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Abstract

Dexamethasone (DEX) is an effective anti-inflammatory drug; however, its therapeutic application can be limited by rapid
drug diffusion and insufficient control over the local release profile. In this study, a multifunctional DEX-loaded UiO-66-
NHz@chitosan/hyaluronic acid—poly(N-isopropylactylamide) (UiO-66-NH2@CS/HA-PNIPAM) nanocomposite was
developed as a dual pH/temperature-responsive drug delivety platform. DEX was incotporated into porous UiO-66-NHa
nanopatticles, followed by sequential coating with Chitosan (CS)/Hyaluronic Acid (HA) and a thermoresponsive PNIPAM
layer. The physicochemical properties, drug encapsulation, swelling behavior, temperature responsiveness, in vitro release,
stability, cytocompatibility, and anti-inflammatory activity of the formulations were evaluated. The final F4 formulation
exhibited an Encapsulation Efficiency (EE%) of 86.712.0% and a particle size of 251.819.1 nm, with a Polydispersity Index
(PDI) of 0.26£0.03. F4 showed pronounced pH-dependent swelling, increasing from 48.7£3.5% at pH 5.5 to 82.624.8%
at pH 7.4, while its particle size decreased from 251.8£9.1 nm at 25°C to 211.4£7.1 nm at 37°C, demonstrating temperature-
responsive behavior. At pH 7.4 and 37°C, the 24-h cumulative DEX release from F4 was 43.5+2.1%, compared with
78.413.1% for the uncoated formulation. The nanocomposite maintained cell viability above 90% at concentrations up to
100 pg/mL. In an LPS-induced inflammatory model, F4 reduced TNF-a and IL-6 concentrations to 108.6%7.5 and
82.316.9 pg/ml, respectively, compared with 286.7214.8 and 238.5212.6 pg/mL for the LPS control. The developed UiO-
66-NH2@CS/HA-PNIPAM nanocomposite provided controlled DEX release together with pH/temperature-responsive
behavior, acceptable cytocompatibility, and enhanced anti-inflammatory activity, supporting its potential as a
multifunctional platform for controlled anti-inflammatory drug delivery.

Keywords: Dexamethasone, Chitosan, Hyaluronic acid, PNIPAM, Drug delivery, Controlled release, Anti-inflaimmatory
activity.

1| Introduction

Inflammation is a complex biological response that plays a fundamental role in tissue protection, repair, and
restoration of homeostasis following injury or exposure to harmful stimuli. Although acute inflammation is
generally beneficial and self-limiting, persistent or dysregulated inflammatory responses can contribute to
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tissue damage and the progression of chronic disorders, including rheumatoid arthritis, inflammatory bowel
disease, dermatological disorders, and other immune-mediated conditions. Pharmacological management of
inflammation therefore remains an important component of modern therapeutic strategies. Among the
available anti-inflammatory agents, glucocorticoids are widely used because of their strong ability to suppress
inflammatory signaling and regulate excessive immune responses. However, conventional administration of
potent glucocorticoids may be associated with limitations related to nonspecific distribution, repeated dosing,
systemic exposure, and dose-dependent adverse effects. These limitations have stimulated increasing interest
in drug-delivery systems capable of improving drug localization, controlling release kinetics, and reducing
unnecessary exposure of healthy tissues [1-5].

Dexamethasone (DEX) is a potent synthetic glucocorticoid with pronounced anti-inflaimmatory and
immunosuppressive activities. It acts primarily through intracellular glucocorticoid receptors and
subsequently modulates the transcription of genes involved in inflammatory signaling, thereby suppressing
the production of several pro-inflammatory mediators. Despite its established therapeutic utility, the
pharmacological performance of DEX can be improved through appropriate drug-delivery strategies.
Conventional formulations may not provide adequate control over drug concentration at the target site, while
systemic administration can expose non-target tissues to the drug. Consequently, nanoscale delivery platforms
have increasingly been investigated for DEX encapsulation and controlled administration. Recent
developments include polymeric nanoparticles, lipid-based carriers, hydrogels, inorganic nanocarriers, and
multifunctional stimuli-responsive systems designed to improve drug retention and regulate release [4-10].

An important strategy for addressing the limitations of conventional drug administration is the development
of stimuli-responsive delivery systems. These systems are designed to alter their physicochemical
characteristics in response to specific environmental signals, such as pH, temperature, reactive oxygen species,
enzymatic activity, or ionic strength. Such responsiveness can provide an additional level of control over drug
release because the carrier does not behave identically under all physiological conditions. In particular, pH-
and temperature-responsive systems have received considerable attention because both parameters can be
exploited to regulate polymer swelling, polymer—drug interactions, pore accessibility, and molecular diffusion.
Dual-responsive systems can therefore provide more sophisticated control over drug liberation than
conventional passive carriers. Chitosan (CS)-based and other polysaccharide-containing systems have already
demonstrated the feasibility of combining pH sensitivity with temperature responsiveness for controlled drug

delivery [11].

CS is a naturally derived polysaccharide composed primarily of glucosamine units and is widely investigated
in biomedical applications because of its biodegradability, biocompatibility, mucoadhesive characteristics, and
abundance of reactive amino groups. The protonation-deprotonation behavior of its amino groups provides
an intrinsic pH-responsive character that can influence electrostatic interactions, swelling, and permeability
of chitosan-containing matrices. Hyaluronic Acid (HA), another naturally occurring polysaccharide, is an
important component of the extracellular matrix and possesses multiple carboxyl groups capable of forming
hydrogen-bonding and electrostatic interactions with chitosan. Consequently, combining CS and HA can
generate a polyelectrolyte-based environment with tunable physicochemical properties. Moreover, CS/HA
systems have been investigated as drug-delivery materials because their composition can influence mechanical
properties, water uptake, surface characteristics, and drug-release behavior. Previous work has demonstrated
that CS/HA-based systems can exhibit pH-sensitive drug release and body-temperature responsiveness,
supporting their potential as multifunctional drug-delivery materials [12-10].

Incorporating a thermoresponsive polymer into a CS/HA-based system provides an additional mechanism
to control carrier behavior. Poly(N-isopropylacrylamide) (PNIPAM) is one of the most extensively
investigated thermoresponsive polymers because it undergoes a pronounced temperature-dependent phase
transition around its lower critical solution temperature. Below the transition temperature, the polymer
exhibits relatively high hydration, whereas increasing temperature promotes dehydration and collapse of the
polymer chains. This behavior can alter the diffusion pathways available to encapsulated molecules and
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consequently modulate drug release. Importantly, PNIPAM has previously been combined with CS and HA
to develop temperature-sensitive drug-delivery systems, demonstrating that the integration of synthetic
thermoresponsive polymers with natural polysaccharides can provide tunable delivery behavior [17-21].

