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Zeolitic Imidazolate Frameworks (ZIFs) are considered as potential nanocarriers in biomedical applications
such as storage and transportation of drugs, due to their low toxicity, high internal load and controlled
release. In this work, the adsorption of the anticancer drug 5-Fluorouracil (5-FU) in selected ZIFs is
studied by employing a multiscale computational scheme that includes semi-empirical computational
techniques, Grand Canonical Monte Carlo (GCMC) and molecular dynamics simulations. Our investigation
is based on ZIF-8 which is characterized by pH-sensitive controlled drug release. In order to improve the
capacity and the drug interaction with the framework we expanded the parent ZIF-8, by replacing each
imidazole linker with 3-(1H-pyrrol-3-yl)-pyridine. 5-FU shows enhanced binding affinity (34 kcal mol™) in
modified ZIF with respect to the parent ZIF-8 (12 kcal mol™) (PM7). Moreover, GCMC simulations were
employed to determine the loading of 5-FU in both ZIF compounds under different thermodynamic con-
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ditions and over a wide range of pressures, where it is revealed that the loading for the modified ZIF
(2311 mg g™} is four times higher than the loading for ZIF-8 (560 mg g™%). Moreover, molecular dynamics
simulations offer a detailed comparison between the two ZIF materials in aqueous systems and provide
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Introduction

Cancer is a complex disease characterized by uncontrolled cell
proliferation, resistance to apoptosis, and invasive growth. Its
development is influenced by genetic, environmental, and life-
style-related factors such as exposure to carcinogens, poor diet,
and obesity."”> Chemotherapy remains a primary treatment
strategy, especially for metastatic cancers, although its efficacy
is often limited by off-target toxicity and systemic side effects.
5-Fluorouracil (5-FU), a widely used anticancer agent com-
monly known as Adrucil, exerts its effect by disrupting DNA
synthesis but is associated with adverse effects such as inflam-
mation and hair loss.>* Due to its clinical relevance and small
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deeper insight into their drug-material interactions.

molecular size, 5-FU serves as a useful model compound in
computational drug delivery studies.”®

To improve therapeutic selectivity and reduce side effects,
nanoparticle-based carriers are increasingly employed in
chemotherapy to encapsulate, protect, and control the release
of anticancer drugs, such as 5-FU.”'° Key attributes for these
nanoparticles include non-toxicity, stability, biocompatibility,
and controlled drug release. Nanoparticles achieve targeted
delivery via passive accumulation in tumor tissue or active tar-
geting through specific tumor cell interactions,'"">13720,21-23
Despite challenges such as low drug-loading capacity and
insufficient release control, Zeolitic Imidazolate Frameworks
(ZIFs) offer promising advancements in nanoparticle-based
drug delivery, potentially overcoming previous limitations.
They are a subclass of MOFs***® with zeolite-like topologies,
consisting of tetrahedral transition metal ions interconnected
by organic linkers rendering them promising materials
studied for applications such as gas capture, drug storage and
transport, heterogeneous catalysis, and chemical sensing.**"
ZIF-8, for instance, demonstrates potential in drug delivery
systems due to its high stability in water and rapid decompo-
sition in acidic environments, facilitating pH-sensitive drug
release. This property is particularly beneficial for targeting
cancerous tissues, which have a more acidic pH compared to
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normal tissues, minimizing undesired drug release during
transport and enhancing targeted delivery.>® ZIF-8’s ability to
retain 5-FU under neutral pH and release it rapidly under
acidic conditions has been experimentally validated,** with
over half of the drug released within 12 hours at pH 5.0. Our
study along with ZIF-8, also investigates a modified ZIF with a
larger pore size than ZIF-8. By replacing ZIF-8’s imidazole ring
linker with 3-(1H-pyrrol-3-yl)-pyridine, the new linker forms a
larger unit cell with more available pore volume, increasing
drug capacity as indicated by our simulations when compared
with other porous materials. The corresponding linkers are
highlighted in red in Fig. 1. Calculations using PoreBlazer®*
reveal the unique characteristics of these materials, emphasiz-
ing their potential in improving drug interaction and expand-
ing the capabilities of ZIF-8 for selective drug delivery, as
shown in the Table 1.

