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Abstract: In this research, the interaction between the anti-diabetic drug of (BNEJa) and armchair
single-walled carbon nanotube (SWCNT) has been calculated with density functional theory (DFT) to
ameliorate carbon nanotube drug carriers as the applied sensors in drug delivery systems. BNEJa shows
NMR shielding between 10-600 ppm, with a sharp peak at 25 ppm and several weak peaks between
100-450 ppm. The hydrogens involved in the O-H of PO3; groups have remarked the high degeneracy
in NMR chemical shielding tensors. The largest fluctuation in atomic charge has been observed for the
oxygen atoms in the O—H of POs groups, as the electronegative atoms in the formation of potent
chelation with the carbon nanotube using the drug delivery method, suggesting the modeling of
(BNEJa)@SWCNT. Moreover, the electric potential (Ep) as the amount of work energy through
transferring the electric charge from one site to another site in the presence of an electric field has been
measured for blood pressure (BP) agent of (BNEJa) @ SWCNT complex using CAM-B3LYP/EPR—
111, 6-311+G(d,p) level of theory. So, the electric potential of the NQR method for elements of N, P,
O, and F, dealing with the interaction site between the BP agent of (BNEJa) and the surface of SWCNT
in aqueous medium. The parameter values have shown good stability of the BP agent during Langmuir
adsorption on the SWCNT sensor.
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1. Introduction

Although the aetiologies of type 1 and type 2 diabetes vary extremely, both cause
hyperglycaemic states, and both exhibit common macrovascular complications, such as
cerebrovascular, coronary heart, and peripheral vascular disease, and microvascular
complications like neuropathy, nephropathy, and retinopathy [1-4].

Phosphoeleganin was shown to inhibit both enzymes, acting as a pure non-competitive
inhibitor of PTP1B and a mixed-type inhibitor of AR. Furthermore, in silico docking analyses
to estimate the interaction mode of phosphoeleganin with both enzymes were done [3-6]. The
inhibitory mechanisms on protein tyrosine phosphatase 1B (PTP1B) and aldose reductase (AR)
enzymes, including analysis of the insulin signalling pathway of phosphoeleganin, were
investigated [7-11].
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Since the exploration of CNTSs in the 1990s and the advancement of their application in
nanomedicine, these compounds have become significant due to their properties, including rich
electronic and thermal properties, high mechanical strength, high chemical stability, and
extremely low weight [12]. These carriers enable the transfer of therapeutic agents, such as
proteins, DNA, antibodies, and drugs, either through the external wall or by trapping them in
the nanotubes' cavities as capsules [13].

Nanotubes with their intrinsic properties have been considered potential candidates for
drug delivery carriers. The capped ends of nanotubes may be opened up by oxidation, allowing
for the insertion of molecules of interest inside the nanotube. Carbon nanotubes (CNTS) can
easily penetrate cells, delivering drugs directly to the cytoplasm or nucleus [14].

CNTs are long and tubular fullerene structures, which can be either single-walled
(SWCNTSs) or multi-walled (MWCNTSs) [15]. Nanotubes conform to a perpendicular position
with the cell membrane during uptake, perforating and diffusing through the lipid bilayer to
enter the cytoplasm. Functionalized CNTSs are easily internalized by cells through passive and
endocytosis-independent mechanisms [16].

In fact, the most popular bisphosphonate medications have a rich tension for metal
cations, among them Ca?*, with which they can produce both soluble and insoluble compounds
and aggregates, depending on the pH of the solution and the metal concentration. The
bisphosphonates are separated into chemical branches based on the side chains of R1 and R2.
It is seen as a central carbon in bisphosphonates with two side chains of R1, R2, and two
phosphate branches, which are bonded to Ca?* through O- of PO3 groups for keeping a high
amount of Ca?* in the bones of human body cells [17].

Non-N-containing bisphosphonates like clodronate, etidronate, and tiludronate are
discussed as the first generation of bisphosphonates, which are simple molecules including
single atoms or alkyl groups in side chains of R1 and R2, having a weak inhibitory impact on
bone resorption [18].

