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nanosheets as a drug delivery system: a DFT study†
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The efficiency of pristine graphene (GN) in the delivery process of the Favipiravir (FPV) anti-COVID-19 drug

was herein revealed within the FPV/GN complexes in perpendicular and parallel configurations in terms of

the density functional theory (DFT) method. Adsorption energy findings unveiled that the parallel

configuration of FPV/GN complexes showed higher desirability than the perpendicular one, giving

adsorption energy up to −15.95 kcal mol−1. This favorability could be interpreted as a consequence of

the contribution of p–p stacking to the overall strength of the adsorption process in the parallel

configuration. Frontier molecular orbitals (FMO) findings demonstrated the ability of the GN nanosheet

to adsorb the FPV drug by the alteration in the EHOMO, ELUMO, and Egap values before and after the

adsorption process. Based on Bader charge results, the FPV drug and GN sheet exhibited electron-

donating and -accepting characters, respectively, which was confirmed by the negative sign of the

computed charge transfer (Qt) values. The FPV(R)/T@GN complex showed the most desirable Qt value

of −0.0377e, which was in synoptic with the adsorption energy pattern. Electronic properties of GN

were also altered after the adsorption of the FPV drug in both configurations, with more observable

changes in the parallel one. Interestingly, the Dirac point of the GN sheet coincided with the Fermi level

after the adsorption process, indicating that the adsorption process unaffected the presence of the Dirac

point. The occurrence of the adsorption process was also noticed by the existence of new bands and

peaks in the band structure and DOS plots, respectively. Short recovery time rendered the GN nanosheet

an efficient FPV drug delivery system. The obtained findings provide new insight into the biomedical

applications of the GN sheet as a promising drug delivery system.
Introduction

Two-dimensional (2D) nanomaterials have seized an exceeding
interest by dint of their privileged features, such as specic
surface area, transparency, and mechanical properties.1,2 Pris-
tine graphene (GN), a premier discovered 2D material, was
previously characterized by its large surface area, robust charge
carrier mobility, exquisite thermal conductivity, lower toxicity,
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and mechanical and electronic properties.3–8 GN sheet and GN-
based materials have been used in many applications, such as
transparent electrodes, energy storage devices, photodetectors,
and sensors.9–18 The GN sheet has also demonstrated its effi-
ciency in biomedical applications, such as cancer therapeutics,
imaging, diagnosis, and biosensors.19–25 Accordingly, tremen-
dous interest has been directed toward using the GN-based
material in drug/gene delivery and biomedical/tissue
engineering.21,22,26–29 It was reported that the loading ratio of
the GN-based material showed higher favorability compared
with that of other drug delivery systems.30,31 As a point of
departure for using GN as a delivery system, Liu et al. earlier
reported the productive impact of GN-based material on deliv-
ering water-insoluble cancer drugs.23 Aerward, recent affir-
mations were announced for the superb amplitude of GN-based
material as a promising antiviral drug delivery system.32,33

Nevertheless, a thorough literature review unraveled that the
application of GN as a drug delivery system for antiviral drugs is
still at an early stage.
RSC Adv., 2023, 13, 17465–17475 | 17465
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Fig. 1 Top and side representations of the adsorption of FPV drug on GN sheet in perpendicular and parallel configurations. Active sites of FPV
labeled: F atom (F), H atom (H), N atom (N), O atom (O), NH2 group (NH2), and the ring of FPV drug (R).

Fig. 2 Views of (i) relaxed structure with all possible adsorption sites, (ii) electronic band structure, and (iii) DOS plots of the pure GN sheet. The
Dirac point presents at the Fermi level at zero.

17466 | RSC Adv., 2023, 13, 17465–17475 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Favipiravir (FPV), known as Avigan, was earlier utilized as an
antiviral drug to treat diverse infections caused by the Ebola
virus and new forms of inuenza.34–39 More recently, FPV has
been authorized to combat the COVID-19 pandemic.40 To
enhance the safety and efficacy of the FPV drug, a plethora of
nanostructures was developed for the FPV drug delivery process.
However, the utilization of GN sheets in delivering the FPV drug
is still ambiguous.

