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Investigation of the adsorption behavior of the
anti-cancer drug hydroxyurea on the graphene, BN,
AlN, and GaN nanosheets and their doped
structures via DFT and COSMO calculations
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To reduce the direct side effects of chemotherapy, researchers are trying to establish a new approach of
a drug-delivery system using nanomaterials. In this study, we investigated graphene and its derivative
nanomaterials for their favorable adsorption behavior with the anti-cancer drug hydroxyurea (HU) using
DFT calculations. Initially, different pristine and doped graphene and its derivatives were taken into
consideration as HU drug carriers. Among them, AIN, GaN, GaN-doped AIN, and AIN-doped GaN
nanosheets exhibited favorable adsorption behavior with HU. The HU adsorbed on these four
nanosheets with adsorption energies of —0.92, —0.75, —0.83, and —0.69 eV, transferring 0.16, 0.032,
0.108, and 0.230 e charges to the nanosheets, respectively, in air medium. In water solvent media, these
four nanosheets interacted with HU by —0.56, —0.45, —0.58, and —0.56 eV by accepting a significant
amount of charge of about 0.125, 0.128, 0.192, and 0.126 e from HU. The dipole moment and COSMO
analysis also indicated that these nanosheets, except for GaN-doped AlN, show high asymmetricity and
solubility in water solvent media due to the increased values of the dipole moment by two or three times
after the adsorption of the HU drug. Quantum molecular descriptors also suggest that the sensitivity and
reactivity of the nanosheets are enhanced during the interaction with HU. Therefore, these nanosheets

rsc.li/rsc-advances

1. Introduction

Among all the lethal diseases, cancer is the leading cause of
death worldwide. With the rapid growth of the global pop-
ulation, the number of new cases has been increasing over the
years. A study in 2019 estimated there were about 1 335 100 and
397 583 new cancer cases and cancer-related deaths annually,
respectively.! One of the key stages in the evaluation of cancer is
the loss of control over the cell cycle. Cancer arises when the
invading cell proliferation becomes uncontrollable and they
spread to other parts of the body.> Different kinds of strategies
are used for cancer treatment, such as chemotherapy, radio-
therapy, and surgery are the common options. Among these
options, chemotherapy is the most popular for cancer treat-
ment. There are various therapeutic agents that can be used,
known as anti-cancer drugs.® Hydroxyurea (HU) is an effective
anti-cancer drug that can be taken orally with a short-term
toxicity profile in the majority of patients* and is used in
chemotherapy for cancer treatment. It was first synthesized by
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can be used as anti-cancer drug carriers.

Dresler and Stein in 1869 (ref. 5) and started to be applied as an
anti-tumor agent in the 1960s.° At present, HU is used to treat
leukemia,” sickle cell anemia,®*® HIV infection, essential
thrombocythemia,"”” psoriasis,”® and polycythemia vera.*
However, due to its lack of selectivity, it has some adverse
effects, such as gastrointestinal disturbance, bone marrow
suppression, and dermatological reactions.**®

The main purpose of chemotherapy is to destroy cancerous
cells only; however, it also causes damage to normal cells,
resulting in some adverse effects, such as fatigue, hair loss,
nausea, and vomiting.’* To minimize the side effects and
increase the selectivity of drugs, researchers are trying to
implement a way in which nanomaterials can be used as drug
carriers. Various nanomaterials are used for drug-delivery
purposes, including zero-dimensional (0D), one-dimensional
(1D), and two-dimensional (2D) materials."’>° Among these,
2D nanomaterials have particularly attracted researchers
attention for their promising properties, such as high surface
ratio, carrier mobility, and solubility, and exceptional electric
and thermal conductivity.”* Graphene-based 2D nanomaterials
have attracted researchers attention owing to their fascinating
properties and wide range of applications.?*?® Experimentally,
Guo et al. synthesized graphene nanosheets using exfoliated
graphite oxide as a precursor.” Graphene nanosheets have

RSC Adv, 2023, 13, 27309-27320 | 27309


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04072k&domain=pdf&date_stamp=2023-09-12
http://orcid.org/0000-0002-4722-0102
http://orcid.org/0000-0002-0394-167X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04072k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013039

