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Abstract

Scopoletin, the primary bioactive marker of Morinda citrifolia L. with antihyperlipidemic activity, is susceptible to thermal and oxidative
degradation during processing and storage. Despite the established role of microencapsulation in protecting herbal bioactives,
studies on spray-dried polyelectrolyte wall systems for Morinda citrifolia extract remain limited, particularly regarding the influence of
chitosan concentration on microcapsule formation and encapsulation performance. This study investigated the effect of chitosan
concentration on the physicochemical properties and scopoletin encapsulation efficiency of spray-dried alginate-chitosan-sodium
tripolyphosphate (STPP) microcapsules. Morinda citrifolia fruit extract was prepared by maceration in 70% ethanol and characterized
prior to microencapsulation. Two formulations differing in chitosan concentration were spray-dried: F1 (1% w/v) and F2 (2% w/v),
with sodium alginate (1% w/v), STPP (0.1% w/v), and extract concentration held constant. Microcapsules were characterized by
FTIR spectroscopy, particle size analysis (PSA), differential scanning calorimetry (DSC), moisture content determination, scanning
electron microscopy (SEM), and scopoletin quantification via validated TLC—densitometry. FTIR confirmed extract integration into the
polymer matrix through hydrogen bonding, electrostatic interactions, and ionic crosslinking, with more pronounced polyelectrolyte
interactions in F1. F1 also exhibited a narrower particle size distribution, greater thermal stability, lower moisture content (3.38 +
0.20%), and higher encapsulation efficiency (88.37%) than F2 (moisture: 4.89 + 0.16%; EE: 72.09%; p = 0.043). SEM revealed
greater particle discreteness in F1, whereas F2 exhibited denser aggregation. These results demonstrate that chitosan concentration
critically governs polyelectrolyte complex formation and encapsulation performance, with F1 showing optimal physicochemical
characteristics as a stable, standardized Morinda citrifolia-based oral herbal formulation.
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1. INTRODUCTION
Noni (Morinda citrifolia 1..) is classified in the family Rubi-

aceae and possesses antimicrobial, anti-inflammatory, antiox-
idant, and metabolic regulatory activities (Hou et al., 2025).
Among its phytochemical constituents, scopoletin is a major
bioactive marker associated with the antihyperlipidemic prop-
erties of noni by modulating 3-hydroxy-3-methylglutaryl coen-
zyme A reductase (HMGCR) and cholesterol 7a-hydroxylase
(CYP7A1), important enzymes involved in cholesterol home-
ostasis (Purwaningsari et al., 2021). Because of its pharmaco-
logical significance and high analytical reproducibility, scopo-
letin is utilized as the standard chemical marker for the quality
control of noni-based phytopharmaceuticals (Forcepta et al.,
2021; Dewi et al., 2022). Despite its significant therapeutic po-

tential, developing stable and standardized noni formulations
remains challenging because scopoletin and other bioactive
compounds are susceptible to environmental stressors, includ-
ing heat, oxidation, and light, which can lead to physicochemi-
cal degradation during processing and storage (Widjastuti et al.,
2023). The hygroscopic nature of dried noni extracts further
complicates handling and formulation into oral dosage forms.
Therefore, strategies are needed to improve the stability and
handling properties while preserving the integrity of bioactive
compounds.

Microencapsulation has been widely explored as an effective
strategy for protecting sensitive phytochemicals from environ-
mental degradation and improving their physicochemical stabil -
ity (Widjastuti et al., 2023; Diaz-Montes, 2028; Estevinho and
Lopez-Rubio, 2024). Sodium alginate and chitosan are com-
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monly employed as wall materials because of their biocompati-
bility, biodegradability, and their ability to form polyelectrolyte
complexes through ionic interactions, which may enhance the
structural stability of encapsulated compounds (Mardiyanto
etal., 2020; Asita et al., 2023). In alginate-chitosan systems,
chitosan concentration is an important formulation variable
that may influence solution viscosity, atomization behavior dur-
ing spray drying, microparticle morphology, and encapsulation
efficiency (Villate et al., 2023). Ionic crosslinking of chitosan
with sodium tripolyphosphate (STPP) further reinforces parti-
cle integrity through electrostatic interactions between chitosan
amino groups and STPP phosphate groups, thereby improving
encapsulation performance (Iftitah et al., 2025; Mardiyanto
et al., 2020).

Spray drying is widely used in herbal microencapsulation
because it rapidly removes solvents and produces free-flowing
microparticles suitable for oral dosage formulations (Nguyen
etal., 2024). Compared with freeze-drying, spray drying offers
continuous processing, lower operational costs, and greater scal-
ability for industrial production (Diaz-Montes, 2023; Mardani
et al., 2024). Despite atomization involving thermal exposure,
the short residence time of droplets within the drying chamber
minimizes thermal degradation of thermosensitive compounds,
such as scopoletin, particularly under controlled inlet temper-
atures (Mardani et al., 2024). Complex coacervation, despite
yielding thicker and more well-defined core-shell structures,
requires precise pH control and multistep processing, which
may compromise reproducibility and scalability when applied
to herbal extract systems with complex phytochemical matrices
(Mehta et al., 2022).

Previous studies on noni extract microencapsulation have
primarily utilized maltodextrin and gum arabic-based wall sys-
tems, focusing more on antioxidant and biological activities
than on detailed physicochemical characterization of standard-
ized marker compounds (Widjastuti et al., 2028; Zhang et al.,
2020a; Nguyen et al., 2024). Although maltodextrin provides
excellent film-forming properties and solubility, it lacks the
electrostatic crosslinking mechanism characteristic of alginate-
chitosan polyelectrolyte systems, which may limit the forma-
tion of structured polymer networks and reduce responsive
matrix behavior relevant to oral delivery (Halahlah et al., 2023;
Diaz-Montes, 2023). Existing reports on alginate-chitosan sys-
tems applied to herbal extracts in the Indonesian context have
predominantly employed ionic gelation or submicron particle
methods rather than spray drying combined with a ternary
alginate-chitosan-STPP wall system (Mardiyanto et al., 2020).

Alginate-chitosan systems crosslinked with STPP have been
investigated for bioactive encapsulation; most studies have used
ionic gelation or complex coacervation techniques, which may
limit process scalability and reproducibility when applied to
phytochemical-rich herbal extracts (Mehta et al., 2022; Bhatia
et al., 2024). Despite the growing interest in alginate-chitosan-
based delivery systems, their application as spray-dried ternary
alginate-chitosan-STPP matrices for Morinda citrifolia extract
remains underexplored. Furthermore, the effect of chitosan
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concentration on microcapsule formation, physicochemical
characteristics, and encapsulation performance, evaluated us-
ing scopoletin as a quantitative marker, has not been reported.
Given the antihyperlipidemic properties of scopoletin and its
relevance to oral herbal formulations, the evaluation of physic-
ochemical attributes, including particle size distribution, mois-
ture content, thermal stability, and encapsulation efliciency, is
essential because these parameters critically determine the pro-
cessing performance, storage stability, and bioactive compound
retention in the resulting microcapsules.

Therefore, this study aimed to evaluate the influence of chi-
tosan concentration on the physicochemical characteristics of
spray-dried alginate-chitosan-STPP microencapsulated noni
extract using scopoletin as a quantitative chemical marker. This
study extends current knowledge of Morinda citrifolia microen-
capsulation by applying a spray-dried ternary alginate-chitosan-
STPP wall system and quantitatively evaluating encapsulation
performance using scopoletin as a chemical marker. It was
hypothesized that variations in chitosan concentration would
modulate the density of the polyelectrolyte complex network
formed through electrostatic interactions between alginate and
chitosan, reinforced by ionic crosslinking with STPP, thereby
influencing the physicochemical characteristics and encapsula-
tion performance of the resulting microparticles. These find-
ings are expected to support the rational design of stable and
standardized noni-based oral herbal formulations.

