliminate the basis set superposition
error (BSSE).”” To study the solvent effect of the nanosheets and
complexes, water medium was used with a dielectric constant of
78.54.%® The solvent effect was predicted using the COSMO
technique.*

Adsorption is defined as a surface phenomenon in which the
adsorbate species from the solution accumulate on the solid
adsorbent surface by van der Waals interaction, and it is mainly
a consequence of the surface energy. The energy (E.q) of HU to
get adsorbed on the surface of Csg, C30BoNg, Ci6B16Nis,
C¢B,1N,; and B,,4N,, nanosheets is defined as follows:*®

Ead = Ecom - Edrug - Enanosheet (1)

In the above equation, the symbols Ecom, Edrug and Enanosheet
denote the total energies of the complexes, HU drug, and
nanosheet, respectively. The electronic properties are well
defined by the energies of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO), denoted by E;, and Ey, respectively. The energy gap
fluctuations and the relation among these parameters are
described as follows:

Nanoscale Adv., 2024, 6, 5042-5054 | 5043
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Eg = EL - EH (2)

The quantum molecular descriptors, such as global hard-
ness (n),** global softness (s),°> chemical potential (u),** elec-
trophilicity index (w),** and nucleophilicity index (v)*® were also
calculated to predict the reactivity of the nanosheets toward HU
by the following equations:

Hardness, 7 = (ELumo — Exnumo)/2 (3)
Softness, s = 1/2n (4)

Chemical potential, u = —(ELumo + Exomo)/2 (5)
Electrophilicity index, w = u*/27 (6)
Nucleophilicity index, v = l/w (7)

An investigation was carried out to determine if the struc-
tures after adsorption were in real local minima. This was done
by analyzing the normal mode of vibrations. The study also
involved analyzing the charge transfer between the drug and
nanosheets using Hershfield charge analysis. This helped to
determine if HU acted as a donor or acceptor. The interaction
between HU and the nanosheets in a water solvent was studied
using a dielectric constant of 78.54 and COSMO.

3. Results and discussion

3.1. Optimized geometric structures

To investigate the two-dimensional in-plane heterostructures,
isolated pristine graphene (with 16 hexagons and 48 carbon
atoms) and the boron nitride (B,4N,,) nanosheet have been
chosen as our model structure. Then, the pristine graphene
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nanosheet has been modified with alternative B and N with
doping concentrations of 37.5%, 66.67%, and 87.5%, respec-
tively, to form C3¢BoNy, C16B16N16, and C¢B,1N,; nanosheets. A
comparative analysis was carried out among the five model
nanosheets, involving one pristine graphene (C,g) and their
three heterostructures (C3oBoNy, C16B16N16, CsB21N»1) and the
B,4N,, nanosheet. The optimized geometries of these nano-
sheets are shown in Fig. 1.

The average bond length of C-C in GP was 1.413 A, which
was consistent with a previous study.® The bond length of C-H
was 1.093 A and was in good agreement with a prior study.® In
addition, the bond angles of C-C-C and C-C-H in graphene
were 120.09° and 118.85°. When GP was doped with alternative
B and N, the average bond lengths of B-N, C-B and C-N are
1.409 A, 1.51 A and 1.372 A, respectively. The bond angle of
C-B-N is 120.36°.

The HU drug molecule contains two oxygen and two nitrogen
atoms, which are numbered O1, 02, N1 and N2, respectively.
The optimized geometry of the HU drug is also shown in Fig.
1(f), in which the bond lengths of N1-C, N2-C, and N2-02 are
found to be 1.380 A, 1.40 A, and 1.425 A, respectively, and the
bond angles of N1-C-O1 and N1-C-N2 are found to be 124.602°
and 114.561°, respectively.

3.2. Adsorption of HU on the GP and its doped structures,
C30BoNy, C16B16N16, C¢B21N»1, and B,,N,, nanosheets

The HU drug was adsorbed at the middle of the nanosheets in
a parallel configuration to investigate the adsorption phenom-
enon of HU on the pristine GP and doped GP. Previous studies
suggested that drug molecules were effectively adsorbed on the
nanosheets when placed in a parallel way.®” As a result, we have
placed HU in a parallel way on the nanosheets and all
complexes were then optimized. After optimization, we found

(d)

Fig. 1 Optimized geometric structures: (a) Cas, (b) C30BgNo, () C16B1sN16, (d) CeB21N»y, (€) Bo4Nag4, and (f) HU.

