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ABSTRACT

The designs of target-drug delivery systems are attractively concerned due to their efficacy and
safety. Fullerene is the first symmetrical carbon nanomaterial invented in the world. Due to the
special properties of fullerene, it is an emergent topic in nanomaterials in recent years. Many ex-
perimental studies used this material to form the drug-carrier system and have shown a significant
improvement in the pharmacokinetic properties of the active substance. Curcumin is a natural
compound extracted from turmeric, with many pharmacological properties such as antiviral, an-
tibacterial, and impact on cancer cells, etc. However, curcumin's pharmacological properties are
hardly clinically demonstrated due to its water-solubility. A fullereo-curcuminoid derivative to HIV
viruses and cancer cells was created, in which curcumin is out-bound to fullerene. HIV antiviral
properties showed only moderate efficiency, and no anti-cancer effect was observed. Another dis-
advantage of the out-bound fullereo-curcuminoid derivative is that it is hard to control the num-
ber of curcumin-derivative molecules that bind out-surfaced fullerene, which is a critical problem
we need to deal with since curcumin overdose causes side effects to the digestive system, skin,
or headache. For the above reasons, we decided to conduct this research, focusing on the com-
putational approach of in-bound fullereo-curcuminoid derivative systems for drug delivery, with
adequate fullerene size to encapsulate curcumin molecules. This proposed model is promising not
only to create a better anti-solvent shield for the curcumin molecule throughout the delivery path
to the target cells but also to manipulate the curcumin dose since the fullerene shield may increase
the efficiency of curcumin carrying. This research uses the computational simulation method to in-
vestigate the epidermal growth factor (EGF) receptor binding and the physicochemical parameters
of the curcumin molecule encapsulated in fullerene. The density functional theory (DFT) calcula-
tion is conducted to observe the electrical and energetic properties of the curcumin-fullerene en-
capsulation system. The obtained system is then docked with the target receptor. After that, the
size-modified defected gap will be created on the fullerene surface in the release process of the
curcumin out of the fullerene. To interact with the target residues on the receptor will be observed

by using MD simulation and their interaction stabilization.
Key words: Curcumin, Drug delivery design, Fullerene-based drug delivery, In-silico

INTRODUCTION

Drugs are small organic molecules that are long
widely used in health care and medicine. The de-
sign of the molecular drug formulas is increasingly
applied with advanced techniques to help quickly de-
velop new products that enhance the effectiveness and
safety of the treatment process. Along with this de-
velopment, it is recognized that even drugs developed
with the most advanced molecular biology strategies
present unacceptable side effects due to their interac-
tions with their non-targets. These effects limit the
ability of the medicinal design products to treat dis-
eases such as cancer, neurodegenerative diseases, and
other chronic diseases. To handle these issues, new
delivery systems such as targeted delivery systems or
special control systems need to be designed to help
improve efficacy and safety compared to traditional

methods!. Fullerene or buckyball is a molecule con-
taining 60 carbon atoms (C60). Before that, scien-
tists only knew of two pure forms of carbon: diamond
and graphite. In 1985, British chemist Harry Kroto,
thanks to a telescope, discovered strange chains of car-
bon atoms billions of kilometers (km) away in the uni-
verse, around massive stars that emit red light. Kroto
then had contacts with Richard Smalley and Robert
Curl, two American scientists working in short-lived
groups of atoms. They used a powerful laser beam
to vaporize graphite in helium gas (simulating con-
ditions in red stars) and discovered many previously
unknown carbon molecules, most notably C60. The
outer shape resembles a soccer ball, and scientists call
it a fullerene?. The invention, published in the Na-
ture journal, has shocked the scientific world. Peo-
ple quickly realized that fullerene could be a molecule
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with many very useful applications. In 1996, Curl,
Kroto, and Smalley were awarded the Nobel Prize for
discovering fullerene. Fullerenes are spherical caged
carbon molecules, about 7-30 A in diameter, consist-
ing of several five-membered (pentagonal) and hexag-
onal (hexagonal) rings.