2. EXPERIMENTAL SECTION

2.1 Materials

The materials used in this study were dried Morinda citrifolia
L. fruits (noni), ethanol (Merck, Germany), chitosan (N&R In-
dustries, Indonesia), sodium alginate (Shandong Jiejing Group,
China), sodium tripolyphosphate (STPP; Sigma-Aldrich, USA),
acetic acid, Tween 80, demineralized water, and scopoletin
standard (Merck, Germany).

Table 1. Moisture Content of Morinda citrifolia Fruit Extract

Replication  Moisture content (%)
1 7.59
2 7.58
3 7.58

Mean = SD  7.58 £ 0.007

Requirement according to Indonesian Herbal Pharmacopoeia: <107

2.2 Instrumentation

The instruments used in this study were a rotary evaporator and
spray dryer (Buchi Labortechnik AG, Switzerland), a thin-layer
chromatography (TLC)-densitometric (CAMAG, Switzerland),
an IRTracer-100 Fourier-transform infrared (FTIR) spectrom-
eter (Shimadzu, Japan), an Analysette 22 NeXT particle size
analyzer (Fritsch GmbH, Germany), an Apreo 2 scanning elec-
tron microscope (SEM; Thermo Fisher Scientific, USA), and
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a DSC 4000 differential scanning calorimeter (PerkinElmer
Inc., USA).

2.8 Methods

2.3.1 Preparation of Morinda citrifolia Extract

Dried M. citrifolia fruit was pulverized into a fine powder. Mac-
eration was selected as the extraction method to minimize
the thermal degradation of heat-sensitive phytochemicals, in-
cluding scopoletin (Undale et al., 2026). The powder was
extracted using 70% ethanol at a material-to-solvent ratio of
1:10 (w/v) for three days, with three maceration cycles. The
selection of 70% ethanol was based on the physicochemical
properties of scopoletin, a coumarin derivative with moderate
polarity arising from its hydroxyl and methoxy substituents.
The ethanol-water (70:30, v/v) solvent system provides an
intermediate polarity compatible with the physicochemical
characteristics of scopoletin, enabling efficient solvation of both
the aromatic ring and polar substituents, thereby enhancing the
extraction of scopoletin from the plant matrix into the solvent
phase (Sulistiawanti et al., 2025).

A total of 750 g of powdered material was macerated at
room temperature for 24 h with intermittent stirring. The
mixture was then filtered through filter paper to separate the
filtrate. The remaining residue was remacerated twice using
fresh solvent for 24 h each to ensure exhaustive extraction of
the plant material. The combined filtrates were concentrated
under reduced pressure using a rotary evaporator at 40 °C
and subsequently dried in an oven at 45 °C until a constant
weight was achieved. The resulting viscous extract was stored
in an airtight glass container at 4 °C until further analysis. The
extract was weighed, and the extraction yield was calculated
using Equation (1).

pVextract

rawmaterial

% Extraction yield = x 100% (1)

2.3.2 Determination of Moisture Content of The Extract
The moisture content of M. citrifolia fruit extract was deter-
mined using the gravimetric method adapted from the Indone-
sian Herbal Pharmacopeia (Indonesian Ministry of Health,
2017). A porcelain crucible was cleaned, dried in an oven at
105 °C for 1 h, cooled in a desiccator, and weighed to obtain
the weight of the empty crucible (/7). Approximately 10 g of
the extract was placed in the crucible and weighed to obtain the
combined weight of the crucible and sample (#). The sample
was dried in an oven at 105-110 °C until a constant weight was
achieved. During the drying process, the crucible was periodi-
cally removed, cooled in a desiccator, and reweighed until the
difference between two consecutive weighings did not exceed
0.005 g. The final weight after drying was recorded as /3. The
moisture content was calculated and expressed as a percentage
(% w/w) using Equation (2). All measurements were performed
in triplicate.
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Wo—-Ws3

IMC = ———
Wo -1

x 100% (2)

Note:

W1 = weight of the empty crucible (g)

Wy = weight of crucible with sample before drying (g)
W3 = weight of crucible with sample after drying (g)

2.3.8 Identification and Quantification of Scopoletin

Identification and quantification of scopoletin in Morinda cit-
rifolia extract were performed using thin-layer chromatogra-
phy (TLC)-densitometry. Chromatographic separation was
carried out on silica gel 60 F254 TLC plates (Merck KGaA,
Germany) utilizing a binary mobile phase of toluene and ethyl
acetate (65:35, v/v). Standard and sample solutions were ap-
plied as 8 mm bands using a Linomat 5 applicator (CAMAG,
Switzerland). Plate development was performed in a cham-
ber previously equilibrated with mobile phase vapor, and the
developed plates were air-dried prior to analysis. The plates
were observed under UV light at 254 and 866 nm using a TLC
Visualizer (CAMAG, Switzerland). Scopoletin identification
was confirmed by comparing the Rf value and UV absorption
profile of the sample with those of the reference standard. Den-
sitometric scanning was subsequently performed at 345 nm

using a TLC Scanner 4 controlled by WinCATS software.

2.3.3.1 Calibration Curve

A calibration curve was constructed by applying scopoletin
standards at concentrations ranging from 10 to 80 ng/band
under identical chromatographic conditions. Peak areas were
plotted against the corresponding amounts to obtain the cali-
bration curve, which showed good linearity (r > 0.99).

2.3.3.2 Method Validation

The TLC—densitometric method was validated in accor-
dance with ICH Q2(R2) guidelines for linearity, precision,
accuracy, limit of detection (LOD), and limit of quantification
(LOQ).

Linearity was evaluated using scopoletin standard solutions
within the concentration range of 10-80 ng/spot, and the cal-
ibration curve was constructed by plotting peak area against
scopoletin concentration. The linearity of the method was as-
sessed using the correlation coeflicient (r) and the coeflicient
of determination (R2).

Precision was evaluated as intra-day repeatability using
hexaplicate injections (n = 6) of a homogeneous analyte at
identical operational parameters, and the results were expressed
as relative standard deviation (RSD%).

Accuracy was determined using the standard addition me-
thod at three concentration levels: 80%, 100%, and 120% of the
target concentration. Each level was analyzed in triplicate, and
the results were expressed as percentage recovery.

LOD and LOQ were calculated based on the standard devi-
ation of the response (0-) and the slope of the calibration curve
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(S) using Equations (3) and (4), respectively.

LOD = 3.80 3)
S
LOQ = IOTU 4)

2.3.3.8 Determination of Scopoletin in the Sample

Approximately 100 mg of Morinda citrifolia extract was
accurately weighed, dissolved in methanol, and diluted to a
final volume of 10 mL in a volumetric flask. The sample so-
lution was applied to the TLC plate at 5.5 uL. per spot. After
chromatographic development, densitometric scanning was
performed at 345 nm, and the scopoletin content was quanti-
fied using the external standard method based on an established
calibration curve. All analyses were performed in six replicates
each.

2.3.4 Preparation of Alginate-Chitosan Microencapsulated
Extract

Microencapsulated extract of Morinda citrifolia was prepared
using an alginate-chitosan biopolymeric system. In this for-
mulation, alginate served as the primary gel-forming polymer,
whereas chitosan, as a cationic secondary polymer, contributed
to increased capsule rigidity through electrostatic interactions.
Tween 80 was used as a nonionic emulsifier to facilitate homo-
geneous dispersion of the extract, and STPP was incorporated
as an ionic crosslinking agent. Two formulations, designated
F1 and F2, were prepared to evaluate the effect of chitosan
concentration on the physicochemical characteristics of the
resulting microcapsules.

Chitosan concentrations of 1% and 2% (w/v) were cho-
sen based on preliminary orientation studies and prior re-
search, which indicate that chitosan concentration is crucial
for the formation of alginate-chitosan polyelectrolyte com-
plexes. This concentration significantly affects the encapsu-
lation efliciency, particle characteristics, and processability of
spray-drying (Jayanudin and Rochmadi, 2017; Pudziuvelyte
et al., 2022; Villate et al., 20238). These concentrations were
considered suitable for evaluating the influence of chitosan
content while maintaining stable emulsion characteristics and
acceptable spray-drying performance. Therefore, 1% and 2%
(w/v) chitosan solutions were selected to represent two dif-
ferent polymer content levels for the systematic evaluation of
encapsulation performance and physicochemical properties.