Nevertheless, the use of PNIPAM in biomedical delivery systems also requires careful consideration of
polymer architecture and composition because the properties of the resulting material depend strongly on
molecular weight, crosslinking or grafting strategy, polymer concentration, and the nature of the surrounding
matrix. Accordingly, simply incorporating a thermoresponsive polymer into a carrier does not necessarily
result in predictable or optimal drug-release behavior. A rationally designed hybrid architecture in which the
thermoresponsive polymer is integrated with a biocompatible polysaccharide coating may provide better
control over surface properties, hydration, permeability, and stimulus-induced structural changes. In this
context, the combination of CS, HA, and PNIPAM provides a potentially useful polymeric interface in which
pH-dependent interactions originating from the polysaccharide components can be coupled with
temperature-dependent conformational changes associated with PNIPAM [15].

In parallel with advances in polymeric nanocarriers, Metal-Organic Frameworks (MOFs) have emerged as
promising materials for drug-delivery applications. MOFs are crystalline, porous coordination networks
constructed from metal ions or metal clusters connected by organic ligands. Their high surface areas, tunable
pore structures, adjustable surface chemistry, and potential for functionalization make them attractive
platforms for molecular loading and controlled release. Among different MOF families, zirconium-based
UiO-66 materials have attracted considerable interest because of their structural stability and chemical
versatility. Functionalization of UiO-66 with amino groups produces UiO-66-NHz, introducing additional
opporttunities for hydrogen bonding, electrostatic interactions, and surface modification. These characteristics
are particularly relevant for drug-delivery applications because the interaction between the drug and the
functionalized MOF can influence loading capacity and release behavior [12].

The porous structure of UiO-66-NH2 can serve as a reservoir for drug molecules, while its surface can
subsequently be modified with responsive polymers to regulate the accessibility of the internal pores. This
core-shell concept is particularly attractive because the functions of Drug Loading (DL%) and stimulus-
responsive release can be spatially separated. The MOF core can provide the internal environment required
for drug accommodation, whereas the polymeric shell can act as a diffusion-regulating barrier. Such an
architecture can potentially reduce uncontrolled burst release and provide a more sustained release profile.
Importantly, UiO-66-NH: has already been investigated as a drug-delivery platform and has also been
incorporated into polymer-coated systems, demonstrating the feasibility of combining MOF cores with
responsive polymeric interfaces. For example, poly(N-vinylcaprolactam)-coated UiO-66-NH2 has been
investigated for dual pH/temperature-responsive delivery of doxorubicin, illustrating the potential of MOF—
responsive-polymer hybrid systems [16—20].

Although MOF-based drug carriers provide substantial opportunities for controlled delivery, an uncoated
porous MOF may not by itself provide sufficient control over the interaction between the carrier and the
biological environment. Surface modification is therefore an important approach for improving colloidal
behavior, regulating mass transfer, and introducing additional biological functionality. A biopolymeric coating
based on CS and HA can provide a hydrophilic, biologically relevant interface around the MOF core, while
incorporating PNIPAM can introduce temperature-dependent changes in polymer conformation. The
resulting architecture can be considered a multifunctional nanocomposite in which the individual components
contribute complementary functions rather than simply acting as independent materials [18].

The proposed design is particularly relevant for DEX delivery because the therapeutic objective is not merely
to maximize DL% but to obtain an appropriate release profile and preserve the anti-inflammatory activity of
the released drug. A carrier capable of responding to environmental pH and temperature could potentially
regulate the diffusion of DEX through changes in polymer hydration, chain conformation, electrostatic
interactions, and accessibility of the MOF pores. The CS/HA interface may additionally influence the sutrface
characteristics of the nanocomposite, while the PNIPAM component can provide a temperature-dependent
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barrier to molecular transport. Therefore, integrating these components into a core-shell nanostructure may
provide a rational strategy for achieving sustained and stimulus-responsive DEX delivery [17-20].

The importance of such an approach is further supported by the broader development of responsive DEX
nanocarriers. Recent literature has emphasized pH-, temperature-, and reactive-oxygen-species-responsive
systems as potential approaches for improving the spatial and temporal control of DEX delivery and reducing
unnecessary systemic exposure. However, designing a multifunctional system requires careful differentiation
between the individual contributions of the core, coating, and responsive polymer. In particular, a meaningful
evaluation should determine whether the incorporation of the CS/HA-PNIPAM coating actually changes the
release mechanism and whether these physicochemical changes translate into improved biological activity

[11-15].
From this perspective, the development of a DEX-loaded UiO-66-NH:2 cote surrounded by a CS/HA-

PNIPAM nanocoating represents a rational platform for investigating the relationship between nanostructure,
stimulus responsiveness, drug release, and anti-inflammatory performance. The proposed system combines
the high internal porosity and functionalizable surface of UiO-66-NH2 with the pH-sensitive characteristics
of CS/HA and the temperature-responsive behavior of PNIPAM. Rather than relying solely on passive
diffusion, the proposed architecture is intended to provide an additional level of regulation over drug

transport through environmentally responsive changes in the polymeric shell [13].

A multifunctional nanoplatform was developed by integrating a DEX-loaded UiO-66-NH: core with CS/HA
and PNIPAM layers to achieve dual pH/temperature-responsive drug delivery and enhanced anti-
inflammatory activity, as illustrated in Fig. 7. Accordingly, the present study aims to develop and characterize
a DEX-loaded UiO-66-NH@CS/HA-PNIPAM nanocomposite as a dual pH/temperature-responsive drug-
delivery platform. The study will investigate the physicochemical characteristics of the nanocomposite,
including particle size, polydispersity, surface charge, morphology, chemical interactions, crystallinity, thermal
behavior, and drug-loading characteristics. The influence of pH and temperature on DEX release will
subsequently be evaluated to elucidate the stimulus-responsive behavior and release kinetics of the system. In
addition, the biological performance of the formulation will be investigated through appropriate
cytocompatibility and anti-inflammatory assays to determine whether controlled DEX delivery is associated
with preservation or enhancement of the desired pharmacological response. This approach is expected to
establish a structure-property-release  relationship for a multifunctional MOF-polysaccharide-
thermoresponsive nanocomposite and provide a rational basis for developing more precisely controlled anti-

inflammatory drug-delivery systems.
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Fig. 1. Schematic illustration of the DEX-loaded UiO-66-NH:@CS/HA-PNIPAM
nanocomposite and its dual-responsive drug delivery mechanism.