Currently, scientists have discovered hundreds of dif-
ferent combinations of hexagons/pentagons. To cre-
ate a closed cage, all fullerene molecules have the
formula of C20 + m, where m is an integer. For
example, the proposed structure of C60 is a “trun-
cated icosahedron” A truncated icosahedron is de-
rived by replacing twelve vertices with the five-sided
rings. Also, transform the twenty triangle faces with
a hexagon ring like a soccer ball with 12 pentagons
and 20 hexagons (Figure 1)3. Many hollow nested
structures can be built using different combinations
of hexagons/pentagons. Interestingly, each hollow
nested structure contains exactly 12 pentagons, while
the number of hexagons is arbitrary. This number of
pentagonal rings is required to form a closed hollow
cage®. The smallest possible fullerene is C20, contain-
ing 12 pentagons and no hexagons. Characterizing
the bonds in C60, each vertex of the truncated icosa-
hedron is occupied by one carbon atom. Each carbon
atom forms a bond with three other carbon atoms, in-
cluding one double bond and two single bonds>.
There are two types of roundabouts: (6.6) - Figure 2a
and (5,6) - Figure 2b. The connection between two
rings of 6 has an average length of 1.391 A, while the
connection between rings of 5 and of 6 has an aver-
age length of 1.449 A%7. Therefore, the bond in the
ring bridge (6.6) has similar characteristics to the dou-
ble bond, while the bond in the ring bridge (5,6) has
characteristics close to the single bond. The pentago-
nal rings have no common sides (Figure 2).

a b ¢

Figure 1: a) Icosahedron; b) Truncated icosahedron;
¢) Fullerenes, C60°. (Hinh nay nén c6 tén chung
cho 3 hinh thanh phan; sau d6 cha thich tiing
thanh phan)

The carbon atoms are in the sp? hybridized state
(1 hybrid 2s orbital with 2p orbitals) because three
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sigma bonds are formed with three neighboring car-
bon atoms, and the other 2p orbital forms pi bonds.
The angle between the p axis and the C-C bond vector
(8p) is 101.6° 8. For sp2 hybridized C atom (trigonal
shape), the hybridized orbitals lie in the same plane
and have the angle 8, = 0°, while for sp? hybridized
C atom (tetrahedral form), the angle 6p = 19.5¢ (Fig-
ure 3). Therefore, the C atom in fullerene (C60) has a
geometry closer to the tetrahedral structure than the

triangular one.

Figure 2: The structure of C60: a) Bond at the ring
bridge (6.6); b) Bond at the ring bridge (5,6)°.

H,C==CH, CH,

04 = 90°

0p=0°
a)

Figure 3: The pyramidal angle (8, = (0 » - 90°) of:
a) C planar sp? hybridization; b) C sp? tetrahedral hy-
brid and c) C sp? non-planar hybrid®.

Fullerene is the world’s first symmetric carbon nano-
material invented. Due to the special properties
of fullerenes, it is currently a prominent topic in
many areas of nanomaterial research. There have
been many experimental studies using this material
to form a drug carrier system and have shown a sig-
nificant improvement in the pharmacokinetic proper-
ties of the active substance*!?. Curcumin is a natural
compound extracted from turmeric, which has many
pharmacological properties such as antiviral, antibac-
terial, anti-cancer. However, due to the insoluble na-
ture of curcumin, the pharmacokinetics of curcumin
are hardly observed in clinical studies.
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Currently, there are quite a few studies on the con-
struction and simulation of drug delivery system
models by using computational methods. For exam-
ple, research in the field of medicine often focuses
on the purification of active ingredients and inves-
tigating the effects of the curcumin on the acetyl-
cholinesterase (AChE) and the beta-secretase (BACE-
1) receptors loke the work of the authors Thai Khac
Minh et al.ll.
computational simulation studies such as the struc-

For fullerenes, there are also some

ture, the antioxidant capacity of some polyphenols,
and fullerene derivatives (C60) by using the computa-
tional chemistry method by Nguyen Minh Thong 2.
Castro E. Cer6n and colleagues conducted an ex-
perimental study to create externally bound to
fullerenes 1°. Although, as we can see in Figure 4, the
fullerene derivative with curcumin by Castro E. Cerén
et al. 19, the curcumin molecule binds outside the sur-
face of the fullerene. This makes curcumin more eas-
ily exposed to and destroyed by external factors.

