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Density functional theory (DFT) calculations were performed on M062X/6-31G (d) and M062X/6-311G (d, p)
surfaces to investigate the interaction of captopril molecules with single-walled carbon nanotubes (SWCNT) and
C32 nanoclusters. In order to enhance adsorption, a doping method was employed, and structures of single-walled
boron nitride nanotubes (SWBNNT) and boron nitride nanoclusters (B;gN16) were selected for improved drug
delivery purposes in this study. The adsorption energy of captopril on the nanostructures was calculated in both
phases. In both phases, captopril adsorption energy on nanostructures was calculated. The negative values of
adsorption energy showed that the interaction between captopril and nanostructures is exothermic. The
adsorption energy values were higher in the gas phase compared to the aqueous phase, indicating a stronger
interaction in the gas phase. The density of states (DOS) study was employed to evaluate the effect of molecular
adsorption on the electronic properties of nanostructures. The results revealed that the BjgN;¢ nanocluster
approached the Fermi level more closely after drug adsorption compared to other nanostructures. Quantum
Theory of Atoms in Molecules (QTAIM) calculations showed that there is a weak interaction between captopril
and both nanostructures. Based on the adsorption energy values obtained from both methods, the interaction
between captopril and SWCNT was found to be stronger than that between captopril and SWBNNT, whereas the
interaction in the B1gN1¢ nanocluster was found to be equal to that in C3p-fullerene. Significant changes in AE,
values were observed for Captopril@SWCNT and Captopril@B;¢N;¢-fullerene in each method, indicating the
conductivity of these two structures increased more after captopril adsorption compared to other nanostructures.
Therefore, SWBNNT and B1¢Nj¢-fullerene can serve as captopril nanosensors.

1. Introduction relaxation of blood vessels and finally reducing blood pressure [2-4]. It

is well known that captopril is prescribed to decrease rheumatoid

Since blood pressure typically elevates with age, the prevalence of
hypertension and the administration of high-dosage antihypertensive
medicines for its management have been predicted to increase with
growing life expectancy [1]. Captopril is an orally active inhibitor of
angiotensin-converting enzyme (the enzyme responsible for the con-
version of angiotensin I to angiotensin II) belonging to the sulfhydryl
group that prevents (blocks) the converting enzyme in the body from
making angiotensin II, leading to reducing peripheral resistance and
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arthritis symptoms, treatment of congestive heart failure, Raynaud's
phenomenon, angina, and safeguard kidney function in diabetic ne-
phropathy [2,5,6]. However, when this medicine is taken orally, its
therapeutic action lasts 6-8 h because it has a 1.7-2.0 h elimination half-
life, hence the clinically recommended daily dose is 37.5-75 mg
administered three times per day. Previous research indicates that the
oxidation rate of captopril in dermal homogenates is significantly lower
than that in intestinal homogenates because captopril disulfide, which
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derives from the oxidation of captopril, is difficult to absorb from the
intestine. Hence, the development of a controlled delivery system for
captopril would bring numerous benefits to patients. Previous research
indicates that the oxidation rate of captopril in dermal homogenates is
significantly lower than that in intestinal homogenates because capto-
pril disulfide, which derives from the oxidation of captopril, is difficult
to absorb from the intestine. Hence, the development of a controlled
delivery system for captopril would bring numerous benefits to patients.

Typically, nanocarriers are characterized as nano-scale systems used
to convey biologically active cargo, like pharmaceuticals [7,8]. The
utilization of nanostructures for the targeted transfer of drugs causes to
reduces the toxicity of the drug and improves therapeutic efficiency.
Nanostructures, due to their dimensions, can effectively cross biological
and physiological barriers, hence, when the size of drug carriers reduces
to nano dimensions provides numerous advantages, including improved
pharmacokinetic profiles and enhanced biodistribution of therapeutic
agents, thanks to the large aspect ratio [9]. Various carbon allotropes,
such as graphene, fullerene, and carbon nanotubes have been utilized in
different biological applications, like drug delivery, cell targeting, and
bioimaging [10]. Single-walled carbon nanotubes (SWCNTs) are highly
significant and extensively utilized materials that have gained popu-
larity among scientists, especially in the field of drug delivery systems
[11,12]. This is primarily due to their exceptional properties, including
stability, strength, and reservoir-like structure, which enable sponta-
neous storage and protection of active drug molecules from degradation
[11]. Novel drug delivery systems based on SWCNTs have been used to
treat a variety of diseases due to their size, increased stability, strong
biocompatibility, large surface area, and high drug-loading capacity.
The deep potential well inside the CNT allows for easy encapsulation of
molecules, making it a unique system for various types of molecular
transport, particularly biomolecules and drug cargoes [9].

