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roencapsulation of polyphenols
obtained from Pseuderanthemum palatiferum
leaves as promising delivery systems for antioxidant
and antibacterial applications

Dang Huynh Minh Tam,abc Nguyen Hoang Phung,abc Tran Nguyen Cam Nhung,abc

Hoang Minh Nam,abc Mai Thanh Phong,abc Pham Hung Vietd

and Nguyen Huu Hieu *abc

This research aimed to prepare microcapsules of polyphenols from Pseuderanthemum palatiferum (P.

palatiferum) using sodium alginate and chitosan as wall materials, with P. palatiferum extract as the core

material via ionic gelation. Ionic gelation parameters were investigated to achieve optimal encapsulation

efficiency of the polyphenol content. Independent factors, including sodium alginate, chitosan, and

calcium chloride concentration, were designed and optimized using the Box–Behnken design of

response surface methodology. The physical and chemical features of microcapsules were characterized

using SEM, FTIR, and TGA. The antioxidant activity of the microcapsules was tested using DPPH (2,2-

diphenyl-1-picryl-hydrazyl-hydrate) scavenging assay, while antibacterial activity against Escherichia coli

and Staphylococcus aureus was examined. The results showed that the optimal encapsulation efficiency

reached 72.53% under conditions of 1.77% sodium alginate, 0.5% chitosan, and 0.5% calcium chloride

concentration. Compared with the blank microcapsules, extract-loaded microcapsules exhibited higher

water content and solubility, and a swelling ratio that was reduced by more than 4.5 times. The

microcapsules had a dense and compact structure with spherical forms and an average size of 1.9 mm.

The bioactive compounds from the extract can be preserved under different environmental conditions

due to the protection of microcapsules. Extract-loaded microcapsules, exhibiting notable antioxidant

and antibacterial capacities, have considerable potential for applications in the food and pharmaceutical

fields.
Sustainability spotlight

This study presents a sustainable approach for stabilising plant-derived polyphenols using green extraction and biodegradable biopolymers. Polyphenols from
Pseuderanthemum palatiferum leaves were obtained by supercritical carbon dioxide extraction and encapsulated in alginate–chitosan microcapsules via ionic
gelation, without toxic solvents or high energy input. The system enhances antioxidant and antibacterial performance while improving stability, offering a bio-
based alternative to synthetic additives. These results support the preservation of medicinal plants and the development of environmentally responsible and
circular bio-based materials for safer functional products.
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1 Introduction

For centuries, many medicinal plants have been used as plant-
basedmedicines to cure many different diseases. Species within
the Acanthaceae family are predominantly employed in the
management of disorders related to the respiratory, nervous,
and reproductive systems, gastrointestinal and urinary tract
ailments, and dermatological conditions. They possess notable
phytochemicals that exhibit diverse biological activities,
including antioxidant, antibacterial, anti-inammatory, anti-
nociceptive, hepatoprotective, and leishmanicidal effects.1

Pseuderanthemum palatiferum (P. palatiferum), known as “Hoan
RSC Sustainability
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Ngoc” in Vietnamese, belongs to the Acanthaceae family, and it
is well known as one of the valuable herbal plants found and
researched in recent years. It is located in forests and is
a popular folklore medicine in Asian countries due to its ability
to treat various ailments, including inammation, cancer, dia-
betes, tumours, and high blood pressure. In addition to treating
human diseases, the plant is used to treat diseases in livestock,
such as diarrhea in pigs and dogs and cholera in chickens and
ducks.2 Leaves and roots are commonly used for these purposes.
P. palatiferum leaves have been reported to contain b-sitosterol,
stigmasterol, kaempferol, apigenin, salicylic acid, saponin, tri-
terpenoid, amino acids such as lysine and methionine, and
minerals.3 Among these, phenolic chemicals and other bioac-
tive components contribute to their therapeutic properties.
According to previous research, the biological stability of these
phenolic compounds reduced when they were stored for
extended periods of time at high humidity and temperatures.4

This is due to the hydrogen-donating nature of the phenolic
hydroxyl groups. All these compounds are susceptible to
oxidative polymerization and isomerization when exposed to
adverse conditions.5 These processes result in reduced solu-
bility, diminished bioavailability, and increased sensitivity to
environmental factors, restricting their practical applications.

A potential strategy to enhance the stability of bioactive
components is coating them with substances using biopolymers.5

Nanotechnological approaches are effectivemethods to control the
release of bioactive compounds, reducing their toxicity and pre-
venting the decrease in bioactivity. Nanoparticle-based formula-
tions, including nanoparticles, microspheres, encapsulated
systems, and liposomes of herbal extracts, offer many advantages.
Encapsulation technology entraps essential plant compounds into
capsules, which extends shelf life and facilitates transport and
application.6 An appropriate material for the coating is essential,
where the selected materials should be biodegradable, environ-
mentally friendly, chemically inert to the active substance, and
capable of gradually and precisely releasing their contents into the
surrounding environment.4

Materials for encapsulation are selected based on their
chemical structures and natural availability. The preferable
materials are polysaccharides such as alginates, carrageenan,
agar, gums, starch, cellulose, pectin, chitosan, and their deriv-
atives.7 Sodium alginate (SA) is commonly utilised in the food,
medicine, cosmetics, and agricultural industries due to its
nontoxic, biodegradable, biocompatible, and gel-forming
characteristics.8 Sodium alginate is composed of b-(1-4)-d-
mannuronic acid (M) and a-(1-4)-l-guluronic acid (G) monomers
linked by glycosidic bonds in a straight-chain conguration.
The free carboxylic groups of alginate can react with divalent or
trivalent salts, such as Ca2+, Cu2+, or Fe3+, to form cross-links
between polymer chains.9 During this process, known as iono-
tropic gelation, the droplets rapidly undergo gelation to form
a hydrogel characterized by a solid three-dimensional network,
resulting from interactions between negatively charged polymer
chains and divalent metal ions present in the solution. The
metal ions diffuse into the liquid droplets, initiating cross-
linking from the exterior to the interior, thereby generating
capsules that encapsulate the active agent. This cross-linking
RSC Sustainability
mechanism involves coordination between guluronate (G)
units and divalent or trivalent cations connecting to carboxylate
(–COO−) and hydroxyl (–OH) functional groups in the alginate
matrix, commonly described by the “egg-box” model.8

