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ARTICLE INFO ABSTRACT
Editor: DR B Gyampoh Cancer remains a formidable global health challenge, necessitating innovative strategies for
effective drug delivery to tumor sites. This study is focused on modeling the release profile of a
Keywords: chitosan/zeolite nanocomposite beads delivery system encapsulating curcumin. The nano-
(Zjurlc}‘mm composites were synthesized by functionalizing zeolite with chitosan and subsequently loading
eolite

curcumin. The chitosan/zeolite nanocomposite was characterized for its physicochemical prop-
erties, including surface morphology, functional groups, elemental profile, crystal structure, and
drug loading capacity using SEM, FTIR, EDS, XRD, and UV-vis spectrophotometer respectively. In
vitro experiments investigated the release kinetics of curcumin from the composite in simulated
pH environments, providing insights into the drug release behavior. The chitosan/zeolite nano-
composite demonstrated a controlled, and sustained release of curcumin, exhibiting significant
potential for optimizing therapeutic outcomes. The maximum entrapment efficiency of the chi-
tosan/zeolite drug delivery vehicle was recorded at 84 %, indicating high efficiency in encap-
sulating drug molecules. Drug release kinetics were analysed using the Higuchi, Korsmeyer
Peppas, Zero-Order, First-Order, and Hixson-Crowell models. The Higuchi kinetic model, which
explains the release rate of drugs from an insoluble matrix based on Fickian diffusion, best
explained the release of curcumin, with a correlation coefficient of R? = 0.9351. These results
indicate that the zeolite functionalized chitosan nanocomposite beads hold promise as a viable
platform for enhanced drug delivery, enabling prolonged drug circulation and improved thera-
peutic outcome.

Chitosan
Nanocomposite
Drug delivery
Release kinetics

Introduction

Cancer continues to be a global health challenge, prompting a relentless effort to devise innovative strategies for effective targeted
drug delivery to the tumor sites. The progressive development of advanced drug delivery systems capable of delivering anti-cancer
drugs to the tumor is paramount to enhancing the therapeutic efficacy of these agents while minimizing their systemic toxicity.

Curcumin and its derivatives have gained significant attention in the field of biomedicine and biotechnology due to its antioxidant,
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anti-inflammatory, and anti-tumour abilities [1]. Multiple studies have shown curcumin’s antitumor effects against prostate cancer,
lung cancer, neck, and head squamous cell carcinoma, brain tumour, and breast cancer [2,3]. It is noteworthy however that curcumin
has poor aqueous solubility of about 11 ng/ml [4] and degrades in alkaline conditions. It is reported that at pH< 7 curcumin
degradation is much slower [5,6]. Thus, the full potential of native curcumin is limited by its low solubility, poor bioavailability, rapid
metabolism, and clearance from circulation [7]. To overcome these challenges a substantial amount of dosage needs to be used
hampering supplemental utilization [8,9].

The use of native curcumin has been tried in advanced biochemical methods by merging with other dietaries, hybridisation with
metals, liposomal curcumin, phospholipid complexes, and conjugation with various polymeric materials and synthetic materials but
these efforts have still not yielded the desired results [10,11].

To improve the medical viability of curcumin in biomedical applications novel nano-formulations of the drug is emerging as a
potential means in overcoming the aforementioned therapeutic limitations for an efficient drug delivery system. Nano-formulations of
curcumin into particles or encapsulation systems have been observed to greatly enhance solubility, chemical stability, and interactions
with other biological entities as well as pharmacokinetic properties. The intrinsic therapeutic characteristics of native curcumin are
observed to be preserved when curcumin is formed into nanoparticles leading to efficient delivery to affected tissue sites [12]. Such
particle size ranges are thought to be associated with negative and positive surface charge distributions which can easily interact with
cancer cells with high bioactivity between the cancer cells and drug particles due to the high available contact surface area provided by
the nanoparticles [13].