Open Access Article. Published on 12 September 2023. Downloaded on 2/15/2026 5:38:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

shown great promise due to their wide applications, such as in
sensors, emitters, nanoelectronics, nanocomposites, and drug
delivery.”®**® Despite the outstanding characteristics of gra-
phene, one of the primary barriers to employing it for drug
delivery is its poor dispersibility in water.*® Another serious
concern related to the potential use of graphene in drug-delivery
processes is its intrinsic toxicity.**** Therefore, the toxicity
profile should thoroughly be studied before biomedical appli-
cations. It has already been recognized that the surface chem-
istry of nanomaterials plays a crucial role in the
biocompatibility and regulated behavior of drugs. Hence,
modifications in graphene are necessary to overcome these
problems.** Also, it has been reported that graphene nano-
sheets have low interaction with various substances.** The
doping process is one of the most effective ways to enhance the
reactivity of graphene nanosheets.** In our previous work, gra-
phene nanosheets were modified by boron (B) and nitrogen (N)
atoms to form heterostructures, and it was found that the
heteroatoms enhanced the interaction behavior of the nano-
sheets.> Ayoubi-Chianeh et al. studied the detection of bend-
amustine on AIN and Si-doped C nanocones and nanosheets by
DFT, and found that AIN nanosheets showed potential as
a promising sensor for the bendamustine drug.’” Very recently
in 2023, Ramasamy et al. investigated the influence of defects
and Si-doping in graphene sheets and claimed that defective
and Si- doped graphene are much more suitable as a carrier for
drug delivery than pristine sheets.*® Louis et al. also examined
heteroatom (B, N, S)-doped graphene quantum dots as
a potential drug carrier for isoniazid by DFT and observed that
the doped graphene showed a substantial interaction with the
drug.*

To increase the selectivity of HU as well as its reactivity,
pristine graphene (GP), boron nitride (BN), aluminum nitride
(AIN), and gallium nitride (GaN) nanosheets, and centrally
doped (GP, BN, AIN, and GaN) nanosheets were investigated.
The drug-loading mechanism together with the electronic and
structural properties of the nanosheets and complexes were
investigated in this simulation. The adsorption energy, charge
transfer, and energy gap were studied to explore the most
compatible carrier for HU. The effects of the solvent were also
observed through Conductor-like Screening Model (COSMO)
analysis.

2. Computational details

All the calculations in the present study were executed using the
spin-polarized DFT method in the DMol® module in both air
and water media.*>** The generalized gradient approximation
(GGA) along with Perdew-Burke-Ernzerhof (PBE) functional
were chosen to describe the exchange and correlation.** To
observe the van der Waals interactions with a long range elec-
tron effect, Grimme dispersion-corrected PBE was taken into
consideration.** Furthermore, in the core treatment, the DFT
semi-core pseudopotential with a double-numerical basis set
with polarization (DNP) was employed due to its better accuracy
than the 6-31G (d, p) basis set in Gaussian.**** In this regard, the
DNP basis set can minimize or even eliminate the basis set
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superposition error (BSSE). To investigate the solvent effect of
the nanosheets and complexes, water medium was used with
a dielectric constant of 79.*¢ The COSMO technique was used to
predict the solvent effect.*”

In our investigation, the adsorption energy (Eag) of the
nanosheets toward the anti-cancer drug HU was calculated by
the following equation,*

— Enu 1)

EAd = EHU/nanosheets — ‘Lnanosheets

where, Equ/nanosheetss Enanosheets; and Egxy are the total energies
of the complexes, nanosheets, and the HU molecule,
respectively.

The frontier molecular orbital (FMO) analysis, i.e., of the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), was performed and the
energy gap (E,) between the HOMO and LUMO was computed as
follows,

E; = ELuymo — Enomo (2)

where, Eyomo and Eppmo are the energy of the HOMO and the
energy of the LUMO respectively.

