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Introduction

Controlled supramolecular interaction to enhance
the bioavailability of hesperetin to targeted cancer
cells through graphyne: a comprehensive in silico

studyt

Maroof Ahmad Khan,? Javed Igbal, © ® Mubashar llyas,® Ali Raza Ayub,? Yanhong Zhu?
and Hui Li©®*?

In the current study, the drug carrier efficiency of graphyne (GRP) for the transfer of the hesperetin (HPT)
drug is evaluated for the first time. The GRP efficacy as a carrier is investigated using the density
functional theory (DFT) technique to calculate various physiochemical characteristics such as dipole
moment, bandgap, and chemical reactivity-descriptors for HPT, GRP and HPT@GRP complex. The non-
covalent-interaction (NCI) plot indicated that GRP and HPT have weak interaction force, which is
fundamental for the drug's noticeable offloading from the GRP carrier at its target location. According to
frontier molecular orbital analysis, the highest occupied molecular orbital (HOMO) of HPT distributes the
charge to the GRP, the lowest unoccupied molecular orbital (LUMO) during excitation. Charge transfer is
further supported by charge-decomposition-analysis, which interprets the extensive overlap between
HPT and GRP orbitals. In the case of the gas phase, the Anax Of the HPT@GRP-complex is redshifted by
9 nm from GRP. In the solvent phase, the Anax Vvalue is also redshifted. These theoretically calculated
spectra also match experimentally observed spectra rather well. The PET (photoinduced electron-
transfer) method and electron—hole theory were used for the graphical explication of distinct excited
states. The photoinduced electron transfer (PET) mechanism interprets fluorescence dimming because
of interaction. Furthermore, GRP with cationic (+1) and anionic (—1) charge states (GRP*Y~%) showed
minor structural disfigurement and formed stable HPT complexes. In the current study, HRP is loading
and unloading on GRP very effectively, that can potentially be used in the oncology field. Due to this
theoretical study, researchers will be interested in looking at other 2D nanomaterials for drug delivery
applications.

always been an important subject of several works to provide
insightful information in such cases of immunotherapy,®”
chemotherapy,® radiotherapy,’® and surgery."* However, this

Cancer is a deadly disease with more than 10 million new cases
each year' due to low specificity, poor solubility, poor bioavail-
ability, multi-drug resistance, low therapeutic results, and high
cytotoxicity of conventional chemotherapeutic medication.>
Prostate, lungs,®> stomach,* and colorectal cancer® are different
and the most common types of cancer. Indeed, careful investi-
gation of biologically related features of living systems has

“Key Laboratory of Clusters Science of Ministry of Education, School of Chemistry and
Chemical Engineering, Beijing Institute of Technology, Beijing, 100081, P. R. China.
E-mail: lihui@bit.edu.cn; Fax: +86 10 68912667

*Department of Chemistry, University of Agriculture, Faisalabad-38000, Pakistan

T Electronic supplementary information (ESI) available: Structural information,
spectra (infrared spectra, UV-visible)) HOMO-LUMO diagram, MEP diagram of
HPT@GRP-complex, iso-surface image of HPT@GRP complex, electron-density
plots, ADCH charges for HPT@GRP *! complexes, vertical ionization energy,
vertical electron affinity and, dipole moment in the aqueous phase,
electron-localization function. See DOI: 10.1039/d1ra09112c

