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ABSTRACT: Metal−organic frameworks (MOFs) are utilized as
nanocarriers to enhance the efficiency of chemotherapy drugs,
including cisplatin, which exhibit limitations such as side effects and
resistance mechanisms. To evaluate the role of MOFs, we
employed a molecular dynamics simulation, which, unlike other
experiments, is cost-effective, less dangerous, and provides accurate
results. Furthermore, we conducted molecular docking simulations
to understand the interaction between cisplatin and MOF, as well
as their internal interactions and how they bind to each other.
Cisplatin and MOF molecules were parametrized using the
Avogadro software and x2top command in GROMACS 5.1.2 and
optimized by CP2K software; the Charmm-GUI site parametrized
the cell cancer membrane. Three molecular dynamics simulations
were conducted in four stages at various pHs, followed by simulated umbrella sampling. The simulations analyzed the pH
responsiveness, total energy, Gibbs free energy, gyration radius, radial distribution function (RDF), solvent accessible surface area,
and nanoparticles’ toxicity. Results demonstrated that a neutral pH level (7.4) has greater adsorption and interaction compared to
acidic pH values (6.4 and 5.4) because it displays the highest total energy (−17.1 kJ/mol), the highest RDF value (6.66), and the
shortest distance (0.51 nm). Furthermore, the combination of cisplatin and MOFs displayed increased penetration compared to that
of their individual forms. This study highlights the suitability of MOFs as nanocarriers and identifies the optimal pH values for
desirable outcomes. Thus, it provides future studies with appropriate data to conduct their experiments in assessing MOFs.

1. INTRODUCTION
Cisplatin, (SP-4−2)-diamminedichloridoplatinum(II), or cis-
platinum (CAS No. 15663−27−1, MF-Cl2H6N2Pt; NCF-
119875), is a cytotoxic agent used in various cancers as
monotherapy or as part of a combination chemotherapy or
radiation therapy.1,2 Cisplatin was first synthesized by Peyrone
in 1845.3 Its properties were fortuitously discovered in 1965 by
Dr. Barnett Rosenberg while observing electric current effects
on bacterial growth.4,5 Rosenberg reported that electric fields
lead to filamentous growth of Escherichia coli cells.4,5 Since
filamentation indicates deoxyribonucleic acid (DNA) cell
damage, further studies were conducted to assess the biological
activities of platinum complexes.4 It was discovered that
cisplatin inhibits the growth of tumor cells such as leukemia
L1210 cells and sarcoma 180 cells in mice,6,7 the Walker 256
carcinosarcoma,8 methylbenzanthracene-induced mammary
carcinoma,9 and Dunning ascitic leukemia in rats.10 Finally,
after conducting clinical trials, cisplatin was FDA-approved in
1978 under the name Platinol as an anticancer drug for
testicular, ovarian, lung, and bladder cancers.5

Cisplatin is activated upon entering the cell’s cytoplasm as
water molecules replace the chloride atoms of cisplatin,
resulting in the formation of a highly reactive electrophile
that can react with any nucleophile.11,12 The binding between
cisplatin and a purine residue, specifically at the N7 reactive
center, leads to apoptotic cell death, DNA damage, and
inhibition of cell division.2 One of the most notable
mechanisms underlying cisplatin toxicity is oxidative stress in
the mitochondrion, which hampers calcium uptake, reduces
mitochondrial membrane potential, and leads to the loss of
sulfhydryl groups in mitochondrial proteins.2 Another
important mechanism is calcium signaling, which triggers
enzyme inhibition and lipid peroxidation, activating the
extracellular signal-regulated kinase, resulting in cell cycle
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arrest in adenocarcinoma ovarian cell lines.13 Thus, it leads to
Jun amino-terminal kinase pathway activation, causing DNA
damage,14 and modulating cell apoptosis through p38 mitogen-
activated protein kinase.15,16

