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ABSTRACT

Chitosan nanoparticles offers a versatile biocompatible drug delivery system for several drugs. The interaction of
nanoparticles with the drug molecules and the energy involved in the stabilization decides the efficiency of drug
delivery systems. Molecular dynamic simulations provide the conformational stability analysis for the
nanoparticles-drug complex. In our study the interaction between the chitosan nanoparticles and the drugs
doxorubicin and quercetin is studied. The atomic level confirmational stability between chitosan nanoparticles and
drugs was demonstrated by the hydrogen bonds and n-n stacking interactions. The polar score for doxorubicin
(2.2347 kcal/mol) with chitosan nanoparticles, doxorubicin with quercetin loaded chitosan nanoparticles (2.12
kcal/mol), quercetin with chitosan nanoparticles (1.27 kcal/mol) and quercetin with doxorubicin loaded chitosan
nanoparticles (3.79 kcal/mol) is suggestive of spontaneous interactions and the complex is more stable. Molecular
docking studies of doxorubicin and quercetin on the three-dimensional structures of P-gp (PDB-IDs: 6A6M and
6A6N) revealed the mechanism for the improved bioavailability of doxorubicin by quercetin. Quercetin established
interaction with P-gp occurred through Mg?* ion and Ser485, which is essential for the transport. Overall, the
computational analysis suggests that chitosan nanoparticle as a potential nanocarrier for doxorubicin, and can be
used for drug delivery systems.

KEYWORDS: Chitosan nanoparticles, Doxorubicin, Quercetin, Molecular dynamics simulation, P-glycoprotein.

INTRODUCTION Quercetin (Que) is a plant flavonoid with anti-tumor

Doxorubicin (DOX) is an efficient anticancer drug, that
inhibits the topoisomerase-I1l1 (TOP-II) and nucleic acid
synthesis.') DOX is used as first line therapy for breast
cancer and lung cancer.!”) Despite its excellent anti-tumor
activity, the clinical efficacy of DOX is limited due to
non-specificity, epithelial mesenchymal transition (EMT)
and over expression of transforming growth factor-f
(TGF-B).¥] EMT is responsible for over expression of
efflux ABC transporters, which promotes multidrug
resistance (MDR) and decreases the bioavailability of the
chemotherapeutic drugs.”! The co-administration of
anticancer drugs with P-gp inhibitors namely Que and
myricetin is an effective strategy for MDR reversal.
The combination therapy is proven to be effective in
achieving enhanced therapeutic benefit and overcoming

activity that selectively inhibits the tyrosine kinase and
down-regulates the efflux expression of ABC
transporters (P-gp, BCRP and MRP1).®) DOX and Que
combination therapy not only potentiates the anti-tumor
effect of DOX but also attenuates its toxic effects.” Our
preliminary study indicated the ability of Que to decrease
transforming growth factor-f3 (TGF-p) signaling in DOX
treated breast cancer cells (MDA-MB-231 cells) by
reducing the migratory potential.™ Several studies
revealed the potential anticancer effect of combination of
DOX and Que in human breast cancer cells. However,
the small molecule Que activity is impaired by the
associated poor pharmacokinetic characteristics.*”

Nanocarriers are used in delivering the combination of

the acquired drug resistance.®”! drugs, and this co-administration offers site
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specificity.*? Concurrent release of two drug(s) from
nanocarrier holds potential advantage of simultaneous
intracellular drug delivery and with increased drug
efficiency, while reducing collateral tissue toxicity.
Several reports indicated the site specific delivery and
controlled release of drugs using nanocarriers. Drug
encapsulated nanoparticles reduces the cellular efflux
process through enhanced permeation and retention
(EPR effect) and augments the bioavailability of
encapsulated drugs.*® DOX-nanoparticles produced
anticancer activity even against the DOX resistant cancer
cells along with the anti-MDR property.™! Quercetin-
silica nanoparticles loaded DOX improved the
bioavailability and improved intestinal permeation in
more effective manner.™® Liposomal DOX formulations
(Doxil® Lipodox®) are approved by FDA for the cancer
clinical management. However, the interpatient
pharmacokinetic variability and lack of stability is the
major limitation of liposomal DOX."**"! Also, the long
term liposomal DOX therapy lowered the therapeutic
efficacy compared with DOX monotherapy.*®l This
demands the more effective alternative nanocarrier.
Chitosan is a natural cationic polymer and has controlled
drug release and efflux pump inhibitory potential .}
Chitosan  nanoparticles (CNPs) are known for
biocompatibility, muco-adhesiveness and ability to open
epithelial tight junctions.®®® CNPs also offer pH
dependent drug delivery and enhanced absorption of
anticancer drugs.!*!l

