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Abstract

Alginate microparticles offer a simple approach for drug encapsulation. However, their
performance depends on formulation conditions. Diclofenac sodium (DCF) was encap-
sulated in alginate microparticles by ionic gelation. Sodium alginate concentration, CaCl,
concentration and hardening time were optimized by Response Surface Method (RSM)
using Box-Behnken design (RSM-BBD). Encapsulation efficiency (EE) varied considerably
with the formulation conditions. The model showed a good fit (R*> = 0.9685), while CaCl,
concentration was the main factor affecting EE. The optimum conditions were 1.91% (w/v)
sodium alginate, 4.99% (w/v) CaCl, and 23.4 min hardening time. The experimental EE
was 80.34%, close to the predicted value of 80.41%. Chitosan was added to the optimized
formulation at concentrations of 0.10-0.20% (w/v). EE increased with chitosan concentra-
tion and reached 93.85% at 0.20%. Drug release was studied in simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF). The release data were evaluated using zero-order, first-
order, Higuchi and Korsmeyer-Peppas models. Characterization revealed a transition from
a predominantly lamellar and fissured surface in the optimized alginate formulation to a
more granular and highly textured architecture following chitosan incorporation, while the
released fractions exhibited distinct hydrodynamic and electrokinetic characteristics. The
addition of a low amount of chitosan therefore increased DCF encapsulation and changed
its release behavior under gastrointestinal conditions.

Keywords: diclofenac sodium; alginate-chitosan; ionic gelation; microencapsulation;
pH-dependent release; drug release kinetics

1. Introduction

Alginate is a naturally derived anionic polysaccharide, which is a great value to phar-
maceutical and biomedical due to its biocompatibility, biodegradability, regenerability, low
toxicity and ease of gelation [1]. It can undergo ionotropic gelation in the presence of multi-
valent cations such as Ca®*. Ca?* is extensively used as crosslinking ions since it interacts
with the carboxylate groups of alginate chains within guluronic acid-rich regions. So, this
system produces the characteristic ionically crosslinked network commonly described by
the “egg-box” model [2].
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Ionic gelation enables the formation of alginate-based particulate carriers in which
active compounds can be entrapped within a three-dimensional polymer network. Beyond
facilitating drug encapsulation, the hydration and swelling behaviour of this network plays
an important role in controlling drug release. Protonation of alginate carboxyl groups and
the formation of alginic acid reduce matrix swelling in acidic environments, which might
limit drug diffusion. As the pH increases, enhanced hydration and ion exchange promote
swelling and relaxation of the polymer network. So, this facilitates drug diffusion and
release [3]. However, these pH-responsive properties are highly dependent on the structure
and integrity of the ionically crosslinked network, which are governed by the formulation
and processing conditions. Therefore, while alginate-based particulate systems are partic-
ularly attractive for oral drug delivery, their performance must be carefully optimized to
achieve reproducible drug encapsulation and controlled release. The polymer concentra-
tion determines solution viscosity and polymer-chain density, whereas the amount of Ca**
available for ionic crosslinking affects the compactness and integrity of the gel network.
Gelation or hardening time can influence the extent of ion diffusion and network develop-
ment. Variations in these parameters might influence drug retention and encapsulation
efficiency [4-8]. Since these factors might also interact with one another, one-factor-at-a-time
(OFAT) optimization is insufficient to fully characterize the formulation space. Response
surface methodology (RSM) with Box-Behnken experimental design (RSM-BBD) is an
appropriate mathematical and statistical tool for quantifying individual and interaction
effects, developing predictive models and identifying formulation conditions that maximize
a desired response while reducing the number of experimental runs.

Another important point in this approach is that combining alginate with a second
biopolymer represents one strategy for modifying the structure and functionality of the gel
network [9]. Chitosan as a cationic polysaccharide containing protonatable amino groups
can interact electrostatically with the negatively charged carboxylate groups of alginate.
Formation of alginate-chitosan polyelectrolyte complexes can generate many advantages
such as being an additional interfacial polymeric barrier, altering network compactness
and permeability, and influencing encapsulation and drug transport [10]. These properties
have resulted in extensive investigation of alginate-chitosan systems for oral and controlled
drug delivery [11].

Diclofenac sodium (DCF) is a suitable model compound for investigating these
effects. Its incorporation into alginate-based particulate matrices and its release are
strongly influenced by polymer composition, crosslinking conditions and environmental
pH [12,13]. Therefore, considering formulation-dependent encapsulation and gastrointesti-
nal pH-dependent release simultaneously is important during developing alginate-based
diclofenac carriers.

The present study aimed to develop DCF-loaded alginate microparticles by ionic
gelation through optimizing the primary algmate—Ca2+ formulation via RSM-BBD. First,
the effects of sodium alginate concentration, calcium chloride concentration and harden-
ing time on encapsulation efficiency were evaluated. Then, numerical optimization and
experimental validation was conducted. Later, the optimized alginate formulation was
modified using low concentrations of chitosan to investigate its additional influence on
drug encapsulation. Finally, the functional consequences of this modification were assessed
through pH-dependent in vitro drug release, kinetic modeling of the release mechanism
and physicochemical and morphological characterization.
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2. Results and Discussion
2.1. Preliminary Formulation Studies

Preliminary experiments were conducted to establish suitable formulation conditions
prior to RSM-BBD optimization. The amount of DCF was fixed at 0.01 g, while a hardening
time of 20 min was used during the preliminary evaluation. Both alginate and alginate-
chitosan systems were initially investigated to assess their suitability for microparticle
formation. The formulation conditions and the corresponding EE values obtained during
the preliminary studies are presented in Table 1.

Table 1. Preliminary formulation conditions and encapsulation performance of DCF-loaded alginate
and alginate-chitosan microparticles.

Sodium Calcium Chitosan Hardening EE
Formulation Alginate Chloride (% u(:jz) Time (%) Observation *

(%, w/v) (%, w/v) ? (min) ’

1 1.5 3.5 - 20 51.830

2 1.5 1.5 0.35 20 40.524

3 1.5 2 0.35 20 44242

4 1.5 3.5 0.35 20 45.589

5 1.5 5 0.35 20 38.334

6 1.5 6 0.35 20 34.468

7 15 35 0.7 20 ) Particle adhesion and

heterogeneous surface.
8 15 35 1 20 ) Particle adhesion and

heterogeneous surface.

* EE could not be determined for formulations containing 0.70 and 1.00% (w/v) chitosan because the
increased viscosity and particle adhesion prevented the formation of homogeneous microparticles.

First, the effect of CaCl, concentration was examined over the range of 1.5-6.0% (w/v)
as shown in Table 1. In formulations containing 0.35% (w/v) chitosan, changes in CaCl,
concentration markedly affected the encapsulation performance. The EE values were 40.524,
44.242,45.589, 38.334 and 34.468% at CaCl, concentrations of 1.5, 2.0, 3.5, 5.0 and 6.0% (w/v),
respectively. Although increasing the CaCl, concentration initially improved DCF retention,
an increase more than 3.5% resulted in a reduction in EE. This behavior suggests that the
extent of ionic cross-linking must be carefully controlled, since excessive cross-linking might
alter the structure of the polymeric network and adversely affect drug retention [14]. A
similar concentration-dependent effect was reported by Celli et al., who observed a decrease
in encapsulation efficiency when the CaCl, concentration was increased from 2 to 3% (w/v)
in calcium-alginate microparticles [15].

