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Due to the extreme pore volume and valuable surface area, zeolitic imidazole frameworks (ZIFs) are
promising vehicles that enhance the delivery of therapeutic agents to tissues. Furthermore, these
nanoporous materials have high stability in the pH and temperature of the surrounding healthy cells
(37 °C and pH = 7) and an exotic potential to deform in carcinogenic environment (T > 37 °C and pH ~
5.5), which make them perfect smart drug delivery vehicle candidates. In this work, a series of molecular
dynamics (MD) and metadynamics simulations have been performed to gain molecular insight into the
mechanisms involved in the process of co-loading of doxorubicin (DOX) and EpiGalloCatechin-3 Gallate
(EGCG) on ZIF-8, which form a smart drug delivery system (SDDS). The obtained results revealed that
DOX was adsorbed on the carrier mostly through electrostatic interactions (Ecou = ~—1200 kJ mol™?,
Erot = —1700 kJ mol™), and EGCG was stacked on ZIF-8 mainly via van der Waals interactions (E,_; =
~—600 kJ mol™, Eiy = ~—1200 kJ mol™). It is worth mentioning that the drug—drug L-J interactions
(E-3 = ~500 kJ mol™) were also important in the co-loading process. The insertion of DOX and EGCG
as additive agents to the initial ZIF-8/EGCG and ZIF-8/DOX systems led to the enhancement of the
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Accepted 25th November 2020 drug—carrier pair interactions to about ~—2300 kJ mol " and ~—2000 kJ mol ", respectively. This
finding implied that the drug—drug interactions had a complementary role in the development of SDDS

DOI: 10.1039/d0ra08123] via ZIF-8. From the metadynamics simulation, it was found that the geometry of the drugs is
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Introduction

From the pharmaceutical point-of-view, the production of a new
drug normally takes up to a decade or more, besides the several
hundreds of millions of dollars in the budget. Despite the time
and monetary investments, the produced drugs may also suffer
from low solubility, nonspecific delivery, and uncontrolled
release. These shortcomings mostly lead to the administration
of high drug dosages that are accompanied by severe side
effects. When it comes to chemotherapy, side effects that are
sometimes negligible turn out to be of more importance at
other times because the chemotherapeutic agents not only
annihilate cancerous tumors but also kill normal cells. There-
fore, frequent usage of such drugs in cancer therapy may
inadvertently cause serious damages to healthy tissues as well.*
Doxorubicin (DOX) is one of many such anticancer drugs that
are ordinarily prescribed for the treatment of various condi-
tions, including breast cancer, bladder cancer, lymphoma, and
lymphocytic leukemia. Furthermore, regular DOX injection may
lead to several side effects, such as hair loss, nausea, vomiting,
dilated cardiomyopathy, and potentially lethal heart failure,
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a determining factor in an efficient co-loading SDDS.

among many other threats.” It is well-known that the antitumor
property of DOX is achieved through different mechanisms and
that in many of them, free radicals are produced, and are
considered the main culprit behind the cardiotoxic side
effects.>

There are plenty of herbal-extracted components with proven
anticancer properties, among which EpiGalloCatechin-3 Gallate
(EGCG) has shown bioactivities, such as antioxidative, anticar-
cinogenic, anti-inflammatory, and cardioprotective, which is of
special interest.®® As the main and most biologically active
component of green tea, EGCG exhibits antioxidative property
by decreasing the reactive oxygen species (ROS) levels in the
intracellular medium.®** Rafieian-Kopaei and Movahedi'* pub-
lished an updated review on the chemopreventive and chemo-
therapeutic effects of green tea components on breast cancer.
They mentioned that EGCG, among other polyphenol constit-
uents of green tea, effectively acted as a chemotropic agent
through a mechanism involving growth factor signaling,
angiogenesis, and lipid metabolism. Tae Won Kwak et al.,"
investigated the anticancer activities of EGCG and found that it
could suppress the growth of HuCCt1 cells through the inhi-
bition of the folate pathway, without showing any adverse
effects on 293T cells. Zhang et al.,"® suggested a mechanism by
which EGCG may mediate breast cancer inhibition and found
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out that it could reduce the activity of Racl and expression of
VASP in MCF-7 cells. Cao et al.,** reported a comprehensive
review of experimental investigations, suggesting that the
polyphenol constituents of green tea, including EGCG, can
improve anticancer drug efficiency and reduce their side effects.
Stearns et al.," explored the combined therapeutic effects of
EGCG with DOX in human prostate tumors. They found that the
combination of EGCG and DOX showed better therapeutic
properties. Such synergetic effects of green tea extracts on DOX
anticancer activity have already been reported by many other
studies.*®"”

