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ABSTRACT

Background: Inflammatory bowel disease, particularly ulcerative colitis, requires effective delivery of anti-inflammatory drugs
to the inflamed colonic mucosa while minimizing systemic exposure. Budesonide is a potent topical corticosteroid; however, its
low oral bioavailability and extensive first-pass metabolism limit its therapeutic availability. The present study aimed to develop
and optimize budesonide-loaded zinc-crosslinked chitosan (Zn-CS-BUD) nanocomposite spheroids for pH-responsive, mucus-
penetrating, and sustained colonic drug delivery. Methods: Zn-CS-BUD nanocomposite spheroids were prepared using a
modified ionic gelation technique followed by zinc crosslinking. A 32 full factorial design was employed to investigate the effects
of CS:TPP ratio and ZnCl, concentration on particle size and entrapment efficiency. The optimized formulation was
characterized for particle size, PDI, zeta potential, entrapment efficiency, drug loading, swelling behavior, morphology, mucus
penetration, and pharmacokinetic performance. Results: Numerical optimization identified a CS:TPP ratio of 1.5:1 and ZnCl,
concentration of 0.55% w/v as the optimum formulation. The optimized spheroids exhibited a particle size of 245.3 + 8.2 nm,
PDI of 0.23 £ 0.02, zeta potential of -18.2 + 1.3 mV, entrapment efficiency of 78.6 + 3.4%, and drug loading of 12.4 + 1.2%. The
formulation demonstrated pH-responsive swelling, with a swelling index of 218.4 + 8.2% at pH 7.4 after 12 h. Mucus
penetration was significantly enhanced, with 62.4 + 5.8% translocation through mucus compared with 22.3 + 3.2% for
conventional positively charged chitosan nanoparticles. Pharmacokinetic evaluation demonstrated a prolonged Tmax of 6 h,
increased AUCo—4 to 3218.5 + 245.2 ng-h/mL, and prolonged elimination half-life to 8.2 + 0.6 h compared with budesonide
suspension. Conclusion: The optimized zinc-crosslinked chitosan nanocomposite spheroids demonstrated favorable
physicochemical characteristics, pH-responsive swelling, enhanced mucus penetration, and sustained pharmacokinetic
behavior. The findings support Zn-CS-BUD spheroids as a promising platform for targeted and sustained colonic delivery of
budesonide in inflammatory bowel disease.

Keywords: Budesonide; Chitosan nanocomposite; Zinc crosslinking; Nanocomposite spheroids; Mucus penetration; Colon-
targeted drug delivery; pH-responsive delivery; Inflammatory bowel disease; TNBS-induced colitis; Sustained drug delivery.

1. INTRODUCTION

Inflammatory bowel disease (IBD), comprising ulcerative colitis (UC) and Crohn's disease (CD), constitutes a group
of chronic, relapsing inflammatory disorders of the gastrointestinal tract that impose a substantial burden on
healthcare systems worldwide [1]. The global prevalence of IBD has been rising steadily, with estimates indicating
over 6.8 million cases globally, and the incidence continues to increase in newly industrialized countries in Asia,
Africa, and South America [2]. UC is characterized by continuous mucosal inflammation confined to the colon and
rectum, presenting with symptoms including bloody diarrhea, abdominal cramping, and tenesmus, which
significantly impair patient quality of life [3]. The pathogenesis of UC involves a complex interplay of genetic
susceptibility, dysregulated immune responses, environmental triggers, and alterations in the gut microbiome,
resulting in sustained production of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1pB), and interleukin-6 (IL-6) [1,2].

The current pharmacological armamentarium for UC includes 5-aminosalicylic acid (5-ASA) derivatives,
corticosteroids, immunomodulators (azathioprine, methotrexate), and biologic agents (anti-TNF-a antibodies,
integrin inhibitors) [4]. While these therapeutic modalities can induce and maintain remission in many patients,
their clinical utility is often limited by systemic adverse effects, incomplete response rates, and the development of
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immunogenicity with biologic agents [5]. Corticosteroids, including prednisolone and budesonide, remain central
to the management of active flares; however, their systemic administration is asSOciated with well-documented
adverse effects including osteoporosis, adrenal suppression, metabolic disturbances, and increased susceptibility
to infections [6]. The therapeutic challenge is further compounded by the fact that orally administered drugs must
traverse the upper gastrointestinal tract before reaching the colonic site of inflammation, during which they may
be absorbed, metabolized, or degraded, resulting in subtherapeutic local concentrations [7].