The feasibility of incorporating chitosan was also evaluated during the preliminary
experiments as seen in Table 1. Increasing the chitosan concentration to 0.7 and 1.0%
(w/v) resulted in highly viscous formulations, accompanied by particle adhesion and
heterogeneous surface characteristics. These findings indicate that chitosan concentration
is an important formulation parameter affecting microparticle formation. Consistent with
this observation, Takka and Giirel (2010) reported that chitosan concentration significantly
influenced both particle size and encapsulation efficiency in alginate-chitosan beads [16].
Under these conditions, uniform microparticles could not be obtained. In contrast, the
chitosan-free alginate formulation prepared using 1.5% (w/v) sodium alginate and 3.5%
(w/v) CaCl, exhibited an EE of 51.830%, representing the highest value obtained among
the preliminary formulations.
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To conclude, the preliminary findings indicated that relatively high chitosan concen-
trations were unsuitable for obtaining uniform microparticles under the investigated prepa-
ration conditions. Therefore, chitosan was excluded from RSM-BBD optimization stage.

2.2. Encapsulation Efficiency and Drug Loading of DCF-Loaded Alginate Microparticles

The experimental conditions generated by the RSM-BBD and the corresponding EE
values are presented in Table 2. Considerable variation in EE was observed across the
17 experimental runs, demonstrating the influence of the investigated formulation and
process variables on DCF encapsulation. EE ranged from 14.82 to 80.08%. The highest
EE (80.08%) was obtained in Run 4, corresponding to 2.0% sodium alginate, 5.0% CaCl,
and a hardening time of 20 min. In contrast, the lowest EE (14.82%) was observed in
Run 8, (2.0% sodium alginate combined with 2.0% CaCl, for 20 min). The remarkable
difference between these two formulations shows that calcium concentration plays an
important role in the encapsulation process as the cross-linker concentration. The statistical
contribution of the individual formulation variables and their interactions is examined in
detail in Sections 2.3 and 2.4.

Table 2. Experimental conditions of the RSM-BBD and corresponding encapsulation efficiency of
DCF-loaded alginate microparticles.

No A: Sodium Alginate B: Calcium Chloride C: Hardening Time EE *
(%, w/v) (%, w/v) (min) (%)

1 1.5 5 30 68.44
2 1.5 35 20 53.11
3 1.5 2 30 23.79
4 2 5 20 80.08
5 2 35 30 48.53
6 1 5 20 61.84
7 1.5 3.5 20 47.21
8 2 2 20 14.82
9 1 3.5 10 52.80
10 1.5 3.5 20 56.15
11 1 2 20 40.09
12 1.5 35 20 63.70
13 1.5 3.5 20 52.88
14 1.5 2 10 28.04
15 1 3.5 30 40.18
16 1.5 5 10 66.99
17 2 3.5 10 34.24

* Values represent the mean encapsulation efficiency obtained from three independently prepared
formulations (n = 3) for each experimental condition. Each independent formulation was analyzed
using three technical UV-Vis measurements.

In addition to EE, the amount of DCF incorporated per 50 mg of dried microparticles
and the corresponding drug loading (DL) values were determined as complementary
indicators of formulation performance. The amount of incorporated DCF varied from 0.159
to 0.632 mg per 50 mg of dried microparticles, corresponding to DL values ranging from
0.317 to 1.263% (Table 3). Run 4, with the highest EE, contained 0.425 mg DCF per 50 mg of
dried microparticles and showed a DL of 0.849%. However, the highest DL (1.263%) was
obtained in Run 11 in spite of its substantially lower EE of 40.09%. Run 8 exhibited both the
lowest EE (14.82%) and the lowest DL (0.317%).
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Table 3. Amount of DCF incorporated per 50 mg of dried microparticles and corresponding drug
loading values obtained from RSM-BBD experimental runs.

No DCF Amount DL

(mg/50 mg Dried Microparticles) (%)
1 0.422 0.844
2 0.402 0.803
3 0.253 0.506
4 0.425 0.849
5 0.334 0.668
6 0.542 1.084
7 0.382 0.763
8 0.159 0.317
9 0.543 1.086
10 0.411 0.821
11 0.632 1.263
12 0.393 0.786
13 0.326 0.652
14 0.289 0.578
15 0.346 0.691
16 0.366 0.732
17 0.259 0.518

These findings demonstrate that EE and DL did not vary proportionally across all
experimental conditions. This distinction is expected because EE represents the fraction
of the initially added drug successfully retained within the microparticles, whereas DL
expresses the amount of incorporated drug relative to the final dry mass of the microparti-
cles [17]. Consequently, changes in formulation composition and the resulting microparticle
mass can influence DL independently of EE. Therefore, EE and DL should be considered
complementary rather than interchangeable indicators of encapsulation performance. In
the present study, EE was used as the response variable for RSM-BBD optimization, while
DL was evaluated as a descriptive parameter. Indeed, review articles on alginate-based drug
delivery systems specifically emphasize that encapsulation efficiency and drug loading
capacity are distinct performance indicators, and that high encapsulation efficiency should
not necessarily be expected to result in high drug loading capacity [18-20].

Kulkarni et al. reported that the encapsulation efficiency of diclofenac sodium-loaded
alginate beads ranged from 30% to 71%, while the gel matrix density increased significantly
with the degree of Ca?*-mediated cross-linking [21]. However, it was specifically empha-
sized that although increased polymer matrix density facilitates drug retention within
the gel structure, the amount of drug carried per unit mass of bead or microparticle re-
mains limited to the milligram range. Similarly, while high encapsulation efficiencies (up to
~98%) were achieved for diclofenac sodium in alginate-PVP K30 microspheres developed by
Nayak et al. [22].

These findings demonstrate that maximizing the fraction of drug retained during
microparticle formation does not necessarily maximize the drug content per unit mass
of dried microparticles. Since the primary objective of the present optimization was to
minimize drug loss during ionic gelation, EE was prioritized as the optimization criterion.
Nevertheless, DL remains an important complementary parameter for evaluating the prac-
tical drug-carrying capacity of the formulations. Accordingly, the optimized formulation
should be regarded as optimal with respect to EE within the investigated experimental
design space, rather than as a formulation simultaneously optimized for both EE and DL.
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2.3. Statistical Modelling and Analysis of Encapsulation Efficiency

The experimental EE data obtained from the 17 RSM-BBD runs were fitted to a quadratic
model. The quadratic regression equation obtained in terms of coded factors is expressed
by Equation (1).