Quantum molecular descriptors, such as the chemical
potential (u),* global hardness (n),* global softness (S),* elec-
trophilicity (w),** and nucleophilicity (v) index,”> were also
calculated to predict the reactivity of the nanosheets toward HU
by the following equations,

Chemical potential, u = — (Egomo + ELumo)/2 (3)
Global hardness, 7 = (ELumo — Enomo)/2 (4)
Global softness, S = 1/2n (5)
Electrophilicity index, o = u*/2n (6)
Nucleophilicity index. v = l/w (7)

3. Results and discussion
3.1 Geometry of optimized nanosheets

In this project, we chose pristine graphene, boron nitride (BN),
aluminum nitride (AIN), and gallium nitride (GaN) nanosheets
and their doped nanosheets. Four pristine and twelve doped
nanosheets were taken into consideration as drug carriers for
HU molecules. The pristine GP nanosheet was modified by
hexagonally doping BN, AIN, and GaN at the central position.
Similarly, the other nanosheets were also modified and all the
nanosheets were optimized at the ground state, as shown in
Fig. 1. All the nanosheets consisted of 16 hexagons with 66
atoms. In this study, the pristine graphene nanosheet
comprised 48 carbon atoms and at the edge, the carbon atoms
were passivated with hydrogen atoms to increase its stability.
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 our prior study.” In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(m) GaN

(n) GP-doped GaN

(o) BN-doped GaN (p) AIN-doped GaN

Fig.1 Top view of the optimized pristine (a, e, i and m) and doped nanosheets (b—d, f-h, j—1, n—p), in which the white, gray, brown, blue, pink, and
green color spheres indicate hydrogen, carbon, boron, nitrogen, aluminum, and gallium atoms, respectively.

addition, the bond angles of C-C-C and C-C-H in graphene
were 120.09° and 118.85°. When GP was doped centrally by BN,
AlN, or GaN (doped concentration of about 25%), the modified
nanosheets remained in a planer form with average bond
lengths of B-N, Al-N, and Ga-N of 1.45, 1.74, and 1.75 A. The
average bond length of B-N in BN was 1.46 A, whereas
a previous study found a bond length of 1.44 A.> After doping by
GP, AIN, or GaN, the bond lengths of C-C, Al-N, and Ga-N were
1.42,1.74, and 1.77 A. Moreover, the average bond lengths of Al-
N in AIN and Ga-N in GaN were found to be 1.81 and 1.84 A,
which were in good agreement with previous work.” Fig. 2 shows
the DOS and PDOS spectra of the nanosheets, confirming that
the nanosheets did not show the magnetic behavior due to their
symmetry of their spin-up and spin-down DOS.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2 Adsorption of HU on the GP and the BN-, AIN-, and GaN-
doped graphene

To investigate the adsorption phenomenon of HU on the pris-
tine GP and doped (BN, AIN, and GaN) GP, the HU drug was
adsorbed at the middle of the nanosheets in a parallel config-
uration. Previous studies suggested that drug molecules were
favorably adsorbed on the nanosheets when placed in a parallel
way.>»* Thus, we have placed HU in a parallel way on the
nanosheets and all the complexes were then optimized. After
optimization, we found that among the 16 complexes, 8
complexes showed high stability, as shown in Fig. 3, while the
other complexes were highly deformed. The adsorption ener-
gies were calculated by using eqn (1) (Table 1) and a negative
interaction energy was found, which implied an attractive and
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Fig.2 DOS and PDOS spectra of the pristine and doped nanosheets (a) GP and BN-doped GP, (b) BN and GP-doped BN, (c) AIN and GaN-doped
AIN and (d) GaN and AIN-doped GaN.

exothermic interaction with HU. The obtained values were doped GP showed a very high interaction phenomenon with
—0.49, —0.54, —9.94, and —9.89 eV for the pristine and BN-, AIN-  the HU drug, these nanosheets were highly deformed, and thus
, and GaN-doped GP, respectively. Although the AIN- and GaN- showed a very low structural stability with HU drug. They
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() HU/ GaN

(h) HU/AIN-doped GaN

Fig.3 Top and side views of the stable optimized complexes (a) HU/
GP, (b) HU/BN-doped GP, (c) HU/BN, (d) HU/GP-doped BN, (e) HU/
AN, (f) HU/GaN-doped AIN, (g) HU/GaN and (h) HU/AIN-doped
GaN.
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Table1 Calculated adsorption energy (Eaq) in (eV), charge transfer (Q)

in (e), and minimum interaction distance (d) in (A)