(e)
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that all complexes showed stability because no high structural
deformation occurred, as shown in Fig. 2. The adsorption
energies were found to be 0.14, —0.70, —3.03, —2.47 and
—1.96 eV for the structures of HU/C,3, HU/C3;,BoNy, HU/
C16B16N16, HU/C6B1N,; and HU/B,4N,,, respectively, and the
data are tabulated in Table 1. The adsorption energies with
a positive value indicate an endothermic reaction, and a nega-
tive value indicates an exothermic reaction. In our adsorption
energy calculations, the negative value of the adsorption ener-
gies was found for all complexes (except HU/C,z), which assures
the probability of HU drug adsorption in doped GP nanosheets,
and indicates that the adsorption process is exothermic and
geometrically stable.®® The adsorption energy is greater than
1 eV for the complexes of HU/C;¢B16N16, HU/C¢B,1N,; and HU/
B,4N,,4. As a result, these complexes are more stable and there is
a low chemisorption occurrence. The HU drug prefers to adsorb
on the C3¢BgNy, C16B16Ny6, C¢B,1N,1 and B,4N,, nanosheets at
a distance of about 7.45, 3.99, 7.20 and 7.21 A, respectively.
During the interaction with HU, Mulliken charge analysis was
considered and calculated by the following equation,

Charge transfer, Q = Q. — Oy (8)

where, Q, and Qy, are the net charge after and before adsorption
of HU on the nanosheets, respectively. Before adsorption on the
nanosheets, the net charge transfer on the drug molecule is

View Article Online
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zero. However, after adsorption on the nanosheets, it loses or
gains some amount of charge.* The positive and negative
values of net charges on the drug indicate the losses and gains
of charge from the nanosheets, respectively. According to the
Mulliken charge analysis, during the interaction of HU on these
four nanosheets, a small amount of charge of about 0.072e,
0.01e, 0.012¢, and 0.014e was transferred from HU to the
proposed nanosheets, respectively. So, the HU drug molecule
performs like an electron donor, and GP and doped GP perform
like an electron acceptor. Therefore, low negative values of
adsorption energies with high interaction distance and a small
amount of charge transfer imply that C,s, Cj30BgNo, and
CeB,1N,; are less sensitive towards the HU drug. Frontier
molecular orbital (FMO) and energy gap (Eg) analyses were
performed, and the results are tabulated in Table 2. Fig. 3 shows
the FMO maps of the stable complexes of the HU/nanosheets.
The HOMO levels were located at —4.02, —3.87, —3.76, and
—5.83 eV for C3oBgNy, C16B16Ny6, CeB21N,; and B,,N,, nano-
sheets, respectively. After adsorption of HU on the nanosheets,
the HOMO and LUMO levels varied. For example, for the
C16B16N76 structure, the HOMO levels were reduced from —3.87
to —3.85 eV, while the LUMO levels increased from —3.69 to
—3.71 eV. The HOMO and LUMO gap, ie., the energy gap, was
also calculated. It was found that the energy gap was reduced
from 0.17 to 0.15 eV for the C;¢B;sN;¢ nanosheets. The

AL P LG =C

(©

(d)

Fig. 2 Top and side views of the optimized complexes: (a) HU/C4g, (b) HU/C30BgNy, (c) HU/C16B16N16, (d) HU/CgB21N»q, and (e) HU/B24Noy4.
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Table1 Calculated adsorption energy (E,q) in (eV), charge transfer (Q)
in (e), and minimum interaction distance (d) in (A)