Recently, boron nitride nanomaterials have received a great deal of
attention from researchers on account of their unique structure and
properties. Boron nitride nanotubes (BNNTs) are structural analogs of
carbon nanotubes (CNTs), in which nitrogen and boron atoms alter-
nately replace carbon atoms in a resonance hybrid that presents high
thermal stability and good chemical inertia [13,14]. BNNTs are prom-
ising alternative nanocarriers providing several advantages, including a
large inner volume for encapsulating more drugs, various inner and
outer surfaces, and generally open ends that allow the drug to penetrate
if the energy interaction is favorable [15]. In addition, numerous other
studies emphasize the biosafety of BNNTs and show that they are
biocompatible [16] without causing oxidative DNA damage or apoptosis
[17]. The charge distribution of BNNTs is asymmetric in B—N bonds,
and the electron density of B is adsorbed to the N atoms on account of
nitrogen's higher electronegativity.

Carbon fullerenes offer several advantages as drug carriers [18,19].
Unlike other nanoparticles, the size and shape of fullerenes are highly
reproducible. Furthermore, fullerenes are non-toxic and biocompatible
compounds. Like in other sp2 hybridized systems, each fullerene carbon
atom can make a covalent bond with the drug, which serves as a func-
tional group linker molecule [20]. Fullerenes, on the other hand, can
bind noncovalently with the aromatic rings of the drug molecule via n-n
coupling [20]. Similar to different carbon allotrope structures, nitride,
and boron can be present in structures of fullerene ranging in size from
0.7 to 1.4 nm. The general morphology of boron nitride fullerenes is
typically composed of even-membered rings, with six tetragons replac-
ing the 12 pentagons in the carbon fullerenes formula to entirely elim-
inate homoelemental links [21]. Boron nitride materials are chemically
stable [22], mainly owing to the ionic bond created between negatively
charged N atoms and positively charged B atoms [23]. In these struc-
tures, the N atoms prefer to hybridize with the B atom in sp®, resulting in
a local pyramidal structure. In terms of structural stability, BjoNis
fullerene, which consists of six tetragon rings and eight hexagon rings, is
regarded as the most stable fullerene among its counterparts. Because of
the ionic nature of chemical bonds and the local pyramidal structures,
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such structures possess a strong inclination to bind with other molecules,
either chemically or physically. Investigation of the interaction of
aspirin, hydrogen halides, HyS gas, metformin, pyrimidine nucleotide,
phenol molecule, 5-fluorouracil, 5-aminolevulinic acid, cytosine, uracil,
adenine, cysteine, nicotine and caffeine with the B;5N75 fullerene and its
derivatives utilizing computational approaches have been performed in
previous literature [23]. This evidence demonstrates that the nanocage
cluster has a high potential to create interaction with biological mole-
cules, making it a promising material for biomedical applications, such
as biosensing, bioimaging, and drug delivery.

In this work, the captopril drug was selectively loaded on a single-
walled boron nitride nanotube (SWBNNT), single-walled carbon nano-
tube (SWCNT), C3, and B1gNj¢ fullerenes. Computations of the quantum
theory of atoms in molecules (QTAIM) were employed for these systems
to determine the nature of interactions and bonds between nano-
structures (SWCNT and SWBNNT) and captopril. Calculations of Density
functional theory (DFT) were also carried out to examine the possibility
of applying SWCNT SWBNNT, Cgs, and B1¢Nj6 fullerenes nanostructures
as captopril drug delivery systems.