Adding an amino group introduced starting the second generation of bisphosphonates,
which were more powerful, such as pamidronate as the first one, and other identical compounds
where the situation of the nitrogen in the side chain was the clue to a more efficient medication
[19]. Currently, the third generation of bisphosphonates, including N-containing heterocyclic
bisphosphonates like zoledronate and risedronate, has been presented and has displayed the
strongest antiresorptive attributes [20,21].

This article aims to investigate the interaction between the anti-diabetic drug BNEJa
and armchair single-walled carbon nanotubes (SWCNTSs) based on DFT theory. The goal is to
design, improve, and expand carbon nanotube drug carriers for use as sensors in drug delivery
systems.

2. Materials and Methods

In this study, the geometries were optimized within the framework of DFT using the
three-parameter Becke’s exchange and Lee-Yang-Parr’s correlation non-local functional,
usually known as the—-B3LYP method and basis set of 6-311+G(d,p)/EPR-111 [22-24]. Then,
the electronic structure of the adsorbed (5,5) armchair SWCNT by the bisphosphonate agent of
(BNEJa) extracted from protein 1LQF was measured to measure physico-chemical properties.
The density functional theory (DFT) is one of the most employed approximations of
Hohenberg, Kohn, and Sham, which permits the theoretical study of material properties [25].
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DFT theory proves an advantageous method for predicting chemical systems, and in order to
understand its similarities and differences to other computational methods employed [26].

Development of the applied Density Functional Theory (DFT) methodology only
became notable after W. Kohn and L. J. Sham released their reputable series of equations,
which are introduced as Kohn-Sham (KS) equations [22,27]:

A= =MV + XM () = XA, (1)
ﬁs = _% vi2 + Vs (7_21) (2)

By representing the single particle orbitals ;, all electronic densities physically
acceptable for the system of "non-interacting™ electrons are written in equation (3):

p () = X"y (M (3)

Finally, the total energy could be measured by the KS method due to equation (4):
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Therefore, the precise exchange energy functional is described by the Kohn-Sham
orbitals in lieu of the density, which is cited as the indirect density functional. This research
has employed the penetration of the hybrid functional of three-parameter basis set of B3LYP
(Becke, Lee, Yang, Parr)" within the conception of DFT upon theoretical computations and
basis sets of LANL2DZ for alkali metal atoms and 6-311+G (d,p) for other atoms [23,24] with
multiplicity of +1 and convergence on RMS density matrix=1.00D-08 and convergence on
MAX density matrix=1.00D-06.

Furthermore, the Onsager model, which was developed by Frisch, Wong, and Wiberg,
utilizes spherical cavities. Even though this implies a less accurate description of the solute-
solvent interface, this approximation simplifies the evaluation of energy changes during
geometry optimizations and frequency analyses. Moreover, Cramer and Truhlar improved this
model at the dipole level [28]. In fact, a cavity must have a physical sense, as in the Onsager
model, and a mathematical ability, as is often the case in other descriptions of solvent effects
[28]. Specifically, the cavity has to keep out the solvent and include its frontiers as the biggest
probability part of the solute charge distribution [28].

Then, the gauge including atomic orbitals (GIAO) has been adopted to solve the gauge
problem in the calculation of nuclear magnetic shielding for the complex of (BNEJa) @
SWCNT using density functional theory (DFT) calculations by the Gaussian 16 revision C.01
program [21].

3. Results and Discussion

CNTs represent drug delivery platforms that can be functionalized with various
biomolecules, including antibodies, proteins, and DNA. This permits the particular targeted for
transferring the special tissues, organs, or cells. These compounds can easily penetrate cells,
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delivering drugs directly to the cytoplasm or nucleus. Drug delivery systems improve the
pharmacological and therapeutic profile and efficacy of the drug and lower the occurrence of
off-targets based on previous investigations.

