Biointerface Research in Applied Chemistry
Open-Access Journal (ISSN: 2069-5837)
Article
Volume 13, Issue 3, 2022, 258
https://doi.org/10.33263/BRIAC133.258

Molecular Simulations of 6-Gingerol Loading on
Graphene and Graphene Oxide for Drug Delivery
Applications

M-Ali AL-Akhras !, Basmah Odat !, Venkatesha Narayanaswamy 2, Marwan Suleiman Mousa ®, Bashar
Issa 2, Mutawakil Obeidat 4, Imaddin A. Al-Omari 5, Ihab M. Obaidat " ®

! Bio-Medical Physics Laboratories, Department of Physical Sciences, Jordan University of Science & Technology, P.O.
Box 3030, Irbid-22110, Jordan; alakmoh@just.edu.jo (M.A.A); hnoudat18@sci.just.edu.jo (B.O.);

2 Department of Medical Diagnostic Imaging, College of Health Sciences, University of Sharjah, Sharjah, P.O. Box 27272,

UAE; venkateshnrn@gmail.com (V.N.);

Department of Physics, Faculty of Science, Mut'ah University, Jordan, AL-Karak; mmousa@mutah.edu.jo (M.S.M.);

Faculty of Science and Arts, Jordan University of Science and Technology, Jordan; mobeidat@just.edu.jo (M.O.);

Department of Physics, Sultan Qaboos University, P.O. Box 36, Muscat PC 123, Oman; ialomari@squ.edu.om (l.A.A);

Department of Physics, United Arab Emirates University, Al-Ain 15551, UAE; iobaidat@uaeu.ac.ae (1.M.O);

Correspondence: iobaidat@uaeu.ac.ae (1.M.0.);

¥ o 0 & w

Scopus Author ID 10440642200
Received: 6.02.2022; Accepted: 27.03.2022; Published: 11.06.2022

Abstract: Loading of the anti-cancer drug 6-gingerol on graphene, graphene oxide, and Fe;O4
nanocarriers is investigated using Monte Carlo (MC) adsorption locator simulations in the gases phase.
Molecular dynamics (MD) simulations are used in agueous medium and neutral pH for the adsorption
of 6-gingerol. In this study, the 6-gingerol loading ability of graphene oxide is studied as a function of
the oxidation extent of graphene oxide (GO), and the effect of functional groups on drug loading
properties is investigated. MC adsorption locator energy calculations which were done in a gaseous
space, indicate that the 6-gingerol molecule prefers to be adsorbed at the less oxidized sites of the
graphene oxide framework. The linear hydrophobic chain of the 6-gingerol molecule prefers to bind to
the aromatic region of graphene oxide. In contrast, it has the least affinity for the Fe;O4 nanoparticle
surface, which is indicated by the adsorption energies. The MD simulations were carried out in an
aqueous medium under neutral pH. To determine the nature of the 6-gingerol attachment and release in
the aqueous medium, radial distribution functions (RDF) were obtained from MD simulations. The RDF
values suggest that the physical distance of separation depends on the oxidation extent of the graphene
oxide. The MD presented in this study will help in fine-tuning nanocarrier synthetic methods for
gingerol delivery applications.
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1. Introduction