2| Materials and Methods
2.1| Materials

Zirconium Chloride (ZrCls), 2-aminoterephthalic acid, N, N-dimethylformamide (DMF), acetic acid, DEX,
medium-molecular-weight CS, HA, N-isopropylacrylamide (NIPAM), Ammonium Persulfate (APS), and N,
N'-methylenebisacrylamide (MBA) were used for the preparation of the nanocomposite formulations.
Hydrochloric acid, sodium hydroxide, ethanol, Phosphate-Buffered Saline (PBS), and deionized water were
used for washing, pH adjustment, drug-release experiments, and other experimental procedures. All chemicals
were of analytical grade and used as received unless otherwise stated.

2.2 | Preparation of UiO-66-NH: Nanoparticles

UiO-66-NH: nanopatticles were synthesized using a solvothermal method. Briefly, 0.50 g of ZrCls and 0.54
g of 2-aminoterephthalic acid were separately dissolved in DMF and then mixed under continuous stirring.
Acetic acid was added to the reaction mixture as a modulating agent. The resulting solution was transferred
into a Teflon-lined stainless-steel autoclave and maintained at 120°C for 24 h. After cooling to room
temperature, the obtained particles were collected by centrifugation and washed several times with DMF to
remove unreacted precursors. The particles were subsequently washed with ethanol to facilitate solvent
exchange and remove residual DMF. Finally, the nanoparticles were dried under vacuum at 60 °C and stored
in a dry container until further use [22].
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2.3 | Loading of Dexamethasone into UiO-66-NH:

DEX was loaded into the UiO-66-NHz nanoparticles using an adsorption-based method. Briefly, 20 mg of
dried UiO-66-NH2 nanoparticles were dispersed in 20 mL of an ethanolic DEX solution containing 10 mg
of DEX. The suspension was stirred continuously for 24 h at room temperature under dark conditions to
promote drug diffusion and adsorption within the porous structure of UiO-66-NHz. The particles were
subsequently collected by centrifugation and washed briefly with ethanol to remove loosely adsorbed drug,.
The resulting DEX-loaded nanoparticles were dried under mild vacuum and stored at 4 °C until further
coating. This formulation was designated F1 (DEX@UiO-66-NHz). The amount of unencapsulated DEX in
the supernatant and washing fractions was quantified using UV-visible spectrophotometry at the appropriate
absorption wavelength of DEX. Drug Encapsulation Efficiency (EE%) and DL% were calculated according
to Egs. (1) and (2) [23-25]:

Wi — Wf
EE(%) = ——— x 100, @
A%%4!
pLoe) = =W 00 @)
(%) = Wnp ’

where Wi is the initial amount of DEX used for loading, Wf is the amount of free DEX recovered from the
supernatant and washing fractions, and Wnp is the mass of the dried drug-loaded nanoparticles.

2.4 | Preparation of the Chitosan/Hyaluronic Acid-Coated Formulation

A CS/HA coating was introduced onto the surface of DEX-loaded UiO-66-NH2 nanoparticles through
sequential polyelectrolyte deposition. CS was dissolved in 1% (v/v) aqueous acetic acid under continuous
stirring until a homogeneous solution was obtained. HA was separately dissolved in deionized water. For the
coating procedure, F1 nanoparticles were dispersed in the CS solution and stirred for 2 h at room temperature
to allow interaction between the nanoparticle surface and the protonated amino groups of CS. The HA
solution was then added gradually under continuous stirring. Electrostatic interactions between the positively
charged amino groups of CS and the negatively charged carboxylate groups of HA promoted formation of
the CS/HA coating around the nanopatticles [26]. The coated patticles were collected by centrifugation,
washed with deionized water to remove loosely associated polymer, and redispersed in deionized water. The
resulting formulation was designated F2 (DEX@UiO-66-NH2@CS/HA).

2.5 | Preparation of the PNIPAM-Coated Formulation

For preparation of the PNIPAM-containing formulation, DEX-loaded UiO-66-NH2 nanoparticles were
dispersed in an aqueous NIPAM solution. APS was used as a free-radical initiator, and MBA was incorporated
as a crosslinking agent. The mixture was purged with nitrogen to minimize oxygen inhibition and subsequently
maintained at approximately 60°C under continuous stirring for 4 h [20].

During polymerization, PNIPAM was formed around the dispersed nanoparticles, generating a
thermoresponsive polymer layer. The resulting particles were collected by centrifugation and washed
repeatedly with deionized water to remove residual monomer, initiator, and unreacted low-molecular-weight
components. The particles were finally redispersed in deionized water and designated F3 (DEX@UiO-66-
NH2@PNIPAM).

2.6 | Preparation of the Multifunctional CS/HA-PNIPAM Nanocomposite

The multifunctional formulation was prepared by introducing a PNIPAM outer layer onto the CS/HA-coated
DEX-loaded UiO-66-NH:z nanoparticles. Briefly, 2 nanoparticles were dispersed in an aqueous NIPAM
solution containing APS and MBA. The suspension was purged with nitrogen and maintained at
approximately 60°C for 4 h under continuous stitring to initiate in situ polymerization of NIPAM around the
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CS/HA-coated nanoparticles. Following polymetization, the particles were collected by centrifugation and
washed several times with deionized water to remove unreacted components [26]. The final particles were
redispersed in deionized water and designated F4 (DEX@UiO-66-NH2@CS/HA-PNIPAM). The
corresponding drug-free carrier was prepared using the same procedure but without the addition of DEX
during the initial loading step. This formulation was designated F5 (UiO-66-NH2@CS/HA-PNIPAM) and
was used as the blank nanocarrier control.

2.7 | Experimental Formulations

The five formulations prepared in this study are summarized in Table 1. F1 was used as the uncoated DEX-
loaded MOF control, wheteas F2 and F3 were designed to independently evaluate the effects of the CS/HA
and PNIPAM coatings, respectively. 4 represented the complete multifunctional nanocomposite containing
both coating systems. F5, which contained the complete carrier architecture without DEX, was used to
evaluate the intrinsic effects of the nanocarrier [22].

Table 1. Composition and experimental purpose of the prepared formulations.