Alginate is regarded as an ideal material for encapsulation
because of its durability and capacity to facilitate controlled
release. However, high porosity in microbeads is observed during
the ionotropic gelation process. This promotes rapid movement of
water or other uids into or out of their structure, which is
a disadvantage for the encapsulation of hydrophilic materials.
Therefore, cationic polyelectrolytes such as chitosan have been
applied in combination with ionic gelation to address this weak-
ness. Chitosan (CS) is commonly used as a coating agent due to its
excellent solubility, biodegradability, and compatibility with bio-
logical systems.10 Chitosan is a natural polymer that is widely
available and can be easily produced by the deacetylation of
chitin.11 Some outstanding properties that can be considered are
non-toxicity, biodegradability, biocompatibility, stability, and
sterility, thus making chitosan a promising candidate for the
encapsulation and controlled release of bioactive compounds. The
interaction of positively charged chitosan with the negatively
charged surface of the alginate particles enables the formation of
a polyelectrolyte complex. Many different double-layer formula-
tions of chitosan and alginate have been designed to investigate
the protective function of microcapsules. The results showed that
the shielding effect of microcapsules was observed when the
bilayer structure of chitosan and alginate was employed.10

In this study, polyphenols from P. palatiferum extract (PPE)
were embedded in microcapsules using sodium alginate and
chitosan as wall materials via ionic gelation. The fabrication of
microparticles was investigated to determine the effects of
individual factors, including sodium alginate, chitosan, and
calcium chloride concentration, and their interactions on the
polyphenol encapsulation efficiency. The encapsulation effi-
ciency (EE) was optimized using Box–Behnken Response
Surface Methodology (RSM). Subsequently, the obtained PPE
microcapsules (PPEMs) were characterised to assess the physi-
cochemical properties, stability, and bioactivity of the encap-
sulated polyphenols. Moreover, a particular focus is placed on
their potential antioxidant and antibacterial activities, high-
lighting their potential in food and therapeutic applications.
2 Materials and methods
2.1. Materials

Fresh P. palatiferum leaves were collected from a local garden in
Ho Chi Minh City, Vietnam, as shown in Fig. 1. The Folin Cio-
calteu reagent was purchased from Scharlab, Spain. Gallic acid
was purchased from Xilong (China). Sodium alginate, ethanol,
calcium chloride, sodium carbonate, and sodium citrate were of
analytical grade. Chitosan powder (75% deacetylated) was
purchased from S-Green company, Vietnam.
2.2. Preparation of P. palatiferum extract

Fresh leaves were dried at 50 °C to reach a constant weight, and
then ground and sieved through a 40-mesh stainless steel sieve
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fresh P. palatiferum leaves.
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to ensure a uniform particle size of the powder. A weight of 3 ±

0.005 g of powder was loaded into a supercritical CO2 system
(Applied Separations, USA) for the extraction. All parameters,
including temperature, pressure, pump ow rate, co-solvent
rate, and extraction time, were selected based on our previous
research with minor modications.12 The operating conditions
were applied with a carbon dioxide ow rate of 2 L min−1,
a pressure of 349± 0.5 bar, a co-solvent rate of 14.6 mL g−1, and
a temperature of 60 ± 1.0 °C for 2 h. A fully automated CO2

extraction system with continuous pressure and temperature
regulation was applied. The material was packed into a 50 mL
stainless steel extraction tube. Following extraction, supercrit-
ical CO2 reverts to its gaseous phase through depressurization,
and the ethanolic PPE samples were collected in a tightly closed
bottle and stored at 4 °C until analysis.
2.3. Preparation of microcapsules by ionotropic gelation

The encapsulation procedure was conducted following an ionic
gelation method with minor modications, as shown in Fig. 2.4

Sodium alginate (SA) was used as a hydrophilic polysaccharide
carrier, and PPE served as the core material. Initially, an SA
Fig. 2 The schematic preparation procedure of microcapsules.

© 2026 The Author(s). Published by the Royal Society of Chemistry
solution was prepared by dissolving SA powder in warm
distilled water until completely dissolved. The SA solution was
then mixed with PPE at a volume ratio of 2 : 1 (v/v) and
homogenized using a magnetic stirrer to obtain a uniform,
viscous core dispersion. For the coating solution, chitosan (1%,
w/v) was dissolved in 1% (v/v) acetic acid. Subsequently,
a calcium chloride solution was added to the chitosan solution
and thoroughly mixed to obtain a homogeneous coating
solution.

The two prepared solutions were used for the encapsulation
process. The coating solution was maintained under constant
stirring at 300 rpm. The core solution was extruded dropwise
through a 21 G syringe needle into the coating solution at a xed
distance of 20 cm between the needle tip and the surface of the
solution. This distance allowed the droplets to form spherical
beads before they came into contact with the surface of the
coating solution, thereby preventing tail formation and bead
deformation. The formed capsules remained in the solution for
30 min to ensure ionic crosslinking and complete solidication.
The microcapsules were separated by ltration through What-
man no. 4 lter papers, washed with distilled water, and stored
in sealed containers at −20 °C. The prepared capsules were
freeze-dried overnight using a bench-scale freeze dryer (Vertical
Freeze Dryer BK-FD12, BIOBASE, China) and stored in airtight
containers until further analyses.
2.4. Optimization of microencapsulation conditions

The optimal encapsulation conditions for the polyphenol
content in PPE were determined using the Box–Behnken
experimental design (BBD) and response surface methodology.
Table 1 displays three independent variables that were assessed
at three levels (−1, 0, and +1) for range and levels, including
sodium alginate concentration (A, 1–2%), chitosan concentra-
tion (B, 0.2–0.6%), and CaCl2 concentration (C, 0.5–1.5%).