Computational chemistry applies computer science to
chemical problems, using theoretical models to predict mole-
cular structures and properties. Since solving quantum n-par-
ticle problems exactly is impractical, it complements experi-
mental data and can even predict phenomena difficult to
observe directly. This field is essential for designing drugs and
materials, utilizing methods that vary in accuracy and compu-
tational demand based on system size. Approaches include
ab initio methods for high accuracy but high cost, empirical
methods for faster, approximate results, and semi-empirical
methods that balance precision with efficiency. Method choice
depends on the system’s complexity and resource availability.
For this study, a multiscale computational approach**?*” con-
sisting of three stages has been developed to investigate
various aspects of drug-porous material systems, shown in
Fig. 2. Initially, a semi-empirical method is used to examine
the molecular interactions between 5-FU and the corres-
ponding ZIFs by considering judiciously selected finite size
models. In the next stage, Grand Canonical Monte Carlo classi-

ZIF-8 « < Modified ZIF

Fig. 1 Schematic representation of the structure of ZIF-8 (left) and the
modified ZIF (right). The corresponding linker is highlighted in red.

Table 1 Structural properties of ZIFs in study

Structural properties ZIF-8*° Modified ZIF
PLD" (&) 2.93 13.05

LCD’ (A) . 11.36 19.82

Pore volume (A3) 21139 58950

“PLD: pore limiting diameter. ? LCD: largest cavity diameter.
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Fig. 2 The multi-scale approach of our drug delivery system: from
quantum mechanics to molecular dynamics.

cal simulations are performed focusing on the analysis of drug
uptakes within the pores of the two ZIFs, in order to correlate
how porosity features in ZIF materials, such as pore size and
available free volume, influence drug loading. Finally, mole-
cular dynamics simulations are employed to model the behav-
ior of drug-loaded porous materials in an aqueous environ-
ment, mimicking the conditions found in body circulation,
thus providing a more realistic perspective that sheds light on
the kinetics of the system.

