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Abstract

This study aims to encapsulate Cosmos caudatus K. leaf extract in sodium alginate crosslinked with calcium chloride
(CaCly) as coating materials through freeze-drying. Antioxidant assays were performed to evaluate the applicability of
the microcapsules as antidiabetic medicines. Their characteristics, antioxidant activity, and encapsulation efficiency (EE)
were also examined. Results indicated that the concentration of sodium alginate and pH influenced the manufacturing
process of the microcapsules. The highest EE was obtained at pH 6 and alginate concentration of 2% (w/v). The 1Cs for
the antioxidant activity of the microcapsules was 139.96 + 1.094 pg/mL. Scanning electron microscopy confirmed the
presence of irregular and spherical structures on the surface. Fourier transform infrared spectra showed new absorption
bands at 1593.10 and 1427.59 cm™!, demexistening the existence of stretching vibrations of COO~. Absorption at 1024.14
cm! demonstrated C—C and C-O bond stretching vibrations in the sodium alginate-CacCl, crosslinks. Fourier transform
infrared spectrum analyses indicated that sodium alginate and CaCl, formed chemical bonds, enabling microencapsula-
tion. This study discovered that microencapsulation is a highly prospective and adaptable strategy for enhancing the
medicinal use of plant extract.

Keywords: alginate, antioxidant, Cosmos caudatus Kunth, microencapsulation, freeze-drying

Introduction hypercholesterolemia, which is characterized by blood
cholesterol levels exceeding the normal range of 240
Cosmos caudatus Kunth is a member of the Asteraceae mg/dL [6]. According to World Health Organization
family native to Central America and can be found in (WHO) data in 2014, the prevalence of diabetes was
Indonesia and other Asian countries. The high con- 8.5%among adults aged 18 years and older. Diabetes was
centrations of flavonoids and phenolics in C. caudatus K. a direct cause of 1.6 million mortalities in 2016, and
contribute to its pharmacological effects. Among the increased blood glucose levels were a contributing factor
studied substances, quercetin exhibits some of the best to 2.2 million mortalities in 2021 [7].
antioxidant and antiobesity properties, reducing oxidative
stress on cells and lowering the risk of developing diabetes The current treatment approach for diabetes mellitus
mellitus [1]. C. caudatus K. contains antidiabetic, focuses on maintaining normal blood glucose levels.
antioxidant, antihypertensive, and antiinflammatory However, synthetic medications often have adverse
properties [2]. In vitro research demonstrated the effects that seriously harm the patients’ health during
antioxidant activity of the flavonoid components in C. treatment. As an alternative form of treatment, the
caudatus K. leaf extracts. The identified flavonoids, pharmacological potential of medicinal plants has been
including genistin, oroxin B, and quercetin, possess a studied. According to the WHO, 75%-80% of the global
high antioxidant capacity and various medicinal population continuously depends on traditional medicine
properties. The antioxidant properties of C. caudatus K. practices rooted in plants. This reliance is especially
have potential health benefits, including protection prominent in developing countries with abundant plant
against oxidative stress and chronic diseases [3-5]. diversity, such as Indonesia. Cosmos caudatus K. is one

of the medicinal plants with therapeutic potential [2].
Owing to human lifestyle changes and increasing affluence,

diabetes mellitus is currently on the rise. This disease can Oral drug distribution is the most commonly used method
lead to significant morbidity and mortality rates due to due to high patient compliance, modification of dosage
vascular consequences. Another illness complication is forms, and cost-effective manufacturing [8]. The limited
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bioavailability of drugs is a major limitation associated
with oral drug administration. This challenge arises from
the physicochemical characteristics of medications, such
as low water solubility and membrane permeability, which
may hinder their absorption in the gastrointestinal tract.
Chemical and biological stability can also complicate the
absorption process and physiological barriers, such as
pH, efflux transporters, metabolic enzymes, and potential
local discomfort and nausea [9]. Quercetin, a polyphenolic
flavonoid and a highly hydrophobic medication, is utilized
as an antioxidant. It inhibits cell growth and prevents
cancer development, offering effective treatment for
breast, ovarian, colon, and lung cancers. Owing to its
limited ability to dissolve in liquids and low absorption
into the body, its effectiveness could be improved [10].
However, quercetin compounds have limited bio-
availability due to their rapid degradation and decreased
absorption, and their conjugated form or metabolites
cannot fully realize the expected health benefits. Given
that quercetin components can be found in C. caudatus
K. leaf extract, modification is required to enhance their
bioavailability through microencapsulation [11]. This
technique shields the core substance from external
influences, masks unpleasant tastes and odors, chemically
and physically blends poorly miscible substances,
controls the release of the core substance, and enhances
stability [12].