Sodium alginate (1 g) was dissolved in 100 mL of deminer-
alized water. Chitosan was dissolved in 100 mL of 1% acetic
acid at concentrations of 1 g (F1) and 2 g (F2). To prepare the
emulsion, 5 g of M. citrifolia extract was dissolved in ethanol
at a 1:4 (w/v) ratio and subsequently added to the alginate
solution under continuous mechanical stirring (IKA RW 20).
The chitosan solution was gradually incorporated, followed by

the addition of Tween 80 (1% v/v) and STPP (0.1% w/v). The
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resulting emulsion was spray-dried using a Biichi Mini Spray
Dryer B-300 (0.5 mm nozzle) under the following optimized
conditions: inlet temperature of 120-125 °C, outlet tempera-
ture of 60-70 °C, feed rate of 5 mL/min, and air aspiration rate
of 100%. These parameters were selected through preliminary
orientation studies to ensure eflicient solvent evaporation and
stable atomization while minimizing the thermal degradation of
scopoletin and other thermolabile constituents (Nguyen et al.,
2024). The obtained microencapsulated powder was collected
and stored in a desiccator until further characterization.

2.3.5 Characterization of Spray-Dried Microcapsules
Physicochemical characterization was performed to evaluate
the suitability of the spray-dried microcapsules for solid oral
formulations. Encapsulation efficiency values above 70% were
indicated as satisfactory retention of the bioactive marker dur-
ing spray-drying (Fahrudin et al., 2025; Nemickaite et al.,
2025), whereas a residual moisture content below 5% ensured
storage stability and handling properties (Mardani et al., 2024;
Pudziuvelyte et al., 2025). Particle size uniformity was quan-
tified using the coefficient of variation (CV), with lower CV
values indicating a more homogeneous particle population
(Mardani et al., 2024). Thermal behavior was assessed us-
ing DSC thermograms, with higher transition enthalpy and
improved thermal characteristics indicating stronger polymer-
extract interactions and structural stability (Wu et al., 2025).
Additionally, morphological evaluation determined particle
integrity, surface characteristics, and the degree of aggrega-
tion, as these factors may affect powder flowability and physical
stability. Complementing these analyses, Fourier-transform
infrared spectroscopy (FTIR) and particle size analysis (PSA)
were performed alongside evaluations of moisture content and
encapsulation efficiency to comprehensively compare the qual-
ity attributes of the different formulations. FTIR, DSC, and
SEM were employed as qualitative characterization techniques.
Representative spectra and thermograms were obtained for
each sample, and SEM observations were conducted on mul-
tiple fields of view, and representative micrographs are pre-
sented.

Fourier Transform Infrared Spectroscopy (FTIR): FTIR spec-
tra of the extract, wall materials, and microcapsules were recor-
ded over the wavenumber range of 4000-400 cm™! at a res-
olution of 4 em™! using the KBr pellet method. Peak shifts
and intensity changes were analyzed to evaluate the possible
intermolecular interactions between the polymers and the en-
capsulated extract.

Particle Size Analysis: The particle size distribution of the
microcapsules was analyzed by laser diffraction, with deminer-
alized water as the dispersant. Cumulative volume percentiles
(D10, D50, and D90), representing the particle diameters
at 10%, 50%, and 90% of the cumulative distribution, were
recorded to profile each sample. All measurements were per-
formed in triplicate.

Thermal Analysis: The thermal behavior of the extract, wall
materials, and microcapsules was analyzed using Differential

Page 1260 of 1273



Firmansyah et. al.

Science and Technology Indonesia, 11 (2026) 1257-1273

Table 2. Summary of Validation Parameters for TLC-Densitometric Determination of Scopoletin

Parameter Result

Acceptance Criteria

Linearity range

Regression equation
Correlation coefficient (r) / R?
Precision - mean = SD
Precision - %RSD

Recovery range

LOD

LOQ

10-80 ng/spot -
y=381.44x+10.58 -

0.9994 / 0.9989 >0.999
0.043 £ 0.001 % (w/w) -

2.63 % <5%
96.41-105.75 % 90-107 %

1.11 ng/spot -
3.87 ng/spot

Within linear range

Scanning Calorimetry (DSC). Approximately 5-8 mg of each
sample was weighed into an aluminum crimped pan and heated
from 30 to 400 °C at a heating rate of 10 °C/min under a ni-
trogen purge flow of 20 mL/min. The resulting thermograms
were evaluated to assess polymer-extract compatibility and
thermal stability of the encapsulated extract.

Moisture Content Analysis: The moisture content of the spray-
dried microcapsules was determined using a moisture analyzer.
Approximately 1-2 g of sample was analyzed at 105 °C until
a constant weight was achieved. All measurements were per-
formed in triplicate.

Encapsulation Efficiency Analysis: The encapsulation effi-
ciency (EE) was determined by directly quantifying scopoletin
in the spray-dried microcapsules and comparing it with the
scopoletin content previously determined in the extract before
encapsulation (Villate et al., 2023). This parameter reflects the
proportion of scopoletin retained within the polymeric matrix
after spray drying, with losses attributable to thermal exposure,
surface deposition, and processing-related factors. An accu-
rately weighed 100 mg portion of spray-dried microcapsules
was dispersed in methanol and diluted to volume in a 10 mL
volumetric flask. The suspension was sonicated twice for 5
min each to disrupt the polymeric matrix and facilitate the
release of scopoletin into the extraction medium. The resulting
suspension was then centrifuged at 8,000 rpm for 5 min. The
resulting supernatant was collected and analyzed using the pre-
viously validated TLC-densitometric method. The scopoletin
content was quantified using an external standard calibration
curve, expressed as pg of scopoletin per mg of sample (ug/mg),
and was used to calculate encapsulation efficiency. All analyses
were performed in triplicate. The encapsulation efficiency was
calculated using Equation (5):

(Scopoletin content in microcapsules)

WEE = x100% (5)

(Initial scopoletin content in extract)

where the scopoletin content in microcapsules refers to the
amount of scopoletin recovered from the spray-dried micro-
capsules after extraction, whereas the initial scopoletin content
in the extract refers to the scopoletin content determined prior
to the microencapsulation process. Both values were expressed
as ug of scopoletin per mg of sample and were determined
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using the validated TLC—-densitometric method.
Morphological Observation: The surface morphology, parti-
cle shape, and structural integrity of the microcapsules were
examined using scanning electron microscopy (SEM) at ac-
celerating voltages of 10 kV and magnifications of 5000x and
10000x. Prior to imaging, samples were sputter-coated with
gold to enhance surface conductivity. Observations focused on
the particle shape, surface texture, and structural integrity of
the microcapsules.

Statistical Analysis: Quantitative data are expressed as mean +
standard deviation (SD). Statistical analyses were performed us-
ing IBM SPSS Statistics (IBM Corp., Armonk, NY, USA). Data
normality was assessed using the Shapiro-Wilk test. For nor-
mally distributed data, Differences between Formula 1 (K1) and
Formula 2 (F2) were evaluated using an independent-samples
t-test, or the Mann—Whitney U test as a non-parametric alter-
native for non-normally distributed data. A value of p < 0.05
was considered statistically significant.

3. RESULTS AND DISCUSSIONS

3.1 Physicochemical Characteristics of Morinda citrifolia
Extract

The extraction process yielded 234 g of dry extract from 750 g
of fruit powder, corresponding to an extraction yield of 31.2%.
This value exceeded the minimum requirement specified in the
Indonesian Herbal Pharmacopeia (Farmakope Herbal Indone-
sia) for thick noni fruit extract (=10.1%) (Indonesian Ministry
ol Health, 2017), confirming the effectiveness of the extraction
process in recovering phytochemical constituents from the M.
citrifolia fruit. The yield obtained was higher than the 15.31%-
28.33% yields reported by Dewi et al. (2022) after 70% ethanol
maceration of M. citrifolia fruits from three different Indonesian
locations. The elevated yield in this study is likely attributed to
the optimal polarity of 70% ethanol, which efliciently dissolves
a wide range of polar and semipolar phytochemicals, including
phenolic compounds and scopoletin. Additionally, repeated
solvent replacement during remaceration sustained the concen-
tration gradient between the plant matrix and the extraction
medium, enhancing mass transfer and improving constituent
recovery (Jha and Sit, 2022).