Formulation Composition Main Purpose

F1 DEX@UiO-66-NH2 Drug-loaded MOF core and
baseline formulation

F2 DEX@UiO-66-NH>@CS/HA Evaluation of the CS/HA
coating effect

F3 DEX@UiO-66-NH2@PNIPAM Evaluation of the PNIPAM
coating effect

F4 DEX@UiO-66-NH@CS/HA-PNIPAM  Evaluation of the complete
multifunctional nanocomposite

F5 UiO-66-NH@CS/HA-PNIPAM Drug-free blank carrier control

2.8 | Particle Size, Polydispersity Index, and Zeta Potential

The hydrodynamic diameter, Polydispersity Index (PDI), and zeta potential of the prepared formulations
were determined by dynamic light scattering. Samples were dispersed in deionized water at an appropriate
concentration and equilibrated at room temperature before measurement. Measurements were performed for
F1-F5 to evaluate the changes in particle size and surface charge associated with DL% and sequential coating.
Each measurement was performed in triplicate, and the results were reported as mean + Standard Deviation
(SD).

2.9 | Determination of Drug Loading and Encapsulation Efficiency

The DEX content of the drug-loaded formulations was determined by extracting the incorporated drug from
a known mass of nanoparticles using ethanol. Following centrifugation, the DEX concentration in the
supernatant was quantified using a previously established UV-visible calibration curve. EE% and DL% were
calculated using Egs. (1) and (2). The measurements were performed for F1, F2, F3, and F4 to determine
whether the different coating architectures affected DEX incorporation [27].

2.10 | Swelling Behavior at Different pH Values

The pH-responsive swelling behavior of the polymer-containing formulations was evaluated at pH 5.5 and
7.4. A known mass of dried nanoparticles was immersed in PBS at the desired pH and incubated for a
predetermined period. At each time point, the particles were collected, gently blotted to remove excess surface
liquid, and weighed. The swelling ratio was calculated according to Eq. (3) [28]:

Wt-Wo

SR(%) = Wo

x 100, 3
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where WO represents the initial dry weight of the nanoparticles, and Wt represents their weight after swelling
for the specified time.

2.11| Temperature-Responsive Behavior

The temperature responsiveness of the formulations containing PNIPAM was evaluated by monitoring
changes in hydrodynamic particle size at temperatures ranging from 25 to 40°C. F3 and F4 were analyzed and
compared with F1 and F2 as non-PNIPAM controls. The change in particle size with increasing temperature
was used to evaluate the thermoresponsive behavior of the PNIPAM-containing formulations [29].

2.12 | In Vitro Dexamethasone Release

In vitro DEX release was evaluated using a dialysis method under different pH and temperature conditions.
A known amount of each drug-loaded formulation was dispersed in PBS and transferred into a dialysis
membrane with an appropriate molecular-weight cutoff. The dialysis bag was immersed in 50 mL of PBS
maintained under gentle stirring. Release experiments were performed at pH 5.5 and 7.4 and at 25 and 37°C
to evaluate the combined effects of pH and temperature. At predetermined intervals, a fixed volume of the
external medium was withdrawn and replaced with an equal volume of fresh PBS maintained at the same
temperature and pH. The concentration of released DEX was determined by UV-visible spectrophotometry,
and cumulative drug release was expressed as a percentage of the total DEX content.

2.13 | Release Kinetic Analysis

The release data obtained from the different formulations were fitted to zero-order, first-order, Higuchi, and
Korsmeyer-Peppas kinetic models to investigate the dominant drug-release mechanism. For the Korsmeyer-
Peppas model, the relationship was expressed as (Eg. (4)) [30]:

Mt
= 4
. @

where Mt/Moo represents the fraction of DEX released at time ¢, k is the release-rate constant, and n is the

kt"

release exponent.
2.14| Stability Study

The storage stability of the selected formulations was evaluated over 30 days at 4 and 25°C. At predetermined
intervals, samples were analyzed for hydrodynamic particle size, PDI, zeta potential, and retained DEX
content. Changes in these parameters were used to evaluate the physical and drug-loading stability of the
formulations during storage.

2.15 | In Vitro Cytocompatibility

The cytocompatibility of the blank carrier and drug-loaded formulations was evaluated using an MTT assay.
Cells were exposed to different concentrations of F4 and 5 for a predetermined incubation period. Untreated
cells were used as the negative control. After treatment, MTT solution was added, and the resulting formazan
crystals were dissolved in an appropriate solvent. Absorbance was measured using a microplate reader, and
cell viability was expressed as a percentage of the untreated control [21].

2.16 | In Vitro Anti-Inflammatory Activity

The anti-inflammatory activity of the formulations was evaluated using an LPS-stimulated inflammatory cell
model. Cells were divided into untreated control, LPS-stimulated control, free DEX, blank nanocomposite
(F'5), and DEX-loaded nanocomposite (F4) groups. Following induction of inflammation with LPS, cells were
treated with the corresponding formulations for a predetermined period. The concentrations of pro-
inflammatory cytokines, including TNF-a and IL-06, in the culture medium were determined using Enzyme-
Linked Immunosorbent Assay (ELISA) kits according to the manufacturers' instructions. The cytokine levels
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were compared among the experimental groups to evaluate the anti-inflammatory effect of the DEX-loaded
multifunctional nanocomposite [24].

2.17 | Statistical Analysis

All experiments were performed at least in triplicate, and the results were expressed as mean & SD. Statistical
comparisons among experimental groups were performed using one-way analysis of variance (ANOVA),
followed by an appropriate post hoc test. Differences were considered statistically significant at p<<0.05.

3| Results and Discussion

3.1| Particle Size, Polydispersity Index, and Zeta Potential

The particle size, PDI, and zeta potential of the prepared formulations were determined to evaluate the effect
of DEX loading and the successive deposition of CS/HA and PNIPAM layers. The results are summarized
in Table 2.

The uncoated DEX-loaded UiO-66-NH: nanoparticles (F1) exhibited an average hydrodynamic diameter of
168.4%6.7 nm, with a PDI of 0.21£0.02 and a zeta potential of +18.6+1.4 mV. Following deposition of the
CS/HA coating, the particle size increased to 214.718.3 nm in F2, while the PDI remained relatively low
(0.24£0.02). The increase in particle size compared with 1 was consistent with the formation of an additional
polymeric layer around the MOF core. The zeta potential of F2 decreased to +7.821.1 mV, reflecting the
modification of the nanoparticle surface following deposition of the oppositely charged HA component.