00 5
’\)'\/u\/‘ 4’“
X o
R R “CBr,, DBU
ek 23%-55%
R

Figure 4: Curcumin and fullerene derivatives by ex-
perimental method '°.

The compound in Figure 4 is then tested in vitro for its
anti-HIV and anti-cancer effects. The obtained results
at a concentration of 3 M above the derivative could
inhibit 64% of HIV infection and help prevent viral
entry; however, the antitumor effect was not observed
in the group’s experiment research '°.

Research on the effect of the curcumin on the tyro-
sine kinase receptors by the authors A. Golonko, H.
Lewandowka, and colleagues has confirmed the role
of the curcumin’s anti-cancer effect on the different
types of cancer. This is an activity commonly found
in the polyphenols such as curcumin at the cellular
level.

The effects of curcumin are multidirectional on
the multiple cancer-suppressive signaling pathways,
At the
same time, because it comes from nature, curcumin

making it difficult to resist the resistance.

promises to lead to safe treatment and fewer side ef-
fects during the treatment compared to the other can-
cer chemotherapeutic compounds.

However, due to the curcumin’s hydrophobic nature,
the curcumin’s pharmacokinetic properties cannot
be clinically expressed. Many studies are conducted
to modify the curcumin molecule to increase the
bioavailability properties of this potential molecule 3.
Regarding the simulation calculation method, in-
tending to find the carrier for the active ingredient
hydroxyurea (HU), the authors Peng Wang, Ge Yan,
Xiaodong Zhu, Yingying Du, Da Chen, and Jinjuan
Zhang used a paltry calculation method of the den-
sity functional theory (DFT) on two models of the pri-
mary fullerene C60 and the fullerene with the MC59
allergens (M=B, Si, Al). The calculated results show
that the absorption of the HU on the C60 fullerene is
not good and unsuitable as a carrier for the HU (Fig-

ure 5). In contrast, the HU is well absorbed on the
BC59, the SiC59, and the AIC59, which are poten-

tial candidates for the HU distribution system (Fig-
) 14.

ure 6

Figure 5: Optimum structures of C60 (a) and HU-
C60 (b) 4.

-

HU-BCsg HU-SiCsg HU-AICs9

Figure 6: The optimized most stable structures and

the corresponding charge density difference (CDD)
of HU-BC59, HU-SiC59 and HU-AIC59 1.

To increase the bioavailability of the curcumin, some
studies create a derivative of the curcumin with a
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fullerene, in which the curcumin is bound to the sur-
face of the fullerene; the derivative is then studied
for antivirus effects on HIV and anti-cancer proper-
ties 19, However, the antiretroviral properties of HIV
showed an undesirable effect, and no antitumor ef-
fects were observed!?. This can be conjectured that
fullerene binds externally to curcumin resulted in the
curcumin molecules being degraded on the route of
drug delivery. One disadvantage of this derivative is
that it is difficult to control the number of the cur-
cumin derivatives that bind to the fullerene, which is
a matter of concern because an overdose of the cur-
cumin will cause adverse side effects on the digestive
system, skin, or nervous system15‘17. A model that
poses the curcumin inside a fullerene material, mean-
ing that the curcumin is encapsulated with a fullerene
molecule, would solve the above problems. Fullerene
now could be considered as a new targeted drug car-
rier. However, the effectiveness of this model has not
yet been evaluated, leading to the need for prelimi-
nary studies to theoretically evaluate the effectiveness
and feasibility of this derived system.

COMPUTATIONAL METHOD

Molecular Structural Data

The structures of the curcumin and the protein Epi-
dermal growth factor receptor (EGFR) are obtained
from the database '® and the protein databank '°, cor-
responding. The fullerene’s model of 540 carbon is
built with the Avogadro software.