To provide an avenue for the biomedical application of the
GN sheet as an FPV drug delivery system, various DFT calcula-
tions were employed to thoroughly investigate the adsorption
process within the FPV/GN complexes in perpendicular and
parallel congurations (Fig. 1). In that spirit, all plausible
interacting sites of FPV drug were taken into account for
adsorbing on the GN sheet toward identifying the most suitable
structure of the FPV/GN complexes. Geometric structures and
adsorption energy calculations were rst performed for the
investigated complexes. Frontier molecular orbital (FMO)
calculations were then executed for the FPV drug and the GN
sheet before and aer the adsorption process. Upon the most
stable complexes, detailed elucidation of the electronic prop-
erties was established by executing the density of state (DOS),
band structure, and charge density analyses. As well, the
recovery time was evaluated for the most stable complexes. The
Table 1 Adsorption energy (Eads, kcal mol−1) and equilibrium distance (d,
sheet after the adsorption process

System Adsorption sitea Bond

Perpendicular congurationc

FPV(F)/GN T F/GN
Br F/GN
H F/GN

FPV(H)/GN T H/GN
Br —d

H H/GN
FPV(O1/O2)/GN T O1/GN

O2/GN
Br O1/GN

O2/GN
H O1/GN

O2/GN
FPV(N/O2)/GN T —d

Br N/GN
O2/GN

H N/GN
O2/GN

FPV(NH2/O1)/GN T NH2/GN
O1/GN

Br NH2/GN
O1/GN

H NH2/GN
O1/GN

Parallel congurationc

FPV(R)/GN T R/GN
Br R/GN
H —d

a All adsorption sites on the surface of GN sheet are shown in Fig. 2(i).
congurations for all relaxed FPV/GN complexes are presented in Fig. S

© 2023 The Author(s). Published by the Royal Society of Chemistry
obtained results would provide an entire route for utilizing GN
sheets in future biomedical applications as an antiviral drug
delivery system.

Computational methods

Density functional theory (DFT) method41,42 was implemented
for all calculations of FPV drug adsorption on pristine GN via
the Quantum ESPRESSO 6.4.1 package.43,44 The Perdew–Burke–
Ernzerhof (PBE) exchange–correlation functional was applied to
describe the electronic interactions within the Generalized
Gradient Approximation (GGA).45 For describing the interaction
of valence electrons and atomic cores, the ultraso pseudopo-
tential (USPP) was employed.46 The dispersion interaction was
corrected using the Grimme (DFT-D2) method.47 Additionally,
the kinetic energy and charge density cutoffs in all computa-
tions were chosen, according to the examined values in Fig. S1,†
to be 40 Ry and 400 Ry, respectively. The geometry optimization
for all structures was performed at convergence criteria of
10−5 eV for energy and 10−4 eV Å−1 for force. The 4 × 4 × 1 and
8 × 8 × 1 k-points were used to simplify the rst Brillouin zone
based on Monkhorst–Pack grids for both geometric optimiza-
tion and electronic structure calculations, respectively
(Fig. S1†). To speed up the convergence, the Marzari–Vanderbilt
smearing technique was utilized.48 To prevent the interactions
Å) of FPV/GN complexes, as well the charge transfer (Qt, e) of the GN

d (Å) Eads (kcal mol−1) Qt
b (e)

2.94 −3.32 −0.0070
2.93 −3.34 −0.0074
2.85 −3.51 −0.0079
2.44 −5.06 −0.0154
—d —d —d

2.24 −5.83 −0.0170
3.06 −5.23 −0.0076
3.11
3.03 −5.40 −0.0078
3.13
2.98 −5.48 −0.0099
3.14
—d —d —d

3.03 −6.52 −0.0014
3.38
2.95 −6.83 −0.0035
3.24
2.29 −6.59 −0.0221
3.06
2.35 −6.69 −0.0206
2.96
2.25 −6.62 −0.0151
3.08

3.19 −15.95 −0.0377
3.24 −15.20 −0.0322
—d —d —d

b Qt was determined according to eqn (3). c Perpendicular and parallel
2. d No adsorption was detected within the designed conguration.

