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Abstract

C-Phycocyanin (CPC) is a bioactive compound obtained from blue microalgae such as
Spirulina platensis. The objectives of this work include investigating the factors affecting

the CPC encapsulation by an extrusion method and studying the release behavior of
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microcapsules obtained from the optimal condition and their kinetics. The two influencing
factors were investigated, including sodium alginate concentration and sodium chloride
concentration. The encapsulation efficiency and physicochemical properties were

measured to get the optimal process. The release behavior in simulated gastric fluid (SGF)
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and simulated intestinal fluid (SIF) was studied at a constant temperature. The release data

were fitted with four kinetic models to determine the release mechanism. The results
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showed that all factors were affected by CPC encapsulation efficiency (%EEcpc) and

hardness value. The optimal condition was obtained by using sodium alginate

concentration in the range of 1.0-1.5% w/v, and calcium chloride concentration in the
range of 0.5-1.0% w/v. The encapsulation efficiency obtained from these concentrations

was found in the range of 80-85%. On the other hand, the hardness values of CPC
microcapsules varied from 2.51 to 11.90 N and were significantly affected by the increase
in calcium chloride concentration. The cohesiveness of CPC microcapsules varied
between 0.81 and 0.94 due to differences in the calcium-alginate crosslinking reaction,
indicating that adjusting the ratio of key factors can tailor their physical and textural
properties. Electrostatic interactions between sodium alginate and phycocyanin were
detected by FTIR analysis, which also highlighted important functional groups linked to
polysaccharide and protein bonds. The release percentage remained constant in SGF and
significantly increased after taking CPC microcapsule into SIF after 5 min, then
completed releasing after 20 min. The Korsmeyer-Peppa model best fitted the release
behavior (R? = 0.939). The release exponent obtained from this model characterized the
release mechanism as non-Fickian diffusion (combining diffusion and erosion). Therefore,
the encapsulation by the extrusion method is a suitable method to prevent CPC
degradation by thermal treatment and also promote the variety of CPC extract production.

1. Introduction

Spirulina platensis, also known as Arthrospira
platensis is a microalga rich in bioactive compounds.
One of the main classes of phycobiliproteins in S.
platensis is C-phycocyanin (CPC), which are light-
harvesting, water-soluble protein pigment. It is
frequently utilized in the culinary and cosmetic sectors as
a natural colorant and nutritious element (Kumar et al.,
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2014; Pan-utai and Iamtham, 2019). In the last decade,
the utilization of CPC was indicated in the food industry
application over the food colors, there are many
researches focusing on CPC as the alternative protein
that is a new field in food science, the phycobiliproteins
have been developing as based food product
(encapsulation in polysaccharide matrices), food
fortification (add phycobiliproteins in food such as
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yogurt) (Nourmohammadi et al., 2020; Londofio-Moreno
et al., 2023; Velickovic et al., 2023; Mini¢ et al., 2024).

CPC extraction from both dried and wet S. platensis
is presented as a significant factor in CPC extract
production (Sarada et al., 1999; Doke, 2005; Chaiklahan
et al., 2011). A variety of extraction techniques have
been developed, the majority of which need the use of
solvents such as phosphate buffer, calcium chloride,
acetate buffer, sodium chloride, and ammonium chloride.
However, some researchers combined the solvent
contribution  with  mechanical techniques like
homogenization, sonication, freeze-thaw, rotational
shaking, and microbubbles (Silveira et al., 2007; Zhu et
al., 2007; Suman et al., 2016; Thaisamak et al., 2020).
Given its impact on the protein and pigment contents
during the process, temperature plays a crucial role in
both CPC extraction and storage (Su et al., 2014). There
are potential techniques to improve the stability of CPC.
The various food preservatives and various pH levels
have been studied with the effect of temperature to
demonstrate the half-life and thermal degradation of
CPC. The degradation process was found to be delayed,
and CPC showed a higher stability than not adding any
technical (Chaiklahan et al., 2012; Adjali ef al., 2022).