6336 | RSC Adv, 2022, 12, 6336-6346

treatment still exhibits unavoidable side effects by killing
healthy cells and severe toxicity.”> For metastatic cancers, the
most efficient treatment is chemother.”® In chemotherapy
treatment, chemotherapeutic agents, “medicine” is utilized to
kill the cancer cells. Still, this treatment method has severe
cytotoxic side effects in various tissues and organs, recurrence
of cancer because the medicine is not released to a target site.
Some significant obstacles in chemotherapy are the resistance
of tumor cells to medicine, reduced water-solubility of drugs,
and low concentrations of drugs in cancer sites. Researchers
and oncologists were trying to minimize these problems.'*'
Therefore, a highly efficient therapeutics treatment would be
required, such as “magic bullets” that can overcome the bio-
logical hurdles, distinguish between benign and malignant
cells, specifically target the cancerous cell and desirably release
the drug on the target tissue.® The application of
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nanotechnology (nanomedicine) is predicted to help us move
toward the purpose mentioned above. The development of
various nano-drug-delivery methods performed an essential
role in disease diagnosis, detection, and therapy. These nano-
drug-delivery systems safely transfer the drugs towards the
cancer tissues in a controlled concentration, avoiding the
interrelation with the reticuloendothelial system."” Nano-
carriers significantly impact a nano-drug-delivery system for
cancer therapy because of the similarity of size with biological
structures; these nanocarriers can easily penetrate the cell
membrane and have a prolonged circulation time.**** Due to
rapid and defective angiogenesis (synthesis of new blood vessels
from old ones), the permeability of blood vessels in tumours
increases, allowing nanocarrier entry. Furthermore, the poor
lymphatic drainage in tumours trapped the nanocarrier and
allowed them to offload the drug into the vicinity of cancerous
cells. These pharmacokinetics modifications provide a better
result by explicitly targeting the cancerous site and retaining the
increased concentration of the therapeutic agent at its specific
defective site for the duration of the activity. This targeted
chemotherapeutic agent uses apoptosis and narcosis to kill
cancerous cells.* An emerging generation of nanocarrier is
2D nanomaterials, such as tungsten diselenide* (WSe,), sili-
cene,” germanene,*® molybdenum disulfide*” (MoS,), bismuth
selenide*® (Bi,Se;), manganese dioxide,* transition metal di-
chalcogenides (TMDs), hexagonal boron nitride* (h-BN), and
GRP are some important nanocarriers due to their specified and
unique physicochemical properties.**** GRP created a honey-
comb 2D crystal lattice structure in which all carbon atoms are
sp® hybridized, leading to incredible mechanical and electrical
performance is commonly used in optoelectronic devices, in
a solar cell as photoconductive material, in drug delivery, and
medical imaging due to the presence of good surface reactivity
and free m electrons.* The free surface 7 electrons are efficient
for m-m interaction, electrostatic or hydrophobic interaction
with poor soluble drug, and noncovalent interaction in drug
delivery system.** GRP interaction with the biomolecules,
tissues and different types of cells is significant for its
biomedical application, toxicity, and biocompatibility.>” GRP as
a nanocarrier can quickly enter the cell by endocytosis and
successfully release the drug in the cytosol in response to
stimuli.’® The weight ratio of loaded drug to the carrier is 200%
in the case of GRP, which makes GRP a more efficient and
preferred nanocarrier over others.* The drug-carrying capacity
of GRP for quercetin, 5-fluorouracil, and daunorubicin has been
studied for cancer treatment.*” The interaction between drugs
and GRP was investigated by DFT calculation*** and the
molecular-dynamics simulation. HPT (3/,5,7-trihydroxy-4-
methoxy flavanone) and its metabolites are bioactive flavo-
noids used as an antioxidant, antidiabetic, anticancer, estro-
genic, anti-inflammatory, and cardio-neuroprotective.*®> This
polyhydroxy flavone is common in vegetables, young citrus
fruits, tomatoes, apples, and flowers.** HPT is hydrophobic
(poor water solubility) inadequate stability in the digestive tract,
resulting in deficient oral absorption.*® Many research groups
are working to improve the oral bioavailability and activity of
HPT by a nano-drug delivery system such as nano-formulation,
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cyclodextrin, and phospholipids complex formation, which
increase its medicative properties.*® The anticancer effect and
possible singling mechanism of HPT on the glioblastoma cells
and malignant hematolymphoid cells have been reported
a significant inhibitory effect on these cells. The PCT (photo-
induced-charge transfer) and PET (photoelectron charge trans-
fer) processes are critical in the biological system because both
processes determine the phosphorescence and fluorescence
properties of the complex.*” The charge or electron transfer
from a chelator to a fluorophore origin. The fluorescence
detecting technique is critical for the intended distribution of
the HPT drug to the target spot to increase the drug's thera-
peutic efficiency.

Several drugs are frequently used to treat cancer, along with
side effects and toxicities. For example, HPT also causes severe
harmful effects on human health, such as bioavailability,
absorption levels, anticoagulants, blood pressure drugs, and
calcium channel blockers. Therefore, many researchers to
improve therapeutic index and decrease its harmful effects,
focus on finding nano carrier such as suitable for drug, non-
reactive, it does not affect the geometry of medicine, bonded
with weak forces due to loading and unloading efficiently.
Therefore, we find 1%-time new combination in which carrier is
effectively suitable for HTP. It is conformed to density-
functional-theory (DFT) and TD-DFT calculations; the drug
delivery potential of GRP was assessed for HPT drug. HPT,
a chemotherapy medicine used in the treatment of breast
cancer, lung cancer, and ovarian cancer.*®

Experimental section
Computational details

All inorganic metal salts, organic ligands and solvents are
analytically pure reagent grade. Infrared spectroscopy (IR) was
obtained by Thermo IS5 FT-IR Fourier infrared spectrometer
with KBr tablet in the range of 4000-400 cm ™', The measure-
ment of UV-vis was performed by TU-1950.