Despite its anticancer effects, the use of cisplatin is restricted
due to significant limitations, including its side effects, the
development of resistance mechanisms, and poor bioavail-
ability.17,18 The most frequently observed side effects are
ototoxicity, hepatotoxicity, nephrotoxicity, myelosuppression,
and cardiotoxicity due to the nonselective distribution of the
drug between healthy and tumor tissue.17,18 Nonselective
targeting and a low ability to differentiate between cancerous
and normal cells are the main causes of cisplatin toxicity.19

Resistance is attributed to the decrease in drug accumulation in
the cell, led by increased efflux and reduced influx.20,21 Also, it
was reported that overexpression of ATP7A caused resistance
in the esophagus,22 lung,23 cervical, and ovarian cancers.21,23

As for its physicochemical properties, cisplatin possesses a
density of 3.74 g/cm3, molecular weight of 301.1 g/mol, a
melting point of 270 °C, a water solubility of 2.53 g/L at 25
°C, and a log Kow of −2.19,2 which indicates low lipophilicity
and water solubility.24,25

In recent years, drug delivery systems (DDS) have played a
crucial role in tackling challenges associated with anticancer
treatments. These challenges include low bioavailability,
solubility, permeability, toxicity, and retention effects.26−28

Various types of DDSs have been employed for delivering
anticancer drugs effectively. For instance, nanosheets have
been utilized to enhance the transportation of doxorubicin,
resulting in a higher therapeutic dose.29 Nanotubes have
provided increased stability for 5-fluorouracil,30 while lip-
osomes have facilitated higher drug release in lomustine.31

Furthermore, metal−organic frameworks (MOFs) have been
employed in delivering luteolin, platinum, and cisplatin for
drug-resistant cancers.32−35

MOFs, also known as porous coordination polymers, possess
diverse properties, such as being nanocarriers for chemo-
therapeutics and imaging contrast agents.34,36−38 MOF
structures are characterized by their large pores and a surface
composed of metal ions, allowing for the binding of desired
components.34 Its distinctive characteristics include a high
surface area, adjustable pore sizes, and variable chemical
composition.38 Thus, MOFs can be utilized to overcome
cisplatin limitations due to their selective targeting abilities and
low toxicity, which may result in a higher therapeutic
index.38,39 Initially, MOFs were employed for the codelivery
of cisplatin and siRNA in ovarian cancer cells that exhibited
resistance to the drug, which enhanced in vitro chemo-
therapeutic efficacy.34 Also, MOFs exhibit a distinctive
characteristic of undergoing reversible structural changes in
response to varying pH conditions. The organic ligands within
pH-responsive MOFs incorporate functional groups capable of
protonation or deprotonation in response to pH changes.40,41

This dynamic nature allows pH-responsive MOFs to selectively
adsorb or release guest molecules, making them highly
attractive for controlled drug delivery systems. In the realm
of drug delivery, pH-responsive MOFs offer a promising
strategy for improving drug efficacy while minimizing side
effects.42 By incorporating pH-sensitive ligands, these MOFs
remain stable in the neutral pH environment of the
bloodstream and selectively release encapsulated drugs at
target sites characterized by slightly acidic pH, such as tumor
tissues.41 This pH-triggered drug release strategy enhances

drug bioavailability and reduces off-target effects, offering a
potential solution to combat drug resistance and enhance
patient outcomes.41