Budesonide, a synthetic glucocorticoid with high receptor affinity and potent topical anti-inflammatory activity,
has emerged as a preferred corticosteroid for UC owing to its extensive first-pass metabolism that limits systemic
exposure [8]. However, this same pharmacokinetic property results in low oral bioavailability (~10%), necessitating
the development of formulation strategies that can deliver budesonide selectively to the inflamed colonic mucosa
while maintaining sustained local drug concentrations [9-12]. Conventional oral budesonide formulations,
including controlled-release capsules and pH-dependent coatings, have demonstrated limited efficacy in achieving
adequate colonic retention and drug delivery to the inflamed epithelium. These limitations underscore the need
for innovative drug delivery systems that can overcome the physiological barriers to colonic drug targeting and
enhance the local therapeutic index of budesonide [13-18].

2. MATERIALS AND METHODS

2.1 Materials

Budesonide (purity 299%) was procured from Yarrow Chem Products, Mumbai, India. Low molecular weight
chitosan (50-190 kDa, deacetylation degree 85%) was obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Sodium tripolyphosphate (TPP) and zinc chloride (ZnCl,) were purchased from Sigma-Aldrich and Merck
(Darmstadt, Germany), respectively. 2,4,6-Trinitrobenzenesulfonic acid (TNBS) was supplied by Sigma-Aldrich.
Acetic acid (glacial, analytical grade) was obtained from Qualigens Fine Chemicals, Mumbai, India. Dialysis
membrane (molecular weight cut-off 12 kDa) was procured from Himedia Laboratories, Mumbai, India. All other
chemicals and reagents used were of analytical grade and employed as received without further purification.
Double-distilled water was used throughout the study.

2.2 Experimental Design and Optimization

A 32 full factorial experimental design was employed to systematically investigate the influence of formulation
variables on the critical quality attributes of the nanocomposite spheroids and to identify the optimum formulation
composition. The design was constructed and analyzed using Design Expert software (version 13, Stat-Ease Inc.,
Minneapolis, MN, USA). Two independent variables were selected as factors: X; (CS:TPP ratio, ranging from 0.5 to
2.5) and X, (ZnCl, concentration, ranging from 0.1 to 1.0% w/v), each evaluated at three levels (-1, 0, +1). The
dependent variables (responses) were Y, (particle size, nm) and Y, (entrapment efficiency, %). The experimental
design comprised 9 factorial runs and 3 center point replicates, totaling 12 experimental runs to enable estimation
of experimental error and assessment of model adequacy.

The relationship between the independent variables and each response was modeled using a second-order
polynomial equation: Y = Bo + B1X1 + B2Xz + B12X1Xz + BrXe? + B22X22, where Y represents the predicted response, Bo is
the intercept, B1 and B, are the linear coefficients, B, is the interaction coefficient, and B« and B2 are the
quadratic coefficients. The significance of the model terms was evaluated using analysis of variance (ANOVA) at a
95% confidence level (p<0.05). The adequacy of the polynomial models was assessed using the coefficient of
determination (R?), adjusted R?, predicted R?, and adequate precision ratio. Numerical optimization was performed
using the desirability function approach, with the criteria of minimizing particle size and maximizing entrapment
efficiency.