Air media Water media
Structures Eaq (eV) Q(e) d(A) Ex(eV) Q(e) d(A)
HU/GP —0.49 —0.035 3.329 -0.35 0.033 2.948
HU/BN-doped GP —0.54 0.042 3.291 -0.36 0.031 2.991
HU/BN —0.45 0.003 3.334 -0.31 0.018 2.893
HU/GP-doped BN —0.46 —0.043 3.344 -0.32 0.026 2.959
HU/AIN —0.92 0.16 2.199 -0.56 0.125 2.292
HU/GaN-doped AIN —0.75 0.032 3.218 —-0.45 0.128 2.204
HU/GaN —0.83 0.108 2.319 -0.58 0.192 2.324
HU/AIN-doped GaN —0.69 0.23 2.305 —0.56 0.126 2.268

formed clusters with HU drug. Therefore, the AIN- and GaN-
doped GP were not suitable as drug carriers due to their very
high interaction energy and high structural deformation. Again
we also examined the adsorption performance of BN nanosheet
and GP-, AIN-, and GaN-doped BN nanosheets for HU drug.
Similarly, HU drug was adsorbed on the nanosheets and it was
found that the AIN- and GaN-doped BN nanosheets are not
suitable as HU drug carriers due to the very large adsorption
energies (—6.22 and —7.02 eV for the AIN- and GaN-doped BN
nanosheets) and high structural deformation. The BN- and GP-
doped BN nanosheets showed almost similar interaction
behaviors with HU. HU drug was adsorbed on these nanosheets
with —0.45 and —0.46 eV energies, respectively. Furthermore,
pristine AIN and GP-, BN-, and GaN-doped AIN nanosheets were
taken into consideration as HU drug carriers, and we have
found that HU drug was adsorbed on these nanosheets with
adsorption energies of —0.92, —5.52, —4.71, and —0.75 eV,
respectively. In this case, the pristine AIN and GaN-doped AIN
showed very suitable interaction behaviors in low-range chem-
isorption interactions as drug carriers. The pristine GaN and
GP-, BN-, and AIN-doped GaN nanosheets were also investigated
and it was found that they had adsorption energies of —0.83,
—4.93, —4.67, and —0.69 eV, respectively. In this case, the
pristine GaN and AIN-doped GaN exhibited favorable interac-
tion energy with HU drug. Therefore, among the 16 nanosheets,
four nanosheets, namely AIN, GaN-doped AIN, GaN, and AIN-
doped GaN, showed favorable interaction behaviors in the
range of —0.69 to —0.92 eV. During the interaction with HU,
Mulliken charge analysis was considered and calculated by the
following equation,

Charge transfer, Q = Q,(HU) — Qy(HU) (8)

where, Q, (HU) and Q,, (HU) are the net charge on HU after and
before adsorption on the nanosheets, respectively. According to
the Mulliken charge analysis, during the interaction of HU on
these four nanosheets, a significant amount of charge of about
0.16¢, 0.032¢, 0.108¢, and 0.23e was transferred to the AIN, GaN-
doped AIN, GaN, and AIN-doped GaN from HU drug.

Frontier molecular orbital (FMO) as well as energy gap (E,)
analyses were performed and the results are tabulated in
Table 2. Fig. 4 shows the FMO maps of the stable complexes of

RSC Adv, 2023, 13, 27309-27320 | 27313


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04072k

Open Access Article. Published on 12 September 2023. Downloaded on 2/15/2026 5:38:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 HOMO energy (Eomo). LUMO energy (E ymo). HOMO-LUMO energy gap (Ey) in (eV), change in energy gap (% AEg), dipole moment