Following extraction, physicochemical characterization was
conducted to evaluate extract quality and determine its suit-
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Table 3. Accuracy of TLC-Densitometric Method at Three Concentration Levels

Scopoletin Added (ng/spot)  Scopoletin Found (ng/spot)  Recovery (%)
40 38.56 96.41
50 52.88 105.75
60 58.56 97.60

Table 4. Determination of Scopoletin Content in Morinda citri-
Jolia Extract

Scopoletin Concentration (%)
0.043
0.041
0.043
0.044
0.041
0.043
Mean + SD 0.043 £ 0.001
CcvV 2.63 %
Notes: Scopoletin content (%) was calculated from the peak area
using the calibration equation (y = 31.44x + 10.58), accounting
Jor sample dilution (5.5 uL spot from 10 mL solution)

Replication

S vk O N =

Table 5. Comparative Composition of Formulation I and II for
Extract Microencapsulation

Component Formula 1 Formula 2
Noni Extract Sbg 5g
Alginate 1% (w/v) 1% (w/v)
Chitosan 1% (w/v) 2% (w/v)
(1% acetic acid) (1% acetic acid)
STPP 0.1% (w/v) 0.1% (w/v)
Tween 80 1% /v) 1%

ability for microencapsulation, including moisture content and
scopoletin content, with scopoletin serving as the quantita-
tive marker. These parameters were used to establish a pre-
encapsulation baseline to assess marker compound retention
following spray drying (Chemat et al., 2012; Porras-Yepes et al.,
2020).

The moisture content of the extract was 7.58%, within the
recommended <10% limit for herbal extract quality and was
considered appropriate for formulation (Linger et al., 2018).
Moisture content is a critical physicochemical parameter be-
cause it affects extract stability during storage and ensures the
precision of extract weight during feed solution preparation.
Maintaining an appropriate moisture level supports the re-
producibility of the feed concentration, which directly affects
spray-drying efficiency and the physicochemical properties
of the resulting microcapsules (Chendjou et al., 2025). Ad-
equate moisture control preserves the stability of bioactive
compounds, particularly scopoletin, as excessive thermal expo-
sure or improper storage accelerates degradation and reduces
marker retention prior to microencapsulation (Saqueti et al.,

© 2026 The Authors.

2021). Complete moisture content data are presented in Table
1. Before quantitative determination, scopoletin was identified
qualitatively via thin-layer chromatography (TL.C) on silica gel
60 Fg54 plates using toluene-ethyl acetate (65:35, v/v) as the
mobile phase, comparing the extract against a reference stan-
dard under identical chromatographic conditions, as previously
reported (Kumar et al., 2024). Under UV light at 366 nm,
the scopoletin standard produced a characteristic fluorescent
spot with an Rf value of approximately 0.28, while the extract
samples showed Rf values of 0.27-0.28. The close agreement
in Rf values and UV absorption profiles confirmed the presence
of scopoletin in the extract. Densitometric scanning was subse-
quently performed at 345 nm, corresponding to the absorption
maximum of scopoletin under the applied conditions.

Analytical method validation was conducted in accordance
with ICH Q2(R2) guidelines (International Council for Har-
monisation of Technical Requirements for Pharmaceuticals
for Human Use, 2023). The validation confirmed that the
TLC-densitometric method provided reliable and sufficiently
sensitive quantification of scopoletin as a marker compound
for quality control and retention assessment. The evaluated
parameters included linearity, precision, accuracy, and sensi-
tivity. Linearity was assessed over a concentration range of
10-80 ng/spot. The calibration curve showed excellent linear-
ity, yielding the following regression equation:

y=381.442 +10.58

The correlation coeflicient was r = 0.9994, and the coefli-
cient of determination was R? = 0.9989, indicating a strong
linear relationship between scopoletin concentration and peak
area response across the validated range.

Precision was evaluated by repeatability testing using six
replicates under identical conditions. The mean scopoletin
content was 0.043 + 0.001% (w/w), with an RSD of 2.63%
(44.382 + 1.167 ng/spot), demonstrating that the method
showed good repeatability and acceptable analytical precision
for TLC-densitometric phytochemical analysis.

Accuracy was determined using the standard addition method
at three concentration levels (40, 50, and 60 ng/spot), yielding
recovery values of 96.41%, 105.75%, and 97.60%, respectively,
with an overall range of 96.41-105.75%. These values adhered
to the AOAC-recommended limits of 90-107% for analyte
concentrations at the ppm level (AOAC International, 2016),
confirming acceptable accuracy without significant matrix inter-
ference or systematic error. Furthermore, these results are com-
parable to the 99.88% scopoletin recovery reported by Tasfiyati
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et al. (2022) for Morinda citrifolia using HPLC-DAD, further
supporting the applicability of the present TLC~densitometric
method.

Sensitivity was assessed by calculating the LOD and LOQ
based on the standard deviation of the response (o) and cal-
ibration slope (S) according to the ICH Q2(R2) equations.
The LOD and LOQ were 1.11 and 3.87 ng/spot, respectively,
both below the lowest calibration concentration (10 ng/spot),
confirming adequate sensitivity for detecting and quantifying
low scopoletin levels in M. citrifolia extract.

Overall, the TLC-densitometric method demonstrated ac-
ceptable analytical performance across all validated parameters
and was considered fit for purpose. Subsequently, it was used
to quantitatively determine scopoletin in M. citrifolia extract
and to evaluate marker retention following microencapsulation.
The detailed validation results are presented in Table 2, and the
recovery data used for the accuracy evaluation are presented in
Table 3.

ST6 SP3

ST2 SP1 ST3 ST4 SP2 ST5

ST1

Figure 1. The TLC Profile of Scopoletin in Morinda citrifolia
Extract was Analyzed on Silica Gel 60 F254 Using
Toluene-ethyl Acetate (65:35, v/v) as the Mobile Phase and
Visualized under UV Light at 366 nm. ST1-ST6 Represent
Scopoletin Standard Solutions, whereas SP1-SP3 Represent
Morinda citrifolia Extract Samples

The scopoletin content in the pre-encapsulation extract was
0.043 + 0.001% (w/w), with a CV of 2.63% (n = 6), indicat-
ing acceptable analytical repeatability for TLC-densitometric
quantification. The results are summarized in Table 4 and
illustrated in Figure 1. This value served as a quantitative ref-
erence point for calculating the encapsulation efficiency and
assessing the marker retention following spray drying. The
content obtained was approximately 10-fold lower than that
reported by Wigati and Anwar (2017) (0.46 + 0.05%) and
did not meet the minimum pharmacopoeial requirement of
>0.38% (Indonesian Ministry of Health, 2017).

The reduced scopoletin content may reflect differences in
raw material quality, geographical origin, fruit maturity, extrac-
tion conditions, and post-extraction processing, all of which can
influence scopoletin recovery and stability (Jha and Sit, 2022).
Thermal degradation during rotary evaporation may have also
contributed, as scopoletin (7-hydroxy-6-methoxycoumarin)
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is susceptible to oxidative and thermal degradation under pro-
longed heating, particularly above 60 °C (Joshi et al., 2021).
Although this content fell below pharmacopoeial specifications,
the marker compound remained quantitatively detectable at
a well-defined concentration, providing a measurable base-
line for determining the encapsulation efliciency. The sub-
pharmacopoeial level further supports the rationale for mi-
croencapsulation as a protective strategy, given that encapsula-
tion within alginate-chitosan matrices provides physical protec-
tion against thermal and oxidative stressors, thereby enhancing
the stability of thermosensitive phenolic and coumarin-type
compounds (Eghbal and Choudhary, 2018).