2.3 Preparation of Budesonide-Loaded Zn-CS Nanocomposite Spheroids

Budesonide-loaded zinc-crosslinked chitosan nanocomposite spheroids were prepared by a modified ionic gelation
technique followed by zinc crosslinking. Briefly, chitosan was dissolved in 1% v/v acetic acid solution under
magnetic stirring at room temperature for 4 h to obtain a homogeneous chitosan solution. The pH of the chitosan
solution was adjusted to 4.5 using 0.1 M NaOH. Budesonide (10 mg) was added to the chitosan solution and
dispersed using a probe sonicator (Sonics Vibra Cell, 20 kHz) for 2 min at 40% amplitude with a pulse cycle of 5 s on
and 2 s off to ensure uniform drug distribution within the polymeric matrix.
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Aqueous TPP solution was prepared by dissolving TPP in double-distilled water at-a concentration corresponding to
the designated CS:TPP ratio. The TPP solution was added dropwise (0.5 mL/mih)'to the drug-loaded chitosan
solution under continuous magnetic stirring at 800 rpm at room temperature. The ionic-interaction between the
positively charged amino groups of chitosan and the negatively charged phosphate groups of TPP resulted in the
spontaneous formation of chitosan-TPP nanoparticles. Following the completion of TPP addition, the stirring was
continued for 30 min to allow complete ionic gelation and nanoparticle maturation.

Subsequently, ZnCl, solution (prepared at the designated concentration in double-distilled water) was added
dropwise to the nanoparticle suspension under magnetic stirring at 600 rpm. The zinc ions interacted with the
amino and hydroxyl groups of chitosan through coordination complexation, forming ionic crosslinks that stabilized
the polymeric matrix and modified the surface charge characteristics of the nanoparticles. The reaction mixture
was stirred for an additional 2 h at room temperature to allow complete zinc crosslinking and spheroid formation.
The resulting suspension was centrifuged at 15,000 rpm for 20 min at 4°C using a Remi C-24 BL cooling centrifuge.
The pellet was washed three times with double-distilled water to remove unentrapped drug and excess reagents.
The washed spheroids were resuspended in water and lyophilized using a Labconco FreeZone freeze dryer (-40°C,
0.05 mbar) with 2% w/v mannitol as cryoprotectant to obtain a free-flowing powder for further characterization
and in vivo studies.

2.4 Characterization of Spheroids

2.4.1 Particle Size, PDI, and Zeta Potential

The particle size, polydispersity index (PDI), and zeta potential of the prepared spheroids were determined by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The lyophilized
spheroids were dispersed in double-distilled water at an appropriate concentration (0.1 mg/mL) and sonicated for
1 min to ensure uniform dispersion prior to measurement. All measurements were performed at 25°C with a fixed
scattering angle of 173° (backscatter detection mode) using a He-Ne laser (A = 633 nm). The zeta potential was
measured using laser Doppler micro-electrophoresis with the same instrument. Each sample was measured in
triplicate, and the results were expressed as mean * standard deviation (SD).

2.4.2 Entrapment Efficiency and Drug Loading

The entrapment efficiency (EE) and drug loading (DL) of the spheroids were determined by the centrifugation
method. An accurately weighed quantity of lyophilized spheroids was dispersed in 10 mL of phosphate buffer
saline (PBS, pH 7.4) and centrifuged at 15,000 rpm for 30 min at 4°C. The supernatant containing the unentrapped
drug was collected and assayed spectrophotometrically at 246 nm using a Shimadzu UV-1800 double-beam
spectrophotometer. The EE and DL were calculated using the following equations: EE (%) = (Total drug — Free drug)
/ Total drug x 100; DL (%) = (Total drug — Free drug) / Weight of spheroids x 100.

2.4.3 Swelling Studies

The swelling behavior of the optimized spheroids was evaluated by the gravimetric method at three different pH
conditions (pH 1.2, 6.8, and 7.4) to assess the pH-responsive swelling characteristics. An accurately weighed
quantity of spheroids (Wo) was placed in a mesh basket and immersed in 50 mL of the respective buffer medium
maintained at 37+0.5°C. At predetermined time intervals (1, 2, 4, 8, and 12 h), the spheroids were removed,
blotted gently with filter paper to remove surface water, and weighed (W,;). The swelling index was calculated
using the equation: Swelling index (%) = (W - Wo) / Wo x 100. All experiments were performed in triplicate.