RSC Adv., 2023, 13, 17465–17475 | 17467
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Fig. 3 Relaxed structures of the most preferred FPV/GN complexes in perpendicular and parallel configurations with top and side views.
Equilibrium distances (d) are provided in Å.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 3
:3

6:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
between the periodic cells in the z-direction, a vacuum with
a thickness of 20 Å was created along the vertical direction of the
GN surface in all calculations.

The tendency of the GN sheet to adsorb the FPV drug was
fully unveiled within the perpendicular and parallel congura-
tions of the FPV/GN complexes (Fig. 1). A supercell of 6 × 6 ×

1 was constructed to calculate the adsorption energies and
involved 72 carbon atoms in the sheet. Adsorption energy (Eads)
was calculated using the following equation:

Eads = EFPV/GN − (EFPV + EGN) (1)

where EFPV/GN, EFPV, and EGN represent the energies of the
complex, the adsorbed FPV drug, and the GN sheet, respectively.
Frontier molecular orbitals (FMO) calculations were performed
to further understand the adsorption process of the FPV drug
17468 | RSC Adv., 2023, 13, 17465–17475
on the GN sheet. By means of the FMO analysis, energies of the
highest occupied molecular orbitals (EHOMO) and the lowest
unoccupied molecular orbitals (ELUMO) were calculated. Aer-
wards, the energy gap (Egap) was computed as follows:

Egap = ELUMO − EHOMO (2)

The charge density difference (Dr) was estimated as illus-
trated in the following equation:

Dr = rFPV/GN − rGN − rFPV (3)

For generating Drmaps, the Visualization for Electronic and
Structural Analysis (VESTA) package was utilized.49 Bader
charge method50,51 was devoted to assessing the charge transfer
(Qt) to or from the GN sheet based on eqn (4).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The energies of the highest occupied molecular orbitals (EHOMO, eV), the lowest unoccupied molecular orbitals (ELUMO, eV), along with
the energy gap (Egap, eV) before and after the adsorption process within the relaxed FPV/GN complexes

System Adsorption sitea EHOMO (eV) ELUMO (eV) Egap
b (eV)

GN sheet −2.356 −2.337 0.0185
FPV drug −6.078 −3.168 2.9094

Perpendicular congurationc

FPV(F)/GN T −2.081 −2.065 0.0155
Br −2.080 −2.065 0.0155
H −2.080 −2.063 0.0169

FPV(H)/GN T −2.051 −2.037 0.0141
Br —d —d —d

H −2.053 −2.034 0.0193
FPV(O1/O2)/GN T −1.904 −1.889 0.0148

Br −1.905 −1.890 0.0150
H −1.911 −1.896 0.0154

FPV(N/O2)/GN T —d —d —d

Br −1.919 −1.904 0.0151
H −1.914 −1.896 0.0172

FPV(NH2/O1)/GN T −2.134 −2.122 0.0116
Br −2.118 −2.105 0.0123
H −2.138 −2.118 0.0206

Parallel congurationc

FPV(R)/GN T −2.096 −2.084 0.0120
Br −2.094 −2.072 0.0214
H —d —d —d

a All adsorption sites on the surface of the GN sheet are shown in Fig. 2(i). b Egap was assessed according to eqn (2). c Perpendicular and parallel
congurations for all relaxed FPV/GN complexes are presented in Fig. S2. d No adsorption was detected within the designed conguration.
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Qt = Qcombined GN − Qisolated GN (4)

where Qcombined GN and Qisolated GN are the total charge of the GN
sheet aer and before the adsorption process, respectively. A
further understanding of the electronic properties of the GN
sheet was established by executing the band structure and total
and projected density of states (TDOS/PDOS) calculations.
Recovery time (s) was also computed to assess the difficulty of
the desorption process for the studied complexes based on the
following equation:

s = v−1exp(−Eads/KT) (5)

where v−1 sets for attempt frequency with a value of 1012 s−1. K
stands for the Boltzmann constant. T refers to the temperature
with a value of 298.15 K.