The model efficiently investigates the relationship between
multiple factors and the desired responses. All experiments
were conducted in an unplanned order to reduce the effects of
uncontrolled variables that may introduce bias in the response.
In the prediction of the optimum point, a second-order model
RSC Sustainability
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Table 1 Variables of P. palatiferum extract microencapsulation parameters in Box–Behnken design

Independent variables Symbols

Range and levels

Dependent variable−1 0 1

SA concentration (%, w/v) A 1 1.5 2 Y: EE (%)
CS concentration (%, w/v) B 0.2 0.4 0.6
CaCl2 concentration (%, w/v) C 0.5 1.0 1.5
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was tted to correlate the relationship between independent
variables and the response, which explains the variations
caused by linear and second-order effects, as well as interac-
tions. The relationship between the response values and inde-
pendent variables was consistent with a quadratic polynomial
model, according to eqn (1):

Y ¼ b0 þ
X

1# j#k

bjXj þ
X

1# j# l# k

bjlXj Xl þ
X

i

bjjXj
2 (1)

where Y is the response variable to be modelled, b0 is the
constant coefficient, bj is the linear coefficient, bjl is the coeffi-
cient of an interaction effect, bjj is the quadratic coefficient, Xj

and Xl are the coded independent variables, and k is the number
of independent parameters.
2.5. Determination of polyphenol content

The Folin–Ciocalteu assay was used to spectrophotometrically
measure the polyphenol content in the leaf extract and micro-
capsules, using gallic acid as a standard.13 The microcapsules
(100 mg) were added to 10 mL of 5% (w/v) sodium citrate
solution to disrupt the crosslinked network and release the
encapsulated polyphenols. 0.02 mL of the sample was added to
1.5 mL of distilled water, followed by the addition of 0.1 mL of
the Folin–Ciocalteu reagent. The solution was mixed and le for
ve min in the dark. Then, 0.3 mL of 20% Na2CO3 was added,
and the mixture was le to react at room temperature in the
dark for 90 min. Distilled water was used as the blank. The
absorbance was measured at 765 nm using a UV-vis spectro-
photometer (GENESYS 50 Spectrophotometer, Thermo Fisher
Scientic Inc.) and compared with that of gallic acid equivalents
(GAE). The total phenolic content (TPC) was determined in
milligrams of gallic acid equivalent (GAE) per gram of dried
leaves (mg GAE per g).
2.6. Characterization of microcapsules

2.6.1. Encapsulation efficiency. The encapsulation effi-
ciency was determined according to a previous study withminor
modications.10 An aliquot of 10 mg microcapsules was di-
ssolved in 5 mL of sodium citrate (5%, w/v) solution, vigorously
stirred for 30 min, sonicated for 30 min, and centrifuged for
10 min at 2000 rpm. The retention of phenolics within the
microcapsules was assessed by calculating the phenolic
encapsulation efficiency using eqn (2):

EEð%Þ ¼ TPCe

TPCi

� 100% (2)
RSC Sustainability
where TPCe is the total polyphenol content encapsulated in the
capsules, and TPCi is the total polyphenol content in the initial
extract solution used for the encapsulation process.

2.6.2. Moisture content. The moisture content of micro-
capsules was measured according to a previous study14 with
partial modication. A weight of 0.5 g of microcapsules was
dried in an oven at 105 °C until a constant weight was reached.
The moisture content of the microcapsules was calculated as
the percentage of the mass difference between the samples
before and aer drying divided by the mass of the samples
before drying.

2.6.3. Water solubility. Water solubility of microcapsules
was determined following a previous study with small modi-
cations.14 Briey, 0.3 g of microcapsules was dissolved in 20 mL
of distilled water and stirred at 500 rpm for 30 min. Subse-
quently, the mixture was centrifuged, and the supernatant was
transferred to a beaker and dried in an oven at 105 °C until
a constant weight was reached. Water solubility was calculated
as a percentage of the weight of the dried supernatant relative to
the weight of the initial microcapsule sample.

2.6.4. Swelling properties. The swelling behaviour of the
PPEM was investigated according to a previous method with
minor modications.15 The microcapsule sample of 0.3 g was
weighed and immersed in a glass vial containing distilled water
at room temperature. The swollen spheres were weighed aer
the removal of excess water by ltration through a 60-mesh
sieve. The investigation was conducted at 30 min intervals from
0 to 240 min, and the swelling ratio was determined using
eqn (3).

Swelling degreeð%Þ ¼ Ws �Wd

Wd

� 100% (3)

where Ws is the weight of the swollen sample and Wd is the
weight of the initial dried sample.

2.6.5. Determination of the microcapsule size. The freeze-
dried microcapsules were measured using a digital vernier
caliper (Mitutoyo, USA).16 A hundred beads were randomly
selected from the sample, and the diameter was determined in
triplicate.

2.6.6. Fourier transform infrared spectroscopy analysis. A
Fourier transform infrared (FTIR) spectrometer (Bruker, MA,
USA) was used to identify the functional groups, and FTIR
spectroscopy conrmed the crosslinking between alginate and
chitosan. Spectra were collected in the range of 4000–400 cm−1

at a resolution of 4 cm−1, with 20 scans per sample. Background
spectra were recorded prior to each measurement under
© 2026 The Author(s). Published by the Royal Society of Chemistry
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identical conditions. All measurements were conducted at room
temperature.