Molecular dynamics simulations (MDS) help in
understanding the molecular motions and ionic
interactions between receptor (target) and drugs.?? The
computational analysis provides basis for the
development of nanoformulations.”® MDS assisted
molecular interaction analysis evolved as an efficient
strategy for the nanoformulation design.”? Yadav et al.,
reported the encapsulation efficiency of chitosan for
curcumin  through molecular docking simulation
study.”™ Peng Shan et al., investigated the molecular
interactions between DOX and chitosan oligosaccharides
(COS), and described the m—m interactions between the
DOX and COS for the stability.”® Deepa et al., reported
the drug loading efficiency of chitosan nanoparticles for
cytarabine through molecular dynamics simulations
(MDS).” Khezri et al., demonstrated the chitosan
incorporated curcumin as a biocompatible drug delivery
form for the enhanced bioavailability through in silico
analysis.?®

To the best of our knowledge there is no research work
published on the DOX loaded Que-CNPs. In light of
above mentioned facts, the present study aims at
determining the molecular interactions of DOX and Que,
in chitosan nanoparticle using in silico simulation
studies. In the present investigation, the molecular
interactions between the DOX and Que-CNPs as well as
Que and DOX-CNPs revealed the structural stability and
binding interaction energy of drug-nanocarrier
complexes.

METHODS

Computational details

The two dimensional (2D) structures of DOX (PubChem
CID: 31703), Que (PubChem CID: 5280343) and
chitosan nanoparticle (PubChem CID: 71853) were
downloaded from PubChem® and converted into three-
dimensional (3D) structures using OpenBabel!
SYBYL X2.1.1(Tripos international, St. Louis, MO),
Discovery studio visualizer®™, PRODRG server®,
GROMACS 4.5.4%% and XMGRACE-5.1.22 program®*1
were utilized in the Molecular docking and simulations
(MDS) studies.

Molecular dynamics simulation

The MDS for the drugs DOX and or QUE conjugated
with CNPs was performed to predict their molecular
affinity and stability. Initially, a molecular docking study
on the CNPs (target) with drugs (DOX and or Que) was
performed on SYBYL X 2.1.1. The docked poses with
higher energy values were subjected for the MDS
studies. The stability of the molecular docking poses of
DOX-CNPs, Que-CNPs, Dox-CNPs-Que and Que-
CNPs-Dox was investigated in GROMACS 4.5.4 using
CHARMMZ27 force field. The binding free energy of
start to end frames (i.e. ~1000 frames) of MD trajectories
was determined by adopting Molecular Mechanics-
Poisson-Boltzmann/Generalized Born Surface Area
(MM-PBSA/MM-GBSA) method. The trajectory frames
saved for every 1000 steps were subjected for cluster
analysis using XMGRACE-5.1.22. The bonded
(electrostatic) and non-bonded (van der Waal’s)
interactions were considered in the energy calculations.
The supramolecular approach was applied for the
calculation of total interaction energy (equation 1).1%%

AGging = Geomp— (Garug — Gearrier) - - - Equation 1

In the equation, AGaging refers to interaction energy, Geomp
stands for potential energy of drug-carrier complex, Ggryg
and Gearier indicates the energies of drug and carrier,
respectively. The atomic coordinates were placed in the
octahedron box of ITP3P waters and neutralized by
adding counter ions (9 chloride ions). Linear constraint
solver (LINCS) algorithm and Steepest-Descent
algorithm were utilized in the geometry optimization
with a maximum of 5000 steps and a tolerance of 1000
kd.mol* nm™. Position restraints were applied and
equilibrated by performing simulations using canonical
ensembles (NVT) at a temperature of 300 K followed by
isothermal-isobaric ~ ensembles  (NPT).  Modified
Berendsen thermostat and Parrinello-Rahman barostat
methods were used to stabilize the temperature (300 K)
and pressure (1.05 bar), respectively.