However, MOFs are hampered by high production costs and
low stability, posing challenges for their study as drug delivery
systems.39 Moreover, there is a lack of data and research
regarding MOFs’ permeation through cancer cell membranes
at the molecular level. In order to overcome these difficulties,
molecular dynamic simulations are considered a valuable
method that provides quantitative and qualitative data
regarding the physical-chemical mechanisms and interactions
of MOFs as drug delivery systems.43 Moreover, simulations
serve as a tool for predicting and assessing the performance
and properties of different components, as well as the
advantages of avoiding potential health risks associated with
exposure to hazardous agents, such as anticancer drugs.44 The
available evidence for the use of MOFs as nanocarriers is still
insufficient and does not offer a clear picture of the delivery
mechanisms to cancer cells. Thus, the current study aims to
tackle this challenging gap by providing a molecular depiction
of the uptake of MOFs loaded with cisplatin in cancer cells.
Therefore, we will evaluate the effectiveness of MOFs as
carriers for delivering cisplatin to cancer cells in a molecular
dynamics simulation in a pH-responsive drug delivery system.
Our simulation has thoroughly addressed all pertinent aspects
concerning in silico investigations. Our analyses include the
absorption and release of drugs at various pH levels,
encompassing absorption during synthesis outside the body
and release during drug interaction with cancer cells.
Additionally, we have conducted other in silico investigations
that provide comprehensive analyses of the passage of
nanoparticles and drugs through cancer cell membranes.

2. MATERIALS AND METHODS
The cancer cell membrane was constructed and parametrized
using the Charmm-GUI site (http://www.charmm-gui.org).
The membrane components consisted of sphingomyelin (SM),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleo-
yl-sn-glycero-3-phospho-L-serine (DOPS), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE).31−35 We have opted
for a simplified membrane model to streamline the cellular
model and focus on the core issues.

All simulations in this study were performed using
GROMACS version 5.1.2 software, and VMD software was
utilized as the graphical interface. OPLS-AA force field was
employed, and the leapfrog algorithm was utilized for
integrating Newton’s equations of motion. It is worth
mentioning that thanks to the LINCS algorithm, all molecular
dynamics simulations were conducted with a time step of 2 fs.
In all molecular dynamics simulations, four main stages were
carried out: energy minimization (EM), temperature equilibra-
tion (NVT), pressure equilibration (NPT), and the main run,
molecular dynamics (MD). The energy minimization stage was
performed using the steepest descent algorithm until the
maximum force between two steps was less than 1000 kJ/mol/
nm. In the two temperature equilibration stages, the V-rescale
thermostat and Parrinello−Rahman barostat with time
constants of 1 and 2 ps were utilized to stabilize the
temperature and pressure at 300 K and 1 bar, respectively.
In all of these simulations, a cutoff radius of 1 nm was
considered for electrostatic and van der Waals interactions,
employing the Verlet scheme for a duration of 10 ps. It is
important to note that periodic boundary conditions were
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applied in all directions in the molecular dynamics simulations.
To establish the initial configuration for molecular dynamics
simulations, the initial structures of the Cisplatin and MOF
molecules were drawn using the Avogadro software and we
utilized the VMD software and represented the porosity in the
MOF structure using the Volmap tool (Figure 1). The

PolyParGen server and CP2K software were utilized for
parametrizing the resulting structure. After applying the
settings related to selecting the level of theory and their
corresponding basis sets, which were B3LYP for the DFT
function and 6-311++G, and applying the electrostatic
potential (ESP), the topology file of the corresponding
structure was generated by editing the output file from the
PolyParGen server. Subsequently, the molecules were para-
metrized using the x2top command in GROMACS 5.1.2.
Additional molecular information was obtained from the
OBGMX server (http://software-lisc.fbk.eu/obgmx/). Finally,
after constructing the simulation box measuring 6 × 6 × 6
cubic nanometers and solvating it, to investigate the drug
release process, three simulations were conducted at different
pH values (7.4, 6.4, and 5.4), and the four main stages of
molecular dynamics simulation were carried out with a
duration of 200 ns. In molecular dynamics simulations, we
cannot alter the pH during the simulation. According to the
Bronsted−Lowry theory, which is one of the fundamental
concepts in chemistry regarding the behavior of acids and
bases, any reaction involving the transfer of a proton from one
substance to another is termed an acid−base reaction from the
perspective of Bronsted−Lowry. According to this theory, an