When using the Gaussian 09 software package, the density
functional theory (DFT) is applied in all calculations.*® The DFT
technique provides molecule orientation, structure, charge
transport, and adsorption energy. B3LYP* functional with
Lanl2DZ** basis set was used to improve the geometry.*>** The
HPT model structure is used for geometry optimization. By
examining different potential orientations, the most stable
system of HPT on GRP was found. The excited state properties
of HPT-loaded GRP complex have been investigated using Time-
Dependent Density Functional Theory (TDDFT), and extension
of DFT. The computed output file of the Gaussian 09 software,
further, corresponding potential energy distributions (PEDs)
were computed with Vida software and it is reliable assessment
for infrared spectroscopy (IR).** The adsorption energy is
a relevant and vital parameter for determining the interactions
between the various species involved in the complex creation
process, for the adsorption of HPT drug on the surface of GRP,
the adsorption energy of complex computed, which is repre-
sented by “E.4” in eqn (1).*°
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E.q = Expracre — (Egrp + Enpr) (1)

Eypr@cre represents the HPT@GRP complex free energy
produced between the GRP and the HPT medication, and Eggrp
and Eypr are the GRP and HPT molecules energies, respectively.
For E,q calculations, we used single point energies. A
polarizable-continuum-model =~ with  integral = equation
formalism® (IEF-PCM was used to examine the impact of
solvent). Because water plays such an essential part in the
biomolecular system of humans, it is vital to investigate its
influence on the HPT@GRP complex. Furthermore, the
following formula is used to determine the solvation energy of
the system:

Esolvation =

sol — Egas (2)

Eq,s and E,, show the total energies of the system in the gas
phase and solvent phases, respectively. The solvation energy of
a complex molecule is referred to as solvation. Optimized
geometry, characteristics such as global electrophilicity (x),
chemical potential (I), hardness (g), softness (s), and dipole
moment were calculated.”® Various studies, such as natural
bond orbital (NBO), PET, charge decomposition analysis (CDA),
noncovalent interaction (NCI), and ELF, have been carried out.
The frequency calculations of infrared spectroscopy using the
DFT technique®-*® B3LYP/Lanl2DZ were used to validate those
as mentioned earlier optimized molecular frameworks. The
interaction between fragments of a complex such as GRP and
HPT is determined by NCI (noncovalent interaction). Disinte-
gration analysis is used to determine the orbital interaction of
the charge donor and acceptor components of the complex
charge, indicating how these fragments combine to produce the
complex. The delocalization of charges and intramolecular
transitions were investigated between molecules’ bonds, NBO
analysis is utilized.” The electron concentration before and
after complex formation was examined using the ELF (electron
localization function), which occasionally revealed minute
differences. HPT, GRP, and HPT@GRP complex UV-visible
absorption spectrum in the aqueous and gas phases were esti-
mated using TD-DFT calculations. At B3LYP/Lanl2DZ, charge
transfer (PCT) processes, as well as photoinduced electron
transfer (PET) and NCI analysis, were investigated. This
research also looked at the impact of surface charges (+1 and
—1) on the architecture of the examined molecules. The distri-
bution of charges for complex molecules was also investigated
on the base of the atomic dipole-moment corrected-Hirshfeld
(ADCH) population. This approach was chosen for the anal-
ysis because of its well-known ability to handle Hirshfeld-charge
dipole moment repeatability complications.®®** The charge
values acquired by ADCH charge analysis are more credible.

Results and discussion

Fig. 1 represents the optimized geometric structure of the
carrier GRP and the HPT@GRP complex. The optimized system
of GRP and HPT@GRP-complex are described in ESI Fig. S1.f
The optimized HPT@GRP complex clarifies that C-H
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Fig. 1 The optimized structures of GRP and the HFT@GRP-complex.

noncovalent interaction was established between the HPT and
GRP, in which GRP utilized the carbon and hydrogen from HPT
during the HPT@GRP complex formation. In the HPT@GRP
complex, the medicine HPT acts as a donor, donating hydrogen
to an acceptor GRP carrier. During complex formation, HPT is
adsorbed to the surface of GRP by two C-H interactions. The
bond distance of these two C-H interactions is 2.54 and 3.68 A.
This hydrogen bonding (C-H---C-H) between HPT@GRP-
complex is shown in Fig. 2. The optimized carrier GRP dipole-
moment is negligible. After the complex (HPT@GRP) formed,
the dipole-moment raised to 2.02 Debye. In polar solvents, this
elevated dipole-moment causes an increase in the hydrophi-
licity of the complex, which facilitates the drug's-controlled
delivery throughout biological systems. For instance, in the
case of water, the solvent serves as a vital symbol of living
organisms while being used and answerable for the optimal
circumstances of critical biochemical, biological functions. To
investigate the impact of water on the interaction of HPT with
GRP, the solubility and chemical stability of the HPT@GRP
complex was conducted. Compared to the GRP phase, the
solvent phase enhanced the dipole moment of complex
formation more, as shown in ESI Table S1.7