3.1. NMR analysis and charge distribution.

The computed results extracted from nuclear magnetic resonance (NMR) [29] have
indicated the SCF GIAO magnetic shielding tensor in ppm for nitrogen, phosphorus, oxygen,
and fluorine, exploring the active site of (BNEJa) as an anti-diabetic drug adsorbed on the (5,5)
armchair SWCNT as the inhibitor of PTP-1B, suggested for the treatment of type 2 diabetes.
The calculations have been accomplished based on CAM-B3LYP/6-311+G (d,p) level of
theory using Gaussian 16 revision C.01 program [21] and have been reported in Table 1. The
NMR data of isotropic (ciso) and anisotropic shielding tensor (caniso) for (BNEJa) adsorbed on
the SWCNT have been estimated (Table 1).

Table 1. SCF GIAO magnetic shielding tensor (cisc and oaniso), electric potential (Ep), and Charge distribution
(Q) for (BNEJa) at the adsorption site onto SWCNT in aqueous medium.

Element ciso (ppm) Ganiso (ppm) | Ep (a.u.) | Q (Coulomb)
0(2) 355.54 154.03 —22.31 -0.60
0@3) 162.13 85.58 —22.04 -0.24
0(4) 410.12 78.60 -22.03 -0.25
F(6) 468.18 60.39 -26.14 -0.16
F(7) 60.39 59.16 —26.14 -0.12

o@17) 81.53 842.88 —22.06 -0.29
N(18) 250.50 93.42 -18.07 -0.18
N(22) 256.93 96.15 -18.11 -0.02
0(23) 79.66 835.56 -22.10 -0.30
F(31) 463.14 61.41 -26.17 -0.16
F(32) 459.95 57.13 -26.17 -0.15
P(33) 601.40 234.55 -53.14 1.24
0(34) 416.05 85.13 -22.05 -0.25
0(35) 359.42 138.03 -22.33 -0.62
0(36) 394.59 79.11 -22.07 -0.25
N(37) 251.37 90.08 —18.06 -0.17
0(39) 7157 831.66 -22.07 -0.30
0(44) 263.94 104.19 -21.98 -0.09
0(45) 111.60 837.71 -22.04 -0.27
N(46) 258.64 91.11 —18.08 -0.17
0(48) 110.32 917.71 -22.09 -0.30

In the aqueous medium, the agent of (BNEJa) adsorbed onto SWCNT has shown the
fluctuation behavior for various atoms of nitrogen, phosphorus, oxygen, and fluorine in the
active sites of this compound through the NMR chemical shielding tensor (Figure 1).

NMR shielding
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Figure 1. **C-NMR shielding (ppm) of isotropic (ciso ) and anisotropic (caniso ) calculated for (BNEJa) using
SCF GIAO method due to CAM-B3LYP function and 6-311+G(d,p) basis set through electronegative atoms of
N, P, O, F as the active positions in the structures of an anti-diabetic drug.
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The CS tensors have been yielded by the quantum chemical calculations in the principal
axes system to estimate the isotropic chemical shielding (CSI), (o33+ 22 + 0611)/3, and
anisotropic chemical shielding (CSA), c33-(c22 + o11)/2 [29]. Besides, the Onsager model has
influenced the nuclear magnetic resonance data and chemical shielding of H, C, N, O, P, and
F atoms in (BNEJa) (Figure 2). The results of H-NMR spectroscopy in Figure 2 have shown
the fluctuation of chemical shielding using nuclear magnetic resonance for the bisphosphonate
agent of (BNEJa) adsorbed on the SWCNT.

Degeneracy - -
I H

0 100 200 300 400 500 600
NMR parameter

Figure 2. 'H-NMR shielding (ppm) of (BNEJa) adsorbed on the SWCNT using SCF GIAO method due to
B3LYP function and 6-311+G (d, p) basis set.

As a matter of fact, (BNEJa) has shown the NMR shielding between 10-600 ppm with
a sharp peak at 25 ppm and several weak peaks between 100-450 ppm (Figure 2). The
hydrogens involved in the O—H of POz groups have remarked the high degeneracy in NMR
chemical shielding tensors (Figure 2).