3.2 Microencapsulation Performance

Following physicochemical characterization of the Morinda
citrifolia extract, it was integrated into a spray-dried microen-
capsulation system using sodium alginate, chitosan, and sodium
tripolyphosphate (STPP) as the primary wall-forming agents.
Tween 80 was incorporated as an emulsifying agent to facil-
itate homogeneous dispersion of the extract within the feed
solution prior to atomization. Alginate and chitosan are natu-
rally derived polysaccharides with established biocompatibility,
biodegradability, mucoadhesive properties, and gel-forming
capacity, which are important for forming a stable polymeric
encapsulating matrix (Conzatti et al., 2017; Atma et al., 2025).
The combination of these oppositely charged polymers was
selected for their ability to form polyelectrolyte complexes
through electrostatic interactions between anionic alginate and
cationic chitosan, thereby enhancing matrix integrity, improv-
ing encapsulation stability, and protecting thermosensitive phy-
tochemical constituents, such as scopoletin, during thermal
processing (Eghbal and Choudhary, 2018).

Compared with other encapsulation techniques, such as
complex coacervation and emulsification—internal gelation, spray
drying offers practical advantages, including continuous pro-
cessing, scalability, and eflicient production of dry powder
formulations suitable for pharmaceutical applications (Diaz-
Montes, 2023). These advantages support its use for microen-
capsulating M. citrifolia extract.

FORMULA 1 FORMULA 2

Figure 2. Physical Morphology of Microcapsules Prepared
Using Different Formulations

Two formulations were prepared with identical compo-
sitions, differing only in chitosan concentration. Formula 1
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Table 6. Particle Size Distribution Parameters of Noni Fruit Microcapsules Prepared with Formula 1 and Formula 2

Particle Size Distribution Percentile  Formula 1 (Mean + SD, um)  Formula 2 (Mean + SD, um)  p-value
D10 7.65 +0.05 10.75 + 2.55 0.014
D50 16.73 + 0.23 33.04 + 2.60 < 0.001
D90 32.99 + 0.94 275.20 + 23.14 < 0.001

Notes: Values are presented as mean £ SD (n = 8). Independent samples t-test; statistically significant at p <

0.05. D10 was analyzed using unequal variance assumption

Table 7. Moisture Content of Noni Fruit Microcapsules

Formula Moisture Content (%)
F1 3.88 £ 0.20
F2 4.89+0.16

Notes: Values are presented as mean + SD (n = 3). Independent
samples t-test showed a statistically significant difference between
Jormulations (p < 0.001)

contained 1% (w/v) chitosan, whereas Formula 2 contained
2% (w/v) chitosan. The amount of M. citrifolia extract was
maintained at 5 g for both formulations (Table 5). This single-
variable design was adopted to directly evaluate the effect of
chitosan concentration on the physicochemical characteristics
of the resulting microcapsules. Both formulations were pro-
cessed under identical spray drying conditions, with an inlet
temperature of 120-130 °C, an outlet temperature of 60-70
°C, and a nozzle diameter of 0.5 mm. The resulting microen-
capsulated powders are shown in Figure 2.

The microencapsulation performance was evaluated us-
ing six complementary physicochemical parameters: Fourier-
transform infrared spectroscopy (FTIR), particle size analy-
sis (PSA), differential scanning calorimetry (DSC), moisture
content (MC), encapsulation efficiency (EE), and scanning elec-
tron microscopy (SEM). These analyses assessed intermolecu-
lar interactions, formulation homogeneity, thermal behavior,
residual moisture characteristics, scopoletin retention during
spray drying, and particle morphology. Unlike several previous
studies on alginate-chitosan microencapsulation that primar-
ily focused on morphological observations, the present study
systematically evaluated the effect of chitosan concentration
on multiple physicochemical characteristics of spray-dried M.
citrifolia microcapsules (Widjastuti et al., 2023).

Visual inspection of the spray-dried powders (Figure 2)
revealed distinct differences between the formulations. For-
mula 2 showed greater particle aggregation and larger particle
clusters than Formula 1, likely due to the higher chitosan con-
centration. Higher chitosan levels may increase feed viscosity,
reduce atomization efficiency at a fixed nozzle diameter, result-
ing in larger droplets and dried particles. Stronger electrostatic
interactions between chitosan and alginate at higher polymer
concentrations may contribute to greater interparticle associ-
ation during drying (Chen et al., 2020; Safitri et al., 2022).
These aggregation characteristics may affect powder flowability
and scopoletin retention. Quantitative FTIR, PSA, DSC, MC,
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EE, and SEM results are presented in the following sections.

3.3 Evaluation of Microencapsulation Parameters
Fourier-transform infrared (FTIR) spectroscopy was employed
to evaluate the intermolecular interactions during microcap-
sule formation and to confirm the incorporation of Morinda
citrifolia extract within the alginate-chitosan polymer matrix.
The individual components were first characterized to identify
their characteristic absorption bands as references for spectral
interpretation (Figure 3). Key bands included the O-H/N-H
stretching region (3200-8600 cm™) shared by both alginate
and chitosan, the COO~ stretching bands of alginate (1600-
1620 cm™! asymmetric; 1410-1450 em™ symmetric), the
phosphate group vibrations of STPP (P=0 at 1250-1280
cm™!; P—=O-P at 980-1050 cm™), and the aromatic C=C
stretching of M. citrifolia extract (1510-1620 cm™!), the lat-
ter being consistent with its phenolic phytochemical profile,
including scopoletin (Li et al., 2025). These bands served
as the primary reference points for evaluating intermolecular
interactions in the microcapsule formulations.

Alginate

STPP

Morinda citrifolia extract

W
W

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Figure 3. FTIR Spectra of Alginate, Chitosan, STPP, Morinda

citrifolia Extract, Formula 1, and Formula 2 Microcapsules

Transmittance (%)

In both formulations, the O—H/N-H stretching band ap-
peared in the range of 8885-3485 cm™!, exhibiting broadening
and a shift toward lower wavenumbers relative to the individual
component spectra, with a greater downward shift observed
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Table 8. Encapsulation Efficiency of Scopoletin in Noni Fruit Microcapsules

Formula Retained Scopoletin Content (%) Encapsulation Efficiency (%)
F1 0.038 = 0.001 88.37 £ 1.53
F2 0.031 = 0.001 72.09 = 1.88

Notes: Values are presented as mean + SD (n = 8). Mann-Whitney U test showed a statistically
significant difference between formulations (p = 0.043)

in Formula 2. These changes are commonly associated with
the formation of intermolecular hydrogen bonds involving the
hydroxyl and amino groups of chitosan, the carboxylate groups
of alginate, and the phenolic hydroxyl groups present in the
extract (Atma et al., 2025). In the carboxylate region, COO™
asymmetric stretching was more prominent in Formula 2 at
approximately 1598-1600 cm™!, with spectral overlap from
the aromatic C=C vibrations of the extract. The COO™ sym-
metric stretching in both formulations appeared in the range of
1411-1416 em™!, slightly shifted from the characteristic algi-
nate band at 1410-1450 cm™!. These spectral changes suggest
electrostatic interactions between negatively charged alginate
carboxylate groups and protonated amino groups (-NHg") of
chitosan, supporting the formation of an alginate-chitosan poly-
electrolyte complex (PEC) (He et al., 2024). The presence of
aromatic C=C bands associated with the extract further sup-
ports the incorporation of extract-derived phenolic constituents
within the polymer matrix following microencapsulation.

Spectral modifications in the phosphate region further sup-
port the role of STPP in the crosslinking process. The P=0O
stretching band, originally observed at 1250-1280 cm™! in
STPP, appeared in the range of 1249-1252 em™! in both for-
mulations, accompanied by a reduction in band intensity in
Formula 2. The C-O/P-O-P stretching band shifted upward
from 980-1050 cm™! to approximately 1080-1102 cm™ in
the microcapsule formulations, with a greater shift magnitude
in Formula 2. These shifts are consistent with enhanced ionic
interactions between the phosphate groups of STPP and the
protonated amino groups of chitosan (Song et al., 2025). The
greater spectral perturbations observed in Formula 2 are con-
sistent with the higher chitosan concentration, which likely in-
creased the availability of positively charged -NHg* groups for
interaction with both alginate carboxylate and STPP phosphate
groups, suggesting the formation of a denser polyelectrolyte
network. This interpretation is supported by SEM results show-
ing greater particle aggregation and a more compact surface
morphology in Formula 2.