The PNIPAM-containing formulation F3 showed a mean particle size of 226.5£7.9 nm and a PDI of
0.23%0.02. Its zeta potential was +11.21.3 mV, indicating that incorporation of the PNIPAM layer altered
the surface characteristics of the DEX-loaded MOF particles without causing a substantial increase in size
distribution.

The complete multifunctional formulation, F4, exhibited a particle size of 251.8+9.1 nm, with a PDI of
0.26+0.03 and a zeta potential of +5.4+0.9 mV. Compared with F1, the approximately 50% increase in
hydrodynamic diameter in F4 is consistent with the sequential addition of the CS/HA and PNIPAM layers.
Importantly, the PDI remained below 0.30, indicating a relatively homogeneous particle-size distribution
despite the additional coating steps.

The blank nanocarrier F5 showed a particle size of 247.628.5 nm, a PDI of 0.2520.02, and a zeta potential
of +5.9£1.0 mV. The close similarity between F4 and F5 suggests that incorporation of DEX did not
substantially alter the overall hydrodynamic characteristics of the final coated nanocomposite.

The progressive increase in particle size from F1 to F4, together with the corresponding changes in surface
charge, supports the stepwise modification of the UiO-66-NHz surface. The relatively low PDI values
obtained for all formulations also indicate that the preparation procedure produced reasonably uniform
nanoparticle populations suitable for subsequent drug-release and biological studies.

Table 2. Particle size, PDI, and zeta potential of the prepared formulations.

Formulation Particle Size (nm) PDI Zeta Potential (mV)
F1: DEX@UiO-66-NH. 168.4 £ 6.7 021£0.02 +18.6*+1.4

F2: DEX@UiO-66-NH2@CS/HA 2147 £ 8.3 024£0.02 +78*1.1

F3: DEX@UiO-66-NH2(@PNIPAM 226.5+79 023£0.02 +11.2%£13

F4: DEX@UIO-66-NH@CS/HA-PNIPAM  251.8 + 9.1 0.26 £0.03 +54%09

F5: UiO-66-NH2@CS/HA-PNIPAM 247.6 £ 8.5 025+£0.02 +59+1.0
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3.2| Drug Loading and Encapsulation Efficiency

The DL% and EE% of the DEX-loaded formulations were determined to evaluate the ability of the UiO-

66-NHz core and the subsequent polymeric coatings to incorporate and retain DEX. The results are presented
in Table 3.

The uncoated DEX-loaded UiO-66-NH:2 nanoparticles (F1) exhibited an EE% of 71.8%2.6% and a DL% of
16.9%0.8%. These values indicate that the porous structure of UiO-66-NH:z provided sufficient capacity for
DEX incorporation. The relatively high loading can be attributed to the porous architecture of the MOF and
the interactions between DEX and the functionalized framework.

Following the introduction of the CS/HA coating, the EE% increased to 78.612.1% in F2, while the DL%
reached 15.4£0.6%. The higher EE% compared with F1 suggests that the CS/HA layer contributed to the
retention of DEX within the nanoparticle system. The slight decrease in DL% can be associated with the
additional mass contributed by the polymeric coating, which increases the total nanoparticle mass used in the
calculation.

The PNIPAM-coated formulation (F3) showed an EE% of 81.3+2.4% and a DL% of 15.1+0.7%. The higher
EE% compared with F1 indicates that the PNIPAM layer may reduce drug loss from the porous MOF
structure during washing and subsequent processing. However, the DLY% remained slightly lower because the
polymer layer contributed to the overall mass of the formulation.

The complete multifunctional formulation F4 exhibited the highest EE%, reaching 86.7£2.0%, with a DL%
of 14.8£0.6%. The increase in EE% from 71.8% for F1 to 86.7% for F4 corresponds to an increase of
approximately 21% relative to F1. This result suggests that the combination of CS/HA and PNIPAM
provided a more effective barrier against DEX diffusion from the UiO-66-NH: core during preparation and
washing. Although the DL% was lower than that of F1, this difference is expected because the final
nanocomposite contains a greater proportion of polymeric material.

The overall trend in EE% was therefore F1<F2<F3<F4, whereas the DL% showed a moderate decrease
after polymer coating. This distinction is important because a higher EE% does not necessarily result in a
higher DL%, particularly when additional polymer layers substantially increase the total mass of the carrier.

Table 3. EE% and DL% of the DEX-loaded formulations.

Formulation EE (%) DL (%)
F1: DEX@UiO-66-NHa 718126 169+0.8
F2: DEX@UiO-66-NH@CS/HA 78621 154%0.6
F3: DEX@UiO-66-NH2@PNIPAM 813+24 151%07
F4: DEX@UiO-66-NH@CS/HA-PNIPAM ~ 86.7 £2.0 14.8+0.6
F5: UiO-66-NH@CS/HA-PNIPAM ND ND

3.3 | pH-Responsive Swelling Behavior

The swelling behavior of the prepared formulations was investigated at pH 5.5 and 7.4 to evaluate the
contribution of the polymeric coating to the pH-responsive characteristics of the nanocomposite. The results
are presented in Fzg. 2. The uncoated DEX@UiO-66-NHz formulation (F1) showed relatively limited swelling
at both pH conditions, with swelling ratios of 18.611.9% at pH 5.5 and 21.4£2.1% at pH 7.4. This relatively
small difference indicates that the UiO-66-NH:z core alone did not exhibit a pronounced pH-dependent
swelling response under the investigated conditions. A more evident pH-dependent behavior was observed
after incorporation of the CS/HA coating. F2 exhibited swelling ratios of 42.843.2% at pH 5.5 and
67.524.1% at pH 7.4. The greater swelling at pH 7.4 can be associated with changes in the ionization state of
the functional groups present in CS and HA. At near-neutral pH, increased ionization of carboxyl-containing
groups in HA can enhance electrostatic repulsion within the polymeric layer and promote water uptake. The
PNIPAM-containing formulation F3 showed swelling ratios of 35.4+2.7% and 46.8£3.3% at pH 5.5 and 7.4,
respectively. Although the difference between the two pH conditions was smaller than that observed for F2,
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the increase in swelling at pH 7.4 indicates that the presence of the polymeric environment still affected the
hydration behavior of the nanoparticles. The multifunctional F4 formulation demonstrated the most
pronounced pH-dependent swelling response. Its swelling ratio increased from 48.7+3.5% at pH 5.5 to
82.614.8% at pH 7.4. Thus, the swelling at pH 7.4 was approximately 1.7-fold higher than that observed at
pH 5.5. This behavior suggests that the combined CS/HA-PNIPAM architecture provided a more hydrated
and responsive polymeric environment around the UiO-66-NHz core. The difference between the acidic and
near-neutral conditions is particularly relevant for controlled drug delivery because changes in polymer
hydration and swelling can influence the diffusion pathway of DEX through the outer polymeric layers. The
substantially greater swelling of I'4 at pH 7.4 therefore indicates that the polymeric coating can modulate the
accessibility of the nanoparticle core to the surrounding aqueous medium. The swelling results confirmed that
incotporation of CS/HA substantially enhanced the pH-dependent hydraton behavior of the
nanocomposite, while the combination of CS/HA with PNIPAM in F4 produced the strongest overall
swelling response among the tested formulations.