Air media Water media
Structures E.a(eV) Q) d(A) Ea(Ev) 0Qfe) d (&)
HU/C3,BoN, —0.70 0.072 7.45  —0.34 0.022  3.82
HU/Cy¢B1gN;s  —3.03 0.01  3.99 —0.288 0.015 3.84
HU/C¢By Ny, —2.47 0.012 7.20 —0.148  0.017 4.21
HU/B,4N,, ~1.96 0.014 721 —0.260 0.009 3.91

electronic properties, such as HOMO energy, LUMO energy and
energy gap, were also calculated in water media. The HOMO
level is located at —4.02 eV for the structure of C,4B;¢Nq6, but
the LUMO level is located at the value of —3.91 eV before
adsorption. After the adsorption of the drug towards the
C16B16N16 nanosheet, the HOMO and LUMO levels were located
at 4.02 and —3.92 eV, respectively. Compared with the gas
phase, the adsorption behaviour of HU on the C;¢B;6Njs
nanosheet is slightly reduced in water media. Our observation is
consistent with a previous study by Larijani H. Tavassoli et al.,
where they found that the adsorption energy between the
glycine and h-BN nanosheet was reduced from 0.325 to 0.233 eV
in water solvent media.” A molecule with lower E, is more
polarizable, and normally shows low kinetic stability and high
chemical reactivity.” As a result, the C;¢B;sN;¢ nanosheet
shows high chemical reactivity towards the HU drug. Density of
states (DOS) analysis provides a better understanding of the
distribution of electronic states in a carrier complex as a func-
tion of energy. Fig. 4 shows the DOS and PDOS spectra of the
pristine and doped nanosheets. When drug molecules interact
with the carrier, they introduce additional electronic states
within the system. These new states usually overlap with exist-
ing states in the carrier complex, thus changing the energy
landscape. The introduction of drug molecules can increase the
density of electronic states near the Fermi level, which is the
energy level where electrons are generally found. This increase
in density near the Fermi level indicates a reduction in the
energy gap between occupied and unoccupied states within the
system. PDOS analysis gives a more detailed examination of the
contributions of individual atoms or orbitals to the electronic
structure of the complex. Researchers can identify the specific
atomic orbitals involved in interactions with drug molecules by
studying the PDOS spectra. Upon interaction with drug mole-
cules, the energy levels of atomic orbitals within the carrier
complex may undergo shifts. Changes in the local environment

Table 2 HOMO energy (Epomo). LUMO energy (E ymo). HOMO-LUMO energy gap (Eg) in
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around the atoms involved in binding the drug molecules can
cause these shifts. This can result in the energy levels of relevant
orbitals moving closer to the Fermi level, causing a reduction in
the energy gap between the occupied and unoccupied states.
The interaction between drug molecules and carrier complexes
can also lead to changes in the hybridization of atomic orbitals,
resulting in the formation of new electronic states within the
energy gap. These hybridized states contribute to the overall
reduction in the energy gap observed in the DOS spectra. As
a result, DOS and PDOS spectra provide valuable insights into
the electronic structure of carrier complexes in drug delivery
systems, and the impact of drug molecule interactions on their
energy landscape. The reduction in the energy gap between
electronic states, as shown by these spectra, reflects the complex
interplay between the carrier materials and drug molecules,
ultimately influencing the efficiency and kinetics of drug
delivery processes. The conductivity (¢) of this nanosheets was
exponentially enhanced due to the reduction in the energy gap
(E¢), and maintained the following relation:”
Eg
ooce 2KT (9)
where, K is Boltzmann's constant = 1.380 x 10> m*> kg > K.
The electronic configuration of an atom, which is defined by
the distribution of electrons in atomic orbitals, influences its
chemical properties and behavior. Through an analysis of the
electron density (ED) and electrostatic potential (ESP), we can
predict the reactivity of molecules and identify reactive sites.
Fig. 5 and 6 display the ED and ESP maps of the complexes,
respectively. From the ED maps of the complexes, it is evident
that there is an overlap of the electron density of HU and the
nanosheets, indicating their interaction. The ESP maps of the
complexes show that the color pink represents a high electron
density region, indicating that electrons can be donated to other
species. Therefore, this region is considered a negative reactive
zone. Conversely, the color violet, which covers the drug mole-
cule, represents the positive reactive zone because it can accept
electrons from other species.