Y =54.61 —2.15 A + 21.332 B — 0.1412 C + 10.88 AB + 6.73 AC + 1.43 BC — 4.14 A — 1.26 B> — 6.53 C2 (1)

where Y, A, B and C represent the coded values of encapsulation efficiency, sodium alginate
concentration, CaCl, concentration and hardening time, respectively. The signs and magni-
tudes of the regression coefficients describe the direction and relative contribution of the
corresponding terms within the fitted model. In particular, the comparatively large positive
coefficient of B indicates a strong positive contribution of CaCl, concentration to EE within
the investigated design space. However, the statistical relevance of each coefficient was
determined from the ANOVA rather than from coefficient magnitude alone. The adequacy
and statistical significance of the model were evaluated by ANOVA as given in Table S2. The
resulting quadratic model was statistically significant (F = 23.91 and p = 0.0002), whereas
the lack of fit was not significant (F = 0.0480 and p = 0.9842). This shows that the model
adequately represented the experimental data within the investigated design space.

On the other hand, the model exhibited a high coefficient of determination
(R% = 0.9685). this means that 96.85% of the variability in EE was accounted for by the fitted
model. The adjusted R? (0.9280) and predicted R? (0.9350) were also in close agreement,
which is below the commonly accepted threshold of 0.20 for agreement between these
statistics [23]. A coefficient of variation (CV) below 10% is generally considered indicative
of acceptable experimental precision in response surface modelling [24]. So, our finding
is satisfying.

2.4. Effects of Formulation Variables on Encapsulation Efficiency

Analysis of the individual model terms showed that CaCl, concentration was the
most statistically significant main factor affecting EE (F = 169.55, p < 0.0001). In contrast,
the individual linear effects of sodium alginate concentration and hardening time were
not statistically significant at p > 0.05. Significant interaction effects were observed for
sodium alginate concentration x CaCl, concentration (p < 0.05) and sodium alginate
concentration x hardening time (p < 0.05). The quadratic term for hardening time (C?)
was also significant (p < 0.05), suggesting a nonlinear relationship between hardening time
and EE. Conversely, the BC, A% and B? terms were not statistically significant (p > 0.05).

The relative importance of these model terms was also evident from the standardized-
effect plots (Figure 1). B, AB, AC and C? exceeded the critical reference value of 2.36
at o = 0.05 as seen in the Pareto chart (Figure 1a). This finding is consistent with their
statistical significance in the ANOVA (Table S2). The linear effect of CaCl, concentration
exhibited the largest standardized effect by a substantial margin. The AB interaction showed
the second-largest significant effect, followed by AC and C? (Figure 1a). A, C, BC, A% and
B? remained below the significance threshold.

The normal probability plot of the standardized effects (Figure 1b) additionally illus-
trates the direction of the significant effects. CaCl, concentration (B) and the AB and AC
interaction terms exhibited positive standardized effects, whereas C2 showed a negative stan-
dardized effect. The positive effect associated with B is consistent with an overall increase
in predicted EE with increasing CaCl, concentration within the studied range. In contrast,
the negative quadratic coefficient of C? (—6.53) together with its statistical significance
demonstrates curvature in the response to hardening time rather than a simple linear effect.
These interaction and nonlinear effects are examined further using the response surface
and contour plots in Section 2.5.
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Sodium alginate (%,w/v)
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A Sodium alginate (%,w/v)
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(b)

Figure 1. Standardized effects of formulation and process variables on the encapsulation efficiency of
DCF-loaded alginate microparticles in the RSM-BBD: (a) Pareto chart of standardized effects and
(b) normal probability plot of standardized effects. The reference line in the Pareto chart indicates
the significance threshold at a = 0.05.

2.5. Response Surface and Contour Plot Analysis of Encapsulation Efficiency

The combined effects of the variables were also examined using three-dimensional
response surface (Figure 2) and two-dimensional contour plots (Figure 3). Figure 2a illus-
trates the combined effect of sodium alginate and CaCl, concentrations on EE at a fixed
hardening time (20 min). This trend is also clearly reflected in the corresponding contour
plot (Figure 3a), where the highest predicted EE region (>70%) was located at the upper
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end of the investigated CaCl, range. However, the influence of sodium alginate concen-
tration varied according to the CaCl, level as indicated by the curvature of the contour
boundaries (Figure 3a). This tendency is consistent with the statistical results (Table S2),
where CaCl, concentration was identified as the dominant main factor (p < 0.0001), while
the AB interaction was also significant (p < 0.05). The pronounced influence of CaCl,
concentration observed in the present study is consistent with previous findings for di-
clofenac sodium-loaded alginate microparticles. Nayak et al. reported an increase in drug
entrapment efficiency from 78.23% to 85.77% as the CaCl, concentration was increased from
8.6% to 10.3% in plain alginate microbeads [22]. The authors also identified CaCl, con-
centration as a significant formulation variable affecting drug entrapment efficiency. This
concentration-dependent behavior might be associated with Ca?*-mediated ionic interac-
tions with the carboxylate groups of alginate, which promote formation of the cross-linked
alginate network. The characteristics of calcium-alginate gels are known to depend on
both polymer-related properties and the concentration of divalent cross-linking ions [25].
More recently, response surface optimization of antibiotic-loaded calcium alginate systems
similarly identified CaCl, concentration as a major factor governing encapsulation effi-
ciency [4]. This trend is also consistent with studies reporting that polymer and cross-linker
concentrations are determining factors for encapsulation efficiency in various drug-loaded
calcium alginate and chitosan-based systems [21,22,26]. Ramdhan et al. demonstrated that
increasing CaCl, concentration enhances the interaction of Ca?* ions with the guluronic acid
regions of alginate, causing an increase in gel strength. So, this enhanced Ca?*-mediated
cross-linking might contribute to the higher EE observed at increasing CaCl, concentrations
in the present study by promoting the formation of a more strongly cross-linked alginate
network [27].

EE (%)

B: Calcium chloride (% w/v) A: Sodium alginate (%, w/v)

Figure 2. Cont.
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Figure 2. Three-dimensional response surface plots showing the effects of (a) sodium alginate
and CaCl, concentrations at a fixed hardening time of 20 min, (b) sodium alginate concentration
and hardening time at a fixed CaCl, concentration of 3.5% (w/v), and (c) CaCl, concentration and
hardening time at a fixed sodium alginate concentration of 1.5% (w/v) on the predicted encapsulation

efficiency of DCF-loaded alginate microparticles.
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Figure 3. Two-dimensional contour plots showing the effects of (a) sodium alginate and CaCl,
concentrations at a fixed hardening time of 20 min, (b) sodium alginate concentration and hardening
time at a fixed CaCl, concentration of 3.5% (w/v), and (c) CaCl, concentration and hardening time
at a fixed sodium alginate concentration of 1.5% (w/v) on the predicted encapsulation efficiency of
DCF-loaded alginate microparticles.
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The effects of sodium alginate concentration and hardening time produced a curved
response surface (Figure 2b). The corresponding contour plot (Figure 3b) also shows a
nonuniform response across the experimental region. This behavior agrees with the non-
significant linear effects of sodium alginate concentration (p > 0.05) and hardening time
(p > 0.05), in addition to the significant AC interaction (p < 0.05) and C? term (p < 0.05).
So, hardening time did not independently produce a simple linear change in EE. Its effect
depended on sodium alginate concentration and exhibited curvature within the inves-
tigated range. A comparable nonlinear behavior has been reported for alginate-based
microcapsules, where encapsulation efficiency varied nonlinearly with increasing alginate
concentration [28]. A similar interdependence between alginate concentration and time
has been reported by Dodero et al. [29], who found a significant interaction between these
variables in determining the effective crosslinking degree of ionically gelled alginate hy-
drogels. Alkhatib et al. described the curing of alginate beads as a diffusion-dependent
process in which Ca?* progressively penetrates the alginate matrix, while higher alginate
concentrations can enhance cross-linking and improve the retention of encapsulated mate-
rial [30]. This supports the observation that alginate concentration should be considered
together with the cross-linking conditions rather than as an isolated formulation variable.