2. Computational methods

In this study, carbon (6,0) zigzag nanotubes, boron nitride (6,0)
zigzag nanotubes, Csz and B1gNjg fullerenes are investigated for deliv-
ering captopril drug. Calculations of DFT were accomplished utilizing
the M062X method, the 6-31G (d) and 6-311G (d, p) basis set, and the
GAMESS-US software [24-28]. The goal was to gain the levels of mo-
lecular electrostatic potential (MEP), the results of the density of states
(DOS), the natural bond orbital (NBO) analysis [29-32], and determine
the type of drug and nanostructures interaction using the calculations of
the quantum theory of atoms in molecules (QTAIM) [33,34]. All DFT
calculations were performed on the compounds' ground state. In addi-
tion, the charge and spin of the compounds were selected as 0 and 1
(singlet), respectively. To model nanotubes and interact with the
structures, Nanotube Modeler [35], graphical software, and Gauss View
5.0, were applied. The density of state (DOS) diagrams were plotted with
GaussSum v3.0 software [36]. The results were evaluated by Chemcraft
software. In order to calculate the adsorption energy (E,q4s) of captopril
molecules at the level of nanostructures, the following equation was
used [371]:

Eags = (Ecomplex) - (Enanostructure + Ecaptopril) (€]

Ecaptopril aNd Enanostructure are the values of primary energy of capto-
pril and nanostructures, respectively. Ecomplex is the total energy of
nanostructures and captopril; The negative value of adsorption energy
indicates that the process is exothermic. QTAIM -calculations were
accomplished to assess the properties of bond critical points. To examine
the optimized complexes and kinds of molecules and atoms involved in
the interaction, the AIM2000 program was used. Chemical properties
and different kinds of interactions and bonds can be precisely deter-
mined using QTAIM calculations. This method was used for atom-atom
interactions, intermolecular interactions, determining bond -critical
points, charge density (p(r) ), and the Laplacian of the charge density
(V2p(r) ). The counterpoise method was utilized to correct the basis set
superposition error (BSSE) for the adsorption energy.

3. Results and discussion
3.1. Captopril adsorption onto SWCNT

The SWCNT under study was a (6, 0) zigzag nanotube with a length
of 13.55 A and a diameter of 4.69 A. The optimized geometric shape
nanostructure of SWCNT has two kinds of C—C bonds of different
lengths. An axial bond with a length of 1.41 A and a diagonal bond with
a length of 1.43 A. The investigated SWCNT was comprised of 72 C and
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12 H atoms. Optimal structures of the captopril molecule, SWCNT,
SWBNNT, and C3, and B1gNy¢ fullerene nanostructures are shown in
Fig. 1. The captopril molecule was first placed in various positions on the
external surface of the SWCNT with various orientations. Fig. 2 shows
the best and most stable position of the captopril on the SWCNT surface.
Table 1 demonstrates the computed values of the adsorption energy
(Eadgs), energy gap (Eg), and the difference between the adsorbed
captopril onto nanostructure energy gap and nanostructure energy gap
before adsorption of captopril (AEg). The transferred charge (Qr), which
was gained following the Natural bond orbital (NBO) analysis, was
positive; it indicates the charge transfer from captopril to SWCNT. The
energy gap value (Eg) in SWCNT after adsorption decreased only slightly
compared to before adsorption, indicating insignificant changes in
conductivity. The E,gs values in both the gas and aqueous phases indi-
cate that the adsorption of the captopril onto SWCNT was chemical. The
negative values of captopril adsorption energy in both gaseous and
aqueous phases imply that captopril adsorption on SWCNT is
exothermic. The adsorption energy values of captopril on SWCNT show
that SWCNT can be proposed as a drug delivery system for captopril
molecule.
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3.2. Captopril adsorption onto SWBNNT

The SWBNNT under study was a (6, 0) zigzag nanotube with a length
of 13.64 A and a diameter of 4.78 A. This nanotube was comprised of 36
B, 36 N, and 12H atoms. The optimal geometric shape of the SWBNNT
nanostructure has two kinds of B—N bonds with various lengths. Also,
there is an axial B—N bond and a diagonal bond with lengths of 1.44 A
and 1.45 A, respectively. The captopril molecule was first placed in
various positions on the external surface of the SWBNNT with various
orientations. Fig. 2b shows the best and most stable position of captopril
on the SWBNNT surface. The transferred charge (Qr) that was obtained
following the Natural bond orbital (NBO) analysis was negative
(Table 1), indicating that captopril is an electron acceptor in the Cap-
topril@SWBNNT structure. The value of the energy gap (Eg) decreased
after adsorption. This decrease in Eg indicates an increase in the con-
ductivity of SWBNNT. E,.q4s values in gas and aqueous phases indicate
that the adsorption of captopril onto SWBNNT is weaker compared to
SWCNT. The energy of captopril adsorption was negative in both the gas
and aqueous phases, indicating that the adsorption of captopril onto
SWBNNT is exothermic. The obtained values of captopril adsorption