Microencapsulation can shield and preserve the extract’s
active chemicals for a long time, preventing a decrease in
their concentration when the extract enters the body’s
circulation [13]. Choosing a suitable drying method is
essential for encapsulation. Freeze-drying is one of the
most common techniques for drying [14]. The effectiveness
of encapsulation and the stability of the produced
microcapsules are both influenced by the choice of
material for microencapsulation. Under ideal circumstances
and predetermined times, the proper encapsulating material
will release the core substance. Sodium alginate is an
encapsulating substance employed in microencapsulation
[15]. When reacting with monovalent metal ions, sodium
alginate produces soluble salts; when reacting with
divalent and multivalent cations, it produces gels or
precipitates. Calcium-induced alginate polymerization
depends on the formation of ionic crosslinks between
Ca?* cations and alginate anions. lonic bonds bind each
Na* cation [16]. To date, only a few studies have focused
on the effects of solvent pH, sodium alginate concentration,
and stirring time during microencapsulation. Given that
sodium alginate contains acid groups such as mannuronic
and guluronic acids, it dissolves well in acidic liquids. In
microencapsulation, choosing the proper solvent pH is
essential because it can alter encapsulation efficiency
(EE) [17]. The efficiency and yield of encapsulation are
influenced by the concentration of calcium chloride
(CaCly) solution [18].
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The success rate of microencapsulation is determined by
the EE, which represents the percentage of the active
substances, such as flavonoids, effectively protected by
the microcapsules. A high EE indicates that the
encapsulating material provides good protection [19]. A
previous study microencapsulated ethanolic extract from
C. caudatus K. leaves using spray drying under varying
pH, chitosan concentrations as the encapsulating material,
and stirring times [2]. However, the microencapsulation
of ethanolic extract from C. caudatus K. leaves using
sodium alginate as the encapsulating substance has never
been investigated. The present study aimed to encapsulate
the extract of C. caudatus K. leaves using sodium
alginate crosslinked with CaCl, as coating materials
through freeze-drying. Moreover, the antioxidative
properties of the encapsulated extract were determined.
The effect of manufacturing parameters, such as pH and
sodium alginate concentration, was also evaluated. The
microcapsules’ properties, EE, and antioxidant activity
were examined.

Methods

Materials and instrumentations. The materials in this
study consisted of C. caudatus K. powdered leaves
procured from the UPT (Unit Pelaksana Teknis)
Laboratory Herbal Materia Medica in Batu, East Java,
Indonesia. This research utilized the following chemicals
from Merck: anhydrous CaCly, ethyl alcohol (99.7%),
glacial acetic acid (a secondary pharmaceutical standard),
aluminum chloride (AICIs), 3,5-dinitrosalicylic acid
(DNS) reagent (>98%, HPLC grade), 2,2-diphenyl-1-
picrylhydrazyl (DPPH, reagent grade), Tween-80,
sodium alginate (a pharmaceutical secondary standard),
and soluble starch (derived from potatoes, ACS grade).
The equipment consisted of a Shimadzu UV-Vis
spectrophotometer, a Shimadzu Prestige 21 Fourier
Transform Infrared (FTIR) spectrometer, and a Hitachi
TM 3000 scanning electron microscope (SEM).

Preparation of C. caudatus K. Ethanolic extract. In
brief, 250 g of C. caudatus K. leaf powder was macerated
in 1000 mL of 96% ethanol for three 24-hour periods.
The resulting extract was filtered to separate the filtrate
from the residue using cotton and a hydraulic press. After
the C. caudatus K. leaf extract was obtained, the filtrate
was concentrated using a rotary evaporator at 50 °C and
120 rpm. For additional characterization procedures, the
extract was kept in a freezer at 40 °C [2].