For the quantum chemical calculations, Gaussian 16,*% a
widely used software package for computational chemistry,
was employed. Molecular interactions between 5-FU and ZIFs
were calculated with the PM7 (Parametric Method 7).*° Semi-
empirical methods, like PM7, rely on empirical approaches
where the correlation between two electrons in the
Hamiltonian is not explicitly considered, using instead a sim-
plified form of the Hamiltonian operator that integrates para-
meters derived from experimental data. While providing lower
accuracy than ab initio methods, semi-empirical methods like
PM?7 are computationally faster and more suitable for handling
larger systems of 50-100 atoms like in this case. Moreover,
PM?7 is suitable for the accurate prediction of the interactions
of small molecules of this magnitude compared to more time-
consuming QM methods. Grand Canonical Monte Carlo
(GCMC) simulations operate under constant chemical poten-
tial, temperature, and volume (uVT ensemble), allowing for the
exchange of particles between the simulated system and a
reservoir. This dynamic approach enables the exploration of
systems in equilibrium with their environment, providing valu-
able insights into phase transitions, adsorption phenomena,
and other thermodynamic properties. For this study, RASPA*®
software was employed to perform the simulations, with van
der Waals interaction parameters for the atoms of each ZIF
framework obtained from the Universal Force Field (UFF).*'™**
The 5-FU drug molecule was parametrized using the TraPPE
force field.*> Lorentz-Berthelot mixing rules describing van
der Waals interactions between the MOF framework and the
drug molecule were used.*® Electrostatic interactions were con-
sidered, with point charges assigned to the drug atoms,
obtained from quantum mechanics calculations using the PBE
level of theory and the def2-TZVP basis set.*? Partial charges
for both ZIFs were calculated for the crystallographic geometry
in vacuum via a single-point quantum mechanics periodic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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simulation  using the PBE method and the
DZVP-MOLOPT-SR-GTH basis set for Zn and
DZVP-MOLOPT-GTH for all other atoms, using the CP2K
code.”” This system was studied under several pressures at
298 K with 50 000 equilibration cycles and 500 000 production
cycles. There are four types of moves that are possible to occur
in each step with equal probability, insertion of a drug mole-
cule at a random place, deletion of a molecule, translation of
an existing molecule, rotation or reinsertion. MD simulations
offer insights into the thermodynamics, kinetics, and struc-
tural dynamics of molecules, guiding the design of novel
materials, drugs, and catalysts. For this study, LAMMPS soft-
ware*® was used for MD simulations, with the parametrization
of both ZIFs based on GAFF* or most bonded interactions
and van der Waals interactions. The MCPB.py Python algor-
ithm,*® compatible with AmberTools>" is a tool that performs
calculations for organometallic systems using B3LYP/6-31G*
(by default) and it was employed for bond, angle and dihedral
coefficients between Zn and neighbouring atoms that could
not be defined accurately by the GAFF force field. The same set
of partial charges used in the GCMC calculations was assigned
to each atom type here. Tests and comparisons for ZIF-8,
including RMSD graphs and optimization results, showed
good agreement between the crystallographic and simulated
structures of ZIF-8, validating the accuracy of the parametriza-
tion set. The average RMSD deviation of ZIF-8 atoms from the
crystallographic data was less than 0.2 A. And finally, to
implement water solution, the SPCE water model was selected
for use in the simulations due to its efficiency and agreement
with experimental data, providing a time-efficient model suit-
able for large systems.’” To systematically investigate the per-
formance of porous materials in chemotherapeutic drug deliv-
ery, this study attempts to implement a multiscale compu-
tational workflow comprising three distinct stages. First, semi-
empirical quantum chemical calculations are employed to
evaluate the interaction energies between 5-fluorouracil and
the two different ZIF frameworks—ZIF-8 and its structurally
modified analogue—providing insights into drug-framework
affinity. Second, Grand Canonical Monte Carlo (GCMC) simu-
lations quantify the maximum drug loading capacities under
varying thermodynamic conditions, revealing the effect of
structural modifications on uptake efficiency. Lastly, Molecular
Dynamics (MD) simulations offer a dynamic perspective on
the mobility, retention behavior, and selectivity of drug mole-
cules within the frameworks. This integrative approach
enables a comprehensive comparison of the two ZIF systems
and facilitates the rational assessment of their suitability for
targeted and sustained drug delivery. The results of each stage
are presented and analyzed in detail in the following section.

Results and discussion
PM7 results

Two carriers, namely ZIF-8 and the extended ZIF, were investi-
gated for their potential as storage and delivery platforms for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the 5-FU drug. The primary objective of the calculations at this
level of theory was to identify the most suitable candidate in
terms of drug-host interaction and analyse the interaction
between each ZIF and the drug. Initially, instead of examining
the entire unit cell of each ZIF, a small cluster (of 60 and 88
atoms, respectively) consisting of the metal ion and the co-
ordinated four linkers (representing a pocket of the whole cell)
was isolated. The coordinates of the nearest neighbor atoms of
the metal corners were fixed in order to preserve the coordi-
nation of the metal and the angles at which the linkers are
connected. Several calculations with different initial confor-
mations were performed on these small structures, along with
the drug 5-FU, to determine the spatial arrangement that
yielded the minimum total energy. This corresponds to the
configuration with the strongest interactions between the ZIF
and the drug (as depicted in Fig. 3). Calculations were con-
ducted considering various initial positions and angles to
explore different configurations and identify the optimal struc-
ture that maximizes the interaction between the ZIF and the
drug. The interaction energy was calculated from the formula:

AE = E(ZIF-drug) - E(ZIF) - E(drug)