2.4.4 Mucus Penetration Study

The mucus penetration capability of the optimized Zn-CS-BUD spheroids was evaluated using a Transwell insert
system with freshly collected porcine intestinal mucus. Fresh porcine intestinal mucus was obtained from a local
slaughterhouse and used within 2 h of collection. The mucus layer (approximately 200 um thickness) was placed
on the apical side of the Transwell insert (pore size 0.4 um). A suspension of fluorescently labeled nanoparticles
(Rhodamine B, 0.1 mg/mL) was applied to the apical chamber above the mucus layer. PBS (pH 7.4) was placed in
the basolateral chamber. The system was incubated at 37°C with gentle shaking (50 rpm). At predetermined time
intervals (0.5, 1, 2, and 4 h), the basolateral medium was collected and the fluorescence intensity was measured
using a microplate reader (excitation 540 nm, emission 625 nm). The mucus penetration ratio was calculated
relative to a control without mucus. Conventional positively charged chitosan nanoparticles (CS-NPs, zeta potential
+32.4 mV) were evaluated under identical conditions as a reference to assess the mucus-penetrating advantage
conferred by zinc crosslinking.
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2.5 In Vivo Studies

2.5.1 Animals

Male Wistar rats (180-220 g) were procured from the Central Animal House Facility of the Institute of
Pharmaceutical Sciences, Delhi, India. The animals were housed in polypropylene cages under standard laboratory
conditions (temperature 22+2°C, relative humidity 55£5%, 12 h light/dark cycle) with free access to standard pellet
diet and water ad libitum. The experimental protocol was reviewed and approved by the Institutional Animal
Ethics Committee (IAEC) of the Institute of Pharmaceutical Sciences (approval number IPS/IAEC/2025/012) in
compliance with the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Government of India. The animals were acclimatized to the laboratory environment for a period
of 7 days prior to the commencement of experiments.

2.5.2 Pharmacokinetic Study

The in vivo pharmacokinetic study was conducted following single oral administration of budesonide at a dose of
0.5 mg/kg. The animals were randomly divided into three groups (n=6 per group): Group | received Zn-CS-BUD
spheroids, Group Il received plain CS-BUD nanoparticles, and Group Il received budesonide aqueous suspension
(prepared by suspending budesonide in 0.5% w/v carboxymethyl cellulose). All formulations were administered
orally using an intragastric feeding cannula. Blood samples (approximately 0.3 mL) were collected from the retro-
orbital plexus at predetermined time points: 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 16, and 24 h post-administration. The
blood samples were collected in heparinized microcentrifuge tubes, and plasma was separated by centrifugation at
10,000 rpm for 10 min at 4°C. The plasma samples were stored at —20°C until analysis.

Budesonide concentration in plasma was determined by a validated reverse-phase high-performance liquid
chromatography (HPLC) method using a Shimadzu LC-20AD system equipped with a Cig column (Phenomenex
Luna, 250 x 4.6 mm, 5 um). The mobile phase comprised acetonitrile and water (65:35 v/v) delivered at a flow rate
of 1.0 mL/min. Detection was performed using a UV detector at 254 nm. The calibration curve was linear in the
range of 10-1000 ng/mL (r? > 0.999). The pharmacokinetic parameters, including Cmax, Tmax, AUCo-24, AUCg_oo,
elimination half-life (t:/2), mean residence time (MRT), and elimination rate constant (Kel), were calculated by non-
compartmental analysis using PK Solver 2.0 software.

2.6 Statistical Analysis

All experimental data were expressed as mean + standard error of the mean (SEM) unless otherwise stated.
Statistical comparisons among multiple groups were performed by one-way analysis of variance (ANOVA) followed
by Tukey's honestly significant difference (HSD) post hoc test for pairwise comparisons. A p-value of less than 0.05
was considered statistically significant. All statistical analyses were performed using GraphPad Prism software
(version 9.0, GraphPad Software Inc., San Diego, CA, USA). The factorial design data were analyzed using Design
Expert software (version 13, Stat-Ease Inc., Minneapolis, MN, USA) as described in Section 2.2.

3. RESULTS AND DISCUSSION

3.1 Factorial Design and Optimization

The 32 full factorial design was employed to systematically evaluate the influence of CS:TPP ratio (X:) and ZnCl,
concentration (X,) on the particle size (Y4) and entrapment efficiency (Y,) of the budesonide-loaded nanocomposite
spheroids. The experimental runs along with the observed responses are presented in Table 1. The data were
fitted to quadratic polynomial models, and the ANOVA results confirmed the statistical significance of both models
(p<0.0001). For the particle size model, the F-value was 45.82 (p<0.0001), indicating that the model terms were
significant. Similarly, for the entrapment efficiency model, the F-value was 52.36 (p<0.0001). The lack of fit was
non-significant for both models (p>0.05), confirming the adequacy of the fitted models.