Results and discussion
Geometric structures

Prior to investigating the adsorption process of the FPV drug,
the structure of the GN sheet was initially modeled and opti-
mized for reaching the equilibrium geometry. The relaxed
structure of the GN sheet, along with its electronic band struc-
ture and DOS plots, are presented in Fig. 2.

Aer the optimization of the GN sheet, the lattice constant
was a = 2.47 Å, which was compatible with the preceding
studies,52,53 as illustrated in Fig. S1.† According to Fig. 2(i), three
adsorption sites were noticed on the GN sheet, represented as
© 2023 The Author(s). Published by the Royal Society of Chemistry
the top (T) site above the carbon atom, the bridge (Br) site at the
midpoint of the carbon–carbon bond, and the hollow (H) site at
the centre of the hexagonal ring of the sheet. According to
Fig. 2(ii) and (iii), the electronic band structure and the DOS
plots of the GN sheet demonstrated its semiconducting prop-
erty, indicated by the presence of the Dirac point at the Fermi
level.
Adsorption energy calculations

To deeply investigate the efficiency of the GN nanosheet as an
FPV drug delivery system, all possible reactive sites of the FPV
drug were subjected to specic adsorption sites with respect to
the GN nanosheet in perpendicular and parallel congurations
(see Fig. 1). All designed FPV/GN complexes were rst sub-
jected to relaxation (Fig. S2†). Looking at the relaxed FPV/GN
complexes displayed in Fig. S2,† the investigated plausible
reactive sites of the FPV exhibited potential versatility toward
adsorbing on the surface of the GN nanosheet without any
distortion into their rearrangement in the molecular structure
of FPV. In order to comprehend the stability of the FPV/GN
complexes, the adsorption energies of all relaxed complexes
were computed, and the ndings are compiled in Table 1. Upon
the estimated adsorption energies, the most preferred FPV/GN
complexes are presented in Fig. 3.

For all investigated congurations of FPV/GN complexes,
the appreciable potentiality of the GN sheet for adsorbing the
FPV drug was noticed and conrmed by the small values of
equilibrium distances (Fig. S2†). For perpendicular
RSC Adv., 2023, 13, 17465–17475 | 17469
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Fig. 4 Charge density difference (Dr) maps of the most preferred FPV/GN complexes in perpendicular and parallel configurations with top and
side views. Yellow and cyan colors represent electron accumulation and depletion, respectively. The isosurface value is set to be 7.41 × 10−5 e
Å−3. Brown, gray, red, green, and pink balls refer to carbon, nitrogen, oxygen, fluorine, and hydrogen atoms, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 3
:3

6:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conguration, the potency of the GN sheet to adsorb the FPV
drug generally grew by increasing negative Eads values according
to the following pattern: FPV/T@GN < FPV/Br@GN < FPV/
H@GN. For example, the Eads values of the FPV(F)/T@GN,
FPV(F)/Br@GN, and FPV(F)/H@GN complexes were −3.32,
−3.43, and −3.51 kcal mol−1, respectively. With an exception,
the FPV(NH2/O1) was favorably adsorbed at the Br@GN site,
compared to FPV(NH2/O1)/T@GN and FPV(NH2/O1)/H@GN
with Eads values of −6.69, −6.59, and −6.62 kcal mol−1,
respectively (see Table 1). Among all the FPV/GN complexes,
the most preferred negative Eads was observed for the FPV(N/
O2)/H@GN complex in the perpendicular conguration with
a value of −6.83 kcal mol−1. This observation could be ascribed
to the contributions of the O2/GN interaction to the total
adsorption energy of the FPV(N/O2)/H@GN complex.
17470 | RSC Adv., 2023, 13, 17465–17475
For parallel conguration, the hexagonal ring (R) of the FPV
drug was a suitable site for the adsorption process on the
surface of the GN sheet. Notably, the FPV(R)/T@GN complex
exhibited the largest negative Eads, followed by FPV(R)/Br@GN
complex with Eads values of −15.95 and −15.20 kcal mol−1,
respectively. The abovementioned Eads values ensured the
signicant contribution of p–p stacking.