Moreover, the side effects of chemotherapeutic agents can be
further reduced via targeted delivery in which drugs are directly
released in target cells. In this regard, a series of metal-organic
frameworks, called zeolitic imidazole framework (ZIF), firstly
synthesized by Park et al.,'® can make a great contribution as
efficient carriers for controlled drug delivery. ZIF-8, with
a chemical formula of CsHgN,Zn, was synthetically crystallized
by Olga Karagiaridi et al.,” in a cubic crystallographic system
with sodalite topology and a unit cell length of 16.9 A. At neutral
pH environments (e.g. blood and normal tissue), ZIF-8 shows
great thermal and aqueous stability, while at acidic levels
(tumor tissue conditions), it self-decomposes into harmless
components. Adhikari et al.,* explored the encapsulation and
release of DOX via ZIF-7 and -8 and found that ZIF-8 could
effectively encapsulate the drug and release it in a controlled
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manner, whereas ZIF-7 was not as efficient. These frameworks
have been used by many other authors as vehicles to deliver
drugs.>*>

The classical molecular dynamics (MD) simulation is
a computational method that can determine the equilibrium
and dynamic properties of a molecular system by solving the
Newtonian equation of motions for all of the constituent atoms
of the system.” MD simulations are widely used in many
disciplines, including physics, chemistry, and biology.>*”” It is
proven to be a powerful tool in providing molecular insights
into the processes involved in physical absorption on
a substrate surface, especially in the case of smart drug delivery
systems.”*** Well-tempered metadynamics simulation, firstly
suggested by Alessandro Laio and Michele Parrinello in 2002,**
is an enhanced sampling technique and is considered to be
a very powerful tool for the exploration of meta-stable states and
free energy surface.®” These states are often separated via high-
energy barriers that are sometimes hard and even unlikely to
explore through the classical MD simulations.*

In this work, we performed a series of classical MD and well-
tempered metadynamics simulations to examine the kinetic
and thermodynamic properties of DOX and EGCG adsorption
on the ZIF-8 surface, a probable smart drug delivery vehicle.
Furthermore, the dual loading of these chemotherapy agents on
the ZIF-8 surface was examined.
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Fig.1 The structure of ZIF-8: (A) top view and (B) side view, and the chemical structure of (C) Doxorubicin and (D) epigallocatechin-3 gallate.
(The red ellipsoidal rings indicate the active sites on the molecules that are used in the atomic RDF assessments.)
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Materials and methods

The crystal structure of ZIF-8, the model carrier, was obtained
from the Chemtub3D website. Moreover, the structural data
files (SDF) for Doxorubicin (PubChem CID: 31703) and EGCG
(PubChem CID: 65064) molecules were taken from the Pub-
Chem database (Fig. 1). All computations were performed via
GROMACS 2019.2.%*** The force field parameters for ZIF-8 and
the drug molecules were obtained from Zheng et al.,*® and
CHARMMS36,* respectively. Two types of cubic simulation boxes
with the sizes of 7 x 7 x 7 nm® and 8 x 8 x 8 nm?, both con-
taining a ZIF-8 nanoparticle made of 2 x 2 x 2 unit cells, were
employed. The drug molecules were inserted into the simula-
tion boxes and filled with the standard TIP3P water models. It
should be noted that the drug molecules were located at least
2 nm away from the ZIF-8 surface to avoid the initial effect. A
concentration of 0.15 M NaCl was chosen to mimic the real
biological environment.