The technique of coating one substance, or a mixture
of materials, with another material 1is called
encapsulation. The meaning of core material refers to the
coated material. The substance that surrounds is referred
to as the supporting, encapsulating, or carrying material
(Shakoori and Krasaekoopt, 2015). The selection of a
carrier is a critical step in the food encapsulation process;
it must not only safeguard the bioactive component but
also be economical and safe for human consumption
(Chan et al., 2010; Vallejo-Castillo et al., 2020). The
microcapsules are formed using a variety of processes,
such as extrusion, freeze drying, and spray drying (Gibbs
et al., 1999). Other encapsulation methods have varying
effects on the phycocyanin; spray drying may result in a
greater loss of activity because of the high temperatures
involved, while freeze drying may also have an impact
on the stability and functional characteristics of the
phycocyanin because of the stresses involved in the
freezing process (Hadiyanto et al., 2017). A less
dangerous encapsulating method employs extrusion
technology. Phycocyanin encapsulation has advanced
with the use of several wall materials to enhance the
stability and controlled-release properties of the
encapsulated phycocyanin (Hadiyanto et al., 2017; Pan-
utai and l[amtham, 2019; Pradeep and Nayak, 2019).
Sodium alginate and lysozyme have been applied to
promote the scavenging ability of antioxidant properties
(Qiao et al., 2022).
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A common carrier material for encapsulating via
extrusion is alginate, a naturally occurring biopolymer.
This substance is derived from brown algae, which forms
egg-box-shaped gels when exposed to calcium. Alginate
matrices are extremely adaptable, non-toxic, and
biocompatible; they protect compounds that are light,
moisture, heat, and other factor-sensitive. Its strong
ability to form gels at room temperature and without the
need of organic solvents. It is already employed as a
coating, thickening agent, and gelling agent in the food
and pharmaceutical industries. Furthermore, proteins'
stability may be greatly increased by enclosing them in
an alginate gel network, which is extremely pertinent to
low phycobiliproteins stability (Mini¢ et al., 2024).
Calcium chloride (CaCl,) was used as a linking
substance to complete the encapsulation process which
was optimizing the appropriate concentration. Moreover,
CaCl, was easily linked with sodium alginate because
Ca’" ion can link with Guluronic acid which is a
component of them (Hadiyanto et al., 2017).

Numerous studies have also revealed that several
process variables, including the concentration of
alginate, the concentration of bioactive compounds, and
the duration of the soaking period, influence the physical
properties of microcapsules. In these studies, another
influence factor and its effect thereof have not been
investigated much, as is the configuration of
microcapsules. Inappropriate conditions have been
reported about the crack on the surface during storage
(Hadiyanto et al., 2017; Vallejo-Castillo et al., 2020).
Therefore, the purpose of this study is to demonstrate the
effect of the influence factor comprised of alginate
concentration, and calcium chloride concentration, to
produce a suitable CPC encapsulation method. In
addition, the release assessment was also studied to
investigate release behavior. The respective CPC release
kinetic is also present in this work.

2. Materials and methods
2.1 Microorganism and culture medium

Spirulina platensis was provided by the Faculty of
Fisheries Technology and Aquatic Resources, Maejo
University, Thailand. The following substances were put
into the culture medium: 0.2 g/l magnesium sulfate
(MgSOy4), 0.5 g/L di-potassium hydrogen phosphate
(K,HPOy4), 1 g/ sodium chloride (NaCl), 2.5 g/L
sodium nitrate (NaNOs), and 16 g/L sodium bicarbonate
(NaHCOs) (Kaewdam et al., 2019).

2.2 C-phycocyanin extraction

Analytical-grade chemicals were used in this
research. As per Thaisamak et al. (2020), the extraction
technique for CPC extraction was carried out with 0.1 M

© 2026 The Authors. Published by Rynnye Lyan Resources



304

sodium phosphate buffer (pH 7.0) as the solvent. The
CPC concentration in blue supernatant was measured
using a spectrophotometer (Thermo Scientific Model
Gensys 30, USA) at wavelengths of 620 nm and 652 nm,
respectively. The following equation was used to
determine the CPC concentration, and the resulting
values were used to calculate the CPC encapsulation
efficiency. The CPC extract was transferred to an amber
bottle to prevent degradation and stored at 4°C until
further experiments.

