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Abstract

Curcumin is a bioactive compound with strong antioxidant properties, yet its application is limited by low aqueous
solubility and instability against chemical and metabolic degradation. To enhance its functional performance, curcumin
was encapsulated using alginate-chitosan as wall materials assisted by ultrasonic homogenization. Process optimization
was conducted through Response Surface Methodology (RSM) with Central Composite Design (CCD), considering
sonication time (X;) and ultrasonic power (X;) as independent variables. The analysis of the optimization process
demonstrated that the maximum encapsulation efficiency and swelling ratio were realized after 10 min of sonication at a
power of 210 W. Compared to the non-ultrasonicated microcapsule, ultrasound treatment significantly enhanced
encapsulation efficiency, reduced particle size, and improved homogeneity of the emulsion. Characterization using FTIR
confirmed stronger molecular interactions between alginate, chitosan, and curcumin under ultrasound conditions, while
SEM micrographs showed rougher surfaces with cracks that facilitated structural integrity. Particle size analysis (PSA)
indicated a narrower and more uniform size distribution in the ultrasound-treated samples. Furthermore, the release
kinetics analysis was well-fitted to the Peppas-Sahlin model, suggesting a dominant diffusion-controlled mechanism.
These results indicate that ultrasonic treatment plays a role in influencing the encapsulation properties of curcumin,

although further research is needed to fully understand its effect on the release profile of bioactive substances.
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Introduction

Curcumin, also known as diferuloylmethane (1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione), is a hydrophobic polyphenol obtained from the
rhizomes of Curcuma spp. and has different bioactive
properties. Alongside their structural analogue,
collectively referred to as curcuminoids, they display
robust antioxidant, anti-inflammatory, antimicrobial,
and anticarcinogenic attributes with low oral toxicity
[1]. The poor water solubility and sensitivity of
curcumin to chemical and metabolic degradation, which
results in restricted oral bioavailability, makes it
difficult to formulate it as a medicinal drug. Several
strategies such as encapsulation have been proposed to
overcome these limitations [2].

Encapsulation is a widely used technique that
involves covering a substance with an external
membrane or coating to prevent biochemical and
thermal deterioration of volatile, bioactive, and rapidly
degradable substances [3]. This technique enhances the
physical activity, solubility, and bioavailability of
bioactive compounds [4]. During encapsulation, the
enclosed substance is known as the core material,
whereas the substance encapsulating it is referred to as
the carrier or coating material. The core material may
comprise a mixture of active constituents, stabilizers,
diluents, or accelerators. Coating materials, derived
from natural or synthetic polymers, form cohesive films
with  properties such as strength, flexibility,
impermeability, optical characteristics, and stability

against the core material [5].
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Alginate is commonly used in various biomedical
applications including drug delivery, tissue engineering,
and formulation to prevent gastric reflux [6]. Alginate
can form hydrogels using a variety of cross-linking
techniques, such as ionic modification, which is based
on the ability of guluronate to bind cations (“egg-box”
model) [7]. Pure alginate hydrogels exhibit a low
viscoelasticity and high permeability. Composite
hydrogels of alginate with other natural and synthetic
polymers have been utilized to enhance its
physicochemical properties. Alginate effortlessly forms
a polyelectrolyte complex with polycations, such as
chitosan,  demonstrating  synergistic =~ chemical,
rheological, and mechanical properties. These hydrogels
show promise for encapsulating drugs, oligonucleotides,
proteins, and cells. Over a wide pH range, these polymer
combinations yielded strong composite hydrogels with
notable mechanical strength and  viscoelastic
characteristics [8]. Moreover, the alginate-chitosan
complex yielded smaller particles, increasing the
specific surface area for enhanced drug absorption on
the epithelial surface [9].

The process of encapsulating bioactive
compounds depends on the formation of a complex
coacervation between polysaccharides and proteins.
This interaction involves intermolecular interactions,
such as hydrogen bonding, electrostatic repulsion, and
surface hydrophilicity [10]. Multiple encapsulation
methods exist for enclosing the active ingredients, and
each method influences the final characteristics and
microparticle properties [11]. Among these methods,
spray drying is a commonly used technique for food
encapsulation, which requires wall materials with
excellent water solubility and heat resistance; however,
its use may lead to agglomeration issues [12]. In
contrast, freeze-drying, although simpler than other
techniques, entails high costs and remains prevalent for
producing high-value food products [13,14]. Despite
challenges in scalability and reduced post-process
viability, extrusion is based on passing a polymer
solution with active ingredients through a nozzle into a
gelling solution [14,15]. Coacervation, especially the
complex coacervation method, offers stability under
various conditions, such as high coating activity,
humidity, elevated temperatures, and controlled release

in the gastrointestinal system; however, its limited use

in the food industry is due to complexity and cost factors
[12].