Five MD simulation systems were constructed as follows: in
system-1, 10 DOX molecules were inserted intoa 7 x 7 x 7 nm®
simulation box, which ran for 200 ns to reach the equilibrium
state. In system-2, the final configuration of the ZIF-8/DOX
complex was extracted from system-1. Then, this complex was
placed at the center of an 8 x 8 x 8 nm® simulation box
alongside 10 EGCG molecules, and the system was run for 300
ns. To build system-3, 10 EGCG molecules were added toa 7 x 7
x 7 nm? box and run for 105 ns for all the drug molecules to be
absorbed on the surface of ZIF-8 and to ensure the stability of
the system (resembling step 1). In system-4, water and ions were
removed from the MD simulation box resulting from system-3,
and the remaining ZIF-8/EGCG complex was inserted into
another 8 x 8 x 8 nm® simulation box alongside 10 DOX
molecules, and the system ran for 300 ns (resembling step 2).
Furthermore, to explore the kinetic and competitive drug
adsorption behavior, system-5 was designed with five EGCG and
five DOX molecules posed around ZIF-8, and the MD production
ran for 300 ns. More details on the MD simulation procedures
are provided in Table 1.

The analysis of free energy surfaces (FES) for the adsorption
of six individual DOX and EGCG molecules on different posi-
tions of the ZIF-8 surface was carried out through well-tempered
metadynamics simulation via the sum_hills tool in Gromacs
2019.2 ref. 34, 35 and 38 patched with the PLUMED version
2.5.2 plugin40.** Initial height for Gaussian hills set to
1.0 k] mol " and width of 0.25 A that deposited every 500 time-
steps with a bias factor of 15.

Table 1 Details of the MD simulation systems
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The FESs are calculated as a function of the distance between
the center of mass (COM) of DOX and the COM of chosen atoms
on the ZIF-8 surface that are already proven to have the most
interactions with DOX according to MD simulation. More
details about the well-tempered metadynamics simulation are
provided and analyzed in the “Results and discussion” section.

Simulation

All simulations in this study were performed via the GROMACS
2019.2 molecular dynamics simulation package®***>*® at 1 atm
pressure and 310 K temperature, which resemble the
biochemical conditions in living cells. It should be noted that
the temperature and pressure were maintained at respective
constant values by applying the V-rescale thermostat*® and the
Berendsen algorithm,* respectively. The equation for the
motion of constituent atoms was solved by implementing the
leap-frog algorithm with time-steps of 1.5 femtoseconds under
the periodic boundary conditions. The LINCS algorithm** was
also used to make all the bonds in the designed systems con-
strained, and the Grid algorithm® was used to search for
neighboring atoms. Moreover, the particle-mesh Ewald (PME)
method** was used to represent long-range electrostatic inter-
actions, while the short-range electrostatic interactions between
charged groups were represented by Lennard-Jones (L-])
potential values calculated with a cutoff range of 1.3 nm. The
visual molecular dynamics (VMD) program was utilized for the
molecular visualization of the initial and final states of the
systems.*®

Results and discussion

It is widely believed that the formation of drug/carrier
complexes is mostly governed by the intermolecular hydrogen
bond (HB) and m-m stacking interactions.>**** Therefore,
drugs are expected to be almost weakly bonded to conventional
nano-carries like carbon nanotubes, graphene nanosheets, and
their functionalized forms. On the contrary, the results
provided in this paper make us cast doubts on such precon-
ceptions because of the presence of metallic zinc atoms and the
pH-sensitive ring of imidazole in the structure of the carrier.
It is worth mentioning that drug-drug interactions in a co-
loading system might have different effects on the adsorption
of drugs on the carrier. The influence of these characteristics
was subjected to scrutiny with different analyses in this study;
albeit, it is necessary to make sure that the obtained results are
derived from the equilibrated state of the systems. To ensure

Initial composition

Simulation box

Inserted molecules (no. Running time

No. of row (no. of molecules) size (nm?) of molecules) (ns)
1 ZIF-8 (1) 7X7TX7 DOX (10) 200
2 ZIF-8 (1) + DOX (10) 8x8x8 EGCG (10) 300
3 ZIF-8 (1) 7X7%X7 EGCG (10) 105
4 ZIF-8 (1) + EGCG (10) 8x8x8 DOX (10) 300
5 ZIF-8 (1) 7XTX7 DOX (5) + EGCG (5) 300

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 RMSD curves for the studied systems. Systems 2, 4, and 5 ran
for 300 ns. System 1 ran for 200 ns, and system 3 ran for 105 ns (see
Table 1).

that the systems under MD simulation reached their respective
equilibrium states and produced valid data as output, the root-
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energy, and total energy were evaluated. Fig. 2 presents RMSD
curves for the studied systems as a function of simulation time,
demonstrating that all the studied systems reached their
respective equilibrium state about 30 ns after MD production
was started. It should be noted that the dimension of system-2
and system-4 that show flat RMSD curves at 5.5 nm was 8 X 8 x
8 nm?, and systems-1, -3, and -5 that show flat RMSD curves at
4.5 nm had a size of 7 x 7 x 7 nm°.