Microencapsulation of C. caudatus K. Ethanolic
Extract. The crude C. caudatus K. extract (0.5 g) was
diluted in 2 mL of 96% ethanol and then slowly added
with 10 mL of 2% sodium alginate solution (w/v) in 2%
acetic acid solution (v/v) with pH variations of 4, 5, 6,
and 7. The mixture was stirred using a magnetic stirrer at
300 rpm. With the use of a syringe, the mixture was
slowly dropwise added into a 40 mL solution of CaCl;
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(0.1 M). The resulting solution was then further stirred
for 30 min using a magnetic stirrer. The obtained alginate
beads were washed with distilled water to eliminate any
residual CaCl, adhering to their surface and then freeze-
dried for 6 h at =55 °C and —60 mmHg air pressure, re-
sulting in their transformation into a fine powder consist-
ing of microcapsules. The same procedure was replicated
under various conditions using sodium alginate concen-
trations of 1%, 1.5%, 2%, and 2.5% (w/v). The initial pH
that resulted in the highest percentage of EE (%EE) was
utilized in this experiment, which was also performed un-
der different conditions. The microcapsules’ optimal
conditions were estimated by utilizing the maximum per-
centage of %EE [20].

Determination of total flavonoid content. The
microcapsules and C. caudatus K. extract were precisely
weighed at 0.05 g each and then dissolved in 5 mL of
methanol. The solution was poured into a test tube, which
was then heated for 45 min at 40 °C and rotated in a
centrifuge for 10 min. After being carefully placed in a
test tube, the mixture was added with 0.6 mL of a 2%
AICI; solution and thoroughly mixed. The solution was
left to incubate at room temperature for 23 min. A UV-
vis spectrophotometer was used to measure the
absorbance at a wavelength of 420 nm. The experiment
was conducted three times. The total flavonoid content
for each sample was determined by utilizing the standard
quercetin curve and expressed as milligram of quercetin
equivalent per gram of the sample [2].

EE. The microencapsulation efficiency level indicates
the degree to which the coating material effectively en-
capsulates and protects the extract [2]. Equation (1) was
used to determine the EE:

Encapsulation efficiency (%) =
Total flavonoid content in microcapsules

100% 1
Total flavonoid content in extracts * ! M

Antioxidant activity test. Sample solutions were
prepared using different quantities: 40—1200 pg/mL for
C. caudatus K. extracts, 120-200 pg/mL for the
microcapsules, and 2—12 pg/mL for ascorbic acid. A 50
pg/mL DPPH solution in 2 mL volume was added to each
sample solution. The solutions were then left to incubate
at room temperature for 30 min and stored in a light-free
environment. Their absorbance at a wavelength of 516
nm was measured using a UV-vis spectrophotometer.
The experiments were performed at triplicate. The
antioxidant activity percentage was determined using
Equation (2):

Antioxidant activity (%) =
Absorbance control - Absorbance sample

1009 2
Absrobance control x 100% 2)
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ICso, the concentration at which 50% of the antioxidant
activity is inhibited, was calculated using a linear
regression equation. The x-axis represents the sample
concentration, and the y-axis represents the percentage of
antioxidant activity. This method assists in the
determination of the ICso by analyzing the slope of the
regression line that passes through the data points [5].

Fourier Transform Infrared (FTIR) and Scanning
Electron Microscopy (SEM)analyses. Samples for
FTIR spectroscopy were prepared by dehydrating and
compressing them into KBr pellets. Measurements were
performed using a Shimadzu-type IR Prestige-21 FTIR,
and observations were conducted throughout the
wavenumber range of 4000-400 cm™!, including the
infrared area of the spectrum. In addition to FTIR
analysis, SEM TM 3000 Hitachi was used to investigate
the shape and morphology of the extract and
microcapsules observed at magnifications ranging from
500x to 12,000x.