acid is a substance that donates a proton to another substance
and a base is a substance that accepts a proton from another
substance, and this holds true for hydrogen atoms. Now, pH,
as named by Danish chemist S. P. L. Sørensen, is a scale that
indicates the acidity or acidic properties of a solution to us. In
molecular dynamics, we cannot use free hydrogen for pH
changes. Instead, by adding or removing hydrogen atoms from
each molecule, we apply pH changes to each molecule. Various
software programs can be used for this purpose in molecular
dynamics. We selected the Avogadro software. In this software,
for the desired molecule, we change the pH range, and the
molecule receives more hydrogen atoms in an acidic state
(acquires a positive charge) and loses its hydrogen atoms in a
basic state (acquires a negative charge). This method was used
to apply pH to simulated molecules, and after adjusting the pH
for each molecule, we parametrized them again.
2.1. Umbrella Sampling. After performing the primary

simulation, “Umbrella Sampling” was carried out to compute
the Gibbs free energy for membrane simulation. Umbrella
Sampling is a molecular simulation method used to calculate
the probability distribution or Gibbs free energy in a defined
space. In this method, molecules are guided to specific states in
the defined space or simulation box by using one or multiple
energy belts (umbrella potential). Then, by performing
molecular simulations in each state, the corresponding
probability distribution is obtained. By combining these
distributions using analytical methods such as WHAM
(weighted histogram analysis), we can calculate the probability
distribution or free energy for the entire defined space.
Therefore, in this study, after conducting the primary
simulation with a simulation box of dimensions 6 × 6 × 6,
umbrella sampling was performed, which necessitates expand-
ing the dimensions of the simulation box (to pull molecules
into specific states in the defined space). Thus, the dimensions
of the box were considered as 30 × 8 × 8 cubic nanometers.

In the three simulations, the MOF, MOF-Cis-Pt, and Cis-Pt
molecules were exposed only superficially to the cancer cell
membrane. The simulation was conducted over a duration of
300 ns with a time step of 2 fs. Initially, the simulation
proceeded through four stages: energy minimization (EM),
canonical ensemble (NVT), isothermal−isobaric ensemble
(NPT), and molecular dynamics (MD). The output of the
simulation was then used for umbrella sampling. During the
umbrella sampling simulation, the cancer cell membrane was
restrained, and the MOF, MOF-Cis-Pt, and Cis-Pt molecules

Figure 1. Representation of the porous structure of the MOF in the
VMD software.

Figure 2. (a) MolDock Score at five poses, which is more negative in pose 1. (b) The interaction between cisplatin and MOF in pose 1.
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were allowed to pass through the membrane using a pull code.
These molecules were stretched by 12 nm along the Z-axis.
Following the execution of the pull code, a total of 120
configurations were extracted at intervals of 0.1 nm. Finally, the
Gibbs free energy was calculated by applying the weighted
histogram analysis method (WHAM) to the configuration
results.
2.2. Molecular Docking. In this study, we conducted

molecular docking simulations to investigate the interaction
between cisplatin and the MOF and observe their internal
interactions, including the existing hydrogen bonds. For this
purpose, we utilized Molegro Virtual Docker software. The

structure of the MOF along with cisplatin was imported into
the Molegro Virtual Docker software. After correcting and
preparing the MOF structure prior to docking using the
Preparation tab, the software was ready for docking execution.
By accessing the Docking tab and Docking wizard, the
Moledock se algorithm was selected along with the screening
method, and the number of poses and runs was set to 5 and 10,
respectively. In this simulation, 5 position calculations were
considered. Upon completion of molecular docking, by visiting
the poses tab, each of the 5 simulated poses could be observed.
By examination of the energy of each pose, the best ones were
selected. A more negative value indicates a better MOF-

Figure 3. (a) Total energy across three pH levels. (b) Temporal plot of total energy at different pH levels, accompanied by charts illustrating the
total energy and Gibbs energy at these levels. It is noteworthy that the Gibbs energy tends to become more negative at higher pH values. (c)
Electrostatic and van der Waals energies relative to total and Gibbs energies at various pH levels.

