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Abstract

Red palm oil (RPO) is rich in carotenoids but is highly susceptible to oxidative degradation during processing and
storage. This study investigated the use of a spirulina protein concentrate-carrageenan conjugate as a wall material for the
spray-drying microencapsulation of RPO. The effect of oil-to-wall material ratio on encapsulation efficiency and storage
stability was evaluated. The highest encapsulation efficiency was achieved at an oil-to-wall material ratio of 1:3, where
microcapsules prepared with conjugates showed significantly higher encapsulation efficiency (72.13%) than those
prepared with a simple mix (51.69%). During 42 days of storage at 30, 40, and 50 °C, conjugate-based microcapsules
exhibited better carotenoid retention and antioxidant stability. Carotenoid degradation followed a zero-order kinetic
model, with the longest half-life (83 days) observed at 30 °C. In situ intestinal perfusion analysis demonstrated high
carotenoid absorption from the microcapsules, with approximately 88% absorbed. Overall, the results indicated that the
SPC-CG conjugates improved wall material performance by enhancing encapsulation efficiency, storage stability, and
carotenoid bioavailability. This study demonstrated the potential application of spirulina protein concentrate and
carrageenan conjugates as effective wall materials for stabilizing lipid-soluble bioactive compounds in functional food

systems.
Keywords: Spirulina protein, Carrageenan, Maillard reaction, Microencapsulation, Red palm oil, Carotenoid degradation
Abbreviations: RPO: Red palm oil; SPC: Spirulina protein concentrate; CG: Carrageenan; SPC-CG Conjugate: SPC-CG

SM; SM: Simple mix; MR: Maillard reactions; EE: Encapsulation efficiency; EA: Activation energy; MCJ: Microcapsule
with SPC-CG conjugate; MSM: Microcapsule with simple mixture of SPC-CG.

Introduction

The plant-based food industry has experienced
rapid growth in recent years [1]. This development has
encouraged the exploration of plant-derived ingredients
with functional properties, one of which is Spirulina
platensis, a cyanobacterium rich in proteins, vitamins,
minerals, and pigments such as chlorophyll and
phycocyanin, known for its antioxidant activity [2-3]. In
addition to its nutritional value, Spirulina has attracted
increasing attention as a sustainable protein source for
food applications due to its rapid growth and high
protein yield [4-5].

However, despite being rich in essential amino
acids, Spirulina protein is difficult to digest in its raw
form (biomass) [6]. Therefore, processing techniques
such as extraction are needed to improve its quality. A
previous study by Purdi ef al. [7] showed that
ultrasound-assisted extraction (UAE) increased the
protein content of Spirulina up to 76.83%, compared to
the initial content in the biomass (46% - 55%), and
simultaneously improved its digestibility. This process
also enhanced the techno-functional properties of
Spirulina, including water-holding capacity (WHC) and
emulsifying ability [8].
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As a protein, spirulina protein serves as a natural
emulsifier, playing an important role in stabilizing
emulsions by adsorbing at the oil-water interface and
forming a protective layer around the oil droplets [9] To
further strengthen emulsion stability, Spirulina protein
can be modified through interactions with other
polymers such as carrageenan [10]. Carrageenan is a
hydrophilic polysaccharide commonly used to form
stronger gel structures, increase viscosity, and act as a
stabilizing agent for oil-in-water emulsions. When used
as a single-component stabilizer, carrageenan has been
reported to be less effective, as it can promote droplet
aggregation and lower emulsion stability compared to
mixed or composite systems. The interaction between
proteins and carrageenan leads to the formation of a
robust outer layer that prevents droplet aggregation of
the encapsulated particles [11-13]. However, protein-
polysaccharide systems formed through non-covalent
interactions are often sensitive to environmental
conditions such as pH and ionic strength, which may
reduce emulsion stability [14].

This limitation can be overcome by forming
covalent protein-polysaccharide conjugates via the
Maillard reaction, which involves reactions between
protein amino groups and polysaccharide carbonyl
groups under controlled heating conditions. The
resulting conjugates exhibit improved solubility,
thermal stability, and emulsifying capacity [15-16].
These conjugates are amphiphilic, with the hydrophobic
region of the protein attaching to oil droplets and
forming an elastic interfacial layer, while the
polysaccharide acts as a barrier against flocculation and
coalescence [17]. Kusumastuti et al. [18] reported that
Spirulina protein-carrageenan conjugates produced
emulsions with small, more uniform droplet sizes and
enhanced thermal and physical stability. Moreover,
Maillard reaction products provide effective protection
against lipid oxidation [19].

Red palm oil (RPO) is a natural source of
carotenoids, including B-carotene and a-carotene, two
provitamin A compounds [20]. RPO contains high
levels of natural carotenoids with provitamin A and
antioxidant activity. However, their conjugated double-
bond structure makes them highly susceptible to
oxidation and isomerization under oxygen, light, and
heat during processing and storage [21]. Several studies

have been conducted to preserve carotenoid stability in

RPO, including microencapsulation techniques [22].
Microencapsulation is an effective method to protect
bioactive compounds in oils from degradation during
storage and processing by entrapping them within a
protective matrix. This method creates a physical barrier
between the core material and the external environment,
forming small particles with diameters ranging from 1
to 100 um [23-26]. The selection of an appropriate wall
material is a critical factor determining the effectiveness
and stability of microencapsulated systems. The use of
protein-polysaccharide conjugates as wall materials has
been shown to improve storage stability compared to a
simple mix due to stronger interfacial layers that are
more resistant to oxidation [17,27]. Microencapsulation
of palm oil also improves the bioavailability of
carotenoids in food products and reduces carotenoid loss
during encapsulation processes [28]. Among the various
microencapsulation methods, spray drying is the most
used due to its efficiency, cost-effectiveness, and ability
to enhance carotenoid stability [29]. Lee et al. [30]
reported that microencapsulation of red palm oil using
spray drying achieved an encapsulation efficiency of up
to 79%, indicating that most of the oil was successfully
entrapped in the protective matrix. In addition, spray
drying has been reported to provide better protection of
microcapsule color stability during storage than freeze-
drying [31]. Understanding the degradation behavior of
carotenoids during storage is essential for predicting
shelf life and assessing the practical applicability of
RPO microcapsules in food systems.

Although various proteins, such as soy protein
isolate, whey protein, and pea protein, have been widely
used as wall materials in microencapsulation [32-34],
the application of Spirulina protein as a coating material
remains limited. Previous studies involving spirulina
protein have mainly focused on protein extraction,
functional modification, and emulsion stabilization,
rather than its application as a wall material for oil
microencapsulation. Furthermore, based on the author’s
literature review, no study has specifically reported the
microencapsulation of red palm oil using Spirulina
protein concentrate-carrageenan conjugates as the
encapsulating wall material. In particular, there is a lack
of studies evaluating the effects of wall material-to-oil
ratio and storage conditions on the storage stability of

carotenoid-containing microcapsules.
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Therefore, this study aimed to investigate the
microencapsulation of red palm oil (RPO) using
Spirulina protein concentrate-carrageenan conjugates as
wall materials via spray drying. The effects of oil-to-
wall material ratio on the physicochemical
characteristics, encapsulation efficiency, and stability of
the microcapsules were evaluated. In addition, the
storage stability of carotenoids in the microcapsules was
investigated at different temperatures (30, 40, and 50
°C) to evaluate degradation behavior over time and to
predict shelf-life.

