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MOF enhances the sensitivity
and selectivity of sorafenib
as an anticancer drug against
hepatocellular carcinoma and
colorectal cancer in vitro
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Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world and the second

largest contributor to cancer mortality. Sorafenib (SOR) is a drug approved by the Food and Drug
Administration (FDA) to treat liver cancer, but it has harsh side effects on normal cells, is expensive,
and is associated with chemoresistance through frequent use. This work aims to test the hypothesis
that loading sorafenib onto a metal-organic framework (MOF) as a nanocarrier can help increase

the potency and selectivity of sorafenib on hepatocellular carcinoma (HCC) and explore its potential
application in colorectal cancer treatment. MOFs were prepared and chemically characterized

using XRD, FTIR, and BET. The crystallite size was calculated using the Scherrer equation, and
comprehensive FTIR peak assignments were performed to elucidate drug-MOF interactions. Sorafenib
was loaded onto the MOF, entrapment efficiency (EE) as well as loading capacity (LC) were calculated
using the formulas: EE% = (sorafenib content loaded in MIL-53(Fe)) / (initial sorafenib content) x

100% and LC% = (sorafenib content loaded in MIL-53(Fe)) / (sorafenib loaded + weight of MIL-53(Fe))

x 100%, and in vitro release was evaluated under sink conditions in phosphate-buffered saline (PBS,
pH 7.4). The cytotoxic effect of sorafenib on normal HFb-4, HepG2, and HCT-116 cells was measured
before and after loading onto MOF, and the selectivity index (SI) was calculated using the formula:
SI=1C, (normal cells) / IC, (cancer cells). Apoptosis and cell cycle analysis were also performed using
flow cytometry. The present study showed entrapment efficiency (EE) =88.97% and loading capacity
(LC)=23.5% of sorafenib. The high variability in LC indicates batch-to-batch reproducibility challenges
that require optimization. Spontaneous release of the loaded drug was encountered within 48 h.

XRD analysis showed crystallite sizes calculated using the Scherrer equation, confirming successful
drug encapsulation with reduced crystallinity of sorafenib within the MOF structure. Before loading,
the MTT test showed IC, for sorafenib=5.88, 12.5, 29.4 pg/ml on HFb-4, HepG2, and HCT-116 cells,
respectively. After loading, IC values of 3.3, 5.5, and 7.9 pg/ml were found considering the loading
capacity. The selectivity index (SI) values showed modest improvements: 0.46 to 0.6 for HepG2 and 0.2
to 0.42 for HCT-116. While these improvements are statistically significant, the Sl values remain below
the ideal threshold of > 2, indicating that further optimization is needed to achieve clinically relevant
selectivity. There was a direct correlation between the cytotoxic effect and the degree of apoptosis

in the HepG2 cell line. The present study has also proved cell cycle arrest at the GO/G1 phase after
treatment with sorafenib loaded onto the MOF (SOR-MIL-53). We conclude from the current study that
MOF as a carrier is considered a promising nanocarrier for enhancing drug potency as an anti-cancer
agent, though selectivity improvements remain modest. Loading Sorafenib on MOF showed enhanced
potency on HepG2 cell lines and demonstrated potential for colorectal cancer applications, despite
sorafenib not being FDA-approved for this indication.
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Cancer is responsible for around one out of every six deaths globally. It is the globe’s second-greatest cause of
death, with a stated 8.7 million fatalities'. Cancer represents a group of diseases or illnesses described by the
free limits’ development and migration of aberrant cells. If cancer cell propagation, also known as metastasis,
remains untreated, this could give rise to dying. The prognosis for liver cancer is poor. Only 5-15% of patients
are eligible for surgical removal, which is suitable only for early-stage patients, and due to diminished hepatic
regenerative capacity, typically without cirrhosis; right hepatectomy carries a higher risk for post-operative
complications compared to left hepatectomy?®. Colorectal cancer (CRC) is the third most common cause of
cancer and the second most common cause of cancer-related death worldwide. Despite increasing survival rates,
metastatic CRC (mCRC) remains a lethal disease with a 5-year survival rate of approximately 14%°.

Chemotherapy, as one of the main traditional therapy methods, has been largely indispensable in cancer
treatment®. Unfortunately, due to the inevitable adverse effects, drug resistance, and the complexity and
heterogeneity of malignancies, chemotherapy alone often cannot achieve a satisfactory therapeutic outcome.
Conventional chemotherapy suffers some limitations® (a) Limited aqueous solubility: Most chemotherapeutics
either from a plant source or synthetic are hydrophobic and require solvents to formulate the dosage form which
contributes to severe toxicity® (b) Lack of selectivity of anticancer drugs: Most chemotherapeutics lack selectivity
toward cancerous cells cause significant damage to rapidly proliferating normal cells* and (c) Multidrug resistance
(MDR): MDR is mainly due to increased efflux pumps such as P-glycoprotein (Pgp) in the cell membrane which
are responsible for transport of various anticancer drugs out of cells'.

Nanotechnology has sparked a rapidly growing interest as it promises to solve some issues associated with
conventional therapeutic agents, including their poor water solubility (at least, for most anticancer drugs), lack
of targeting capability, nonspecific distribution, systemic toxicity, and low therapeutic index”.

Sorafenib (SOR) oral administration of the multi-kinase inhibitor is recommended worldwide as the first-
line therapy for advanced stages of HCC?. It is the first orally active tyrosine kinase inhibitor (TKI) approved
by the Food and Drug Administration (FDA) for hepatocellular carcinoma treatment. Sorafenib mainly targets
vascular endothelial growth factor (VEGFR1-3) and Raf kinases®!%. Other reported targets include K-Ras,
BRAE, V599E mutant BRAF, platelet-derived growth factor receptor-b(PDGFR-b), FMS-like tyrosine kinase
3 (FLT3), c-Kit and RET, and several other receptor tyrosine kinases (RTKs) via various modes of action, such
as inhibition of the Ras/Raf/MAPK and PI3K/AKT/mTOR signaling pathways!!. Sorafenib leads to clinically
significant adverse events (AEs) e.g., diarrhea, hypertension, hand-foot skin reaction, and fatigue, for lacking
tumor specificity'2

While sorafenib is not FDA-approved for colorectal cancer treatment, preclinical studies have demonstrated
its activity against CRC cell lines through inhibition of VEGFR and Raf kinases, which are also relevant targets
in colorectal carcinogenesis'®. The inclusion of HCT-116 colorectal cancer cells in this study aims to explore the
potential of MOF-delivered sorafenib to expand its therapeutic applications beyond its current FDA-approved
indication. This approach is supported by research showing that sorafenib can inhibit p38a activity in colorectal
cancer cells and synergize with other inhibitors to increase apoptotic response!’. The enhanced delivery and
controlled release provided by MOF encapsulation may overcome some of the limitations that have prevented
sorafenib’s clinical success in CRC, potentially opening new therapeutic avenues.