Figure 4. (a) Vertical axis represents the radius of gyration, while horizontal axis represents time in picoseconds. The plot displays the mean
gyration radius at different pH levels. (b) Chart providing the average Rg at each pH and indicating that a smaller Rg is achieved at neutral pH.
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Cisplatin complex. According to the observed chart in Figure
2, the first pose with a MolDock score of −40.2498 was
identified as the best pose. For further investigation of the
docking output, MolegroViewer software was consulted. By
accessing the Ligand Map tab and selecting Show interaction,
the types of interactions could be observed for MOF-Cisplatin
interactions. Upon examination of this pose, it is observed that
cisplatin forms four hydrogen bonds with three MOF amino
acids, Glu 139, Glu 60, and Glu 106, along with a steric
interaction with Ser 55.

3. RESULTS AND DISCUSSION
3.1. pH-Responsive Drug Release Simulations. Based

on the molecular model structure proposed by Zhong et al. to

investigate the release of aquatic cisplatin from the MOF,
molecular dynamics simulations were performed at three
different pHs (5.4, 6.4, 7.4).45 Several analyses were carried out
to explore and elucidate the interactions between the drug and
nanocarrier, as well as the drug release response to different pH
conditions.46

3.1.1. Total Energy Analysis. Total energy analyzes the
amount of interaction of MOFs-Cis-Pt with the cancer cell
membrane; a smaller amount of energy indicates a stronger
interaction between the particles.46 Total energy arises from
both electrostatic and van der Waals interactions between the
two drug groups and the nanocarrier.47 Van der Waals

interactions depend on structural stability as well as the size
and mass of atoms and are governed by the Lennard-Jones
equation.48 Electrostatic interactions, on the other hand,
involve the calculation of charge differences between the
nanocarrier and drug atoms, following Coulomb’s law.49

Increased van der Waals and electrostatic energies contribute
to lower total energy, which in turn enhances drug and
nanocarrier adsorption.49

The total energy between MOFs and Cis-Pt at pH 7.4, 6.4,
and 5.4 was calculated in units of kJ/mol (Figure 3). The
results indicate that the smallest total energy was observed for
MOFs-Cis-Pt at pH 7.4, with a value of −17.1 kJ/mol. As the
pH became more acidic, the total energy diagram showed a
decrease in the adsorption between the drug and the
nanocarrier. At pH 6.4, the total energy was −8.2 kJ/mol,
and at pH 5.4, the total energy was −4.8 kJ/mol. These
findings suggest that the system is more stable at neutral pH
and that the adsorption of structures and charges between the
drug and nanocarrier is more favorable compared to acidic
conditions. The improved adsorption at neutral pH can be
attributed to the presence of nonidentical charges on the drug
and nanocarrier molecules. In acidic conditions, the system
experiences repulsive electrostatic forces between similarly
charged molecules, leading to an increase in total energy and a
reduction in the intensity of adsorption between drug
molecules and the nanocarrier. These results are supported
by other dynamic simulations that highlight the vital role of
vdW interactions in the stability of cisplatin loaded into carbon
nanohorns and nanotubes.50,51

To achieve drug-nanocarrier conjugation, controlling the pH
of the drug-nanocarrier system is crucial. According to the
simulation and the graph in Figure 3, it is evident that higher
pH values (7.4) result in more negative energy and thus greater
stability compared to other pH levels. Additionally, it is
noticeable that a more acidic pH (5.4) demonstrates the
highest energy compared to others. This indicates repulsion
between the drug carrier within the acidic pH range,
corresponding to the time when the drug is being transferred
to cancer cells, known as release. As the drug separates from
the surface of the nanocarrier, it possesses the highest energy
and consequently less stability.

Gibbs free energy was also calculated in absolute state; this
energy is acquired from the umbrella sampling simulations.44

The smaller the Gibbs energy of the system, the more drugs
and nanocarriers are attracted to each other.52 Consistent with
the total energy results, the Gibbs free energy was found to be

Figure 5. Diagram showing the radial distribution function. The
highest value is related to molecular aggregation at pH 7.4.