A different response pattern was observed for the combined effects of CaCl, concen-
tration and hardening time at a fixed sodium alginate concentration of 1.5% (Figure 2c).
The response surface increased sharply with CaCl,. The contour plot (Figure 3¢) supports
this observation, with the EE regions distributed predominantly according to CaCl, con-
centration. This pattern is consistent with the strong statistical contribution of B and the
nonsignificant BC interaction (p > 0.05). Generally, the color distributions observed in
the contour plots (Figure 3) demonstrate that EE reaches maximum values within specific
factor ranges and does not exhibit a linear increase. These visual findings are consistent
with the identification of calcium chloride as the most dominant factor (Figure 1a). The
higher-response regions in the contour plots indicate combinations of factor levels associated
with increased predicted EE within the investigated design space. These model-derived
response patterns were subsequently used for numerical optimization.

2.6. Optimization and Validation of DCF-Loaded Alginate Microparticles

Design-Expert software generated 100 possible solutions for DCF-loaded alginate
beads based on the multi-objective optimization through RSM-BBD. The solution with
the highest desirability value was selected as the optimum condition (Figure 4), since a
desirability value approaching 1 represents a better fit to the optimization criteria [31].

At the optimum conditions, the sodium alginate concentration was determined to
be approximately 1.91% (w/v), the calcium chloride concentration 4.99% (w/v), and the
hardening time approximately 23.4 min (Table S3). Verification tests were performed under
the conditions suggested by the Design-Expert software. Table S3 presents a comparison of
the optimum parameters determined by RSM-BBD with the predicted and experimental EE
values obtained under these conditions. The experimentally obtained EE value (80.34%)
showed a high level of agreement with the EE value predicted by the model (80.41%). This
agreement indicates that the developed model is statistically reliable.
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Figure 4. Numerical optimization and desirability plot showing the optimized levels of sodium
alginate concentration, CaCl, concentration and hardening time for maximizing the predicted encap-
sulation efficiency of DCF-loaded alginate microparticles.

2.7. Effect of Chitosan Incorporation on Encapsulation Performance

Low concentrations of chitosan (0.10-0.20%, w/v) were evaluated to improve the
encapsulation performance (Table 4), after optimization of the alginate formulation. In-
creasing the chitosan concentration from 0.10 to 0.20% increased EE from 80.79 to 93.85%.
However, the observed differences should be interpreted cautiously in the absence of a
verified statistical comparison between the formulations. This increase might be related to
the electrostatic interaction between the positively charged amino groups of chitosan and
the negatively charged carboxyl groups of alginate [32-34]. These interactions can form a
more compact alginate-chitosan matrix and improve drug retention within the particles.
These interactions can produce a more compact alginate—chitosan network and improve the
retention of the encapsulated drug [35].

Table 4. Effect of low chitosan concentrations on encapsulation efficiency and drug loading under the
optimized alginate formulation conditions *.

Chitosan (% w/v) Encapsulation Efficiency (%) Drug Loading (%)
0.10 80.79 + 7.59 ** 1.183 + 0.111
0.15 87.25 £ 8.22 1.247 £ 0.117
0.20 93.85 + 6.78 1.109 £ 0.080

* All experiments were performed using the optimized sodium alginate concentration, CaCl, con-
centration, and hardening time. ** Values are expressed as mean = standard deviation from three
independently prepared formulations (1 = 3). Each formulation was analyzed using three technical
UV-Vis measurements.

DL did not show the same trend. The DL value increased from 1.183% at 0.10% chitosan
to 1.247% at 0.15%. However, DL decreased to 1.109% when the chitosan concentration
was increased to 0.20%. Therefore, it did not provide the highest DL although the highest
chitosan concentration resulted in the highest EE. The decrease in DL at 0.20% chitosan
might be associated with the increased polymer content of the formulation and the resulting
change in the drug-to-matrix ratio. A similar trend was reported by Hou et al., who observed
that drug loading initially increased with increasing chitosan concentration but decreased
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at higher chitosan concentrations [36]. Similarly, chitosan-based nanoparticles produced
drug loading, which increased up to a certain polymer concentration, and then decreased
at a higher concentration [37].

In addition to its role in modifying the encapsulation performance of alginate-based
microparticles, chitosan and its derivatives have also attracted attention for their potential
antibacterial properties. Piegat et al. investigated the antibacterial activity of an N,O-
acylated chitosan derivative [38]. However, antibacterial activity may depend on the
chemical structure of chitosan and the characteristics of the resulting formulation. Since
antibacterial activity was not evaluated in the present study, no conclusions can be drawn
regarding the antibacterial functionality of the developed alginate-chitosan microparti-
cles. Further investigations could explore this property as an additional aspect of their
biological characterization.