Ionic gelation has been used to synthesize polymer
micro-and nanoparticles for biomedical applications.
This method is relatively simple and flexible for the
production of particles of various sizes [16]. Among the
advantages and disadvantages of encapsulation
methods, the ionic gelation method is intriguing for
further development, as it effectively protects bioactive
compounds, is non-toxic, and is environmentally
friendly. Encapsulation using ionic gelation method
typically begins with the formation of an emulsion of
bioactive substances with a wall material. The formation
of core-shell materials in ionic gelation techniques is
typically elaborate. Furthermore, core-shell materials
synthesized using the ionic gelation method have been
reported to have low stability and larger and non-
homogeneous droplet sizes [17]. Ultrasonic treatment
can be used to address the challenges associated with
ionic gelation. Ultrasonics have been effective in
significantly reducing emulsion droplet sizes to the
nanoscale level [18].

Ultrasounds,  produced by  piezoelectric
transducers that convert electrical pulses into acoustic
energy waves, induce cavitation and form gas bubbles.
This cavitation effect breaks oil droplets into smaller
sizes [19]. Ultrasound considerably reduces
homogenization time compared to conventional
methods, leading to improved flavour encapsulation in
the wall material [20]. Numerous studies have
confirmed the significant effects of ultrasound on
protein particle size, uniformity [21], charge [22],
conformational changes, sensitivity to enzymatic
hydrolysis [21], and functional properties [23].
Additionally, ultrasound alters the structure and
functional properties of polysaccharides, enhancing
various  characteristics, such as antioxidant,
anticoagulant, prebiotic, anti-inflammatory, and
physicochemical traits [24].

This study introduces a novel method to improve
the quality of curcumin microencapsulation using
ultrasonic-assisted homogenization conditions.
Furthermore, the optimization of ultrasonication
technology for curcumin encapsulation has not been
widely performed. This study employed Response
Surface Methodology (RSM) using a Central Composite
Design (CCD) to systematically optimize sonication
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parameters, specifically time and power, to
simultaneously improve the encapsulation efficiency
and swelling ratio of the resulting microcapsules. The
use of ultrasonication not only reduced the droplet size
and improved the emulsion uniformity but also
overcame the inherent limitations of ionic gelation, such
as poor stability and large and heterogencous particle
size. Furthermore, this study presents a comprehensive
characterization of microcapsules through SEM, FTIR,
and particle size analysis, and evaluates the release
profile of encapsulated curcumin. These results provide
a basis for the development of controlled-release
delivery systems for food and pharmaceutical

applications.

Materials and methods

Materials

Curcumin extract was obtained from SIGMA-
Aldrich, alginate (molar mass 216.12 g/mol with CAS
Number 9005-38-3 SIGMA-Aldrich, USA), chitosan
(75% - 85% degree of deacetylation, molar mass 50,000
- 190,000 Da with CAS Number 9012-76-4 SIGMA
Aldrich, USA), soybean oil was obtained from Sania
Royale Oil (PT Wilmar Internasional, Indonesia), acetic
acid (CAS Number 64-19-7 SIGMA Aldrich, USA),
tween 80 (CAS Number 9005-65-6 SIGMA Aldrich,
USA), and calcium chloride (CAS Number 10043-52-4
SIGMA Aldrich, USA).

Preparation of the curcumin microcapsule

The encapsulation process involves a 2-step
procedure for particle preparation. Initially, sodium
alginate (2 %w/v) was dissolved in 100 mL of distilled
water and stirred at 500 rpm for 45 min at approximately
+ 30 °C. Simultaneously, a curcumin solution was
prepared by mixing 1% weight of curcumin extract with
30 mL of soybean oil until a homogeneous mixture was
obtained. Subsequently, 0.5% Tween 80 and curcumin
oil were added to the alginate solution. The combined
solution were continuously mixed using a homogenizer
for 20 min. Subsequently, the solution underwent
sonication using ultrasound (Biostellar BSD 650 W) at
various time intervals (6 - 12 min) and power levels (100
- 300 W). In the second step, chitosan (1 %w/v) was
dissolved in 100 mL acetic acid solution at pH 5 and
stirred at 500 rpm for 45 min at approximately + 30 °C.
The chitosan solution was then added to the solution

obtained in the first step at a volume ratio of 1:1 (v/v).
The resulting mixture was homogenized for 15 min until
a uniform solution was obtained. This homogenous
solution was then injected into a 0.2 M CaCl, solution
while being constantly stirred. The formed particles
were allowed to remain in the cross-linking solution for
30 min to ensure stabilization. Subsequently, they were
separated via filtration and dried at room temperature for
48 h.

Encapsulation efficiency

Encapsulation efficiency was assessed by
quantifying the quantity of bioactive substances that
remained unconfined within the alginate-chitosan beads
after immersion in a CaCl; solution. In this instance, the

encapsulation efficiency is denoted as:

EE (%) = %xloo (1)

where Qt is the quantity of bioactive curcumin and Qr is
the bioactive curcumin present in the CaCl, solution
after encapsulation. Calculations were conducted in

triplicate.

Swelling analysis
The swelling was assessed using a pH 7 buffer
solution. The swelling percentage was calculated using

the following formula:

W - Wy
d

Swelling ratio =

2

where W, represents the weight of the bead when wet
and Wy denotes the weight of the bead when dry.

Calculations were conducted in triplicates.