In the next step, the atomic charge of indicated atoms of N, P, O, and F in the junction
of (BNEJa) with SWCNT has been evaluated (Table 1).

The results of Table 1 in a polar zone have declared the stability of (BNEJa) as an anti-
diabetic drug, which has been modeled using the drug delivery method. The largest fluctuation
in atomic charge has been seen for the oxygen atoms in O-H of POz groups as the
electronegative atoms in the formation of the potent chelation with carbon nanotube using the
drug delivery method, which has suggested the modeling of (BNEJa) @ SWCNT (Figure 3).

[e7]

Figure 3. Changes of atomic charge (Q) for some electronegative atoms of N, P, O, and F in the active sites of
(BNEJa) in the junction with SWCNT.
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The perspective of Figure 3 recommends the reason for the existing observed various
results of (BNEJa) @ SWCNT complex, which presents the position of active sites of labeled
N, P, O, and F atoms in this chelation, which transfers the charge of electrons in the polar
bisphosphonate agent of (BNEJa) toward (5,5) SWCNT.

3.2. NQR analysis.

As the EFG at the position of the nucleus in organic inhibitors is assigned by the valence
electrons twisted in the special linkage with close nuclei of aluminum surface, the NQR [30]
frequency at which transitions happen is particular for a BP agent of (BNEJa) @ SWCNT
complex in aqueous medium (Table 1).

Therefore, the electric potential (Ep) (Tablel) as the amount of work energy through
transferring the electric charge from one site to another site in presence of electric field has
been measured for BP agent of (BNEJa) @ SWCNT complex using CAM-B3LYP/EPR-III,
6-311+G(d,p) level of theory (Figured). So, in Figure 4, the electric potential of the NQR
method for elements of N, P, O, and F, dealing with the interaction site between the BP agent
of (BNEJa) and the surface of SWCNT in aqueous medium.

P1 O 03 04 F6 F7 017 NI18 N22 023 F31 F32 P33 034 035 036 N37 039 044 045 N46 048

Atom type
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Figure 4. The changes of the electric potential versus atom type through NQR calculation for BP agent of
(BNEJa) in the aqueous medium adsorbed on the SWCNT sensor by CAM—-B3LYP/EPR-III, 6-311+G(d,p)
calculation.

In NQR, nuclei with spin> 1, there is an electric quadrupole moment which is
accompanied by non-spherical nuclear charge distributions. So, the nuclear charge distribution
deviates from that of a sphere as the oblate or prolate form of the nucleus [30].

The NQR method is based on the multipole expansion in Cartesian coordinates as follows:

v = v+ [(2)], )] + 2 [(2)

Then, after simplification, the equation has only the second derivatives dependent on
the same variable for the potential energy [30]:
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There are two parameters which must be obtained from NQR experiments: the
quadrupole coupling constant, y, and the asymmetry parameter of the EFG tensor, n:

2
_ € QCIzz/h @)
— Qxx — Qyy /qzz (8)

Where gii are components of the EFG tensor at the quadrupole nucleus determined in
the EFG principal axes system, Q is the nuclear quadrupole moment, e is the proton charge,
and h is Planck’s constant [30, 31].

It has been observed that the effects of N, P, O, and F in the BP agent (BNEJa) adsorbed
to a (5,5) armchair SWCNT sensor were reflected in the electric potential measured by NQR
analysis (Table 1). It’s obvious that the graph of NQR characteristics for (BNEJa) @ SWCNT
complex has the most fluctuation in the region of the two phosphorus of PO3s groups (Figure
4),

3.3. Natural bond orbitals (NBO).

The Natural Bond Orbital (NBO) analysis [32] of (BNEJa) as an anti-diabetes has
illustrated the character of electronic conjugation between bonds in the inhibitor and SWCNT
sensor (Table 2 and Figure 5).