Frontier molecular orbital (FMO) analysis

The energy of frontier molecular orbital's (HOMO and LUMO)
and the measurement of their energy gap are fundamental
factors for determining molecular stability, polarizability,
chemical hardness, and chemical reactivity of any molecule. For
example, a molecule with a low HOMO-LUMO energy gap is
soft, has high chemical reactivity, has more polarizability, and

Fig. 2 Hydrogen bonding between HPT@GRP-complex.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shows low kinetic stability.®* Due to charge transfer from HOMO
to LUMO, this energy gap is essential for the biomedical
application of the molecule. Fig. S2t represents the Eyomo and
Erumo of GRP, HPT, and HPT@GRP complex, whereby green
and red colour distributions represent the positive and negative
phases of FMOs wave function, respectively. In HPT ((25)-5,7-
dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-2,3-dihydro-4H-1-
benzopyran-4-one), the HOMO is primarily dispersed across the
whole molecule, except for the methoxy phenol area. At the
same time, the LUMO is generally scattered throughout the
molecule, except the dihydroxy benzene region. While in the
case of the HPT@GRP-complex, the LUMO is predominantly
present on the carrier GRP while the HOMO is distributed on
the HPT with total densities separation. As a result, the charge
from HPT to the GRP carrier is transferred. The HOMO-LUMO
energies and the energy gap between HOMO and LUMO, along
with electronic parameters and absorption wavelengths (Amax),
are represented in Table 1. HPT has an energy gap of 4.53,
having HOMO and LUMO energies of —5.56 and —1.03 eV,
respectively. GRP has a band gap of 2.57 eV, having HOMO and
LUMO energies of —5.24 and —2.67 eV, respectively. At the same
time, the energy gap of the HPT@GRP complex (2.37 eV) is
much lower than those of GRP and HPT, which indicates that
the complex needs a low amount of energy to move from the
ground state to the excited state. The Exomo of the HPT@GRP
complex matches with the Eyonmo of HPT.

In contrast, the E;ymo matches with the E;gyvo of GRP,
indicating that HPT is an electron donor while GRP is an elec-
tron acceptor species in a complex molecule. In the UV-vis
spectra, the carrier GRP showed An.x at 516 nm while
HPT@GRP-complex shows the A, at 525, redshifted by 9 nm
from the carrier molecule. While in this case, the GRP showed
Amax at 520 nm, while HPT@GRP-complex shows the A, at
525, which is redshirted by 5 nm from GRP. The HOMO-LUMO
diagrams of HPT, GRP, and HPT@GRP-complex in the solution
phase as represented in ESI Fig. S3.7 The adsorption energy
(Eaq) of the HPT@GRP complex in the gas phase and liquid
phase is —0.205 eV and —0.0877 eV respectively, which is
determined using eqn (1). Because the adsorption energy values

Table 1 HOMO-LUMO energy, bandgap (Eg), Amax (maximum-
adsorption-wavelength), dipole moment (D), chemical potential (u),
hardness (n), global softness (), electrophilicity index (w) of GRP, HPT,
and HPT-GRP-complex in the solvent phase

Parameters HPT GRP HPT@GRP
Eyomo (€V) —5.56 —5.24 —5.13
Erumo (€V) —~1.03 —2.67 —2.76
AE (eV) 4.53 2.57 2.37
Vip (eV) 5.56 5.24 5.13
Via (€V) 1.03 2.67 2.76
1 (eV) 2.265 1.285 1.185
u (ev) —3.295 —3.955 —3.955
X (eV) 3.295 3.95 3.945
o 1.1325 0.6425 0.59
w (eV) 2.39 6.08 6.56
Dipole moment 2.83D 0.402D 2.02D
Amax 119.9 516.78 525.85
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are smaller than 1, the it will be easy to unload the HPT from
GRP after adsorption. The negative signs with adsorption
energy, the HPT@GRP complex are anticipated to be stable. The
study is unique in that no one has ever computed the adsorp-
tion energy of HPT with GRP previously.

Molecular electrostatic potential (MEP)

The MEP (molecular electrostatic potential) is a valuable
descriptor related to the electronic density and evaluates reac-
tivity to nucleophilic and electrophilic attacks.®*** MEP is useful
for studying biological recognition processes, H-bonding
interaction, and polarity of the molecule. MEP provides infor-
mation about the net electrostatic effect around the investigated
molecule produced at that point by electron (—ve charge) and
proton (+ve charge) distribution. The shape, size, reactive sites,
and charge density are predicted from electron density and
electrostatic potential iso-surface mapped. The hydrogen donor
and hydrogen acceptor ability of molecule for hydrogen bond
formation can be easily predicted from a positive and negative
region on the MEP map. MEP surfaces have a different color
pattern for different electrostatic potential values. Red, orange,
and yellow represent negative electrostatics potential regions
related to electrophilic reactivity, blue for positive electrostatic
potential region ones to nucleophilic reactivity, and green for
zero potential region. The region with negative V(r) usually
represents the lone pair of the highly electronegative atom in
the investigated molecule. The pattern for increasing electro-
static potential is, red < orange < yellow < green < blue. The
electrostatic potential map given in Fig. 3 illustrated the 3D
charge distribution of GRP, HPT, and HPT@GRP complex
molecules.