Particle size analysis

The particle size was measured using a Laser
Particle Size Analyzer (PSA) LLPA-C10. Initially,
samples were weighed and placed in a cuvette. The
Aqua Pro injection was added to a cuvette containing the
sample. Subsequently, a cuvette containing the sample
and aqua pro injection was inserted into the tool holder
of the Particle Size Analyzer for analysis.
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SEM analysis

The surface structure of the curcumin-
encapsulated material was investigated using a SEM
JEOL JSM-6510LA instrument. Before conducting the
analysis, the samples were subjected to gold
metallization using a sputter-coating unit. During the
examination, the SEM was set to a magnification of
1.500x to observe the surface morphology of the
samples.

FTIR analysis

The best encapsulation outcomes were examined
using a Perkin Elmer Spectrum IR 10.6.1
spectrophotometer (Perkin Elmer Inc., US). This
analysis aimed to identify the functional groups present
and characterize their properties within the spectral
range of 4,000 - 400 cm .

Curcumin release kinetics study

The release of bioactive curcumin during
encapsulation was investigated in pH 1.2 and 6.8
solution. A full 24 h of immersion was required for 0.2
g of the best formulation of encapsulated curcumin in 30
mL of a pH-different solution. To determine the
bioactive release in curcumin at each time interval, 5 mL
of the sample was analyzed using a spectrophotometer
Genesys 50 UV-Vis at a wavelength of 423 nm. Three
different mathematical models were used to determine
the mechanism of curcumin release from the beads. To
calculate all models, experimental data were required
from the amount of bioactive compounds released at
equilibrium time (M) and time t (M;), which was then
calculated using the following the empirical equation:

Higuchi model:

M
Meq

= kyt*? 3)

where ki denotes the Higuchi coefficient. If the
correlation coefficient value is high for the fitting, it can
be interpreted that the main mechanism of the release of
bioactive compounds is the diffusion release mechanism
[25].

Ritger-Peppas model:

M,
MC

=Kk, t" @)

q

where k; denotes the release rate constant based on the
structural and geometric characteristics of the release
system and # is the diffusion exponent. If n < 0.43, the
release mechanism is a molecular-diffusion-based
bioactive compound release mechanism, whereas if n >
0.85, it is a relaxation-based bioactive compound release
mechanism during bioactive transport, which includes
tension and state transitions in the polymer swells in
water. If 0.43 <n< 0.85, the release of bioactive
compounds is controlled by diffusion, followed by
relaxation [25].

Peppas-Sahlin model:

Mg tm 4 k2 (5)

€q

This release kinetics model was applied to the
diffusion and relaxation release mechanisms in
curcumin release processes. The F value represents the
contribution of Fickian diffusion to the release of a
bioactive compound, whereas the R value represents the
relaxation contribution. The R/F ratio indicates the
contribution of relaxation and Fickian diffusion to the
drug release. When R/F = 1, erosion (relaxation) and
diffusion contribute equally to the release mechanism. If
R/F > 1, relaxation (erosion) dominates, while for R/F <
1, diffusion dominates. The relaxation ratio (R) vs. the
Fickian contribution (F) was calculated as follows:

R_ky ™
Pk (6)

where ko is the relaxation kinetic constant obtained from
the Peppas-Sahlin equation and kijis the Fickian
diffusion rate constant [25].

Experimental design and process optimization

In the initial stage, pre-optimization screening was
carried out at sonication time range of 0 - 15 min and
power of 0 - 500 W to determine the variable limits.
Response Surface Methodology (RSM) using a Central
Composite Design (CCD) was employed to investigate
the relationship between 2 variables (ultrasound time
and power). The experimental design is summarized in
Table 1. The variations in time (X;) and power (X3) of
sonication were chosen as independent variables. The
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independent variables were set at a sonication time of 6
- 12 min and a sonication power of 100 - 300 W. For a
combination of independent factors, the encapsulation
efficiency and swelling degree were chosen as the

responses. The real values of the independent variables

Table 1 Independent variable from design of experiment (DoE).

must be translated into coded variables (—1, 0 and +1)
for analysis using the response surface approach.
Statistica 6.0 software was used to carry out the
RSM/CCD study.

Variable Code
Run

Time (min) Power (W) X1 X2
1 6 100 -1 -1
2 6 300 -1 1
3 12 100 1 -1
4 12 300 1 1
5 4.8 200 -1.414 0
6 13.2 200 1.414 0
7 9 59 0 —1.414
8 9 341 0 1.414
9 9 200 0 0
10 9 200 0 0
11 9 200 0 0
12 9 200 0 0
13 9 200 0 0

Results and discussion

Effect of time and power sonication of
curcumin encapsulation

The encapsulation of curcumin by ultrasound
treatment was conducted to analyze the encapsulation
efficiency and swelling to examine the impact of
The effects of

ultrasound time and power on encapsulation efficiency

ultrasound time on these factors.