(D.M) in Debye, and solvation energy (Esolv) in eV of the complexes

Air media Water media

Structures Eyomo Erumo Eq D.M Euxomo Erumo Eg D.M Egon
GP —4.256 —3.618 0.638 0 —4.515 —3.881 0.634 0 1.7
HU/GP —4.346 —3.71 0.636 2.82 —4.509 —3.877 0.632 5.16 1.38
BN-doped GP —4.395 —3.359 1.036 1.82 —4.613 —3.55 1.063 4.38 1.03
HU/BN-doped GP —4.386 —3.354 1.032 1.94 —4.6 —3.54 1.06 4.21 0.74
BN —5.843 —1.455 4.388 5.78 —5.864 —1.704 4.16 7.95 —0.56
HU/BN —5.358 —1.475 3.883 8.38 —5.781 —1.706 4.075 12.3 —0.87
GP-doped BN —4.686 —2.496 2.19 2.64 —5.011 —2.815 2.196 2.93 0.11
HU/GP-doped BN —4.799 —2.647 2.152 2.81 —4.998 —2.819 2.179 3.60 —0.22
AIN —5.525 —1.682 3.843 4.49 —5.438 —1.607 3.831 6.62 —0.29
HU/AIN —5.601 —1.745 3.856 7.82 —5.382 —1.508 3.874 12.51 —0.40
GaN-doped AIN —5.559 —2.024 3.535 4.58 —5.485 —1.982 3.503 6.79 —0.37
HU/GaN-doped AIN —5.488 —2.151 3.337 2.18 —5.44 —1.951 3.489 2.97 —0.55
GaN —5.446 —2.088 3.358 2.74 —5.622 —2.213 3.409 3.46 —0.57
HU/GaN —5.491 —2.125 3.366 5.59 —5.603 —2.149 3.454 9.34 —0.79
AIN-doped GaN —5.418 —1.88 3.538 2.84 —5.563 —1.963 3.6 3.68 —0.4
HU/AIN-doped GaN —5.402 —1.998 3.404 5.91 —5.53 —1.908 3.622 10.56 —0.74

the HU/nanosheets. As AIN, GaN-doped AIN, GaN, and AIN-
doped GaN showed favorable interactions with HU, we
discuss the FMO analyses of these nanosheets in this section.
The HOMO levels were located at —5.525, —5.559, —5.446, and
—5.418 eV and LUMO levels at —1.682, —2.024, —2.088, and
—1.88 eV for AIN, GaN-doped AIN, GaN, and AIN-doped GaN
nanosheets. After adsorption of HU on the nanosheets, the
HOMO and LUMO levels varied. For example, for GaN-doped
AIN and AIN-doped GaN, the HOMO levels were reduced from
—5.559 and —5.418 to —5.488 and —5.402 eV while the LUMO
levels increased from —2.024 and —1.88 eV to —2.151 and
—1.998 eV, respectively. The HOMO and LUMO gap, ie., the
energy gap, was also calculated and it was found that the energy
gap was reduced from 3.535 to 3.337 eV and 3.538 to 3.404 eV for
GaN-doped AIN and AIN-doped GaN nanosheets, respectively.
The conductivity (¢) of these nanosheets was exponentially
enhanced due to the reduction in the energy gap (E,) and
maintained the following relation,**

e .

where, K is Boltzmann's constant = 1.380 x 10" ** m* kg > k™.

3.3 Dipole moment

The dipole moment is one of the key terms to study the inter-
action between an absorbent and drug. It is also well known
that the dipole moment can also explain the asymmetric charge
distribution and reactivity of a system. The non-polar nature of
a molecule is shown when the value of the dipole moment is
zero.””*® The dipole moments of the different nanosheets and
complexes are tabulated in Table 2. A high value of dipole
moment indicates more reactivity and solubility in polar
solvents. After the adsorption of HU drug on the nanosheets,
the value of dipole moment increased, indicating that the HU
drug can move easily in biochemical systems. The dipole

27314 | RSC Adv, 2023, 13, 27309-27320

moments of our pristine GP, BN-doped GP, BN, GP-doped BN,
AIN, GaN-doped AIN, GaN, and AIN-doped GaN nanosheets were
0, 1.82, 5.78, 2.64, 4.49, 4.58, 2.74, and 2.84 D before the
adsorption process, respectively. After HU interacted with the
nanosheets, the dipole moments rose, specifically to 2.82, 1.94,
8.38, 2.81, 7.82, 5.59, and 5.91 D, respectively, except for the
GaN-doped AIN nanosheets. The above increases of the dipole
moments enhanced the solubility of the nanosheets in polar
media. According to the charge-transfer analysis as well as
dipole moment analysis, among these complexes, HU/AIN, HU/
GaN, and HU/AIN-doped GaN showed the highest reactivity.
Interestingly, these three complexes also showed more reac-
tivity in water solvent media due to their high dipole moment in
the media, with about a 2 or 3 times enhanced dipole moment
of the three nanosheets after adsorption of HU drug. The dipole
moments of AIN, GaN, and AIN-doped GaN nanosheets in water
solvent media were 6.62, 3.46, and 3.68 D, but after interaction
with HU drug, the dipole moments increased to 12.51, 9.34, and
10.56 D, respectively. A bar diagram comparing the dipole
moments is shown in Fig. 5 in air and water media.