Fig. 1. Optimized structures of (a) captopril molecule, (b) SWCNT, (c) SWBNNT, (d) Cs,-fullerene, and (e) B;¢N;¢-fullerene.
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Fig. 2. Optimized structures of (a) Captopril@SWCNT, (b) Captopril@SWBNNT, (c) Captopril@Cs»-fullerene, and (d) Captopril@B;6N;6-fullerene.

Table 1

The adsorption energy (E,q4s) of captopril onto SWCNT, SWBNNT, Cs,, and B,¢N;¢ fullerenes in aqueous and the gaseous phases, basis set superposition error (BSSE),
charge transfer between captopril and nanostructures (Qr), the HOMO-LUMO energy gaps (E;) and the change of HOMO-LUMO gap energy upon the adsorption

processes.
Nanostructures HOMO LUMO Eags(eV) Eagas(eV) in water BSSE Eg(eV) AEg(eV) Qr(e)
(eV) (eV) in gas (eV)

SWCNT —3.9486 —2.3289 - - - 1.6196 - -
SWBNNT —8.1554 —1.1047 - - - 7.0507 - -
Cso-fullurene —6.8907 —3.2596 - - - 3.6311 - -
B16Nye-fullurene —9.3138 —0.2092 - - - 9.1047 - -
Captopril@SWCNT —4.3399 —2.7225 —0.4557 —0.3307 0.019 1.6174 —0.0022 +0.077
Captopril@SWBNNT —8.0455 -1.1112 —0.3701 —0.1998 0.0051 6.9343 —0.1164 —0.001
Captopril@Cgz,-fullerene —6.5157 —2.8811 —0.2734 —0.1997 0.0046 3.6346 +0. 0035 +0.002
Captopril@B;¢N;6-fullerene —8.5103 +0.1924 —0.6482 —0.8795 0.061 8.7027 —0.4020 —0.002

energy on SWBNNT indicate that the interaction between captopril and
SWBNNT falls within the range of physical adsorption. Hence, SWBNNT
can be introduced as a drug recognition or carrier system for captopril.

3.3. Captopril adsorption onto Csz fullerene

The optimized geometric shape of the C3y fullerene has four types of
bonds between carbon atoms. In hexagons, C—C bonds had lengths of
1.48 A, 1.38 10\, and 1.45 10\, and in octagonals, C—C bonds had lengths of
1.52 A and 1.38 A. The investigated Cs; fullerene was comprised of 32
carbon atoms. The captopril molecule was first placed in various posi-
tions on the external surface of the Cs; fullerene with different orien-
tations. Fig. 2 shows the best and most stable position of captopril on the
Cgg fullerene surface. Natural bond orbital (NBO) analysis showed that
the transferred charge (Qr) of Cs; fullerene was positive. It indicates the
charge transfer from captopril to Csy fullerene. The energy gap value
(Eg) of Cao-fullerene increased after adsorption. Thus, due to its lack of
chemical reactivity, the Cs, fullerene can only be considered as a weak
adsorbent for captopril.

3.4. Captopril adsorption onto B;sNj¢ fullerene

The BNy fullerene under study was composed of 16 boron and 16
nitrogen atoms. The optimized geometric shape of the nanostructure of
B16N16 has five types of B—N bonds of different lengths. In hexagons,
B—N bonds had lengths of 1.46 10\, 1.43 10\, and 1.50 10\, and in octagonals,
B—N bonds had lengths of 1.48 A and 1.43 A. The captopril molecule
was first placed in different positions on the external surface of the
B16N1¢ with different orientations. Fig. 2d shows the best and most
stable position of the captopril on the B1gN14 surface. After interaction
with captopril, the HOMO energy level increased by 0.8035 eV. This
indicates that B1gN1¢ fullerene is an electron donor and captopril must
also act as an electron acceptor. On the other hand, the boron atom with
number 34, the nitrogen atom with number 55, and the nitrogen atom
with number 61 in the B1¢N;¢ fullerene interact with the sulfur atom, the
nitrogen atom with number 5, and the hydrogen atoms with numbers 20
and 16 of captopril, respectively. Electron transfer is more easier in
B16N16 fullerene compared to Cs;y fullerene. Therefore, the adsorption
energy of BigNj¢ fullerene is much higher than Cgy fullerene.