2.8. Physicochemical and Morphological Characterization of Microparticles
2.8.1. FTIR Analysis

FTIR analysis was performed on sodium alginate, calcium chloride (CaCl, ), diclofenac
sodium (DCF), diclofenac sodium loaded alginate beads (OPT), chitosan (CS) and chitosan-
containing diclofenac loaded alginate beads (0.2% CS-containing OPT) to analyze ionic
gelation of SA in the presence of CaCl,, encapsulation of DCF and incorporation of CS
into OPT formulation. The corresponding FTIR spectra are presented in Figure 5. FTIR
spectrum of sodium alginate exhibited its characteristic peaks at 1594, 1405, 1081 and
1021 em™!, correspond to asymmetric and symmetric stretching vibrations of carboxylate
groups (COO™), stretching vibrations of C-O bond of mannuroate and stretching vibrations
of C-O and C-C bonds of guluronate respectively [39,40]. The absorption bands observed
at wavenumbers of 3397 and 1631 cm ™! in the FTIR spectrum of CaCl, are associated with
stretching and bending vibrations of crystal water [41]. In the FTIR spectrum of DCF,
absorption bands at 1602, 1573 and 1497 cm~! can be attributed to C=C bonds present in
the phenyl ring. The peaks at 1555 and 1397 cm~! are related to asymmetric and symmetric
stretching vibrations of carboxylate groups (COO™), respectively. The peak at 744 cm~1 is
associated with vibrations of C-Cl bonds [42]. Absorption bands related with carboxylate
groups of sodium alginate is widely used to interpreter the relationship between calcium
ions and sodium alginate. When the FTIR spectrum of OPT were examined, the absorption
bands at 1598 and 1425 cm™! is attributed with asymmetric and symmetric stretching
vibrations of carboxylate groups. Considering that the peaks of carboxylate groups are
observed at 1594 and 1405 cm™! in the sodium alginate, the shifts from 1594 to 1598 cm™!
and from 1405 to 1425 cm™! suggest the ionic crosslinking of alginate with calcium ions [43].
In the FTIR spectrum of CS, the peaks at 3352 and 3284 cm™! correspond to stretching
vibrations of O-H and N-H groups, the absorption bands at 2919 and 2866 cm™"! is related
with asymmetric and symmetric stretching vibration of C-H bonds, the peaks at 1647, 1565
and 1310 cm ™! can be identified as Amide I, Amide Il and Amide Il bands, respectively. Also,
the peak at 1565 cm~! can be attributed to amino groups on CS. Presence of absorbance bands
belonging to the amide and amino groups confirms that CS is not completely deacetylated.
The peaks at 1417 and 1372 cm ™! are associated with bending vibrations of methylene
(CH,) and methyl (CH;) groups and lastly absorption bands at 1060 and 1023 cm™! can
be attributed to stretching vibrations of C-O-C and C-O bonds [44,45]. In the region
1650-1400 cm™!, 0.2% CS-containing OPT are showed several peaks at 1639, 1546 and
1460 cm~!. The new peak appeared at 1546 cm™! is related to the deformation vibration of
NH;* group in the CS and presence of this peak suggest the interaction between protonated
amine (NH;*) groups in the CS and the carboxylate groups in the OPT microparticles [46].
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Figure 5. Comparative FTIR spectra of sodium alginate, CaCl,, chitosan (CS), diclofenac sodium
(DCEF), the optimized formulation (OPT), and the 0.2% chitosan-containing optimized formulation
(0.2% CS-containing OPT).

2.8.2. SEM Analysis

Scanning electron microscopy (SEM) was used to examine the surface morphology
of the optimized DCF-loaded alginate microparticles (OPT) and the 0.2% (w/v) chitosan-
containing formulation (0.2% CS-containing OPT) (Figure 6). The OPT microparticles
exhibited a heterogeneous surface morphology, with relatively compact regions accom-
panied by irregular lamellar structures, grooves, and localized fissures (Figure 6a-d). At
higher magnifications, pronounced folds and plate-like domains were evident across the sur-
face of the dried calcium-alginate matrix. Similar surface irregularities have been reported
for dried alginate-based microparticles and may be associated with structural rearrangement
and shrinkage of the hydrated polymer network during drying [47,48].

Following chitosan incorporation, a pronounced alteration in surface morphology was
observed (Figure 6e-h). In contrast to the predominantly lamellar appearance of OPT, the
0.2% CS-containing OPT exhibited a markedly rougher and more granular surface charac-
terized by densely distributed microstructural domains. These features became particularly
evident at higher magnifications (Figure 6g,h), where the surface displayed a highly textured
architecture rather than the larger plate-like domains observed for OPT. This morphological
alteration is consistent with previous observations in alginate—chitosan particulate systems,
where chitosan coating has been reported to modify surface topography and produce a
more irregular and wrinkled surface compared with uncoated alginate particles [49,50].
Overall, SEM analysis revealed a clear alteration in surface architecture following chitosan
incorporation, characterized by a transition from a predominantly lamellar and fissured
morphology to a more granular and highly textured surface. Nevertheless, these morpho-
logical observations alone do not provide direct evidence of changes in crosslinking density,
network permeability, or swelling behavior.
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Figure 6. SEM micrographs of the optimized DCF-loaded alginate microparticles (OPT) (a—d)
and 0.2% (w/v) chitosan-containing optimized microparticles (0.2% CS-containing OPT) (e-h) at
increasing magnifications.

2.8.3. DLS and Zeta Potential Analysis

To characterize the species released into the surrounding medium, the release frac-
tions obtained from OPT and 0.2% CS-containing OPT following incubation in phosphate-
buffered saline (PBS, pH 6.8) were analyzed by DLS and electrophoretic light scattering
(Figure 7). Accordingly, the resulting hydrodynamic size and zeta potential data represent
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the dispersed populations present in the release medium rather than the dimensions or
surface charge of the intact microparticles.
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Figure 7. Hydrodynamic diameter distributions (a,b) and zeta potential distributions (c¢,d) of the
release fractions obtained from OPT (a,c) and 0.2% (w/v) CS-containing OPT (b,d) after incubation
in phosphate-buffered saline (PBS, pH 6.8). Values are expressed as mean + SD of three consecutive
measurements (Records 1-3) of the same sample.

The OPT-derived fraction exhibited an average hydrodynamic diameter of
344.96 + 8.02 nm and a PDI of 0.377 + 0.012 (Figure 7a). The size distribution was dom-
inated by species within the 200400 nm range, while minor signals were also observed
below 25 nm and in the micrometer-size range, indicating a heterogeneous size distribution
of the dispersed species. In comparison, the fraction obtained from 0.2% CS-containing OPT
exhibited a smaller average hydrodynamic diameter of 265.56 + 53.24 nm and a lower PDI of
0.296 £ 0.054 (Figure 7b), with the distribution predominantly centered around a single ma-
jor population. Overall, these differences indicate that the populations dispersed from the
uncoated and chitosan-containing matrices exhibited distinct hydrodynamic characteristics
under the release conditions.

Both released fractions displayed unimodal zeta potential distributions, with mean
values of —9.77 £ 0.29 mV for OPT and —14.25 £ 0.64 mV for 0.2% CS-containing OPT
(Figure 7c,d), indicating an overall anionic interfacial character under the measurement
conditions. Although chitosan is a cationic polysaccharide, its ionization is strongly pH-
dependent, with an apparent pK, of approximately 6.5; consequently, the protonation of its
amino groups decreases as the environmental pH approaches and exceeds this value [51].
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At pH 6.8, reduced protonation of chitosan may therefore contribute to the persistence of
negative electrokinetic potentials, although it should not be regarded as the sole determinant
of the measured values. Indeed, negative zeta potentials have been reported for alginate—
chitosan systems, and the alginate-to-chitosan ratio has been shown to exert a pronounced
influence on their electrokinetic characteristics [51,52]. In particular, increasing the relative
proportion of alginate has been reported to shift the zeta potential of alginate—chitosan
polyelectrolyte complexes toward more negative values [52].