3.3. Dipole moment

The dipole moment is a crucial factor in studying the interac-
tion between an absorbent and a drug. It can also help to
explain the asymmetric charge distribution and reactivity of
a system. A molecule is considered non-polar when the value of
its dipole moment is zero.”” The dipole moments of the
different nanosheets and complexes are tabulated in Table 2. A

(eV), and dipole moment (D.M.) in Debye of the

complexes

Air media Water media
Structures Euxomo Eiumo Eg D.M. Exomo Eiumo E, D.M.
HU/C3,BsNg —4.05 —3.76 0.287 3.11 —4.22 —3.94 0.28 11.23
HU/C16B16N16 —3.85 -3.71 0.15 3.29 —4.02 —3.91 0.109 16.36
HU/C¢B,1N>4 —3.87 —3.69 0.18 5.13 —4.02 —3.68 0.333 18.75
HU/B,,N,, —5.25 —1.46 3.79 8.66 —5.82 —-1.71 4.10 12.77
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HOMO LUMO

(b)

(d)

(e)

Flg 3 HOMO and LUMO maps of the complexes: (a) HU/C48, (b) HU/CgQBgNg, (c) HU/C16816N16, (d) HU/C5821N21, and (e) HU/Bz4N24.

high dipole moment value indicates more reactivity and solu- the HU drug can move easily in biochemical systems. The dipole
bility in polar solvents. After the adsorption of the HU drug on moments of C,g, C30BgNg, C16B16N1s; CeB21Ny1 and ByyNyy
the nanosheets, the dipole moment increased, indicating that nanosheets were 0.0001, 3.17, 3.79, 4.48 and 6.54 D before the
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Fig. 4 DOS and PDOS spectra of the pristine, doped nanosheets, and their complexes: (a) C30BgNo, (b) C16B16N16, () CeB21N»1, and (d) Bo4Noy.

adsorption process, respectively. After HU interacted with the
nanosheets, the dipole moments rose and these values changed
to 1.95, 5.13 and 8.66 D for the C,g, CgByiN,; and B,,N,,
nanosheets, respectively, except for C;oBoNy and C;6B16Nis
nanosheets. The dipole moment of the C;¢B;cN;¢ nanosheet
was found to be higher compared to that of the C,5 and C;,BgNg
nanosheets. The increased dipole moments of the nanosheets
have made them more soluble in polar media. The charge-
transfer analysis and dipole moment analysis indicate that
Cus, C¢B21N»q, and B,,N,, have the highest reactivity among
these complexes. Interestingly, these two complexes (Cyg,
B,4N,,4) have also shown increased reactivity in water solvent
media due to their high dipole moment in the media. The
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dipole moment of the two nanosheets was enhanced by about 2
or 3 times after adsorption of the HU drug. The dipole moments
of nanosheets in water solvent media were 0, 14.48, 19.84, 22.04,
and 8.04 D. However, after interaction with the HU drug, the
dipole moments increased to 5.20 and 12.77 D for the structures
of C4g and B,4N,,, respectively. A bar diagram comparing the
dipole moments is shown in Fig. 7 in air and water media.

3.4. Quantum molecular descriptors

Quantum molecular descriptors, such as the chemical potential
(u), global hardness (), global softness (s), and electrophilicity
index (w) have been investigated to predict the reactivity of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ED maps of the complexes: (a) HU/C48, (b) HU/C3oBgN9, (c) HU/C16816N16r (d) HU/CGBZlNZl, and (e) HU/Bz4N24.

(d)

Flg 6 ESP maps of the complexes: (a) HU/C48, (b) HU/C3oBgN9, (c) HU/CigBigNig, (d) HU/C6821N21, and (e) HU/Bz4N24.

nanosheets toward the HU drug.” The descriptors used in this
study were based on the ionization potential and electron
affinity, which, in practice, are just the negative energy of the
highest occupied molecular orbital and lowest unoccupied
molecular orbital. The calculated values for these descriptors
are presented in Table 3. The electronic chemical potential (u)
value describes the escaping tendency of an electron from its
equilibrium position.””® The large chemical potential values
are associated with high chemical reactivity.”” The results of the
study showed that the chemical potentials of the nanosheets

© 2024 The Author(s). Published by the Royal Society of Chemistry

(e)

increased after the adsorption of the HU drug. The calculated
chemical potentials for C,g, C30BoNog, C16B16N16, CeB21N3; and
B,,N,, nanosheets were 3.98, 3.88, 3.78, 3.69, and 3.55 eV,
respectively. After adsorption of HU on the nanosheets, the
values were enhanced to 3.99, 3.91, 3.78, and 3.78 €V, respec-
tively, except B,4Nyy.