Data analysis. The test results for the antioxidant activity
and microencapsulation of C. caudatus K. ethanol extract
were examined using a variance normality test with
Kolmogorov—Smirnov test. One-way ANOVA using the
F-test was then carried out with a confidence level of
95% (p = 0.05). Post-hoc Tukey HSD test was utilized to
determine the statistically significant treatment
differences. SPSS version 26 was the software applied
for the statistical analysis of the data.

Results and Discussion

Effect of pH on EE. The medium pH is a critical
component of the microencapsulation process. Each
encapsulating substance employed in the micro-
encapsulation has different solubilities in acidic and
alkaline environments [21]. The pH level impacts the
carboxyl groups’ charge in alginate molecules. When the
pH of the emulsion exceeds the pKa, the carboxyl groups
on alginate will ionize and become negatively charged,
allowing them to form electrostatic connections with the
cationic polymers and calcium ions. Nevertheless, the
carboxyl groups of alginates are mostly negatively charged
in a slightly acidic solution (pH of approximately 5).
Thus, a neutral pH maximizes the interaction between
alginate and encapsulating materials, such as cationic
polymers and calcium ions, while preventing harmful
effects on the living cells in an overly acidic or alkaline
environment [16].

The microcapsule sample with pH 6 has the maximum
EE of 82.4 as shown in Table 1. The optimal pH for
alginate microcapsules is determined by the pKa range of
sodium alginate, which ranges between 3.4 and 4.4.
When the pH of the emulsion exceeds its pKa, the
carboxylate groups present in sodium alginate become
ionized and form electrostatic bonds with the cationic
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Table 1. Percentage of Encapsulation Efficiency (%6EE) of
the Microcapsules at Various pH Levels

Sample* Encapsulation efficiency

(%EE)*™*
Microcapsule pH 4 44,90
Microcapsule pH 5 59.6¢
Microcapsule pH 6 82.3d
Microcapsule pH 7 74.62

*The microcapsules were prepared by stirring 2% (w/v) sodium
alginates for 30 min; **Different notations, as determined by
One-Way ANOVA with a confidence level of a = 5%, signify
notable variations among the conditions.

polymers and calcium ions [22]. At a mildly acidic pH
(6) where alginate dissociates efficiently, the divalent ion
Ca®* derived from the cross-linking agent CaCl, can
replace the Na* ions and form ionic bonds with the
carboxylate ions in alginate. As a consequence, a large
amount of bioactive chemicals are encapsulated, boosting
the EE [20, 21]. This finding is similar to a previous study
[20], which concluded that pH 6 yielded the best results
for sodium alginate-coated microcapsules. This pH level
facilitates the dissociation of sodium alginate, allowing
calcium ions (Ca?*) from CaCl; to replace sodium ions
(Na"). Hence, the binding of different molecules is
enhanced. In addition, the durability of small capsules is
strengthened by forming chemical bonds between the re-
pulsion of negatively charged alginate molecules and the
attraction of positively charged calcium ions [23].
Calcium ions (Ca®*) enhance the cross-linking process,
forming a stable matrix that contains a significant number
of bioactive molecules. Enhancing the matrix strengthens
the microcapsules and fortifies the gel, resulting in
improved resistance to degradation and controlled drug
release [24]. Meanwhile, a low EE is observed for the
microcapsules generated at pH 4 and 5. The amount of
protonated sodium alginate molecules increases when the
pH is between 4 and 5. The protonated form of sodium
alginate may interrupt the binding between Ca?* ions and
COO™ ions, weakening the cross-linking bonds and
microcapsule matrices. A decrease in the binding strength
of the microcapsule matrix leads to a reduction in its
ability to retain the extract, resulting in a low EE [20].

Effect of polymer concentration on EE. The micro-
capsules’ size and EE can vary based on the quantity of
sodium alginate used in the microencapsulation. Given
that the sodium alginate concentration is under 1%, the
number of carboxyl groups is insufficient for gel
formation, producing few spherical capsules. High con-
centrations of sodium alginate result in great viscosity,
forming large droplets with a varied size distribution
[16]. Microcapsules with varying sodium alginate
concentrations (1%, 1.5%, 2%, and 2.5% wi/v) in 1%
acetic acid (w/v) at the optimal pH 6 were produced to
determine the optimum sodium alginate concentration.