The interaction energies between the constituents of each
system were also subjected to different analyses. Fig. 3A depicts
the L-J energy values of the drug-carrier pair interactions in
simulation systems 1 and 3. The ZIF-8/DOX and ZIF-8/EGCG
pair interaction curves confirmed that their equilibrium states
were reached after 150 ns and 50 ns, respectively. The MD
simulations were continued for another 50 ns to confirm the
stability of the systems. As mentioned in the “Materials and
methods” section, the ZIF-8/drug complexes obtained from
system-1 and system-3 were adopted as the initial substrates for
constructing systems-2 and system-4, respectively. The pair
interactions of different components of system-2 and system-4
(Fig. 1B) indicated that the L-J curves fully converged at
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Fig. 3 Lennard-Jones interaction energy between different components of (A) systems 1 and 3, showing no competition and (B) systems 2 and
4, showing an un-fair competition, (C) system 5, which shows a fair competition, and (D) DOX/EGCG interactions in systems 2, 4 and 5.
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Fig. 4 The average coulombic, van der Waals, and total interaction energies between different components of the studied systems. All the
energy values are obtained from the data for the last 50 ns, and the error bars represent the standard deviations of the data. A comparison of
systems 1 and 3 with the normalized system 5 is provided in panel A. The original values for system 5 are given in panel B. Panels C and D

represent systems 2 and 4, respectively.

~—800 k] mol " after 300 ns. In the same manner, system-5
(competitive system) also approached its respective stable
state by 300 ns. Now that the equilibrium state was confirmed,
we continued to investigate the dynamics and kinetics of the
systems.

A close inspection (Fig. 3B) revealed that the initial interac-
tion of the drugs with ZIF-8 in system-2 and system-4 declined
in a similar pattern from ~—500 kJ mol™* to ~—800 k] mol .
This observation showed that the presence of additive mole-
cules led to the reinforcement of the initial interactions of the
drugs with the carrier. Moreover, the energy values for the ZIF-8/
DOX and ZIF-8/EGCG pair interactions were lower when the
drug was added as an additive than the corresponding values
for system-1 and system-3, respectively. This may be related to
the occupation of the preferred ZIF-8 active sites with the
initially present drugs and, therefore, the availability of fewer
active sites for the adsorption of the additive drugs.

Fig. 3C presents the L-J interaction curves for the competitive
adsorption of DOX and EGCG on the ZIF-8 surface (system-5). As
seen in this figure, the DOX molecules are absorbed on ZIF-8
quickly after 60 ns, and their pair interaction fluctuates
around its average value (~—150 kJ mol ") for the rest of the
simulation time. Whereas, the adsorption of EGCG on the
carrier takes more time and happens around 140 ns, and its
energy fluctuates at about —350 k] mol ™. A comparison of the
LJ values of the drug-carrier combinations showed that

This journal is © The Royal Society of Chemistry 2020

interaction in the ZIF-8/EGCG pair was significantly more than
that in ZIF-8/DOX.

The L-J interaction energy between DOX and EGCG was also
evaluated in system-5, and the obtained result is given in
Fig. 3C. The value of energy for the DOX-EGCG pair was
comparable with that of the ZIF-EGCG pair and reached
~—400 k] mol ™ *. The drug-drug pair interactions in systems-2,
-4, and -5, are represented in Fig. 3D, which reveals that the pair
interactions in the mentioned systems decreased almost in the
same manner. The average energies for the DOX-EGCG pair
interactions in systems —2, —4, and —5 almost had a similar
value at around ~—500 kJ mol *. These values are comparable
with that of the drug-carrier interactions and might promote
synergic adsorption of drugs on the carrier. Therefore, the
existence of attraction between DOX and EGCG might help in
better understanding and also in better design of real-world
experiments.

