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ABSTRACT

Mesalamine (MES), widely prescribed for inflammatory bowel disease (IBD) and explored for cancer repurposing,
exhibits limited stability and non-selective biodistribution, emphasizing the need for efficient carrier systems to enhance
the efficacy of the carrier system, it is necessary to control the drug loading during the synthesis procedure. Therefore,
in this study, we synthesized mesalamine-loaded ZIF-8 nanoparticles (MES@nZIF-8) via a controlled-stirring approach
and to assess the effect of reaction time (15 min, 24 h, 48 h, 72 h) on the MES loading and its physicochemical properties.
Successful characterization techniques were proven by spectroscopic and electron microscopic procedure. A change
from milky white to pale yellow was observed with longer stirring. Powder X-ray diffraction (PXRD) patterns matched
simulated ZIF-8, indicating retained framework crystallinity across conditions. Fourier transformed infrared (FTIR)
spectroscopy showed distinct band shifts at 1674 cm™, 2359 cm™, and 2341 cm™ at 48 h, consistent with enhanced
drug—framework interactions at 48 h. Scanning electron microscope (SEM) and dynamic light scattering (DLS) revealed
that particle size increased from 91.2 + 10.77 nm (pristine nZIF-8) to 169.37 + 25.86 nm (MES@nZIF-8) at 48 h, with
hydrodynamic size rising from 229.97 £ 0.74 nm to 266.70 * 4.32 nm, respectively. Meanwhile, thermal stability (TGA)
declined with increasing reaction time. The highest EE (95.35 + 0.02%) and DL (10.17%) were achieved at 48 h. These
findings suggests that reaction time significantly modulates the physicochemical characteristics and stability of
MES@nZIF-8, offering insight into the design of anti-inflammatory drug-loaded MOFs for pH-responsive drug delivery
applications.
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INTRODUCTION

Cancer continues to present significant therapeutic challenges, in part due to the limitations of conventional
chemotherapeutics whose nonspecific distribution contributes to considerable toxicity in healthy tissues (Chehelgerdi
et al., 2023; Zafar et al., 2025). Among emerging strategies to address backs, the repurposing of anti-inflammatory
agents with chemopreventive properties has attracted increasing attention (Khalil et al., 2024; Kolawole & Kashfi, 2022;
Lai et al., 2022; Ozleyen et al., 2023; Tunc et al., 2023). Mesalamine (MES) or 5-aminosalicylic acid (5-ASA), has been
widely used in the management of inflammatory bowel disease (IBD), exerting its therapeutic effect primarily through
inhibition of cyclooxygenase pathways and suppression of pro-inflammatory cytokines (Beiranvand, 2021). Preclinical
studies have established that mesalamine exerts antiproliferative and pro-apoptotic effects on colorectal carcinoma
and breast cancer cell lines, inducing cell cycle arrest and caspase-dependent apoptosis at micromolar concentrations
(Stoka et al., 2023). Notably, longitudinal data suggest that chronic mesalamine use is associated with reduced
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neoplastic transformation in ulcerative colitis (UC) patients, reinforcing its promise as an adjunct anticancer agent (Stoka
et al., 2023). Its excellent safety profile, characterized by rare severe adverse events and generally mild side effects,
further underscores its suitability for sustained oncologic application (Liefferinckx et al., 2019).

Cancer continues to present significant therapeutic challenges, in part due to the limitations of conventional
chemotherapeutics whose nonspecific distribution contributes to considerable toxicity in healthy tissues (Chehelgerdi
et al., 2023; Zafar et al., 2025). Among emerging strategies to address backs, the repurposing of anti-inflammatory
agents with chemopreventive properties has attracted increasing attention (Khalil et al., 2024; Kolawole & Kashfi, 2022;
Lai et al., 2022; Ozleyen et al., 2023; Tunc et al., 2023). Mesalamine (MES) or 5-aminosalicylic acid (5-ASA), has been
widely used in the management of inflammatory bowel disease (IBD), exerting its therapeutic effect primarily through
inhibition of cyclooxygenase pathways and suppression of pro-inflammatory cytokines (Beiranvand, 2021). Preclinical
studies have established that mesalamine exerts antiproliferative and pro-apoptotic effects on colorectal carcinoma
and breast cancer cell lines, inducing cell cycle arrest and caspase-dependent apoptosis at micromolar concentrations
(Stoka et al., 2023). Notably, longitudinal data suggest that chronic mesalamine use is associated with reduced
neoplastic transformation in ulcerative colitis (UC) patients, reinforcing its promise as an adjunct anticancer agent (Stoka
et al., 2023). Its excellent safety profile, characterized by rare severe adverse events and generally mild side effects,
further underscores its suitability for sustained oncologic application (Liefferinckx et al., 2019).