2.6.7. Microcapsule morphology. The morphology of the
freeze-dried microcapsules was observed with scanning elec-
tron microscopy (SEM) on an S-2400, Hitachi Instrument (Cal-
ifornia, USA) at an accelerating voltage of 10 and 15 kV.

2.6.8. Thermogravimetric analysis. Thermogravimetric
analysis (TGA) was applied to test the thermal stability and
decomposition of the microcapsules using a TGA instrument
(STA PT 1600, Linseis GmbH, Germany). TGA was conducted
under argon conditions in the temperature range of 30–600 °C
with a heating rate of 10 °C min−1.
2.7. In vitro polyphenol release study

The in vitro release of the polyphenol content from the micro-
capsules was investigated following a previous study with slight
modications.17 The PPE microcapsules (100 mg) were sus-
pended in two separate beakers containing 10 mL of hydro-
chloric acid solution (pH 1.2) and 10 mL of phosphate buffer
solution (PBS, pH 7.4), respectively. The suspension was stirred
at 200 rpm at a constant temperature of 37 °C (human body
temperature). At 30 min intervals, 1 mL from each beaker was
withdrawn from the solution and replaced with an equivalent
volume of fresh media. The polyphenol content was determined
spectrophotometrically at a wavelength of 765 nm using a UV-
vis spectrophotometer (GENESYS 50 Spectrophotometer,
Thermo Fisher Scientic Inc). The cumulative release was
plotted versus time for each experiment, which was conducted
in triplicate. The percentage of cumulative polyphenol release
from the microcapsules was calculated as the ratio of TPC
release divided by the initial TPC in the microcapsules.
2.8. Antioxidant properties

The free radical scavenging activity of microcapsules containing
PPE was evaluated using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical following the methodology outlined with
minor modications.4,18,19 Briey, microcapsules were dissolved
in 30 mL of a mixture of ethanol : water : acetic acid (E :W : A)
(50 : 42 : 8, v/v/v). The mixture was vigorously mixed for an hour
and centrifuged at 2000 rpm for 10 min aer sonicating for
30 min.

Aliquots of the supernatant were then diluted with methanol
and prepared at different concentrations. A mixture of 4 mL of
0.076 mM DPPH solution was dissolved in methanol. The
sample was mixed with DPPH solution, shaken, and then
incubated at room temperature in the dark for 30 min. A
spectrophotometer was used to measure the absorbance at
517 nm. An ascorbic acid solution was prepared at different
concentrations as a reference standard. The percentage of
DPPH radical scavenging activity was determined using eqn (4).

Inhibitionð%Þ ¼ ADPPH � ASample

ADPPH

� 100 (4)

where ADPPH denotes the absorbance measurement of the DPPH
control solution, while ASample represents the absorbance
measurement of the DPPH solution in the presence of the leaf
© 2026 The Author(s). Published by the Royal Society of Chemistry
extract. All measurements were conducted in triplicate to
ensure reliability.
2.9. Antibacterial properties

The antibacterial activities of the extract against Gram (−)
Escherichia coli (E. coli) and Gram (+) Staphylococcus aureus (S.
aureus) were determined using the disc diffusion method, with
slight modications.18–20 Briey, microcapsules were dissolved
in 30 mL of a mixture of E : A : W (50 : 8 : 42, v/v/v). The mixture
was vigorously mixed for an hour and centrifuged at 2000 rpm
for 10 min aer sonicating for 30min. Themedia were prepared
with Mueller–Hinton agar, autoclaved, cooled, poured into
sterile Petri dishes, and allowed to solidify. Next, wells were
created for the bacterial cultures. The bacterial suspension of
106 CFUmL−1 was swabbed evenly on the surface using a sterile
swab. A small well with a 6 mm diameter was sterilised and
impregnated with 100 mL extract, which was diluted in 10%
dimethyl sulfoxide (DMSO). The incubation was conducted at
37 °C for 24 h. The diameters (mm) of the inhibition zones were
measured, and the antibacterial activity values were represented
as the mean of the inhibition zones (mm) from three replicates.
Gentamicin (Ge) (20 mg mL−1) was chosen to be a positive
control, and an ethanol : water : acetic acid mixture was used to
subtract the inhibition zone of encapsulated microcapsules.
2.10. Statistical analysis

All obtained data from the response surface design experiment
were analysed using Design Expert soware (version 11, StatE-
ase Inc., Minneapolis, USA). The accuracy of the model was
determined by the coefficient of determination R2. Statistical
analysis of the data was performed using SPSS (IBM SPSS
Statistics 22) and then graphed using R and OriginPro 2024
soware. The signicant difference between the experiment
data sets was determined using the statistical method of one-
way ANOVA and the least signicant difference (LSD) with a =

0.05. The data from individual experiments were obtained in
triplicate. All data are displayed as the mean ± standard
deviation.
3. Results and discussion
3.1. Effect of factors on the polyphenol encapsulation
efficiency

3.1.1. Single factor experiments on the polyphenols from
extract. The polyphenol content in PPE can be effectively pro-
tected by encapsulation within sodium alginate capsules, which
are biodegradable and nontoxic polymers. The encapsulation
efficiency (EE) of polyphenols was used to evaluate the inuence
of individual formulation parameters, as presented in Fig. 3.
Fig. 3A presents the inuence of SA concentration when other
parameters were xed at chitosan and calcium ion concentra-
tions of 0.4 and 1.5%, respectively. The EE of polyphenols
increased slightly with the increase in SA concentration from 1
to 2%, reaching a maximum value of 58.10% at 2% SA. A higher
SA concentration likely promotes the formation of a denser
RSC Sustainability
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Fig. 3 The influences of alginate (A), chitosan (B), and CaCl2 (C) concentration on the encapsulation efficiency. Different lowercase letters
indicate significant differences (p < 0.05).
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polymeric network, resulting in more compact capsules and
improved retention of polyphenols.21