No additional absorption bands were detected in either
formulation, indicating that microcapsule formation predomi-
nantly involved physical interactions, including hydrogen bond-
ing, electrostatic attraction, and ionic crosslinking, rather than
the formation of new covalent bonds. The characteristic ab-
sorption bands of M. citrifolia extract remained detectable in
both formulations, including C—H stretching in the range of
2920-2930 cm™!, supporting the successful incorporation of
the extract within the polymer matrix while preserving its prin-
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cipal functional groups. Collectively, the systematic spectral
changes observed across the hydroxyl, amine, carboxylate, and
phosphate regions provide strong evidence for the successful in-
tegration of the extract into the alginate-chitosan-STPP matrix
and support the formation of a well-organized PEC network.
The more pronounced spectral perturbations observed in For-
mula 2 suggest stronger intermolecular interactions, which
may contribute to differences in physicochemical characteris-
tics. The structural implications of these findings were further
evaluated through complementary analyses, including particle
size analysis (PSA), differential scanning calorimetry (DSC),
moisture content (MC), encapsulation efliciency (EE), and scan-
ning electron microscopy (SEM).

Particle size distribution is a critical physicochemical pa-
rameter in microencapsulation, as it directly influences powder
flowability, dispersion uniformity, encapsulation efficiency, and
the release behavior of bioactive compounds (Fahrudin et al.,
2025). The particle size analysis (PSA) revealed clear differ-
ences between Formula 1 (F1) and Formula 2 (F2) in terms
of particle size range, distribution pattern, and inter-replicate
reproducibility, with important implications for processing per-
formance and functional delivery.

F1 had a narrow and reproducible particle size distribution,
with D10, D50, and D90 values of 7.65, 16.73, and 32.99
um, respectively, and low inter-replicate coeflicients of varia-
tion (0.64-2.84%), indicating uniform droplet formation and
consistent drying behavior. The relatively small and homoge-
neous particles may improve powder flowability, dispersion,
and dissolution during pharmaceutical processing. The narrow
size distribution may also support encapsulation efficiency and
storage stability by promoting more uniform wall formation,
reducing surface exposure of encapsulated compounds, and
minimizing particle aggregation.

In contrast, F2 showed a broader and more heterogeneous
particle size distribution, with D10, D50, and D90 values of
10.75, 88.04, and 275.20 um, respectively. The higher inter-
replicate coeflicients of variation (4.96-8.41%) relative to F1
indicate lower particle homogeneity and less uniform particle
formation during spray drying.

The observed differences are likely attributable to the higher
chitosan concentration in F2. Higher chitosan levels may in-
crease feed viscosity and reduce atomization efliciency, result-
ing in larger, more heterogeneous droplets during spray drying
(Chen et al., 2022). Additionally, stronger electrostatic interac-
tions between the protonated chitosan amino groups and the
alginate carboxylate groups at higher polymer concentrations
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may promote premature particle incorporation prior to atom-
ization. These findings align with the SEM observations, which
showed increased aggregation and denser particle clustering in
F2, confirming the impact of chitosan concentration on parti-
cle formation and microcapsule structural organization (Chen
et al., 2022; Villate et al., 2023).

From a functional perspective, the broader size distribu-
tion and higher variability of F2 may adversely affect pow-
der handling, dosage uniformity, and solvent interactions with
encapsulated compounds. Both formulations fell within the
commonly reported size range for spray-dried microcapsules
(1-1000 pum) (Estevinho and Lépez-Rubio, 2024). The size
parameters of F1 were consistent with those documented for
spray-dried alginate and chitosan-based microcapsules. Villate
et al. (2023) reported particle sizes of approximately 5-50
pum for chitosan-coated alginate microcapsules, whereas [.em-
madi et al. (2025) and Fahrudin et al. (2025) reported particle
sizes of approximately 10-20 um for spray-dried herbal mi-
crocapsules. The lower D90 value and narrower particle size
distribution of F1 suggest more controlled particle formation
during spray drying. Conversely, the substantially higher D90
value of F2 (275.20 um) suggests greater particle aggregation,
supporting the hypothesis that elevated chitosan concentration
reduces atomization efliciency and promotes particle associ-
ation during drying. Overall, F1 exhibited greater particle
homogeneity and reproducibility under the conditions studied.
Complete PSA data are presented in Table 6.

Differential scanning calorimetry (DSC) was used to assess
thermal transitions and elucidate the intermolecular interac-
tions within the alginate-chitosan microencapsulation system.
Thermal characterization provides insights into polymer matrix
restructuring, molecular chain mobility, and polyelectrolyte
complex (PEC) formation, thereby reflecting the extent of
network integration achieved in the microcapsules. Thermo-
grams of the individual components were used to establish
reference baselines for comparative interpretation. Sodium
alginate showed a broad endothermic transition in the 80-90
°C range, associated with the dehydration of its hydrophilic
carboxylate-rich backbone. Chitosan showed a characteristic
endothermic peak at approximately 66 °C, corresponding to
the release of bound moisture, followed by higher-temperature
transitions related to polysaccharide decomposition. STPP
showed an endothermic transition at approximately 114 °C,
attributable to dehydration and structural rearrangement of the
phosphate network. These thermal profiles align with previous
reports on chitosan—STPP systems characterized by ionic gela-
tion and serve as references for interpreting thermal changes
following microcapsule formation (Alehosseini et al., 2022).

The most distinct thermal differences were observed be-
tween F1 and F2. F1 showed a principal endothermic tran-
sition at approximately 148 °C, with a substantially higher
enthalpy than that of F2 (6H = 2735.61 J/g vs. 462.77 ]/¢g).
This elevated transition temperature, relative to those of the
individual polymer components, reflects the reduced polymer
chain mobility and a more thermally integrated polyelectrolyte
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complex (PEC) network in F1. The higher enthalpy of F1
is due to the cooperative contribution of multiple intermolec-
ular interactions. The electrostatic attraction between proto-
nated chitosan amino groups (-NHg*) and alginate carboxylate
groups (—COQ") is the primary driving force for PEC for-
mation, while additional ionic crosslinking mediated by STPP
phosphate groups further enhances network connectivity and
restricts segmental chain motion (Sreekumar et al., 2018). Con-
sequently, greater thermal energy was required to disrupt the
polymer network. This interpretation is supported by FTIR
results showing band broadening and wavenumber shifts in
the O-H/N-H and —COQ stretching regions, indicative of
extensive intermolecular interactions within the PEC matrix
(Chen et al., 2024).

In contrast, F2 showed an endothermic transition in the
lower-temperature region of approximately 60-70 °C, with a
markedly reduced enthalpy, remaining closer to the thermal
profile of pure chitosan. These findings indicate weaker net-
work integration and greater polymer chain mobility than in
F1. A higher chitosan concentration may disturb the charge
equilibrium essential for proper PEC formation (Atma et al.,
2025). Under such conditions, a proportion of protonated
amino groups may remain unpaired because of the limited
availability of alginate carboxylate groups, resulting in less uni-
form electrostatic complexation and reduced crosslink density.
Consequently, polymer chains retain greater conformational
freedom and require less thermal energy for structural tran-
sitions, reflected in the substantially lower enthalpy of F2. A
higher chitosan concentration may further promote the forma-
tion of localized polymer-rich domains rather than a uniformly
interconnected network, an interpretation consistent with PSA
results showing a broader particle-size distribution and greater
variability in F2, as well as SEM observations indicating in-
creased aggregation and reduced particle uniformity (Fahrudin
etal., 2025).

Both formulations showed additional thermal transitions in
the higher-temperature region (~295-300 °C), corresponding
to overlapping polysaccharide backbone decomposition events.
In F1, this transition appeared broader and more diffuse, sug-
gesting gradual decomposition within an integrated matrix. F2
showed a continued thermal transition up to approximately
390 °C, reflecting differences in decomposition behavior that
may indicate a less homogeneous matrix structure at higher
chitosan concentrations.