The dispersed populations detected following release may be associated with structural
relaxation and partial disintegration of the ionically cross-linked alginate matrix during
incubation in the release medium [53]. Nevertheless, DLS determines the hydrodynamic
size of dispersed species from their diffusion behavior and has recognized limitations in
resolving heterogeneous and polydisperse systems [54]. Therefore, the more negative zeta
potential measured for the 0.2% CS-containing OPT fraction should not be interpreted as
evidence that chitosan rendered the surface of the original microparticles more negatively
charged. Rather, when considered together with the differences in hydrodynamic diam-
eter and PDI, the results demonstrate that the species dispersed from the uncoated and
chitosan-containing matrices differed in their physicochemical characteristics under the
release conditions. However, the precise chemical composition and structural identity of
these dispersed species cannot be conclusively established from DLS and zeta potential
measurements alone.

2.9. Release Kinetics and Mechanism of DCF from Alginate Microparticles

Table 5 presents the kinetic modeling results for diclofenac sodium release from pure
alginate and 0.2% (w/v) chitosan-containing alginate microparticles in SGF and SIF. In
the case of pure alginate microparticles in SGF, the Higuchi model showed the highest
coefficient of determination (R? = 0.9662) compared with the zero-order (R? = 0.9284) and
first-order (R? = 0.9336) models. This finding indicates that the experimental release profile
was well described by the Higuchi model, suggesting that diffusion-related processes may
contribute to DCF release under acidic conditions. However, the higher R? value alone does
not establish diffusion as the predominant or sole release mechanism. The Korsmeyer—
Peppas model yielded an n value of 0.6873, which may be consistent with anomalous
(non-Fickian) transport under the assumptions commonly applied to spherical systems.
This observation suggests the possible involvement of both drug diffusion and polymer
relaxation or swelling, although these contributions cannot be conclusively distinguished
from kinetic fitting alone [55]. This behavior is consistent with previous studies reporting
pH-dependent release and diffusion-related mechanisms from alginate/chitosan-based
DCF delivery systems [56].

In SIF, alginate microparticles showed a rapid initial release with more than 60% of
the drug released at the first sampling point. The rapid initial release observed for pure
alginate microparticles in SIF indicates that a substantial fraction of the encapsulated DCF
was released at the earliest sampling point. Although the incorporation of 0.2% (w/v)
chitosan was associated with changes in the overall release profile, the available quantitative
results do not allow a reliable determination of the magnitude of any reduction in initial
burst release. Therefore, the effect of chitosan on the initial release should be interpreted
cautiously, and no definitive conclusion regarding burst-release suppression is drawn from
the present data. The first-order (R? = 0.8658) and Higuchi (R? = 0.8114) models showed
higher coefficients of determination than the zero-order model (R? = 0.6724), indicating
comparatively poorer agreement with a constant-rate release model. Nevertheless, these
differences in R? values do not independently establish a specific release mechanism. The
rapid initial release may be associated with pH-dependent changes in the alginate matrix,
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including possible swelling and ion-exchange processes, although these mechanisms were
not directly quantified in the present study. Similar pH-dependent release profiles and
rapid initial release have also been reported for chitosan-alginate microparticles [57].

Table 5. Kinetic model parameters for diclofenac sodium release from pure alginate and alginate
containing 0.2% chitosan microparticles in simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF) *.

GI Sys- Zero-Order First-Order . . %
tem Model Model Higuchi Model Korsmeyer-Peppas Model
k, (mg 2 #a k; 2 ky (mg 2 K 2
a1y R @1y R a2y R N O
_ Purealginate SGF  0.0004 09284 0.0004 09336 00066 09662  0.6873 23?; 0.8958
microparticles produced 10
under optimal SIF 0.0008  0.6724  0.0050 0.8658  0.0162  0.8114 - - -
conditions
Alginate containing SGF  0.0002 09647 0.0002 09263 00034  0.8953 0.6575 1'23_3X 0.9731
0.2% chitosan 10
microparticles SIF 0.0024  0.8200 0.0058 0.9080  0.0454 09268  0.2359 0.152 0.8158

* Time (t) was expressed in minutes (min). ** The Korsmeyer-Peppas model was applied only to the
initial portion of the release profile, up to approximately 60% cumulative drug release. Korsmeyer—
Peppas model was not applied for pure alginate microparticles in SIF, since cumulative drug release
exceeded 60% at the first sampling point. *** The reported R? values describe the goodness of fit of
the respective kinetic models and should not be interpreted as definitive evidence of a specific drug
release mechanism. Korsmeyer—Peppas parameters refer only to the initial release region used for
model fitting.

The addition of 0.2% (w/v) chitosan changed the release behavior. In SGF, the
Korsmeyer-Peppas model provided the highest R? value (0.9731), followed by the zero-
order model (R? = 0.9647). The release exponent (1 = 0.6575) may be compatible with
anomalous (non-Fickian) transport under the assumptions of the Korsmeyer—-Peppas model
for spherical particles. This finding suggests that diffusion and polymer relaxation or
swelling could contribute to the release process, but it should not be regarded as definitive
mechanistic evidence [58]. Regarding SIF, the Higuchi model showed the highest R? value
(0.9268), followed by the first-order model (R? = 0.9080). The Korsmeyer-Peppas model
gave a lower n value of 0.2359. However, the mechanistic interpretation of this exponent
should be approached cautiously, since the model was applied only to the initial portion of
the release profile.

The Higuchi release constant (ki) for chitosan-containing microparticles increased
from 0.0034 in SGF to 0.0454 in SIF, consistent with the faster drug release observed under
SIF conditions. This pH-dependent behavior is consistent with studies on DCF-loaded
pH-sensitive alginate/chitosan-based systems, which reported greater drug release under
near-neutral conditions than under acidic gastric conditions [12].

To sum up, the kinetic models provide a comparative mathematical description of the
experimental release profiles rather than definitive identification of the underlying release
mechanisms. Although R? values are useful for evaluating goodness of fit, selecting the
model with the highest R? does not by itself establish whether drug release is governed
by diffusion, polymer relaxation, swelling, or a combination of processes. Furthermore,
the Korsmeyer—Peppas model was fitted only to the initial portion of the release profiles,
corresponding to approximately 60% cumulative drug release. Therefore, the calculated
n values should be considered indicative of possible early-stage transport behavior and
should not be extrapolated to the entire release process. Additional experimental evidence
would be required to determine the relative contributions of the proposed mechanisms.
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In the present study, drug release experiments were conducted separately in SGF and
SIF to evaluate the release behavior of the formulations under two distinct pH conditions.
Although this approach provides information on the pH-dependent release characteristics
of the microparticles, it does not fully reproduce the sequential exposure to gastric and
intestinal environments following oral administration. Therefore, the absence of a sequential
SGEF-to-SIF release experiment represents a limitation of the present study. Future investi-
gations involving an initial incubation in SGF followed by transfer to SIF would provide a
more representative assessment of the release performance of these formulations under
simulated gastrointestinal transit conditions.