Makara J. Sci.

The concentration of CaCl; as a cross-linking agent and
the duration of stirring were held constant at 0.1 M and
30 min, respectively.

Table 2 shows the correlation between the concentration
of sodium alginate and the percentage of EE. The micro-
capsule sample with a sodium alginate concentration of
2% (w/v) demonstrates the highest EE of 85.5%.
Increasing the quantity of sodium alginate within the 1%
to 2% concentration range has led to an increase in EE.
When the sodium alginate concentration increases, a
significant number of COO™ ions. The link between
alginate and calcium ions strengthens as the synthesis of
COO™ ions increases, forming a dense and cohesive
network. As a consequence, the space within the
microcapsule shrinks. This characteristic enables the
microcapsule to accommodate a high concentration of
active molecules, thereby increasing the EE [25]. When
the concentration of sodium alginate is 2.5%, the EE
decreases because of an imbalance between the quantities
of COO™ and Ca?* ions during the microencapsulation. A
high concentration of sodium alginate produces a large
amount of COO" ions, but a constant concentration of
CaCl; usually generates a constant amount of Ca?* ions.
The unbalanced ion concentration causes few cross-
linking bonds to be formed, thus decreasing the EE [26].

Previous research demonstrated similar results [27]. The
ideal concentration of sodium alginate for micro-
encapsulating gallic acid differed from the highest
concentration utilized. Several studies also demonstrated
that the EE could be reduced when a low concentration
of sodium alginate is used, depending on the specific
combination of experimental factors [28, 29]. This
behavior can be attributed to the increased alginate
concentration that causes the solution to become highly
viscous, trapping a significant amount of the bioactive
ingredients [30]. Nonspherical capsules are formed when

Table 2. Percentage Encapsulation Efficiency (%EE) of
Microcapsules Prepared with Various Concen-
trations of Sodium Alginate

Encapsulation

Sample Efficiency (%)""
Microcapsules with 1% (w/v) 59 gb
sodium alginate concentration '
Microcapsules with 1.5% (w/v) 67.9°
sodium alginate concentration '
Microcapsules with 2% (w/v) g5, 7¢
sodium alginate concentration '
Microcapsules with 2.5% (w/v) 36,00

sodium alginate concentration

*The microcapsules were prepared by stirring 2% (w/v) sodium
alginates for 30 min; **Different notations, as determined by the
One-Way ANOVA test with a confidence level of a = 5%,
signify notable variations among the conditions.
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the concentration of sodium alginate is less than 1%, most
likely because of the insufficient number of carboxyl
groups for the gelling process. As a consequence,
inadequate cross-linking between the alginate molecules
occurs, forming capsules with irregular shapes and sizes.
By contrast, if the concentration of sodium alginate
exceeds 5%, the viscosity of the water-based solution
increases, resulting in large droplets with a broad range
of sizes. This phenomenon occurs due to the solution’s
increased ability to form a gel, creating significant and
consistent capsules at high concentrations of sodium al-
ginate. The high viscosity also helps stabilize the
capsules, increasing their resistance to breaking down
and guaranteeing a uniform release of the substances
inside the body [22].

Antioxidant activity. The antioxidant activity was
assayed using the DPPH reagent. Radical DPPH is an
organic substance that consists of unstable nitrogen,
resulting in a dark purple solution color. The antioxidant
chemicals in the sample solution will absorb the free
radicals of the DPPH solution by releasing hydrogen (H)
atoms, creating a new reduced molecule called DPPH-H.
As a consequence, a colorless solution is produced [31].
Table 3 shows the antioxidant activity test results.
Ascorbic acid was utilized as the positive control. The
uncapsulated C. caudatus K. extract was also examined
and compared with the microcapsules.