100 4

Swelling Ratio (%)

Fl F2 F3 F4 75
Formulation

(e pHS55 EEM pH7.4

Fig. 2. Swelling ratios of the prepared formulations at different pH values.

3.4 | Temperature-Responsive Behavior

The temperature-responsive behavior of the prepared formulations was investigated by monitoring changes
in hydrodynamic particle size over the temperature range of 25-40°C. This analysis was performed to
determine whether incorporation of PNIPAM could provide a thermoresponsive response and to compare
the behavior of the PNIPAM-containing formulations with the corresponding non-PNIPAM systems. The
results are summarized in Fg. 3.

The uncoated DEX@UiO-66-NH: formulation (F1) showed only a relatively small change in particle size as
the temperature increased from 25 to 40°C. The particle size increased from 168.4+6.7 nm at 25°C to
176.817.1 nm at 40°C. Similarly, F2 exhibited a limited size variation, increasing from 214.74£8.3 nm to 222.9
* 8.6 nm over the same temperature range. These relatively small changes indicate that the UiO-66-NH: and
CS/HA components alone did not produce a pronounced thermoresponsive transition under the investigated
conditions.

In contrast, a clear temperature-dependent response was observed for the PNIPAM-containing formulations.
F3 exhibited a patticle size of 226.5£7.9 nm at 25°C, which gradually decreased to 218.9£7.5 nm at 30°C and
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203.6£6.8 nm at 35°C. At 37 °C, the particle size decreased further to 194.2£6.5 nm, reaching 188.7+6.3 nm
at 40°C. This reduction in hydrodynamic diameter with increasing temperature is consistent with the
temperature-induced collapse of the hydrated PNIPAM chains.

The multifunctional F4 formulation exhibited a similar but more pronounced temperature-dependent
response. Its particle size decreased from 251.8£9.1 nm at 25°C to 242.7%8.5 nm at 30°C, followed by a more
substantial reduction to 222.817.4 nm at 35 °C. At 37 °C, the patticle size reached 211.417.1 nm, and at 40
°C it decreased to 204.616.9 nm. The greater relative change observed for F4 compared with F2 confirms
that the PNIPAM component introduced a measurable thermoresponsive behavior into the multifunctional
nanocomposite.

The most evident change occurred between approximately 30 and 37°C, indicating that the PNIPAM-
containing formulations underwent substantial dehydration and contraction within this temperature range.
The response observed at 37°C is particularly relevant for drug delivery because this temperature cortesponds
approximately to physiological temperature.

Compared with F3, F4 retained a larger hydrodynamic diameter throughout the temperature range, which can
be attributed to the additonal CS/HA layer incorporated into its architecture. Nevertheless, both
formulations exhibited the same general temperature-dependent contraction behavior, confirming that the
outer PNIPAM component remained functionally responsive after incorporation into the multilayer

nanocomposite.

The results demonstrate that the addition of PNIPAM converted the relatively temperature-insensitive UiO-
66-NHz-based formulations into thermoresponsive systems. Among the investigated formulations, F4
provided the combined CS/HA-mediated pH response and PNIPAM-mediated temperature response,
supporting its use as the multifunctional formulation for subsequent pH/temperature-dependent drug-release
studies.
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Fig. 3. Temperature-dependent particle size of the prepared formulations.
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3.5|In Vitro Dexamethasone Release under Different pH and Temperature
Conditions

The in vitro release behavior of DEX from the prepared formulations was investigated under different pH
and temperature conditions to evaluate the combined pH- and temperature-responsive characteristics of the
nanocomposite. The release profiles were examined at pH 5.5 and 7.4 and at 25 and 37°C. The cumulative
DEX release after 24 h is summarized in Fig. 4.

The uncoated DEX-loaded UiO-66-NH2 nanoparticles (F1) exhibited a relatively rapid release profile
compared with the coated formulations. At pH 7.4 and 37°C, approximately 78.4£3.1% of the loaded DEX
was released within 24 h. At the same temperature at pH 5.5, the cumulative release was slightly lower
(69.7£2.8%). This behavior indicates that the uncoated MOF provided limited control over drug diffusion
once the nanoparticles were exposed to the aqueous release medium.

The introduction of the CS/HA coating substantially reduced the release rate. F2 released 58.6+2.6% of its
DEX content at pH 7.4 and 37°C after 24 h, whereas the release at pH 5.5 was 49.242.4%. The lower
cumulative release compared with F1 indicates that the polymeric coating acted as an additional diffusion
barrier around the MOF core. The PNIPAM-containing F3 formulation exhibited a more pronounced
temperature-dependent release behavior. At pH 7.4, the cumulative DEX release was 63.8+2.7% at 25°C,
compared with 49.6£2.3% at 37°C. The lower release at physiological temperature is consistent with the
thermally induced contraction of PNIPAM, which can reduce water penetration and restrict diffusion
pathways through the polymeric layer. The strongest stimulus-dependent behavior was observed for F4. At
pH 7.4 and 25°C, F4 released 61.2 = 2.5% of its DEX content after 24 h, whereas the release decreased to
43.5+2.1% at 37°C. At pH 5.5, the corresponding values were 54.812.4% at 25°C and 39.7£1.9% at 37 °C.
The lower release observed from F4 compared with F1 under physiological conditions indicates that the
combined CS/HA-PNIPAM coating provided a stronger diffusion bartier around the DEX-loaded MOF
core. More importantly, the difference between 25 and 37 °C was greater for F4 than for F2, demonstrating
that the PNIPAM component contributed an additional temperature-dependent control mechanism.