Nanotechnology has been considered an applied technology in various areas in recent decades
Nanotechnology has been developed by a convergence of various sciences, providing a way to work at the
atomic level and to create new structures. Nanotechnology includes the production of nanosized materials and
devices and controlling them to use their unique characteristics'®. Nanotechnology-based drug delivery systems
initially include nanoparticles that contain one or more therapeutic drugs that can bind or scatter and adsorbed
polymer matrices'*'>. In the last few years, there has been significant development in nano-drug production
using imagery, treatments, and diagnostics. Nano-drug systems primarily focus on improving the bioavailability
of specific tissue delivery, extending injectable medicines’ half-life, and orally giving medicinal products'”.

Metal-organic frameworks (MOFs) represent a new class of porous materials. They have a modular structure,
which offers enormous structural diversity and wide possibilities for the creation of materials with tailored
properties's. MOFs serve as promising drug nanocarriers owing to their high porosity and large surface area,
together with the synthetic tunability that enables the integration of phototherapies, chemodynamic therapy
(CDT), ferroptosis therapy, and other therapy strategies'®. The enhanced permeability and retention (EPR)
effect allows MOF nanocarriers to preferentially accumulate in tumor tissues due to their leaky vasculature and
poor lymphatic drainage, providing a passive targeting mechanism that can improve drug selectivity?>. MOF
nanocarriers satisfying multifaceted requirements including controlled drug loading and release, therapeutic
efficacy, and biocompatibility remain challenging?!. Besides, high batch-to-batch variation of commonly
developed drug-laden MOFs renders them lacking flexibility, precision, and versatility in specific elaborative
applications??. Therefore, the development of novel multifunctional, stable, and accurate MOF-based delivery
systems for efficient multimodal therapy is still highly sought after?®. The goal of the present study is to test
the hypothesis that loading SOR onto MOF as a nanocarrier can improve sorafenib’s sensitivity and selectivity
against hepatocellular cancer and colorectal cancer cell lines.
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Materials & methods

Cell culture

Human hepatocellular carcinoma (HepG2) and human colorectal cancer (HCT-116) cell lines as well as normal
human skin cell line (HFb-4) were supplied by Creative Egyptian Biotechnologist Giza, Egypt. The HepG2 cell
line was purchased from ATCC, USA, and HFb-4 was purchased from VACSERA Egypt and used in the study.
The HepG2 and HCT-116 cells were routinely cultured in DMEM while HFb-4 cells were routinely cultured
in RPMI-160. The complete media is supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
containing 100 units/ml penicillin G sodium, 100 units/mL streptomycin sulfate, and 250 ng/mL amphotericin
B. All from Lonza, (Basel, Switzerland). Cells were maintained at sub-confluency at 37 °C in humidified air
containing 5% CO,. For sub-culturing, monolayer cells were harvested after trypsin/EDTA treatment at 37 °C.
Cells were used when confluence had reached 75%.

Preparation of MIL-53 (Fe)

MIL-53(Fe) (Materials of Institute Lavoisier-53 containing iron) nanoparticles were synthesized using a previously
reported hydrothermal method (Gan et al. 2020). Typically, 1.66 g of H2BDC (benzene-1,4-dicarboxylic acid,
also known as terephthalic acid) and 2.703 g of FeCl,-6H,0 were dissolved in 50mL dimethylformamide (DMF)
with stirring for 10 min. The mixture was transferred to a Teflon-lined stainless steel Parr autoclave (160mL)
which was heated in an electric oven at 150 °C for 65 h. The product was filtered, and washed 3 times with DMF,
then 3 times with methanol by centrifugation to remove surfactant and unreacted species. The obtained sample
was vacuum-dried overnight before characterization. To ensure batch-to-batch reproducibility, multiple batches
were synthesized and characterized using PXRD to confirm crystallinity consistency.

Sorafenib (SOR) loading onto MIL-53(Fe) nanoparticles

100 mg of sorafenib aqueous solution was added to an aqueous suspension of 200 mg of MIL-53 and stirred for
48 h at room temperature. The products were then washed 5 times with water by centrifugation (at 10,000 rpm
for 20 min) to remove unloaded sorafenib.

Evaluation of hydrodynamic size, polydispersity index (PDI), and zeta potential

To determine the hydrodynamic size and polydispersity index (PDI), the SOR-MIL-53 nanocomposites were
analyzed by dynamic light scattering (DLS) using a ZS90 Zetasizer instrument (Malvern, UK). DLS exploits
particle motion to obtain size and PDI. The data was examined with Malvern’s ‘DTS nano’ software. A ZS90
Zetasizer (Malvern, UK) was also used to measure the zeta potential of the nanoparticles. All measurements were
performed in triplicate. Zeta potential indicates the overall surface charge acquired by particles in a medium,
significantly impacting nanoparticle stability. Thus, it is a vital parameter for the characterization.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed to analyze the prepared samples using a
Bruker Vertex 70 FTIR-FT Raman spectrometer to determine the compatibility of all components. To prepare
the samples, they were mixed with IR-grade potassium bromide and then pressed into discs. The spectra were
scanned over an absorption range of 4000-400 cm™".

X-ray diffraction (XRD)

Powder X-ray diffraction (PXRD) analysis was performed to evaluate the crystalline structures of prepared
powder samples of MIL-53, SOR drug, and SOR-MIL-53 nanocomposites. The samples were analyzed using Cu
Ka radiation (\=1.54 A), scanning the powdered materials over a 20 range of 5 — 70° at a voltage of 40 kV and
current of 30 mA. A 26/0 scanning range was selected with a scanning speed of 2°/min. Crystallite sizes were
calculated using the Scherrer equation: D =K\/(Bcos6), where D is the crystallite size, K is the shape factor (0.9),
\ is the X-ray wavelength, B is the full width at half maximum (FWHM) of the diffraction peak, and 0 is the
Bragg angle.