Particle size plays a major role in the mode of action of drug including the interaction of particles with a biological system, tissue
distribution, attachment, and rolling [14], firm adhesion of nanoparticles [15], phagocytosis [16], and accumulation [17] are all
affected by the size of the particle. Due to the tailoring of a particle in a precise dimension for the purpose of getting the higher rate of
absorption and permeation, it ultimately led to an incrementation in bio-distribution and longer circulation in vivo [18]. Chito-
san/Zeolite nanocomposite made of nano or microporous structure, with excellent biocompatibility, and adjustable release kinetics
[19] provides a versatile promising platform for delivery of potential anti-cancer agent curcumin, to cancer cells thereby serving as a
novel solution to the challenges confronted by native curcumin in biomedical applications.

Zeolites are porous aluminosilicate minerals that are widely employed in adsorption, catalysis, and ion exchange applications [20].
Zeolites have a tetrahedral crystal structure formed through dense networks of Al04 and SiO4 that share oxygen atoms [21-23] with a
regular distribution of pores that can act as hosts for curcumin and mechanically protect its stability [24].

Zeolites are stable in water and aqueous solutions such as NaOH but disintegrate rapidly in acidic solutions [25]. Cancer cells have
more acidic microenvironments than normal cells, and this distinction can be utilized to specifically detect tumour and release drugs
incorporated in their pore directly to the affected areas [26].

Despite the great biomedical benefits of zeolite, they have some drawbacks. Drug molecules are mostly of smaller sizes and thus are
easily released from the zeolitic structure [27]. There is also a difference in hydrophilicity between the drug molecule and the zeolite
structure which reduces its loading capacity [28,29]. To improve the efficiency of the drug-carrying properties of zeolites, drug carriers
need to be functionalized to overcome the differences in hydrophilicity with drugs. Surface modification of zeolite can be done through
the use of functional groups such as sulfhydryl (-SH), amino (-NH2), or carboxylic (-COOH) groups, PEGylation, or other more
specialized ligands including peptides, aptamers, and antibodies [30]. This modification could potentially help increase the
bioavailability, specificity, cellular uptake [31,32], and efficacy of the drug delivery platform, and one promising material that meets
these criteria is chitosan.

Chitosan is a linear amino polysaccharide derived from the shells of crabs, shrimps, lobsters, and other crustaceans [33]. Chitosan is
a product of deacetylated chitin and consists of glucosamine, a deacetylated monomer, N-acetyl-glucosamine, an acetylated monomer,
connected throughp-,4 glycosidic bonds [34] In a chitosan structure are the presence of amino functional groups on the surface of
chitosan that can interact with nanoparticles, drugs, polymers, and cells [35] and these features present great opportunities for ap-
plications medicine, food, dentistry, beverages, pharmacy, cosmetics, agriculture, and many more due to its macromolecular structure,
biological activities, and its physicochemical properties [36].

Chitosan has biodegradability, biocompatibility, low toxicity, antimicrobial, and wound healing properties [37-39]. Chitosan has
also demonstrated potential in cancer therapy, particularly as a dissolving agent, drug stabilizer, and controlled-release medication
control, with a multipurpose platform for stimulus-responsive drug release, targeting, or image-guided medicine [40,41], and
reduction of cytotoxicity to healthy cells [42].

We explore the synergistic benefits of curcumin-loaded zeolite/chitosan nanosystems to increase the bioavailability, and stability,
and reduce the hydrophobicity of the zeolite platform. This study therefore aims to model the release profile of chitosan/zeolite
nanocomposite beads delivery system encapsulating curcumin in a simulated environment. Rigorous characterizations of the nano-
composite’s physicochemical properties, drug loading capacity, and release kinetics were observed and evaluated.