were evaluated over a time range of 0 - 15 min (Figure
1(a)). The results showed that optimum encapsulation
efficiency and swelling ratio were obtained after 9 min
[26] that
significantly the

of sonication. Ren et al reported

ultrasonication  can improve

encapsulation efficiency with increasing sonication

time. Acoustic cavitation generated by ultrasonic waves
can alter macromolecular structures and enhance
macromolecular interactions. The mechanical effect of
acoustic cavitation can also increase the mass transfer
rate, contact frequency, and collisions between the shell
and core, thereby enhancing encapsulation efficiency
[27]. Although increasing the sonication time can
enhance encapsulation efficiency, Huang et al. [28]
suggested that an increase in sonication time may lead
to a decrease in encapsulation efficiency. The ultrasonic
cavitation effect may increase the probability of droplet
rupture and delamination of the core-shell structure of
composite particles, resulting in more loaded drug

leakage and reduced encapsulation efficiency.
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Figure 1 Effect of sonication time and power on encapsulation efficiency and swelling ratio.

Furthermore, Figure 1(b) shows the effect of
ultrasonication time on the swelling ratio. In the range
of 0 - 9 min, the swelling ratio increased from 0.74 g/g
to a maximum of 1.76 g/g. However, at 12 - 15 min, the
value decreased from 1.69 to 1.46 g/g. With increasing
ultrasound duration, the swelling ratio initially increased
and then decreased. The increase in duration triggered
the thermal effect of ultrasonic waves, promoting
intermolecular motion and exposing hydrophilic groups,
so that the swelling ratio increased to an optimum point
[29]. However, excessive ultrasound processing can
result in the merging of previously formed droplets,
which is known as recoalescence. This phenomenon
diminishes the efficacy of encapsulation and leads to an
increase in droplet size, thereby reducing the ability of
the particle to swell effectively [30]. The swelling ratio
typically increased as the particle size decreased [31].

In Figure 1(c), it can be observed that within the
power range of 0 - 200 W. The highest encapsulation
efficiency of 85.98% was achieved at 200 W. Ren et al.
[26] stated that ultrasonication can significantly enhance
encapsulation efficiency with increasing sonication
power. Acoustic cavitation and the mechanical effects
of acoustic cavitation played a role in this improvement.
However, an increase in sonication power can also lead
to a decrease in encapsulation efficiency owing to the
ultrasonic cavitation effect, increasing the probability of
droplet rupture and delamination of the core-shell

structure of the composite particles [28].

Figure 1(d) illustrates the influence of
ultrasonication power on the swelling ratio. Within the
power range of 0 - 200 W, the ratio rose from 0.74 to
1.76 g/g. In contrast, at a higher power level of 300 - 500
W, the ratio decreased from 1.55 to 1.02 g/g. Increasing
the ultrasonication power tends to enhance the swelling
ratio owing to increased sonic cavitation [32]. However,
excessive ultrasound processing can result in the
merging of previously formed droplets, which is known
as recoalescence. This phenomenon diminishes the
efficacy of encapsulation and leads to an increase in
droplet size, thereby reducing the ability of particles to
swell effectively [30]. The swelling ratio typically

increased as the particle size decreased [31].

Prediction adequacy of models

Curcumin was encapsulated into alginate-chitosan
beads assisted by ultrasound. Subsequently, RSM was
used to fine-tune the operating parameters of the time
(X1) and power (X>). The experimental error (pure error)
and data reproducibility were determined using the
center point (run 9 - 13). To predict the encapsulation
efficiency and swelling ratio, 2 equations, including 1st
order (linear) and 2™ order (quadratic), were assessed.
Table 2 shows a comparison of the linear and quadratic
results in predicting the encapsulation efficiency and
swelling ratio with respect to the sum of squares

analysis.
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Table 2 Experimental design optimized encapsulation efficiency and swelling ratio using ultrasound.

Power Experimental values Predicted values
Run Time (min)
(W) %EE Swelling ratio (g/g) %EE Swelling ratio (g/g)
1 6 100 70.281 1.221 70.477 1.229
2 6 300 71.515 1.249 71.759 1.245
3 12 100 75.613 1.377 75.438 1.382
4 12 300 79.277 1.545 79.151 1.539
5 4.8 200 72.984 1.354 72.687 1.351
6 13.2 200 81.193 1.666 81.421 1.667
7 9 59 69.592 1.137 69.592 1.128
8 9 341 73.194 1.242 73.125 1.250
9 9 200 85.678 1.757 85.947 1.752
10 9 200 85.976 1.754 85.947 1.752
11 9 200 86.356 1.747 85.947 1.752
12 9 200 85.559 1.746 85.947 1.752
13 9 200 86.163 1.755 85.947 1.752

Table 3 Sum of square in the analysis of variance of encapsulation efficiency and swelling ratio.