3.4 Drug release

The drug-release mechanism is another vital element in a drug-
delivery system. In this case, we obtained the drug desorption
times from the nanosheets by using the van't Hoff-Arrhenius
and transition-state theory as follows,

T= L exp (_E“ds)

Vy KBT
where T is the temperature in K, in which case here we calcu-
lated the desorption time by considering three temperatures,
namely at room temperature (298 K), normal body temperature
(310 K), and cancer tissue temperature (315 K); v, is the attempt

frequency (10'* Hz); and K is Boltzmann's constant. The
desorption time exponentially depends on the adsorption

(10)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(b) HU/BN-doped GP

(h) HU/AIN-doped GaN

Fig. 4 HOMO and LUMO maps of the stable (a) HU/GP, (b) HU/BN-
doped GP, (c) HU/BN, (d) HU/GP-doped BN, (e) HU/AIN, (f) HU/GaN-
doped AlIN, (g) HU/GaN and (h) HU/AIN-doped GaN complexes.

energy, which implies that a higher adsorption energy will
suffer from a longer desorption time. Among our proposed
nanosheets, the AIN, GaN-doped AIN, GaN, and AIN-doped GaN
nanosheets show favorable interaction energies in the range
from —0.69 to —0.92 eV. The desorption of HU drug from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AIN, GaN-doped AIN, GaN, and AIN-doped GaN nanosheets took
391.47, 0.75, 17.6, and 0.10 s in air media and 0.00067,
0.000015, 0.0016, and 0.00086 s in water media at the cancer
tissue temperature (Table 3). These desorption times were
sufficient for the desorption of HU from the nanosheets, which
was confirmed from previous studies.

3.5 Quantum molecular descriptors

Quantum molecular descriptors, such as the chemical potential
(u), global hardness (n), global softness (S), and electrophilicity
index (w), have been investigated to predict the reactivity of the
nanosheets toward HU drug.” The descriptors were from the
ionization potential and electron affinity, where in practice the
ionization potential and electron affinity are nothing but the
negative energy of the HOMO and LUMO. The calculated values
are tabulated in Table 4. The chemical potential indicates the
tendency for an electron to escape from an equilibrium posi-
tion. The calculated values of the chemical potentials of the
nanosheets were enhanced after the adsorption of HU drug,
except for the BN nanosheet, which indicated that the reactivity
of the nanosheets increased towards the HU drug. The calcu-
lated chemical potentials for the GP, BN-doped GP, GP-doped
BN, AIN, GaN-doped AIN, GaN, and AIN-doped GaN nano-
sheets were —3.94, —3.87, —3.59, —3.60, —3.79, —3.77, and
—3.65 eV, respectively. After adsorption of HU on the nano-
sheets, the values were enhanced to —4.03, —3.87, —3.72, —3.67,
—3.82, —3.81, and —3.70 eV, respectively. The global hardness
and softness are another two important parameters that also
help define the reactivity of complexes. In the presence of an
external electric field, the resistance to deform a structure
indicates the values of the global hardness. Higher values of
global hardness indicate a higher strength of the nanosheets in
the presence of the electric field. The global softness has an
opposite relation with the global hardness. Higher values of
global softness imply a high reactivity of the nanosheets. In our
observation, all the nanosheets, except AIN and GaN, exhibited
reactivity after adsorption of HU drug as confirmed by the
decreasing values of the global hardness and increasing values
of the global softness in the gaseous as well as water solvent
medium, as shown in Table 4. The electrophilicity index was
also calculated to investigate the electrophilic power, i.e., the
ability of the nanosheets to accept electrons.® Our calculated
values show that, except for AIN and GaN, all the nanosheets
displayed high electrophilicity after interaction with HU drug.
Furthermore, higher values of the dipole moment of the
nanosheets, except for GaN-doped AlN, in the water media were
found compared with the gas phase, which confirmed that the
AIN, GaN-doped AIN, GaN, and AIN-doped GaN nanosheets have
potential for use as drug carriers for HU in water solvent
medium.