Materials and methods
3.0 Materials

Commerecial chitosan, zeolite A, acetic acid, sodium hydroxide (NaOH), tetraethyl orthosilicate (TEOS), hydrochloric acid (HCL),
ethanol absolute, curcumin and phosphate-buffered saline (PBS).
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Synthesis of Chitosan/Zeolite nanocomposite

2 g of Chitosan was dissolved in 2 % v/v acetic acid, and zeolite nanoparticles were added with continuous stirring. Zeolite was
prepared following a method described by Nyankson et al. [43]. Chitosan was functionalized with 2 % TEOS to enhance interaction
with zeolite. The mixture was then allowed to react for one hour under continuous stirring at room temperature to ensure a uniform
distribution of zeolite within the chitosan matrix. The nanocomposite was made into beads in an alkaline medium, washed, filtered,
and dried. 25 wt. %, 50 wt. %, 75 wt. % and 100 wt. % Zeolite formulations were prepared.

Characterization of the nanocomposite

The morphology and the elemental composition of the beads were determined using a scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDS) respectively. Drug loading capacity was determined with the UV-Vis spectroscopy
(Genesys 10 s, Thermo scientific). The crystal structure of the samples was studied with the X-ray diffractometer (XRD). Functional
analyses were also performed using the Fourier Transform Infrared Spectroscopy (FTIR) (Alpha ATR, Bruker).

Drug encapsulation

Curcumin (5mg/ml) was encapsulated into the 200 mg chitosan/zeolite nanocomposite beads by loading the drug into the beads
under vacuum. The loaded nanocomposite beads were allowed to dry at 60 °C. The process was repeated for all the bead formulations
(i.e., 25 wt. %, 50 wt. %, 75 wt. %)

Entrapment efficiency

20 mg of the loaded nanocomposite beads were placed in 10 ml of absolute ethanol, vortexed and centrifuged. UV-Visible spec-
trophotometry analysis was used to determine the absorbance of the supernatant at a wavelength of 430nm. The entrapment efficiency
was calculated using:

Entrapment efficiency = ((Initial drug- Free drug)/Free drug) x 100 % (€D)

In vitro drug release studies

Drug release in phosphate buffered saline
20 mg of nanocomposite beads were placed in a PBS and at 2 h time intervals, samples were collected, and the released curcumin
was quantified using UV-Visible spectroscopy.

PH environment simulation

A simulating pH environment of an acidic pH utilizing acidic buffers of pH 5.5, 6.0, 6.4 and 6.8 were prepared. Nanocomposite
beads were introduced into this environment. The behavior of the nanocomposite, including drug release and stability, was monitored
in the simulated pH environment at 2-hour time intervals. Changes in drug release profiles were recorded.

Drug release kinetics

Various kinetic models, Korsmeyer Peppas, Zero Order, First Order, Higuchi, and Hixson, were used to model the release kinetics
using data from the in vitro drug release studies. The Zero-order release kinetics represent a constant release of a drug as a function of
time and independent of its concentration [44]. The proportion of drug released per unit time is constant is determined with the
first-order kinetic model [45]. It describes systems where the release of a drug is concentration dependent. Higuchi’s mathematical
model describes the dissolution and release rate of drugs from matrix systems, and it shows a plot of the amount of drug released
against the square root of time [46]. Hixson Crowell’s kinetic model describes the release of drugs where there are changes in the
surface area and diameter of the drug delivery platforms [47,48]. Korsmeyer Peppas kinetic model is important for studying the release
of drugs from polymeric systems [46].

The equation used for the zero-order kinetics is;

Qt=Qo + Ko (2)

where Q; is the amount of drug released at time t hours, Q, is the initial amount of drug, and Ky is the first order release constant. The
equation used for the first-order kinetics is;

Log Q = Log Q, — K; / 2.303 3)
where K is the first order release constant. The equation used to describe the Higuchi model is;

—Q =KyVt 4
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where Kp is the Higuchi’s release constant. The equation used to describe the Korsmeyer-Peppas; model is

M,/M, = kt" 5)

where M; /M, is the fraction of the amount of drug released at time t hours, k is the drug release constant, and n is the diffusional
exponent that shows drug release mechanism. The equation used to describe the Hixson Crowell model is;

YW, = YW + Kuct (6)

where W, is the initial amount of drug, and W; is the amount of drug at time t.
Data analysis

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS). Analysis of variance was performed to
assess the differences in drug release profiles between standard PBS and the simulated pH conditions.