The effect of CS concentration on encapsulation efficiency
was investigated in a set of 2% SA and 1.5% CaCl2 concentra-
tion, as shown in Fig. 3B. The EE exhibited a similar value
between 0.2 and 0.3% concentrations, and then slightly
increased until it peaked at 68.879% at the highest chitosan
concentration of 0.6%. The increase in EE with higher chitosan
concentration may be attributed to the reinforcement of the
outer polyelectrolyte layer, which enhances the structural
integrity of the capsules and reduces polyphenol leakage.
Fig. 3C shows the effect of calcium chloride concentration on
the EE of polyphenols. When other conditions were set at 2% SA
and 0.6% CS concentrations, the EE achieved the highest value
of 68.6% at 0.5% CaCl2 concentration. The excessive calcium
ion content led to a decrease in EE, possibly due to the rapid
crosslinking between alginate and calcium ions, which may
hinder uniform network formation and result in structural
defects within the capsules.9,21
RSC Sustainability
3.1.2. Optimization of microcapsules by ionic gelation.
Based on the investigated experiments, SA, CS, and CaCl2
concentrations were used as independent factors for the poly-
phenol content in P. palatiferum leaves based on the BBD
model, with the EE as the response value. A set of 17 experi-
ments was then designed and conducted to determine the
optimal conditions. The response surface experimental design
and results are shown in Table 2. The polyphenol content
showed notable variability under different extraction condi-
tions, with the highest value observed at 68.654% at an SA
concentration of 1.75%, CS concentration of 0.5%, and calcium
chloride concentration of 1%.

The results of ANOVA are shown in Table 3. The F value for
the model was 51.15 with p < 0.0001, indicating that the
designed model for the extraction process is appropriate and
signicant. The lack of t value had p > 0.05, and model
incompatibility was insignicant, conrming that the model
has provided adequate correlations between the independent
variables and the response. The inuence of CaCl2
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental results obtained by Box–Behnken design for polyphenol encapsulation efficiency

Experiments
SA concentration
(%, w/v)

CS concentration
(%, w/v)

CaCl2 concentration
(%, w/v) EE (%)

1 1.5 0.5 1.5 54.878
2 1.5 0.4 1 59.297
3 2 0.5 0.5 68.397
4 1.75 0.5 1 68.228
5 1.75 0.5 1 68.654
6 2 0.6 1 49.102
7 2 0.4 1 51.584
8 2 0.5 1.5 45.050
9 1.75 0.6 1.5 46.545
10 1.75 0.5 1 66.950
11 1.75 0.5 1 66.101
12 1.75 0.5 1 68.390
13 1.5 0.5 0.5 63.850
14 1.5 0.6 1 55.048
15 1.75 0.4 1.5 50.959
16 1.75 0.4 0.5 63.421
17 1.75 0.6 0.5 66.681
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concentration on the EE (%) was the greatest, followed by that of
SA and CS concentrations. In addition, the interaction terms AC
and BC, with all quadratic terms A2, B2, and C2 had a vital effect
on the efficiency (p < 0.05).

The regression coefficient R2 and adjusted R2 were 0.985 and
0.965, respectively. This indicated good t, reliability, and
effectiveness of the design equation. The determination coeffi-
cients (R2) obtained from the analysis indicated a substantial
correlation between the independent variables and the results.
The ANOVA results provided an overall evaluation of the inu-
ence of various parameters on the polyphenol content. The nal
model equation for the quadratic mulple regression was ob-
tained according to eqn (5).

Y = 67.67 − 2.37A − 0.9855B − 8.11C + 0.4418AB

− 3.59AC − 1.92BC − 6.38A2 − 7.52B2 − 3.24AC2 (5)

Response surface graphs and contour maps of the three
variables and their interactions are presented in Fig. 4. It can be
Table 3 ANOVA analysis results on polyphenol encapsulation efficiency

Source Sum of squares df

Model 1147.17 9
A-SA concentration 44.84 1
B-CS concentration 7.77 1
C-CaCl2 concentration 526.79 1
AB 0.7806 1
AC 51.66 1
BC 14.72 1
A2 171.54 1
B2 238.42 1
C2 44.18 1
Residual 17.44 7
Lack of t 12.67 3
Pure error 4.77 4
Cor total 1164.62 16

© 2026 The Author(s). Published by the Royal Society of Chemistry
observed from Fig. 4A and B that, when the SA concentration
was constant, a tendency of increasing and then decreasing
with increasing CS concentration was shown in EE (%).
Conversely, at a constant CS concentration, a similar trend in
EE (%) was observed with increasing SA concentration. At
a xed concentration of calcium chloride, the increase in SA
formed a denser structure, leading to high encapsulation
capability. However, the excessive CS concentration could
hinder the cross-linking network between wall materials and
calcium ions, thereby reducing the encapsulation efficiency.21

Fig. 4C and D illustrate a simultaneous inuence of SA and
CaCl2 concentrations on EE (%). At a high concentration of SA
(2%) and a low concentration of CaCl2 (0.5%), the highest
encapsulation efficiency of 68.39% was obtained. When the SA
concentration was unchanged, the EE (%) increased with
decreasing concentrations of calcium ions, according to Fig. 4E
and F. The inuence of the calcium chloride concentration
signicantly affected EE (%), followed by that of sodium algi-
nate and chitosan.
Mean square F-value p-value