The global hardness and softness are two important
parameters that define the reactivity of complexes. When an
external electric field is present, the resistance to deform
a structure indicates the global hardness value.” The
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Fig. 7 Comparison of the dipole moment between the cases in the air and in water media before and after adsorption.

enhancement of the global hardness specifies the greater
chemical stability of a structure, which indicates the decrease of
the chemical reactivity.” Conversely, global softness has an
inverse relation with global hardness. Higher global softness
values indicate a higher reactivity of the nanosheets with the HU
drug. In our observation, all nanosheets, except C,s and
CeB1Ny,, exhibited reactivity after adsorption of the HU drug,
as confirmed by the decreasing values of the global hardness
and increasing values of the global softness in the gas phase
and water solvent media, as shown in Table 3. For example, the
global hardness and softness values for the structure of
C16B16N1¢ were 0.087 eV and 5.75 eV}, respectively, before
adsorption. After adsorption with the HU drug, the global
hardness value decreases, and the global softness value
increases, and these values are 0.074 eV and 6.71 eV ',
respectively, indicating a high reactivity with the HU drug.
Thus, the global hardness and softness analysis predicts that
the chemical stability of the complexes is decreased, but the
chemical reactivity is increased. The electrophilicity index (w)
was also calculated to investigate the electrophilic power, ie.,
the ability of the nanosheets to accept electrons.*® The calcu-
lated values of w are found to be 25.10, 52.20, 82.20, 97.50 and
2.80 eV for C,g, C30BgNg, Ci6B16N1g, CeB21Ny; and ByyN,,

nanosheets, respectively. However, after adsorption of the HU
drug on the nanosheets, the values of w are increased to 25.31,
53.30, 95.90 and 2.97 eV, respectively, except for the C¢B,1Ny,/
HU complex. Therefore, the enhancement of the global softness
and global electrophilicity index and the detraction of the global
hardness indicate that HU/C,4B4,N;¢ are the most favorable
complexes compared with the other complexes in both gas
phase and water media, and may be used as a potential carrier
to deliver the HU drug into the target site.

Table 4 Solvation energy of the nanosheets and complexes

Solvation energy

Structures (eV)

Cug —0.52
Cs0BoNo —0.95
C16B16Ny6 —3.21
C¢Byi Ny —2.72
ByaNyy —2.20
HU/Cyg —1.44
HU/C3,BoN, —0.89
HU/Cy4B16N16 —1.00
HU/C6B,: Nyt —0.95
HU/B,4N,, —1.06

Table 3 Values of the chemical potential (1), global hardness (n), electrophilicity index (w) in unit eV, nucleophilicity index, v and global softness

(s) in unit eVt in gaseous and solvent media

Gas media Water media

Structures u n s (2] v o n s w v

Cyg 3.98 0.315 1.58 25.10 0.039 4.20 0.317 1.57 27.78 0.035
C30BgNg 3.87 0.144 3.47 52.20 0.019 4.08 0.138 3.61 60.25 0.016
C16B16N16 3.78 0.087 5.75 82.20 0.012 3.96 0.055 9.0 141.88 0.007
CgB,1 Ny, 3.69 0.07 7.14 97.50 0.010 3.85 0.163 3.05 45.50 0.021
ByuNoy 3.55 2.28 0.22 2.80 0.360 3.78 2.08 0.24 3.45 0.290
HU/Cyg 3.99 0.314 1.59 25.31 0.039 4.16 0.316 1.58 27.42 0.036
HU/C30ByNg 3.91 0.143 3.48 53.30 0.018 4.08 0.140 3.57 59.59 0.016
HU/C;6B16N;6 3.78 0.074 6.71 95.90 0.010 3.96 0.054 9.17 144.34 0.006
HU/C¢B,1N,, 3.78 0.09 5.55 79.42 0.012 3.85 0.166 3.0 44.62 0.022
HU/B,,N,, 3.36 1.89 0.263 2.97 0.336 3.76 2.05 0.243 3.46 0.289
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(d)

(e)

Fig. 8 Front views of the COSMO surfaces of the complexes: (a) HU/Cyg, (b) HU/C30BoNg, (c) HU/C16B1gN16, (d) HU/CgB21N»4, and (e) HU/

B24N24.