Results and discussion
X-ray diffraction analysis of nanocomposite beads

Fig. 1 shows the XRD pattern of pure chitosan powder and 50 wt. % zeolite. The XRD pattern of the pure chitosan powder indicates
the presence of diffraction peaks of 260 = 10.65°, and 20.16° associated with (020) and (110), respectively. The appearance of these
peaks confirms the crystalline nature of chitosan in its pure form. These characteristic peaks are in agreement with the known crys-
tallographic properties of chitosan and match precisely with the standard XRD data of chitosan (JCPDS file No 00-067-1540) [49-51].
The XRD pattern of 50 wt. % zeolite also exhibits characteristic diffraction peaks, which are indicative of the presence of zeolite. The
chitosan peaks with miller indices (020) and (110) were still present in the 50 wt. % zeolite sample, but a reduction in the intensities of
the diffraction peaks was observed. Notably, the diffraction peaks at 26 = 7.18°, 30.20°, and 64.84° correspond to (200), (644), and
(10,100), respectively. These peaks are known to be associated with the crystalline structure of zeolite [43]. The XRD analysis indicates
that the characteristic peaks associated with both chitosan and zeolite are present in the formulations and this observation suggests
that the composite materials, retain the crystalline properties of their individual components.

Fourier transform infrared spectroscopy (FTIR) spectrum of chitosan/zeolite nanocomposite beads

Fig. 2 shows FTIR spectrums of chitosan powder, 50 wt. % zeolite, and 50 wt. % curcumin-loaded chitosan/zeolite platform. Fig. 2A
shows the FTIR spectrums of chitosan powder. Prominent bands in the range of 3365-3298 cm™ correspond to N—H and O—H
stretching vibrations [52], 2865 cm™ is associated with C—H stretching [52], 1658 cm™ is associated with C = O stretching, Amide I
and 1312 cm™ associated with C—N stretching, Amide III suggests residual N-acetyl groups [53]. The appearance of bands at around
1426 and 1378 cm™! confirmed the CH, bending and CHs symmetrical deformations, respectively [52], and absorption at 1026 cm™
corresponds to C—O stretching [54,55] which are all characteristic of chitosan. Fig. 2B shows the FTIR spectrums of 50 wt. % zeolite.
Broad bands in the range of 840-550 cm™ suggest Si-O and Al-O species, characteristic of zeolite, with absorbances at 799 cm™ and
666 cm™ [56] and this is observed for all formulations. The absorption bands between 3750-3450 cm™! correspond to OH, Si-OH, and
Si-OH-Al groups [56], typical of zeolite. The peak at 666 cm™ is attributed to Si-O-M species [56], where M represents the Na™ metal
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Fig. 1. XRD diffraction patterns of (A) pure chitosan powder, and (B) 50 wt. % zeolite.
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Fig. 2. FTIR spectrums of (A) chitosan powder, (B) 50 wt. % zeolite, and (C) 50 wt. % curcumin-loaded chitosan/zeolite platform.

species. Some chitosan peaks at 1692 cm™ and 1519 cm™ are still noticeable, with shifted values, indicating interactions or overlap
with zeolite bands. Fig. 2C shows the FTIR spectrums of 50 wt. % curcumin-loaded chitosan/zeolite platform. The shifts in chitosan
peaks suggest potential interactions between the two materials, providing more insights into the composite’s chemical composition
and interactions. The absorption band at 3599 cm™! is attributed to curcumin as it is characteristic of phenolic O—H stretching [57].
Curcumin also displayed three of its signature peaks at 1646 cm! for olefinic C—H bending vibrations, 1525 cm™ for C= 0O and C=C
species, and 1072 cm’! for C—0-C stretching vibrations [58].