Materials and methods

Material

Dried spirulina biomass was purchased from
Paring, Yogyakarta, and stored at 4 °C. Carrageenan
powder was obtained from Indogum, Jakarta, Indonesia.
Red palm oil (RPO) was purchased from a local market.
Sodium dodecyl sulfate (SDS), beta-carotene standard,
aquades, deionized water, HCL 1 N, NaOH 1 N, H2SOa4
(Merck), indicator phenolphthalein, boric acid, OPA
(Ortho-phthalaldehyde), methanol, ethanol absolute,
buffer borax, PB-mercaptoethanol, L-lysine, indicator
BCGMR, sodium thiosulfate, catalyst (CuSO4 +
K2S04), and buffer phosphate pH 7 used in this study
were all analytical grades. Rats (180 - 220g, 8 - 12

weeks old) were used for the experiment and maintained
under standard laboratory conditions.

Extraction of spirulina (Arthrospira platensis)
protein

Protein extraction from spirulina powder
(Arthrospira platensis) was carried out based on a
modified method from Purdi et al. [7]. The extraction
process used ultrasound-assisted extraction (UAE) with
a probe-type sonicator (UP200St, Hielscher, Germany).
The first step was to prepare the suspension solution. §
g of dried spirulina biomass was mixed with deionized
water until the total weight reached 60 g. The solution
was stirred using a magnetic stirrer until fully
homogeneous. The pH was adjusted to 12 with 1 N
NaOH, and then water was added to bring the final
weight to 100 g. Ultrasound extraction was performed
using the sonicator at 80% amplitude and 60% duty
cycle for 30 min, with the temperature set to 4 °C. After
extraction, the solution was centrifuged at 7,000 rpm for
15 min to collect the supernatant. The supernatant was
then adjusted to pH 3 with 1 N HCI and incubated
overnight to precipitate the protein. The precipitated
protein was collected by centrifugation and then
neutralized to pH 7 using 1 N HCI and 1 N NaOH.
Finally, the spirulina protein extract was dried using a

spray dryer at 100 °C.
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Figure 1 Flow diagram Spirulina biomass extraction process.

Preparation of SPC and carrageenan
conjugate

The conjugation process between spirulina protein
concentrate (SPC) and carrageenan (CG) was carried
out using a wet-dry (hybrid) method developed in our
previous study [18]. The ratio of SPC-CG used was 2:1.
Both were dissolved in deionized water to obtain a 5%
(w/w) hydrocolloid concentration (based on dry
weight). The solution was then homogenized by stirring

with an overhead stirrer at + 35 °C and 750 rpm for 1 h.

Precipitation (pH 3;
cold incubation)

v

Centrifugation (7,000
rpm; 15 min)

v

Precipitate

v
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v

Spray drying (100 °C)
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After homogenization, the pH was adjusted to 7.0 with
1 N HCI and 1 N NaOH to control the reaction better.
Afterward, the mixture was dried using a food
dehydrator (Wirastar FDH-8, WIRATECH) at 50 °C for
5 h. After drying, the conjugate was ground in a grinder,
sieved, and stored under refrigeration prior to further
analysis. For comparison, a physical SPC-CG mixture
was prepared by blending SPC and CG without heat
treatment. This physical mixture was formulated using
the SPC:CG ratio that exhibited the optimal properties.
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Figure 2 Flow diagram of SPC-CG conjugate preparation.

Determination of glycation degree (DG)

The ortho-phthalaldehyde (OPA) method was
applied to evaluate the reduction in free amino groups
of (SPC) during
conjugation, which indicates the degree of glycation
(DG) [35]. In this method, 40 mg of OPA was dissolved
in 2 mL of methanol, then combined with 50 mL of 0.1
M borax buffer (pH 9.7), 5 mL of 20% (w/w) SDS

solution, and 0.2 mL of B-mercaptoethanol. The mixture

spirulina protein concentrate

was then diluted with deionized water to a final volume
of 100 mL. For analysis, 200 pL of conjugate solution
(5 mg/mL) was added to 4 mL of OPA reagent,
incubated at 35 °C for 2 min, and the absorbance was
recorded at 340 nm using a UV-Vis spectrophotometer
(UV-1800, Shimadzu, Kyoto, Japan). A standard curve
of L-lysine was used to quantify the free amino group
content, and the degree of glycation was calculated
accordingly. The degree of glycation was calculated

using the following Eq.(1)

DG (%):A(’A;OA‘ x 100%

(1)

where Ay represents the free amino group content of an
unheated (simple mix of SPC-CQG) (initial) and A
represents the free amino group content of conjugates
(MR) (heated, final reaction).

Emulsifying activity index (EAI) and
emulsifying stability index (ESI)

The emulsifying properties of the conjugate
samples were evaluated using a slightly modified
method [18]. A solution of the conjugate with a
concentration of 1 mg/mL (using a fixed protein-to-
polysaccharide ratio of 2:1) was prepared by dissolving
the conjugate in deionized water until the total weight
reached 22.5 g. Then, 7.5 g of red palm oil (RPO) was
added, and the mixture was homogenized using a digitas
(Ultra-Turrax  T50, IKA,
Germany) at 10,000 rpm for 5 min to form a coarse

homogenizer Staufen,
emulsion. A 50 uL emulsion sample was collected from
the bottom of the container at 0- and 10-minute using a
pro pipette. Each sample was mixed with 5 mL of 0.1%
SDS solution in a test tube. The absorbance was
measured at 500 nm using a UV-VIS spectrophotometer
(Shimadzu UV-Vis 1800), with 0.1% SDS as the blank
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control. The EAI and ESI values were calculated using
the following Egs. (2) - (3)

m?\ _ 2x2303x4pxD
EAL (?)_ Cx0xLx10* (2)
ESI (minute) =—22— x At 3)
Ag=4jp

where Ay and 4, sample absorbance at 0 and 10 min, D
is the dilution factor (100), C is the protein concentration
(g/ml), L is the optical path length of cuvette (1 cm), and
"0 " is the oil phase fraction of the emulsion (0.25).