K. Mehdizadeh et al.

The transferred charge (Qr), which was gained following the Natural
bond orbital (NBO) analysis, was negative (Table 1); it indicates that
captopril is an electron acceptor in the Captopril@B;¢N1¢ structure. The
value of the energy gap (Eg) significantly decreased after adsorption.
Eags values in gaseous and aqueous phases show that captopril forms a

stronger bond with BjgNje than with SWBNNT,

SWCNT, and Csa.
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Adsorption energies of captopril in both the gas and aqueous phases
were negative, indicating that captopril adsorption on BjeNig is
exothermic. Captopril adsorption energy values on B1¢N76 show that the
interaction of captopril with BjgNje is chemical adsorption, subse-
quently leading to a significant increase in the conductivity of B1gNie.
Therefore, BjgNjg can be introduced as a recognition system for
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Fig. 3. (a) DOS spectra for SWCNT, (b) DOS spectra for Captopril@SWCNT, (c) DOS spectra for SWBNNT, (d) DOS spectra for Captopril@SWBNNT, (e) DOS spectra
for Cao-fullerene, (f) DOS spectra for Captopril@Cso-fullerene, (g) DOS spectra for B1gN;4-fullerene and DOS spectra for Captopril@B;¢N;¢-fullerene (h). The yellow
indicates the Fermi level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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captopril molecule in drug delivery.

3.5. Density of states (DOS)

The density of states (DOS) was determined in order to explore the
impact of surface adsorption of the captopril molecule on the electronic
characteristics of nanostructures. The density of states diagrams of
SWCNT, Captopril@SWCNT, SWBNNT, Captopril@SWBNNT, Cso-
fullerene, Captopril@Cgsa-fullerene, B;cNig-fullerene, and Capto-
pril@B¢Nj¢-fullerene are shown in Fig. 3 (a-h). After the interaction of
nanostructures with captopril, results showed that the HOMO and
LUMO energy levels of the SWBNNT and B;gNj¢ fullerene got closer to
the Fermi energy level (the yellow line) compared to other nano-
structures. In optimized conditions, the AEg values for captopril
adsorption onto SWBNNT, SWCNT, Cso-fullerene, and B;¢Nj¢-fullerene
were -0.1164 eV, —0.002 eV, +0.0035 eV, and -0.4020 eV, respectively.
As demonstrated in DOS diagrams, the adsorption of captopril molecules
onto SWBNNT leads to a change in the energy gap. Based on DOS
analysis (Table 1), in Captopril@SWBNNT, and Captopril@Bi¢N1e-
fullerene, the conduction and valence levels of molecular orbitals,
respectively, were closer to higher and lower energy levels. As a result,
the value of the SWBNNT and Bj¢Nje-fullerene energy gap decreased
more than that of SWCNT and Csp-fullerene. Moreover, B1gN1g-fuller-
ene's valence level in Captopril@B;¢N¢-fullerene was closer to the
Fermi level in comparison to SWCNT. Therefore, the conductivity of
B16N16-fullerene after the interaction increased more than that of other
nanostructures. The electrical conductivity (¢) of the molecular com-
plexes at a given temperature can be determined by the following
equation [12]:

_Eg

oxexp (ﬁ) (2)

Here, o represents electrical conductivity. K and T are the Boltzmann
constant and temperature. Based on Eq. (2), if the value of Eg at a hy-
pothetical temperature is smaller, the electrical conductivity will be
higher. Captopril adsorption onto B;gNj¢-fullerene leads to a consider-
able decrease in Eg. Given that conductivity is proportionate to the
decrement in Eg value, it can be presumed that conductivity increases
when the Eg value reduces. SWBNNT and Bj¢Nie-fullerene electrical
properties are very obvious after captopril molecule adsorption. As a
result, not only can SWBNNT and BigNje-fullerene act as the drug de-
livery system for captopril, but they can also be considered as possible
nanosensors or detectors for captopril. The AE, values show that the
interaction of captopril and SWBNNT is weaker compared to the inter-
action of captopril and SWCNT.