Dependent Sum of Mean
dF

variables Source squares Square Fvalue p-value R?
YUEE Quadratic 455.1 2 227.55 2436.65 <0.0001 0.9988 Suggested
Cubic 0.2804 2 0.1402 1.88 0.2465 0.9993 Aliased
Swelling Quadratic 0.6023 2 0.3011 5249.61 <0.0001 0.9994 Suggested
ratio Cubic 0.0003 2 0.0001 7.07 0.0349 0.9999 Aliased

According to the sum of squares of the models
(Table 3), the quadratic equation was found to be the
best match for the encapsulation efficiency and swelling
ratio because the p-values for these models were less
than 0.05, and were not aliased. The resulting
encapsulation efficiency equation in terms of the coded
factor is as follows:

Y, =8.75 + 9.50X, + 0.29X,+ 0.002025X, X, - 0.49X? - 0.0007X,> @)

and the equation for swelling ratio is as follows:

Y, =-0.68+0.26X;+ 0.011X,+ 0.00012X, X, - 0.014X3 - 0.00003X,>  (8)

where Y’ is the encapsulation efficiency, and Y is the
swelling ratio. X; and X, represent time and power
variables, respectively. A positive sign indicates a
synergistic effect and a negative sign indicates an
antagonistic effect [33]. Thus, it can be seen that X, Xo,
and X;X, have a significant influence on the
encapsulation efficiency and swelling ratio, whereas X;?
and X,? have small impacts. The results will increase to
a certain level as time and power increase. However,
because the quadratic effect and interactions between
independent variables have a negative effect, under
certain variable conditions, the encapsulation efficiency

and swelling ratio value will tend to decrease.
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Table 4 Analysis of variance (ANOVA) for response surface quadratic model.

Dependent Sum of Mean p-value
Variable Source Squares Square I Value Prob>F
Model 545.34 5 109.07 1167.92 <0.0001 significant
Xi-Time 76.28 1 76.28 816.84 <0.0001
Xo-Power 12.48 1 12.48 133.64 <0.0001
X1Xo 1.48 1 1.48 15.81 0.0054
X2 136.91 1 136.91 1466.03 <0.0001
Xa? 369.09 1 369.09 3952.31 <0.0001
YuEE Residual 0.6537 7 0.0934
Lack of Fit 0.2899 3 0.0966 1.06 0.458 not significant
Pure Error 0.3638 4 0.0909
Cor Total 545.99 12
Std. Dev 0.3056
R? 0.9988
RZadjusted 0.9979
R?predicted 0.9952
Model 0.7217 5 0.1443 2516.38 < 0.0001 significant
Xi-Time 0.0997 1 0.0997 1738.67 < 0.0001
Xs-Power 0.0148 1 0.0148 258.61 < 0.0001
XXz 0.0049 1 0.0049 85.42 <0.0001
X2 0.1024 1 0.1024 1785.5 <0.0001
X3? 0.5516 1 0.5516 9616.03 <0.0001
Swelling ratio Residual 0.0004 7 0.0001
Lack of Fit 0.0003 3 0.0001 4.09 0.1037 not significant
Pure Error 0.0001 4 0
Cor Total 0.7221 12
Std. Dev 0.0076
R? 0.9994
R2adjusted 0.9990
R?predicted 0.9968

The relevance and fitness of the quadratic model
were also determined using analysis of variance
(ANOVA) and significance was judged by the p-value
calculated from the data. When the p-value was smaller
than 0.05, the main factors significantly affected the
response. The p-value (probability of error value) is a
tool for determining the significance of each regression
coefficient and its interaction impact, as well as the
interaction effect of each variable. The greater the

significance of the associated coefficient, the lower the

p-value [34]. Based on the ANOVA results in Table 4,
the quadratic model proved significant. The quadratic
effect of all independent variables significantly affected
the encapsulation efficiency and swelling ratio (p <
0.05). The lack-of-fit F-values for efficiency (1.06) and
swelling (4.09) indicated that the error was insignificant,
with the probability of occurrence owing to noise being
45.80% and 10.37%, respectively. The high R-square
values of 99.87% and 99.94%, respectively, indicate the
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accuracy and robustness of the model in representing the
data.

Based on the Pareto diagram (Figures 2(a) and
2(b)), the

independent variables were significant. The negative

linear and quadratic models of the
quadratic effect indicated that excessive increases in the

independent  variables

actually  decreased the
encapsulation efficiency and swelling ratio. Conversely,

the positive linear effects of the sonication time (X;) and

. |sesnz|

power (X>) indicated that increasing these 2 variables
could improve the encapsulation efficiency and swelling
ratio. Figure 2(c) and d confirm that the developed
model is highly accurate in predicting the encapsulation
efficiency and swelling ratio. Data points located on or
near the diagonal line (Y = X) indicate that the model
fits the experimental data and the experimental residuals
are normally distributed, ensuring that each point
distribution is a good approximation [35].

=
Standardized Effect Estimate (Absolute Value)
(a)

Figure 2 The influence of time (X1) and power (X>) on the (a) encapsulation efficiency and (b) swelling ratio is depicted

in a pareto diagram; predicted (c) encapsulation efficiency; and (d) swelling ratio against observed (experimental).

Correlation of significant factor affecting
encapsulation efficiency and swelling ratio

Figures 3 and 4 show that sonication time and
power affect the encapsulation efficiency and swelling
ratio of the curcumin beads and microcapsules.