3.5. Solvent effect

To determine the effect of solvent on the complexes, we calcu-
lated the solvation energy, adsorption energy, electronic prop-
erties, and dipole moment of the complexes in water media. The
results are presented in Tables 1, 2 and 4. The solvation energy
was calculated by the difference between the total energy of the
complex in the water and air media, as shown below,

Esolv = - Eair (10)

water

The negative values of the solvation energy of the complexes
indicated their stability and solubility in the solvent media. In
our solvation energy calculations, all nanosheets showed good
stability in water media due to their negative solvation energy.
After adsorption of the HU on the nanosheets, the solvation
energies became more negative, which implied their high
stability in the water media. The calculated solvation energy
values were —0.52, —0.95, —3.21, —2.72, and —2.20 eV for C,g,
C30BoNy, C16B16N16, CsB21N,1 and B,4N,, nanosheets, respec-
tively. After interacting with the proposed nanosheets, the
solvation energies for the complexes of HU/C;¢B16N;6 and HU/
B,4N,, were enhanced to —1.00 and —1.06 eV, respectively,
compared to the complexes of HU/C3,BgNg and HU/CgB,1Ny;.
To further understand the solvent effect, we performed COSMO
surface analysis of the complexes. The COSMO surfaces visu-
alized the polar and non-polar regions of the complexes.

The red portion of the COSMO surface (shown in Fig. 8)
represents the hydrogen bond donor (HBD) region, which is the
positively charged region of the complexes. The blue portion
represents the hydrogen bond acceptor (HBA) region, which is

© 2024 The Author(s). Published by the Royal Society of Chemistry

the negatively charged region of the complexes. The yellowish-
green portion represents the neutral and non-polar regions of
the complexes. Our analysis showed that after adding HU to the
nanosheets, especially on the C;6B;6N;¢ and C¢B,;N,; nano-
sheets, the HBD region appeared large, implying the high
polarity of the complexes in the water solvent media.

4. Conclusions

Nanomaterials have been studied extensively in recent years to
reduce chemotherapy's direct side effects in cancer treatment.
The aim is to find a suitable drug carrier that can quickly adsorb
and desorb the drug in cancerous cells. The surface adsorption
of HU on pristine graphene, doped graphene with alternative B
and N and B,,N,, nanosheets was investigated in gas and water
media using DFT method. The adsorption energies, adsorption
distances, charge transfer analysis, electronic properties
(HOMO, LUMO and E,), solvation energy, QMD and COSMO
surface have been analyzed to visualize the adsorption behavior
of HU on the nanosheets. Our calculation showed that, in gas
media, the HU adsorbed on these four nanosheets (C;(BoNo,
C16B16N16, CeB21Ny; and B,yN,,) with adsorption energies of
—0.70, —3.03, —2.47, and —1.96 eV by transferring 0.072, 0.01,
0.012, and 0.014e charges to the nanosheets, respectively. In
water solvent media, the adsorption energies of CjzoBgNo,
C16B16N16, C¢B21N»; and B,,N,, were —0.82, —0.29, —0.15, and
—0.26 eV, respectively. Charge transfer analysis predicted that
about 0.022, 0.015, 0.017, and 0.009e charges were transferred
from HU to the proposed nanosheets. The energy gaps of the
structures were found to be 0.28, 0.15, 0.18 and 3.79 eV,
respectively. From the DOS spectra, noticeable peaks appeared
in the Fermi level after the adsorption of HU on the nanosheets,

Nanoscale Adv., 2024, 6, 5042-5054 | 5051
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which indicates the reduction of the energy gap. The reduction
of E; of the nanosheet by the HU drug dramatically enhances
the electrical conductivity, which can be converted to an elec-
trical signal. QMD analysis also showed that the C;sB16Ni¢
nanosheet exhibited reactivity after adsorption of the HU drug,
as confirmed by the decreasing values of the global hardness
and increasing values of the global softness, nucleophilicity
index in the gaseous as well, as water solvent medium. There-
fore, it can be concluded that the C;4B;6N;¢ nanosheet would be
an appropriate carrier for the HU drug.
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