Surface area, pore volume, and pore size (BET)
The specific surface areas of nanocomposites were determined using the Brunauer-Emmett-Teller (BET)
method. Theory using N, adsorption-desorption isotherm (Quantachrome TouchWin Software version 1.21) at
77 K after degassing at 150 °C under vacuum for 3 h. The pore volume and pore size distribution were calculated
according to the Barrett-Joyner-Halenda theory (BJH).

Sorafenib (SOR) entrapment efficiency (EE) and loading capacity (LC)
Key metrics for evaluating nanocarrier performance were encapsulation efficiency (EE) and loading capacity
(LC) of the bioactive compounds. A 10mL supernatant obtained after centrifugation of SOR-loaded MIL-53 was
collected to determine drugloading (DL%) and encapsulation efficiency (EE%) using a UV-vis spectrophotometer
measuring absorbance at 265 nm.

The EE% and LC% were calculated using the following equations, which have been cross-verified with
established literature>2*;

EE% = (sorafenib content loaded in MIL — 53 (Fe)) / (initial sorafenib content) x 100%

DL% = (sorafenib content loaded in MIL — 53 (Fe)) / (sorafenib loaded + weight of MIL — 53 (Fe)) x 100%

In vitro release of SOR from SOR-MIL-53 nanocomposites
The in vitro release profile of SOR from SOR-MIL-53 nanocomposites was compared to free SOR through
evaluation in phosphate-buffered saline (PBS, pH 7.4). Sink conditions were maintained throughout the study
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by ensuring that the drug concentration remained below 10% of its saturation solubility in the release medium,
considering sorafenib’s limited aqueous solubility of approximately 0.0068 mg/mL. A dialysis bag (MWCO
12,000-14,000 Da) containing 5mL of free SOR and the equivalent amount of SOR-MIL-53 nanocomposite
suspension were incubated in 100mL PBS release medium at 37 °C+0.5 °C with a shaking incubator (150 rpm).
At the pre-determined time points (0.5, 1, 2, 3, 4, 5, 6, 8, 12, 24, and 48 h), 1 mL aliquots of the samples were
collected. After removing, an equal volume of fresh PBS was replaced. The SOR content in the collected samples
was quantified by UV-vis spectrophotometry at 265 nm.

Thermal stability

The thermal stability of MIL-53 MOFs and the SOR-MIL-53 nanocomposites was investigated by
thermogravimetric analysis using Perkin-Elmer Pyris (TGA) (Massachusetts, USA) and a heating rate of 10 °C
per min ranging from 50 to 600 °C under a nitrogen atmosphere.

In vitro cytotoxicity (MTT assay)

The MTT (3-[4, 5-dimethylthiazole-2-yl]-2, 5-diphenyltetrazolium bromide) (Merck KGaA (Darmstadt,
Germany), was used to assess the cytotoxicity of the tested samples. Briefly, Cells (1 x 10* cells/well) were seeded
in serum-free media in a flat bottom 96-well microplate and treated with 20uL of different concentrations
ranging from 50 to 1.5625 pg/mL of the tested samples for 48 h at 37 °C, in a humidified 5% CO, atmosphere.
After incubation, media was removed and 40uL MTT solution /well was added and incubated for an additional 4
hours. MTT crystals were solubilized by adding 180uL of acidified isopropanol/well and the plates were shacked
at room temperature, followed by photometric determination of the absorbance at 570 nm using microplate
ELISA reader (FLUOstar OPTIMA, BMG LABTECH GmbH, Ortenberg, Germany). All experiments were
performed in triplicate (n=3) with three independent biological replicates. Three times repeats were performed
for each concentration and the average was calculated.

Apoptosis and cell cycle progression analysis using flow cytometry

The percentage of HepG2 cells undergoing apoptosis was assessed using flow cytometry with the Annexin
V-FITC Apoptosis Detection Kit (BioVision, CA, USA). Additionally, cell cycle analysis was conducted via
DNA content staining with propidium iodide (PI) using flow cytometry. Following 24 h of treatment, up to
1x10° cells were trypsinized and washed in serum-containing media. The cell suspension was centrifuged at
300xg for 10 min, the supernatant was removed, and the pellet was resuspended in 500 pl of 1X binding buffer.
Subsequently, the cells were incubated with 5 pl of Annexin V-FITC and 5 pl of propidium iodide for 5 minutes
in the dark. Quantification was performed using a BD FACS Calibur flow cytometer (BD Bioscience, CA, USA).

Statistical analysis

The experimental data was statistically analyzed by student-independent T-test using GraphPad Prism version
10.2.1. For multi-group comparisons involving MOF vs. SOR vs. SOR-MIL-53, ANOVA with post-hoc tests
would be more appropriate and is recommended for future studies. Data were accepted as significantly different
when p <0.05. All experiments were performed with n>3 biological replicates.

Results

The entrapment efficiency (EE) and loading capacity (LC) of SOR-MIL-53 nanocomposite

As illustrated in Table 1, the SOR-MIL-53 formulation achieved a high entrapment efficiency (EE) of 88.97%
+ 3.2%, indicating that a significant portion of sorafenib was successfully encapsulated within MOE This high
EE suggests that the MOF is highly effective in incorporating sorafenib, which is essential for ensuring the
drug’s sustained release and targeted delivery. On the other hand, the loading capacity (LC) of 23.5% + 11%
reflects the amount of sorafenib relative to the total weight of the sorafenib/MOF complex. The relatively high
variability in LC (+ 11%) indicates potential batch-to-batch reproducibility challenges that require optimization
through standardized synthesis protocols and quality control measures. Although the LC is relatively lower and
has a wider variation, it is still within an acceptable range for drug delivery systems, showing that the MOF can
accommodate a meaningful amount of sorafenib while maintaining its structural integrity.

The in vitro release of SOR-MIL-53 nanocomposite

The in vitro release profile of sorafenib (SOR) from the SOR-MIL-53 nanocomposite, as presented in Table 2;
Fig. 1, highlights significant differences in the release behavior between free sorafenib and sorafenib loaded onto
the MOE The free sorafenib exhibited a rapid, short-term release, reaching 100% release within just 5 h. This
burst release is typical for free drugs and can potentially limit therapeutic efficacy due to the rapid depletion of
the drug from the system. In contrast, the SOR-MIL-53 demonstrated a more controlled, sustained release over
48 h. At the 5-hour, only 69.83% of the drug had been released from the nanocomposite, indicating a slower
and more gradual release. This prolonged release is beneficial for maintaining therapeutic drug levels over an
extended period, reducing the need for frequent dosing and potentially minimizing side effects associated with
drug bursts. Interestingly, the release from SOR-MIL-53 showed steady progress, reaching 74.29% after 12 h and

Entrapment efficiency (EE) | 88.97%+3.2%
Loading capacity (LC) 23.5%+11%

Table 1. Entrapment efficiency (EE) and loading capacity (LC) of SOR-MIL-53.
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Time (h) | SOR only Release % | SOR-MIL-53 Release %
0 0£0 0£0

0.5 142+2.4 17.85+2.1

1 28.24+3.1 32.17+£3.2
2 52.32+3.5 51.27+1.9
3 69.24+3.23 59.42+1.6
4 84.35+2.2 66.49+1.2
5 100 69.83+1.1

6 69.99+1

8 71.49+1.1
10 72.93+1.5
12 7429+1.7
24 83.34£1.9
48 100% + 12.7

Table 2. Release of free SOR and SOR-MIL-53 over 48 h.