CPC = (A620-0.474A652)/5.34
2.3 C-phycocyanin sodium alginate preparation

(1)

Food-grade sodium alginate was weighed according
to the desired concentration. To prepare a 0.5% w/v
solution, 0.5 g of sodium alginate was added to CPC
extract and mixed with a magnetic stirrer until a
homogeneous solution was obtained. Using the same
method, solutions of 1.0% w/v and 1.5% w/v were
prepared by adjusting the sodium alginate weight
accordingly.

2.4 Calcium chloride preparation

Food-grade calcium chloride (CaCl,) was weighed
according to the desired concentration. To prepare a
0.25% w/v solution, 0.25 g of calcium chloride was
added to distilled water and mixed with a magnetic
stirrer until a homogeneous solution was obtained. Using
the same method, solutions of 0.5% w/v and 1.0% w/v
were prepared by adjusting the calcium chloride weight
accordingly.

2.5 C-phycocyanin encapsulation procedure

The encapsulation equipment (BUCHI Model B-390,
USA) used in this work was set up and linked with a
syringe pump (Chuang Rui Model ZS100, China) for
liquid extrusion, as shown in Figure 1. CPC sodium
alginate was filled in a 50 mL syringe and set on the
platform to prepare the encapsulation. Calcium chloride
solution (ratio of CPC calcium alginate to Calcium
chloride is 1:1) was placed below the encapsulation

's;‘ .‘;j
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Figure 1. Schematic of extrusion encapsulation equipment.
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needle (1000 um). After being submerged in a calcium
chloride solution, the CPC sodium alginate was rendered
immobile for five minutes. After being cleaned with
distilled water, the encapsulated CPC was collected for
additional analysis. Every experiment was carried out in
triplicate.

2.6 C-phycocyanin encapsulation efficiency

The CPC encapsulation efficiency, which was
determined using the following formula, was used to
assess the process performance.

%EEcpc = [CPC in the initial solution x 100 / (CPC

in the initial solution-CPC in the CaCl, bath)] @)

Where the initial solution equaled the alginate's CPC
concentration (Pan-utai and lamtham, 2019; Sampaio et
al., 2019).

2.7 Microcapsules characterization
2.7.1 Particle size and number of microcapsules

A Vernier caliper was used to measure the average
particle diameter, which was used to express the size of
the CPC microcapsule (Macoh, Thailand). Typically, 50
particles were analyzed for each run of all the
measurements. The number of microcapsules was also
counted as the CPC microcapsules obtained in each
condition.

2.7.2 Morphology and surface morphology studies of
encapsulated microcapsule

The morphology of the wet CPC microcapsule was
observed by the image, which was taken by digital
microscopic (1000x) (PortableCapture Pro, version 2.1).
Surface morphology was investigated using a Field
Emission Scanning Electron Microscope (FE-SEM
Model JEOL JSM7800F, Japan). The encapsulated
microcapsules were dried by freeze drying and attached
to an aluminum stub then coated with gold (Au), sputter
current 23 mA, and sputter time 45 s before examination
(Model: QUORUM Q150R ES, UK). The FE-SEM was
operated at 2 kV and magnified 30x and 1500x%.

2.7.3 Determination of mechanical properties

The texture of the CPC microcapsule was evaluated
following the Texture Profile Analysis (TPA) applied by
Lupo et al. (2015) with some modifications according to
the instrument employed (TA.XT-PLUS Texture
Analyzer) (Stable Micro Systems Ltd., UK). All TPA
was carried out using a cylinder probe P/50 with a test
speed setting of 5 mm/s on a glass Petri dish (100 mm
diameter x 15 mm height) filled with microcapsules for
each condition. The mechanical textural parameter,
which includes cohesiveness and hardness, was
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consistently quantified based on the TPA curve analysis.
The mechanism properties were compared within the
samples by applying a force with 30% distortion to
prevent damage to the microcapsules in order to evaluate
the influence of the gelling mechanism and the
composition of the microcapsules on their texture. The
temperature remained at 5+1°C in order to avoid
damaging the different microcapsules formed, and stored
under refrigeration until the further analysis (Lupo ef al.,
2015).