Overall, the DSC results indicated that F1 had a more ther-
mally integrated polymeric structure than F2, as evidenced by
a higher transition temperature and substantially greater en-
thalpy. These findings suggest that the alginate-to-chitosan ra-
tio in F1 promoted more effective PEC formation and stronger
intermolecular interactions. The DSC results were consistent
with those obtained from FTIR, PSA, and SEM analyses, col-
lectively supporting the formation of a more homogeneous and
structurally integrated polymer network in F1. From a func-
tional perspective, the enhanced thermal integration of F'1 may
improve structural stability during spray drying and help retain
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thermosensitive constituents, including scopoletin, within the
polymer matrix throughout thermal processing. DSC thermo-
grams of the individual components and both formulations are
presented in Figure 4.

Sodium alginate

T T T T T T T
50 100 150 200 250 300 350 400
Temperature (°C)

DSC (mW)

Figure 4. Differential Scanning Calorimetry (DSC)
Thermograms of STPP, Chitosan, Sodium Alginate, Formula
1, and Formula 2 Microcapsules

Moisture content is a critical physicochemical parameter in
spray-dried microcapsules, as it directly affects powder stability,
flowability, storage resistance, and preservation of encapsulated
bioactive compounds. The moisture content values for both
formulations are listed in Table 7. F1 had a lower moisture
content (3.38 + 0.20%) than F2 (4.89 + 0.16%). Both values
remained below the commonly accepted threshold of 5% for
spray-dried powders; however, the comparatively higher resid-
ual moisture content of F2 may increase its susceptibility to
degradation during storage. An independent samples t-test
confirmed a significant difference between the formulations (p
< 0.001), indicating that chitosan concentration significantly
affected residual moisture content after spray drying.

The lower moisture content of F1 indicates more effec-
tive moisture removal during spray drying and the formation
of a stable and homogeneous powder matrix. This finding
aligns with the PSA and SEM results, which showed that F1
had smaller, more homogeneous particles with well-defined
boundaries. A narrower particle size distribution enhances the
surface area-to-volume ratio, which, together with factors such
as feed viscosity and particle porosity, can facilitate moisture
diffusion from the particle core to the surface during spray
drying, thereby minimizing residual water retention in the fi-
nal powder (Laureanti et al., 2023). Conversely, the broader
particle size distribution and greater aggregation observed in
F2 likely hindered moisture evaporation during drying and
promoted the retention of bound moisture within the polymer
matrix.

The difference in moisture content may also reflect the
higher chitosan concentration in F2. Chitosan contains hy-
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drophilic amino (-NHg) and hydroxyl (<OH) functional groups
that can interact with water molecules through hydrogen bond-
ing. Previous studies have shown that these groups contribute
to water absorption and hygroscopicity in chitosan-based sys-
tems (Facchi et al., 2023). At higher concentrations, these
interactions may increase water retention within the polymer
network. This interpretation is further supported by the FTIR
findings, which confirm the intermolecular interactions be-
tween the hydroxyl and amino groups in the matrix.

From a thermal perspective, the lower moisture content
of F1 is consistent with the DSC results, which show a higher
transition temperature and substantially greater enthalpy than
in F2, reflecting a more integrated and thermally stable poly-
mer matrix. These findings are more appropriately interpreted
as co-occurring outcomes of the denser polymer network in
F1 rather than as a direct causal relationship. Reduced residual
moisture and improved thermal stability may arise simultane-
ously from the same structural characteristics, namely reduced
plasticization effects and limited polymer chain mobility, as
reported in polysaccharide-based microencapsulation systems
(Halahlah et al., 2023).

Overall, F1 exhibited lower residual moisture content and
improved moisture regulation compared with F2 under the
applied spray-drying conditions. The moisture content of F1
(3.38 £ 0.20%) was lower than the values reported for compa-
rable spray-dried herbal microcapsule systems, including Boe-
senbergia rotunda microcapsules prepared using maltodextrin-
gum arabic (8.69%) (Fahrudin et al., 2025) and Artemisia
herba-alba phenolic microcapsules (approximately 4.34%) (LLem-
madi et al., 2025). These comparisons suggest that the alginate-
chitosan-STPP system effectively reduced residual moisture
while maintaining acceptable powder quality. Collectively,
these findings indicate that the polymer composition used in
F1 resulted in lower residual moisture content and a powder
with more favorable physicochemical characteristics following
spray drying.

Following physicochemical characterization using Fourier-
transform infrared spectroscopy (FTIR), particle size analysis
(PSA), differential scanning calorimetry (DSC), and moisture
content analysis, the microencapsulation system was quantita-
tively evaluated based on its encapsulation efficiency (EE) for
scopoletin retention. Scopoletin was used as the marker com-
pound for EE determination, providing a direct quantitative
indicator of the proportion of the bioactive marker successfully
retained within the alginate-chitosan polymer matrix following
spray drying. Unlike particle-size or structural characterization,
EE provides direct evidence of marker-compound preserva-
tion and therefore represents a key performance parameter for
evaluating the effectiveness of microencapsulation.

Both formulations retained measurable amounts of scopo-
letin after spray drying; however, a clear difference in retention
capacity was observed between them. Formula 1 (F1) showed
a retained scopoletin content of 0.038 + 0.001% (w/w), corre-
sponding to an EE of 88.37 + 1.53%, whereas Formula 2 (F2)
showed a retained scopoletin content of 0.081 + 0.001% (w/w)
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Figure 5. Scanning Electron Microscopy (SEM) Images of Morinda citrifolia L. Fruit Microcapsules: Formula 1
(Alginate-Chitosan 1:1, F1) at 10000x (a) and 5000x (b); Formula 2 (Alginate-Chitosan 1:2, F2) at 10000x (c) and 5000x (d)

and an EE of 72.09 + 1.88% (Table 8). The Mann-Whitney U
test confirmed a statistically significant difference between the
formulations (p = 0.043), indicating that the polymer compo-
sition significantly affected scopoletin retention during spray
drying. The low coeflicients of variation for both F1 (1.53%)
and F2 (1.88%) confirmed good analytical repeatability and
consistent quantification across replicates.

The markedly higher EE observed in F1 indicates that
the alginate-chitosan matrix containing a lower chitosan con-
centration provided more favorable conditions for scopoletin
retention during spray-drying. Lower polymer concentra-
tions reduce feed viscosity, thereby improving atomization
efficiency and droplet formation, which subsequently produces
smaller and more uniform particles (Garcia-Jiménez et al.,
2024). This interpretation is consistent with the PSA findings,
which showed that F1 had a narrower particle-size distribu-
tion and greater homogeneity than F2, indicating more con-
trolled atomization and a more uniform matrix development.
FTIR and DSC analyses further support this mechanism, as
F1 showed stronger intermolecular interactions and a more
thermally integrated polymer network, both of which are con-
ducive to eflicient scopoletin entrapment. Furthermore, the
lower moisture content of F1 suggests a denser, more compact
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matrix structure that hinders scopoletin diffusion during and
after spray drying.

The lower EE observed in F2 may be mechanistically at-
tributed to the higher chitosan concentration, which could
disturb the stoichiometric balance between protonated amino
groups (-NHg") and alginate carboxylate groups (—COQO~)
during PEC formation. Since PEC assembly depends strongly
on the charge ratio between the two polymers, deviations from
the optimal balance may impair matrix uniformity (Atma et al.,
2025). An increased chitosan concentration can increase the
viscosity of the precursor solution, which may hinder atomiza-
tion efficiency and matrix formation during drying. This, in
turn, may lead to a wider particle size distribution and dimin-
ished compound retention (Busto et al., 2022; Garcia-Jiménez
et al.,, 2024). These interpretations are further supported by
SEM observations, which revealed greater aggregation and
lower structural uniformity in F2, as well as its higher moisture
content, which may reflect a less compact matrix with greater
susceptibility to compound loss during processing.