In parallel with investigations into therapeutic repurposing, nanocarrier-based delivery technologies have evolved
to improve drug accumulation within tumor microenvironments and limit systemic exposure (Cheng & Xu, 2020;
Haripriyaa & Suthindhiran, 2023; Lim et al., 2019; Ortega et al., 2020; Yao et al., 2020). Among these, zeolitic imidazolate
framework-8 (ZIF-8) has gained prominence as a pH-responsive platform capable of encapsulating diverse small
molecules and releasing them selectively under acidic conditions (Kumari et al., 2023; Obaid et al., 2022; Xie et al.,
2022). This pH-responsive behavior is particularly due to the tumor microenvironment is characteristically acidic (pH
~6.5—6.9) compared to normal tissues (pH = 7.4), as a consequence of high glucose consumption, lactate production,
and hypoxia in cancer cells (Estrella et al., 2013; Tafech & Stéphanou, 2024; Webb et al., 2011). Such acidic environment
enables ZIF-8 to undergo structural degradation and release the drug specifically at the tumor site. In addition, the
crystalline architecture and tunable porosity of ZIF-8 enable high drug loading, while its intrinsic biocompatibility
supports its application in cancer nanomedicine. Furthermore, metal-organic frameworks (MOFs) like ZIF-8 exhibit
superior capacity to encapsulate polar compounds within their lattice, with studies reporting encapsulation yields
exceeding 80% under optimized conditions (Amur et al., 2023). Additionally, nanoparticles capitalize on the enhanced
permeability and retention (EPR) effect, favoring passive accumulation within tumor vasculature while reducing
clearance by the mononuclear phagocyte system (Kalyane et al., 2019; Vagena et al., 2025). In contrast, although
polymeric micelles and liposomes can solubilize hydrophilic drugs such as mesalamine, their encapsulation efficiency
and retention are often limited by premature leakage and instability (Biswas, 2021; Qian et al., 2023). This limitation is
often attributed to weak drug—carrier interactions, where hydrophilic molecules show poor affinity for the hydrophobic
micelle core or lipid bilayer, leading to loss of stability and early drug release in physiological media (Chelliah et al.,
2025).

Despite these advances, there remains a critical need to establish synthesis protocols that reliably control ZIF-8
particle characteristics and maximize therapeutic loading. Stirring conditions during synthesis have emerged as an
influential parameter that shapes nucleation kinetics, crystal growth, and particle uniformity (Camargo et al., 2015; Guo
et al,, 2023; Yang et al., 2024). Experimental comparisons have shown that reaction mixtures subjected to minimal
stirring often produce smaller, more homogenous nanoparticles, while vigorous agitation increases particle size
variability and promotes agglomeration (Ahmadi et al., 2024; Mirzanejad et al., 2025). Indeed, achieving an optimal
particle size through controlled-stirring is important, as nanoparticles within the EPR-favorable size range are more
efficiently retained within tumor tissue and therefore better positioned to support passive targeting in drug delivery
(Deivayanai et al., 2025; Dolai et al., 2021; Kim et al., 2023). Reaction duration further governs the extent of drug
incorporation, as longer synthesis times allow for progressive entrapment of drug molecules within the developing
framework until saturation is reached (Ahmadi et al., 2024). However, excessive reaction periods can also risk drug
diffusion out of the matrix or structural compromise of the carrier itself (Fahim et al., 2024; Gao et al., 2013).
Characterization techniques such as powder x-ray diffraction (PXRD) and functional group analysis (FTIR) have proven
critical in verifying structural integrity and confirming drug inclusion by identifying characteristic diffraction patterns
and vibrational shifts associated with drug coordination (Chakraborty et al., 2024; Ge et al., 2022; Kaur et al., 2017;
Nguyen et al., 2024; Tran et al., 2025; Wang et al., 2020).