Molecular dynamic simulation

The curcumin-encapsulated fullerene system, the
fullerene defect systems, and the interaction of the
simulation system with the target protein are simu-
lated using the GROMACS simulation software.

The GROMACS is a simulation software specialized
for biological macromolecules, such as DNA, RNA,
or proteins. Therefore, it will not be difficult to cre-
ate the necessary files for the software for predefined
macromolecules in the library of force fields. But for
molecules like curcumin and fullerene, we must rede-
fine it by adding the parameters of these molecules to
the force field library.

As small molecules like curcumin, we can use au-
tomated tools to generate the parameter file for it.
There are methodologies or software programs for
each force field that purport to give parameters com-
patible with various force fields.

In the framework of this article, we chose OPLS-AA
(all-atom) force field. The OPLS (Optimized Potential
for Liquid Simulations) force field was developed by

Si54

William L. Jorgensen and Julian Tirado-Rives at Pur-
due University and later at Yale University2°. The pa-
rameters of the OPLS force field are developed and
verified with experimentally obtained properties of
liquid systems (density, heat of vaporization). The
OPLS philosophy is based on fitting molecular me-
chanics (MM), the potential energy surface (PES) sur-
faces (parameters) to experimental data sets, which
render this force field (FF) especially powerful for
accurately describing condensed phase properties of
small drugs.

The automated tool LigParGen (A server from the Jor-
gensen group to produce OPLS topologies) is chosen
to get the parameter of curcumin?!~23, The struc-
tural charge of the molecule is then optimized by DFT
method.

In the case of fullerene C540, it is quite difficult to use
tools that automatically generate parameter files be-
cause this molecule is very large and doesn’t have any
parameter file available in the library. We used the pa-
rameters of the available homologous structures of the
OPLS force field library to define the carbons of the
fullerene, the carbon we take the parameter of naph-
thalene fusion C9. The type of bond between the car-
bons is like Tryptophan, Tyrosine, or Phenol. We use
that of phenol for the angle type and the aromatic ring
for the dihedral type. We then optimized the charge
of fullerene using the Tight-binding method **.

For simulating the curcumin-encapsulated fullerene
system, firstly, the initial configuration of the simula-
tion system is optimized by 100,000 steps of the steep-
est descent algorithm. Then, we run an ensemble to
equilibrate the system at a desired temperature and
pressure (300K and 1 bar, respectively) in 8 ns.

To form the fullerene defects, the holes on the
fullerene surface are created by manually removing
carbon atoms in the PDB files to create new files with 5
carbon, 16 carbon, 32 carbon size holes. Next, the ge-
ometrical structures of the defective fullerene are op-
timized using the Tight-Binding method. New sys-
tems with 5-carbon, 16-carbon, and 32-carbon de-
fects are then simulated following the same steps as
the curcumin-encapsulated fullerene system.

From the second stage configurations, if curcumin
can move out of the fullerene capsule through the de-
fect holes, we select that structure and interact with
the target protein. In case the bonds between cur-
cumin and fullerene are too strong, we will investi-
gate the effect of curcumin when bringing the target
protein molecule close to the hole and investigate the
free energy variation of the system between curcumin
and fullerene the protein. Structures with proteins are
also processed and simulated in the same way as the
fullerene-encapsulated curcumin system.
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RESULTS

The curcumin-encapsulated
model

fullerene

Figure 7: Visualized curcumin molecular structure
using VMD.

Figure 8: Visualized fullerene molecular structure
using VMD.

Figure 9: Visualized curcumin inside fullerene using
VMD.

Fullerene defects

a)

Figure 10: Fullerene molecular charge density dis-
tribution: a) According to each group with the same
charge value; b) According to the group of positive
and negative charges. The blue color is represented
the negative charge, and white color is represented
the positive charge
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Figure 11: RMSD of the system after molecular dy-
namic simulation.