3. Conclusions

Diclofenac sodium-loaded alginate microparticles were prepared by ionic gelation.
The formulation conditions were optimized using response surface approach. Cross-linker
concentration was the main factor affecting EE. The experimental EE under the optimum
conditions was 80.34%, which was close to the predicted value of 80.41%. Chitosan addition
improved the encapsulation efficiency of DCF-loaded alginate microparticles. Encapsulation
increased from 80.79% to 93.85% as the chitosan concentration increased from 0.10 to 0.20%.
Morphological characterization showed that chitosan incorporation altered the surface
architecture of the optimized alginate microparticles, resulting in a more granular and highly
textured morphology. DLS and zeta potential analyses of the released fractions further
revealed distinct hydrodynamic and electrokinetic characteristics between the uncoated and
chitosan-containing formulations. Furthermore, chitosan incorporation was associated with
changes in the DCF release profile under simulated gastrointestinal conditions. However, the
available quantitative data does not establish the extent to which chitosan reduces the initial
burst release in SIF. Therefore, further quantitative evaluation would be required to confirm
a burst-release-suppressing effect. These results show that chitosan addition improved
diclofenac sodium encapsulation and modified drug release of the alginate microparticles.
Although the formulation was optimized for encapsulation efficiency, further multi-response
optimization incorporating drug loading and release characteristics would be necessary to
identify the most suitable formulation for oral drug delivery applications.

4. Materials and Methods
4.1. Materials

DCF was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Acetic
acid, sodium alginate, chitosan and calcium chloride dihydrate (CaCl,-2H,0O) were supplied
by Sigma-Aldrich (St. Louis, MO, USA). The chitosan used in this study was low-molecular-
weight chitosan (catalog no. 448869) with a manufacturer-reported molecular weight range
of 50,000-190,000 Da and a degree of deacetylation of 75-85%. Acetic acid was used for
the preparation of chitosan solutions, while sodium alginate and chitosan served as the
biopolymeric matrix. Calcium chloride was employed as the cross-linking agent. Distilled
and ultrapure water (18 M(Q)-cm) used throughout the experimental studies were produced
using a Milli-Q water purification system (Millipore, Burlington, MA, USA).

4.2. Preparation of Diclofenac Sodium-Loaded Alginate Microparticles

DCF-loaded alginate microparticles were prepared by the ionic gelation method.
Sodium alginate solutions were prepared at concentrations specified by RSM-BBD (1.0-2.0%,
w/v). A fixed amount of DCF (0.01 g) was incorporated into each alginate solution, and
the resulting drug-polymer mixtures were stirred until homogeneous.

The prepared formulations were introduced dropwise into aqueous calcium chloride
solutions at a constant flow rate of 3.5 mL/min using a syringe pump (New Era Pump
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Systems, Inc., Farmingdale, NY, USA) under gentle stirring at 275 rpm. The CaCl, con-
centration was varied between 2 and 5% (w/v), according to the experimental design. All
CaCl, concentrations were expressed on a weight/volume basis using CaCl,-2H,O. Upon
contact with the CaCl, solution, ionic interactions between Ca* ions and the guluronic acid
residues of alginate resulted in the formation of microparticles through the egg-box gelation
mechanism. The formed microparticles were maintained in the cross-linking medium for
10-30 min (as an independent variable in RSM-BBD). Following gelation, the microparticles
were separated from the cross-linking medium and dried under ambient conditions in a
fume hood.

4.3. Preparation of Alginate-Chitosan Microparticles

Following optimization of the alginate-based formulation using the RSM-BBD ap-
proach, the effect of chitosan incorporation during ionic gelation was investigated under
the optimized formulation conditions. Based on preliminary experiments, chitosan concen-
trations of 0.10, 0.15 and 0.20% (w/v) were selected for further evaluation.

Chitosan solutions were prepared at the selected concentrations in an aqueous solu-
tion containing 10 g/L glacial acetic acid. Following complete dissolution of chitosan, the
pH of the solutions was adjusted using 10 N NaOH. Subsequently, 4.99 g of CaCl,-2H,O
was directly dissolved in 100 mL of each chitosan solution, corresponding to a nominal
concentration of 4.99% (w/v) based on the initial solution volume. The final pH of the
cross-linking medium was adjusted to 4.5. The microparticles were prepared under the
optimized conditions determined by RSM-BBD, corresponding to approximately 1.91%
(w/v) sodium alginate and a hardening time of 23.4 min. Thus, chitosan was incorporated
during microparticle formation rather than being applied as a separate coating to previously
prepared alginate microparticles. The resulting alginate-chitosan microparticles were eval-
uated in terms of encapsulation efficiency to determine the effect of chitosan concentration
on DCF encapsulation.

4.4. Determination of Encapsulation Efficiency and Drug Loading

The encapsulation efficiency (EE) of DCF was determined indirectly by measuring the
amount of non-encapsulated drug remaining in the cross-linking medium after micropar-
ticle formation. The microparticles were separated from the medium after completion of
the gelation process. The amount of free DCF in the collected supernatant was quantified
by UV-Vis spectrophotometry (PG Instruments, T60/Leicestershire, England) at 276 nm.
For quantitative determination, a calibration curve was constructed using DCF standard
solutions at concentrations of 10, 20, 25, 40 and 50 ppm. A linear relationship between
DCF concentration and absorbance was obtained over the investigated concentration range
(10-50 ppm) as described by the regression equation y = 0.0302x + 0.0359, with a coefficient
of determination of R? = 0.9999. The concentration of free DCF in the supernatant was
calculated using this regression equation. The encapsulation efficiency was calculated
according to Equation (2) [26]:

EE (%) = Wl%lwz x 100 (2)

where W, is the total amount of DCF initially added to the formulation (mg), whereas W,
is the amount of non-encapsulated DCF detected in the supernatant (mg).

In addition to the indirect determination of encapsulation efficiency, the drug content

of the dried microparticles was determined directly for the evaluation of drug loading (DL).

For this purpose, approximately 0.07 g of dried microparticles was dispersed in 25 mL of

phosphate buffer (pH 6.8) and subjected to ultrasonication in an ultrasonic bath (Weightlab

Instruments, Istanbul, Tiirkiye) for 20 min until complete dissolution was achieved. The
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DCF concentration in the resulting solution was determined by UV-Vis spectrophotometry
at 276 nm using the corresponding calibration curve.

The amount of encapsulated DCF was calculated from the measured concentration
and extrapolated to the total mass of dried microparticles obtained from each formulation.
DL was expressed as the percentage ratio of the encapsulated DCF mass to the mass of
dried microparticles, as shown in Equation (3). The DCF amount per 50 mg of dried
microparticles presented in Table 3 was subsequently calculated from the corresponding
DL values.

W.
DL (%) = WIZ;: x 100 (3)

where Wpr is the mass of diclofenac sodium determined in the dried microparticles (mg),
and W,,p is the corresponding mass of dried microparticles (mg).