3.6. Analysis of surfaces of molecular electrostatic potential (MEP)

MEP analysis was used to investigate the distribution of charge and
interpret the interaction between the captopril molecule and nano-
structures (SWCNT, SWBNNT, and C3» and BigNje fullerenes). The
following equation defines the MEP analysis produced by molecular
charge distribution [38]:

v = ;|RA - B /|r —r]

Z is the charge of the nucleus A, which is located at Ry. The sign of V
(r) depends on whether the effects of the nucleus or electrons are
dominant at a point. Based on the MEP analysis, positively charged
atoms were blue, and negatively charged ones were red (Fig. 4) [39-41].
It can be predicted that the interaction of captopril with SWCNT and Csz
fullerene will lead to charge transfer from captopril to SWCNT (Fig. 4a)
and Cs3p fullerene (Fig. 4c). On the other hand, the interaction of
captopril with SWBNNT and B1¢N1¢ will result in charge transfer from
SWBNNT (Fig. 4b) and B1¢Nj6 (Fig. 4d) to captopril (Fig. 4b). The charge

3)
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Fig. 4. Calculated molecular electrostatic potential (MEP) surfaces (a) Capto-
pril@SWCNT, (b) Captopril@SWBNNT, (c) Cs»-fullerene@Captopril and (d)
B16N16-fullerene@Captopril.

transfer between captopril and nanostructures will result in a weak
interaction.

3.7. EMO analysis

Frontier molecular orbitals, i.e., HOMO and LUMO energy surfaces,
represent the ability of a molecule to donate and accept electrons,
respectively. The energy gap between the HOMO and LUMO surfaces
(Eg) can be utilized to determine the biological activity, chemical reac-
tivity, and kinetic stability of a molecule [42]. The HOMO and LUMO
surfaces of captopril with Csz,-fullerene, B1gN¢-fullerene, SWCNT, and
SWBNNT are illustrated in Fig. 5. In Captopril@Css-fullerene, Capto-
pril@SWCNT, and Captopril@SWBNNT, the HOMO and LUMO orbitals
are localized over Csp-fullerene, SWCNT, and SWBNNT parts, respec-
tively. In Captopril@B;¢N16-fullerene, the HOMO orbital is located on
the captopril drug, while the LUMO orbital is situated on the B;gNi¢-
fullerene part, suggesting electron transfer from captopril to BigNye-
fullerene. A compound with a low energy gap shows high chemical
reactivity and less stability and vice versa [43]. The calculated Eg values
for Captopril@Csy-fullerene, Captopril@B;¢Nj6-fullerene, Capto-
pril@SWCNT, and Captopril@SWBNNT are obtained as 3.6346, 8.7027,
1.6174, and 6.9343 eV, respectively. These results indicate the Capto-
pril@SWCNT system demonstrates greater chemical reactivity
compared to other systems. The order of the stability and chemical
reactivity for the systems is as follows: Captopril@B;e¢Nj¢-fullerene >
Captopril@SWBNNT > Captopril@Cgp-fullerene > Captopril@SWCNT
and Captopril@SWCNT > Captopril@Cso-fullerene >  Capto-
pril@SWBNNT > Captopril@B;¢N16-fullerene.

3.8. Analysis of quantum theory of atoms in molecules (QTAIM)

According to QTAIVM, electrons are distributed in the space inside the
nuclei's gravitational field. The nucleus acts as an attractor in a nega-
tively charged cloud with the charge density (p(r)). In this theory, a set
of identified points is accessible as the bond critical point (BCP). They
have some properties that could be used for the identification of inter-
molecular interactions. At critical points in these interactions, the bond
type is also affected by electron density. The critical point (Cp) shows the
maximum charge density. The value of p(r) in BCP refers to the strength
and degree of the bond. Hc is the electron energy density at BCP, K¢ is
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Fig. 5. FMO for the interaction of captopril with Cgo-fullerene, B;¢Nj¢-fullerene, SWCNT, and SWBNNT.