Thermal properties

The thermal properties of the sample conjugates
and microcapsules were analyzed using differential
scanning calorimetry (DSC) to observe structural
changes and thermal stability of proteins during
conjugation following a modified method from [36]. A
sample of SPC-CG conjugates obtained via Maillard
reaction (MR), a simple mixture of SPC-CG (SM), and
native SPC were analyzed using a DSC instrument
(DSC-60 Plus, Shimadzu, Japan). Each sample (3.0 mg)
was placed in a hermetically sealed aluminium pan,
while an empty sealed pan was used as the reference.
Thermal analysis was carried out by heating the samples
from 25 to 180°C at a rate of 10°C/min. For
microcapsule samples, the method was adapted from
Kaur et al. [37] with slight modifications. All
microcapsule powder was analyzed at a heating rate of
10 °C/min under a nitrogen flow of 20 mL/min.
Approximately 4 mg of each sample was accurately
weighed and placed in a hermetically sealed aluminium
pan, while an empty sealed pan was used as the
reference. The samples were heated from room

temperature 25 to 250 °C during the analysis.

Fourier-transform infrared spectrometer
(FTIR)

FTIR analysis was carried out following the
method of Chen et al. [38]. Powdered samples were
directly analyzed using an ATR-FTIR spectrometer
(Thermo Scientific Nicolet iS10, USA) without
additional chemical treatment. Ethanol was used as the
background to correct the spectra. The infrared spectra
were recorded in the wavenumber range of 4,000 - 400

cm™ at a resolution of 4 cm™ with 64 scans per
measurement. Each sample was analyzed in triplicate to
ensure spectral reproducibility. Baseline correction was
applied prior to spectral interpretation.

Microencapsulation of red palm oil (RPO)

Microencapsulation of red palm oil (RPO) was
initiated by emulsification, followed by spray drying.
First, emulsions were prepared by mixing RPO with an
aqueous phase containing wall material (maillard
reactions/simple mix) (3% w/w in deionized water) at
oil-to-wall material ratios of 1:1, 1:2, and 1:3. The two
phases were combined and stirred using a magnetic
stirrer at 800 rpm for 1 h to ensure homogeneous
dispersion. The resulting mixture underwent two-stage
homogenization, first pre-homogenization using an
Ultra-Turrax homogenizer (Ultra-Turrax T50, IKA,
Staufen, Germany) at 10,000 rpm, 15 min at room
temperature, followed by high-pressure homogenization
(HPH), two stages at 350 bar (first stage) and 70 bar
(second stage) to form a stable oil-in-water (O/W)
emulsion [39]. The fine emulsion was then spray-dried
at an inlet temperature of 200°C to obtain the
microencapsulated powder as reported in previous
studies. The final product was stored in light-protected

containers at 4 °C for further use.

Microcapsule stability during storage

The microencapsulated powder exhibiting the
highest encapsulation efficiency was selected for
storage stability evaluation over 42 days (6 weeks). The
samples were stored in amber glass bottles at three
temperatures (30, 40, and 50 °C) to simulate accelerated
degradation scenarios and assess storage stability and
degradation kinetics. Microcapsules prepared using the
simple mixture of SPC-CG (MSM) were included for
comparison. Samples were collected at 7-day intervals
to evaluate total carotenoid content, antioxidant activity,
and moisture content, thereby assessing storage stability
[40]. All measurements were performed in duplicate.

Encapsulation efficiency analysis

Efficiency encapsulation (EE) was determined
using the method described by Jarunglumlert et al. [41].
The carotene was extracted using hexane. 0.1 g of dried
powder was dispersed in 10 mL of hexane and stirred.

The absorbance of the solution was then measured using
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a UV-visible spectrophotometer (Shimadzu UV-Vis
1280). The absorbance after stirring the powder in
hexane for 5 min at 100 rpm was used to determine the
amount of free carotene, while the absorbance measured
after 5 h of stirring at 800 rpm was used to determine the
total amount of encapsulated carotene. The calculation
of encapsulation efficiency was performed using
equations reported by Anand et al. [42]:

EE (%) _ total carotene—free carotene % 100 (4)

total carotene

Scanning electron microscopy (SEM)

The morphology and surface structure of the
microcapsule powder were analyzed using Scanning
Electron Microscopy (SEM, Model JSM-6510LA,
JEOL, Japan) equipped with an Energy Dispersive X-
Ray Spectroscopy (EDX) system. The instrument has a
resolution range of 1 - 10 nm and a magnification

capability of up to 5,500x.

Particle size distribution and zeta potential of
the rehydrated microcapsules

The particle size distribution of microcapsule RPO
was determined using Dynamic Light Scattering (DLS)
instrument (Litesizer 700, Anton Paar, Germany). A
suspension of microcapsule RPO was prepared by
dispersing 10 mg of powder in 10 mL phosphate buffer
solution pH 7, followed by stirring 15 min. The
instrument provided data on the average particle size,

particle distribution, and zeta potential of the samples.

Determination of antioxidant activity

The antioxidant activity was determined using the
1,1-diphenyl-2-picrylhydrazil (DPPH) free radical
method with slight modification [43]. The sample was
first dissolved in methanol to a final concentration of 5
mg/5mL. Subsequently, 1 mL of this solution was mixed
with 1 mL of 0.1 mM DPPH solution. The mixture was
incubated in the dark for 30 min, and the absorbance was
then measured at 517 nm using a UV-Vis
spectrophotometer. The DPPH radical scavenging

activity was calculated using Eq. (5), in which A is the
absorbance, and RSA is the radical scavenging activity.

DPPH RSA (%): Acontrol - Asampel % 100 (5)

Acontrol

In situ intestinal absorption study

The in-situ bioavailability test was carried out
based on a modified version of the method with slight
modifications [44]. Rats were anesthetized using
ketamine, and a segment of the small intestine, around
10 cm long, was carefully isolated and cannulated at
both ends using plastic tubing. During the procedure, a
heat lamp was used to maintain the rats body
temperature. The intestinal segment was flushed with
0.9% NaCl solution until the outflow appeared clear.
Then, the segment was connected to a perfusion system
using a peristaltic pump set at a flow rate of 0.25
mL/min. The perfusion fluid was prepared by dissolving
0.75 g of the microcapsule powder in 30 mL of solution.
After the perfusion process was completed, the outflow
fluid was collected and centrifuged at 4,000 rpm for 10
min at 4 °C. The supernatant was then analyzed using a
UV-Vis spectrophotometer at 450 nm to determine the
amount of carotene absorbed and assess the in-situ
bioavailability.

Statistical analysis

All experiments were conducted in triplicate, and
the results were expressed as mean =+ standard deviation.
Data were analyzed using SPSS statistical software
(version 25.0, IBM Corp., Armonk, NY, USA). One-
way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to determine significant
differences among the mean values at a 95% confidence
level (p < 0.05).

Results and discussion

Characteristics of wall materials

In the first stage of this study, the conjugate and
physical mixture were characterized by evaluating
emulsifying activity, emulsion stability, and degree of
glycation, as presented in Table 1.
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Table 1 EAI, ESI and DG of SPC-CG conjugates (MR) and a simple mixture of SPC-CG (SM).

Sampl EAL ESI D f Glycation (%)
ample egree 0 cation
P (m?/g) (minute) & y °
MR 123.51 +0.81° 25.89 +£0.06*
33.39+5095
SM 96.85 +0.14* 20.54 +0.15°

Data are presented as mean + standard deviation (n=3). Different superscript letters indicate significant

differences (p < 0.05).