Accordingly, this study reports the synthesis of mesalamine-loaded ZIF-8 nanoparticles (MES@nZIF-8) under
systematically varied controlled-stirring conditions, with the aim of elucidating how reaction time and mixing influence
crystallinity, encapsulation efficiency, and particle morphology. By aligning the physicochemical attributes of
MES@nZIF-8 with the requirements for effective passive targeting and high drug loading, the present work seeks to
advance the rational design of nanoscale delivery systems tailored to enhance mesalamine’s therapeutic potential in
cancer therapy.
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MATERIALS AND METHODS
Materials and supplies

Zinc nitrate hexahydrate (Zn(NOsz)2:6H20; 99% purity), 2-methylimidazole (99% purity), mesalamine (MES; 99%
purity), dimethyl sulfoxide (DMSO; 99.5% purity) were purchased from Sigma Aldrich. Methanol (299.9% purity) was
acquired from R&M Chemicals. All chemicals were used as received without any further purification.

Synthesis of nano sized ZIF-8 (nZIF-8)

The synthesis of nZIF-8 was carried out via one-pot solvothermal reaction followed by previously reported method
with a slight modification (Kamal et al., 2021). Specifically, 0.66 g of Zn (NO3)2:6H20 and 0.3 g of 2-methylimidazole were
weighed and each dissolved separately in 14.3 mL of methanol. The imidazole solution was gradually added to the zinc
nitrate solution under continuous stirring at 500 rpm for 15 min, resulting in the formation of a milky white suspension.
The suspension was then subjected to centrifugation at 10,000 rpm for 10 min, followed by washing with methanol for
three times. Finally, the supernatant was discarded, and the precipitate was collected and dried in an oven at 40 °C for
24 h.

Encapsulation of MES within nZIF-8 (MES@nZIF-8)

0.66 g of Zn(NO3s)2:6H20 and 0.3 g of 2-methylimidazole were weighed and each dissolved separately in 14.3 mL of
methanol (Kamal et al., 2021). Subsequently, the mesalamine solution (MES; 8 mg mL in DMSO) was added into the
zinc nitrate solution under continuous stirring at 500 rpm. After 15 min, the 2-methylimidazole solution was introduced
into the resulting mixture, and the reaction time varied at 15 min, 24 h, 48 h and 72 h. The suspension was then
centrifuged at 10,000 rpm for 10 min. The resulting precipitate was washed three times with methanol to remove
impurities. Finally, after discarding the supernatant, the collected solid was dried in a vacuum oven at room
temperature overnight.

Structural identification of nanoparticles

Crystallinity and phase identification were assessed by powder X-ray diffraction (PXRD) using a PANalytical X’ Pert?
Powder diffractometer equipped with an image plate detector operating in continuous scan mode with Cu Ka radiation
(A = 1.540598 A). Approximately 50 mg of each sample was loaded onto the holder and leveled with a spatula, and
diffraction data were processed with X’Pert HighScore software. Functional groups were analyzed by Nicolet 6700 FTIR-
ATR spectroscopy over 4000-400 cm™ after cleaning the diamond stage with 70% ethanol; 1 g of sample was pressed
onto the stage, and spectra were evaluated in Origin Pro 8.5. Thermal stability was examined by thermogravimetric
analysis (TGA) on a PerkinElmer STA6000, heating samples from 50 to 800 °C at 10 °C min™" under continuous nitrogen
flow. Morphology was characterized by JEOL JSM-IT200 SEM after gold sputter-coating, with images acquired at 17 kV,
a 10.2 mm working distance, and up to 50,000 magnifications. Particle size and shape were determined using Image)
(v1.48). Hydrodynamic sizes were measured by dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern) using an
argon laser (A = 488 nm) at a 173° scattering angle. Samples were prepared at a 1:9 (w/v) ratio in methanol and gently
loaded into disposable polystyrene cuvettes to avoid air bubbles. Measurements were taken at 25 °C after 120 s of
temperature equilibration.

Encapsulation efficiency and MES loading percentage

After the reaction mixture finished stirring, the supernatant was collected for analysis of MES loading capacity and
encapsulation efficiency. This analysis was performed using Thermo Scientific GENESYS UV-vis spectrophotometer
where the absorption detector for MES was set at 330 nm. The MES loading amount (ML%) and encapsulation efficiency
(EE%) within nZIF-8 was calculated as follows: ML% = [amount of MES (mg) in nZIF-8/weight (mg) of nZIF-8] x 100 and
EE% = [amount of MES (mg) in nZIF-8/amount of MES (mg) added during synthesis process] x 100.