the kinetic electron energy density, and V¢ is the potential electron
energy density. Since K¢ is positive and V¢ is negative, according to
Wirral's theorem, it can be concluded that the potential energy at the
critical point of the bond decreases a lot and V2p(r) becomes negative.
According to Eq. (4):

Hce = Kc+ Ve ()]

The nature of intermolecular bonding can be evaluated using the

K¢

ratio ve|- A value >1 indicates non-covalent bonds, while a value be-

tween 0.5 and 1 suggests partial covalent hydrogen bonds. Based on the
results from Table 2, all investigated nanostructures (Capto-
pril@SWCNT, Captopril@SWBNNT, Captopril@Csy-fullerene, and
Captopril@B¢N;¢-fullerene) exhibit a ratio >1, highlighting their non-
covalent nature. However, the B3g4—S; bond in the Captopril@B¢N16-
fullerene nanostructure exhibits a ratio smaller than 1, indicating a
stronger electrostatic characteristic compared to other interactions. In
this research, all interactions are considered weak due to the presence of
H¢ > 0. The electron density p(r) is a crucial parameter for describing
intermolecular interactions. The p(r) values for the discussed nano-
structures range from 0.00156 to 0.07444 a.u., indicating the presence
of various interactions with different strengths. Consequently, the
weakest interaction corresponds to Nsg—Hsg (p(r) = 0.00156 a.u.),
while the strongest interaction pertains to B34—S; (p(r) = 0.07444 a.u.).

Molecular graphs of the optimized Captopril@SWCNT, Capto-
pril@SWBNNT, Captopril@Cso-fullerene, and Captopril@B;¢Ni6-
fullerene complexes are represented in Fig. 6. The values of Eyqs for

Captopril@SWCNT, Captopril@SWBNNT, Captopril@Cso-fullerene, and
Captopril@B¢N;¢-fullerene demonstrate a weak interaction between
nanostructures and inhibitors. The AIM results for Captopril@SWCNT,
Captopril@SWBNNT, Captopril@Cs,-fullerene, and Captopril@B;6N16-
fullerene complexes (Table 2) are consistent with the interaction trends
projected by E,qs and MEP, confirming that SWCNT, SWBNNT, Cs»-
fullerene, and B1gN1¢-fullerene can act as suitable drug delivery carriers
for the captopril molecule.

3.9. Comparison of calculations from the 6-31G (d) basis set with the
larger 6-311G (d, p) basis set

Table 3 presents calculations based on the 6-311G basis set, which
demonstrate that the adsorption of captopril in all nanostructures is
exothermic. Additionally, the energy of adsorption (E,qgs) is higher in the
gaseous phase compared to the aqueous phase. The order of E,gs, from
highest to lowest, corresponds to SWCNT, SWBNNT, Csy, and B1gNie
fullerenes, respectively, which are similar to the calculations using the
6-31G(d) basis set. It is worth noting that the increase in calculation
accuracy was very insignificant.

4. Conclusions

The aim of this study was to conduct DFT calculations to investigate
the potential interactions between captopril molecules and nano-
structures, including SWCNT, SWBNNT, C3,, and B;gNj¢ fullerenes. The
results showed that all four nanostructures (SWCNT, SWBNNT, C3 and
B16N16 fullerenes) were capable of interacting with captopril. The Eygs

Table 2
Topological parameters at BCP of interaction for Captopril with nanostructures (au).

Complex BCP Ve Kc Hc p(r) V2p(r) |Kc/Vc|

Captopril@SWCNT C46—Ha1 —0.00075 0.00291 0.00216 0.00508 —0.00366 3.88
Ce1—Hao —0.00047 0.01029 0.00982 0.01505 —0.01076 21.74
Co2—Ci9 — 0.00042 0.00157 0.00115 0.00256 — 0.00199 3.80
Cos—Hog — 0.00035 0.00115 0.00080 0.00185 — 0.00151 3.28

Captopril@SWBNNT Nso—Hae — 0.00053 0.00156 0.00103 0.00239 — 0.00209 2.94
Nsg—Hsg — 0.00038 0.00106 0.00068 0.00156 — 0.00144 2.79
Nyo—Hss — 0.00054 0.00141 0.00087 0.00224 — 0.00196 2.61
Ns;—Hao —0.00051 0.00146 0.00095 0.00227 —0.00198 2.86
N51—O15 — 0.00061 0.00595 0.00534 0.00771 — 0.00657 9.75
Ns51—O16 — 0.00071 0.00368 0.00297 0.00489 — 0.00439 5.18