Among the substances, ascorbic acid exhibits the highest
levels of antioxidant activity with an ICso of 2.6 £ 0.021
pug/mL. However, the microcapsules exhibit a lower
antioxidant activity (ICsp of 139.96 + 1.094 pg/mL) than
the uncapsulated extract (ICso of 75.56 + 0.091 pg/mL),
which is in line with the expected properties of
antioxidants. Ascorbic acid, also known as vitamin C, is
a strong antioxidant and neutralizer of free radicals,
which explains its high antioxidant activity. Despite
having lower antioxidant activity than the extract, the
microcapsules are still categorized as active antioxidants
(100 < ICsp < 150 pg/mL), indicating that they retain
antioxidant capability to some extent. The C. caudatus K.
microcapsules being categorized as active antioxidants
and the extracts being classified as very active
antioxidants suggests a difference in the EE in preserving
the core material’s antioxidant properties [32]. The
decreased antioxidant activity of the microcapsules is due
to several factors. The bioactive chemicals enclosed in

Table 3. Antioxidant Activity Test Results

Sample I1Cs0”
Microcapsules prepared at optimum condition  139.96 + 1.094°
Ethanolic extract of C. caudatus K. 75.56 +0.091¢
Ascorbic acid 2.6 +0.0212

*Different notations, as determined by the One-Way ANOVA
test with a confidence level of a = 5%, signify notable variations
among the conditions.
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the microcapsules may not be fully released, leading to a
decreased antioxidant activity. The main objective of
microencapsulation is to safeguard and regulate the
release of active chemicals, not to enhance their
biological activity. The EE and quality of the
microcapsules affect their ability to maintain the core
material until they reach the target site, which can
significantly impact their antioxidant activity [33].
Furthermore, the higher antioxidant activity of the crude
extract compared with that of the microcapsules is due to
the reduction in flavonoid compounds after drying. As an
essential stage in the microencapsulation of flavonoid
compounds, drying can result in the loss of these
compounds. In this process, the flavonoid compounds
might degrade or volatilize, resulting in a decrease in
their concentration within the microcapsules. The
microcapsules’ antioxidant activity may also be reduced
due to the decrease in flavonoid compounds [34]. This
observation is consistent with a previous report that
demonstrated similar findings. They discovered that the
antioxidant activity of R. tuberosa L. and C. caudatus K.
microcapsules was lower than that of their respective
extracts and ascorbic acid. Nevertheless, the
microcapsules in the current work exhibit a reduced
antioxidant activity compared with the extract and
ascorbic acid. The ICsp is 123.97 + 9.33 pg/mL for the
microcapsules,16.42 + 2.12 ug/mL for the extract, and
1.28 £ 0.23 pg/mL for ascorbic acid [5].

The strategy to enhance antioxidant activity after
microencapsulation is demonstrated by increasing the
concentration of wall materials. Increased concentrations
of wall materials improve the retention of core
components within microcapsules, potentially resulting
in a heightened antioxidant activity. This concentration
signifies the enhanced preservation of phenolic chemicals
essential for retaining antioxidant capabilities. In addition,
increased quantities of wall material contribute to the
stability of microcapsules, which is crucial for retaining
encapsulated antioxidants. Furthermore, the flexibility
and molecular size of wall materials affect the movement
of volatile and delicate substances on the surface of the
microcapsule, which in turn influence the speed at which
they are released and their antioxidant properties.
Controlling the drying process and storage conditions can
prevent the degradation of the encapsulated antioxidants,
ensuring their regulated release. Incorporating release-
enhancing agents can also improve the release rate of the
encapsulated antioxidants, and optimizing the size and
shape of the microcapsules can influence their stability
and release properties [34, 35].

FTIR and SEM analysis. The prepared C. caudatus K.
ethanol extract and microcapsules were analyzed using a
FTIR spectrophotometer to specify their specific
functional groups. The FTIR spectra are depicted in
Figures 1(a) and 1(b), and the functional groups
identified through absorption are detailed in Table 4.