The EE achieved by F1 (88.37%) compares favorably with
values reported for other spray-dried herbal microencapsula-
tion systems. Salfitri et al. (2022) reported an EE of 51.80% for
Ruellia tuberosa extract encapsulated in a chitosan—-STPP sys-
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tem, whereas Fahrudin et al. (2025) reported an EE of 75.06%
for Boesenbergia rotunda extract microcapsules prepared using
maltodextrin-gum arabic as wall materials. Although direct
comparisons should be interpreted with caution due to differ-
ences in extract composition, polymer systems, and analytical
methods, the present findings demonstrate effective retention
of scopoletin within the alginate-chitosan-STPP matrix during
spray drying.

Overall, the EE values obtained for both formulations con-
firmed that the alginate—chitosan system effectively retained
scopoletin during spray drying, with F'1 showing significantly
higher marker retention than F2. These findings highlight
the influence of polymer concentration on microencapsulation
performance (Mardani et al., 2024) and provide quantitative
evidence that chitosan concentration is a key formulation vari-
able that governs particle formation, matrix organization, and
scopoletin retention. The detailed EE data are presented in
Table 8.

Scanning electron microscopy (SEM) was used to evaluate
the surface morphology, structural integrity, and interparticle
organization of the spray-dried microcapsules. SEM images
of Formula 1 (F1) and Formula 2 (F2) at magnifications of
10000x (Panels a and ¢) and 5000x (Panels b and d) are
shown in Figure 5. F1 showed a heterogeneous morphology
comprising spherical and subspherical particles with generally
smooth and intact surfaces (Panel a), accompanied by mild
interparticle adhesion and relatively homogeneous particle dis-
persion at lower magnification (Panel b). Surface wrinkling and
partial collapse were also observed, consistent with those re-
ported for spray-dried polysaccharide systems (Fahrudin et al.,
2025). These features result from rapid solvent evaporation
during spray drying, which promotes early shell formation
before the residual internal moisture fully diffuses outward.
Insufficient mechanical strength in the developing shell leads to
particle shrinkage and surface indentation, producing irregular
rather than perfectly spherical particles. Despite these surface
irregularities, individual particle boundaries remained largely
distinguishable, indicating relatively good particle separation
and controlled particle formation during spray drying.

F2 showed a more aggregated morphology, with clusters
of subspherical particles fused at multiple contact points and
less distinct interparticle boundaries at higher magnification
(Panel c), resulting in larger, more compact aggregates at lower
magnification (Panel d). The higher chitosan concentration in
F2 likely increased the feed viscosity, reduced the atomization
efficiency, and produced larger droplets during spray drying
(Zhang et al., 2020a). The larger droplet size may have con-
tributed to non-uniform moisture removal, promoting shell
contraction and increased interparticle contact. Additionally, a
higher chitosan concentration may have reduced the efliciency
of electrostatic complexation by limiting the relative availability
of alginate carboxylate groups, thereby favoring the formation
of localized polymer-rich domains and increasing particle co-
hesion during solvent evaporation (Zhang et al., 2020Db).

The SEM observations were consistent with the findings
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of the complementary analyses. The increased aggregation
and reduced structural discreteness of F2 were associated with
a wider particle-size distribution in PSA, a lower transition
enthalpy in DSC, higher moisture content, and reduced encap-
sulation efliciency (72.09% vs. 88.37% for F'1). Collectively,
these findings indicate that the lower chitosan concentration in
F1 promoted a more uniform polyelectrolyte complex (PEC)
network, thereby improving scopoletin retention. From a prac-
tical standpoint, the greater morphological discreteness of F1
may also support better powder flowability and redispersibility
during downstream processing.

The observed morphological characteristics can be explained
by the proposed interaction mechanism within the microencap-
sulation system, as illustrated in Figure 6. The figure presents
a schematic representation of polyelectrolyte complex (PEC)
formation involving alginate, chitosan, and sodium tripolyphos-
phate (STPP) during Morinda citrifolia extract encapsulation.
The formation of this system is primarily driven by electrostatic
interactions between the protonated amine groups (-NHg")
of chitosan and the negatively charged carboxylate groups
(—COOQO") of alginate, which form the primary structure of
the polymeric network. As depicted in Figure 6, the phos-
phate groups (PO4%") of STPP may interact with the alginate
carboxylate groups and protonated amino groups of chitosan,
forming multivalent ionic bridges that enhance the crosslinking
density and contribute to the development of a more integrated
three-dimensional polymer matrix (Gierszewska et al., 2018;
Bhatia et al., 2024). The ionic bridging role of STPP is con-
sidered particularly important in Formula 1, where the ratio
of alginate, chitosan, and STPP may have promoted more
balanced polymer interactions and greater matrix integration,
thereby contributing to the improved encapsulation efficiency
observed in this formulation (Bhatia et al., 2024).

As illustrated in Figure 6, the Morinda citrifolia extract is
physically entrapped within this interconnected polymeric net-
work. The retained extract may be further stabilized by sec-
ondary interactions, including hydrogen bonding between the
hydroxyl and carbonyl groups of the polymer chains and the
bioactive constituents of the extract. This interpretation is con-
sistent with the FTIR analysis, which demonstrated character-
istic shifts in the -OH, =N H, and C=0O absorption regions, sup-
porting the occurrence of intermolecular interactions and their
contribution in stabilizing the polymer matrix (Gierszewska
etal., 2018).

The proposed interaction mechanism is also consistent with
the SEM observations, which show a relatively integrated par-
ticle morphology and moderate aggregation, indicating the
successful formation of a dense and interconnected polymer
matrix. Furthermore, the enhanced thermal stability observed
in the DSC analysis supports the interpretation that reduced
molecular mobility within the crosslinked network contributed
to the structural integrity of microcapsules (Bhatia et al., 2024).
These interactions may also explain the higher encapsulation
efliciency observed in Formula 1, suggesting that a more orga-
nized polymer matrix promoted more effective retention of
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Figure 6. Schematic [llustration of the Proposed Interaction Mechanism Between Chitosan, Alginate, and Sodium
Tripolyphosphate (STPP) During Microcapsule Formation and Encapsulation of Morinda citrifolia Extract

scopoletin during spray drying.

Collectively, the electrostatic, ionic bridging, and hydrogen
bonding interactions described above provide a molecular-level
explanation for the formation and physicochemical perfor-
mance of the alginate-chitosan-STPP microcapsule system,
with the crosslinking density potentially contributing to the ma-
trix compactness, structural integrity, and compound retention
within the polymer network (Gierszewska et al., 2018). These
properties may support powder handling, storage stability, and
formulation reproducibility in spray-dried oral herbal formu-
lations. However, several limitations of this study should be
acknowledged. The physicochemical characteristics reported in
this study were evaluated immediately after preparation; there-
fore, their stability during long-term storage remains unclear.
In addition, the in vitro release behavior and post-encapsulation
antihyperlipidemic activity were not assessed. Future studies
should address these aspects further to establish the practical
applicability of the developed microencapsulation system.

4. CONCLUSIONS

The alginate-chitosan-STPP polyelectrolyte complex matrix
effectively encapsulated Morinda citrifolia extract through elec-
trostatic interactions and hydrogen bonding. Chitosan con-
centration significantly influenced microcapsule characteristics,
with Formula 1 (1% w/v chitosan) outperforming Formula 2
(2% w/v) in encapsulation efliciency (88.37% vs. 72.09%, p
= 0.043), moisture content (3.38% vs. 4.89%), particle size
distribution (D90: 32.99 vs. 275.20 um), particle morphol-

© 2026 The Authors.

ogy, and thermal characteristics. These findings indicate that
optimizing the polymer charge balance, rather than increasing
the chitosan concentration, is essential for developing efficient
spray-dried alginate-chitosan microcapsules. Thus, Formula
1 represents a promising carrier system for developing stable
and standardized Morinda citrifolia-based oral formulations. As
functional performance parameters such as loading capacity,
release kinetics, and storage stability were not evaluated in this
study, future work should address these aspects alongside in
vivo biological performance to further establish the applicability
of this delivery system.
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