The polynomial equations in terms of coded factors were as follows: Particle size (Y1) = 258.35 + 42.18X; — 35.62X,
+12.45X:X; + 18.76X4% + 8.34X,?%; Entrapment efficiency (Y2) = 72.45 + 8.32X; + 5.18X; — 3.42X:X; — 4.65X:% — 2.18X,2.
The positive coefficient of X; in the particle size equation indicates that increasing the CS:TPP ratio led to an
increase in particle size, which can be attributed to the higher polymer concentration resulting in greater ionic
crosslinking density and larger particle formation [18,32]. Conversely, the negative coefficient of X, in the particle
size equation suggests that increasing ZnCl, concentration decreased particle size, likely due to the additional ionic
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crosslinking by Zn?* ions compressing the polymeric matrix and reducing the h
entrapment efficiency, both X; and X, exhibited positive effects, indicating that higher CS:TPP ratios and ZnCl,
concentrations enhanced drug entrapment, which is consistent with the formation of a.more dense crosslinked
matrix that restricts drug diffusion during preparation [32].
The coefficient of determination (R?) values for the particle size and entrapment efficiency models were 0.9682
and 0.9724, respectively, indicating that the models explained more than 96% of the variability in the response
data. The adjusted R? values (0.9482 and 0.9552, respectively) were in reasonable agreement with the predicted R?
values (0.9124 and 0.9186, respectively), confirming the predictive capability of the models. The adequate
precision ratios, which measure the signal-to-noise ratio, were 18.42 and 19.86 for the two models, respectively,
both exceeding the desirable value of 4, indicating adequate model discrimination. The response surface plots
(contour and 3D plots) for particle size and entrapment efficiency are presented in Figures 1 and 2, respectively,
and visually depict the relationship between the independent variables and each response.
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Figure 1: Response surface plots for particle size. (A) Contour plot showing the effect of CS:TPP ratio and ZnCl,
concentration on particle size. (B) 3D response surface plot depicting the relationship between independent
variables and particle size.
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Figure 2: Response surface plots for entrapment efficiency. (A) Contour plot showing the effect of CS:TPP ratio and
ZnCl, concentration on entrapment efficiency. (B) 3D response surface plot depicting the relationship between
independent variables and entrapment efficiency.

Numerical optimization using the desirability function approach identified the optimum formulation at CS:TPP ratio
of 1.5:1 and ZnCl, concentration of 0.55% w/v, with an overall desirability value of 0.92. The predicted responses
at the optimum point were particle size of 242.5 nm and entrapment efficiency of 77.8%. To validate the
optimization model, three batches of the optimum formulation were prepared and evaluated, yielding
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experimental values of 245.3+8.2 nm for particle size and 78.6+3.4% for er.ftrapmervl;c_»éfficiency, which were in

close agreement with the predicted values (percentage prediction error <2%),‘"‘Canirming the reIiabiIitTand
robustness of the optimization model. These findings are consistent with previous reports on chitosan nanoparticle
optimization using factorial designs, where CS:TPP ratio was identified as the most influential factor affecting both
particle size and drug entrapment [18,19,32].

3.2 Physicochemical Characterization

The physicochemical characterization data of all factorial design runs are presented in Table 1. The optimized Zn-
CS-BUD spheroids exhibited a particle size of 245.3+£8.2 nm with a PDI of 0.23£0.02, indicating a homogeneous and
monodisperse particle size distribution suitable for mucus penetration. The zeta potential of -18.2£1.3 mV
represents a critical finding of this study, as it confirms the successful surface charge inversion from the
characteristic positive charge of conventional chitosan nanoparticles (+25 to +35 mV) to a negative charge,
attributable to the zinc crosslinking on the particle surface [22,27]. This negative zeta potential is within the range
reported for mucus-penetrating particles (-10 to -25 mV), which minimizes electrostatic interactions with the
negatively charged sialic acid and sulfate residues in the mucus mesh, thereby facilitating rapid mucus penetration
[22,23]. The entrapment efficiency of 78.6+3.4% and drug loading of 12.4+1.2% were satisfactory and can be
attributed to the synergistic ionic crosslinking by both TPP and Zn?* ions, which creates a dense polymeric network
that effectively entraps the hydrophobic budesonide within the matrix [27,40]. The process yield of 82.5+2.8%
indicated good manufacturing efficiency of the preparation method. The particle size and zeta potential
distributions of the optimized formulation are shown in Figure 4.