The interaction energy between ZIF-8 and 5-fluorouracil
(5-FU) was calculated to be —12 kcal mol™" using the PM7
semi-empirical method. In contrast, the modified ZIF frame-
work exhibited a significantly stronger interaction with 5-FU,
with an interaction energy of —34 kcal mol™", highlighting its
enhanced affinity toward the drug molecule. This threefold
increase in binding strength can be primarily attributed to the
structural features of the modified linker. The expanded linker
architecture provides additional interaction sites and facili-
tates more extensive orbital overlap with 5-FU. Furthermore,
the modified framework adopts a spatial conformation that
more effectively encapsulates the drug molecule, thereby pro-
moting stronger host-guest interactions. These findings
underscore the first indication of the potential of the modified
ZIF as a superior platform for drug encapsulation and con-
trolled release applications. Also, the average optimal distance

5.64 /S \( gad
#o/ > e"— — Bt
¢ T N\ i

ZIF-8 fragment ModZIF fragment
-12 kcal/mol -34 kcal/mol
(PM7) )b (PM7)

Fig. 3 The interaction energy between the expanded ZIF and the drug
(right) is much higher than the ZIF-8 (left) interaction.
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between the drug molecule and the metal of both ZIF com-
pounds is around 6.0 A, (Fig. 3). This value is also validated by
molecular dynamics simulations described below. Additional
PM7 method calculations were conducted to investigate the
interactions between ZIF fragments and a water molecule, as
well as between two drug molecules. To start with, calculations
to analyse the interactions between a water molecule and the
ZIF fragments were performed. The interaction energy for the
ZIF-8 fragment with water was found to be —10 kcal mol ™,
while the modified ZIF fragment exhibited an interaction
energy of —11 kcal mol™". This slight difference of 1 kcal
mol ™" lies within the accuracy threshold of semi-empirical
simulations, rendering it insignificant. Additionally, the weak
interaction energies suggest that the water molecule does not
strongly bind to the porous material during drug delivery,
implying that water molecules do not occupy binding posi-
tions instead of drugs within the pores. The interaction energy
between two drug molecules was determined to be —9 kcal
mol ™", indicating a weak interaction, too. This suggests that
there is no significant agglomeration or formation of strong
bonds when drug molecules are in close proximity.

GCMC results

The subsequent phase of our study focuses on predicting the
uptake of the 5-FU drug within the ZIF pores and determining
how the drug molecules interact with the porous structure of
the ZIF, providing crucial insight into the capacity and
efficiency of the ZIF materials as drug carriers. For these simu-
lations, the unit cell of each ZIF compound was used and
gradually filled up randomly with the drug molecule according
to the stochastic Grand Canonical Monte Carlo algorithm. We
obtained the uptake isotherms for fugacities up to 1 Pascal
and at an ambient temperature of 298 K using GCMC simu-
lations until the system was well equilibrated. In chemical
thermodynamics, the concept of fugacity represents the
effective partial pressure of a real gas, replacing the mechani-
cal pressure for more accurate computation of the chemical
equilibrium constant. Essentially, fugacity equates to the
pressure of an ideal gas under the same conditions, facilitating
a more precise understanding of gas behavior in non-ideal
scenarios.

The GCMC simulations were performed in vacuum and no
solvent was considered. The drug loading in ZIFs obtained
from GCMC simulations are presented in Fig. 4. For ZIF-8, the
average maximum loading capacity was calculated to be
560 mg 5-FU per g ZIF-8, equivalent to approximately 13 mole-
cules of 5-fluorouracil per unit cell. In contrast, the modified
ZIF exhibited a considerably higher loading capacity of
2310 mg 5-FU per g modified ZIF under the same conditions,
translating to about 37 drug molecules per unit cell. This four-
fold increase in uptake capacity underscores the superior
ability of the modified ZIF to accommodate the physical inter-
action with the drug molecules, likely due to both enhanced
pore volume and the stronger molecular interactions, as corro-
borated by our earlier interaction energy calculations. Also, we
should emphasize that there is physical and not chemical
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5FU Loading Comparison (298 K) uptake
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Fig. 4 The uptake comparison of 5-FU for several porous materials.
MUT (green line) and MOF-123 (red line) correspond to data derived
from bibliography. The dashed blue line is the experimental uptake of
5-FU for ZIF-8. The uptake for ZIF-8 (blue line) and modified ZIF (orange
line) was calculated by performing GCMC simulations.>®