Hostile areas in the HPT molecule are mainly located around
the oxygen atoms of the hydroxyl group with red color intensity
due to lone pair of electrons on the oxygen atom. Therefore,
a suitable site for upcoming nucleophiles, as seen in the MEP
map; nevertheless, the highest positive regions are centered on
the hydrogen of ~OH groups, which can be considered suitable
spots for the nucleophilic approach. The MEP map of GRP
reveals that the potential harmful sites are around carbon
atoms, based on these computed results. These sites provide
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Fig. 3 Molecular electrostatic potential (MEP) map of HPT@GRP
complex.
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information about the area of the molecule where intermolec-
ular interactions can occur. As a result, Fig. 3 shows that the
intermolecular C-H hydrogen bond exists between GRP and
HPT in a complex molecule. The MEP diagram of HPT@GRP-
complex in the aqueous phase is represented in ESI Fig. S4.7

Infrared spectroscopy studies

The vibration frequency values of HPT, GRP molecule, and
HPT@GRP-complex are given in Table S2.f The adsorption
behaviour of the HPT molecule on GRP compounds was
investigated by taking into consideration variation in the most
prominent peaks in the infrared spectra of HPT@GRP-complex.
When looking at the HPT, GRP molecule, and GRP@HPT-
complex stretching frequencies, the C-O, C-C, and O-H
groups of GRP and HPT show prominent variation in the
complex. The vibration frequencies of the free HPT molecule
are reported as v;C-O: 1778, vsO-H: 3821, while the v,C-C is
registered as 2401.%° IR frequency values were calculated for
optimized®® GRP-HPT-complex, and the characteristic vibration
peaks obtained are v;O-H: 3870 (cm™ '), v,C-C: 2397 (cm™ %),
and vC-O: 1748 (cm™"). After adsorption (“loading” is better
than “absorption”) of HPT on GRP, O-H vibration is redshirted
while C-C and C-O stretching frequencies of the complex were
blue-shifted according to free HPT and GRP (see Fig. 4). Espe-
cially in complex, the significant increase in O-H frequency and
decrease in C-C frequency shifts explains the high.

Dipole moment and chemical stability descriptor (u, w, 7, )

The direction of electron flow in a molecule is described by the
chemical potential (u), while the electron gaining the ability of
the molecule is found out by electrophilicity index (w). A good
electrophile has high u, w values, whereas in the case of
nucleophile vice versa, the value of u and w. A softer molecule
shows easy charge distribution while the hardness (n) of the
molecule shows the symmetrical charge distribution.®” Chem-
ical potential, electrophilicity index, softness and hardness, and

— HPT

— GRP

—— HPT@GRP
™Y

T_

Y vy T’

0 500 1000 1500 2000 2500 3000 3500 4000

Wavenumberlcm'1

Fig. 4 IR spectra of GRP, HPT, and HPT@GRP-complex.
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dipole moment of the medication HPT, carrier, and complex are
summarized in Table 1 as chemical stability descriptors. The
potential chemical value of the HPT@GRP complex (u = —3.94
eV) is lower than the drug (u = 3.29 eV) and is like that of the
GRP carrier (u = —3.95 eV). Therefore, the complex is more
stable than the drug. The hardness value of the HPT@GRP
complex is 1.18 eV which is lower than GRP and HPT that have
1.28 eV and 2.26 eV, respectively. Whereas the softness value of
the HPT@GRP complex is 0.59 eV and that of drug and carrier is
1.13 eV and 0.64 eV, respectively. The additional charge stability
after interaction with the surrounding by gaining or losing of
charge compound is determined by the electrophilicity index
(w) value. The dipole moment of the HPT@GRP complex in gas-
phase and solvent-phase is 2.02 and 3.55 debye, respectively.
The increase in dipole-moment of HPT@GRP complex in
solvent phase compared to HPT drug (4.13D) and GRP carrier
(0.47D) shows that the HPT drug will show facile movements in
the biochemical system after the HPT@GRP complex forma-
tion. All stability-descriptors show that drug delivery systems
based on HPT@GRP-complex can be used as an effective system
for cancer treatment. The values of dipole moment and chem-
ical stability descriptors in an aqueous phase are represented in
ESI Table S1.7