RESULTS
Synthesis and structural identification

The synthesis of mesalamine-loaded nano-ZIF-8 (MES@nZIF-8) under controlled stirring was accomplished with
varied reaction times of 15 min, 24 h, 48 h and 72 h. Visual observation (Figure 1) revealed a progressive color transition
of the suspensions from milky white at the shortest reaction time to pale yellow at 72 h, suggestive of time-dependent
changes occurring during the encapsulation process.

Powder X-ray diffraction analysis (PXRD) was used to assess the crystallinity and structural identification of the
nanoparticles. The PXRD patterns of MES@nZIF-8 were compared with the theoretical pattern simulated for ZIF-8 as

Biome Scientia Journals https://www.biomescientia.com Vol 10 No 1 (2026) 227



Life Sciences, Medicine and Biomedicine 4

shown in Figure 2A. The results revealed a series of distinct peaks at 7.4°, 10.4°, 12.7°, 14.7°, 16.4°, 18.0°, 22.1°, 24.5°,
26.7°, and 29.6°, corresponding to the (011), (002), (112), (022), (013), (222), (114), (233), (134), and (044) planes.

Fourier transformed infrared (FTIR) spectroscopy provided additional evidence confirming the effective
encapsulation of MES within ZIF-8 nanoparticles. The pristine nZIF-8 FT-IR spectrum exhibited distinctive absorption
bands serving as a baseline to assess the MES loaded nZIF-8. Specifically, absorption bands of ZIF-8 were found at: (i)
1576 cm™ and within the 1430-1300 cm™ range, attributed to the C=N bonds stretching and ring vibrations of 2-
methylimidazole, respectively; (ii) 1145 and 994 cm™ are associated with the stretching and bending of the C—N bonds
within the ligand framework; (iii) 693 cm™ represented the out-of-plane deformation of imidazole ring; and, whereas,
(iv) 420 cm™ was indicative of Zn—N bond stretching. These combined spectral features suggest the formation of
coordination bonds between tetrahedral Zn?* and 2-methylimidazolate-derived N atoms (Zhang, Jia, & Hou, 2018)
(Figure 2B). After 48 h of MES loading, two new, strong peaks emerged at 2359 cm™ and 2341 cm™, along with a peak
at 1674 cm, consistent with interactions between MES functional groups and the ZIF-8 framework, confirming
successful encapsulation.

Similarly, TGA under N2 flow, depicts a trend of MES@nZIF-8 with varied reaction time at 48 h< 72 h <24 h< 15
min < nZIF-8 with respect to thermal stability (Figure 2C). MES@nZIF-8 begin to thermally decompose over the 130-
490°C range whereas nZIF-8 is thermally stable up to at least 580 °C.

Figure 1

Visual appearance of MES@nZIF-8 synthesized under different reaction times

A)

/’I’Il/l,r,l

N W A
A,

(e

S—
Note: MES@nZIF-8 suspensions synthesized at reaction times of 15 min (A), 24 h (B), 48 h (C), and 72 h (D), showing a
gradual color change from milky white to yellow.

v

Scanning electron microscopy (SEM) provided further insight into the morphology of the nanoparticles (Figure 3).
The pristine nZIF-8 displayed uniform octahedral crystals with smooth surfaces and narrow size distribution (91.2 *
10.77nm). Upon encapsulation of MES, the particle size increased to 148.03 + 19.12 nm (15 min), 186.37 + 24.59 nm
(24 h), 169.37 £ 25.86 nm (48 h), and 224.31 + 31.10 nm (72 h). Consequently, partial agglomeration was apparent on
48 and 72 h reaction time.

The hydrodynamic sizes were obtained by dynamic light scattering (DLS), which is frequently employed due to its
non-destructive technique to determine particle size in suspensions. The results revealed monomodal, narrow-size
distributions for all samples (PDI = 0.2; Figure 4). Pristine nZIF-8 showed an average hydrodynamic size of 229.97 + 0.74
nm. Following MES encapsulation, size increased 20% with 272.57 + 8.6 nm (15 min), 274.07 + 4.49 nm (24 h), 266.70
+4.32 nm (48 h) and 288.40 + 1.99 nm (72 h).
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Figure 2

Structural characterization of nZIF-8 and MES@nZIF-8 synthesized under various reaction times
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Note: Powder X-ray diffraction (PXRD) pattern (A), Fourier transform-infrared spectroscopy (FTIR) spectra (B) with
orange highlights that directly related to the successful encapsulation of MES within nZIF-8, and Thermogravimetric
analysis (TGA) profiles (C) of synthesized MES@nZIF-8 at 15 min (red), 24 h (blue), 48 h (green), and 72 h (purple)

compared with the pristine nZIF-8 (black).