Table 2. NBO analysis for (BNEJa) as an anti-diabetes drug adsorbed on the SWCNT.

Bond orbital Hybrids Occupancy
BD1 P(1) —O(2) 0.6990 (sp?*?) P + 0.7152 (sp’®) O 1.97
BD1P(1) -O(3) 0.6033 (sp®28) P + 0.7975 (sp>™) O 1.97
BD1 P(1) — O(4) 0.6046 (sp>1%) P + 0.7965 (sp>78) O 1.97
BD1 P(1) - C(5) 0.6686 (sp*&%) P + 0.7436 (sp>*) C 1.93
BD1 O(3) — H(55) 0.7817 (sp*?®) O + 0.6236 (c) H 1.98
BD1 O(4) — H(56) 0.7808 (sp*?") O + 0.6248 (c) H 1.98
BD1 C(5) — F(6) 0.6167 (sp*?) C + 0.7872 (sp’ ™) F 1.98
BD1 C(5) - F(7) 0.6268 (sp?**) C + 0.7792 (sp’*) F 1.99
BD1 C(15) - N(37) 0.6456 (sp*%) C + 0.7637 (sp>') N 1.98
BD1 C(16) — O(17) 0.6563 (sp®) C + 0.7545 (sp>*?) O 1.99
BD1 C(16) — N(18) 0.6446 (sp>*%) C + 0.7645 (sp~&) N 1.98
BD1 N(18) — C(19) 0.7691 (sp?%%) N + 0.6391 (sp>?8) C 1.98
BD1 C(21) — N(22) 0.6446 (sp?'!) C +0.7646 (sp*%8) N 1.99
BD1 C(21) — O(23) 0.6538 (sp%) C + 0.7567 (sp>3?) O 1.99
Occupancy
1.99 -
1.98 -
1.97 A
1.96 -
1.95 -
1.94 -
1.93 -
1.92 A
1.91 -
19 -
SN R INC S P SR SO O R
Q\L‘ Q\Q Q\Qh Y 0.,7:3“ Obﬁ‘ & o O‘ﬁ Ob C_,\b:é .e\‘blc 0\,% ('}\0
Bond orbital

Figure 5. Occupancy fluctuation extracted from the NBO method for the (BNEJa) inhibitor adsorbed on the
SWCNT.
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In Figure 5, the fluctuation of occupancy of natural bond orbitals for (BNEJa) inhibitor
adsorbed on SWCNT through bond orbitals containing P-O, O-H, C—F, C-N, C-O toward the
Langmuir adsorption process by indicating the charge density from the heterocyclic compound
of bisphosphonate agent close to the nanotube.

3.4. IR spectroscopy.

The infrared (IR) calculations have been accomplished for the BP agent of (BNEJa) in
the agueous medium adsorbed on the SWCNT by CAM-B3LYP/EPR-II1, 6-311+G (d,p) level
of theory to achieve the more accurate equilibrium geometrical parameters. Based on Figure 6,
the IR spectrum analysis, the authors have concluded that this protective film consisted of an
[(BNEJa) @ SWCNT] complex.

900 € D _ 3000
S5 | 2500
700 —
600 — | 2000
S| L 1500
400 —
300 — L 1000
200 | 500
100
0 L0
mmmwmmmwﬂ
0 500 1000 1500 2000 2500 . 3000

Figure 6. Diagram of IR spectra for BzN-EJJ-amid adsorbed on the surface of (5,5) armchair SWCNT using
CAM-B3LYP/6-311+G(d,p) calculations. Note: F=frequency (cm™), £ (M~*cm™ or Lmol~*cm™) is the
absorbance unit, and D (10~ esu? cm?) is the dipole strength via the esu or electrostatic unit, which is a unit of
charge in the cgs (centimeter-gram-second) system.

The maximum IR spectrum has been seen in the frequency range between 250 cm™ and
3000 cm™ by the peaks about 900 cm™, 1250 cm™, 1550 cm™, 1750 cm™, and 2250 cm™,
respectively, for [(BNEJa) @ SWCNT] (Figure 6).