Surface morphology analysis of nanocomposite

The surface morphology of the chitosan/zeolite nanocomposite was examined using SEM. Fig. 3 shows result for SEM analysis. The
SEM analysis revealed a porous structure with well-dispersed zeolite nanoparticles within the chitosan matrix. Fig. 3A shows the SEM
image of chitosan/zeolite nanocomposite. The result shows how the zeolite crystals have been embedded well into the chitosan
structure, leading to a complete change in the morphology of the zeolite structure. Fig. 3B shows the SEM image for the functionalized
nanocomposite bead, where an increase in porosity is observed after the addition of TEOS. This porosity enhancements allows for
better drug encapsulation, enabling chitosan to absorb more drug molecules unto its surface and bond better with zeolite. Fig. 3C
represents SEM image of curcumin loaded nanocomposite bead. The result shows that the curcumin particles have been well embedded
into the chitosan/zeolite structure when compared to the SEM image of curcumin from literature [59]. [Insert Fig. 3 here]

EDS analysis for elemental profiling

The elemental composition of the chitosan/zeolite was determined using EDS. Fig. 4 shows the elemental profile of chitosan/zeolite
nanocomposite of the 50 wt. % composite formulation. Table 1 shows the quantitative analysis of elements present in the sample. The
carbon content in the composite ranged from approximately 29.34 % to 47.06 %, attributed to the presence of chitosan, which is rich in
carbon. Oxygen content also varied between 46.03 % and 56.98 %. Oxygen is a common element in both organic (chitosan) and
inorganic (zeolite) compounds. Magnesium (Mg), Aluminum (Al), Silicon (Si), Chlorine (Cl), and Calcium (Ca) are elements associated
with the zeolite component of the composite. Zeolites are crystalline aluminosilicates that contain aluminum, silicon, and other el-
ements. The presence of these elements confirms the inclusion of zeolite in chitosan.

Drug entrapment efficiency of drug vehicle

The drug loading capacity of the nanocomposite was over 80 %, indicating efficient encapsulation of curcumin (Fig. 5). After
encapsulating 75 % of zeolite, entrapment efficiency gradually decreased from 84 % to 76 %. Overall, 25 and 50 wt. % zeolite showed

z
m SE__ Date(midry): 04/05/22 University of Cape Town

Fig. 3. SEM images of the (A) chitosan/ zeolite nanocomposite (B) Functionalized nanocomposite bead (C) curcumin loaded nanocomposite bead.
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Fig. 4. Elemental profile of chitosan/zeolite nanocomposite (50 wt. % composite formulation).

Table 1
EDS analysis of synthesized chitosan/ zeolite nanocomposite.
Spectrum C o Mg Al Si Cl Ca
Spectrum 1 40.06 54.95 0.76 1.17 2.14 0.41 0.51
Spectrum 2 40.55 54.32 0.59 0.99 2.09 0.37 1.1
Spectrum 3 29.34 56.98 1.25 3.64 6.41 0.32 2.05
Spectrum 4 43.19 46.03 0 0.37 0.52 1.2 8.69
Spectrum 5 47.06 51.88 0 0.19 0.5 0.18 0.19
Mean 40.04 52.83 0.52 1.27 2.33 0.5 2.51
Std. deviation 6.59 4.22 0.53 1.39 2.42 0.4 3.53
86 T T T T T T T T T
—=— Drug entrapment efficiency
84 - g
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Fig. 5. Entrapment efficiency of chitosan/zeolite nanocomposite drug delivery nanocomposite for 25, 50, 75 and 100 wt. % zeolite.

the highest entrapment efficiency of 83.724 %, followed by 75 wt. % with an entrapment efficiency of 83.636 % and 100 wt. % with an
entrapment efficiency of 76.109 %. The results shows that the drug delivery nanocomposite and would be very suitable for higher
drug-loading capacity applications.