Captopril@Cs,-fullerene Cos—Hss —0.00050 0.001455 0.00095 0.00260 —0.00195 291
Co5—O34 —0.00094 0.00400 0.00306 0.00495 —0.00494 4.25
Coo—O034 —0.00089 0.00372 0.00283 0.00470 —0.00461 4.18
Co3—O034 —0.00095 0.00390 0.00295 0.00491 —0.00485 4.10

Captopril@B1¢N;6_fullerene B34—S; +0.05121 0.03603 0.08724 0.07444 +0.01518 0.70
Nss—Ns —0.00049 0.00255 0.00206 0.00319 —0.003042 5.20
Nss—Hazo —0.00070 0.00314 0.00244 0.00476 —0.00384 4.48
Ne1—Hie —0.000724 0.00361 0.002886 0.00568 —0.00434 4.99
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Fig. 6. Molecular graph of (a) Captopril@SWCNT complex, molecular graph of (b) Captopril@SWBNNT complex, molecular graph of (c) Captopril@Cs,-fullerene
complex, and molecular graph of (d) Captopril@B,6N;¢ complex. Small red circles are bond critical points. The lines are bond paths. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

The adsorption energy (E,q4s) of captopril onto SWCNT, SWBNNT, C3,, and B,¢N;¢ fullerenes in aqueous and the gaseous phases, basis set superposition error (BSSE),
the HOMO-LUMO energy gaps (Eg) and the change of HOMO-LUMO gap energy upon the adsorption processes in the level of M062X/6-311G (d, p).

Nanostructures HOMO LUMO Eaqs(eV) E.qs(eV) in water BSSE Eg(eV) AEg(eV)
(eV) (eV) in gas (eV)
MWCNT —4.2928 —2.6639 - - - 1.6289 -
MWBNNT —8.3037 —1.3015 - - - 7.0022 -
Caa-fullurene —7.2245 —3.6416 — - - 3.5829 -
B16N16-fullurene —9.4368 —0.3948 - - - 9.0419 -
Captopril@MWCNT —4.6748 —3.0503 —0.4128 —0.1789 0.0022 1.6245 —0.0044
Captopril@MWBNNT —8.1987 —1.3252 —0.3722 —0.1988 0.0037 6.8732 —0.1287
Captopril@Cgz,-fullerene —6.8400 —3.2530 —0.2905 —0.2031 0.0087 3.5870 +0.0041
Captopril@B,¢N;6-fullerene —8.6789 —0.1219 —0.6402 —0.6302 0.011 8.5570 —0.4849

values of captopril for SWCNT, SWBNNT, Cs3,, and B1¢Ni¢ fullerenes
were found to be negative in both the gaseous and aqueous phases,
indicating that the adsorption of the captopril onto these nanostructures
is exothermic. Additionally, the E,4s values revealed that the interaction
between captopril and B;gN16 nanocluster is stronger compared to the
interactions with SWCNT, SWBNNT, and C3» fullerene. The AE; values

showed that the interaction between captopril and SWBNNT is stronger
compared to the interaction between captopril and SWCNT. Specifically,
the AEg values for BigNjg and SWBNNT after captopril molecule
adsorption were determined to be —0.4020 eV and — 0.1164 eV,
respectively, indicating that the conductivity of BjgN1 and SWBNNT
nanostructures increased after adsorption. Therefore, BigNjg and
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SWBNNT could potentially be utilized as nanosensors for captopril.
Based on the analysis of the MEP, the interaction between captopril and
SWCNT, as well as C3y fullerene, resulted in charge transfer from
captopril to these nanostructures. Similarly, captopril adsorption on
SWBNNT and B;6Ni¢ led to a charge transfer from B1gN1¢ and SWBNNT
to captopril. QTAIM calculations indicated a weak interaction between
captopril and the nanostructures, which is consistent with the E,q4s
values. In summary, the findings suggested that all four nanostructures
investigated in this study have the potential to serve as suitable drug
delivery carriers for captopril. Additionally, the assessments showed
that B1gNj6 can be used as a promising nanosensor for captopril.
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