2.7.4 Fourier
analysis

transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR)
analysis was conducted to investigate the interactions of
physical and chemical bonds in the encapsulation
process The CPC microcapsules obtained under optimal
conditions were analyzed using FTIR (Nicolet iS50,
Thermo Scientific, USA) with scanning the spectrum
range of 4000-400 cm™, and 4 cm™ of the resolution.

2.8 Release assessment

The release behavior of the CPC microcapsule in a
simulated gastrointestinal situation was evaluated using
simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF). SGF (pH 1.5) was prepared using 2 g/L. NaCl
adjusted with 1 M HCL. SIF (pH 7.5) was prepared using
6.8 g/l KH,PO, adjusted with 0.2 N NaOH. The 2.58 g
test CPC microcapsules were mixed with 25 ml of SGF,
and after that, incubated at 37°Cunder regular agitation
of 60 rpm for two hours. Following SGF digestion, the
remaining CPC microcapsules were filtered and
subjected to SIF digestion for 2 h at 37°C. The 5 ml
solution was collected to determine CPC content (Sarkar
and Ghosh, 2019; Chantaratheptimakul and Wichchukit,
2020). The following formula was used to determine the
release percentage of CPC content:

Release extract, Q (%) = Qc x 100 / Qoo 3)

Where Qc is the CPC content of the release extract
and Qoo is the CPC content in equilibrium. The
dissolution of CPC microcapsules was studied by taking
UV spectrum measurements of CPC at 620 and 652 nm
using a spectrophotometer (Thermo Scientific Model
Gensys 30, USA).

The following 4 popular mathematical models were
implemented to investigate the release data and gain
insight into the method of release from the microcapsule:
Zero-order model, First-order model, Higuchi model,
Korsmeyer-Peppas model (Quintal Martinez et al., 2018;
Chantaratheptimakul and Wichchukit, 2020;
Fuangchoom et al., 2023).

Where Q; is the content of extract released at time t,
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Qoo is the content of extract remaining to release, ko, ki,
and ky are the coefficients of the equations. ki, is the
constant that incorporates structural and geometric
characteristics of the microcapsule, and n is the release
exponent indicative of the mechanism of release. There
are three scenarios for n values (Elnashar et al., 2011;
Ritger and Peppas, 1987):

Zero-order:Q =k t 4)
First-order:In(100-Q) = InQ_o— k;t (%)
Higuchi:Q = kyt"? (6)
Kormeyer-Peppas:Q = ky,t" (7)

1) If n < 0.43, the mechanism is called Fickian and the
release is diffusional controlled.

2) If 0.43 <n < 1.0, the mechanism is called non-Fickian
(anomalous) and the release is depending on both of the
diffusion and relaxation of the polymer.

3) If n = 1.0, the mechanism is called zero-order release.
2.9 Statistical analysis

All data are reported as the average values and
standard deviations. The significance tests were
performed using one-way ANOVA with Duncan’s test
with a significance level of 5% (p<0.05).

3. Results and discussion

CPC microcapsules were conducted by extrusion
process utilizing sodium alginate as coating material.
The encapsulation process and the characteristics of the
final microcapsule, such as encapsulation efficiency,
average diameter, shape, number, hardness, and
cohesiveness, can be influenced by variables such as
calcium chloride and sodium alginate concentration. The
results are shown in Table 1.

3.1 C-phycocyanin encapsulation efficiency

The CPC encapsulation efficiency variations varied
between 72.11 and 89.86%. The microcapsule made with
treatment ApsCos, AgsCioshowed significantly lower
encapsulation efficiency than those achieved in the rest
of the treatment variation (Table 1). The treatment of
A15Coos displayed the highest CPC encapsulation
efficiency which was non-significantly different between
itself. The results obtained are in agreement with
Hadiyanto ef al. (2017) and Yan et al. (2014) where both
of them represented the encapsulation efficiency increase
with increased concentration of coating material. The
results corresponded to Reid et al. (2005) who linked the
efficiency data to factors affecting the theoretical
bioactive compound counts in the microcapsules: 1)
compound losses in CaCl, solution and 2) viability losses
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Table 1. Effect of sodium alginate concentration and calcium chloride concentration on the properties of CPC microcapsule.