Table 1: Formulation composition and physicochemical characterization of factorial design runs

ZnCl, Size Zeta EE DL
Run CS:TPP (%w/v) i PDI (mV) (%) (%)
1 0.5 0.10 312.4+15.2 0.31 -8.4+0.9 62.4+4.2 8.61£0.8
2 1.5 0.10 285.6+12.8 0.28 -10.2+1.1 68.5+3.8 9.8+0.9
3 2.5 0.10 348.2+18.4 0.34 -6.2+0.7 72.813.6 11.2+1.1
4 0.5 0.55 268.4+10.6 0.26 -16.8%+1.2 66.213.5 9.2+0.7
5 1.5 0.55 245.318.2 0.23 -18.2+1.3 78.61£3.4 12.4+1.2
6 2.5 0.55 298.6+14.2 0.29 -14.5%+1.0 76.413.2 11.8+1.0
7 0.5 1.00 242.849.8 0.22 -22.4+1.5 64.843.8 8.9+0.8
8 1.5 1.00 218.617.4 0.19 -24.811.6 74.243.0 11.6+0.9
9 2.5 1.00 272.4+11.8 0.25 -20.611.4 78.842.8 12.6+1.1
10* 1.5 0.55 248.219.4 0.24 -17.8%£1.2 77.243.6 12.1+1.0
11* 1.5 0.55 246.818.6 0.22 -18.5+1.4 79.243.2 12.6+1.1
12%* 1.5 0.55 243.5%7.8 0.23 -17.9+1.1 78.843.0 12.3+1.0
*Center point replicates.
Axoo B : .
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Figure 4: (A) Particle size distribution and (B) zeta potential distribution of optimized Zn-CS-BUD nanocomposite
spheroids.
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Figure 8: (A) Scanning electron micrograph and (B) transmission electron micrograph of optimized Zn-CS-BUD
nanocomposite spheroids.

The surface morphology of the optimized spheroids, as revealed by SEM (Figure 8A), demonstrated spherical to
subspheroidal particles with smooth surfaces and uniform size distribution. No aggregates or irregularly shaped
particles were observed, confirming the reproducibility of the preparation method. TEM analysis (Figure 8B)
revealed a distinct core-shell structure with a dense inner core surrounded by a relatively lighter outer shell, which
can be attributed to the differential crosslinking density within the matrix — the core comprising the chitosan-TPP
ionic gel network and the outer shell enriched with zinc crosslinks. The particle size observed by TEM was
consistent with the DLS measurements. The absence of drug crystals on the particle surface suggested complete
encapsulation of budesonide within the polymeric matrix. The morphological characteristics of the present
formulation are comparable to those reported for other zinc-crosslinked chitosan nanocomposites [27,38].

3.3 Swelling Behavior

The pH-responsive swelling behavior of the optimized Zn-CS-BUD spheroids is presented in Table 3. The swelling
index after 12 h was 38.2+2.8% at pH 1.2, 125.616.4% at pH 6.8, and 218.4+8.2% at pH 7.4. The progressive
increase in swelling index with increasing pH is attributed to the pH-dependent protonation/deprotonation
behavior of chitosan. At acidic pH, the protonated amino groups of chitosan (NHs*) maintain the polymeric
network in a relatively compact conformation due to ionic repulsion and hydrogen bonding with the surrounding
water molecules, resulting in limited swelling. At neutral and slightly alkaline pH, deprotonation of the amino
groups (NH,) reduces the electrostatic repulsion and allows greater chain flexibility and water uptake, resulting in
pronounced swelling [18,20]. The zinc crosslinks play a modulatory role by providing additional structural restraints
that prevent excessive and rapid swelling, enabling a controlled and sustained swelling response that is conducive
to sustained drug release [37,40]. The pH-responsive swelling behavior directly correlates with the pH-dependent
drug release profile, confirming that swelling-driven diffusion is the primary mechanism of drug release from the
spheroids.