Figure 12: Molecular structure with holes in the
fullerene surface.
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Figure 13: RMSD of 5C size fullerene defect simula-
tion system
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Table 1: Energy of the system after running molecular dynamics

Energy Average (kJ/mol) RMSD (nm)
Bond 34750.4 254.877
Angle 1083.71 30.638
Ryckaert-Bell. 2364.68 29.7468
Improper Dih. 5.92375 2.47288
L]-14 1283.56 9.78819
Coulomb-14 -125.045 3.59434

LJ (SR) 61162.3 661.741
Coulomb (SR) -80711.6 2529.22
Potential 18443.4 2571.03

Table 2: Fullerene and curcumin interaction energy

Energy Average (kJ/mol) RMSD (nm)
Coul-SR 0.124847 0.237061
LJ-SR -205.551 5.45033

Table 3: Energy of the 5C size system after running the simulation.

Energy Average (kJ/mol) RMSD (nm)
Bond 1230.3 94.6168
Angle 1276.9 59.9649
Ryckaert-Bell. 2009.95 36.6072
Improper Dih. 5.47294 2.37605
L]-14 5297.95 42.6237
Coulomb-14 -89.3839 3.45103

LJ (SR) 9309.14 942.624
Coulomb (SR) -84321.8 3417.6
Potential -65438.4 3570.16

Table 4: Energy of the 16C size system after running the simulation.

Energy Average (kJ/mol) RMSD (nm)
Bond 1082.42 150.476
Angle 1530.77 102.848
Ryckaert-Bell. 1942.16 43.6017
Improper Dih. 4.13165 2.00658
L]-14 5065.33 42.1742
Coulomb-14 -103.996 3.04576
LJ (SR) 11090.8 1589.22
Coulomb (SR) 2700 5582.46
Potential -70018.6 4345.06
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Table 5: Energy of the 32c size system after running the simulation.

Energy Average (kJ/mol) RMSD (nm)
Bond 1148.22 108.59
Angle 1353.14 73.6681
Ryckaert-Bell. 1979.3 35.5139
Improper Dih. 4.91936 2.08934
LJ-14 4889.1 41.6641
Coulomb-14 -109.411 3.31778
L] (SR) 10204.7 1304.42
Coulomb (SR) -87618.8 462222
Potential -68305.4 3570.16
0.10
0.08 4
E 0.06
(=]
2
r o.04
0.02
0.00 T T T 1
5 10 15 20

Figure 14: RMSD of 16C size fullerene defect simu-
lation system

Time (ns)

Figure 16: Structure of the epidermal growth factor

0.20

0.15

RMSD (nm)

0.10

0.05

Figure 15: RMSD of 32C size fullerene defect simu-
lation system

4 6 8 10 12
Tiime (ns)

receptor protein using VMD

Figure 17: The simulation system includes the tar-

The model with a target protein

DISCUSSION

Curcumin and fullerene molecular struc-

ture

The electrostatic charge and the distance between the

molecules’ atoms are obtained from the optimization
by using the Tight Binding method. The structural

parameters of the molecules of the simulation system

get protein

Figure 18: The position of curcumin with the high-
est affinity on the target
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Figure 19: RMSD of protein after simulation
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Figure 20: RMSD of curcumin after simulation
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Figure 21: RMSD of curcumin and protein after sim-
ulation

are shown through visual images by VMD software.
The geometric structure of the optimized curcumin
is shown in Figure 7; we find that curcumin has
a symmetrical structure. For convenience, we put
the curcumin molecule inside a rectangular box with
the dimensions calculated. We see that the distance
between the molecul€’s two farthest atoms (-OH) is
10.04 A. By putting the curcumin in the rectangular
box, the size of the curcumin molecule is very easy to
be calculated through the parameter of this box. We
estimate the volume of the curcumin molecule to be
V=344 A3.

With the above curcumin size, we need a sphere di-
ameter of more than 13.1 A to cover all the curcumin
molecules. For this size, we choose a fullerene with
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540 carbons and a sphere diameter of 20.4 A (Fig-
ure 8).