Treatments Encapsulation Average diameter Number Hardness (N) Cohesiveness
code* Efficiency (%EEcpc)  of microcapsules (mm)  of microcapsules (Ratio)
Ag5Co2s 81.99+2.44% 4.97+0.40% 1,096+183.84° 2.51£0.56° 0.81£0.05"
AosCos 73.49+1.98° 4.43+0.15%® 1,207+51.61° 4.52+1.08° 0.83+0.10%
AgsCig 72.11+1.42° 4.09+0.03° 1,056+37.47° 5.88+0.22" 0.89+0.06™
A10Cos 86.97+1.84% 4.84+0.50" 1,209+112.43° 4.52+2.68° 0.87+0.01*°
A10Cos 85.604+2.32% 5.11+0.20° 1,142+50.20° 3.28+1.45° 0.88+0.02%
A1 oCro 79.96+0.91¢ 4.1240.65° 1,126+267.28" 9.26+0.06™ 0.90+0.01%
A;5Co2s 89.86+0.47 4.95+0.41% 1,316+21.92° 3.00£0.34° 0.86+0.03*
A;5Cos 84.48+1.18" 4.38+0.20% 1,400+461.03° 3.10+2.29° 0.94+0.03"
A;5Cio 82.86+0.73% 4.68+0.01" 1,054£150.61° 11.90+2.79° 0.90+0.01%°

Values are presented as mean+SD. Values with different superscripts in the same column are statistically significantly different

(P<0.05).

*ACy: code of treatment, where A: sodium alginate; x subscript: %(w/v) of A; C: calcium chloride; y subscript %(w/v) of

calcium chloride

in the microcapsules themselves (Ainsley ef al., 2005).
Encapsulation efficiency of the microcapsules increased
because of a higher weight of sodium alginate.
Nevertheless, the high concentration of sodium alginate
did not always increase encapsulation efficiency due to
their viscosity which affects others such as shape, texture
properties, and extrusion process (Yan et al., 2014). The
benefit of extrusion encapsulation over other methods
like spray drying and freeze-drying is that it can provide
more phycocyanin loading and improve antioxidant
activity retention. These results emphasize how crucial it
is to optimize the encapsulation procedure in order to
optimize the stability and effectiveness of products based
on phycocyanin. The high temperature and shear
pressures used in the extrusion process have the potential
to denaturize or degrade the bioactive component, which
is the drawback of extrusion encapsulation for thermal-
sensitive compounds (Hadiyanto et al., 2017).

3.2 Appearance of microcapsules

Two main factors that affect the encapsulation
process are sodium alginate concentration, and calcium
chloride concentration (Pan-utai and Iamtham, 2019;
Pradeep and Nayak, 2019). High encapsulation
efficiency has been reported that the sodium alginate
concentration can increase the encapsulation efficiency
of CPC microcapsule (Hadiyanto et al., 2017; Pradeep
and Nayak, 2019). On the other hand, elevated
concentrations of sodium alginate have been linked to
changes in the shape and surface of microcapsules.
Specifically, elevated concentrations have been shown to
impact viscosity, which consequently can cause
challenges during the extrusion process. Moreover,
microcapsule  morphology can easily become
asymmetrical and spherical with tailing (Yan et al,
2014).

Figure 2 illustrates wet CPC microcapsules produced
under different extrusion encapsulation conditions. The

https:/doi.org/10.26656/fr.2017.10(3).246

concentration of sodium alginate determined both the
surface and shape. When using low concentration,
irregular spherical shape, softness, and rough surface
were expressed; this could be because there wasn't
enough alginate molecule to form the microcapsule
structure (Yan et al., 2014). A smooth surface and a
regularly spherical form were observed at sodium
alginate concentrations of 1.0-1.5%. The optimal sodium
alginate concentration to produce CPC microcapsules,
according to the encapsulation efficiency factor was 1.0-
1.5%.