3.5. Frontier orbitals of HOMO & LUMO & UV-VIS spectroscopy.

The "highest occupied molecular orbital energy (HOMO)" and the "lowest unoccupied
molecular orbital energy (LUMO)" have been calculated for the BP agent of (BNEJa) adsorbed
onto (5,5) armchair SWCNT sensor in agueous medium using CAM-B3LYP/6-311+G (d,p)
(Table 3).

Table 3. The Enomo (a.u.), ELumo (a.u.), band energy gap (AE /eV), and other quantities (eV) for [(BNEJa) @
SWCNT] in aqueous medium using CAM-B3LYP/6-311+G (d,p).

Spin ] X ] Enomo ELumo AE
Singlet —0.33 0.33 6.01 -0.23 0.21 12.02
Triplet —6.48 6.48 0.14 -0.24 -0.23 0.28
Quintet —6.64 6.64 0.02 -0.24 -0.24 0.04
Septet -6.87 6.87 0.21 -0.26 -0.24 0.42
Nonet —7.34 7.34 0.26 —0.28 —0.26 0.52

11-et —7.62 7.62 0.02 —0.28 -0.28 0.05

13-et —7.68 7.68 0.03 —0.28 —0.28 0.06

15-et —7.86 7.86 0.14 -0.29 -0.28 0.28

17-et -8.08 8.08 0.08 -0.30 -0.29 0.16

19-et -8.23 8.23 0.08 -0.30 -0.30 0.17
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The HOMO, LUMO, and band energy gap (eV) have indicated the pictorial explanation
of the frontier molecular orbital, which are important factors for identifying the molecular
characteristics of the drug delivery method through adsorbing the BP agent of (BNEJa), which
has been surrounded by H.O molecules on the (5,5) armchair SWCNT in aqueous medium
(Table 3).

In other words, the HOMO shows the capability for giving an electron, while the
LUMO, as an electron acceptor, exhibits the capability for accepting an electron. Therefore,
the energy gap (AE = E Lumo- Enomo) indicates the energy difference between the frontier
HOMO and LUMO orbitals, introducing the stability for the structure and unravels the
chemical activity of the molecule (Table 3).

In this work, the energy gap has been established for the BP agent (BNEJa) interacting
with SWCNT in an aqueous medium. Besides, frontier molecular orbitals play an important
role in optical and electrical properties, as seen in UV-VIS spectra [33]. Moreover, to get more
conclusive approval in identifying the compound characteristics of this structure, a series of
chemical reactivity parameters consisting of chemical potential (u), electronegativity (y), and
hardness (n) has been done (Table 3) [33]. The amounts of the parameters in Table 3 have
exhibited a good stability of the BP agent through Langmuir adsorption on the SWCNT sensor.

4. Conclusions

To overcome this chronic disease, significant work has been done over decades, leading
to various research efforts, different management techniques, and extensive use of
nanotechnology. According to this research, NMR spectroscopy has suggested the positions of
the active sites of labeled N, P, O, and F in the anti-diabetic drug (BNEJa) adsorbed onto the
SWCNT sensor, which transfers the electron density of the polar bisphosphonate in the agqueous
medium toward the carbon nanotube. Moreover, NQR characteristics for (BNEJa) @ SWCNT
complex have represented the most fluctuation in the zone of the two phosphorus of POs
groups. The maximum IR spectrum for (BNEJa) @ SWCNT has been seen in the frequency
range between 250-4500 cm* with the strongest peaks about 4100 cm, 2250 cm™, 1750 cm"
11550 cm™?, 1250 cm™, and 900 cm?, respectively. Furthermore, the energy gap has indicated
the energy difference between the frontier HOMO and LUMO orbitals, introducing the stability
for (BNEJa) and discovering the chemical potential of (BNEJa) drug for the treatment of type
2 diabetes. The development of novel delivery systems for antidiabetic medications, including
tablets and microstructures, is a focus of industry and numerous top research initiatives.
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