Encapsulation efficiency and MES loading percentage

Encapsulation efficiency and MES loading amount were quantified by UV—-Vis spectrophotometric analysis of the
supernatants (mean + SD, n = 3). As summarized in Table 1, encapsulation efficiency exceeded 93% at all time points,
peaking at 95.35 + 0.02% after 48 h of stirring. Similarly, the MES loading increased from 10.00% (15 min) to 10.17%

(48 h), before decreasing slightly to 10.03% (72 h).

Table 1

Encapsulation efficiency and MES loading (%) of MES@nZIF-8 over various reaction times

MES@nZIF-8 15 min 24 h 48 h 72 h
Encapsulation Efficiency (EE %) 93.74 £ 0.03 94.46 + 0.01 95.35+0.02 94.00 + 0.01
MES Loading (ML %) 10.00 10.08 10.17 10.03

Note: Each value represents the mean * standard deviation (SD) (n=3).
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Figure 3

Scanning electron microscopy (SEM) images of synthesized nanoparticles

Note: Pristine nZIF-8 (A) and MES@nZIF-8 synthesized at different reaction times; 15 min (B), 24 h (C), 48 h (D) and 72 h
(E). All nanoparticles exhibited ZIF-8 morphology, with variations in particle size and surface texture influenced by
reaction time. Yellow arrows indicated particle agglomeration. Scale bar =500 nm.

Figure 4

Hydrodynamic size characterization of nZIF-8 and MES@nZIF-8 synthesized under various reaction times
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Note: Dynamic light scattering (DLS) size distributions for pristine nZIF-8 (black) and MES@nZIF-8 prepared for 15 min
(red), 24 h (blue), 48 h (green), and 72 h (purple), showing a narrow primary population with hydrodynamic diameters
<300 nm and a polydispersity index (PDI = 0.2), indicative of good colloidal stability.

DISCUSSION

This study synthesized MES@nZIF-8 under controlled stirring conditions at various reaction times, providing a clear
understanding of how synthesis duration impacts the structural integrity, morphology, and encapsulation
characteristics of nanoparticles. As aforementioned, the observed color changes from milky white to pale yellow over
time (Figure 1) suggested ongoing physicochemical interactions during MES encapsulation. These progressive hues shift
are likely governed by the MES characteristics as they are highly susceptible to oxidative degradation due to the
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presence of a 4-aminophenol structure (El Zein et al., 2023). We assumed that this color change reflects slow MES
oxidation and interaction with the ZIF-8 framework during encapsulation, showing that the chemical environment of
the nanoparticles was changing over time.

Once each nanoparticle was isolated, washed and dried, PXRD analysis was performed. As shown in Figure 2A, the
diffraction patterns for synthesized MES@nZIF-8 were observed to be consistent with those of simulated ZIF-8. This
PXRD analysis provides insight as MES encapsulation did not disrupt the crystallinity of the nZIF-8 structure. This
robustness mirrors findings in other drug@ZIF-8 systems, incorporating hydrophobic and hydrophilic drugs, where XRD
pattern showed no new peaks and maintained framework topology (Mazloum-Ardakani et al., 2023; Pandey et al.,
2024).

Prior to further structural identification, the functional group analysis was defined by FTIR (Figure 2B). All
nanoparticles exhibited the characteristic bands of pristine nZIF-8, suggesting that the original structure of nZIF-8 is well
retained (Yong et al., 2024). It is important to first note that the observed bands of nZIF-8 are in accordance with those
reported previously (Kamal et al., 2021; Silvaraju et al., 2025; Yong et al., 2024; Zhang, Jia, Li, et al., 2018). Interestingly,
at 48 h, the strong intensity was observed at 2359 and 2341 cm™ bands and additional peaks at 1674 cm™, corresponded
to protonated amine (—NHs*) stretch of MES (Alam et al., 2019) and C=0 bonds of its salicylic acid moiety (Deshmukh &
Harwansh, 2021), respectively. These absent bands revealed clear evidence of the strong host-guest interactions
between MES and nZIF-8.