3.6 Solvent effect

To investigate the solvent effect on the complexes, the solvation
energy, adsorption energy, electronic properties, and dipole
moment in water media were calculated and are shown in
Tables 3 and 4. The solvation energy was calculated by the
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Table 3 HU drug-release time in gaseous and water media at room temperature (298 K), body temperature (310 K), and cancer tissue

temperature (315 K)

Air media Water media

Structures 298 K 310 K 315 K 298 K 310 K 315K
HU/GP 2.3 x107* 1.1 x107* 8.24 x 107° 7.04 x 1077 4.18 x 1077 3.41 x 1077
HU/BN-doped GP 1.1 x 107 5.2 x 107* 3.8 x107* 9.62 x 1077 5.64 x 1077 4,57 x 107°
HU/BN 5.26 X 107> 2.64 X 107° 2.01 x 107° 1.49 x 1077 9.4 x 10°® 7.83 x 1078
HU/GP-doped BN 5.75 x 107> 2.88 x 107° 2.19 x 107° 2.35 x 1077 1.45 x 1077 1.2 x 1077
HU/AIN 2661.76 673.08 391.47 2.1 x 1073 9.3 x 107* 6.7 x 107*
HU/GaN-doped AIN 3.59 1.17 0.75 3.88 x 107° 1.97 x 107° 1.51 x 107>
HU/GaN 100.25 28.78 17.6 54 %107 2.27 x 1073 1.6 x 1072
HU/AIN-doped GaN 0.44 0.16 0.10 2.78 x 107° 1.2 x 107° 8.61 x 10*

Table 4 Values of the chemical potential (u), global hardness (n), electrophilicity index (w) in unit eV, nucleophilicity index v,

(S) in unit eVt in gaseous and solvent media

and global softness

Air media Water media
Structure u(eV) 7 (eV) S(evh w (eV) v(ev u (eV) 7 (eV) Sev) w (eV) v(ev)
GP —3.94 0.319 1.567 24.29 0.041 —4.198 0.317 1.577 27.796 0.036
HU/GP —4.03 0.318 1.572 25.51 0.039 —4.193 0.316 1.582 27.818 0.036
BN-doped GP —-3.87 0.518 0.965 14.51 0.069 —4.082 0.532 0.941 15.671 0.064
HU/BN-doped GP —3.87 0.516 0.969 14.52 0.069 —4.070 0.530 0.943 15.627 0.064
BN —3.65 2.194 0.228 3.03 0.330 —3.784 2.080 0.240 3.442 0.291
HU/BN —3.42 1.942 0.258 3.01 0.332 —3.744 2.038 0.245 3.439 0.291
GP-doped BN -3.59 1.095 0.457 5.89 0.170 —-3.913 1.098 0.455 6.972 0.143
HU/GP-doped BN —3.72 1.076 0.465 6.44 0.155 —3.909 1.090 0.459 7.011 0.143
AIN —3.60 1.922 0.260 3.38 0.296 —3.523 1.916 0.261 3.239 0.309
HU/AIN —3.67 1.928 0.259 3.50 0.286 —3.445 1.937 0.258 3.063 0.326
GaN-doped AIN -3.79 1.766 0.283 4.07 0.246 —-3.734 1.752 0.285 3.979 0.251
HU/GaN—doped AIN —3.82 1.669 0.299 4.37 0.229 —3.696 1.745 0.287 3.914 0.255
GaN —-3.77 1.679 0.298 4.23 0.237 —3.918 1.705 0.293 4.501 0.222
HU/GaN —3.81 1.683 0.297 4.31 0.232 —3.876 1.727 0.290 4.350 0.229
AIN-doped GaN —3.65 1.769 0.283 3.76 0.266 —3.763 1.800 0.278 3.933 0.254
HU/AIN-doped GaN -3.70 1.702 0.294 4.02 0.249 —-3.719 1.811 0.277 3.819 0.262
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difference between the total energy of the complex in the water
and air media, as shown below,

Esorv = Eater — Eair

The negative values of solvation energy of the complexes indi-
cated their stability and solubility in the solvent media. In our
solvation energy calculations, among the eight nanosheets, GP,
BN-doped GP, and GP-doped BN did not show stability in the
solvent media due to their positive values of solvation energy,
while the other nanosheets showed good stability in water
media. 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 values were
—0.56, —0.29, —0.37, 0.57, and —0.4 eV for the BN, AIN, GaN-
doped AIN, GaN, and AlN-doped GaN nanosheets. After the
interaction of HU with these nanosheets, the solvation energies
were enhanced to —0.87, —0.40, —0.55, —0.79, and —0.74 eV,

(b) BN-doped GP
.