SPC-CG conjugate (MR) showed a DG of
33.39%, consistent with the findings of [20]. According
to Martinez-Alvarenga et al. [45], the temperature is the
most influential factor in the Maillard reaction, followed
by humidity and reaction time, while the molar ratio of
protein to polysaccharide has comparatively less effect.
In this study, MR significantly (p < 0.05) increased EAI
and ESI to 123.51 £ 0.81 m?/g and 25.89 £ 0.06 min,
respectively, suggesting enhanced interfacial adsorption
and resistance to droplet coalescence [46-47]. Protein-
polysaccharide conjugates can effectively adsorb at the
oil-water interface due to their amphiphilic properties
[15], with improved solubility and interfacial stability
compared to pure proteins [18].

This conjugation also promotes steric and
electrostatic stabilization in emulsions, preventing
flocculation and coalescence [48]. Ba er al. [49]
emphasized that such amphiphilic conjugates form a
stable physical barrier at the oil-water interface.
Additionally, smaller oil droplets generated by
conjugated proteins contribute to better emulsion
stability due to increased surface area for interfacial
interaction [39]. Thus, the observed improvements in
EAI and ESI confirm that Maillard-based conjugation is
an effective strategy to enhance the emulsifying
function of natural proteins.

The enhanced DG correlated with a significant

improvement in both the Emulsifying Activity Index

(EAID) and Emulsion Stability Index (ESI), indicating
that glycation effectively improved the interfacial
activity and emulsion-forming capability of the protein.
This improvement is attributed to structural changes in
the protein that increase its hydrophilicity and surface
activity, enabling more efficient adsorption at the oil-
water interface. Similar enhancements have been
reported by Wen et al. [50], who showed that soy protein
glycation with lentinan under wet-heating conditions
improved both foam and solubility properties, especially
when combined with ultrasound treatment to further

increase glycation.

FTIR (fourier

spectroscopy)

transform infrared

FTIR analysis was used to elucidate the structure
of the wall materials and microcapsules. Molecular
interactions between functional groups can be identified
through spectral changes, such as the appearance of new
peaks, shifts in peak positions, or changes in absorption
band intensity [S51]. This analysis was conducted to
confirm the occurrence of chemical interactions
between Spirulina protein concentrate and carrageenan
during conjugation, as well as to evaluate the successful
incorporation of red palm oil into the microcapsule
matrix. The FTIR spectrum illustrates the functional
groups of the wall materials and provides evidence of

chemical interactions within the microcapsule matrix.
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Figure 1 FTIR spectra of CG, native SPC, SPC-CG conjugates (MR), simple mixture of SPC-CG (SM), microcapsule
prepared with MR (MCJ), and microcapsule prepared with SM (MSM).

All samples exhibited a strong absorption band in
the region of 3,200 - 3,400 cm™!, corresponding to the
stretching vibrations of -OH and -NH groups, which are
characteristic of polysaccharides and proteins [52]. In
the MR sample, the broad band at 3,200 - 3,400 cm™
shifted and increased in intensity, likely due to
strengthened hydrogen bonding between -OH and -NH
groups. This suggests the formation of new hydrogen
bonds between the amino groups (-NH:) of Spirulina
protein and the carbonyl groups (C=0) of carrageenan
[53]. The increased intensity of the amide I (~1,632
cm?') and amide I (~1,538 cm™) bands in MR also
suggests the formation of covalent C=N (Schiff base)
bonds, which are commonly associated with the
Maillard reaction between amino and carbonyl groups,
as reported by [54-55]. In addition, bands at 1,392 and
1,238 cm™, attributed to symmetric stretching of C-O or
COO™ groups, which are characteristic of carboxyl and
sulfate ester groups of carrageenan, were more evident
in MR, indicating the involvement of carboxyl groups in
conjugate formation [56]. The presence of the band at
1,392 cm™! in both MR and SM indicates the
involvement of carboxyl groups, although no notable

difference in intensity was observed.

In addition to the main bands of the wall materials,
another significant spectral region is the aliphatic C-H
stretching band observed at 2,852 - 2,921 cm™. This
band appeared more clearly in the MCJ and MSM
microcapsule samples. It is associated with the C-H
stretching of saturated and unsaturated fatty acids
present in red palm oil (RPO), indicating the successful
encapsulation of lipids into the matrix. This finding is
consistent with Fallahasghari et al. [57], who reported
that shifts in the methylene bands at 2,921 and 2,852
cm! reflect hydrophobic interactions between lipid
components (such as fatty acids or carotene) and wall
materials. The absence of new characteristic peaks
related to lipid oxidation or chemical modification in the
microcapsule spectra suggests that RPO was physically
entrapped within the wall matrix without undergoing
significant chemical degradation during spray drying.

Overall, the observed peak shifts and intensity
changes in the MR sample confirm the successful
formation of conjugates through hydrogen bonding and
Maillard-type covalent interactions, supporting the

enhanced functionality of the conjugated wall material.
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Characterization of red palm oil microcapsule
Characterization of red palm oil microcapsules
prepared using the SPC-CG conjugate (MCJ) and
simple mixture of SPC-CG (MSM) methods was

performed by measuring encapsulation efficiency (to
determine the optimum ratio), moisture content, and
total carotenoid content in both the emulsion and the
microcapsules. The results are presented in Table 2.

Table 2 Effect of oil-to-wall material ratio on microcapsule prepared with SPC-CG conjugates (MCJ) and simple mixture

of SPC-CG (MSM) properties.

Sample Ratio (Oil-WM) EE (%) Moisture content
1:1 22.59 + 3.62° 3.17+£0.612
MCJ 1:2 41.65+11.26° 4.39 £ 0.59%
1:3 72.13 = 1.41° 5.67 = 1.34°
MSM 1:3 51.69 +1.23¢ 6.04+£0.71°

Data are presented as mean + standard deviation (n=3). Different superscript letters indicate significant

differences (p < 0.05).

Encapsulation efficiency (EE)

The effectiveness of microencapsulation is
measured by the ability of the core material to be trapped
within the microcapsule and to minimize its presence on
the surface, known as encapsulation efficiency (EE).
This efficiency is important for determining the amount
of oil trapped within the wall matrix [58-60].
Encapsulation efficiency was calculated based on total
and surface carotene content, and the results are
presented in Table 2. Among all formulations, the
microcapsule SPC-CG conjugate at a 1:3 ratio showed
the highest encapsulation efficiency of 72.13 £ 1.41%,
which was significantly higher (p < 0.05) than the 1:1
and 1:2 ratios.