In vitro release profile of curcumin

The in vitro release profile of curcumin from chitosan/zeolite was evaluated in various pH conditions (5.5, 6.0, 6.4, 6.8, and 7.4) to
mimic different physiological environments. This study aimed to investigate the release kinetics of curcumin to understand how
different pH levels influence the drug release behavior. Fig. 6 shows the release profile of curcumin subjected to the simulated pH
environment conditions. The cumulative release percentages of the drug delivery platforms were determined at specific time intervals
to study the rate at which curcumin drug is been released and the stability of the platforms after the addition of chitosan.

Fig. 6A depicts the release of the standard phosphate buffered saline (PBS, pH 7.4). The release profile showed a steady release,
indicative of the controlled release mechanism. All the drug delivery platforms became stabilized after 18 h. In Fig. 6B at pH = 5.5, all
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Fig. 6. Mean cumulative release values for the chitosan zeolite nanocomposite beads for 25, 50, and 75 wt. % zeolite at pH of (A) 7.4, (B) 5.5, (C)
6.0, (D) 6.4, and (E) 6.8.

drug delivery platforms displayed an initial increase in drug release followed by subsequent stabilization as depicted below. After 3 h,
50 wt. % Zeolite displayed a relatively consistent release percentage suggesting a stable release profile from the beginning. In Fig. 6C at
pH = 6.0, 25 wt. % Zeolite displayed most stable drug release over an extended period of time followed by 50 and 75 wt. % Zeolite. In
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Fig. 6D at pH = 6.4, all drug delivery platforms stabilized after 17 h. In Fig. 6E at pH = 6.8, 25 wt. % Zeolite recorded the highest drug
release of 479.0514 % at 3 h. pH = 6.8 showed higher cumulative release compared to other simulated pH solutions.

Generally, all the drug delivery platforms showed decreasing trend in drug release over time, indicating potential stability over
time. Results also showed that the nanocomposite displayed better drug release behavior compared to the standard PBS environment.
Prolonged release was observed for all the different simulated pH. The initial burst release observed in the release profiles can be
attributed to the rapid dissolution of curcumin on the surface of the beads, followed by a sustained release from the matrix.

Fig. 7 shows the mean cumulative release values for the chitosan zeolite nanocomposite beads. Higher mean values are observed
with release mediums simulated to mimic the pH condition with the exception of pH 5.5. Analysis of variance shows a significant
difference (p = 0.001) for drug release behavior between the simulating pH conditions and the PBS control, underscoring the influence
of the simulated pH environment on drug release kinetics. Multiple comparison of the release in the different mediums using Fisher’s
LSD test showed a pronounced significant difference between release in PBS versus pH 6.8 (p = 0.004). Additionally, differences were
observed among the different pH release mediums. pH 6.0 and 6.8 (p = 0.013), 6.4 and 5.5 (p = 0.015) and 6.8 and 5.5 (p = 0.00005)
suggesting the importance of the release medium.

The results indicate that the release profile of curcumin from the chitosan/zeolite nanocomposite beads is highly dependent on the
pH of the release medium and can be tailored for specific release profiles by adjusting pH. The higher rates at low pH levels are
particularly relevant for targeting acidic environments, such as tumor tissues, which could enhance the therapeutic efficacy of cur-
cumin in cancer treatment.

In vitro curcumin release kinetics

Drug release kinetics of the chitosan/zeolite composites were analysed using various kinetic models, including Higuchi, Korsmeyer
Peppas, Zero-Order, First-Order, and Hixson-Crowell models. The best fit for the release data was determined by comparing the
correlation coefficients (R%) of each model.