127.46 51.15 <0.0001
44.84 17.99 0.0038
7.77 3.12 0.1208
526.79 211.38 <0.0001
0.7806 0.3132 0.5932
51.66 20.73 0.0026
14.72 5.91 0.0454
171.54 68.83 <0.0001
238.42 95.67 <0.0001
44.18 17.73 0.0040
2.49
4.22 3.54 0.1268
1.19
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Fig. 4 Three-dimensional response surface graphs and contour maps for encapsulation efficiency as a function of SA concentration (A and B),
CS concentration (C and D), and CaCl2 concentration (E and F).
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Verication of the proposed optimum conditions for poly-
phenol encapsulation efficiency is displayed in Table 4. The
optimal results obtained by the equation model were SA, CS,
RSC Sustainability
and CaCl2 concentrations of 1.774, 0.506, and 0.5%, respec-
tively, with an EE of 72.632%. The optimal encapsulation
conditions were determined at 1.77% SA, 0.5% CS, and 0.5%
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Verification experiments for the predicted and actual encapsulation efficiency values.

Optimal conditions Predicted value Experimental value Average value RSD (%)

A (%, w/v) 1.774 B (%, w/v) 0.506 C (%, w/v) 0.5 72.632 71.56 72.53 1.255
73.37
72.66
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CaCl2 concentrations, yielding an average EE of 72.53%. The
dependent variable EE was predicted from RSM and compared
with actual experimental values. Three replicates were con-
ducted for the validation experiment under the optimized
conditions to validate the model. The predicted (72.632%) and
experimental (72.53%) EE values, with a relative standard
deviation (RSD) value of 1.255%, conrmed the validity and
reliability of the model.
3.3. Characteristics of microcapsules

3.3.1. Analysis of moisture content, swelling degree, solu-
bility, and particle size. The moisture content, swelling degree,
solubility of blank and PPE microcapsules, and particle size of
beads aer freeze drying are displayed in Fig. 5. The moisture
content of blank microcapsules exhibited a slightly lower
content of water than PPEMs, as shown in Fig. 5A. This might be
attributed to the hydrophilic structure imparted by the poly-
phenol content in the extract, which interacts with water
through hydrogen bonding. The increased number of hydroxyl
groups in microcapsules promotes increased moisture reten-
tion in PPEMs.22

Biopolymers are known for their hydrophilicity and easy
swelling in solution. The bioactive compounds that are
embedded in microcapsules can be affected by their swelling
properties in delivery and controlled release.15 The swelling
degree of microspheres was determined at intervals by
comparing blank and extract-loaded samples. The microcap-
sules were tested in distilled water, where the solution pH was
approximately 6, to simulate their application in other indus-
tries including food, medicine, and cosmetics. As shown in
Fig. 5B, the swelling capacity of PPEMs gradually increased
from over 1200% at 30 min to about 1600% at 240 min. In
contrast, the swelling degree of blank microcapsules reached
close to 2000% at 30 min and continued to increase steadily,
reaching around 5700% at the end of the experimental period.
The PPE microcapsules exhibited a notably lower swelling
degree than the microcapsules without added extract. The high
swelling index of the SA-CS co-polymer capsules reects the
hydrophilic properties of both wall materials at neutral pH.23

The increase in extract concentration lowered the swelling index
of the microcapsules, possibly because of the formation of
intermolecular hydrogen bonds between the core and wall
materials. This reduced the free space inside the capsules,
leading to a restriction of water uptake. Furthermore, the
protonated amino groups (–NH3

+) of chitosan interact with the
ionized carboxyl groups (–COO–) of alginate through electro-
static forces, resulting in the formation of a complex
© 2026 The Author(s). Published by the Royal Society of Chemistry
polyelectrolyte structure that inhibits the diffusion of water
molecules into microcapsules.17

The water solubility of both blank and PPE microcapsules
within 30 min was relatively low, at about 15.97 and 22.17%,
respectively. As shown in Fig. 5C, the solubility trend was
similar to the moisture content results, which might be attrib-
uted to the presence of polyphenols in the extract. The addi-
tional hydroxyl groups increased the solubility of PPE
microcapsules due to the increased hydrogen bonding. As
depicted in Fig. 5D, the extract-loaded microcapsules had an
average size of 1.9 mm, with a range of particle size from 1.5 to 3
mm. The size of microcapsules was inuenced by the size of the
needle used in the experiment, which is displayed in Fig. 5E.

3.3.1. FTIR analysis. FTIR spectra were recorded to deter-
mine the interactions between different functional groups in
the molecular structure of the sample. Fig. 6 shows the infrared
spectra of PPE, blank microcapsules, and PPEMs. The FTIR
spectrum showed a wide absorption band at around 3423 cm−1

attributed to the stretching vibration of –OH, which overlapped
with the signal for the –NH bonding of the amino groups.24 The
encapsulated extract in sodium alginate microbeads formed
hydrogen bonding between sodium alginate and polyphenol
molecules, subsequently reducing the free –OH and weakening
the band intensity. The absorption peak at 2929 cm−1 was
attributed to the stretching vibration of CH2 groups and could
be associated with the presence of terpenes in the extract.15 The
sharp and intense absorption at 1631 cm−1 was indicative of the
stretching vibration of C]O, which is attributed to the presence
of undissociated carboxylic acid groups within the alginate lm
matrix.9 The distinct peak at 1429 cm−1 was attributed to
sodium alginate.25 The peak at 1270 cm−1 represented aromatic
C]C in the polyphenol from the extract, and the stretching
vibration at 1055 cm−1 in the extract-loaded microcapsules also
conrmed the presence of C–O.15 The additional absorption
band at 1152 cm−1 was possibly attributed to C–O–C stretching
vibrations of saccharide compounds. Both peaks at 820 and
626 cm−1 are characteristic of out-of-plane C–H bending
vibrations. The infrared spectra of the extract and microcap-
sules presented similar peaks, which showed that some of the
main bioactive compounds in the extract were effectively
encapsulated in the polymer matrix of microcapsules.