To sum up, the H@GN site preferred to adsorb the FPV drug
in a perpendicular conguration for all active sites except the
(NH2/O1) active site, which preferred to be adsorbed at the
Br@GN site. While in the parallel conguration, the most
appropriate Eads was ascribed to the FPV(R)/T@GN complex.
Signicantly, the adsorption process in parallel conguration
for the FPV/GN complexes was more desirable than that of the
perpendicular conguration.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Band structure plots of GN sheet after the adsorption process of the FPV drug at the most preferred sites in perpendicular and parallel
configurations. Energies are given relative to the Fermi energy, and the Fermi level is located at zero.
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Frontier molecular orbitals (FMO) calculations

To deeply unveil the effect of the adsorption process on the elec-
tronic properties of the studied systems, the energies of the
highest occupied molecular orbitals (EHOMO) and the lowest
unoccupied molecular orbitals (ELUMO) along with the energy gap
(Egap) were assessed. The FMO energetic values before and aer
the adsorption process are listed in Table 2.

From the data in Table 2, the EHOMO, ELUMO, and Egap
values of the studied systems were denoted with obvious
differences before and aer the adsorption process. For
instance, the EHOMO value of the pure GN sheet was
−2.356 eV, and was altered to −2.096 and −2.094 eV aer the
adsorption process within the FPV(R)/T@GN and /Br@GN
complexes, respectively. Besides, changes in the Egap values of
the FPV drug and GN sheet were noticed aer the adsorption
process, indicating the potentiality of the GN sheet to adsorb
the FPV drug. For example, Egap values of 0.0185 and 0.012 eV
were observed in the case of the pure GN sheet and the
FPV(R)/T@GN complex, remarking the occurrence of the
adsorption process. The small Egap values also demonstrated
the feasibility of transferring the charge within the complex.
Charge transfer calculations

Bader charge method is one of the most effective tools for
assessing the charge transfer over the adsorption process.54–56
© 2023 The Author(s). Published by the Royal Society of Chemistry
Therefore, the charge transfer (Qt) was evaluated for the
perpendicular and parallel congurations of the FPV/GN
complexes at all adsorption sites, and the ndings are
summarized in Table 1.

Based on the data enrolled in Table 1, all Qt values were
noticed with a negative sign, revealing that the charges shif-
ted from the FPV drug toward the GN sheet. For FPV/GN
complexes in perpendicular conguration, Qt data aer the
adsorption process at the H@GN site showed the largest
values, followed by Br@GN, then the T@GN sites for almost
all the investigated complexes. For example, the Qt values of
the FPV(F)/H@GN, FPV(F)/Br@GN, and FPV(F)/T@GN
complexes were −0.0079, −0.0074, and −0.0070e,
respectively.

Comparing the results, the adsorption of the FPV drug on
the GN sheet in parallel conguration showed more obvious
Qt values than the perpendicular one, demonstrating the
further favourability of the former one. For instance, the Qt

values of the FPV(R)/T@GN and FPV(NH2/O1)/T@GN
complexes were −0.0377 and −0.0221e, respectively (Table 1).

To investigate the distribution of charge, the maps of the
charge density difference (Dr) were generated based on Bader
charge analysis for the most preferential FPV/GN complexes
(i.e., complexes showing the highest negative Eads values) and
are plotted in Fig. 4.
RSC Adv., 2023, 13, 17465–17475 | 17471
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Fig. 6 TDOS and PDOS of the most preferred FPV/GN complexes in perpendicular and parallel configurations. The contributions of the p-
orbital of carbon (Cp), fluorine (Fp), nitrogen (Np), oxygen (Op), and the s-orbital for hydrogen (Hs) in the adsorption process.
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As illuminated in Fig. 4, yellow and cyan colored regions
were conspicuously denoted, outlining the existence of electron
accumulation and depletion sites, respectively.