The average L-J, coulombic (coul), and total (L-J + coul)
energies of every constituent in the studied systems are
provided in Fig. 4. This can help us gain a better understanding
of the contribution of each energy type in the adsorption
process. Furthermore, it can provide the criteria to identify the
exact mechanism involved in adsorption. Fig. 4 represents
a comparison of the interaction energies of the drug/carrier and
drug/drug pairs in the studied systems. As seen in this figure,
the coulombic energy term was significantly higher than the L-J
energy term for the drug-carrier interactions in the majority of

RSC Adv, 2020, 10, 44533-44544 | 44537
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Fig. 5 Radial distribution function of the drug molecules around the ZIF-8 surface in systems (A) 1 and 3, (B) 5 and (C) 2 and 4.

the systems, especially for the ZIF-8/DOX pair. It can be deduced
that the introduction of additive molecules leads to an increase
in the adsorption energy of the initial drugs (see Fig. 4 panels C
and D). A comparison between the investigated systems
revealed that this increase was more noticeable for the ZIF-8/
DOX pair. This remarkable interaction might also play an
interfering role in the adsorption of EGCG on ZIF-8 in system 4.

Furthermore, in system 5, where the DOX and EGCG mole-
cules fairly compete to adsorb on the ZIF-8 surface, both
molecules had almost the same adsorption probability on the
carrier surface. It is worth mentioning that EGCG performed
a little better than DOX in adsorption on the substrate (Fig. 4B).
The normalized total energy of adsorption for ZIF-8/EGCG in
system-5 was comparable to that in system-3 (Fig. 4A). In such
a system, the drug-drug interaction is also comparable to the
drug-carrier interaction, and therefore, from Fig. 3C, it can be
deduced that the fast adsorption of DOX on ZIF-8 might have
a synergic effect on better adsorption of EGCG, resulting in
higher total energy. To sum up, it can be stated that while
designing a co-loading system, the order of inserting the
chemotherapy agents is of high importance. When the higher
adsorption of a specific drug on ZIF-8 is important, it is better to
use it as the initial absorbate. However, if the therapeutic effects
of both drugs are equal, a competitive adsorption scheme is
better. It is evident from Fig. 4 that coulombic interactions play
a determining role in the adsorption of molecules on the
carrier, which can be related to the presence of metallic Zn and
electronegative N in the structure of ZIF-8. In the case of DOX,

44538 | RSC Adv, 2020, 10, 44533-44544

the N-terminal (amine) and O-terminal (glycol) might also play
an additional role in establishing electrostatic interactions and
facilitating coulombic interactions with the Zn atom in ZIF-8.
Radial Distribution Function (RDF) is a valuable tool to
describe the distribution of a guest molecule around a host
surface; that is, in essence, another way of describing the
interaction of the ligand with the substrate. In this case, RDF for
the DOX and EGCG molecules with respect to the ZIF-8 surface
is represented in Fig. 5. A close inspection of Fig. 5A, which
shows no competition, revealed that EGCG was closer to the
carrier but was present in less amount, and a higher amount of
DOX accumulated a little farther away from the carrier. The
location of DOX at a distance could be related to its bigger size
compared to EGCG. Fig. 5B reveals that in system-5, the prob-
ability of finding EGCG was higher both in terms of closeness to
the surface and amount. This is in agreement with the fact that
the L-J and total energies for EGCG in this system were higher
than those for DOX. A comparison between Fig. 5A and B reveals
that strong interactions between the DOX and EGCG molecules
had helped EGCG to get closer to the carrier in higher amounts.
Furthermore, when there was unfair competition, in systems-2
and -4 (Fig. 5C), the first-added molecule, regardless of its
nature, accumulated in a greater amount, and at a closer
distance to the substrate. In this way, both DOX and EGCG,
when used as the first molecule, revealed similar RDF patterns,
but as an additive, DOX showed a higher peak at the same
position where EGCG reached its maximum distribution. A
close inspection of Fig. 3 and 4 reveals that DOX molecules had

This journal is © The Royal Society of Chemistry 2020
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slightly lesser L-J interactions, whereas it shows higher values
for coulombic interactions. This finding suggested that, for the
DOX molecule, RDF was mostly governed by the coulombic
interaction energy.