Figure 6. Vertical axis represents the area of the surface in cubic
nanometers, and the horizontal axis represents the time in
picoseconds.

Figure 7. Root-mean-square deviation (RMSD) analysis plot for the
MOF-cisplatin complex over time.
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higher at neutral pH, indicating better stability and adsorption
of drugs and nanocarriers. Additionally, a similar trend was
observed for the increase in the Gibbs free energy as the
system pH decreased. It is worth mentioning that the
presented data were calculated as time averages. Li et al.
observed a decrease in stability of the 2D metal−organic
framework used as a drug delivery system (DDS) for cisplatin
when the pH was lowered, particularly at pH 5.5 compared to
pH 7.4.53

Additionally, the temporal plot of total energy is depicted,
which illustrates the electrostatic and van der Waals energies
plot relative to total and Gibbs energies (Figure 3).

3.1.2. Radius of Gyration (Rg) Analysis. Rg represents the
root mean square of the nanoparticle’s distance from the center
of mass, or center of gravity.54,55 It serves as a measure of the
compactness and stability of structures in simulations. Thus, a

smaller radius of the drug and nanocarriers’ spheres means
better adsorption, stability, compactivity, and higher inter-
actions between the nanocarrier and the drug.54−56 Figure 4
illustrates the Rg diagram of groups including cisplatin and
MOFs at pH 7.4, 6.4, and 5.4, considering Rg at different
simulation times of the drug and nanocarriers as a hypothetical
sphere with a variable radius.

The starting and ending points are critical in this analysis. In
the graph, the starting point remains constant across different
pH values, while the end points display varying ranges. At pH
7.4, the end point corresponds to a radius of gyration equal to
1.2 nm (Figure 4). A smaller Rg value at the end point signifies
greater accumulation of drugs and drug molecules, indicating
improved adsorption. This behavior was observed at pH 7.4.
As the system progressed toward acidic pH levels, the end
point of Rg increased and adsorption decreased.

Figure 8. Molecular dynamics evaluation of the interaction between cancer cell membrane. (a) Metal−organic frameworks (MOFs), (b) Cisplatin
(Cis-Pt), and (c) MOF-Cis-Pt. Gibbs Free energies. The best-penetrated nanoparticle is ordered as follows: (c, b, a).
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3.1.3. Radial Distribution Function (RDF) Analysis. In RDF
analysis, we can observe the distribution of drug molecules
(cisplatin) around MOFs and estimate the extent of their
diffusion aggregation.57,58 Figure 5 illustrates the RDF analysis
graph for cisplatin and MOFs at different pH values.59 The
RDF analysis provides insights into the adsorption criteria by
evaluating the maximum value and visualizing the positions of
the drug and nanocarrier within the simulation box.60 The
vertical axis represents the maximum value in the graph.57 A
higher maximum value in the graph indicates a stronger
connection and closer proximity between the drug and
nanocarrier molecules.57 The highest maximum value was
observed at a neutral pH, which is 6.66. In comparison, both
acidic systems have maximum values that are nearly the same.
The maximum RDF value for pH 6.4 was 5.36, while for pH
5.4, it was 5.25. This suggests that less accumulation occurs at
acidic pH levels and the optimal pH for adsorption, with a
significant pH difference, is neutral. Another important
parameter is the distance at which the highest RDF occurs.
In the diagram, the maximum RDF was observed at 0.51 nm
from the center of mass of the nanocarrier and drug groups for
neutral pH. However, at acidic pHs (6.4 and 5.4), it occurred
at distances of 0.52 and 0.56 nm, respectively. Therefore, at pH
7.4, a higher intensity of accumulation and distribution of
nanocarrier and drug molecules was observed, indicating better
adsorption and interaction between the drug and nanocarrier
molecules.