Gingerols are a group of molecules consisting of phenolic compounds found in
naturally occurring ginger which is consumed as a key spice food ingredient in south Asia
[1,2]. Traditionally ginger (Zingiber officinale, Zingiberaceae) is an ancient herb that has been
used to treat cold, cough, arthritis, digestive disorders, dyspepsia, vomiting, diarrhea, gastritis,
asthma, inflammation, nervous disease, hepatotoxicity, and migraine [3-9]. The principal
pharmacologically active molecule of ginger is 6-gingerol (1-[4'-hydroxy-3'-methoxyphenyl]-
5-hydroxy-3-decanone), and the active section of the molecule is the aliphatic chain moiety
https://biointerfaceresearch.com/ 10f 13
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bearing a hydroxyl group [10,11]. The 6-gingerol has shown a good response to anti-cancer,
anti-inflammatory, and antioxidant properties [12—-14]. 6-Gingerol has been found to have anti-
cancer properties through its effects on a range of biological pathways, including apoptosis,
cell cycle regulation, cytotoxic action, and angiogenesis suppression [9,15]. As a result of its
efficacy and modulation of several targets, as well as its safety for human usage, 6-gingerol
and curcumin have the same scientific classification and are reported to have anti-inflammatory
with many therapeutic effects; both have attracted attention as a possible therapeutic agents for
the prevention and treatment of various cancer types [16-21]. Lishuang et al. have reported in
vitro study showing that 2.5 uM of 6-gingerol has potent a cytotoxic activity to reduce 50% of
cancer cell growth for large lung carcinoma cell lines (COR-L23) [22]. Sudipta et al. have
reported that 6-gingerol inhibition pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-a) and interleukin (IL-1B), and it could inhibit inflammation associated with
osteoclast by reducing prostaglandin E2 levels [23]. So this attracted attention to 6-gingerol,
making it a promising pharmaceutical drug for developing alternative chemical drugs.
Unfortunately, lipophilic properties and poor pharmacokinetic characteristics of 6-gingerol
limit its activity in drug therapy. For improving the bioavailability of 6-gingerol, a clinical
formulation is needed through drug delivery vehicles. Recently, nanocarriers—based drug
formulation for clinical applications is the best choice for increasing the drug stability,
increasing water solubility, improving immobility of therapeutic drugs, and minimizing side
effects in systematic human health [24-27]. The pharmaceutical industry is focused on
developing a drug carrier system to deliver targeted and regulated medication release over time.
This is important for designing nanocarriers for water-soluble medicinal compounds like
curcumin and 6-gingerol [28,29]. It would be useful to create a drug carrier system that could
overcome these restrictions and distribute drugs in a regulated and targeted manner. Graphene
oxide is an excellent nanocarrier due to its properties, including excellent thermal and electrical
conductivity and fast mobility of charge carrier, Graphene Oxide (GO) has oxide functional
group (epoxy, hydroxyl, and carbonyl group) on its structure which makes graphene more
stable and soluble in water [30,31]. The GO is studied as a nanocarrier for the biologically
active materials with anti-cancer, antimicrobial, or anti-inflammatory properties such as gallic
acid, caffeic acid, limonene, and nutmeg and cembra pine essential oils [32]. The studies have
shown that some of these molecules have a strong affinity for GO, and they are water-insoluble,
which makes the release of the drug molecules complicated. To address this issue, it is essential
to optimize the physicochemical properties of the nanographene, such as oxidation extent,
functional groups, and size of the GO sheets. GO sheet acts as functionalized graphene-based
material to build drugs on its surface structure through n-n stacking, electrostatic (hydrophobic)
interaction, hydrogen bonding, and van der Waals interaction [33,34]. The distinguishing
properties of the 2D GO sheet make it the best biocompatibility nanocarrier for drug loading
and delivery applications in cancer therapy and bio-imaging [35]. On the other hand,
biocompatible material such as polyethylene glycol (PEG) can be used with nanocarrier for
preserving GO from the immune system [36,37]. In addition, PEG has hydrophilic properties
that can improve water solubility and stability of nanocarrier drug delivery formulation. GO
with FesO4 nanocomposites are extensively studied for biomedical applications like MRI, drug
delivery, and magnetic hyperthermia [38,39]. It is essential to understand the drug loading onto
the surface of the FesOs nanoparticles for targeted drug delivery. Understanding the
mechanisms involved in the adsorption and release of the drug molecules like gingerol,
curcumin, and doxorubicin is important. The ferrite nanoparticles are usually functionalized
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with biocompatible polymers like polyethylene glycol and chitosan [40]. In this study, we use
molecular simulation to tune synthetic methods of nanocarriers for 6-gingerol delivery
applications and estimate of 6-gingerol loading capacity of Graphene, GO with different
oxidation extent. Also, 6-gingerol loading capacity of GO and Fe304 nanoparticles is obtained
using Monte Carlo adsorption locator simulation. The adsorption locator helps determine the
basic interaction responsible for the adsorption of 6-gingerol on the GO sheet. Adsorption
locator energy calculations were used to determine adsorption preference at the preferred site
of GO. Radial distribution function calculations are obtained from molecular dynamic (MD)
trajectories and the equilibrium distance of separation 6-gingerol from the GO sheet. This study
aims to design and simulate new synthetic methods of nanocarrier such as Graphene and
Graphene Oxide for 6-gingerol delivery applications using MD and Monte Carlo simulation.