(e) AIN (f) GaN-doped AIN

View Article Online
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respectively. The adsorption energies in the water media were
also calculated and confirm the attractive interaction between
the HU and nanosheets due to their negative adsorption ener-
gies. The calculated values of the adsorption energies were
—0.56, —0.45, —0.58, and —0.56 eV for the AIN, GaN-doped AIN,
GaN, and AIN-doped GaN nanosheets, respectively. During the
interaction, the HU drug loses 0.125, 0.128, 0.192, and 0.126 e to
the nanosheets, respectively. The drug was adsorbed by keeping
2.292, 2.204, 2.324, and 2.268 A distance from the nanosheets.

To gain more insights into the solvent effect, COSMO surface
analysis of our complexes was performed. The visualization of
the COSMO surfaces, as shown in Fig. 6, shows the polar and
non-polar regions of the complexes. In this COSMO surface, the
red portion implies a hydrogen bond donor (HBD) region,
which is the positively charged region. On the other hand, the
blue portion indicates the hydrogen bond acceptor (HBA)
region, which is the negatively charged region of the complexes.
Also, the yellowish green portion implies a neutral region as

To:
[o03 :IL’

(g) GaN (h) AIN-doped GaN

Fig. 6 Front views of the COSMO surfaces of the (a) GP, (b) BN-doped GP, (c) BN, (d) GP-doped BN, (e) AlN, (f) GaN-doped AlN, (g) GaN and (h)

AIN-doped GaN before and after adsorption of HU.
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well as non-polar region of the complexes. In our investigation,
it was clearly seen that after adsorption of the HU on the
nanosheets, especially on the AIN, GaN-doped AIN, GaN, and
AIN-doped GaN nanosheets, the HBD region appeared large,
implying the high polarity of the complexes in the water solvent
media.

4. Conclusions

Anti-cancer drug delivery by nanomaterials has been a widely
studied topic in recent years to reduce the direct side effects of
chemotherapy in cancer treatment. The challenging issue in
this case is to find a suitable drug carrier with favorable range
adsorption behavior with a short desorption time at cancerous
cells. In this study, DFT calculations with the GGA-PBE func-
tional were employed to investigate graphene and its derivative
nanomaterials that might show a favorable adsorption behavior
with the HU anti-cancer drug. Initially, different pristine and
doped graphene and its derivatives were taken into consider-
ation as HU carriers. Among these, AIN, GaN, GaN-doped AIN,
and AIN-doped GaN nanosheets exhibited favorable adsorption
behavior with HU. The HU adsorbed on the four nanosheets by
—0.92, —0.75, —0.83, and —0.69 eV adsorption energies and
with transferring 0.16, 0.032, 0.108, and 0.230 e charges to the
nanosheets, respectively, in air media. In water solvent media,
these four nanosheets interacted with HU by —0.56, —0.45,
—0.58, and —0.56 €V and by accepting a significant amount of
charge of about 0.125, 0.128, 0.192, and 0.126 e from the HU.
Dipole moment and COSMO analyses also proved that the four
nanosheets, except for GaN-doped AIN, showed high asymmetry
and solubility in water solvent media. The calculated dipole
moments of the AIN, GaN, and AIN-doped GaN nanosheets in
water solvent media were 6.62, 3.46, and 3.68 D, but after
interaction with HU drug, the dipole moments increased to
12.51, 9.34, and 10.56 D, respectively. Furthermore, the
quantum molecular descriptors also suggested that the sensi-
tivity and reactivity of the nanosheets were enhanced during the
interaction with HU. Therefore, these four nanosheets may have
potential to be used as HU carriers.
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