At 37 °C, the cumulative release from F4 was approximately 39.7% at pH 5.5 and 43.5% at pH 7.4, compared
with 69.7% and 78.4%, respectively, for F1. Thus, the final multifunctional formulation reduced the 24-h
DEX release by approximately 43-44% relative to the uncoated MOF under physiological-temperature
conditions. This sustained-release behavior is advantageous for reducing the rapid diffusion of DEX from
the carrier. The release profiles also demonstrated that F4 responded to both investigated environmental
parameters. The difference between pH 5.5 and 7.4 was associated with the ionization-dependent behavior
of the CS/HA coating, whereas the temperature-dependent reduction in release was associated with the
thermoresponsive contraction of PNIPAM. The combination of these two effects resulted in more controlled
DEX release from F4 than from the individual coating systems. F4 exhibited the most controlled release
profile among the drug-loaded formulations and showed clear changes in DEX release in response to both
pH and temperature. These findings support the successful integration of the CS/HA and PNIPAM
components into a multifunctional drug-delivery platform.
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Fig. 4. Cumulative DEX release from the prepared formulations after 24 h
under different pH and temperature conditions.

3.6 | Release Kinetics and Mechanism

To further investigate the mechanism governing DEX release, the experimental release data were fitted to
zero-order, first-order, Higuchi, and Korsmeyer-Peppas kinetic models. The correlation coefficients (R?)
obtained from each model are presented in Fig. 5.

For F1, the Higuchi model provided the highest correlation coefficient (R*=0.962), followed by the
Korsmeyer—Peppas model (R2=0.948). This behavior suggests that diffusion through the porous structure of
UiO-66-NH: was the dominant mechanism controlling DEX release from the uncoated MOF nanopatrticles.
For F2, the Korsmeyer-Peppas model provided the best fit (R*=0.971), with an estimated release exponent
of n=0.68. The higher value of n compared with F1 suggests that drug transport was influenced not only by
diffusion through the MOF structute but also by hydration and relaxation of the CS/HA polymeric layer. F3
showed the highest correlation with the Korsmeyer-Peppas model (R?=0.978), with a release exponent of
n=0.61. The value of n indicates that diffusion remained an important contributor to DEX transport, while
the presence of the PNIPAM layer introduced an additional resistance to drug diffusion. The final
multifunctional formulation I'4 exhibited the highest correlation with the Korsmeyer-Peppas model, with
R?=0.986 and a release exponent of n=0.74. The higher n value compared with F1-F3 indicates a more
complex release mechanism involving diffusion of DEX through the porous MOF and polymeric layers,
together with polymer-chain relaxation and changes in hydration of the responsive coating.

The relatively high R? obtained for F4 demonstrates that the Korsmeyer-Peppas model adequately describes
the release behavior of the multifunctional nanocomposite. The increase in the release exponent from F1 to
F4 is consistent with the increasing structural complexity of the catrier and the presence of both CS/HA and
PNIPAM layers. Taken together, the kinetic analysis indicates that DEX release from F1 was predominantly
diffusion-controlled, whereas incorporation of CS/HA and PNIPAM introduced additional transport
mechanisms. In F4, the release process was governed by a combination of drug diffusion, polymer hydration,
and relaxation of the responsive polymeric network. These findings are consistent with the sustained,
stimulus-responsive release profile observed for the final multifunctional formulation.
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Fig. 5. Kinetic parameters obtained from fitting the DEX release data to different mathematical models.

3.7 | Stability of the Nanocomposite Formulations

The storage stability of the prepared formulations was evaluated over a period of 30 days at 4°C and 25°C by
monitoring changes in particle size, PDI, zeta potential, and retained DEX content. The stability results for
the drug-loaded formulations are summarized in Iig. 6. At 4°C, all formulations showed telatively limited
changes in their physicochemical characteristics during the 30-day storage period. F4, which represented the
final multifunctional nanocomposite, exhibited an initial particle size of 251.8+9.1 nm, which increased
slightly to 258.6%£9.5 nm after 30 days. The PDI increased from 0.26+0.03 to 0.28%0.03, while the zeta
potential changed from +5.4 £0.9 mV to +5.121.0 mV. The retained DEX content after 30 days was
96.2£2.1% of the initial value. At 25°C, a slightly greater change was observed. After 30 days, the particle size
of F4 increased to 269.7£10.4 nm, corresponding to an increase of approximately 7.1% relative to the initial
value. The PDI increased to 0.31+0.04, while the zeta potential remained relatively stable at +4.7£1.1 mV.
The retained DEX content was 92.8£2.5%, indicating that the majority of the incorporated drug remained
associated with the nanocomposite during storage. F1 showed the smallest absolute particle size throughout
the study but exhibited a somewhat greater relative increase at 25°C. In contrast, the polymer-coated
formulations F2 and F4 maintained relatively stable particle-size distributions, particularly when stored at 4°C.
This behavior suggests that the polymeric layers provided additional colloidal stabilization and reduced
aggregation during storage. The changes in DEX content were also relatively limited at 4°C. After 30 days,
the retained DEX contents of F1, F2, F3, and F4 were 93.84+2.3%, 95.1£2.0%, 94.6+2.2%, and 96.212.1%,
respectively. At 25°C, the corresponding values decreased to 88.612.7%, 91.4£2.4%, 90.7£2.5%, and
92.822.5%. The final F4 formulation demonstrated satisfactory short-term storage stability, with only
moderate changes in particle size and PDI and limited loss of incorporated DEX over 30 days. The greater
stability observed at 4°C indicates that refrigerated storage is preferable for maintaining the physicochemical
integrity and drug-retention capacity of the multifunctional nanocomposite.
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Fig. 6. Changes in physicochemical properties and DEX retention during 30-day storage.
3.8 | In Vitro Cytocompatibility

The cytocompatibility of the prepared nanocomposite was evaluated using the MTT assay after exposure of
cells to different concentrations of the blank carrier (F5) and the DEX-loaded multifunctional formulation
(F4). Untreated cells were considered as the control group, and cell viability was expressed as a percentage of
the untreated control. The results are presented in Fig. 7.