Increasing either variable generally improved both
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Figure 3 Time vs power (a) 3D surface; (b) contour plots

encapsulation efficiency.

responses, but excessive sonication or ultrasonic
intensity decreased them. The highest encapsulation
efficiency (86.56%) and swelling ratio (1.781 g/g) were
achieved after 10 min of sonication at 210 W, which was

the optimal condition for curcumin beads.
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Figure 4 Time vs power (a) 3D surface; (b) contour plots and power vs time (c) 3D surface; (d) contour plots of the

swelling ratio.

Model validation and optimization of
encapsulation efficiency and swelling ratio

Validation was performed to ensure that the model
and optimization results were obtained in triplicate. The
experimental values were compared with the predicted

values. The experimental results of the model validation

0.520% for encapsulation efficiency and 0.795% for
swelling ratio. The optimization results and simulation
revealed that the difference between the predicted value
and the actual value was less than 5%, indicating that the
correlation was good and that the optimization of the

response surface methodology for predicting the

and predictive values are listed in Table 5. The encapsulation efficiency and swelling ratio was
experimental encapsulation efficiency and swelling appropriate and feasible [35].
ratio using the model had only minor margins of error of
Table 5 Validation of experimental and predictive values under various operating conditions.
Dependent Factor Response (%EE)
Variable Time (min) Power (W) Observed Predicted Residual Error (%)
10 210 87.185 86.560 0.625 0.717
%EE 10 210 87.951 86.560 1.391 1.582
10 210 85.925 86.560 —0.635 —-0.739
Average 0.520
10 210 1.830 1.781 0.049 2.678
Swelling ratio
10 210 1.783 1.781 0.002 0.135
(g/?)
10 210 1.773 1.781 —0.008 —0.429
Average 0.795

Particle size analysis
Particle size is typically the most critical

characteristic used to reflect the physicochemical

qualities of encapsulated materials for targeted nutrition
and medicinal applications. Figure 5 shows the particle

size of the microcapsules.
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Figure 5 Particle size distribution of microcapsule under different conditions (ultrasound & non-ultrasound).

Ultrasound has been proven to be an effective
technique for decreasing the particle size of
homogenized complexes [36]. Their application notably
decreases particle interactions, leading to substantial
reductions in size [37]. According to Ding et al. [38], the
rupture of non-covalent connections and disruption of
protein aggregates as a result of the turbulence effect,
cavitation, and strong shearing force caused by
ultrasonic intensity are most likely responsible for the
reduction in particle size after sonication treatment. In
both the samples, the particle size distribution was
unimodal, indicating a uniform distribution. However,
the particle size distribution from the ultrasound
treatment exhibited a narrower range than to that of the
non-ultrasonicated  sample.  Ultrasound  reduces
repulsive forces and steric hindrances between
molecules, thereby compacting the structure and
decreasing particle size [39]. Additionally, the shear
force resulting from bubble bursts owing to ultrasonic
cavitation breaks down larger polymers, effectively
reducing the molecular weight of the particles. This
results in a narrower molecular weight distribution and,
consequently, a decreased particle size [40].

Wang et al. [41] reported that the absence of
ultrasonic treatment resulted in a sample with bimodal
particle size distribution, indicating an irregular
distribution of particle sizes. The introduction of
ultrasonic treatment led to a reduction in the particle
size, which was attributed to the shock waves generated
by particle collisions within the emulsion and the

collapse of cavitation bubbles. Qu et al. [42] supported

this by asserting that ultrasonic treatment caused a
decrease in microcapsule particle size. This is attributed
to the potential of ultrasound to reduce the repulsive
force and steric hindrance between molecules, resulting
in a denser particle structure [43]. Additionally, Feng et
al. [44] observed that appropriate ultrasonic treatment

significantly reduced the particle size of nanodispersion.

FTIR analysis

The results of the FTIR analysis are shown in
Figure 6. For comparison, FTIR analysis was
performed on the best curcumin encapsulation and
curcumin encapsulation without ultrasound treatment.
In Figure 6(a), the FTIR spectra of alginate and chitosan
show the OH stretching at 3,367 cm™!. The presence of
the N-H bending vibration at the 1,617 cm™! indicated
the primary amino group of chitosan [45]. The peak at
1,426 c¢cm™' indicates symmetric vibration of the
carboxylate group (—COO~) [46]. Furthermore, low-
intensity peaks were observed at 1,078 cm™!, indicating
the presence of phosphate groups (P=0) [47]. The FTIR
spectrum of curcumin in Figure 6(b) displays infrared
absorption peaks at wavelengths of 3,294 cm™' (O-H),
indicating the presence of free hydroxyl groups [48].
The absorption peak at 2,910 cm™' signifies the C-H
bonds in the aromatic rings [49]. Moreover, several
other notable peaks are evident in the curcumin spectra,
such as those at 1,631 cm™' (C=C aromatic), 991 cm™
(C-O-C stretching), and 758 cm™! (C-H aromatic ring)
[45].
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Figure 6 FTIR spectrum for (a) alginate/chitosan; (b) curcumin; (c) alginate/chitosan/curcumin (non-ultrasound); (d)

alginate/chitosan/curcumin (ultrasound).