2. Computational Method

The Models of Gingerol, Graphene, GO1, and GO2 were created in BIOVIA Materials
Studio (V7.0). To create the GO sheets, the graphene sheet surface was randomly decorated
with hydroxyl and epoxide groups. Graphene oxide with two different oxidation densities was
created. The highly oxidized GO is denoted as GO2, and the least oxidized sheet as GO1. The
energy and geometry of the Gingerol, Graphene, GO1, and GO2 were optimized using the
DREIDING force field. DREIDING is a generic force field that is used to predict the structures
and dynamics of organic, biological, and inorganic functional-group molecules. DREIDING
follows the universal force constants and geometry parameters based on simple hybridization
considerations rather than individual force constants and geometric factors dependent on the
specific atom combinations involved in the bond, angle, or torsion terms. DREIDING force
field will describe interactions involving a hydrogen bonding atom due to electronegative
atoms [41]. The structures of gingerol, graphene, GO1, and GO2 are shown in Figure 1.

C Gingerol

GO2
Figure 1. Geometry and energy-optimized gingerol, graphene, GO1, and GO2 (Gray-C atoms, White-H atoms,

Red-O atoms).
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2.1. Monte Carlo adsorption locator simulations.

Adsorption locator studies were designed to examine the gingerol interaction with
graphene GO1, and GO2 surfaces. Studies would seek to compare the energy-minimized
binding configurations as well as adsorption energies. Molecular mechanics tools were used to
investigate the Graphene/ GO1/GO2-Gingerol systems.

The adsorption Locator module in Materials Studio was used to predict the adsorption
of the gingerol molecules on GO1,2 and graphene surfaces. The adsorption locator helps find
the most stable adsorption sites for the range of materials. Energy and geometry optimized
gingerol molecules have been simulated as adsorbate on graphene/GO1,2 substrate surfaces to
find the lowest energy adsorption configurations and investigate gingerol molecules'
preferential adsorption sites. The Monte Carlo method is used to calculate the adsorption

configurations and binding energy of drug molecules [42,43].
(a) Gl

(®) GOl

Figure 2. One of the configurations of (a) Gingerol/graphene, (b) Gingerol/GO1, and (c) Gingerol/GO2 systems
obtained by adsorption locator using the Monte Carlo Method. (Gray-C atoms, White-H atoms, Red-O atoms).

This computational work identified possible adsorption configurations by carrying out
Monte Carlo searches of configurational adsorption of 6-Gingerol/G/GO1,2 and Fez04 systems
for minimum energy configurations from which the average values of the adsorption energies
were calculated. One of the configurations for each Gingerol/graphene/GO1,2 system is shown
in Figure 2. The corresponding adsorption energies of the minimum adsorption energy
configurations are listed in Table 1.

Table 1. Energies obtained from an Adsorption Locator calculation. The energy of the stable GO1,2-Gingerol
and Graphene-Gingerol configurations.

Structures Adsorption energy (kcal/mol) | Rigid adsorption energy (kcal/mol) | Deformation energy (kcal/mol)
Graphene-Gingerol | -133.78 -142.68 8.89
GO1-Gingerol -110.22 -117.69 747
GO2-Gingerol -109.38 -115.38 5.96
Fes0s-Gingerol -59.20 -61.90 2.70

https://biointerfaceresearch.com/ 4 0of 13


https://doi.org/10.33263/BRIAC133.258

https://doi.org/10.33263/BRIAC133.258

These MC simulations were obtained in the gas phase for the well-separated molecules.
The trend of adsorption energies of the ensembles calculated was compared with the ones
obtained from the MD simulations.

MC simulation can reasonably predict the most favorable configuration for the 6-
gingerol molecule adsorption on the graphene framework. The 6-gingerol molecule is placed
near the graphene framework, and optimization is run under quench molecular dynamics
simulations. The adsorption energy consists of van der Waals energy and intramolecular energy
using MC simulations are shown in Figure 3.