= o

Figure 2. Wet CPC microcapsules under various conditions,
ACy: code of treatment, where A: sodium alginate; x
subscript: %(w/v) of A; C: calcium chloride; y subscript %(w/
v) of calcium chloride.

It's possible that there was a significant calcium ion
present to interact with sodium alginate when the
calcium chloride concentration reached 1.0% and
spherical microcapsules with tailing emerged. When the
concentration reached 0.5%, they were consistently
spherical, and when the concentration reached 0.25%,
oblate, soft, spherical microcapsules developed due to
insufficient calcium ions to interact with the sodium
alginate (Yan et al., 2014). The optimal calcium chloride
concentration for creating CPC microcapsules, according

© 2026 The Authors. Published by Rynnye Lyan Resources
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to the encapsulation efficiency factor was 0.5%. The
surface morphology of CPC microcapsule captured by
digital microscope and field emission scanning electron
microscope is shown in Figure 3.

Figure 3. Surface morphology of encapsulated microcapsule
a) morphology of wet encapsulated microcapsule using digital
microscope b) scanning electron microscope (SEM) image of
magnification of 30x and 1500x.

3.3 Diameter and number of microcapsules

Neither sodium alginate nor calcium chloride
influences the diameter of the microcapsules. Diameter
value microcapsules varied between 4.09 and 5.11
(Table 1), with A5C;0, Aj9Ciomicrocapsules showing
significantly lower diameter, and A;(Cys showing
significantly higher. The results were consistent with
Muthukumarasamy et al. (2006) who found that larger
microcapsules made by the extrusion technique were
better able to protect than smaller microcapsules (20-
1000 pum). The number of microcapsules varied between
1,054 and 1,400 microcapsules, with A;sCi;s
microcapsules showing maximum value, but those
results were not significantly different in number of
microcapsules (p=>0.05).

3.4 Mechanical properties of microcapsules

The concentration and composition of the
biopolymer had an impact on the microcapsules'
hardness. Microcapsules with varying hardness values
varied from 2.51 to 11.90 N. The results indicate that the
A¢s5Coas microcapsules show significantly lower
hardness, while A, sC,; microcapsules show significantly
higher hardness. The cohesiveness value of microcapsule
varied between 0.81 to 0.94, the lowest value was found
in the lower level of both A and C factors. These
findings suggest that there were variations in the calcium
-alginate polymeric network's crosslinking reaction,
which led to variations in the mechanical response to
deformation. Furthermore, it can be deduced that altering

the ratio between A and C will enable the design of
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microcapsules with distinct physical and textural
characteristics (Sandoval-Castilla et al., 2010).

3.5 Fourier transformed infrared spectrometry analysis

The presence of a functional group in the CPC
microcapsules was shown to be detectable by FTIR
analysis. Figure 4 illustrates the CPC and sodium
alginate spectra. The region of wave numbers 3500-3000
cm™, 1600-1800 cm™, and 1550-1600 crn'lcorresponds
to the N-H and C = O bond for protein, sodium alginate,
and phycocyanin, respectively (Suzery et al., 2017). The
spectra wavelength showed the peak at 3295 cm that
found an interval in the spectra of N-H bond presence of
amine (proteins) while the peak at 1594 cm™ was found
within the spectra wavelength that indicated the C = O
bond. FTIR analysis often demonstrated the presence of
phycocyanin and sodium alginate electrostatic
interaction. ~ The  electrostatic  interaction-formed
microcapsule contributes to the pigment matrix's stability
(Pradeep and Nayak, 2019).

T\~

N-H bond

3.600

..............

3,100 2,600 2,100
Wave Number (cm1)

rrrrrrrrr

1,600 1,100 600

Figure 4. Result of FTIR analysis of CPC microcapsule.

3.6 Release assessment

The CPC microcapsules prepared under the
condition of A;(Cyswere exposed to SGF pH condition
(pH 1.5) for 0-120 min and then were put into SIF (pH
7.5) from 120-240 min. The results of the CPC release
are shown in Figure 5.