Table 3: Swelling index (%) of optimized formulation at different pH conditions

Time (h) pH 1.2 (%) pH 6.8 (%) pH 7.4 (%)
1 8.4+1.2 22.643.4 42.8£5.2
2 14.2+1.8 38.4+4.6 78.616.8
4 22.642.4 62.8+5.8 128.418.6
8 30.8+2.6 95.2+6.2 178.617.8
12 38.2+2.8 125.616.4 218.4%8.2
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3.4 Mucus Penetration .
The mucus penetration study revealed a 2.8-fold higher penetration ratio for the Spti,_mized Zn-CS-BUD spheroids
compared with conventional positively charged chitosan nanoparticles (CS-NPs, zeta poféntial +32.4 mV) at the 4-h
time point. The cumulative nanoparticle translocation through the mucus layer was 62.4+5.8% for Zn-CS-BUD
spheroids versus 22.3+3.2% for conventional CS-NPs. The significantly enhanced mucus penetration of the Zn-CS-
BUD spheroids can be attributed to the negative surface charge (-18.2 mV), which minimizes electrostatic and
hydrophobic interactions with the negatively charged and hydrophobic domains of the mucus mesh [22,23]. In
contrast, the strongly positive surface charge of conventional CS-NPs promotes mucoadhesive interactions with
the sialic acid and sulfate residues in mucus, leading to entrapment and immobilization within the mucus layer
[19,21].

The zinc crosslinking imparts a PEG-like stealth effect by shielding the cationic amino groups of chitosan through
coordination complexation, effectively neutralizing the surface charge and conferring mucus-inert properties
[25,28]. This phenomenon is analogous to the PEGylation strategy employed in mucus-penetrating particles, where
dense surface coverage of hydrophilic and uncharged PEG chains prevents mucoadhesive interactions and
facilitates mucus diffusion [23,24]. The present findings are consistent with the work of Wang et al. [22], who
reported that mucus-penetrating alginate-chitosan nanoparticles with negative surface charge exhibited 3.2-fold
higher mucus penetration than mucoadhesive chitosan nanoparticles. Griesser et al. [25] similarly demonstrated
that chitosan derivatives with reduced cationic charge density showed significantly enhanced mucus penetration
compared with unmodified chitosan nanoparticles. The mucus-penetrating capability of the Zn-CS-BUD spheroids
is expected to facilitate their access to the inflamed epithelial surface, where enhanced drug release can achieve
higher local drug concentrations and improved therapeutic outcomes [22,36].

3.5 Pharmacokinetic Study

The plasma concentration-time profiles of budesonide following single oral administration of different
formulations are presented in Figure 5, and the pharmacokinetic parameters are summarized in Table 4. The Zn-
CS-BUD spheroids exhibited a significantly different pharmacokinetic profile compared with both plain CS-BUD
nanoparticles and budesonide suspension. The Cmax of Zn-CS-BUD spheroids (285.3+18.5 ng/mL) was lower than
that of plain CS-BUD nanoparticles (410.5+22.3 ng/mL) and budesonide suspension (580.2+35.1 ng/mL), while the
Tmax was significantly prolonged (6 h vs. 3 h and 1 h, respectively). The delayed Tmax and reduced Cmax are
indicative of sustained and prolonged drug absorption, consistent with the pH-dependent release and colonic
targeting properties of the Zn-CS-BUD spheroids [9,36].
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Figure 5: Plasma concentration-time profiles of budesonide after single oral administration (0.5 mg/kg) in rats.
Data expressed as mean+SEM (n=6).
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The AUCo-24 of Zn-CS-BUD spheroids (3218.5+245.2 ng-h/mL) was 1.28-fold and 1.76-fold higherthan that of plain
CS-BUD nanoparticles (2512.84198.6 ng-h/mL) and budesonide suspension (1825.3’11_65.8 ng-h/mL), respectively,
indicating significantly enhanced overall drug exposure. The elimination half-life (t1/2)~of Zn-CS-BUD spheroids
(8.240.6 h) was 1.41-fold and 2.56-fold longer than that of plain CS-BUD nanoparticles (5.8+0.4 h) and budesonide
suspension (3.2+0.3 h), respectively. The prolonged t:/, and MRT (11.6+0.8 h) of the Zn-CS-BUD spheroids suggest
sustained drug release and absorption over an extended period, which is therapeutically advantageous for
maintaining effective drug concentrations at the colonic site of inflammation. The lower Kel (0.085+0.006 h™") of
the Zn-CS-BUD spheroids compared with the suspension (0.217+0.018 h™") further confirms the sustained
elimination profile.