4.5. In Vitro Release Profile of Diclofenac Sodium-Loaded Microparticles

The in vitro release behavior of DCF from the prepared microparticles was investigated
under conditions simulating the gastrointestinal (GI) environment. Simulated gastric
fluid (SGF, pH 1.2) and simulated intestinal fluid (SIF, pH 6.8) were used as the release
media. 0.2 g of DCF-loaded microparticles was placed in 50 mL of the corresponding
release medium and maintained under continuous agitation at 100 rpm. Samples were
withdrawn from the release medium at predetermined time intervals and filtered prior
to analysis. The concentration of released DCF was determined spectrophotometrically
using the corresponding calibration data. After each sampling, the withdrawn volume was
immediately replaced with an equal volume of fresh release medium to maintain a constant
total volume throughout the experiment.

The cumulative amount of DCF released at each time was calculated by taking into
account both the drug concentration in the release medium and the drug removed during
previous sampling steps. The release profiles were expressed as cumulative drug release as
a function of time.

Kinetic Modelling of Diclofenac Sodium Release

The release profiles of DCF from the microparticle formulations in SGF and SIF were an-
alyzed using zero-order, first-order, Higuchi and Korsmeyer-Peppas kinetic models [59,60].
The zero-order model was used to assess approximately constant-rate drug release, whereas
the first-order model was applied to evaluate release behavior dependent on the amount
of drug remaining. The Higuchi model was selected to examine the agreement of the
release data with a square-root-of-time relationship, while the Korsmeyer-Peppas model
was used to characterize the initial-stage release behavior through an empirical power-law
relationship. The coefficient of determination (R?) was used to assess the goodness of fit of
the models; however, a higher R? value was not considered sufficient to establish a definitive
drug release mechanism.

The zero-order model was described by Equation (4):

Qr = Qp + kot (4)

where Q, (mg g~!) is the amount of DCF released at time t, Q; (mg g~!) is the initial amount
of drug in the release medium. k, (mg min~!) is the zero-order release rate constant.
The first-order model was expressed according to Equation (5).

IOgCt = IOgCO — klt (5)

where C; (mg g™!) is the initial amount of DCF associated with the microparticles. C,
(mg g~!) is the amount of drug remaining in the microparticles at time ¢ (min), while k,
(min~1!) is the first-order release rate constant.
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The Higuchi model was applied using Equation (6):

Q= kyt'"? (6)

Korsmeyer—Peppas model was applied according to Equation (7) in order to investigate
the mechanism governing DCF release. Korsmeyer-Peppas model was applied only to
the initial portion of the release profile corresponding to approximately 60% cumulative
drug release. Accordingly, the model was not applied when the cumulative release had
already exceeded 60% at the first sampling point [61]. The calculated n values were used to
assess the contribution of diffusion and polymer relaxation/swelling to the overall release
mechanism [62].

M,
M

where M,;/M,, represents the fractional drug release at time f, K is the Korsmeyer—

= kt" 7)

Peppas kinetic constant. Additionally, n is the release exponent characterizing the
drug-release mechanism.

4.6. Physicochemical and Morphological Characterization of Microparticles

The optimized DCF-loaded alginate microparticles (OPT) and the corresponding 0.2%
(w/v) chitosan-containing formulation (0.2% CS-containing OPT) were characterized by
Fourier-transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM).
FTIR spectra were recorded using a Bruker Tensor 27 spectrometer (Bruker, Ettlingen,
Germany) over the wavenumber range of 4000-400 cm~!. Surface morphology was exam-
ined using a JEOL JSM-6610 scanning electron microscope (JEOL, Tokyo, Japan). Prior to
SEM imaging, the dried samples were coated with a thin layer of gold to ensure adequate
electrical conductivity.

Dynamic light scattering (DLS) and zeta potential analyses were performed on the
liquid fractions collected from the release studies of OPT and 0.2% CS-containing OPT
using a Litesizer 500 instrument (Anton Paar, Graz, Austria). Prior to analysis, the samples
were suitably diluted, and all measurements were conducted at 25 °C. The hydrodynamic
diameter and polydispersity index (PDI) of the dispersed species present in the release
medium were determined by DLS, while their electrokinetic characteristics were assessed
by zeta potential measurements.

4.7. Box—Behnken Experimental Design and Statistical Analysis

A RSM based on a three-factor and three-level Box-Behnken design was employed to
investigate and optimize the formulation parameters affecting the encapsulation of DCF in
alginate microparticles. The experimental design and statistical analyses were performed
using Design-Expert software (version 12.0.1.0, Stat-Ease Inc., Minneapolis, MN, USA).

Three formulation and process parameters (sodium alginate concentration, CaCl,
concentration and hardening time) were selected as independent variables. Each factor was
investigated at three coded levels (—1, 0 and +1) (Table S1). Sodium alginate concentration
was varied from 1.0 to 2.0% (w/v), whereas CaCl, concentration changed from 2.0 to 5.0%
(w/v). Hardening time was between 10 min and 30 min. Encapsulation efficiency was
targeted for maximization, since the main objective of this study was to maximize the
retention of the initially incorporated diclofenac sodium within the alginate microparticles
during the ionic gelation process. EE directly reflects the proportion of the initially added
drug successfully retained in the microparticles and therefore provides a relevant measure
for evaluating the effects of formulation and processing conditions on drug encapsulation.
In contrast, drug loading represents the amount of incorporated drug relative to the final dry
mass of the microparticles and is consequently influenced by both drug retention and the
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mass of the resulting polymeric matrix. Therefore, DL was evaluated as a complementary
formulation performance parameter rather than an additional optimization response. This
approach allowed the optimization to focus specifically on drug retention while separately
assessing the drug content of the resulting microparticles. The RSM-BBD generated a total of
17 experimental runs with 5 replicates at the center point. Each experimental condition was
independently prepared in triplicate (1 = 3) to evaluate experimental reproducibility. For
each independently prepared formulation, three technical measurements were performed
using UV-Vis spectrophotometry. The technical measurements were averaged to obtain
the EE of each independent formulation. The reported EE values represent the means
of three independently prepared formulations rather than single measurements. The
distinction between independent experimental replicates and technical measurements
was maintained to avoid treating repeated instrumental measurements as independent
experimental observations. Some parameters were maintained constant to minimize the
influence of uncontrolled process variations. The amount of DCF was fixed at 0.01 g. The
dispensing rate was kept constant at 3.5 mL/min, while the stirring speed of the cross-linking
medium was 275 rpm.

The relationship between the selected independent variables and EE was evaluated
by fitting the experimental data to an appropriate polynomial model. Analysis of variance
(ANOVA) was performed to assess the statistical significance of the fitted model and indi-
vidual model terms. Model adequacy was evaluated using the coefficient of determination
(R?), adjusted R?, predicted R? and lack-of-fit test. Statistical significance was considered
at p < 0.05. Additionally, Pareto charts and contour plots were generated using Minitab
Statistical Software (version 22, Minitab LLC, State College, PA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels12110994/s1, Table S1: Independent variables and their coded
levels and response variable used for the optimization of DCF-loaded alginate microparticles; Table S2:
Analysis of variance for the quadratic model of encapsulation efficiency; Table S3: RSM-based nu-
merical optimization of DCF-loaded alginate microparticles and comparison of the predicted and
experimental encapsulation efficiency under the optimal conditions.
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