To gain more knowledge about the nature of interactions
between the drugs and carrier and also the importance of pair-
wise interactions of various atoms in the ZIF-8/drug complex,
Atomic Radial Distribution Function (aRDF) analysis was per-
formed for systems 1 to 5. Fig. 6 presents the aRDF curves of
individual pair interactions that potentially contribute to
complexation. As seen in Fig. 6 panel A, the pair interaction of
Zn in the ZIF-8 structure and oxygen in DOX showed an intense
peak at around 0.4-0.6 nm. The highest Zn-O peak belonged to
system-2, where the coulombic interaction is much higher than
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that in the other systems (ref. Fig. 4). A similar trend for the
intensity of the Zn-O peak and coulombic energy was observed
for other systems. In the case of EGCG, the lower Zn-O inter-
action led to a decrease in the coulombic term for the ZIF-8/
EGCG complex. In other words, the stronger interaction of the
Zn-O pair correlated with higher coulombic energy. On the
contrary, the Zn-C pair interactions, which are a potential
source of Zn---7 interactions, and the N-C pair interactions that
resemble m-m stacking showed the highest peak in the ZIF-8/
EGCG complex of system-4 (panel D and F). It is believed that
these interactions have a prominent impact on the extent of
vdW energy. A close inspection of Fig. 6C-F indicates that the
intensity of the Zn-C and N-C peaks in EGCG was higher than
those in DOX molecules. These observations are in sound
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Fig. 6 The atomic radial distribution function for different active cites in DOX (left) and EGCG (right) with respect to Zn and N (representing
imidazole ring) in ZIF-8. The selected atoms for represent drug active sites are highlighted in Fig. 1 panels C and D.
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Fig. 7 Number of hydrogen bond formed between drugs and ZIF in the studied systems; (A) ZIF-8/DOX and ZIF-8/EGCG, at system 1 and 3,
respectively (B) ZIF-8/DOX and ZIF-8/EGCG at system 5, (C) ZIF-8/DOX and ZIF-8/EGCG at system 2, (D) in ZIF-8/DOX and ZIF-8/EGCG at
system 4, (E) ZIF-8/DOX and ZIF-8/EGCG as initial molecule at systems 2 and 4, respectively, and finally (F) ZIF-8/DOX and ZIF-8/EGCG as

additive molecule at systems 2 and 4.

agreement with the obtained energy results, which suggests that
the role of L-J interactions in the adsorption of EGCG on ZIF-8 is
higher than that of the coulombic term.

Hydrogen bonds formed between drugs and substrates are
among the main factors contributing to the stability of the drug
delivery system (DDS). They are the practical tool to investigate
the natural forces involved in the process of adsorption. Based
on a cutoff of 3.5 A for the donor-acceptor distance, we assessed
the number of hydrogen bonds and evaluated their role in the
adsorption process of DOX and EGCG on the ZIF-8 surface.
Fig. 7 provides the number of hydrogen bonds (HB) presumably
formed between the selected pairs of components in the studied
systems. Fig. 7A presents the number of hydrogen bonds

44540 | RSC Adv, 2020, 10, 44533-44544

formed between ZIF-8 and the ligands in systems 1 and 3. It
must be noted that for reaching the equilibrium state, system-1
and -3 took 200 ns and 105 ns, respectively. In Fig. 7B, the
competition between DOX and EGCG in forming hydrogen
bonds with ZIF-8 in system-5 throughout the simulation time is
depicted. As seen, the DOX molecule, which has more acceptor
and donor atoms than EGCG, is prone to more hydrogen bond
formation. This can be the reason for the high contribution of
coulombic energy toward ZIF-8/DOX interaction. The number of
HBs in systems —2 and —4 are given in Fig. 7 panels C and D,
respectively. Obviously, DOX could make more HBs as an initial
drug, although EGCG controlled all possible HBs in system 4. It
can be concluded that DOX forms more HBs when used as the

This journal is © The Royal Society of Chemistry 2020
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Table 2 Self-diffusivity D; (107> cm? s7Y) of the DOX and EGCG
molecules calculated with respect to the ZIF-8 nanoparticle

Sys numb Component D; Error

System 1 DOX 0.0041 +0.0000
System 2 EGCG 0.0026 +0.0013
System 3 EGCG 0.0095 +0.0039
System 4 DOX 0.0030 +0.0014
System 5 EGCG 0.0053 +0.0005
System 5 DOX 0.0051 +0.0001

initial molecule, while as an additive, EGCG forms more HBs
(see Fig. 7C-F). This observation is in line with the adsorption
energy result that by reducing the number of hydrogen bonds
between the drugs and ZIF-8, the adsorption energy for this pair
could be significantly reduced. Despite the significant decrease
in the number of HBs, the adsorption energy was relatively high
in the case of DOX used as an additive. Therefore, it seems that
other interactions, such as Zn-O, Zn-m, and -7 are, more
effective in the interaction of DOX with ZIF-8.