As can be seen in Figures 6(c) and 6(d), it was
discovered that the vibrations of the C-H bond stretching
[50], C-O-C stretching [45], and C-H bond stretching of
the aromatic compounds in the curcumin [45]
compounds in the curcumin [45] were responsible for
the adsorption band widths between 2,922, 1,015, 1,028
and 714 cm™'. This indicated that curcumin was
encapsulated in the alginate-chitosan wall material. The
characteristics of the functional groups of curcumin
appeared to have been slightly affected by ultrasound
treatment, as shown in Figures 6(c) and 6(d). As shown
in the spectrum in Figure 6(d), the alginate-chitosan-
curcumin treated with ultrasound exhibited a greater
peak intensity at 714 cm!, which revealed the C-H
bond. In addition, the peak at 1,742 cm™' representing
the stretching vibration of the carbonyl group (C=0) of
the soybean oil ester structure decreased in intensity
after ultrasonication. Changes were also observed in the
peak at 1,603 cm™! which shifted to 1,588 cm™' which

corresponding to the vibration of the aromatic C=C and

SEM analysis

The surface morphology of the
alginate/chitosan/curcumin beads was observed by SEM
(Figure 7). SEM analysis allows the identification of
cracks, pores, or changes in particle shape, the
morphological structure of which greatly influences the
stability and effectiveness of the product. SEM analysis
was performed on the best curcumin encapsulation
results and curcumin encapsulation without ultrasound

treatment for comparison. In Figure 7(a), it can be seen

C=0 groups of the diketo structure of curcumin. This
shift reflects the increased homogenization and
interaction between the lipid phase and curcumin due to
increased hydrogen bonding and electrostatic
interactions by sonication [39]. The more stable state of
the hydrogen bonds reflects an increase in the
interaction of the bioactive compound with the wall
components. In other words, the ultrasonic treatment
induces stronger hydrogen bonds between these
components, which can improve [51]. According to Liu
et al. [39], the physical forces of mechanical action from
ultrasound can increase the rates of mass transfer,
increasing the frequency of contact and collision
between bioactive compounds and the wall material,
thereby improving encapsulation efficiency. Liang ef al.
[52] noted that the encapsulation of bioactive substances
within  polysaccharides = matrices  strengthens
intermolecular hydrogen bonds, leading to a significant

increase in peak intensity.

that the alginate/chitosan/curcumin beads had a rough
surface without cracking. As shown in Figure 7(b), the
alginate/chitosan/curcumin beads had a crack on the
surface. This can be attributed to the effects of
ultrasound. Ultrasound is a versatile tool that can be
finely adjusted across a wide frequency range, allowing
precise control of the intensity and occurrence of
cavitation events. This adaptability enables its
application in regulating material characteristics,
including the particle size, surface roughness, and
internal structure [51].
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(ultrasound).

SEM results revealed alterations on the surface of
the sample beads subjected to ultrasound treatment. The
changes observed on the bead surface can be attributed
to cavitation, which generates elevated stresses and
shear forces. This leads to the mechanical degradation
of the amorphous layer in the wall material, ultimately
reducing the particle size and resulting in numerous
cracks on the bead surface. This phenomenon causes the
disruption of glycosidic bonds and degradation of the
carboxyl groups in alginate, causing the particle
structure to relax and providing a larger space for the
surrounding medium to penetrate the particles [53].
Furthermore, the cracks allow solvent entry more easily,
accelerating the diffusion of curcumin out of the matrix,
thus promoting the initial burst release. This effect can
be advantageous for certain functional applications such
as active substance delivery systems that require rapid
release in the initial phase [54]. Similar instances of
cracks were documented by Inui et al., where
ultrasound-treated samples experienced damage due to
ultrasound cavitation [55]. Ultrasonic treatment causes
rupture and mechanical damage of beads through the
collapse of cavitation bubbles, inducing high-pressure
gradients and high local velocities of liquid layers in
their vicinity, resulting in shear forces capable of
damaging beads. This phenomenon was noticeable in
the FTIR absorption spectrum, characterized by an

!, which is consistent with

intensified peak at 714 cm”™
the observations reported by Prasetyaningrum et al.
[56]. However, cracking negatively affect the shelf life

of microcapsules. Cracks in capsule walls open

pathways for oxygen, water vapor, and light, which can
accelerate curcumin degradation during storage. This
reduces the effectiveness of encapsulation in protecting
the active compounds from environmental conditions.
Therefore, cracking must be controlled by optimizing
the intensity and duration of ultrasonication.