June 2024 | Vol. 28 | No. 2
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Figure 1. FTIR Spectra of the (a) C. caudatus K. extract. (b) C. caudatus K. Extract Microcapsules Prepared Under Solution
pH 6, Stirring for 30 min, and 2% (w/v) Sodium Alginate

Table 4. Assignments of the Functional Group Spectra

C. caudatus K. extracts
[33, 36-38]

Peak Number

Microcapsules of C. caudatus K. extracts
[33, 36-38]

[y
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3386.21 cm™* for O—H alcohol
2924.24 cm™* for C-H aliphatic
2848.28 cm™* for C-H aliphatic
1741.38 cm™ for C=0 ketones
1610.34 cm™* for C=0 ketones

1444.83 cm™* for C=C aliphatic rings
1272.41 cm™ for C-O—C aromatic ether

3331.03 cm* for O—H alcohol
2917.24 cm™* for C—H aliphatic
2851.72 cm™* for C-H aliphatic
1727.59 cm™ for C=0 ketones

1593.10 cm™ for COO~ asymmetric
1427.59 cm™ for COO™ symmetric
1241.38 cm™ for C-O-C aromatic ether
1024.14 cm™* for C-O-C aliphatic ether

1219 NL D4 x12%

B S N

1533 NL D52 xB.0k  10um

Figure 2. SEM Images of the (a) C. caudatus K. extract. (b) Microcapsules of C. caudatus K. Extract Prepared Under pH 6, 30
min Stirring Time, and 2% (w/v) Sodium Alginate

FTIR analysis showed the presence of functional groups
in the extracts and microcapsules of C. caudatus K. Fig-
ure 1 displays the FTIR spectra, and Table 4 lists the as-
signments of the functional groups responsible for ab-
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sorption. Figure 3(a) indicates that the extract of C. cau-
datus K. exhibits the stretching vibrations of the hydroxyl
(O—H) group at a wavelength of 3386 cm™'. This finding
is consistent with the general range for O—H stretching
vibrations, which typically occur in the 3200-3600 cm™'
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region. The separated peaks corresponding to the stretch-
ing of aliphatic C-H bonds are observed at 2294 and
2848 cm!. The observed vibrations are consistent with
the expected range for C—H stretching vibrations, which
typically appear in the area of 2800-3300 cm™' [36]. The
absorption peaks at 1741.38 and 1610.34 cm™! are caused
by the stretching of C=0 bonds. The C=0 stretching vi-
brations indicate the existence of carbonyl groups, which
are frequently found in carboxylic acids, aldehydes, and
ketones. The peaks observed at 1444.83 and 1272.41
cm! are attributed to the stretching vibrations of aro-
matic C=C bonds and aromatic ether C—-O—C bonds, re-
spectively. The observed frequencies are within the pre-
dicted ranges for aromatic C=C stretching vibrations
(1400-1500 cm™) and aromatic ether C-O-C stretching
vibrations (1200-1300 cm™'). The presence of aromatic
rings and aromatic ether groups in compounds is indi-
cated by the stretching vibrations of C=C and C-O-C
bonds. These vibrations are characteristic of the com-
pounds containing phenolic groups or other aromatic
structures [37]. The observed absorptions indicate the
presence of flavonoid compounds in C. caudatus K [38].
A previous study showed that the wavenumber around
1617.32 cm™! indicated the specific absorption of C. cau-
datus K. extract [5]. This finding is consistent with the
current assignment of FTIR spectra for C. caudatus K.
extracts, where the peak at 1610.34 cm™! is attributed to
C=0 ketone functional groups. This spectral characteris-
tic is crucial for identifying and analyzing the bioactive
compounds in C. caudatus K. extracts because it serves a
unique fingerprint for this plant species.

The FTIR spectra of the microcapsules demonstrate a
shift in the stretching vibrations of the C=0 carbonyl, O-
H alcohol, C-H aliphatic, and C-O-C aromatic ether at
peaks 1, 2, 3, 4, and 7, respectively [5]. Peak number 5
appears in Figure 1(a) but not in Figure 1(b). The peak
number 6 in Figure 1(b) is located at 1593.10 and
1427.59 cm™!, representing a new absorption peak. This
peak is attributed to the asymmetric and symmetric
stretching vibrations of the COO—- groups. These
absorptions suggest the formation of a chemical bond
(ionic bonding) between sodium alginate and CaCl; as a
cross-linking agent. Moreover, the appearance of a new
absorption peak at 1024.14 cm™' indicates the presence
of C-O-C aliphatic ether stretching vibrations, which can
also be attributed to the cross-linking between sodium
alginate and CaCl, [39]. The FTIR spectra of the extracts
and microcapsules of C. caudatus K. exhibit similarities,
indicating that the microcapsules contain the bioactive
chemicals isolated from C. caudatus K. These observed
similarities suggest that the encapsulating technique is
successful, as the microcapsules maintain the chemical
properties of the original extracts. The differences in
spectra between the microcapsules and extracts are
primarily due to the encapsulation process, which adds
new chemical interactions and structures within the
microcapsules [40]. The above results are similar to the
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analysis of microbead alginate in previous research [41],
where the FTIR spectra showed specific peaks that
correlated with the vibrational modes of the alginate
structure. For example, the spectra of alginate-based
polymers often show the presence of hydrogen-bonded
OH groups, indicating that these materials can retain
water. The C—H stretching vibrations are specific to the
aliphatic chains in the alginate structure, and the C-O
vibrations indicate the presence of carboxyl groups.
These carboxyl groups are important for the cross-linking
and the production of the 3D network structure of
alginate.