Free SOR drug
SOR-MIL-53

Cumulative SOR Release (%)

L] 48l
15 20 25 30 35 40 45 *°50
Time {h)

Fig. 1. In vitro release profile over 48 h of free SOR and SOR-MIL-53.

continuing to release until it reached 83.34% at 24 h, to reach its maximum after 48 h. These results demonstrate
the potential advantage of using the SOR-MIL-53 nanocomposite over free sorafenib.

Characterization of SOR-MIL-53 nanocomposite

The characterization of MOF/SOR pre- and post-loading via XRD, and FTIR is presented in Fig. 2. The X-ray
diffraction (XRD) analysis, as shown in Fig. 2A, reveals critical information about the crystalline structure and
drug encapsulation efficiency within the metal-organic framework. The pristine MIL-53 sample, represented
by the red trace, exhibits characteristic sharp and well-defined diffraction peaks at approximately 9°, 12°, 18°,
and 25° (20), which are consistent with the reported crystal structure of MIL-53(Fe). The peak at around 9°
corresponds to the (100) reflection, while the peak at 18° represents the (110) reflection, both of which are
diagnostic features of the MIL-53 breathing framework structure. The high intensity and sharpness of these
peaks confirm the successful synthesis of a highly crystalline MOF with excellent structural integrity. In contrast,
the free sorafenib drug, shown in blue, displays a complex diffraction pattern characterized by multiple sharp
peaks distributed across the 10-30° (20) range. Notable peaks appear at approximately 11°, 15°, 17°, 20°, 22°, and
26° (20), indicating that the drug exists in a highly crystalline state with a well-defined polymorphic form. The
multiplicity and sharpness of these peaks reflect the complex molecular structure of sorafenib and its tendency
to form stable crystalline arrangements. The most significant findings emerge from the analysis of the SOR-
MIL-53 composite, represented by the green trace. While the characteristic peaks of the MIL-53 framework are
largely preserved, indicating that the MOF structure remains intact after drug loading, there is a remarkable
reduction or complete disappearance of the characteristic sorafenib diffraction peaks. This observation provides
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Fig. 2. Characterization of MOF/SOR pre- and post-loading. (A) XRD, and (B) FTIR of MIL-53, free SOR,
and SOR-MIL-53 nanocomposites.

compelling evidence for successful drug encapsulation within the MOF pores. The absence of sharp sorafenib
peaks suggests that the drug has transitioned from its crystalline state to an amorphous or molecularly dispersed
form within the framework cavities. This amorphization is particularly advantageous for pharmaceutical
applications, as amorphous drugs typically exhibit enhanced solubility and dissolution rates compared to their
crystalline counterparts. Additionally, some broadening of the MOF peaks in the composite may indicate slight
structural strain or size effects resulting from drug incorporation, though the overall framework integrity is
maintained.

Additionally, the FTIR analysis, as shown in Fig. 2B, provides detailed molecular-level information about
the functional groups present in each sample and the nature of drug-framework interactions. Examining the
high-frequency region between 3000 and 4000 cm™, the pristine MIL-53 spectrum shows a broad absorption
band around 3300-3500 cm™, which is characteristic of O-H stretching vibrations from coordinated water
molecules or hydroxyl groups associated with the iron metal centers. The free sorafenib spectrum exhibits
distinct sharp peaks at approximately 3332 and 3296 cm™, corresponding to N-H stretching vibrations from
the drug’s amine functional groups. In the SOR-MIL-53 composite, these N-H peaks become broadened and
slightly shifted, indicating the formation of hydrogen bonding interactions between the drug molecules and the
MOF framework. The mid-frequency region spanning 1400-1800 cm™ reveals important information about
the carboxyl and carbonyl functionalities. The MIL-53 spectrum displays characteristic peaks at approximately
1680 cm™, attributed to C= O stretching of carboxyl groups, and at 1579 cm™, corresponding to the symmetric
stretching of COO™ groups from the benzene-1,4-dicarboxylic acid (BDC) linkers coordinated to the iron
centers. The free sorafenib spectrum shows a prominent peak at around 1740 cm™, representing amide C=0
stretching, along with multiple peaks in the 1400-1600 cm™ region that correspond to aromatic C=C and C=N
stretching vibrations. The composite spectrum exhibits overlapping features from both components, with slight
shifts in peak positions that further confirm drug-MOF interactions while preserving the essential functional
groups of both materials. The fingerprint region below 1400 cm™ provides additional confirmation of successful
composite formation. The MIL-53 spectrum shows a characteristic peak at approximately 535 cm™, which is
diagnostic of Fe-O stretching vibrations and confirms the metal-ligand coordination within the framework. This
peak is preserved in the composite spectrum, indicating that the MOF structure remains intact after drugloading.
The free sorafenib spectrum exhibits peaks at 1296 and 1126 cm™, corresponding to C-O stretching vibrations
from carboxylic acid groups, along with a complex fingerprint pattern characteristic of the drug’s molecular
structure. The composite spectrum shows a combination of features from both components, with some peak
shifts and intensity modifications that reflect the changed molecular environment upon drug encapsulation.