3.3.2. SEM analysis. The morphology of microcapsules was
examined by SEM, as shown in Fig. 7. The results showed rough
surfaces, heterogeneous pore sizes, and uneven folding. More-
over, no cracks were observed in both blank and PPE micro-
capsules. Their appearance resulted from the water loss during
lyophilization.16 As shown in Fig. 7A, the non-spherical
morphology of blank capsules exhibited a collapsed center,
RSC Sustainability

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00123h


Fig. 5 Themoisture content (A), swelling degree (B), solubility (C) of blank and PPEmicrocapsules, the PPEM size (D), and relative size of capsules
prepared by a syringe (E). Different uppercase letters indicate a significant difference among samples.
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a denser structure, and some large pores with folds. In contrast,
a more intact shape, with regular spherical morphology, smaller
pores, and a looser structure of PPEMs is observed in Fig. 7B.
The crumpled appearance of blank capsules could be due to the
sublimation of water during the drying process. The PPE
microcapsules exhibited a rough surface with visible aggregates
of the biopolymer blend and minor dents.
RSC Sustainability
In addition, at a magnication of 5000 times as shown in
Fig. 7C and D, the surface of the PPEM appeared as a stack of
particles, whereas blank gel spheres appeared as a smooth and
more uniform surface. The hydrogen bonds between poly-
saccharide chains resulted in a compact network and structural
stability.16 Additionally, the shrivelled surface is commonly
attributed to the crosslinking of alginate and calcium
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of PPE, blank microcapsules, and PPEMs.

Fig. 8 TGA thermograms of blank microcapsules, PPE, and PPEMs.
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chloride.15 Alginate within the matrix formed a dense network
of biopolymer chains, while the brous surface likely resulted
from the formation of a polyelectrolyte complex between algi-
nate and chitosan.26 This compact structure of microcapsules is
expected to effectively protect the internal material from the
external environment, thus maintaining the bioactive
compounds of the loaded extract.

3.3.3. Thermal stability analysis. The thermal behaviour of
PPE microcapsules is depicted in Fig. 8 for analysing the
thermal stability and decomposition of the capsules. The weight
Fig. 7 SEM images of PPEMs and blank microcapsules at a magnifica
a magnification of 5000 times (C and D).

© 2026 The Author(s). Published by the Royal Society of Chemistry
loss at the rst stage, between 30 and 150 °C, was attributed to
water evaporation. The weight losses of 14.10, 18.38, and
40.10% were recorded for PPE, blank, and PPEMs, respectively.
Notably, the greater mass loss of PPEMs may be attributed to
the higher moisture content of PPEMs, thereby resulting in the
greatest loss of water. At the second stage, from 150 to 350 °C,
the thermal degradation of PPEMs resulted in a loss of 15%,
whereas that of the blank samples decreased by 36.15%. This
stage was primarily attributed to the decomposition of poly-
saccharides, namely sodium alginate and chitosan, and other
tion of 60 times (A and B) and PPEMs and blank microcapsules at

RSC Sustainability
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macromolecules from wall materials.27 During the third stage
between 300 and 600 °C, PPEM and blank samples exhibited
similar curves of mass reduction, with residual masses of 39.52
and 30.72%, respectively. A slight degradation of PPEMs was
seen with a loss of about 10%. During this stage, the breakdown
of biopolymers and carbon-rich residues was attributed to the
continued thermal decomposition of wall materials. The
thermal analysis patterns of microcapsules are consistent with
those reported in previous studies.9,22,28 The thermal stability of
microcapsules suggests the possible protection of the loaded
extract by outer materials, thereby easing the storage and
transportation of food in diverse environments.

3.4. Polyphenol release from microcapsules

The extract release from microcapsules in simulated gastric
acid (pH 1.2) and intestinal uids (pH 7.4) is depicted in Fig. 9.
A similar trend in cumulative release was observed in both
environments, where the values substantially increased in the
rst 30 min, followed by a slight increase. At pH 1.2, there was
a rapid initial release (47.7%) in the rst interval, followed by
a slight uctuation and ongoing release (61.18%) at 300 min. In
simulated intestinal solution, a very rapid release of 55.88% was
observed aer 30 min, and then it continued to increase until it
achieved 90.44% release of polyphenols from PPEMs. When
carboxyl groups from alginate were protonated in an acidic
environment, they formed intermolecular hydrogen bonds that
prevented the hydrogel network from swelling and breaking
down in the stomach.29 Moreover, the amino groups in chitosan
were protonated and increased its affinity for the carboxyl
groups in sodium alginate, thereby extending the swelling
time.30 Based on previous studies, the increase in the pH in the
intestinal uid weakened electrostatic repulsion between
carboxyl groups, which led to the removal of protons. This
accelerated the swelling of hydrogel spheres, which in turn
caused the hydrogel network to collapse and decompose, ulti-
mately resulting in the release of polyphenols in the intestines.
Furthermore, the high affinity of phosphate ions in buffer
Fig. 9 Cumulative release of PPE microcapsules at pH 1.2 and 7.4.