CDA and DOS

The complex's intermolecular charge transfer between HPT and
GRP depends on the HOMO-LUMO energy gap.** The addition
of molecular energy levels in the HPT@GRP-complex MOs by
the fragment orbital of HPT and GRP lower the energy gap and
facilitate the charge transfer in fragments of the HPT@GRP
complex. The orbital contributions from HPT and GRP for the
complex formation were represented by plotting a CDA diagram
of a complex molecule, as illustrated in Fig. 5. Consequently,
the HOMO and LUMO energy is altered by —5.13 eV and
—2.76 eV, respectively, resulting in new energy levels. The
difference in energy between homo and LUMO has narrowed.
As shown in Fig. 6, the peak-maximum of the DOS (density of
state) diagram indicates that HPT is appropriately adsorbed on
GRP (MOs of GRP and HPT are mixed) and develops new MOs of
HPT@GRP complex, resulting in the reduction of the energy
gap (2.37 eV) of HPT@GRP process. Furthermore, the DOS
diagram reveals that the HPT@GRP complex molecule has
gained additional molecular energy levels due to this addition.
In this case, the DOS diagram is very consistent with the CDA
diagram, showing that the HPT drug was successfully linked to
the carrier GRP.

Noncovalent interaction (NCI) analysis

The difference between weak-inter-molecular-interaction and
strong localized inter-atomic attraction can be clearly distin-
guished from the NCI plot.®® The NCI graph observed the
stiletto-heel shape, reducing density gradient(s) and electron
density (7).

The RDG (s) are obtained via DFT calculation, which is the
function of r and s. Different kinds of interactions on the r and s
are explained as noncovalent, covalent, and non-interaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Charge-decomposition analysis of HPT@QGRP complex.

Hydrogen bonding and repulsive force of the interaction is the
function of A,p. its values explained in the 2D NCI plot. The 3D
colour-filled iso-surface image shows that the red colour is for
steric hindrance, blue for hydrogen bonding, and the green
represents attractive forces among the HPT and GRP. For an
efficient drug transfer system, non covalent interactions
between HPT and GRP are essential factors for offloading the
drug at the target place. Geometric optimization analysis
revealed weak interaction between GRP and HPT. These weak
interactions are beneficial because they can quickly unload
from the carrier when they approach the targeted site. A 2D
noncovalent interaction scatter-graph of RDG against sign (42) p
is plotted for HPT@GRP-complex give stiletto-heel-shape-graph
as shown in Fig. 7. This graph explains that sign (42) p = 0, so
there are weak van der Waals forces of interaction, sign (12) p
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Fig. 7 Noncovalent interaction (NCI) analysis of HPFT@GRP complex.

0.025 > 0 which indicates the steric-hindrance, and sign (12) p —
0.02 < 0 indicates that there is week hydrogen-bonding stuck
between fragments of the complex, GRP and HPT. These non-
covalent interactions are further explored in a 3D colour-filled
iso-surface image, as shown in Fig. S5.f The green region
among the fragments of the HPT@GRP complex. Represents
weak intermolecular forces called van der Waals interactions.
The blue colour represents the weak hydrogen bonding among
the H-atom of the drug and the C-atom of GRP. The
optimization-based geometric study also indicated some weak
interaction between GRP and HPT. Due to these weak interac-
tions and H-bonding, the drug molecule can be released quickly
from GRP to the cancer site. The orbitals of GRP and HPT
overlie in the HPT@GRP-complex, representing the capacity
exchange that has appeared.

Photophysical properties

In the UV-visible range, the absorption wavelengths of HPT,
GRP, and the HPT@GRP complex system measured in aqueous
and gas phase is shown in the spectrum given in Fig. 8. The
HPT@GRP-complex's maximum absorption An.x of the
HPT@GRP-complex is 525 nm, substantially more significant
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than that of HPT, which is at 119 nm, resulting in the broad
absorption pattern in the UV-visible range. The A, at 525 nm
corresponds to 2.37 eV of energy, which is compatible with the
HOMO and LUMO energy gaps of the HPT@GRP complex.
Absorption at this wavelength drives electron excitation from
HOMO to LUMO. The lower the energy gap, the longer the
wavelength of light absorbed (for example, E, = hc/A). The effect
of the aqueous medium on UV-visible calculations was also
deemed since the presence of a solvent in the system may
induce differences in the excited state energies.