The combined XRD and FTIR analysis provides compelling evidence for the nature of drug-framework
interactions within the SOR-MIL-53 composite. The spectroscopic data suggests that sorafenib encapsulation
occurs primarily through physical interactions rather than chemical bonding. The slight shifts and broadening
observed in the FTIR peaks indicate the presence of weak intermolecular forces, including hydrogen bonding
between the drug’s amine groups and the framework’s oxygen atoms, potential nt-rt stacking interactions between
aromatic rings, and van der Waals forces within the confined pore environment. The absence of new peaks in
either the XRD or FTIR spectra confirms that no covalent bonds are formed between the drug and the MOE,
which is advantageous for maintaining drug bioactivity and enabling controlled release. The transition of
sorafenib from a crystalline to an amorphous state upon encapsulation has significant implications for drug
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delivery applications. Amorphous drugs typically exhibit higher apparent solubility and faster dissolution rates
compared to their crystalline forms, which can lead to improved bioavailability. The molecular dispersion of
sorafenib within the MOF pores, as evidenced by the complete suppression of drug crystalline peaks in the
XRD pattern, suggests efficient utilization of the available pore space and high loading efficiency. Furthermore,
the preservation of the MOF’s structural integrity, as confirmed by the retention of characteristic diffraction
peaks and vibrational bands, ensures that the framework can provide the necessary mechanical stability and
controlled release properties. The characterization results have important implications for the performance
of the SOR-MIL-53 system as a drug delivery vehicle. The amorphous state of the encapsulated drug should
facilitate rapid dissolution upon contact with biological fluids, potentially leading to faster onset of therapeutic
action. The physical nature of the drug-framework interactions suggests that drug release will be governed by
diffusion processes rather than chemical dissociation, enabling fine-tuning of release kinetics through control
of particle size, pore structure, and environmental conditions. The maintained structural integrity of the MOF
framework ensures that the system can withstand physiological conditions while providing protection for the
encapsulated drug against degradation. The absence of unwanted phase formation or chemical degradation,
as confirmed by the clean spectroscopic profiles, indicates excellent compatibility between sorafenib and the
MIL-53(Fe) framework. This compatibility is crucial for maintaining drug stability during storage and ensuring
predictable release behavior in biological environments. The successful encapsulation without compromising
the functional groups of either component suggests that the therapeutic efficacy of sorafenib should be preserved
while benefiting from the enhanced delivery properties provided by the MOF carrier.

Hydrodynamic size, PDI, and zeta potential of SOR-MIL-53 nanocomposite

The characterization data presented provides crucial insights into the surface properties and particle size
distribution of the MIL-53(Fe) metal-organic framework before and after sorafenib loading. The analysis
encompasses zeta potential measurements and dynamic light scattering (DLS) particle size distribution, which are
fundamental parameters for understanding the colloidal stability and physical properties of the nanocomposite
system (Fig. 3). The zeta potential measurements reveal significant differences between the pristine MIL-53
framework and the sorafenib-loaded composite (Fig. 3A). The pristine MIL-53 exhibits a zeta potential of
approximately 29.0 +2.0 mV, indicating a strong positive surface charge. This positive charge can be attributed to
the iron(IIT) metal centers within the framework structure, which contribute to the overall electrostatic properties
of the MOF surface. The relatively high absolute value of the zeta potential suggests excellent colloidal stability, as
particles with zeta potential values above +25 mV typically demonstrate good resistance to aggregation due to
strong electrostatic repulsion between particles. Following sorafenib encapsulation, the SOR-MIL-53 composite
shows a notably reduced zeta potential of approximately 13.0+2.5 mV. This significant decrease in surface
charge can be attributed to several factors related to drug loading. The encapsulation of sorafenib molecules
within the MOF pores may partially shield the positive charges of the iron centers, leading to a reduction in
the overall surface charge density. Additionally, sorafenib molecules may interact with the framework surface
through hydrogen bonding or electrostatic interactions, further modifying the surface charge distribution. The
drug molecules themselves may contribute neutral or slightly negative charges that counterbalance the positive
framework charges. Despite the reduction in zeta potential magnitude, the SOR-MIL-53 composite maintains a
positive surface charge, which is beneficial for several reasons. The positive charge can enhance cellular uptake
through electrostatic interactions with negatively charged cell membranes, potentially improving the therapeutic
efficacy of the drug delivery system. However, the reduced absolute value suggests that additional stabilization
mechanisms, such as steric stabilization or the use of surfactants, might be beneficial for long-term colloidal
stability, particularly in high ionic strength environments.

(B) SOR-MIL-53

I VIL-53
Il SOR-MIL-53

Intensity (%)

T L L}

0 20 40 &0 80 100 120 140
Size Diameter (nm)

Fig. 3. (A) Zeta potential of MIL-53, and SOR-MIL-53 nanocomposites, and (B) Particle size analysis of SOR-
MIL-53 nanocomposites.
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Fig. 4. A dose-response sigmoid curve in a logarithmic concentration of human fibroblast cell line (HFb-4)
48 h post-treatment with (A) MOF, (B) SOR, and (C) SOR-MIL-53 nanocomposites.

IC,, SOR-MIL-53 | IC,, SOR-MIL-53
Cellline | IC, SOR | SI before correction | after correction | SI

HFb-4 5.88 ug/ml | - 14.22 pg/ml 3.3 pg/ml
HepG2 12.58 ug/ml | 0.46 | 23.49 pg/ml 5.5 pg/ml 0.6
HCT-116 | 12.73 ug/ml | 0.2 | 33.72 ug/ml 7.9 pg/ml 0.42

Table 3. The selectivity index (SI) and IC,; of MOF and SOR before and after loading on HFb-4, HepG2, and
HCT-116 cell lines.

The dynamic light scattering analysis of the SOR-MIL-53 composite reveals a narrow and well-defined particle
size distribution, which is crucial for consistent drug delivery performance (Fig. 3B). The distribution shows a
single, sharp peak centered at approximately 80 nm, with the majority of particles falling within the 70-95 nm
range. This narrow size distribution indicates excellent batch-to-batch reproducibility and uniform particle
formation during the synthesis and drug loading processes. The mean particle size of 80 nm is particularly
advantageous for biomedical applications. Particles in this size range are optimal for several reasons: they are
small enough to avoid rapid clearance by the reticuloendothelial system, yet large enough to carry substantial
drug payloads. This size range also facilitates enhanced permeability and retention (EPR) effect in tumor tissues,
where the leaky vasculature allows preferential accumulation of nanoparticles while normal tissues with tight
endothelial junctions exclude them. The size is also suitable for cellular uptake through endocytosis mechanisms,
ensuring efficient intracellular drug delivery. The symmetrical nature of the distribution curve suggests that the
particles are relatively monodisperse, with minimal presence of aggregates or secondary particle populations.
This uniformity is essential for predictable pharmacokinetic behavior and consistent therapeutic outcomes.
The absence of a significant tail in the distribution indicates that the synthesis and drug loading processes do
not induce substantial particle aggregation, which could otherwise lead to variable drug release kinetics and
potential safety concerns related to embolism.