Figure 9 shows a model of a molecular system with
curcumin inside a fullerene molecule. If we use
a smaller size, the movement of curcumin will be
very limited and will create difficulty when curcumin

moves out of the fullerene envelope.

Charge distribution of fullerene

The optimization results of molecular geometry also
help us obtain charge distribution values. For exam-
ple, we are interested in the charge distribution of
the carbon atoms of the fullerene. As shown in Fig-
ure 10, we have a total of nine charge-group distribu-
tion, which include 60 carbons per group. The rea-
son for these charge groups is that because fullerenes
have aromatic ring carbons arranged sequentially,
the charge of these carbons will be periodic in the
fullerene structure.

The fullerene

model

curcumin-encapsulated

The model of the obtained system is used to run MD
molecular dynamic simulations according to the pro-
cedure of the GROMACS software. The simulation
box contains 587 atoms and the TIP3P water model.
We use the RMSD value to evaluate the stability of
the simulation system. Looking at the simulation re-
sults in Figure 11, we see that the RMSD of the cur-
cumin is quite large; there are periods when the sys-
tem achieves stability but then quickly falls into an in-
stability state.

The potential reason for the instability state is that
the curcumin molecule is flexible inside the fullerene
cage; therefore it does not form tight covalent bonds
with the inner surface of the cage. In addition, ac-
cording to the calculation of the molecular formula
optimization method, although the fullerene is elec-
trically neutral, some regions have a negative charge,
and some regions have a positive charge. This cre-
ates strong attraction and repulsion on the curcumin
atoms, and they are also charged due to the distribu-
tion of electrons.

Therefore, we can imagine that when we put the
system in the simulation box, the moving water
molecules will affect the curcumin molecules, making
the curcumin atoms vibrate, but under the influence
of the electrostatic attraction of the molecules. As a
result, the fullerene cage will generate a force hold-
ing these curcumin molecules, resulting in the RMSD
graph having unstable fluctuations as above.

The system’s energy after running the molecular dy-
namics simulation is shown in Table 1. As shown in
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the overview, fullerene is one of the molecules with
high tension and stability at standard conditions; this
leads to the potential energy of the simulated system
having a positive value.

The interaction energy shown in Table 2, accord-
ing to the Lenard-Jones interaction potential, has a
negative value. This indicates that between these
two molecules, the attractive interaction is dominant,
which makes curcumin partly bind to the fullerene.
Electrostatic interaction contribute to the displace-
ment of the curcumin molecule within the fullerene,
since the movement of electrons causes an uneven dis-
tribution leading to a different charge on the fullerene
molecule. Therefore, the proposed model of cur-
cumin inside a fullerene molecule can be feasible ac-

cording to the obtained interaction energy values.

Fullerene defects

As the proposed system can become a curcumin de-
livery carrier, the interaction system does not reach
a steady-state, which can be explained that the cur-
cumin molecule tends to come out of the fullerene
cage. Therefore, in this section, we create the de-
fects on the fullerene envelope membrane like the hole
sizes in Figure 12. This aims to create holes on the
membrane surface to help curcumin molecule has to
space to move outside.

When defects are formed, the charge distribution of
the carbons changes, with the defect size of 5 carbons,
some carbons with unpaired charges around the edge
of the hole. The positive and negative charge groups
are still interspersed. With the size of 16 carbons,
there will be no carbons with equal charges, but in-
stead, areas of negative and positive charge alternat-
ing with each other. With the size of 32 carbon , we
observed the same charge distribution with 16 carbon
size.

After creating defective fullerene, the simulation is
conducted to evaluate the effect of the defect on cur-
cumin behavior.

a) Hole size 5 carbons

As shown in Figure 13, during the first 10 ns, the sys-
tem fluctuates sharply in the first 2 ns, from 4 ns to 7
ns, the system returns to equilibrium and then oscil-
lates again from 8 ns to 10 ns.