The blank nanocarrier F5 exhibited relatively high cytocompatibility over the investigated concentration
range. At a concentration of 25 pug/mL, cell viability was 98.2£2.1%, while increasing the concentration to
50, 100, and 200 pg/mL resulted in viabilities of 96.812.3%, 94.512.6%, and 91.7£2.8%, respectively. Even
at the highest tested concentration, cell viability remained above 90%, indicating limited cytotoxicity
associated with the carrier itself. The DEX-loaded 4 formulation showed a similar concentration-dependent
pattern. Cell viability was 97.1£2.0%, 95.6+2.2%, 92.8+2.5%, and 89.6+2.9% at 25, 50, 100, and 200 pg/mL,
respectively. The slightly lower viability observed for I'4 compared with F5 at the highest concentration may
be associated with the biological activity of DEX and the higher overall cellular exposure to the drug-loaded

nanocomposite.

At concentrations up to 100pug/mL, both F4 and F5 maintained cell viability above 90%. No substantial
reduction in viability was observed at these concentrations compared with the untreated control. These
findings indicate that the multifunctional nanocomposite possesses an acceptable cytocompatibility profile
within the concentration range selected for subsequent biological evaluation.

Importantly, the blank carrier did not produce a pronounced reduction in cell viability, suggesting that the
CS/HA-PNIPAM-coated UiO-66-NH: architecture itself was relatively well tolerated under the experimental
conditions. Therefore, the subsequent anti-inflammatory experiments were conducted using concentrations
that maintained high cell viability while providing sufficient DEX exposure.
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Fig. 7. Cell viability following exposure to F4 and F5 at different concentrations.
3.9|In Vitro Anti-Inflammatory Activity

The anti-inflammatory activity of the DEX-loaded multifunctional nanocomposite was evaluated using an
LPS-stimulated cellular inflammation model. The levels of the pro-inflammatory cytokines TNF-o and I1L-6
were measured following treatment with free DEX, the blank nanocarrier (F5), and the DEX-loaded
multifunctional nanocomposite (F4). Untreated cells and LPS-stimulated cells were used as normal and
inflaimmatory controls, respectively. The results are summarized in Table 4.

Exposure to LPS resulted in a pronounced increase in both inflammatory cytokines compared with untreated
cells. The TNF-o concentration increased from 82.416.3 pg/mL in untreated cells to 286.7+14.8 pg/mL
following LPS stimulation. Similatly, the IL-6 concentration increased from 54.614.7 pg/mL to 238.5£12.6
pg/mL, confirming successful induction of an inflammatory response. Treatment with free DEX reduced the
concentrations of both cytokines. TNF-o decreased to 151.8+9.7 pg/mL, while IL-6 decreased to 119.6+8.4
pg/mL. These changes corresponded to reductions of approximately 47% and 50%, respectively, compared
with the LPS-stimulated control. The blank nanocarrier F5 produced a comparatively limited effect on the
inflammatory response. TNF-o and IL-6 concentrations were 258.4+13.2 pg/mL and 213.7£11.5 pg/mL,
respectively. These values were only moderately lower than those observed in the LPS group, indicating that
the CS/HA-PNIPAM-coated carrier itself did not account for the major anti-inflammatory response.

In contrast, treatment with F4 resulted in a more pronounced reduction in inflammatory cytokine production.
TNF-a decreased to 108.617.5 pg/mlL, while I1.-6 decreased to 82.3£6.9 pg/mL. Compared with the LPS-
stimulated control, F4 reduced TNF-« and IL-6 levels by approximately 62% and 65%, respectively. The
lower cytokine concentrations observed after treatment with F4 compared with free DEX indicate that
incorporation of DEX into the multifunctional nanocomposite was associated with a stronger suppression
of the LPS-induced inflammatory response under the conditions tested. This behavior may be related to the
sustained release of DEX from the UiO-66-NH: core and the ability of the CS/HA-PNIPAM coating to
regulate drug diffusion. The relatively small effect observed for F5 further suggests that the reduction in
inflammatory cytokines was primarily associated with the presence of DEX rather than an intrinsic anti-
inflaimmatory effect of the blank carrier. The results demonstrate that the DEX-loaded multifunctional
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nanocomposite effectively reduced LPS-induced production of TNF-a and IL-6 while maintaining acceptable
cytocompatibility. The combination of controlled DEX release and the responsive polymeric architecture

may therefore provide a useful strategy for sustained anti-inflammatory drug delivery.

Table 4. Effect of free DEX and nanocomposite formulations on
LPS-induced inflammatory cytokine production.

Treatment Group TNF-u (pg/mL) IL-6 (pg/mL)
Untreated control 82.4%6.3 54.6+4.7

LPS 286.71£14.8 238.5%£12.6
Free DEX 151.849.7 119.6+8.4

F5: Blank nanocarrier 258.4+13.2 213.7+11.5
F4: DEX-loaded nanocomposite  108.6+7.5 82.3+06.9

4| Conclusion

In this study, a multifunctional DEX-loaded UiO-66-NH2@CS/HA-PNIPAM nanocomposite was
developed as a dual pH/temperature-responsive platform for controlled drug delivery and anti-inflammatory
applications. Incorporating DEX into the porous UiO-66-NH: core, followed by sequential modification
with CS/HA and PNIPAM, produced a nanoscale cartier with controlled sutrface properties, pH-dependent
swelling, and temperature-responsive behavior [30].

Among the investigated formulations, the final 4 nanocomposite exhibited an EE% of 86.7£2.0% and
showed a more controlled DEX release compared with the uncoated UiO-66-NH: formulation. The
combined polymeric architecture also produced pronounced changes in swelling and particle size in response
to pH and temperature, indicating the contribution of CS/HA and PNIPAM to the stimuli-responsive
behavior of the system. Release-kinetic analysis further suggested that DEX transport from the coated
formulations was governed by a combination of diffusion and polymer-related hydration or relaxation
mechanisms [27-30].

The biological evaluation demonstrated acceptable cytocompatibility of the final nanocomposite, with cell
viability remaining above 90% at concentrations up to 100 pg/mL. In the LPS-induced inflammatory model,
F4 substantially reduced TNF-a and IL-6 concentrations compared with the inflammatory control, while the
blank carrier produced only a limited effect. These findings indicate that the controlled delivery of DEX from
the multifunctional nanocomposite can be associated with an enhanced anti-inflammatory response under
the conditions investigated [22].

The results demonstrate that integrating a porous UiO-66-NH: drug-loading core with CS/HA and PNIPAM
provides a practical strategy for combining high drug encapsulation, stimuli-responsive behavior, controlled
release, and anti-inflammatory activity within a single nanocomposite platform. Further investigations,
particularly long-term stability, detailed cellular mechanisms, and in vivo evaluation, are required to establish
the therapeutic potential and translational applicability of this delivery system.
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