The combination of zeta potential and particle size data provides valuable insights into the expected
performance of the SOR-MIL-53 system in biological environments. The positive surface charge, while reduced
compared to the pristine MOF, should facilitate interactions with negatively charged biological membranes and
potentially enhance cellular uptake. The moderate zeta potential value suggests that the particles will maintain
reasonable stability in physiological conditions while avoiding excessive electrostatic interactions that could lead
to non-specific binding or toxicity. The narrow particle size distribution centered around 80 nm positions the
SOR-MIL-53 composite in an optimal size range for passive tumor targeting through the EPR effect. This size
allows the particles to extravasate through the fenestrated tumor vasculature while being retained due to poor
lymphatic drainage. Simultaneously, the particles are small enough to penetrate deep into tumor tissue and reach
cancer cells that are distant from blood vessels.

The cytotoxicity and selectivity index (SI) before and after loading Sorafenib on MOF on
different cell lines

The cytotoxicity of the MOF, SOR, and SOR-loaded MOF nanocomposites was evaluated on normal human
fibroblast cells (HFb-4), as presented in Fig. 4; Table 3. The results showed a typical sigmoid dose-response curve
when plotting the concentration of the compounds against cell viability using GraphPad Prism software. The half-
maximal inhibitory concentration (IC, ) values for MOF, SOR, and SOR/MOF were determined as >200 pg/mL,
5.88 ug/mlL, and 14.22 pg/mL, respectively, before correction for loading capacity. After adjusting for loading
capacity, the IC, value for the SOR/MOF nanocomposite was calculated to be 3.3 ug/mL. These findings suggest
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Fig. 6. A dose-response sigmoid curve in a logarithmic concentration of human colorectal carcinoma cell line
(HCT-116) 48 h post-treatment with (A) MOE, (B) SOR, and (C) SOR-MIL-53 nanocomposites.

that while the MOF alone is relatively non-toxic to normal cells, the SOR-MIL-53 nanocomposite shows a
moderate level of cytotoxicity, demonstrating enhanced potency compared to free SOR, implying a controlled
and less harmful release mechanism.

Figure 5; Table 3 presents the cytotoxicity results on HepG2 hepatocellular carcinoma cells, showing a clear
dose-response relationship. The IC,; values obtained for MOE, SOR, and SOR-MIL-53 were >200 pg/mlL,
12.58 pg/mL, and 23.49 pg/mL, respectively, before correction. After adjusting for loading capacity, the IC50
of the SOR-MIL-53 nanocomposite dropped to 5.5 ug/mL. This indicates that the SOR-MIL-53 nanocomposite
exhibits potent cytotoxicity against HepG2 cells, with enhanced potency post-loading capacity correction
compared to the free drug. The significantly lower IC50 after adjustment reflects the enhanced therapeutic effect
and suggests a more efficient drug release mechanism from the MOF nanocomposite.

The cytotoxic effect of MOF, SOR, and SOR-MIL-53 was further assessed on human colorectal carcinoma
cells (HCT-116), as illustrated in Fig. 6; Table 3. The IC,, values were determined as >200 pug/mL for MOE,
>200 pg/mL for SOR, and 33.72 pg/mL for the SOR-MIL-53 nanocomposite before correction. After loading
capacity correction, the IC50 of the SOR-MIL-53 nanocomposite decreased to 7.9 ug/mL. This indicates that the
SOR/MOF nanocomposite exerts a much stronger cytotoxic effect on HCT-116 cells compared to the free drug,
especially after loading adjustment, making it a potentially more effective treatment option for colorectal cancer.

The selectivity index (SI) was calculated using the formula: SI=IC,, (normal cells) / IC, (cancer cells). For
HepG2 cells, the SI improved from 0.46 (free SOR) to 0.6 (SOR-MIL-53), representing a 30% improvement.
For HCT-116 cells, the SI increased from 0.2 to 0.42, showing a 110% improvement. However, it is important
to note that all SI values remain below 1, and ideally, a clinically relevant selectivity index should be >2. These
improvements indicate that further optimization is needed to achieve clinically meaningful selectivity. The
modest SI values suggest that the current formulation enhances potency more effectively than selectivity, and
future research should focus on active targeting strategies to improve cancer cell specificity.

Overall, these results indicate that loading sorafenib onto MOF enhances its cytotoxic efficacy, making it
more potent across cancer cell lines. However, the selectivity improvements remain modest and require further
investigation to ensure that the enhanced efficacy translates to clinically relevant therapeutic windows.
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Untreated control | SOR/MOF P-value
Viable cells 95.89% + 11.25 18.49% + 2.15*] | 0.0002
Necrosis 2.71% £ 0.17 36.79% £ 3.67*1 | 0.0001
Late Apoptosis | 0.13% + 0.009 38.31% £ 2.5*1 | 0.00001
Early Apoptosis | 1.27% + 0.011 6.41% +0.67*1 | 0.0002

Table 4. Apoptotic and necrotic effects of IC, ) of SOR-MIL-53 nanocomposite as analyzed by flow cytometry
in the HepG2 cancer cell line after 24-hour treatment.

(A) o« control : P1 (B) < 2:M
INon ViableCells(2 71%Rpoptosis(0.13%) ™ INonMiable Cells(36,79%)op108(5(38,31%)
B B
o« E B o o 3
W 8 w2
a = T ]
‘9 E k= E
e é v o ; - el
3 Normal Cells(35 BEarty Apoptosis(1.27%) Indommal Cells(18 A€y Apoptosis(6.41%)
LELEALLL Sl Ll B ALl S Al e anll T T T T T T T T
100 100 10t 10! 10f 10 10 e et 105 10t 07
Annaxin FITC-A Annexin FITC-A
Contred - P4 1:PS

© (D)

i 1w ° L ihd 1y
PIPE-A _PJ PE-A

Fig. 7. Schematic representation of the apoptotic activity and cell cycle profile of nanocomposite IC, | after
treatment for 24 h on the HepG2 cancer cell line. (A and B) Apoptosis activity; (A) Annexin V/PI (untreated
control); (B) Annexin V/PI (treated with 23.49 pg/ml SOR-MIL-53). The right lower quadrant represents
annexin V positive/PI negative staining, indicating early apoptosis. The right upper quadrant represents both
high annexin V and PI staining, indicating late apoptosis, and the left upper quadrant represents low annexin
V and high PI staining, indicating necrosis. (C and D) Cell cycle profile; (C) cell count in the cell cycle stages
(untreated control), (D) cell count in the cell cycle stages (treated with 23.49 ug/ml SOR-MIL-53).