Similarly, TGA provides several critical findings in MES encapsulation. As depicted in Figure 2C, the nanoparticles
were extensively decomposed when encapsulated. The initial decomposition temperature of pure MES is 269°C (Urtiga
et al., 2020). This remarkable decomposition occurred due to the MES decomposition inside the nZIF-8 framework,
aligns with TGA study from previous research on ibuprofen loaded ZIF-8/Fe304 nanoparticles (Chakraborty et al., 2024).

Particle size and surface morphology of nanoparticles were observed via SEM (Figure 3). The particle size of
MES@nzif-8 approximately doubled over time compared to pristine nZIF-8. The reasons are twofold: (i) MES absorbs
onto the external surfaces of nZIF-8 (Kaur et al.,, 2017); and (ii) change in surface charge of ZIF-8 causing partial
aggregation (Arumugam et al., 2025). Indeed, sizes within the range (20-500 nm) are favorable of EPR effects, allowing
the nanoparticles to accumulate in tumor tissue for cancer targeting (Deivayanai et al., 2025). Notably, both pristine
nZIF-8 and MES@nZIF-8 (15 min) maintained the smooth and rhombic morphology as reported earlier (Yahia et al.,
2021), while longer stirring led to morphological changes and signs of agglomeration (Yong et al., 2024). It is important
to note that agglomeration is not beneficial in this system; instead, it reflects reduced colloidal stability and loss of
particle uniformity, thereby emphasize the need to limit stirring duration (Sevimli-Yurttas et al., 2024).

To transition from SEM to the dispersed state, particle size was assessed via DLS (Figure 4). All suspensions were
monomodal with narrow distributions (PDI = 0.2), indicates limited clustering in methanol (Danaei et al., 2018). The DLS
trend follows the SEM observation: early samples retain the smooth, rhombic morphology, while longer stirring yields
larger sizes and subtle signs of association. As expected, the hydrodynamic sizes were larger than SEM values. The
increase observed by DLS is best explained by changes at the particle-solvent interface in dispersion, specifically
formation of a hydrated MES corona and greater solvent binding at the surface, which raise the hydrodynamic diameter
without generating secondary populations (Mittal et al., 2022; Wilson & Prud’homme, 2021).

Following confirmation of MES@nZIF-8’s structural integrity, we proceeded to evaluate the encapsulation efficiency
and MES loading over varying reaction times. Subsequently, at 48 h, > 95% of encapsulation efficiency and 10.17%
loading was observed, likely arise from a balance between pore-filling kinetics and framework integrity by which
extended stirring beyond 48 h, i.e 72 h, appeared to induce slight desorption or structural rearrangement (Caamanio et
al., 2023). Although all nanoparticles achieved high encapsulation efficiencies, the loading amounts were determined
to be relatively low (< 10%). This is a consequence of the limited amount of MES added during the synthesis (8 mg mL"
1) (Kamal et al., 2021). Despite this, the values of both encapsulation efficiency and loading amount remain acceptable
for optimal therapeutic activity in inhibiting cancer progression, compared with other literature (Ding et al., 2024;
Kumari et al., 2023; Namazi et al., 2024).

CONCLUSION

We have developed a rapid, one-pot stirring strategy for MES encapsulation within nano-ZIF-8 (MES@nZIF-8) that
delivers high therapeutic payload without compromising framework integrity. PXRD analysis confirmed that the
characteristic crystallinity of ZIF-8 was maintained across all synthesis conditions, validating the structural stability of
the framework under the applied stirring regimes. SEM observations further demonstrated that particle morphology
remained well-defined at shorter stirring durations, with agglomeration becoming evident only at extended reaction
times. Although 48 h produced the highest encapsulation efficiency (>95%), moderate stirring durations provide a
balance between encapsulation performance and colloidal stability. These findings offer valuable insight into the design
of NSAID-loaded MOFs for enhanced anticancer efficacy and drug delivery applications. While the physicochemical
characteristics and structural stability offered a strong foundation for understanding material performance and
formulation robustness, the lack of in vitro and in vivo evaluations remain limited. Future investigations must address
these biological dimensions to validate the potential of MES@nZIF-8 in clinical applications. Beyond mesalamine, this
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controlled-stirring strategy offers promise for encapsulating a wider range of therapeutic molecules into ZIF-8,
expanding its relevance for future drug-delivery applications.
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