There was no release observed in SGF but it released
rapidly in the SIF. The results indicate that the alginate is
capable of resisting the CPC release rate in SGF (acidic
condition) due to the strong hydrogen bonding between
the polymer chain's -COOH and -OH groups and the
increased attraction between the alginate's carboxyl
group and the protonated amine group on CPC (Zhang et
al., 2004; Tavakol et al., 2009; Hadiyanto et al., 2017).
The CPC microcapsules inflate faster at SIF than SGF
because of the electrostatic repulsion between the
ionized carboxylate groups and the counter-ion that
neutralizes the carboxyl group at the CPC microcapsules
(Bajpai and Sharma, 2004). This can be explained by the
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ion exchange that occurs between the Na+ ions in the
phosphate buffer and the Ca®" ions in the hydrogel (Lin
et al., 2005). Furthermore, alginate has been reported to
improve CPC stability as well as the alginate gel is
resistance in SGF, then rapid release in SIF (Alavi et al.,
2022). These findings suggest that CPC microcapsules
may be used as an oral supplement food delivery device
to target the intestines selectively with supplement food.

- 9= 5

Oral Gastric Intestines

100 H e o
80

= 60 H )4
£

0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 5. Simulated gastrointestinal digestion to evaluate
potential bioavailability. In vitro CPC release profile of CPC
microcapsule in SGF and SIF.

3.7 Release kinetic model and mechanism of C-
phycocyanin release

The release kinetic was investigated in stage of SIF
due to the release data of SGF was stable along the
experiment. In order to better understand the mechanism
of CPC release from CPC microcapsules, the content of
CPC release data was fitted into several equation models
to produce the correlation coefficient (R?), kinetic
constant (k), and release exponent (n) values as shown in
Table 2. There are two models representing the
correlation coefficient lower than 0.70 (R* = 0.639-
0.657) which are Zero-order and First-order,
respectively. The correlation coefficient (R?) value of
CPC in SIF was found to fit Higuchi model (R? = 0.934),
Korsmeyer-Peppa model (R*> = 0.939). The release
exponent values of the formulations obtained Korsmeyer
-Peppa model was 0.0446, indicating that non-Fickian
diffusion or anomalous transport. The release extract
evaluation in SIF, fitted using two high-correlation

Table 2. Kinetic parameters and release exponent (mean+SD)
of CPC release profile fitting to various kinetic models.

Release kinetic model Parameter A Cys condition
Zero-order ko 3.509+0.28
First-order k; -0.031+0.00
Higuchi ky 17.713+0.66
Korsmeyer-Peppa Kyp 20.602+3.34

n 0.456+0.04
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coefficients (R?), the Korsmeyer-Peppas model, and the
Higuchi model, is shown in Figure 6.

120.0
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(=]
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i
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0.0
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Figure 6. Release extract evaluation in simulated intestinal
fluid (SIF) fitted using the Korsmeyer-Peppas model and
Higuchi model.

Four release kinetic models were used in the fitting
comparison. The release component (n) refers to the
mechanisms of the diffusion system. The mechanism is
known as non-Fickian (anomalous) in the case of
spherical microcapsules, where the release component is
0.43 <n < 1.0. The release is dependent on both polymer
relaxation and diffusion (erosion).

4. Conclusion

Sodium alginate was used as the coating material
and calcium chloride as the connecting substance in the
extrusion technique to produce CPC
microcapsules. Full factorial experiments were used to
identify the optimal process conditions, which were
alginate content of 1.0-1.5% and calcium chloride of 0.2
—0.5%. The encapsulation efficiency of those
concentrations was presented over 85%. According to an
in vitro release study, alginate would quickly release
CPC in the medium of the small intestine and could
withstand an acidic environment. The formulations'
release exponent value indicated that non-Fickian
diffusion or anomalous transport, which are thought to
be two distinct mechanisms, such as combination
diffusion or polymer relaxation (erosion), were involved.
The foundation for using CPC in functional foods was
established by this study.
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