Analysis of apoptosis, necrosis, and cell cycle profile using flow cytometry

The apoptotic and necrotic effects of SOR-MIL-53 nanocomposites at their IC, concentrations were evaluated
using flow cytometry across the HepG2 cell line after 24 h of treatment. The results, summarized in Table 4;
Fig. 7 (A & B), reveal a significant increase in early apoptosis, late apoptosis, and necrotic cell percentages in
response to SOR-MIL-53 treatment (p < 0.05). These findings align with the cytotoxicity results, confirming that
SOR-MIL-53 effectively induces apoptosis in HepG2 cancer cell lines.

The impact of SOR-MIL-53 at its IC, | concentration on the cell cycle distribution of cancer cell lines was also
assessed. As shown in Table 5; Fig. 7 (C & D), a significant increase (p <0.05) in the proportion of cells in the
GO0-G1 was observed, along with a marked decrease in the S phase. These changes indicate cell cycle arrest at the
GO0-G1 phase due to SOR-MIL-53 treatment, with HepG2 cells exhibiting the most pronounced effects.
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Nanocomposite | Treatment %G0-G1 %S %G2-M
Untreated HepG2 Control | 64.00+4.03 36.32+1.23 | 0.55£0.17

SOR-MIL-53 IC,, (23.49 pg/ml) 93.12+2.16*1 | 6.32+2.34%| | 0.68+0.95
P-value 0.0004 0.00004 0.83

Table 5. Effect of SOR-MIL-53 nanocomposite on the different phases of the cell cycle as analyzed by flow
cytometry in HepG2 cell line after 24 h treatment.

Discussion

Cancer is a leading global health challenge, responsible for approximately one in six deaths worldwide?.
Hepatocellular carcinoma and colorectal cancer are among the most prevalent and lethal forms of cancer,
with HCC being the second leading cause of cancer-related deaths and CRC the third most common cancer
globally?®. Current treatment strategies, including chemotherapy, targeted therapies, and surgery, often suffer
from limitations such as systemic toxicity, poor drug selectivity, and multiple drug resistance (MDR), which
decrease their effectiveness and lead to adverse side effects*>2725,

Sorafenib (SOR), a multikinase inhibitor, has been widely used in the treatment of HCC and CRC due to
its ability to inhibit key molecular pathways involved in tumor progression!>?-3!. Specifically, SOR targets
serine/threonine kinases in the Ras-Raf-MEK-ERK signaling pathway, which is crucial for tumor angiogenesis
and growth!!*2, It also inhibits VEGFR and PDGFR, leading to the suppression of blood vessel formation that
supports tumor growth?*3%. However, despite its therapeutic potential, SOR has limitations, including poor
aqueous solubility and off-target toxicity, so searching for better delivery mechanisms is essential®.

Metal-organic frameworks (MOFs), particularly MIL-53(Fe), have gained attention as drug delivery
systems due to their unique structural properties!®. MOFs offer large surface areas, high porosity, and the
ability to encapsulate drugs with high loading efficiency'®*'. Moreover, MOFs’ controlled release mechanisms
can enhance the targeting of cancer cells while minimizing damage to normal tissues’®*. The enhanced
permeability and retention (EPR) effect allows MOF nanocarriers to preferentially accumulate in tumor tissues
due to their leaky vasculature and poor lymphatic drainage, providing a passive targeting mechanism that can
improve drug selectivity?®. MIL-53(Fe) stands out for its biocompatibility, large pore size, and capacity for
drug loading®®**making it an excellent candidate for delivering hydrophobic drugs like sorafenib. By loading
SOR onto MOFs, it is possible to improve its solubility, stability, and potency, thus potentially overcoming the
limitations of traditional chemotherapy.

In this study, we explored the effectiveness of sorafenib-loaded MOFs (SOR-MIL-53) in enhancing
anticancer activity against hepatocellular carcinoma (HepG2) and colorectal cancer (HCT-116) cell lines, while
reducing toxicity to normal cells (HFb-4). This approach aims to open the way to improving drug targeting
and therapeutic outcomes, addressing critical challenges in cancer treatment by combining sorafenib with
advanced nanotechnology-based delivery systems. By incorporating SOR into the MOF structure, we observed
a significant increase in the drug’s potency and modest improvements in selectivity, with higher cytotoxic effects
against cancer cells compared to normal cells.

The loading of sorafenib onto MIL-53 (Fe) resulted in an impressive entrapment efficiency of 88.97% + 3.2%
and a loading capacity (LC) of 23.5% * 11%. The high variability in LC (£ 11%) represents a significant challenge
for batch-to-batch reproducibility and indicates the need for optimized synthesis protocols and stringent quality
control measures. These values suggest a robust drug delivery system, consistent with findings from Li et al.
(2022), who achieved similar results when loading chemotherapeutic agents such as doxorubicin onto MOFs?%,
The spontaneous release of SOR from the MOF structure after 48 h further confirmed the MOF’s capability as
an efficient carrier system, allowing for sustained drug release, which is crucial for therapeutic efficacy. However,
future studies should investigate release profiles under acidic conditions (pH 5.0-6.5) to validate tumor-specific
release mechanisms and confirm the potential for pH-responsive drug delivery.

Notably, the IC, values for SOR-MIL-53 decreased significantly across all tested cell lines. In HepG2 cells,
the corrected IC of 5.5 ug/ml indicated improved drug potency compared to free SOR (IC,, of 12.58 pug/ml).
Similarly, HCT-116 cells showed enhanced sensitivity, with a corrected IC,; of 7.9 ug/ml. These improvements
align with previous studies emphasizing the role of MOFs in improving the efficacy of chemotherapeutic agents
through enhanced permeability and retention (EPR) effects, as first described by Maeda et al. in 1986 %°. The
reduction in IC,  also reflects the ability of MOFs to provide a more targeted drug delivery, thereby minimizing
off-target effects on normal cells.

However, while the selectivity index (SI) showed modest improvements in HepG2 and HCT-116 cells (SI
of 0.6 and 0.42, respectively), these values remain below the clinically relevant threshold of > 2. This limitation
indicates that the current MOF formulation enhances potency more effectively than selectivity. The relatively
low SI values suggest the need for further optimization strategies, including surface modification for active
targeting, incorporation of targeting ligands, or development of stimuli-responsive release mechanisms to
achieve clinically meaningful selectivity toward cancer cells over normal cells***!. The ability of MOFs to protect
and slowly release SOR offers a promising approach to overcoming the limitations of traditional chemotherapy,
such as low aqueous solubility and multiple drug resistance (MDR)%41.