Curcumin release study

The cumulative release of bioactive curcumin
from alginate-chitosan beads was studied in simulated
gastric (pH 1.2) and intestinal (pH 6.8) fluids for 24 h.
The release of bioactive curcumin from alginate-
chitosan beads at pH 1.2 and 6.8 for 24 h is shown in
Figure 8. The release of bioactive curcumin was faster
at pH 6.8 than at pH 1.2. Alginate is sensitive to pH.
Alginate expands at alkaline pH and shrinks at acidic
pH. When the drug is coated with alginate, it is protected
from the impact of the acidic environment of the
stomach and delivered directly to the intestines [57]. At
acidic pH, the alginate-chitosan beads showed low
release because alginate was protonated and produced
an insoluble form of alginic acid. Chitosan blocks this
release, and the positively charged groups interact
strongly with alginate, thereby preventing the release of
bioactive curcumin. When the pH was increased to 6.8,
the release of bioactive curcumin was higher than that at
pH 1.2. This is associated with the speed of degradation
of alginate-chitosan beads, where the speed of
degradation of alginate-chitosan beads increases with

increasing pH value.
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Figure 8 Release study of curcumin at pH 1.2 and 6.8.
Table 6 Release kinetics of curcumin bioactive compounds.
Higuchi Ritger-Peppas Peppas-Sahlin
Kn R? ki R? ki k2 m R/F R?
pH 1.2
Ultrasound 1141  0.953 20.13 0.271 0.993 24.74 0.23 0.15 0.0088  0.999
Non-ultrasonicated 9.35 0.984 12.59 0.383 0.991 16.85 0.19 0.19 0.0112  0.999
pH 6.8
Ultrasound 2237  0.889 49.93 0.176 0.999 50.32 0.02 0.18 0.0004  0.999
Non-ultrasonicated 21.76  0.894 47.32 0.177 0.999 50.47 0.08 0.14 0.0023  0.999

Table 6 shows that ultrasound-encapsulated beads
had an enhanced release rate compared to non-
ultrasound beads. This enhancement was attributed to
the disruption of polymer bonds by sonication, thereby
reducing the protective capacity of curcumin. Similar
observations have been reported by Wardhani et al. [58].
The kinetic parameters of curcumin release from the
alginate-chitosan hydrogel beads were analyzed using
the Ritger-Peppas, Peppas-Sahlin, and Higuchi models.
The Ritger-Peppas and Peppas-Sahlin models showed
better statistical fit with high correlation coefficients
than the Higuchi model, which lacks fit because it only
describes a diffusion mechanism. An n value of
approximately 0.17 in the Ritger-Peppas model
indicates Fickian diffusion as the primary mechanism.
Furthermore, the k; values for sonicated beads (pH 1.2
=20.13; pH 6.8 =49.93) were higher than those for non-
ultrasonicated beads (pH 1.2 = 12.59; pH 6.8 = 47.31),

indicating that sonication increases the rate of curcumin

release. The Peppas-Sahlin model showed that Fickian
diffusion dominates the release process, with k; values
greater than k, and a low relaxation factor. The R/F ratio
values were lower in ultrasound beads (pH 1.2 =0.0088;
pH 6.8 = 0.0004) than in non-ultrasonicated beads (pH
1.2=0.0112; pH 6.8 = 0.0023), indicating an increased
contribution from diffusion. Degradation of alginate-
chitosan facilitates the release of curcumin due to
polymer chain cleavage, as evidenced by the decrease in
R/F values with sonication. The use of ultrasonic waves
increases the solubility of alginate-chitosan by cleaving
the polymer chains. Consequently, the degraded
polymer exhibited a reduced encapsulation efficacy,
thereby accelerating the release of bioactive
compounds.

For oral applications, the release system must be
adapted to the transit time and pH of the human
gastrointestinal tract. In the stomach, the pH is highly

acidic (approximately 1.2), and curcumin is unstable
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under these conditions. Therefore, early release must be
suppressed to prevent the degradation of the active
ingredient. Ideally, the encapsulation system releases
only < 30% of curcumin in the first 0 - 120 min at pH
1.2 as an initial burst release, while the remaining
curcumin remains protected. After reaching the small
intestine (pH 6.8), which lasts approximately 120 - 240
min, curcumin release should occur gradually and
continuously to increase its bioavailability. At this pH,
the system exhibited higher n and ki values, supporting
a controlled primary release (> 80%). Ultrasonication
allows the capsule to survive in an acidic environment
and only releases its contents significantly when it
reaches a neutral pH, thus aligning with the goal of

targeted delivery.

Conclusions

This study demonstrated that varying ultrasonic
time and power significantly influenced the
encapsulation  efficiency and  physicochemical
properties of  alginate/chitosan-based  curcumin
microcapsules. The optimum condition was achieved at
10 min of sonication with a power of 210 W, resulting
in an encapsulation efficiency of up to 86.56% and a
swelling ratio of 1.781. FTIR analysis confirmed a shift
in the C=C/C=0 band from 1,603 to 1,588 cm™' after
ultrasonication, indicating stronger interactions within
the alginate/chitosan matrix. SEM analysis showed
morphological changes in the form of cracks on the
rough surface of the beads due to ultrasonic cavitation.
Particle size analysis showed that ultrasonication
produced a narrower distribution in the 10 - 50 pm range
compared to the non-ultrasonicated sample which had a
wider distribution. The release of curcumin fits better
with the Peppas-Sahlin model with a dominant diffusion
mechanism, where the sonicated beads have a higher k;
value so that the bioactive release rate is faster.
Additionally, the lower R/F ratio of the Peppas-Sahlin
model on the ultrasonic bead indicated a predominant

release via diffusion.
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