Mean Squared Displacement (MSD) is another statistical tool
to explore the behavior of ligands absorbed on a substrate.
Based on eqn (1), the mean square displacement was calculated
to evaluate the behavior of the drug molecules in the ZIF-8
pores.

MSD (A7) = ((ri(Af) — (0))*) = (Ari(AL)%) (1)

where (ri(At) — r;(0)) is the scale of the distance passed by the
center of mass of the i particle over a (Af) period of time.
Consequently, the Einstein self-diffusion coefficient D; can also
be determined by the long time limit of MSD as follows:
1
D; = 13 lim MSD(Af) @

At—

According to this equation, the self-diffusivity D; of the DOX
and EGCG molecules was calculated with respect to the ZIF-8
nanoparticle and is listed in Table 2.
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The results presented in Table 2 reveal that in systems 1 and
3, where there was no competition between the components,
and also in system 5, in which there was a fair competition, the
EGCG molecules showed higher D; and error values compared
with the DOX molecules. This finding can be related to the
smaller size of EGCG, as well as its weaker interaction with ZIF-
8. The higher diffusion of EGCG leads to an increase in its
movement and consequently, helps it to get closer to the surface
of the carrier. This is confirmed by the RDF results in Fig. 4,
which indicates that the distance between EGCG and ZIF-8 is
shorter than that between DOX and ZIF-8. In system 2, the
diffusion coefficient of EGCG was significantly reduced
compared with system 3. This observation can be explained by
the blocking effect of the DOX molecule. Similar behavior of the
DOX molecule was observed in system-1 and system-4.

Metadynamics

Metadynamics simulation is performed for investigating drug
adsorption on different active sites of ZIF-8 in systems-1 and -3.
For this purpose, the final configurations of the drug/carrier
complexes in system-1 and system-3 were analyzed, and three
different adsorption configurations for each system were used.

Fig. 8 and 9 depict the free energy surfaces (FES) of the
adsorption process for the individual center of mass (COM) of
DOX or EGCG with respect to the corresponding COM of the
active sites in ZIF-8, which host DOX or EGCG. For long
distances of the ligand from the carrier surface, the free energy
set was to be zero. It turned more and more negative as the
molecule moved toward the carrier through the adsorption
process. In the process of reaching their respective global
minima, they experience local minima and energetic bound-
aries that are usually presented as reaction coordination curves.
As seen in Fig. 8 and 9, the global minima for ZIF-8/DOX (ZIF-8/
EGCG) at positions no. 1, 2, and 3 were observed at around
0.65(0.88), 0.5(0.95), and 1.1(1.2) nm, respectively. The free
energy values for the ZIF-8/DOX complexes at their global
minima were about —340, —360, and —330 k] mol~". While, on
the one hand, FES at the global minimum for the ZIF-8/EGCG
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Fig.8 Free energy surface for (A) ZIF-8 and different orientations of DOX in system 1, and (B) ZIF-8 and different orientations of EGCG in system

3 (the numbers stand for different drug orientations).
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complexes at positions no. 1 and 2 even reached —390 and
—380 k] mol ™, respectively; on the other hand, the value for the
3rd position never exceeded —192 k] mol .