The observed increase in early and late apoptosis, as well as necrotic cell percentages following SOR-MIL-53
treatment, highlights the potential of this nanocomposite as a potent inducer of programmed cell death in
cancer cells?®%. This is consistent with its cytotoxic effects observed in prior assays, suggesting that SOR-MIL-53
disrupts cellular homeostasis, leading to apoptotic and necrotic pathways®!>!°. The induction of apoptosis might
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be attributed to sorafenib’s interaction with key apoptotic regulators, such as caspases and Bcl-2 family proteins,
though the specific role of MOF in potentiating these effects requires further investigation through mechanistic
studies including Western blotting for Raf/MAPK pathway inhibition and cellular uptake studies using confocal
microscopy®!1011:%7,

Moreover, the significant arrest of HepG2 cells in the GO-G1 phase reinforces the idea that SOR-MIL-53
interferes with cell cycle progression, potentially through the downregulation of cyclins and cyclin-dependent
kinases (CDKs) necessary for the G1 to S phase transition?**2. This cell cycle blockade not only halts proliferation
but also primes cells for apoptosis*®. The reduction in S phase cells aligns with the suppressed DNA synthesis
observed**which could further amplify the cytostatic and cytotoxic effects of SOR-MIL-53. The pronounced
effects on HepG2 cells indicate a heightened sensitivity of liver cancer cells to SOR-MIL-53 treatment
underscoring the dual mechanisms—apoptosis induction and cell cycle arrest—by which it exerts its anticancer
activity. Future studies should extend apoptosis and cell cycle analysis to HCT-116 cells to validate consistency
across cell lines and provide a more comprehensive understanding of the nanocomposite’s mechanism of action.

Several limitations of the current study should be acknowledged: (1) The high variability in loading capacity
indicates batch-to-batch reproducibility challenges that require optimization; (2) Release studies were conducted
only at physiological pH, and acidic pH studies are needed to validate tumor-specific release; (3) Mechanistic
studies including Western blotting for pathway analysis and confocal microscopy for cellular uptake are needed
to elucidate the enhanced potency mechanisms; (4) Long-term stability studies and degradation product analysis
are required to assess the safety profile of MOF degradation products; (5) The modest selectivity improvements
indicate the need for active targeting strategies to achieve clinically relevant therapeutic windows.

Our findings are consistent with earlier studies on MOF-based drug delivery systems. For instance, it was very
recently demonstrated the successful use of MOFs in delivering natural compounds like saponin (Alamdaran,
Taheri-Kafrani, and Karimi 2024), highlighting the versatility of MOFs in carrying diverse therapeutic agents.
The ability of MOFs to enhance the cytotoxic effects of sorafenib, as reflected in the reduced IC,, and enhanced
entrapment efficiency, further emphasizes their potential as next-generation drug delivery platforms.

While MOF-based drug delivery for cancer treatment is well-documented!**>#the specific application of
MIL-53(Fe) for sorafenib delivery to both HCC and CRC represents a novel approach with potential clinical
implications. The enhanced potency observed in this study, combined with the sustained release profile, suggests
that MOF delivery could reduce dosing frequency and potentially minimize side effects. However, the modest
selectivity improvements indicate that future research should focus on surface modification strategies, active
targeting mechanisms, and stimuli-responsive release systems to achieve clinically meaningful therapeutic
windows.

In conclusion, sorafenib loaded on MIL-53(Fe) offers an enhanced therapeutic strategy for treating HepG2
and HCT-116 cell lines, with improved potency and modest selectivity improvements compared to free
sorafenib (Fig. 8). However, further studies, and in vivo investigations, are required to validate these findings and
optimize MOF formulations for clinical applications. The development of MOF-based nanocarriers represents a
significant advancement in addressing the challenges of conventional chemotherapy, particularly in enhancing
drug solubility, potency and overcoming MDR.

Future prospects

The success of this study paves the way for exploring the use of MOFs in delivering other chemotherapeutic
agents to a broader range of cancer types. Future research should focus on: (1) in vivo testing using animal
models to validate efficacy and safety; (2) investigating long-term biocompatibility and degradation product
toxicity; (3) elucidating the underlying molecular mechanisms through pathway analysis and cellular uptake
studies; (4) optimizing MOF designs with surface modifications for active targeting to maximize drug delivery
efficiency and selectivity; (5) developing stimuli-responsive release systems for tumor-specific drug delivery;
(6) conducting pH-dependent release studies to validate tumor microenvironment-specific drug release
mechanisms for clinical applications; and (7) characterization should include scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) imaging to provide detailed morphological information
about particle shape, surface texture, and structural integrity of the MOF nanocomposites.

Conclusion

We conclude from the current study that MIL-53(Fe) MOF as a carrier is considered a promising nanocarrier
for enhancing sorafenib potency as an anticancer agent. Loading sorafenib onto MOF demonstrated significant
improvements in drug potency across cancer cell lines, with IC50 values decreasing from 12.58 +1.2t0 5.5+ 0.6 ug/
mL for HepG2 cells and from >200 to 7.9 + 0.8 ug/mL for HCT-116 cells after loading capacity correction. While
selectivity improvements were observed (SI increased from 0.46 to 0.6 for HepG2 and from 0.2 to 0.42 for HCT-
116), these values remain below the clinically relevant threshold of >2, indicating that further optimization is
needed to achieve meaningful therapeutic windows. The study successfully demonstrated sustained drug release
over 48 h, high entrapment efficiency (88.97% =+ 3.2%), and significant induction of apoptosis and cell cycle arrest
in HepG2 cells. However, batch-to-batch reproducibility challenges (LC variability of +11%) and the need for
mechanistic studies, pH-responsive release validation, and active targeting strategies represent important areas
for future research. Despite these limitations, the enhanced potency observed in both hepatocellular carcinoma
and colorectal cancer cell lines suggests that MOF-based delivery systems hold promise for expanding sorafenib’s
therapeutic applications and overcoming limitations of conventional chemotherapy.
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Fig. 8. Effectiveness of sorafenib-loaded MOFs (SOR-MIL-53) in enhancing anticancer activity against
hepatocellular carcinoma (HepG2) and colorectal cancer (HCT-116) cell lines, with reduced toxicity observed
in normal fibroblast cells (HFb-4).
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