interaction between the ZIFs and the drug, there is no new
bonds being formed during the adsorption process. Drug
adsorption onto the modified ZIF occurs in two distinct stages
before reaching full capacity, attributable to two main factors.
In the initial stage, drug molecules preferentially occupy
optimal positions near the metal corners of the pores, where
interactions are most favorable. As fugacity increases, these
preferred sites become saturated, leading to further drug
uptake within the remaining pore space in a second stage.
Another explanation is based on the internal pore geometry of
ZIFs, which contain two distinct pore sizes. These results
suggest that the smaller pores are the first to fill since they
provide a more confined space with multiple interaction
points. Once they are saturated, the larger cavities are sub-
sequently occupied as the applied external pressure increases.
These results are also contrasted with the drug uptake
capacities of other porous materials such as ZIF-8, MOF-123,
and MUT, computed under the same conditions.>*> Our find-
ings suggest that the modified ZIF not only meets but sur-
passes the drug loading capacities of these well-studied
materials. This indicates that the linker replacement intro-
duced to the ZIF structure significantly enhances its capability
to adsorb the drug molecules. In terms of volumetric uptake, a
detailed comparison at the low loading limit reveals that the
modified ZIF performs comparably to the parent ZIF-8.
However, while ZIF-8 reaches its maximum volumetric uptake
at 100 cm® g~' framework, the modified ZIF achieves a signifi-
cantly higher maximum value of 400 cm® g~* framework at a
higher fugacity. This substantial difference further under-
scores the enhanced capacity of the modified ZIF to accommo-
date larger quantities of the drug. The observed superior per-
formance of the modified ZIF can be attributed to several key
factors. The binding energy of 5-FU associated with the global
minimum plays a crucial role as an indicator of the material’s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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physical adsorption capabilities. In GCMC simulations, higher
interaction energies are directly correlated with increased
adsorption capacities, highlighting the importance of binding
interactions in achieving high drug loading in a physical way.
Overall, these computational results collectively demonstrate
that the modified ZIF offers significantly improved drug
loading and retention capabilities compared to both its parent
ZIF-8 and other porous materials, positioning it as a highly
effective platform for drug delivery applications.

Molecular dynamics results

The concluding phase of our multiscale approach involves con-
ducting molecular dynamics simulations to validate preceding
findings and analyze the interactions within the system com-
prising our ZIF compounds and 5-Fluoruracil. To construct a
realistic representation closely resembling the human body
environment, we developed a simulation model comprising of
three main components: the grid of the porous material, mul-
tiple 5-FU drug molecules, and water molecules as the solvent.
The simulation box was constructed with the use of Packmol®®
and Moltemplate.”” The simulation box is periodic in all
dimensions but in one dimension there is water at either side
of the ZIF structure in order to simulate the aqueous environ-
ment and allow the drugs to have the option to enter or escape
the pores in case the ZIF-drug interactions are not strong
enough. For the ZIF-8 system depicted in Fig. 5, a scaffold of
2 x 2 x 4 cells was utilized, along with 2400 water molecules to
achieve a density of approximately 1.00 gr em™, and varying
quantities of drug molecules depending on the specific aim of
the simulation. The drug molecules were randomly preloaded
inside the ZIF pores.

Similarly, the system containing the modified ZIF featured
a 2 x 2 x 3 cell structure and an equivalent amount of water,
but due to the larger internal volume of the modified ZIF, a
higher drug uptake was anticipated, necessitating the loading
of up to 35 drug molecules per pore until maximum capacity
was reached. The maximum amount of drug molecules corres-
ponds to the uptake obtained from the GCMC simulations and
they were inserted in the simulation box randomly in this
stage. Both systems underwent a standardized simulation pro-
tocol after all molecules have been initially placed at their
starting positions, starting with a minimization phase to allow