Evidently, the Dr maps of the FPV/GN complexes in the
perpendicular conguration showed that the distribution of the
electron accumulated region was compatible with the Eads results,
revealing the favorability of the H@GN site to adsorb FPV drug
(Fig. 4). Further, huge electron accumulated regions were
observed in the parallel conguration of the FPV/GN complexes
more than in the perpendicular one, affirming the further pref-
erentiality of the anterior one.

Bader charge ndings were found to be in agreement with
the Eads results, as listed in Table 1. Among all the complexes
under study, the FPV(R)/T@GN complex showed the largest
negative Qt value and the most observable electron accumu-
lated region. Consequently, Bader charge ndings disclosed
the electron-donating property for the FPV drug in both
17472 | RSC Adv., 2023, 13, 17465–17475
congurations during the adsorption process on the GN
sheet.
Band structure calculations

To get an overall insight into the adsorption process of the FPV
drug on the GN sheet, electronic band structure plots were
generated for pure and combined GN sheets (Fig. 2(ii) and 5,
respectively).

In comparison to Fig. 2(ii) and 5 revealed the notable
differences in the band structure plots of GN sheet following the
adsorption process of the FPV drug on its surface. According to
the data of perpendicular conguration displayed in Fig. 5, new
additional bands were observed for the FPV(F)/H@GN
complex at −2.37 and 0.73 eV in valence and conduction bands,
respectively. As well, the bands shied far away from each other
at−2.20 eV, indicating the occurrence of the adsorption process
of the FPV drug on the GN sheet. Additionally, new bands were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Recovery time (s, in ns) of the most favorable FPV/GN
complexes

System s (ns)

FPV(F)/H@GN 0.37
FPV(H)/H@GN 18.46
FPV(O1/O2)/H@GN 10.21
FPV(N/O2)/H@GN 100.29
FPV(NH2/O1)/Br@GN 78.60
FPV(R)T@GN 4.72 × 108
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spotted for the FPV(H)/H@GN and FPV(NH2/O1)/H@GN
complexes at−2.27 and−2.22 eV in the valence region, while in
the conduction region, they were observed at 0.80 and 0.85 eV,
respectively.

Similarly, new valence and conduction bands were noticed
for FPV(O1/O2)/H@GN and FPV(N/O2)/H@GN complexes
(Fig. 5). Notably, new valence bands in the band structure of
FPV(O1/O2)/H@GN and FPV(N/O2)/H@GN complexes were
observed at −2.37/−2.53 and −2.35/−2.48 eV, respectively. At
the same time, additional conduction bands for the above-
mentioned complexes were noticed at 2.05/0.55 and 2.07/
0.57 eV, respectively.

For the FPV(R)/T@GN and FPV(R)/Br@GN complexes,
additional valence and conduction bands were noticed at
energies around 0.82 eV in the conduction region along with
−2.02 and −2.27 eV in the valence region. The appearance of
these new bands ensured the occurrence of the adsorption
process.

Summing up, the electronic characteristics of the GN surface
were changed aer combining with the FPV drug in the parallel
conguration, which was commensurate with the adsorption
energies and Bader charge results (Table 1).

Density of state (DOS) calculations

Density of states (DOS) analyses for GN surface before and
following adsorption of FPV drug were executed to measure the
contributions of each molecular orbital in terms of total and
projected DOS (TDOS and PDOS). Fig. 6 displays the TDOS and
PDOS for the GN sheet of the FPV/GN complexes at the most
preferred sites in the perpendicular and parallel congurations.
Comparison between Fig. 2(iii) and 6 outlined observable
changes for TDOS and PDOS peaks, reecting the impact of the
adsorption process of FPV drug on the surface of the GN sheet.

For the perpendicular conguration, it can be seen that the
PDOS peaks of Fp, Np, Op, and Cp-FPV for FPV/GN complexes
had a notable contribution to the adsorption process, which
was denoted below −2.0 eV in the valence region. While a small
contribution of Hs was observed, detecting at energy values
ranging from 2.7 to 4.5 eV.