04
=204
=
= -404
w
“
<
=, 60
(]
2
= .80
-100 4 * S :
van der Waals energy
——— Intramolecular energy
<120 4
T v L] L} 1 Al
0 10000 20000 30000 40000 50000
Steps
(b) GOl ©) GO2
04 0 =
~ 204 204
; ~40 4 _!j: 40
g 60+ >, 60+
- on
5
3
-80 4 .80
Al
—— van der Waals energy
=100 4 van der Waals energy 1004 Intramolecular energy
| — Intramolecular energy |
. ’ = L A ’ T T T T T
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Steps Steps

Figure 3. Average van der Waals and intramolecular energies of the (a) 6-gingerol/Graphene, (b) 6-
gingerol/GO1, and (c) 6-gingerol/GO2.

In calculating adsorption locators, the metropolis Monte Carlo approach involves four
steps for the 6-gingerol adsorption on the graphene surface. The molecules tend to form a stable
conformer through rotation, translation, and regrowth to form the canonical ensemble. The
adsorption energy determines the affinity of the 6-gingerol molecule to adsorb on the
G/GO1,2/Fe304 surface. In the MC calculations, substrate energy (G/GO1,2/Fe304) is taken as
zero. The adsorption energy (in kJmol™) reports the energy released when the relaxed 6-
gingerol is adsorbed on the G/GO1,2/Fes04 surface. The adsorption energy is calculated from
the sum of the rigid adsorption energy and the deformation energy for the 6-gingerol molecule.
The rigid adsorption energy (in kimol™) reports the energy released when the unrelaxed 6-
gingerol molecules (i.e., before the geometry optimization step) are adsorbed on the substrate.
The deformation energy (in kmol™) reports the energy gained when the adsorbed 6-gingerol

molecule is relaxed on the substrate surface. From the adsorption energy values, the
https://biointerfaceresearch.com/ 5 of 13
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energetically favored adsorption sites for 6-gingerol are the less oxidized GO sites. The
adsorption density (high probability for adsorption) is shown in Figure 4, in which there is no
peak, indicating that the adsorption is favored over the range of energies.
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Figure 4. Adsorption energy distribution of the adsorbate 6-gingerol on Graphene, GO1, and GO2 surface.
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Figure 5. One of the configurations of (a) 6-gingerol/Fe;O4 nanoparticle system, (b) Average van der Waals
and intramolecular interaction energies of the 6-gingerol/Fe;04, and (c) Adsorption energy distribution of the
adsorbate 6-gingerol on Fe304.

The MC adsorption locator calculations for the 6-gingerol loading on the FezOs
nanoparticles are obtained with the similar force field and parameters used for the graphene
oxide. The orientation of the 6-gingerol molecule on the nanoparticle surface is shown in Figure
5(a). The energy distribution for the adsorption process is given from the probability density
plot shown in Figure 5(c). The peak at energy -2 kcal/mol indicates that the high number of 6-
gingerol molecules are adsorbed at this energy. The adsorption energies trends shown in table
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1 show that the 6-gingerol has the least affinity for the FesO4 surface compared to the graphene
framework.

2.2. Molecular dynamics.

MD simulations of 6-gingerol-GO1/GO2 in an aqueous solution were carried out using
a material studio. The energy and geometry of the GO1,2 sheet and 6-gingerol molecules are
minimized using the DREIDING force field and eventually solvated in a cubic box with 1000
water molecules. A nose thermostat was used to control the system at a constant temperature,
and pressure was maintained constant using Berendsen-Barostat [44]. Periodic boundary
conditions were applied, and simulations were conducted using the NPT ensemble (constant-
temperature, constant-pressure ensemble) with a constant pressure of 1 bar and constant
temperature of 298 K. Van der Waals interactions were treated with a cutoff distance of 12.5
A and long-range electrostatic interactions were treated using particle-particle/ particle-mesh
(PPPM) method.
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Figure 6. Total energy fluctuations during Molecular dynamics simulations for 3000 ps of the (a) 6-
gingerol/Graphene, (b) 6-gingerol/GO1, and (c) 6-gingerol/GO2.