Fig. 5 ZIF-8 system in NPT ensemble, black: ZIF-8, red: 5-FU, cyan:
water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules in close proximity with each other to relax.
Subsequently, the annealing process commenced, gradually
heating the system from 300 K to 1000 K, followed by a cooling
phase back to 310 K at a rate of 1 fs per step. Each of these
stages comprised 1 000 000 steps in the NVT ensemble and all
ZIF coordinates were kept rigid because in high temperatures
the structure would not remain intact and would not retain the
crystallographic cell dimension. This stage is necessary to
remove inhomogeneities or vacuum regions that may have
occurred due to the random insertion of drug and water mole-
cules. Also, starting from different initial configurations was
examined on several occasions and resulted in similar pro-
duction phases. This was validated by comparing thermo-
dynamic properties such as density, pressure and RMSD ana-
lysis which showed that after the annealing process, all initial
systems end up in different configurations, thermodynamically
similar to each other. The system then entered the production
phase, simulated under NPT conditions at 310 K and 1 atm for
10 nanoseconds, where every molecule in the system is free to
move with no rigid constrains, with the results analysed from
the final 5 nanoseconds of the simulation, ensuring equili-
brated system parameters such as temperature, pressure,
volume and density. The simulation time of 10 ns is adequate
for the two different ZIF systems to show off their differences
in drug delivery which are apparent in the analysis that was
performed.

The primary outcomes gleaned from such simulations,
crucial for understanding material interactions, are the Radial
Distribution Function (RDF) graphs. Fig. 6 illustrates the radial
distribution of various atoms from the 5-FU drug molecule,
including N, O, and F, in proximity to the Zn atoms located at
the metal corners of ZIF-8. The black line represents the
average radial distribution of each atom of 5-FU around the Zn
atoms. A notable peak at approximately 6 A signifies the
average distance of interaction between the drug and the metal
corner within ZIF-8 pores. This observation validates the semi-
empirical calculations conducted on the metal corner, con-
firming the most favorable drug-material interactions depicted

RDF for 5-FU in ZIF-8 cells

Zn-N
Zn-0
3.0 Zn-F
— Zn-5FU J

r(A)

Fig. 6 Radial distribution function of Zn atoms of ZIF-8 metal corners
with atoms in 5-FU molecules.
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in Fig. 2. Subsequent less prominent peaks denote additional
favorable interactions, indicative of certain drug molecules
occupying energetically less favorable positions within the
pores due to their high abundance. Furthermore, the RDF
reveals two distinct peaks concerning the radial distribution of
oxygen atoms of 5-FU around Zn, corresponding to the pres-
ence of two oxygen atoms connected to the ring of 5-FU and
their approximate 4 A separation, aligning with the distances
of the respective peaks.

The investigation into the behavior of systems loaded with
varying amounts of drug molecules in ZIF-8 is elucidated by
the RDFs depicted in Fig. 7. A comprehensive spectrum ana-
lysis of this material was conducted through simulations invol-
ving five different loadings of 5-FU, ranging from a single drug
molecule to an excess exceeding the maximum capacity (as
determined by GCMC simulations). These RDFs reveal a dis-
cernible trend: as the drug loading increases, the pores
become densely packed with molecules, resulting in a com-
pacted system that restricts the drug molecules from occupying
solely the most favorable positions and interacting optimally
with ZIF-8. Conversely, with lower drug quantities, each pore
becomes less densely packed, allowing drug molecules to con-
centrate primarily at the most favorable distance of 6 A rela-
tively to the Zn metal corners, consistent with earlier findings.
Notably, in instances where only one drug molecule occupies
the pore, the two distinct peaks representing different inter-
action energy states become more evident.