This result indicates that increasing the proportion
of wall material relative to oil enhances oil core
protection, as reflected by higher encapsulation
efficiency. The oil-to-wall ratios of 1:1 - 1:3 were
selected, while maintaining a constant wall material
concentration (3% w/w) to allow comparison of
encapsulation performance. Our preliminary study
revealed that a higher proportion of wall material did not
produce good results (data not shown). Although higher
ratios improved oil coverage, further increases to 1:5 did
not yield additional improvement in encapsulation
efficiency and adversely affected powder solubility
(data not shown). Notably, the encapsulation efficiency
of MCIJ at a ratio of 1:3 was significantly higher than
that of MSM at the same ratio (p < 0.05). The EE
reflects how well the oil is protected within the

microcapsules and is influenced by several factors,

especially inlet air temperature and wall material type
[61]. According to Hussain et al. [62] and Lia et al. [63],
increasing the wall materials significantly increased EE,
as sufficient and effective wall material formed a
protective layer that prevents oil from escaping the
protective matrix during drying. Similarly, Aghbashlo et
al. [64] emphasized that a compact wall structure plays
a crucial role in minimizing oil migration during drying.
This suggests that the higher EE observed at the 1:3 ratio
was mainly due to the greater amount of wall material
available to form a thicker encapsulating layer, rather
than other external factors such as inlet temperature.
Protein-carbohydrate conjugation through the
Maillard reaction improves the techno-functional
properties of wall materials and enables them to adsorb
and stabilize oil-water interfaces, which is essential for
microcapsule stability [65]. This conjugation enhances
migration to the oil-water interface, forms a thicker
interfacial layer, and prevents coalescence during
emulsification, ultimately improving encapsulation
efficiency [66]. This explains why the MSM (1:3) had
an EE of only 51.69%, despite having the same wall-to-
oil ratio. The wall material produced from protein-
polysaccharide conjugates forms a thicker and more
compact protective layer around oil droplets [67],
thereby increasing the EE of red palm oil microcapsules.
Furthermore, good emulsion stability also
contributes to higher EE. According to Barbosa et al.
[68], the more stable an emulsion, the higher the
encapsulation efficiency. Meanwhile, the stability of

microcapsules greatly depends on the type of wall
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material [69]. This explains the better EE of MR
compared to SM, which had significantly better EAI and
ESI (Table 1). The combination of two or more wall
materials with complementary properties is effective in
improving encapsulation efficiency. Compatible
polymer blends produce more uniform and smooth
microcapsules, forming a good protective layer, slowing
the release of core compounds, and improving stability
[70-72]. Selim et al. [73] reported that when
maltodextrin (MD) was used as a single-wall material,
the resulting encapsulation efficiency (EE) is relatively
low. However, adding whey protein as a wall material
significantly increases encapsulation efficiency. This
indicates that most of the oil is effectively trapped within
the carrier matrix, while only a small amount is adsorbed

on the microcapsule surface.

Moisture content

Moisture content is a key indicator of
microcapsule performance, and it also influences the
shelf life of dried food product [74,63]. The results in
Table 2 showed that the moisture content increased with
higher concentrations of wall materials. Microcapsules
with a 1:3 ratio had significantly higher moisture content
than those with a 1:1 ratio (p < 0.05) (Table 2). A
similar trend was reported by Hussain et al. [64], who
found that the highest moisture content was obtained
with the highest concentration of wall material. This
might be attributed to the greater amount of wall

material, which potentially enhanced water retention

during drying. These findings suggested that the ratio of
wall material to core material (oil) significantly
influenced the moisture content of the microcapsules
[75].

Additionally, the increase in moisture content can
be attributed to the chemical structure of the wall
materials used [76]. According to Correia et al. [77] a
higher protein content leads to increased moisture levels
in the final powder due to the greater water holding
capacity of proteins in their amorphous state. In this
state, the protein structure is disordered and contains
numerous open regions or polar sites that can interact
with water molecules, thereby enhancing the protein’s
ability to absorb and retain moisture within the
microcapsule matrix. This finding suggested that
increasing the concentration of wall materials promoted
greater water retention in the matrix, resulting in higher
moisture content. In this study, the moisture content of
the microcapsules ranged from 3.17% to 6.04%, which
falls within the recommended moisture range for dry
food products (3% - 10%) to maintain stability during
storage [78].

Thermal properties

DSC analysis was performed to evaluate the
thermal stability of the wall materials and microcapsules
by measuring the thermal transition temperatures (Tonset,
Tpeak, and Tendgset) and the transition enthalpy (AH). The

data are presented in Table 3.

Table 3 Thermal properties of SPC, SPC-CG conjugate (MR), simple mixture of SPC-CG (SM), microcapsule prepared
with MR (MCJ 1:1, 1:2, and 1:3), microcapsule prepared with SM (MSM).

Sample Touset (°C) Treak (°C) Tendset (°C) AH (j/g)
SPC 147.33 +4.23° 149.47 + 4.00° 156.70 + 2.86° ~167.189 + 19.25%¢
MR 145.05 + 5.66° 148.38 + 3.40° 155.58 + 3.37° 224.89 + 15.51%
SM 148.57 + 3.87° 150.10 +2.87° 157.41 + 2.60° 267.68 + 62.69°

MCJ 1:1 115.37 +21.66° 131.17 £21.16° 14527 £19.11° 4128 £ 6.18¢

MCJ 1: 2 157.39 + 9.84° 163.69 + 5.01° 169.04 + 1.84° ~199.14 % 1.58%

MCJ 1: 3 162.25 + 4.62° 163.01 + 5.40° 169.19 + 5.95° ~147.88 + 1.87%

MSM 131.38 + 36.50° 140.90 = 23.25 152.14 £ 15.71° ~108.06 % 61.12%°

The different superscript letters indicate a significant difference within the same column (p < 0.05). n=2.
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Differential Scanning Calorimetry (DSC) analysis
was conducted to evaluate the thermal stability of
microcapsules and wall materials by measuring the
thermal transition temperatures (Tonset, Tpeak, Tendset) and
the transition enthalpy (AH). According to statistical
analysis (Table 3), no significant differences (p > 0.05)
were observed in Tonset, Tpeak, and Tengser among all
samples. All DSC thermograms exhibited a single
endothermic peak within a transition temperature range
of approximately 130 - 160 °C, indicating that only one
dominant thermal transition occurred. This transition is
likely associated with protein denaturation and the
initial thermal degradation of the wall matrix. The
absence of additional peaks suggests that the thermal
event occurred uniformly and was not complex. These
results are consistent with the findings of
Anandharamakrishnan ef al. [79], who reported a single
transition peak in whey protein isolate within the
temperature range of 74.9 - 75.8 °C. Based on the results
obtained, the Tpeak value of SPC was higher than that of
whey protein, indicating that SPC had better thermal
stability and greater potential to be used as a wall
material in microencapsulation processes.