It seems that w-7 and X-m (X stand for Zn or N atoms)
stacking interactions are the main factors behind EGCG
absorption on ZIF-8. Therefore, the free energy values might
vary in a wide range depending on the drug orientation and
the ZIF-8 active sites. When the EGCG molecule is stuck in
a cavity of ZIF-8, it can form m-stacking interactions with the
substrate through all of its three wings, while at the surface,
two wings of the EGCG molecule interact with each side of the
edge and the third one can barely form any interactions
(Fig. 9). More precisely, when the EGCG molecule was at
configuration 3, its global minimum reached —190 kJ mol ",
whereas, in configurations 1 and 2, the global minimum
exceeded —390 kJ mol~'. However, in the ZIF-8/DOX
complexes, hydrogen bonds, along with other types of elec-
trostatic attractions, between DOX and carrier played the
governing role. The lowest global minimum for the ZIF-8/DOX
complex in the different configurations varied in a narrow
margin of 330-350 KkJ mol ™. These might be, to some extent,
a result of the planar and simpler structure of DOX molecules
in comparison with the tridentate EGCG molecule.

The formation of electrostatic interactions, such as conven-
tional and non-conventional HBs, between DOX and ZIF-8 (see
Fig. 7), reflected in their higher coulombic interaction energy
(Fig. 4). Overall, an individual EGCG molecule can be strongly
absorbed at a specific active site on ZIF-8 through ©-X stacking
interactions. However, their binding strength might change
with the orientation of the molecule and its adsorption position
on the carrier surface (FESs of EGCG in different positions are
compared in Fig. 8B). The position of drug adsorption on the
carrier surface at a global minimum point can reflect on the
contribution of the energy terms.
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Conclusions

Classical molecular dynamics and well-tempered metady-
namics simulations were performed to gain molecular insight
into the co-loading of DOX and EGCG on ZIF-8 nanoparticles.
The obtained results reveal that in a co-loading system, the
strength of the physical adsorption of a molecule depends on
the drug insertion order. It was found that the drug-carrier L-J
interaction energy value of the first inserted molecule, whether
it is DOX or EGCG, reached —600 kJ mol ™" at its equilibrium
state. The insertion of an additive drug imposed a synergic
effect on the initial ZIF-8/drug complex and further decreased
the L-J interaction energy to about —800 k] mol '. Besides the
drug-carrier complex, the drug-drug L-J interaction energy was
also considerable and consequently, played a critical role in the
adsorption process. In a competitive system, DOX kinetically
adsorbs on the ZIF-8 surface relatively fast and interacts with
EGCG molecules and may facilitate its adsorption on the
carrier. The HB analyses revealed that DOX has a better ability
to form a hydrogen bond with the carrier than EGCG. However,
HB was not the only factor involved in the process of adsorp-
tion. The aRDF investigations revealed that the glycol-Zn
interaction played a major role in the adsorption of DOX on ZIF-
8. On the contrary, the -7 and Zn-7 interactions were the
determinant interactions in the case of EGCG.

The mean squared displacement analyses for DOX and
EGCG suggest that in the absence of DOX, EGCG can diffuse
better into the nanocarrier cavity because of its smaller size and
weaker binding to ZIF-8 in comparison with DOX. However, in
the presence of DOX as an initial or additive molecule, the D; of
the EGCG molecules noticeably decreased. This behaviour may
be explained by the interfering or blocking effect of DOX. On the
contrary, in a competitive system, where active sites were widely
available for the two drugs, D; values of both drugs were rela-
tively equal with no sign of blocking or interfering effects.
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Fig.9 The free energy profiles for the different adsorption configurations of DOX and EGCG on the ZIF-8 surface as a function of the center of
mass of the molecules from active sites of the carrier. The represented snapshots show the low-energy configurations of corresponding minima.
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Metadynamics simulations performed for EGCG at 3
different active sites on the ZIF-8 surface revealed that the
global minimum at FES depends on where and how EGCG
meets ZIF-8. EGCG, being a tridendate molecule, mostly gets
stuck on the substrate in a way that one of its arms has no
considerable interaction with ZIF-8, while the planar structure
of DOX allows the drug to stack on the carrier and making
interactions in all possible capacity. Consequently, when EGCG
was stuck over the substrate in its full capacity, FES revealed
a global minimum at about —390 kJ mol ", which is almost 10%
higher than the DOX free energy value. However, there is still
a chance for the EGCG molecules to leave an arm without
interaction with the substrate and consequently drop its global
minimum by half.

Overall, to design a purposeful system for the co-delivery of
DOX and EGCG with ZIF-8, the order of drug insertion should
be kept in mind. Furthermore, the availability of active sites, the
size of nanoparticles, and the concentration of the drugs must
be considered for enhancing DDS efficiency.
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