The comparative analysis between two systems featuring
ZIF-8 and modified ZIF, each loaded with an equivalent quan-
tity of drugs, is presented herein. Fig. 8 depicts the radial dis-
tribution function (RDF) of the Zn atom of the metal corner
for both materials in conjunction with all 5-FU molecules on
average. Notably, a discernible peak is observed in both cases
at approximately 6 A, indicative of the lowest energy state, cor-
roborating earlier calculated interactions. However, a notable
distinction arises in the intensity of ZIF-8’s RDF, which mark-

Radial Distribution Function of Zn atoms with 5-FU in ZIF-8

—— 250 5FU
3.0 200 5FU
—— 150 5FU
55 —— 100 5FU
. — 15FU
2.0 A
i
© 1.5
1.0
0.5 1
0.0 1
0 2 4 6 8 10 12

Angstrom

Fig. 7 Radial distribution function of Zn atoms of ZIF-8 metal corner
with 5-FU molecules on several drug loadings.
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Radial Distribution Function Of 5-FU with the Zn atoms of ZIF
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Angstrom

Fig. 8 Radial distribution function of Zn atoms (of both ZIFs) with 5-FU
molecules in a system containing 200 drug molecules in total.

edly surpasses that of modified ZIF. This disparity can be
rationalized by the fact that within ZIF-8, the quantity of drug
molecules occupies the available pore space to its maximal
capacity. In contrast, in the context of modified ZIF, the pores
exhibit a less densely packed configuration, thereby affording
a greater tolerance for the incorporation of additional 5-FU
molecules. In the context of the modified ZIF pores, a substan-
tial presence of water molecules persists within each pore,
thereby occupying space that could otherwise accommodate
additional 5-FU molecules. Conversely, in ZIF-8 pores, the
presence of water molecules is significantly diminished or
absent entirely following a 10 ns interval. This phenomenon
aligns with the principle that in densely packed systems, only
molecules that exhibiting stronger interactions endure,
thereby rationalizing the observed outcome.

In the final step of the study, we conducted a mean square
displacement (MSD) analysis to elucidate the diffusion
dynamics of drug molecules within the system. It became
evident that the drug molecules exhibited movement through-
out the bulk of the water, a phenomenon commonly referred
to as diffusion, which occurs naturally in equilibrium fluids.
However, the scenario becomes more complex when drug
molecules are entrapped within interactions with the porous
material. In dense fluid environments, the motion of individ-
ual molecules is characterized by random collisions with
neighboring molecules, resulting in a trajectory akin to a
random walk. Albert Einstein famously analyzed such paths in
his study of Brownian motion, demonstrating that the mean
square displacement of particles following a random walk is
proportional to the elapsed time. Our MSD plots (Fig. 9) reveal
that in a simulation box containing pure water, 5FU molecules
are able to move freely in a random manner, leading to a
diffusion coefficient of the same order of magnitude as that
typically observed for molecules dissolved in aqueous solution
and of course being higher than systems containing ZIF
materials, where the freedom of movement is hindered. The
high diffusion coefficient of 1.5 x 107° m* s™* (derived from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Mean square displacement plots and diffusion coefficients for
5-FU molecules in ZIF pores and in pure water.

the red line of the figure) in this scenario indicates minimal
resistance to the movement of drug molecules, allowing them
to traverse the simulation box unhindered. This value is close
to the self-diffusion coefficient of neat water that is 2.3 x 10~°
m?® s at 298 K.>® When comparing two modified ZIF systems
containing 200 and 300 molecules of 5-FU (blue and green line
respectively), respectively, it is expected that the more densely
packed system exhibits a lower diffusion coefficient. This
restriction results from the drug molecules frequently colliding
with the internal surfaces of the pores, hindering their free
movement. It becomes evident that the more densely packed
system exhibits a lower diffusion coefficient (5.1 x 107"° m> s™*
for 200 5-FU in modZIF (orange) and 1.8 x 107'° m* s™" for 300
5-FU in modZIF (green)). Furthermore, the diffusion phenom-
enon appears comparable between the ZIF and modified ZIF
systems, when they are loaded with the same number of mole-
cules. In the case of ZIF-8, the low diffusion coefficient can be
attributed to the small pore apertures hindering drug molecule
escape, leading to a low diffusion coefficient at 8.0 x 10™'° m?
s~', thereby facilitating drug delivery until the structure is dis-
solved by the low pH environment of cancerous tissue. The
similarity in diffusion coefficients between the modified ZIF
and ZIF-8 systems indicates that while modified ZIFs offer
larger cavities and pore sizes facilitating increased drug uptake
and stronger interactions, the drugs remain bound inside the
material and are less likely to escape once engaged in inter-
actions with the framework. Overall, the MSD analysis high-
lights the interplay between molecular mobility and material
structure. In bulk water, drug molecules diffuse freely, whereas
in the constrained environments of ZIF-8 and modified ZIF,
their movement is significantly hindered. This restriction is
crucial for the controlled release of drugs in delivery appli-
cations, ensuring that the drug remains encapsulated until it
reaches the desired site of action. The findings from our MSD
analysis provide a deeper understanding of the diffusion
dynamics in these systems, informing the design and optimiz-
ation of ZIF-based drug delivery platforms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