SEM characterization of the obtained microcapsules
revealed differences in surface morphology between the
extracts and microcapsules as displayed in Figures 2(a)
and 2(b), respectively. The microcapsules show an irreg-
ular morphology as identified by the presence of a few
spherical shapes and a uniform pattern of wrinkled sur-
faces. This morphological characteristic is similar to the
from a previous study, which indicated that freeze-dried
materials generally lack a specific morphology [42]. SEM
examination showed that the irregular morphology and
wrinkled surfaces of the microcapsules may be directly
attributable to the encapsulation process. The utilization
of encapsulation techniques, such as freeze-drying, might
result in the creation of microcapsules with irregular
shapes and sizes due to the heterogeneity of the process.
This procedure involves the rapid freezing of the solution
containing the bioactive chemicals and the polymer,
followed by a slow elimination of water, which may
create ice crystals. These ice crystals may generate holes
and contribute to the irregular morphology of the freeze-
dried substance, including the microcapsules [43]. The
morphology of the microcapsules, characterized by their
spherical shape and wrinkled surfaces, significantly
influences their effectiveness as drug delivery systems.
Their spherical shape suggests that the extract’s active
ingredients are properly coated, which is essential for
encapsulation. This coating protects the active ingredients
from degradation and facilitates a controlled release of
the therapeutic candidate through diffusion, dissolution,
osmosis, and erosion. These mechanisms are influenced
by the physical characteristics of the microcapsules,
including their dimensions, configuration, and surface
morphology. By contrast, the nonspherical form of the
microcapsules indicates the existence of empty spaces,
which may result in a fast release of the encapsulated
drug. This feature may not be favorable in certain
therapeutic situations because it can result in an
unexpected peak in drug levels, which could lead to
toxicity or reduce the overall efficacy of the treatment
[44, 45].

Conclusion

The microencapsulation of C. caudatus K. extracts using
a freeze-drying technique with sodium alginate and
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calcium chloride as wall materials was successfully
investigated, revealing its potential implementation in
bioactive compounds from plant nutraceuticals. The
optimum conditions for this process were pH 6 and 2%
(w/v) sodium alginate concentration. The microcapsules
demonstrated potential as natural antioxidants, indicated
by their 1Cso of 139.96 + 1.094 pg/mL. FTIR analysis
confirmed the formation of a cross-linking between
sodium alginates and calcium chloride, which is crucial
for the stability and functionality of the microcapsules.
Morphological analysis using SEM revealed that the
microcapsules had an irregular morphology with a
uniform distribution of wrinkled surfaces and a few
spherical shapes. This irregular morphology suggested
that the microencapsulation process was successful in
coating the bioactive compounds from the extract, even
though it was not optimal for the consistent delivery of
active compounds. The results indicated that C. caudatus
K. extract microencapsulation provides a novel way to
exploit bioactive components from plant nutraceuticals,
with potential applications in food and medicine. This
work advanced our understanding of microencapsulation
techniques but opened up new avenues for the development
of bioactive pharmaceuticals and nutraceuticals. The
prospects for this research are vast, with potential appli-
cations in enhancing the delivery of bioactive com-
pounds, improving the stability of pharmaceuticals, and
exploring new therapeutic strategies.
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