Gas and solvent phase

The theoretical UV-visible absorption spectra of HPT, GRP, and
HPT@GRP-complex in the solvent phase were computed to
explore the effect of the solvent. The wavelengths of HPT, GRP,
and its complex in the solvent phase are 200 nm, 520 nm, and
525 nm, respectively. In the UV-vis region, GRP has a maximum
at 520 nm, whereas the HPT@GRP complex has a maximum of
525 nm (e.g, it is redshifted by 5 nm in the solvent phase).
Excitation was observed at 525 nm, indicating that the charge
delocalized from HPT to GRP. All of the changes were observable
in the electromagnetic spectrum, revealing that this material
might be a promising option for colourimetric and fluorescence
monitoring, both of which help identify the particular target site.
The ELF map, which shows the regions in molecular space where
the electron-density (same spin as neighbour-electron) is supe-
rior, was created using covalent connections.® ELF is denoted as
17(r) and is dependent on the kinetic energy density. The value of
7(r) varies between 0.0 and 1. Delocalization and localization of
electrons may both be detected using this value. The areas with
enormous ELF-values 0.5-1.0 have localized electrons in and out
of bonds. A covalent link, nucleus-shell, or a lone pair in these
locations may be responsible for the electron localization. The
low ELF value (0.0-0.5) represents the weak van der Waals
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interactions and spaces between electron shells where delocal-
ization occurs. The delocalization of the m-system in the
HPT@GRP-complex molecule is interpreted using ELF analysis.
Fig. S6(A and B)f show ELF electron-density pictures of GRP and
the GRP-drug combination, respectively. Before establishing the
complex, the ELF displays minor variations in electron density.
After developing the HPT@GRP complex, the electron density of
the GRP is modified. NBO analysis can help with intramolecular
and intermolecular interactions by providing relevant informa-
tion about exchanges within filled orbitals and virtual orbits. In
the NBO study of the complexes, these ELF pictures help
understand the transition from the drug to GRP and from GRP to
medicine. The electron density of carbon atoms in GRP varies
due to these transitions. Table S21 shows the changes in energy
for internal shifts in GRP before and after the development of the
complex.

Surface charge state

Whether neutral, harmful, or positive, charges on the surface
play an essential role in regulating how biological substances
(in the same way that proteins and plasma membranes exist)
interact structurally. The effects of +1 and —1 charges on the
bond distances of GRP (carrier) and its HPT@GRP complex are
investigated. In the ESI,{ geometrical structures with optimal
parameters of GRP with +1 and —1 charge states (GRP™/*) and
their related complexes (HPT@GRP™ and HPT@GRP *
complex) are shown in Fig. 9 as ESL.t The number of bonds and
their length established between the C-H and C=C are about
1.06 and 1.21 based on bond distances (measurements) for
GRP™. While the C=C bonds sizes ranging from 1.39 to 1.43.
Likewise, the bond-length study for GRP™" revealed that the
length of the bonds existing between the C-H and C=C is
around 1.08 and 1.22, respectively. While the C=C bonds sizes
ranging from 1.39 to 1.45.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Calculated bond length of (a) GRP** (b) HPT@GRP*! complex (c) GRP™! (d) and HPT@GRP~* complex.

Following HPT adsorption on the surface of GRP™"/*!, the
resulting complex of HPT@GRP V*! had a small bond length
dispersion w.r.t. GRP~*/*! carrier, as shown in Fig. 9 shows the
calculated bond lengths for GRP™', HPT@GRP ', GRP"', and
HPT@GRP" hydrogen bonding interaction between H-O and C
shows the bond length range from 2.42-2.45 are shown by the
optimized structure of theHPT@GRP"'-complex. The bond
lengths (distances) between the C=C field from 1.4 to 1.46. C-
H, O-H, and C=C have bond lengths of 1.09, 0.9, and 1.21,
respectively. The C-C bonds are separated by 1.4 to 1.56 A. The
bond-lengths of O=C are shown by the numbers that range
from 1.37 to 1.45.

The hydrogen bonding interaction between H-O and C
shows a bond length of 2.55 is shown by the optimized structure
of the HPT@GRP '-complex. The bond distances between C
and C range from 1.39 to 1.54. C-H has bond distances ranging
from 0.8 to 1.1. The lengths of C=C bonds range from 1.39 to
1.5. The bond lengths of O=C are 1.36 to 1.45. While the C=C
has a bond length of 1.21. The type of the bonds and the loca-
tions of the significant changes are revealed by charge distri-
bution on the structure. As a result, the charge distribution
assists us in identifying the active areas in the network for
further reactions. The ADCH charges (atomic dipole-moment
corrected-Hirshfeld charges) for HPT@GRP “*' complexes
were calculated and presented in Fig. S7.1

A positive charge occurs on the C and H atoms
inHPT@GRP™“**-complexes, whereas the O atoms have
a negative control. In HPT, the O atoms of the OH. group have
negative charge values (approximately 0.36 a.u.). If the

© 2022 The Author(s). Published by the Royal Society of Chemistry

HPT@GRP ' complex is used, the extent of ADCH-charge
values for other particles practically stays the same. In addi-
tion, the estimated adsorption energies for theHPT@GRP™
complex and theHPT@GRP ' complex are 1.57 eV and 1.62 eV,
respectively. The adsorption energy estimates demonstrate that
HPT adsorption on GRP in the +1 and —1 charge states results
in stable complexes. The optimized structure of the
HPT@GRP"™ complex and the HPT@GRP ' complex are rep-
resented in ESI Fig. S8.}

Photoinduced electron transfer analysis (PET)

The biological activity of a drug carrier can be obtained by
evaluating its electronic excitation. The molecular-orbital theory
is the basis of the electron-hole theory.” This electron-hole
theory is helpful in determining the electron transfer mecha-
nism and the contributions of the hole and electron orbitals in
the singlet-excited state. Fig. 10 shows the electron and hole
orbitals of the HPT@GRP complex for the first five excited
states, with the data listed in Table 2. According to the findings,
LUMO is still present on GRP, and HOMO is present on HPT
medication. The HPT@GRP compound has a Ay, at 625.3 nm
with 0.0009 F in the aqueous phase.