The improved pharmacokinetic parameters of the Zn-CS-BUD spheroids can be attributed to several factors: (i) the
pH-dependent drug release that minimizes premature drug release in the upper Gl tract, thereby reducing
systemic absorption and first-pass metabolism; (ii) the mucus-penetrating properties that enhance nanoparticle
diffusion through the mucus barrier to reach the colonic epithelium, where drug absorption occurs; and (iii) the
sustained release from the zinc-crosslinked matrix that provides prolonged drug availability at the absorption site
[9,10,36]. These pharmacokinetic findings are consistent with previous reports on budesonide nanoformulations
for colonic delivery. Zhang et al. [36] reported a 1.6-fold increase in AUC for mucus-penetrating budesonide
nanosuspension compared with conventional suspension. Seoudi et al. [10] observed prolonged Tmax and
enhanced AUC for hyaluronic acid nanoparticles loaded with budesonide in colitic rats. The present results
demonstrate that the zinc-crosslinked mucus-penetrating chitosan nanocomposite spheroids offer superior
pharmacokinetic advantages over both conventional formulations and plain chitosan nanoparticles.

Table 4: Pharmacokinetic parameters of budesonide after single oral administration (0.5 mg/kg)

Parameter BUD Plain CS-BUD Zn-CS-BUD
Suspension NPs Spheroids
Cmax (ng/mL) 580.2+35.1 410.5+22.3 285.3118.5
Tmax (h) 1.0 3.0 6.0
AUCo_24 (ng-h/mL) 1825.3+165.8 2512.8+£198.6 3218.5+245.2
AUCp-2° (ng-h/mL) 2042.6+182.4 2848.41215.2 3682.8+278.6
/2 (h) 3.240.3 5.8+0.4 8.2+0.6
MRT (h) 4.620.4 8.210.6 11.6+0.8
Kel (h™) 0.217+0.018 0.120+0.009 0.085+0.006
4. CONCLUSION

The present study successfully developed and optimized budesonide-loaded zinc-crosslinked chitosan (Zn-CS-BUD)
nanocomposite spheroids using a modified ionic gelation and zinc-crosslinking approach. The application of a 32
full factorial design effectively identified the influence of CS:TPP ratio and ZnCl, concentration on particle size and
entrapment efficiency and enabled selection of an optimized formulation with a CS:TPP ratio of 1.5:1 and ZnCl,
concentration of 0.55% w/v. The optimized spheroids exhibited favorable physicochemical characteristics,
including a particle size of 245.3 + 8.2 nm, PDI of 0.23 + 0.02, zeta potential of -18.2 + 1.3 mV, entrapment
efficiency of 78.6 + 3.4%, and drug loading of 12.4 + 1.2%.

The formulation demonstrated pH-responsive swelling, with substantially greater swelling under intestinal/colonic
pH conditions, supporting its potential for controlled drug release. Furthermore, zinc crosslinking resulted in a
negative surface charge and substantially improved mucus penetration, with 62.4 + 5.8% translocation compared
with 22.3 + 3.2% for conventional positively charged chitosan nanoparticles. Pharmacokinetic evaluation further
demonstrated a delayed Tmax, increased AUC, prolonged half-life, and extended mean residence time, indicating
sustained drug availability following oral administration. Overall, the findings indicate that Zn-CS-BUD
nanocomposite spheroids provide a promising approach for mucus-penetrating, pH-responsive, and sustained
colonic delivery of budesonide. The combination of zinc-mediated crosslinking and chitosan-based nanocomposite
architecture may improve localization and prolonged availability of budesonide at the inflamed intestinal site,
supporting further investigation of this delivery system for inflammatory bowel disease.
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