In contrast, the transition enthalpy (AH) showed
significant differences among the samples (p < 0.05).
The highest AH was recorded in the MCJ 1:2
microcapsules (—267.68 + 62.69 J/g), while the lowest
was observed in the control sample SM 1:3
(—41.28+6.18J/g). Post hoc analysis confirmed a
significant difference between the highest (MCJ 1:2)
and the lowest (SM 1:3) values. A higher AH indicates
that more energy is required to induce the thermal
transition, reflecting a more ordered and thermally
stable matrix structure. In this context, AH reflects the
energy required for protein unfolding. Savadkoohi and
Farahnaky [80] reported that increasing protein
concentration results in higher denaturation enthalpy, as
the system becomes denser and requires more energy for
disruption. This is in line with the molecular association
theory proposed by Johnson [81], which states that the
thermal stability of a protein or complex system depends
on the degree of order in its native structure; the more
ordered the system, the greater the energy required for
denaturation.

The increase in AH observed in MCJ 1:2 is likely
due to the formation of a denser and more

interconnected matrix structure resulting from the

higher conjugate ratio. This compact encapsulation
network may contribute to improved thermal resistance.
This mechanism is further supported by Madhusankha
et al. [82], who stated that an increased number of
hydrogen bonds in a microcapsule system can reinforce
the matrix and enhance its resistance to thermal
degradation.

Significantly, the AH of MCJ 1:2 did not show a
statistical difference with MCJ 1:3 (p > 0.05),
suggesting that increasing the conjugate ratio beyond
1:2 provides marginal gains in thermal stability.
Microcapsules with high thermal stability are
particularly advantageous in the formulation of
functional foods or delivery systems for bioactive
compounds, especially for applications requiring

resistance to thermal processing [83].

Morphological properties of encapsulated red
palm oil

Red palm oil (RPO) microcapsules formulated
using SPC-CG conjugates and dried by spray drying
showed different particle morphologies depending on
the wall material ratio used (Figure 4). The morphology
of the microcapsules was strongly influenced by the
drying mechanism of the emulsion droplets, which
involves heat transfer, solvent diffusion, and the
characteristics of the wall materials. When droplets are
exposed to hot air, the surface solvent (water)
evaporates rapidly and forms a solid outer shell
composed of protein-polysaccharide complexes.
However, the rate of heat penetration into the droplet is
faster than the rate of solvent diffusion from the inner
core, resulting in an accumulation of vapor pressure
inside the particle. This pressure may cause the shell to
stretch, become thinner, and even form pores or
protrusions on the particle surface [69,84]. This
phenomenon was observed in the morphology of
microcapsules MCJ 1:1 and in the control (MSM),
which showed many indentations, uneven surfaces, and
irregular particle shapes. These features suggest that the
shell structure formed was not stable enough to
withstand internal pressure during the rapid drying
process, causing partial collapse or deformation due to
rapid water vapor release and internal pressure
imbalance. In contrast, at the 1:3 conjugate ratio, the
particles appeared more compact, spherical, and

smooth, with more uniform particle size (+ 5.04 um).
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The shell structure formed at this ratio appeared more
stable, making it more effective in maintaining particle

shape and protecting the encapsulated oil.

Particle size, polydispersity index, and zeta
potential of the reconstituted microcapsule powder

Based on Table 4, the wall material ratio
(SPC:CQ) significantly affected particle size, PDI, and
zeta potential (p < 0.05). The particle size of the

conjugated microcapsules (MCJ) increased significantly
with higher wall material ratios, from 0.46 = 0.00 um
(MCJ 1:1) to 0.63 = 0.01 um (MCJ 1:3). Post hoc
analysis showed that MCJ 1:3 differed significantly
from MCJ 1:1 and 1:2, while MCJ 1:1 and 1:2 were not
significantly different from each other (p > 0.05).
Particle size and zeta potential were measured in a
solution by reconstituting the powder in buffer.

Table 4 Average size, particle distribution, and zeta potential of reconstituted MCJ and MSM.

Sample Particle size (um) Polydispersity index Zeta potential (mV)
MCJ 1:1 0.46 + 0.00? 0.23+0.01* -20.97 £ 0.81*
MCIJ 1:2 0.48 +£0.01* 0.24 +£0.02 —17.07 £ 0.76°
MCJ 1:3 0.63+£0.01° 0.29 + 0.00° ~11.10 £ 0.53¢
MSM 0.67+0.01°¢ 0.31+0.01° —12.73 £ 0.64¢

Data are presented as mean + standard deviation (n=3). Different superscript letters indicate significant

differences (p < 0.05).

The increase in particle size at a higher wall
material ratio (1:3) is presumed to be associated with
particle agglomeration during the spray drying process
[85]. Microcapsule powders might agglomerate due to

SEI 10KV | WD1immi S840 _JwixEB00 2ums =
S5 % i D

(d)
Figure 4 SEM images of microcapsule prepared using SPC-CG conjugates (MCJ) at oil-to-wall ratios of 1:1 (a), 1:2 (b),
1:3 (c), and prepared using a simple mixture of SPC-CG (MSM 1:3) (d) with 5500x magnifications.

interparticle interactions, which can be further triggered
by increased moisture content. This finding is consistent
with Kou et al. [86], who reported that residual moisture

in microcapsules can lead to agglomeration through the
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formation of liquid bridges between particles.
Consequently, when the powder is redispersed in buffer,
the particles that had agglomerated during drying tend
to be poorly dispersed. This leads to the formation of
aggregates that are detected as larger particles in PSA
measurements.

Nevertheless, larger particle size and potential
agglomeration after aggregation did not necessarily
reduce encapsulation efficiency. In fact, MCJ 1:3
exhibited the highest encapsulation efficiency among
the tested ratios, indicating that increasing the amount of
wall material could form a more effective protective
matrix. This aligns with the statement by Tonon ef al.
[87], which noted that there is no direct correlation
between particle size and encapsulation efficiency.

The zeta potential also decreased with increasing
wall material ratio, from —20.97 + 0.81 mV (MCJ 1:1)
to—11.10£0.53 mV (MCJ 1:3). This reduction suggests
a decrease in the electrostatic repulsive forces between
particles, thereby increasing the likelihood of
flocculation or agglomeration [88]. This reduced
stability was also reflected in the increased PDI value
for MCJ 1:3, potentially due to aggregation, indicating
a broader particle size distribution. Although MCIJ 1:3
showed increased particle size and PDI, along with a
reduced zeta potential compared to MCJ 1:1, these
values were still lower than those of the MSM system
(Table 4). In simple mix systems such as MSM,
interactions are limited to weak electrostatic forces,
particularly at pH values near the isoelectric point,
thereby increasing the risk of flocculation and particle

size enlargement [89].

In situ intestinal absorption

Carotenoids such as -carotene are known to have
low water solubility and are prone to degradation during
digestion, thereby requiring a delivery system that
protects them until they reach the small intestine, where
primary absorption occurs [90]. Several previous studies
have demonstrated that encapsulating carotene can
enhance its bioavailability and reduce genotoxicity
compared to its free form, while also improving its
solubility and release during digestion [91-92].