RSC Sustainability
solution induced disruption of the calcium-alginate gel
matrix.31 Similar trends have been reported in previous studies,
where cumulative extract release from beads was signicantly
higher under alkaline conditions.17,21,29,31
3.5. Antioxidant activity

The free radical scavenging activity of the extract from both PPE
and PPEMs against DPPH is presented in Fig. 10 and Table 5.
The antioxidant activities of PPE and PPEMs were investigated
at different concentrations ranging from 0 to 1400 mgmL−1, and
the results are presented as IC50 (50% inhibition concentra-
tion). The scavenging activity of PPE was 16.707% at 50 mg
mL−1, which consistently increased to 94.9% at 300 mg mL−1. A
concentration of 100 mg mL−1 of PPEMs scavenged 15.837% of
free radicals. The DPPH scavenging activity of the extract loaded
in microcapsules reached 97.156% at a concentration of 500 mg
mL−1. A large amount of PPE extract in the microcapsules was
needed to nearly completely reduce the DPPH radical compared
with that before encapsulation. In addition, the percentage of
free radical scavenging of PPE was nearly 95% at 300 mg mL−1,
while PPEMs scavenged about 60.6%. The DPPH scavenging
activity of the PPEM was consistently lower than that of the PPE.
The observed antioxidant activity is primarily due to phenolic
hydroxyl groups and other redox-active phytochemicals present
in the leaf extract, which promote free radical neutralization.18,19

Furthermore, the percentage of DPPH radical-scavenging
activity was slightly lower than that of the bioactive
compounds encapsulated in the microcapsules. This observa-
tion could be accounted for by encapsulation that resulted in
a polymeric layer and a strong interaction between the extract
and wall materials. Therefore, the amount of obtained bioactive
compounds was lower than the initial feed.32

In the comparison with vitamin C in terms of IC50, an
amount of 7.166 mg mL−1 of vitamin C inhibited 50% of the free
radical DPPH. In contrast, the values of 148.47 mg mL−1 for PPE
and 249.698 mg mL−1 for PPEMs were observed. Vitamin C is
widely recognized for its effectiveness as an antioxidant. The
Fig. 10 Antioxidant properties of PPE and PPEMs.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00123h


Table 5 Inhibitory activity of PPE and PPEMs on the DPPH radical

Samples IC50 (mg mL−1)

Vitamin C 7.166 � 0.009
PPE 148.470 � 0.929
PPEM 249.698 � 0.979
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antioxidant properties of the extract from both extraction
methods were lower than those of vitamin C in overall effec-
tiveness. The extract from P. palatiferum leaves has slightly
signicant antioxidant activity due to the presence of avonoids
and phenolic components in the total polyphenol content.
These bioactive compounds have the capacity to scavenge free
radicals, which demonstrates antioxidant activity. It has been
proposed that oxidative stress is involved in the pathophysi-
ology of many chronic and neurodegenerative diseases, and
antioxidant treatment shows promise as a potential therapeutic
strategy. Through three different ways of scavenging radicals,
speeding up their breakdown, or stopping their production,
these compounds shield cells from damage caused by free
radicals.33
3.5. Antibacterial activity

The antibacterial effects of the extract from both PPE and
PPEMs on E. coli and S. aureus are displayed in Fig. 11. A clear
inhibitory zone was observed against two types of bacteria,
including Gram-positive and Gram-negative. The extract di-
splayed a similar inhibitory effect on both bacterial strains. In
addition, aer subtracting the effect of the E : A :W mixture
from PPEMs, the results conrmed that the mixture exhibited
antimicrobial activity. These ndings demonstrated that the
encapsulated polyphenols inhibited the growth of the bacterial
strains. The smaller inhibition zone of the PPEM is related to
the method of obtaining the extract inside capsules, which
results in a reduced amount of polyphenols. The disruption of
cell membrane integrity appears to be the initial step in the
mechanism of exerting bacteriostatic action. Leaf extract and its
encapsulated capsules are believed to promote bacterial death
by inducing cell membrane damage based on bioactive ingre-
dients containing lipophilic and hydrophobic functional
Fig. 11 Antibacterial properties of PPE and PPEMs against S. aureus
and E. coli.

© 2026 The Author(s). Published by the Royal Society of Chemistry
groups. This activity is commonly observed against many
pathogenic microorganisms.18,19 These compounds interact
with cell membranes, leading to leakage of intracellular
components including proteins, nucleic acids and some
essential molecules.32 It is suggested that themode of inhibitory
action of PPE and PPEMs on S. aureus may occur directly
through disruption of the structure of the cell membrane,
leading to a loss of cell viability. These results suggest that the
microcapsules loaded with PPEmight have potential for clinical
and food applications that require further study.28

4 Conclusion

In this study, polyphenol content from P. palatiferum extract
(PPE) was successfully encapsulated within a bilayer system of
chitosan and sodium alginate using ionic gelation. The effects
of sodium alginate (SA), chitosan (CS), and CaCl2 concentra-
tions on encapsulation efficiency were systematically evaluated
through single-factor experiments and further optimized using
response surface methodology (RSM) with a Box–Behnken
design. The efficiency achieved was 72.53% under the opti-
mized conditions with 1.77, 0.5, and 0.5% of SA, CS, and CaCl2
concentrations, respectively, which was close to the anticipated
result of 72.63%. The PPE microcapsules (PPEMs) exhibited
desirable physicochemical properties, including controlled
swelling behaviour, moderate solubility, and a spherical
morphology. The FTIR and SEM results conrmed the inter-
molecular interactions between the core and polymer matrices.
The thermal stability of microcapsules showed the possible
protection of bioactive compounds. Biological activity analysis
demonstrated that the antioxidant activity of PPE against DPPH
free radicals was retained in the microcapsules. In addition,
PPEMs inhibited both Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus. These ndings suggest that the
PPEM has good performance in preserving bioactive
substances, which is sufficient for further application in
extending the shelf-life of food products. This research
contributes to the microencapsulation of leaf extract and
highlights its promising applicability in the food and pharma-
ceutical industries.
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17 C. Dima, L. Pətraşcu, A. Cantaragiu, P. Alexe and Ş. Dima,
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