For FPV(R)/T@GN and FPV(R)/Br@GN complexes, the
most apparent contributions were noticed for Cp-FPV, Np, Fp, and
Op in the valence region in the range from −2.0 to −7.5 eV. The
emergence of these new peaks conrmed that the adsorption
process had actually occurred.

To sum up, DOS ndings outlined that the adsorption of FPV
drug on GN sheets in perpendicular and parallel congurations
changed the electronic characteristics of the pure GN surface.
The adsorption process had not affected the presence of the
Dirac point at the Fermi level, demonstrating physical adsorp-
tion of the FPV drug on GN sheet.

Recovery time

Recovery time (s) is a crucial parameter affecting the drug
delivery process and reects the difficulty of the drug desorp-
tion process.57 Utilizing eqn (5), s values of the most favorable
FPV/GN complexes were computed and are collected in Table
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. It is worth mentioning that moderate recovery time is
a preferable parameter that addresses the applicability of the
utilized nanosheet as a drug delivery system. More detailedly,
long and short recovery times led to difficulty in adsorbing and
releasing the drug, in conjugation, on and from the surface of
the utilized nanosheet.

According to the listed data in Table 3, the s values of the
most desirable FPV/GN complexes were 0.37, 18.46, 10.21,
100.29, 78.60, and 4.72 × 108 ns for FPV(F)/(H)/(O1/O2)/(N/
O2)/H@GN, FPV(NH2/O1)/Br@GN, and FPV(R)/T@GN,
respectively. Apparently, the FPV(R)/T@GN complex had the
longest recovery time of 4.72× 108 ns, which was in line with its
Eads value of −15.95 kcal mol−1 (Table 1). Remarkably, the ob-
tained moderate values of s ensured the potentiality of the GN
sheet for working as a drug delivery system.
Conclusion

The applicability of the GN sheet as an FPV drug delivery system
was herein systematically investigated by means of the
adsorption process within the FPV/GN complexes in the
perpendicular and parallel congurations. Numerous DFT
computations, including geometry optimization, adsorption
energy, charge transfer, band structure, and DOS, were
executed. According to the ndings, the GN sheet showed
further preferentiality toward adsorbing the FPV drug in the
parallel conguration more than in the perpendicular one,
which was ensured by a higher negative Eads value up to
−15.95 kcal mol−1. The favorability of the adsorption process in
the parallel conguration could be ascribed to the contribution
of p–p stacking to the adsorption process within the studied
complexes. In the perpendicular conguration, the efficacy of
the GN sheet to adsorb FPV drug generally increased in the
subsequent order: FPV/T@GN < FPV/Br@GN < FPV/
H@GN. Apparently, the FPV(R)/T@GN complex had the
highest negative Eads value of −15.95 kcal mol−1 among all the
studied complexes in the parallel conguration. From FMO
calculations, an alteration in the EHOMO, ELUMO, and Egap values
of the GN sheet was observed, conrming the occurrence of the
adsorption process. Bader charge outlines of the FPV/GN
complexes unveiled the electron-donating and -accepting
characters for the FPV drug and the GN sheet, respectively. In
line with the adsorption energy pattern, the largest negative Qt

value along with the most noticed electron accumulated region
was observed in the case of the FPV(R)/T@GN complex. Upon
band structure results, the pure GN sheet had a semiconductor
RSC Adv., 2023, 13, 17465–17475 | 17473
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property that was indicated by the presence of the Dirac point,
which was not affected aer the adsorption of the FPV drug.
While observable changes in the PDOS peaks of the Cp-GN in
pure GN sheet aer combining with the FPV drug were detected
in the DOSs plots. Such appearance of the new bands and peaks
on the band structure and DOSs plots, respectively, outlined the
occurrence of the adsorption process. Moderate recovery time
values outlined that GN sheet is a potent FPV drug delivery
system. These observations would underpin versatile future
research relevant to biomedical applications of the GN sheet as
a drug delivery system.
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