The simulations were conducted for a time period of 3 ns, and the trajectories,
velocities, and forces corresponding to all molecules in the system were saved every 5 ps. The
simulation time of 3 ns provides the best optimization between computational time and the MD
results obtained. Initial geometries of the simulation box were generated using an amorphous
cell module by ramping the density from 0.6 to 1 g/cm3 in Material Studio. The energy and
geometry of the solvated box are minimized using the DREIDING force field and forcite
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module. Energy fluctuation during the MD simulations is provided in Figure 6 (a, b, ¢). The
total energy of the equilibrated canonical ensemble 6-gingerol-G/GO1,2 is -7944.3, -7015.3,
and -5703.7 kcal/mol for the 6-gingerol adsorption on the G, GO1, and GO2 sheets,
respectively. The negative energies of the equilibrated systems under neutral pH indicate that
the 6-gingerol forms a stable complex with the graphene surface and a high dependency on
oxidation.

Possible interactions between Graphene, GO1,2, and 6-gingerol molecules include van
der Waals, electrostatic, hydrophobic (interaction between water and aromatic rings of
graphene framework), n-n bonding, and hydrogen bonding with the hydroxyl groups of GO.
Functional groups (carbonyl, hydroxyl, and Carboxyl) of GO enhance the adsorption of 6-
gingerol through electrostatic interactions. GO possess C=C double bond framework, which
helps in the m-m bonding interaction. Equilibrium configurations obtained through MD
simulations and adsorption locator confirm that the predominant interaction is n-7 electron
coupling for the adsorption of 6-gingerol on graphene and GO sheets.

(b)
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Figure 7. (a) Molecular dynamics simulations snapshots of 6-gingerol/Graphene. (b) Molecular dynamics
simulations snapshots of 6-gingerol/GO1. (c) Molecular dynamics simulations snapshots of 6-gingerol/GO2.

The equilibrium distance between the 6-gingerol molecule and G/GO sheet is obtained
by calculating the Radial Distribution Function (RDF). The RDF defines the probability of
finding a 6-gingerol molecule at a distance r from the G/GO surface [45]. The average distance
of the gingerol molecules from the substrate surface is shown in Figure 8.

90 = 5

r - the distance between 6-gingerol molecules from surface atoms of GO;
n(r) - time-averaged number of 6-gingerol molecules in r + Ar;
b - number density of the system.

g(1)

2 4 £ (A) 6 8 10

Figure 8. Radial distribution functions between 6-gingerol and Graphene/GO1,2 obtained from the MD
calculations.

The 6-gingerol molecule is at 4.80 A from the graphene and GOL1 sheet, whereas its
distance of separation from the GO2 sheet is 5.89 A. This physical distance of interaction is
attributed to the functional groups present on the GO2 sheet. This indicated the non-oxidized
part of the graphene oxide could serve as a preferred site for the loading of water-insoluble
drug molecules through the mn-m bonding, covalent, hydrogen bonding, m-m bonding,
hydrophobic, electrostatic, and van der Waals forces at the surfaces.
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3. Conclusions

Using a Monte Carlo adsorption locator and MD simulations, the drug loading capacity
of 6-gingerol on graphene and graphene oxide sheets with varying degrees of oxidation was
determined. The drug loading capacity of the graphene oxide sheet is shown by MC loading to
be dependent on the extent of oxidation. The pristine graphene can adsorb more drugs, whereas
the highly oxidized graphene can adsorb less. The FesO4 nanosurface has less 6-gingerol
loading capacity than the GO; optimizing the properties of GO-ferrite hanocomposite will
assist in designing the high drug loading and releasing agents. The adsorption energies obtained
for graphene, GO/6-gingerol configurations also show that 6-gingerol loading is high for
pristine graphene but low for highly oxidized graphene oxide sheet GO2. 6-gingerol shows a
high affinity for the graphene framework compared to the Fe3O4 surface. Molecular dynamic
simulations using the NPT ensemble at neutral pH also show that 6-gingerol loading is lower
for the highly oxidized GO sheet. Even though the loading capacity of GO1 and GO2 differ,
the equilibrium distance of separation of 6-gingerol on GO1 and GO2 is comparable. The
equilibrium configurations obtained after 3000 ps simulation time show that only a few
molecules were adsorbed on the GO2 sheet, whereas the GO2 sheet has a higher number of 6-
gingerol molecules. The simulation studies presented here give insight to the required
properties of the nanocarrier synthesis for 6-gingerol loading and releasing agents.
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