In terms of distance, the graph shows its maximum value at
0.51 nm for pH 7.4, 0.52 nm for pH 5.4, and 0.56 nm for pH
6.4. The amplitude of the graph after the maximum point can
indicate the presence of drug molecules at distances far from
the nanocarrier. The larger the range of these graphs and the
more flour they have, the more it shows the presence of drugs
at distances greater than the 0.51, 0.52, and 0.56 nm points.
The range of the graph is lower for neutral pH, and this shows
that most of the drug molecules are around the nanocarrier
and the presence of drugs is reduced at greater distances. Thus,
this exhibits better adsorption under neutral pH conditions
than adsorption in acidic conditions.

3.1.4. Solvent Accessible Surface Area (SASA) Analysis.
SASA reports the value of variation in the contact area and self-
assembly around water and can be obtained by the following
mathematical equation44,47,54

=t S S tcontact area ( ) 1/2( (0) ( ))

Figure 6 presents a graph of the SASA analysis for cisplatin
groups and MOFs at different pH levels. The reduced contact
of the molecule’s surface with water indicates a stronger
interaction and better adsorption between the drugs and
nanocarriers. Specifically, at pH 7.4, the simulation results
demonstrated a lower contact area of the molecular surface
with water, particularly at the end points. This indicates a
higher degree of adsorption. In contrast, acidic pHs exhibited a
larger contact area with water, suggesting weaker adsorption.

Drug and nanocarrier distance increases at acidic pHs,
indicating that drug release is a pH-responsive mechanism.
Due to MOFs’ unique structure, they have proven to be useful
for various applications, including ion transportation, water
treatment, sensors in pharmacies, and energy storage.61

Therefore, many simulations and in vitro studies were
conducted to observe MOF features such as delivering
cisplatin to cancer cells to avoid resistance and side effect
mechanisms.34,61 In 2014, He et al. reported that in an in vitro

study, the codelivery of siRNA and cisplatin to ovarian cancer
cells with nanoscale MOFs led to an increase in efficacy, as
observed by DNA laddering, Annexin V staining, and viability
assay.34 This study created the need to assess MOF’s
properties as nanocarriers for cisplatin in cancer cell
membranes. In this simulation, the total energy, which includes
Rg, was one of the geometric parameters available for analysis
in the MD stage. Its larger number indicated a larger size of the
drug delivery system; the average of Rg from larger to smaller
was as follows: 5.4, 6.4, and 7.4. An important analysis in the
study of the aggregation and density of nanoparticles and the
drug delivery system is the study of RDF molecules in the
simulation box. The higher the peak of this graph, the more
concentrated and aggregated the accumulation of molecules.
The maximization values in the RDF from largest to smallest
based on the pH level were 7.4, 6.4, and 5.4. Therefore, the
value of RDF at neutral pH had the highest accumulation,
wheras this value was lower for acidic pHs, indicating better
release and lesser accumulation. Another important factor in
investigating the mechanism of system molecules and the box
solvent interaction is the solvent accessible surface area
analysis. This analysis is computed using the gmx sasa
command. A lower SASA value indicates less system and
solvent interference. Therefore, the molecules in the drug
delivery system are more concentrated and integrated.
Decreasing pH to acidic, its value increases. In short, the
more acidic the environment is, the greater the amount of
SASA, the greater the average radius of rotation, the higher the
maximum amount of RDF, and the more positive the total
energy.

These results indicate that as the end of the simulation time
at acidic pHs approaches, the distance between the drug
molecules and the nanocarrier increases, the drug release
increases, and the level of molecular aggregation decreases.
These cases are predictable due to the sensitivity of the drug
release mechanism based on the functional groups present at
the nanocarrier level and the positive charge of the drug. Gibbs
free energy is a measure of the spontaneity of a reaction or
phenomenon; therefore, the more negative this value is, the
more spontaneous the reaction. And the more positive it is, the
less inclined it is to react and interfere. This analysis was
performed by using an umbrella sampling simulation. The
value was the most negative for the neutral environment, which
indicates the strong interaction between the drug and the
nanocarrier, but with the increasing acidity of the simulation
medium, its value also became more positive, indicating the
tendency of molecules to separate and release the drug from
the system.