Longer charge transfer times are caused by larger distances
(D) between electron-hole orbitals, but shorter overlap integral
(S) values between electron-hole orbitals result in faster charge
transfer times. For the first five excited-states, in terms of elec-
tron-hole orbital distance, D bigger, i.e., 5.702 A, 0.803 A, 0.361
A,4.263 A, and 0.759 A, indicating a long charge transfer length.
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Table 2 Electron—hole analysis of 1-5 excited states of the carrier-
drug complex

Excited-state of the

carrier-drug complex 1 2 3 4 5

Amax 625 615 614 599 596

AE (eV) 1.983 2.014 2.019 2.067 2.079

F 0.0009  0.0067  0.0172  0.000 0.0121
D (A) 5.702 0.803 0.361 4.263 0.759

S 0.07667 0.80703 0.80350 0.06179 0.76237

Transition-mode CT CT CT CT CT

The orbitals overlap integral (S) is lower for the first five excited
states (0.076, 0.807, 0.803, 0.061, and 0.762, respectively), sug-
gesting a rapid charge transfer rate. Because the hole and
electron orbitals are well separated, the PET (photoinduced
electron transfer) phenomena occur between complicated
components. In the excited state at 517 nm, three electrons
move from the ground state to LUMO+1. For the third excited
state, a transfer of two electrons from the ground state to
LUMO+1 takes place at a wavelength of 508 nm. For the 4th and
5th excited states, there is just between the ground state and
LUMO+0, one electronic transition, with maximum wavelengths
of 470 nm and 456 nm. Fluorescence reduction in the emission
spectrum is caused by the PCT (photoinduced charge transfer)
and PET processes. This quenching of the biological system
reveals useful information.

Because the charge transferring process happens between
the pieces of complex HPT@GRP-complex and charge is trans-
ferred from HPT (chelator) to carrier GRP, suppression between
orbitals occurs in the fluorescence-emission spectrum, accord-
ing to this research (fluorophore). The molecule and position of
the drug in the biological system may be determined using the
repressed fluorescence intensity.

6344 | RSC Adv, 2022, 12, 6336-6346

Conclusion

In this theoretical work, the adsorption behaviour of HPT on the
functionalized GRP is investigated using the DFT method. For
this purpose, topological features of electron density, the
structural properties, and adsorption energies for the interac-
tion of HPT with the GRP are evaluated in gas and aqueous
phases. NCI calculations show that the stability of the complex
is usually governed by the development of the intermolecular
hydrogen bonds and the electrostatic interactions between GRP
and hydroxyl groups of HPT. HPT drugs at the targeted area will
quickly offload as weak intermolecular forces exist between HPT
and GRP. The adsorption energy value of the HPT@GRP
complexes has —0.205 eV and —0.0877 eV in the gas and solvent
phases, respectively. The negative values of E,4 predicted that
adsorption of HPT on GRP is favourable and HPT@GRP
complex is stable. The dipole-moment of the HPT@GRP
complex is increased as compared to GRP, and HPT specifies
the increase in the HPT@GRP-complex hydrophilicity in water
(polar solvents), which is helpful in the easy movement of the
drug in the biological systems. Frontier molecular orbital
analysis explains the charge transfer from HPT to GRP during
the complex construction process. The CDA and DOS provide
even more assistance with the charge transfer method.
Furthermore, the An.,x of the HPT@GRP-complex is
redshifted by 9 nm from GRP in the gas phase. The A« value is
also redshifted in the aqueous phase. The PET procedure and
its impacts on the HPT@GRP complex's fluorescence
phenomena were analyzed using electron-hole theory. The
GRP+1/—1 structure is insignificant, and stable complexes with
HPT are formed when the two molecules are combined. The
results showed that GRP as a medication carrier for HPT in
cancer treatment has excellent chemotherapeutic potential. It is
hoped that this theoretical work may pique researchers’ interest

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in exploring the potential of alternative 2D nanomaterials for
medication delivery. Overall, theoretical data such as enhanced
solubility, good complex stability, reduced bandgap, weak van
der Waals forces between drug and carrier, and charge transfer
mechanism indicate that the HPT@GRP complex is the ideal
drug delivery strategy for cancer treatment. In conclusion, GRP
has tremendous therapeutic promise as a vehicle or carrier for
HPT medication delivery in cancer treatment.
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