Although the system shows instability, the system’s
tendency to become progressively more stable than in
the case of no defects, we found that curcumin tends
to escape at 7 ns. The energy values of the system are
described in Table 3; there are some interesting points
in the potential value of the system compared to the
original system. We see that the potential energy in

Table 3 decreased and returned to the negative value,
which can be explained by the 5-carbon vacancy re-
ducing the tension of the fullerene molecule.

b) Hole size 16 carbon

At the size of 16C vacancy, the balance was observed
at 7 ns to 8 ns. For further investigation, we continue
to run the system for the next 10 ns. As a result, the
system reaches a stable point, like the RMSD chart in
Figure 14. The obtained energy values are shown in
Table 4, which shows the negative value of potential
energy; at this time, the system’s tension is also re-
leased due to the 16-carbon hole. Since in this situa-
tion, we still did not get the desired result of releasing
curcumin from the system, we continue to investigate
with a larger hole size of 32 carbons.

¢) Hole size 32 carbon

With 32 carbons, the system quickly reached equilib-
rium after 2 ns as shown in Figure 15. The energy
values obtained in Table 5 show that the tension of
the fullerene molecule with the 32-carbon hole is also
released. However, the curcumin still cannot escape
outside the fullerene.

We recognize that when increasing the size of the de-
fect holes on the fullerene molecule, the system tend
to oscillate strongly at first and then return to equi-
librium. This can be explained by the change in the
charge density distribution of the fullerene and the
loss of symmetry that consequently affects the move-
ment of the curcumin molecule inside. In addition,
we also conducted further simulation to study the
binding properties between the fullerene and the tar-
get protein.

It is worth noting that all three sizes have similar po-
tential energy values. All show a decrease in potential
energy, so the binding of curcumin to the defective
fullerene is also stable. It is very difficult for curcumin
to escape from the simulation system.

The model with a target protein

The selected target protein is the epidermal cell
growth factor receptor protein or EGFR for short. The
molecular structure of the protein and the simulation
system is visualized in Figure 16 and Figure 17.

The target protein structure shown in Figure 16 con-
sists of 1,210 amino acids; this is a macromolecule
containing nearly 5,000 atoms; the tertiary structure
consists of 8 o-helices, 7 B-folded sheets, and many
helix springs. The protein encoded by this gene is
a transmembrane glycoprotein member of the pro-
tein kinase superfamily. This protein is a receptor
for members of the epidermal growth factor fam-
ily. EGFR is a cell surface protein that binds to epi-
dermal growth factor, thus inducing receptor dimer-
ization and tyrosine autophosphorylation leading to
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cell proliferation. Mutations in this gene are as-

sociated with lung cancer. EGFR is a component
of the cytokine storm that contributes to a severe
form of Coronavirus Disease 2019 (COVID-19) re-
sulting from infection with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) 2.

The simulation system shown in Figure 17 contains a
large number of atoms (5,503 atoms), so to optimize
the simulation run time, we investigated which sites
of the protein has a strong affinity with the curcumin,
then adjusted the position closer to the hole gap of the
fullerene to facilitate the interaction of curcumin.

As we know, the proteins have four structural orders,
of which tertiary structures are the spatial structures.
The formation of spatial structures with shapes spe-
cific to each protein affects the docking of the ligands
to the target proteins. Therefore, when selecting sim-
ulation conditions, these macromolecules must be in
a state of minimum energy. We conduct a simulation
of protein-ligand docking using the Autodock Vina
software and then conduct an information process-
ing using Pymol software. We obtained the molecule
placement close to the amino acid Arginine 977 and
amino acid Tyrosine 978 in the o-helix region (Fig-
ure 18). In the next step, we adjust the coordinates
of the fullerene and curcumin molecules so that these
molecules are as close to amino acid positions 977 and
978 as possible.

The system is simulated by the molecular dynamics
similar to the processes that we simulate the systems
in the above sections, but due to a large number of
atoms of the system, with limited computer resources,
we conduct a simulation of 500,000 steps equivalent to
1 ns.