3.1.5. Root-Mean-Square Deviation (RMSD) Analysis.
RMSD analysis assesses the deviation of fluctuations between
two groups over a period. Certainly, the lower its value, the
greater is the stability of the compound. In this simulation, the
difference in fluctuations between the MOF and cisplatin is
examined. Based on the RMSD plot presented in Figure 7, the
MOF-cisplatin complex performed best at pH 7.4 and
exhibited the highest stability. Indeed, the complex structure
at pH 7.4 had the lowest RMSD compared to those of other
pH values throughout the simulation. This indicates a greater
stability during the simulation.

Moreover, RMSD fluctuations at pH 7.4 were also lower
than other combinations and converged more rapidly toward a
constant value compared to other combinations. This indicates
that the complex structure at pH 7.4 quickly reaches a stable
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state. Subsequently, the complex structure at pH 6.4
demonstrates better stability and convergence compared to
that of pH 5.4.
3.2. Interaction with Cancer Cell. Following the previous

simulations, to investigate the toxicity of nanoparticles on the
cancer cell membrane, we conducted an umbrella sampling
simulation. The interaction of nanoparticles with cancerous
membranes is a measure of the anticancer effect of these
nanoparticles.44 Thereby, the Gibbs free energy is calculated in
three modes: Cis-PT, MOFs-Cis-Pt, and MOFs. As indicated
in Figure 8, numerical and schematic results obtained from
molecular dynamics simulations provide insight into the study
of the toxicity of these substances on cancerous masses. The
results showed that Cis-Pt or MOF interactions with cancer
cells alone were fewer spontaneous interactions. Gibbs free
energy studies indicated that MOF-Cis-Pt interactions with the
membrane were more spontaneous than others. Therefore,
MOF-Cis-Pt has enough power to penetrate the surface of
cancer cell membrane, while MOF is present only near the
membrane and does not have enough power to penetrate the
membrane.

4. CONCLUSIONS
In this study, molecular dynamics simulations were conducted
to explore the role of MOFs in enhancing the delivery of
cisplatin to cancer cells, providing fundamental insights into
the synthesis and design of MOFs as drug delivery systems.
During the molecular docking simulation to investigate the
interactions between cisplatin and the MOF, three simulations
were performed at different pH levels and in four stages,
followed by umbrella sampling simulations. The analysis of
total energy and Gibbs free energy demonstrated that neutral
pH conditions promote higher adsorption of cisplatin, with the
smallest total energy of −17.3 kJ/mol observed at pH 7.4
compared to −4.5 kJ/mol at pH 5.4. The radius of gyration
(Rg) of MOFs remained constant at the starting point across
different pH levels, while at the end point, Rg decreased at pH
7.4 and increased at acidic pHs. This suggests that lower acidic
pH levels facilitate increased accumulation of drug molecules,
indicating higher adsorption levels. RDF analysis revealed
significant findings regarding the value, distance, and
contributions; pH 7.4 exhibited the highest value (6.66 nm),
the shortest distance from the center of nanocarriers (0.51
nm), and the narrowest range of interaction between
nanocarriers and drug molecules, indicating favorable inter-
action and adsorption. SASA analysis indicated that drug
release is pH-dependent, with neutral pH demonstrating the
least contact with water, leading to a reduced level of
interference and improved integration between drug molecules
and nanocarriers. RMSD analysis also indicated that the MOF-
cisplatin complex structure exhibits a greater stability at pH
7.4. Based on the outputs and results of all analyses, especially
the energy analysis, which serves as the fundamental basis for
reporting the stability of structures, the simulated structure at
pH 7.4 is selected as the most stable combination.
Furthermore, the toxicity of the nanocarrier was evaluated by
comparing Cis-Pt, MOF-Cis-Pt, and MOFs alone in
simulations, revealing that MOF-Cis-Pt exhibited a higher
potential for penetrating the cancerous cell membrane and
displayed more spontaneous interactions.
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