In this study, RPO microcapsules formulated with
conjugates were evaluated using an in situ intestinal
perfusion method with an open-loop system to assess

carotene absorption in the small intestine directly. This

technique involves perfusing a solution through a
cannulated segment of the rat small intestine, where the
incoming solution is not recirculated but rather collected
for concentration analysis. This approach enables
accurate estimation of the absorbed compound by
comparing its concentration at the inlet and outlet points
of perfusion [93-94]. The results showed that the initial
carotene concentration in the microcapsules was 166.46
ppm, with only 19.93 ppm remaining at the end of the
perfusion, corresponding to an absorption rate of
approximately 88%. This value is considered high, as
carotene absorption efficiency is generally reported to
range between 3% and 90% [95]. These findings suggest
that the use of conjugates as wall materials significantly
improved the intestinal absorption efficiency of
carotene.

The effectiveness of this conjugate system is
further supported by Setyani et al. [96], who reported
that red palm oil encapsulated with a soy protein
concentrate-carrageenan conjugate achieved intestinal
carotene absorption of approximately 82% in an in-situ
model. Other results have been reported by Zhang et al.
[97], who found that protein-polysaccharide complex
coacervates based on Spirulina protein successfully
protected canola oil during the oral and gastric phases.
The microcapsules maintained structural integrity and
released only a small amount of surface oil. This
indicates enhanced resistance of the wall matrix to early
digestive degradation, enabling controlled release in the
intestine. A similar phenomenon was reported by Liu et
al. [98], who demonstrated that protein-based
nanoparticles provided physical protection for carotene
during digestion, with gradual release linked to

enzymatic degradation in the intestinal phase.

Stability of microcapsules during storage

To evaluate storage stability, microencapsulated
samples were stored at 30, 40, and 50 °C for 42 days.
During storage, both physical (moisture content) and
bioactive parameters (antioxidant activity and total

carotene content) were monitored.

Moisture content

Moisture content is one of the critical parameters
that influence the storage stability of dried powders.
During 42 days of storage at 30, 40, and 50 °C, the
moisture content of both MCJ and MSM showed slight
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fluctuations within the range of approximately 7% -
11% (Figure 5). Based on statistical analysis, the
moisture content of MCJ did not show significant
differences across storage temperatures or durations (p
> (0.05). In contrast, for MSM, both temperature and
storage time had statistically significant effects (p <
0.05).

This result implies that although there was a
tendency for changes in moisture content, the high data
variability or small differences between groups led to
non-significant outcomes. The small changes in

moisture content among conjugate-based microcapsules
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reflected the moisture stability provided by the
conjugate wall structure. This finding aligns with the
report by Purnamayati et al. [99], which showed that
similar protein-polysaccharide wall systems could
maintain low and stable moisture levels, even when
exposed to different inlet temperatures during drying. In
addition, the results showed that during the storage
evaluation in this study, water content was not the
critical parameter that determines the shelf life of the
microcapsules. It was suggested that carotene content
was the most determining factor.

13.00 4 =—®=MSM 30 MSM 40_ ==@=MSM 50

_12.00
£11.00 A
£10.00 [

9.00 - }\ J
8.00 { & L
7.00 -
6.00 -
5.00

nt

Moisture Con

0 7 14 21 28 35 42
Day

(b)

Figure 5 Changes in moisture content of microcapsules prepared with SPC-CG conjugates (MCJ); (a) and with the simple

mixture of SPC-CG (MSM) (b) during storage.

Antioxidant Activity (%RSA)

The antioxidant activity of red palm oil (RPO)
microcapsules, expressed as the percentage of DPPH
radical scavenging activity (%RSA), generally

decreased during 42 days of storage at 30, 40, and 50 °C.
In general, higher storage temperatures accelerated the
decline in antioxidant activity, with the highest activity
retained at 30 °C and the lowest at 50 °C (Figure 6).
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Figure 6 Antioxidant activity of microcapsules prepared with SPC-carrageenan conjugates (MCJ) (a) and the simple

mixture of SPC-CG (MSM) (b) during storage.

Although antioxidant activity generally declined
during storage, several samples exhibited non-linear
patterns. In addition to temperature, storage duration
also played an important role. The longer the
microcapsules were stored, the higher the likelihood of
oxidative reactions, particularly when the protective
wall structure weakened due to physical or chemical
changes during storage [100]. These findings are
consistent with the report by Lyu et al. [101], which
stated that antioxidant stability significantly decreases at

elevated temperatures due to the increased oxidation
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rates of bioactive compounds. Overall, MCJ and MSM
showed a similar trend in %RSA reduction across all

storage temperatures.

Total Carotenoid

A consistent decrease in relative total carotenoids
was observed over 42 days of storage in all microcapsule
samples, both in MCJ and MSM (Figure 7). Statistical
analysis confirmed that both temperature and storage
duration significantly affected carotenoid degradation (p
< 0.05).

100.00

[

©

=}

s}
1

60.00 -

40.00 A

—@— MSM 30 —&— MSM 40

Relative carotene
concentration(%)

N

°

=}

s}
1

MSM 50
0.00 T T T T T 1
0 7 14 21 28 35 42

Day
(b)

Figure 7 Total carotenoid content of microcapsules prepared with SPC-CG conjugates (MCJ) (a) and the simple mixture

of SPC-CG (MSM) (b) during storage.

The higher the storage temperature, the faster the
rate of carotenoid loss. This thermal degradation pattern

is consistent with previous findings by Chen et al. [102],

who reported that B-carotene content in emulsions was
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almost completely depleted after 30 days at 50 °C. A
similar trend was observed in this study, that in MSM,
the relative carotenoid content declined to
approximately 50% of its initial value after 42 days at
50°C.

In contrast, microcapsules with conjugate wall
material (MCJ) showed better retention, maintaining
about 71% at 30 °C and 53% at 50 °C. This decrease
indicated that degradation still occurred even though the
carotenoids were encapsulated. However, the SPC-CG
conjugate provided better protection against thermal
degradation, particularly at higher temperatures. This
suggested that the wall material structure formed by the
Maillard reaction could reduce the degradation rate of
active compounds.

This finding is consistent with the study of [103],
who reported that WPI-pectin conjugates formed
interfacial layers in emulsions that significantly
enhanced both physical and chemical stability. These
conjugate-based systems demonstrated the ability to
protect functional compounds, such as carotenoids,
against degradation during processing and storage.
Although the matrix used in their study was different,
the principle of active compound protection is similar to
that observed in the SPC-CG microcapsules used in this
study. This result is further supported by Jiang et al.
[104], who showed that microcapsules formed from
Maillard-type conjugates of WPI and galactose showed
greater stability during storage than physical mixtures.
Altogether, these results reinforce the potential of
conjugate systems as effective wall materials to improve

the thermal stability of encapsulated compounds.

Kinetic degradation of carotene

The degradation behavior of carotenoids during
storage was investigated to evaluate the stability of the
microcapsule system and to support shelf-life prediction
under different storage temperatures. As shown in Table
5, carotenoid degradation data were evaluated using
kinetic methods by determining the reaction order (zero-
, first-, and second-order models). Moreover, to
determine the Ea of carotenoid degradation, the
degradation rate constants were fitted to the Arrhenius
model. The Arrhenius equation is widely used in
stability studies to describe the relationship between

temperature and the rate constant, enabling the

estimation of the shelf life of a product during the
development phase [105].