It is found that under the simulated conditions of the
system, the target protein tends to reach a good equi-
librium state, even though for 1 ns. The amino acids
in the protein molecule are very flexible under simu-
lated conditions. Still, when reaching the optimal en-
ergy states, these amino acids remain around a posi-
tion and form the shapes of the protein we are inter-
ested in. In Figure 19, we saw that the bound amino
acids fluctuated strongly from 0.4 ns to 0.6 ns, but then
tended to equalize. However, the system needs fur-
ther run with a longer time to assess protein stability.
Like the three-dimensional structure of proteins, the
structure of curcumin also needs to be stabilized.

As shown in Figure 20, we saw that the RMSD value of
curcumin is less than 0.1 nm. During that time, cur-
cumin has not escaped from the fullerene sphere due
to the attractive forces with the membrane. Therefore,
we continue to consider the RMSD plot of the cur-
cumin and protein complexes.
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Figure 21 shows the RMSD of the complex of cur-
cumin and protein; after the molecular dynamics pro-
cess, curcumin and protein did not change much af-
ter 1 ns. Since we had placed the protein very closely
with curcumin, it is difficult to observe the coordinate
change of this complex, so it is easy to understand the
equilibrium and stable RMSD in 1 ns simulation. The
graph shows that curcumin has not yet bind bound
to the target protein because of the short calculation
time.

CONCLUSION

A model of the curcumin molecule inside a fullerene
molecule could theoretically exist. The binding en-
ergy parameters of the model are calculated. It can
be concluded that the curcumin molecule has an elec-
trostatic interaction with the charging system on the
surface of the fullerene and that curcumin will move
flexibly within the fullerene molecule. This is very
convenient for drug molecules to move to escape out-
side the drug carrier system easily. The creation of
holes on the surface of the curcumin molecule aims
to create a space for the curcumin molecule to es-
cape, which changes the charge density on the surface
of the fullerene molecule. The curcumin molecule
is observed to be unable to escape these pore-filled
fullerene structures, the reason being that the bind-
ing property of curcumin to the fullerene prevents the
fullerene from leaving the cage, which would prevent
curcumin from escaping the membrane by the exter-
nal effects, and only release when the desired goal is
reached. Since the interaction of curcumin with the
fullerene surface does not change the chemical nature
of the curcumin molecule, it is easy to investigate the
interactions of the drug molecule with its target pro-
tein using different methods of dynamic simulation.
Our obtained result shows that the curcumin tends to
escape when it encounters the target protein, but the
calculation time is short. Therefore, the calculation
with a longer computation time needs to be carried
out in the future.
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ABBREVIATIONS

GROMACS : Groningen machine for chemical simu-
lation: Mdy Groningen dé moé phong héa hoc
RMSD: Root mean square deviation: D¢ léch cin
quén phuong

DFT: Density functional theory: Ly thuyét phiém ham
méat do

DFTB+: Density functional based Tight Binding (and
more): Phiém ham méat d6 dua trén lién két chit ché
SR: Soft-core: Loi mém

L] : Lennard-Jones

Coul.: Coulomb

PDB: Protein Data Bank: Ngan hang dii liéu protein
GPCR: G Protein couple receptor: Thu thé cap doi
protein G

EGFR: Epidermal growth factor receptor: Thu thé yéu
t6 tang trudng biéu bi

VMD: Visual Molecular Dynamics: Truc quan hoéa
dong luc hoc phan tu

Nhiing phin duéi xin vui long chuyén sang tiéng
Anh

XUNG POT LOliCH

Nhém tac gia xin cam doan rang khong c6 bat ky xung
dot loi ich nao trong cong bd bai bao.

PONG GOP CUA TAC GIA

Lé Vii Phic dong gop vao viéc chay mo hinh, thu thap
dii liéu, phén tich di liéu va viét ban thao.

Lam Toan Vi da dong gop trong viéc lya chon cac
phin mém va cdc mo hinh can mé phong va chinh
stia dii liéu

Tran Thi Thu Hanh da déng gép viéc dinh hudng
nghién ctiu, kiém tra dit liéu, va chinh stta ban théo.
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