Fig. 8 shows the release of curcumin encapsulated in chitosan/zeolite nanocomposite drug delivery platform in a simulated pH
environment for A) Zero order kinetics model, B) First order kinetics model, C) Higuchi’s mathematical model, D) Korsmeyer Peppas
model and E) Hixson Crowell model. The models robustly described the release kinetics, with the best fit being the Higuchi model,
which describe about 94 % of the release kinetics. This was followed by the Hixson-Crowell model at 78 %, the Zero Order kinetics at
64 %, the First Order kinetics at 59 %, and the Korsmeyer Peppas at 32 %. The release kinetics were best described by Higuchi’s model,
with a release rate constant of 20.79, followed by 2.672 for the Zero Order kinetics, 0.185 for Hixson-Crowell Model, 0.035 for the
Korsmeyer-Peppas, and —0.055 for First Order kinetics. These findings highlight the predominance of a diffusion-controlled release
mechanism for curcumin from the chitosan/zeolite composite, consistent with the porous structure observed in the SEM images.Fig. 9

Conclusion

The results of this study collectively emphasize the potential chitosan/zeolite nanocomposite as a drug delivery system with
adaptability to the different simulated pH environmental conditions. The uniform distribution and porous structure of the composite,
as demonstrated by SEM analyses, confirms a successful synthesis of the chitosan/zeolite composite delivery platform capable of
encapsulating anti-cancer agents such as curcumin. Furthermore, the XRD analysis confirms the crystalline nature of pure chitosan and
zeolite and the presence of characteristic diffraction peaks associated with chitosan and zeolite in all our formulations. This provides
evidence that the crystalline structures of the composite materials are preserved. This preservation of crystallinity is a crucial factor to
consider when assessing the structural properties and potential applications of these composite materials, especially in drug delivery
systems and other biomedical applications.

The efficient drug loading capacity further underscores its suitability for encapsulating anti-cancer agents such as curcumin. The
sustained release profile observed in vitro suggests its ability to provide prolonged drug exposure to cancer cells, potentially enhancing
the therapeutic efficacy of curcumin. Significant difference in drug release profile for the different simulated pH conditions and PBS
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Fig. 7. Mean release profiles of 50 wt. % chitosan/ zeolite nanocomposite in the different release mediums.
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Fig. 9. Release Kinetics of chitosan/zeolite nanocomposite drug delivery platform encapsulating the anti-cancer agent curcumin in standard PBS

(pH 7.4).

control highlights their influence on drug release kinetics. This finding aligns with the known variations in pH within the simulated

environment, which can alter drug release from delivery platforms.

Additionally, the release kinetics model provides insights into the release mechanism, and the release rate constant highlighting the
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predictability and reliability of the chitosan/zeolite nanocomposite delivery system. The biphasic release pattern, with an initial burst
release followed by a gradual release, is a promising feature for achieving therapeutic drug concentrations at the tumor site while
minimizing systemic exposure at the same time. The differences in the release kinetics within the different simulated release mediums
indicates the necessity of considering the dynamic nature of the simulated pH environment when designing drug delivery systems and
such systems should be capable of adapting to the changing conditions as well as ensuring drug availability at the tumor site.

Our findings hold significant implications for the field of cancer therapeutics and chitosan/zeolite nanocomposite could serve as a
foundation for the development of tailored drug delivery systems that optimize drug release within the simulated pH environment.
Future studies should focus on in vivo experiments to further validate the efficacy and safety of the drug delivery nanocomposite in
animal models.

Additionally, the versatility of the nanocomposite warrants investigation into its potential for delivering various anticancer agents
beyond curcumin, catering to the specific needs of different cancer types. It is important to acknowledge that, while our simulated pH
environment provides valuable insights, it remains a simplified model and the complexity of the simulated pH environment in vivo
involves a multitude of factors, including interactions with immune cells, stromal components, and extracellular matrix components,
which may influence drug release differently.
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