Molecular docking with P-gp

In order to understand the role of Que in overcoming the
MDR (anti-MDR) and mechanism by which it improves
the DOX bioavailability, we studied the influence of Que
on the P-gp transporter protein though molecular docking
studies. The three-dimensional (3D) structures of P-gp
(PDB-IDs: 6A6M and 6A6N) was retrieved from protein
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data bank (www.rcsb.org).®®! The target protein was
subjected to energy minimization after removing the
water molecules and addition of charges on the SYBYL
X 211 environment using Gasteiger-Marsiliand
MMFF94s in convergence criterion of 0.05 kcal/mol.
The active pocket of the target was determined through
Protomol generation tool. The simultaneous docking of
two ligands to the receptor binding pocket is not
available in the literature and we attempted following the
existing procedure with customization. Initially the
docking of one ligand (Que/DOX) with the protein was
performed, later the second ligand is docked (re-docking)
to the previously docked protein complex in GEOMX
mode. Four drug-protein complexes with two target
proteins (Que-6A6M, Qu-6A6N, DOX-6A6M and DOX-
6A6N) were generated and utilized in the re-docking.

RESULTS

Molecular docking and simulations analysis

The binding affinities of the drugs with the CNPs are
investigated in the present study using MDS studies to
understand the interaction details between the molecules,
diffusion potential and complex stability of molecular
components in the aqueous phase.*! In the SYBYL
2.1.1 X employed docking studies, the hydrogen bonding
interactions between the drugs and CNPs produced stable
complex. The energy profile provides the insights on van
der Waal’s and electrostatic interaction between drugs
and CNPs. DOX established three hydrogen bonding
interactions (polar score = 2.235 kcal/mol) with CNPs
and five hydrogen bonding interactions with Que-CNPs
(polar score = 4.07 Kcal/mol). Que established three
hydrogen bonding with CNPs (polar score = 3.17
kcal/mol) and five hydrogen bonding with DOX_CNP
(polar score = 4.52 Kcal/mol) (Figure 1, Table 1). The
significant number of hydrogen bond interactions and
higher polar interaction score (4.07 and 4.52 kcal/mol)
indicates the stability of dual drug loaded CNPs (Table
1).

MDS trajectories were analyzed to reveal the interaction
stability. The initial velocities were generated according
to Maxwell distribution and the temperature coupling
was performed using velocity rescaling with a coupling
constant of 0.1 ps. Temperature-pressure coupling was
performed using extended-ensemble Parrinello-Rahman
algorithm with a coupling constant of 2 ps. The
equilibrated system was then subjected for the MDS runs
of 10 ns with a time step integration of 2 fs. The
predominantly hydrophilic CNP did not interacted with
either of the DOX and Que throughout the simulation.
DOX and Que formed strong n-n stacking and hydrogen
bond interactions, until the end of the simulation time.
The binding free energy for the stabilization of DOX-
CNPs with Que (-4.071 Kcal.mol™) is more acceptable.
The cluster analysis also confirmed the mutual
interactions. The binding free energy calculations
estimated the total average (AGying) Value for CNP and
DOX complex (-51.31 Kcal/mol). The negative free
energy (AGping) Value of hydrogen bond contacts,

Coulomb energy, lipophilic packing and van der Waals
interactions is suggestive of spontaneous interactions
(Table 2, Figure 2). Gsolv accounts for linearized
Poisson Boltzmann equation for each state (Polar) and
the non-polar hydrophobic contribution of the system
was calculated by the solvent accessible surface area.
Entropic contribution was not considered in the analysis
with an assumption that the binding of similar
compounds with the chitosan nanoparticle will have
nearly similar entropic contribution, which can be
ignored in the calculations.l*®

The molecular interactions between CNPs and drugs
during the course of MDS was studied through various
geometrical features such as heavy atoms RMSD,
distance, Radius of gyration (Rg) and number of
hydrogen bonds (Figure. 3). The overall interaction
potential between chitosan nanoparticles and doxorubicin
has been observed from the RDF plot (Figure 4). The
RDF plot indicates that chitosan nanoparticles get closer
to the doxorubicin drug molecule as observed from the
first sharp peaks which located at about <2.0. Later on
RDF falls and passes through a minimum value at ~4A,
which may be due to the strong repulsive forces between
two molecules. However, at long distances, g(r) versus r,
represents the closest distance between the two atoms in
the simulated system.