During the investigated storage period, carotenoid
degradation exhibited approximately linear time
dependence at all storage temperatures. This behavior
suggests that the degradation rate remained relatively
constant and was primarily governed by external factors
such as temperature and oxygen availability rather than
by the remaining carotenoid concentration. The
calculated activation energies (Ea) obtained from the
zero-order model were 6,614 kJ/mol for MCJ and 6,713
kJ/mol for the MSM, indicating similar temperature
sensitivity for both systems. During storage, oil diffuses
through the wall matrix by molecular diffusion [106].
The encapsulation matrix likely acted as a physical
barrier that restricted oxygen diffusion into the
microcapsules, thereby controlling the oxidation process
and resulting in near-linear degradation behavior over
time.

Data showed that, based on the zero-order model,
MCJ exhibited longer half-life (ti/2) values than MSM.
At 30 °C, the half-life of MCJ reached 83.32 + 0.82
days, whereas MSM showed a shorter half-life of 74.42
+ 2.33 days, indicating that conjugated wall materials
were more effective in retarding carotenoid degradation
(Table 5). However, a pronounced reduction in half-life
was observed at 50 °C, where the half-life decreased to
42.40 + 1.13 days for MCJ and 37.28 + 0.96 days for
MSM. This decline was caused by the acceleration of
oxidative reactions at elevated temperatures due to
increased molecular mobility and enhanced oxygen
permeability.

Similar degradation behavior has been reported in
previous studies involving encapsulated carotenoid
systems. Chuyen et al. [107] and Lima et al. [108]
observed near-linear degradation patterns consistent
with zero-order behavior during the storage of
carotenoid-rich oils encapsulated by spray drying.
Seregelj et al. [109] reported that the stability of
carotenoids in encapsulated carrot pomace extract
decreased  markedly  with  increasing  storage
temperature, with degradation progressing almost
linearly over time. These findings indicate that, in
encapsulated systems, carotenoid degradation behavior
is strongly influenced by the protective matrix and
storage temperature rather than by carotenoid

concentration alone. Furthermore, Drosou et al [110]
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demonstrated that B-carotene encapsulated using a whey
protein isolate-pullulan system exhibited nearly double
the half-life compared to its free form, highlighting the
importance of effective barrier properties in extending
shelf life. Wardana et al. [111] also emphasized that
carotenoid degradation behavior varies significantly
depending on the delivery system and matrix structure.

Overall, the similar activation energy values for
MCJ and MSM suggested comparable temperature
dependence, while the longer half-life of MCIJ
highlighted the role of wall material structure in

stability.
conjugates formed via the Maillard reaction are known

enhancing storage Protein-carrageenan
to produce a more compact and cohesive wall [104],
which is more effective in limiting oxygen diffusion and
These

demonstrate that matrix-controlled mechanisms govern

slowing oxidative  degradation. results
carotenoid degradation in red palm oil microcapsules
and that kinetic-based modeling provides a useful
framework for predicting shelf-life performance under

different storage conditions.

Table 5 Coefficient of determination (R?) of zero-, first-, and second-order kinetics of carotene degradation of MCJ (1:3)

and MSM (1:3).

Zero-order
T ti/2 Arrhenius
Sample R? k (%/day) intercept Ea
(§(®) Day Month . R?
(kj/mol)
278
30 0.88 £0.02 0.60 £0.01 98.44 £ 2.50 83.32+0.82 0.03
1.56 +
MCJ 40 0.98 £0.00 1.07 £0.02 102.53 £0.24 46.88 £ 0.82 0.03 6,614 0.82
141 =+
50 0.98 £0.00 1.18£0.03 99.73 £ 0.73 42.40+1.13 0.04
248
30 0.98 £0.01 0.67 £0.02 98.20 £ 0.86 74.42 +£2.33 0.08
141+
MSM 40 0.97 £0.00 1.18 £0.02 104.42 £ 0.69 42.24 +£0.60 0.02 6,713 0.89
1.24 +
50 0.96 £0.01 1.34 £0.04 100.83 £0.17 37.28 £0.96 0.03
Firts-order
T ti/2 Arrhenius
Sample R? k (/day) intercept Ea
P O Y P Day Month . R?
(kj/mol)
30 0.88 £0.02 0.88 £0.02 0.01 £0.00
MCJ 40 0.95+£0.01 0.95+£0.01 0.01 £0.00
50 0.99 +0.00 0.99 £ 0.00 0.02 +£0.00
30 0.96 £0.00 0.96 £0.01 0.04 £0.05
MSM 40 0.95+0.00 0.95+0.00 0.02 +£0.00
50 0.96 £0.01 0.96 £0.01 0.02 +£0.00
Second-order
T ti/2 Arrhenius
Sample R? k (1/%-day) intercept Ea
P O Y P Day Month 2

(kj/mol)
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30 0.88 £0.02 0.00+0.00 0.22+0.01

MCJ 40 0.93+0.01 0.01+0.00 0.21+0.00

50 0.99 +£0.00 0.01+0.00 0.21+0.01

30 0.96 +0.00 0.00+0.00 0.22+0.00

MSM 40 0.93+0.01 0.01+0.00 0.21+0.00

50 0.96 +£0.01 0.01+0.00 0.21+0.00
Conclusions Acknowledgements

This study demonstrated that Maillard reaction-
derived Spirulina protein-carrageenan conjugates (MR)
were effective wall materials for the microencapsulation
of red palm oil. At an oil-to-wall material ratio of 1:3,
MR achieved the highest encapsulation efficiency
(72.13%) and superior carotenoid retention compared to
SM. Thermal analysis revealed a single transition peak
for all microcapsules, while high transition enthalpy
values confirmed enhanced thermal resistance of the
conjugated system. In situ absorption analysis revealed
a relatively high value (82%). Storage evaluation
showed that MCJ exhibited slower carotenoid
degradation and longer half-lives at all storage
temperatures. The longest half-life was observed at 30
°C (83.32 days), whereas accelerated degradation
occurred at 50 °C. However, it should be noted that even
though MCJ 1:3 had the highest EE and good stability
during storage. Upon rehydration, MCJ 1:3 had a larger
particle size and PDI, but a lower zeta potential than
those at the 1:1 and 1:2 ratios. Therefore, a further study
on the physical stability of these microcapsules in
beverage application (liquid system) is needed. Overall,
these findings highlighted the significance of protein-
polysaccharide  conjugation in improving the
encapsulation performance, thermal protection, and
storage stability of lipophilic bioactive compounds. In
addition, the results demonstrated that spirulina protein
is a good candidate for a wall material in encapsulation
applications. The developed microencapsulation system
shows strong potential for use in functional food
products that require good heat stability and extended
shelf life. Lastly, future studies should focus on
evaluating the sensory impact, the scalability of the
process, and the in vivo bioavailability of carotenoids to
support broader industrial applications.
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