This study comprehensively demonstrates the promise of ZIFs,
particularly ZIF-8 and its structurally modified analogue, as
nanocarriers for controlled chemotherapeutic drug delivery.
Through a combination of multiscale computational tech-
niques, we identify the modified ZIF as a markedly superior
candidate for the encapsulation and sustained release of 5-FU,
a widely used anticancer agent. Semi-empirical quantum
chemical calculations revealed that the interaction energy of
—34 kcal mol™" (PM7) between 5-FU and the metal node in the
modified ZIF reached nearly three times stronger than the
-12 kcal mol™" observed in pristine ZIF-8. This enhanced
interaction is attributed to the structural modifications intro-
duced in the framework, including the incorporation of an
expanded linker, which increases the pore volume and facili-
tates greater orbital overlap. These features enable the for-
mation of additional interaction points between the frame-
work and the drug, promoting tighter binding and reducing
the likelihood of premature drug desorption. Grand Canonical
Monte Carlo (GCMC) simulations provided further validation
of these findings, showing a fourfold increase in the
maximum 5-FU uptake in the modified ZIF compared to ZIF-8
under equilibrium conditions. This considerable improvement
in adsorption capacity is critical for increasing therapeutic
loading efficiency and minimizing dosage frequency.
Molecular Dynamics (MD) simulations offered molecular-level
insights into the stability and selectivity of drug loading. The
results confirmed that 5-FU remains preferentially bound
within the framework’s pores rather than interacting with sur-
rounding water molecules, highlighting the selectivity of the
porous matrix. Importantly, mean square displacement (MSD)
analysis revealed a significant reduction in 5-FU mobility
within the pores of the modified ZIF—approximately an order
of magnitude lower than in bulk aqueous solution—emphasiz-
ing the framework’s ability to retain the drug effectively. Such
confinement is essential in maintaining local drug concen-
trations at therapeutic levels while minimizing systemic tox-
icity. Collectively, these results not only underscore the poten-
tial of the modified ZIF as a highly efficient platform for che-
motherapeutic delivery but also establish a methodological
framework for the rational design and computational evalu-
ation of porous drug carriers. Future experimental studies are
encouraged to validate these computational predictions and
explore the broader applicability of the proposed structural
modifications in clinical drug delivery systems. These results
highlight the promise of ZIFs as effective nanocarriers for che-
motherapeutic agents and provide a strong foundation for future
experimental validation and optimization. Continued exploration
of linker functionalization and framework modification may pave
the way for the rational design of advanced nanoporous drug car-
riers. This approach can be readily extended to other drug mole-
cules and porous materials, offering valuable pathways for tai-
lored, targeted delivery strategies in oncology. Such developments
could significantly enhance the efficacy of chemotherapeutic
delivery while reducing toxicity to healthy tissues. Moreover, this
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approach can be extended to other clinically relevant chemother-
apeutic drugs, supporting the development of targeted and con-
trolled delivery platforms across various cancer types. Tailoring
porous materials to the physicochemical properties of specific
drugs may improve therapeutic outcomes and broaden the appli-
cability of chemotherapy. Finally, the multiscale computational
methodology employed in this study represents a robust frame-
work for the systematic investigation of porous materials. As
demonstrated here, it is particularly effective for evaluating newly
developed materials alongside established benchmarks, provid-
ing valuable insights for material screening and design in drug
delivery applications.
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