Molecular docking with P-gp

P-glycoprotein  (P-gp, ABCB1, MDR1) is a
unidirectional pump, which mediates the inward and
outward transport of hydrophobic molecules.B¥ It is
composed of two trans-membrane domains (TMDs) and
two nucleotide-binding domain (NBDs). The binding of
ATP to NBD is essential as it supplies energy for the
transport. In an attempt to visualize the impact of Que on
the transport, molecular docking of the transport proteins
(6A6M and 6A6N) was carried out. The complexes of
Que-6A6M, Que-6A6N, DOX- 6A6M and DOX-6A6N
were utilized in the re-docking for the second ligand. The
change of docking pose (conformation) of one ligand
induced by the presence of second ligand was studied
through simultaneous docking. The binding poses of
individual ligands in presence of primary ligands were
assessed complementary to its docking scores (Figure 5).
In the docking study between Que and DOX_6A6M
complex (predocked and saved), the bonding interaction
between the Que and P-gp occurred through Mg®* ion
and Ser485, which extends the interaction with ATP (Fig
4). Magnesium (Mg*") co-ordination with Ser485 and
GIn529 controls the transport function."” But in case of
docking study between DOX and Que_6A6M complex,
there is no H-bonding interaction between the Ser485
and GIn529. This can be considered as the reason for the
enhanced bioavailability of DOX in presence of Que. In
the docking study between Que and DOX_6A6N
complex (predocked and saved), there is no H-bond
interaction with Ser485, but the docking study of DOX
with Que_6A6N revealed the possible hydrogen bond
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interaction between the DOX and transporter. This also
supports and confirms the previous hypothesis.

CONCLUSIONS

The atomic level confirmational stability between
chitosan nanoparticles and drugs was demonstrated by
the hydrogen bonds and =-m stacking interactions.
Overall, the computational analysis suggests that
chitosan nanoparticle as a potential nanocarrier for
doxorubicin, and can be used for dual drug delivery
systems. Molecular docking studies of DOX and Que on
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Table 1: Docking score and H-bond contact details of molecular docking.

Polymer

Score

Drug Total

Crash | Polar H-Bond (A)

CNP

DOX | 2.456

CNP_CH,OH — DOX_Cy,-OH (1.98)
CNP_NH,— DOX_C;-0-C1+(2.05)
CNP_ CH,OH— DOX_C4-OH(2.22)

-1.058 | 2.298

CNP

Que | 2.304

CNP_ NH,— Que_Cz-OH(2.1)
CNP_ OH — Que_C,-OH(1.91)
CNP_ CH, OH — Que_C,«-OH (1.94)

-0.409 | 3.170

CNP_Que

DOX | 2.126

Que-C5-OH — O (DOX sugar)— (2.36)
-1.034 | 4.071 | Que-CNP_ NH,— DOX-Cy-OH- (2.25)
Que-CNP_OH — DOX-Cs-OH- (1.93)
Que-CNP_OH — DOX-Cs=0- (2.22)

Que-CNP_CH,0OH - DOX-C;4,-OH- (1.90)

CNP_DOX

Que | 3.790

DOX-Cy-OH — Que-O; — (2.13)
DOX-Cy1-OH — Que- Cs-OH — (1.88)
-1.333 | 4.520

DOX-CNP_ O — Que- C,-OH — (1.84)

DOX-CNP_ CH,0H — Qu- Cs-OH — (1.96)
DOX-CNP_ NH, — Que- C;-OH — (2.08)

CNP= Chitosan nanoparticles; DOX: Doxorubicin; Que= Quercetin
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Table 2: MM-GBSA based bindin

free energy components.

Energy components

Binding free energy (Kcal/mol)

CNPs and CNPs with

(average) DOX CNPs and Que DOX-Que complex
AGping Coulomb -9.96 -14.78 -107.03
AGping Covalent 1.74 1.42 2.28

AGbind H-bond -0.92 -0.84 -1.77

AGying Lipo -9.64 -8.38 -16.68
AGying Packing -0.45 -0.43 -0.43
AGying_Solv GB 15.41 21.49 125.02
AGying VAW -26.33 -26.44 -52.70

Total - AGyping -30.15 -27.97 -51.31

AGging = interaction energy; CNP= Chitosan nanoparticles; DOX: Doxorubicin; Que= Quercetin

d)
Figure 1: Three-dimensional (3D) molecular interaction visualization. a) CNPs and DOX, b) CNPs and Que, c)
DOX to the Que-bound CNPs, d) Que to the DOX-bound CNPs.
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Figure 2: MM-GBSA energy profile of dual drug loaded chitosan nanoparticles.
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Figure 3: Analysis of geometrical features ((a) RMSD, (b) Distance, (c) Radius of gyrations, and (d) number of
H-bonds) between quercetin and doxorubicin (represented in black trajectory lines) as well as quercetin
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