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ABSTRACT: Citrus hystrix leaves have been used traditionally as a
spice, a traditional medicine for respiratory and digestive disorders,
and a remedy for bacterial infections. This study reports on the
synthesis of composite hydrogels using the freeze−thaw method
with poly(vinyl alcohol) (PVA) as the building block loaded by C.
hystrix leaf extract (CHLE). Additionally, chitosan (CS) and sodium
alginate (SA) were also loaded, respectively, to increase the
antibacterial activity and to control the extract release of the
composite hydrogels. The combinations of the compositions were
PVA, PVA/CHLE, PVA/CHLE/CS, PVA/CHLE/SA, and PVA/
CHLE/SA/CS. The internal morphology of the hydrogels shows
some changes after the PVA/CHLE hydrogel was loaded by CS, SA,
and SA/CS. The analysis of the Fourier transform infrared (FTIR)
spectra confirmed the presence of PVA, CHLE, CS, and SA in the composite hydrogels. From the X-ray diffraction (XRD)
characterization, it was shown that the composite hydrogels maintained their semicrystalline properties with decreasing crystallinity
degree after being loaded by CS, SA, and SA/CS, as also supported by differential scanning calorimetry (DSC) characterization. The
compressive strength of the PVA/CHLE hydrogel decreases after the loading of CS, SA, and SA/CS, so that it becomes more elastic.
Despite being loaded in the composite hydrogels, the CHLE retained its antibacterial activity, as evidenced in the in vitro
antibacterial test. The loading of CS succeeded in increasing the antibacterial activity of the composite hydrogels, while the loading
of SA resulted in the decrease of the antibacterial activity. The release of extract from the composite hydrogels was successfully
slowed down after the loading of CS, SA, and SA/CS, resulting in a controlled release following the pseudo-Fickian diffusion. The
cytotoxic activity test proved that all hydrogel samples can be used safely on normal cells up to concentrations above 1000 μg/mL.

1. INTRODUCTION
Citrus hystrix leaves have been used traditionally as a spice in
food and a traditional medicine for respiratory and digestive
disorders and bacterial infections.1 Through phytochemical
analysis, C. hystrix leaves are confirmed to contain several
chemical compounds, such as alkaloids, flavonoids, tannins,
terpenoids, quinones, proteins, carbohydrates, and glycosides.2

From the gas chromatography−mass spectrometry (GC−MS)
analysis, it is proven that the essential oil extracted from C.
hystrix leaves consists of several important chemical com-
pounds, such as citronellal (80.04%), citronellol acetate
(5.46%), β-citronellol (4.13%), linalool (3.04%), and other
chemical compounds.3 C. hystrix leaves are proven to inhibit
bacterial growth from 411 isolates of groups A, B, C, F, and G
Streptococci, Streptococcus pneumoniae, Haemophilus influenzae,
Staphylococcus aureus, and Acinetobacter baumannii. The
antibacterial activity of C. hystrix leaves is due to the presence

of citronellal, the main compound inside the leaves which acts
as the antibacterial agent.4 In general, the application of an
antibacterial agent requires a medium of delivery. Currently,
hydrogels are being massively used and researched for drug
delivery with loaded antibacterial agents.

A hydrogel is a soft material in the form of a three-
dimensional network that is able to absorb a certain amount of
liquid.5 The synthesis of the hydrogel involved polymers,
whether natural, synthetic, or a mixture of both.6 Natural
polymers are biocompatible and biodegradable and possess
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good biological activity. However, they usually have weak
mechanical properties.7 Some examples of natural polymers
that have been used as hydrogel matrices are alginate8 and
chitosan (CS).9 On the other hand, synthetic polymers
generally have strong mechanical properties but usually poor
biological activity.10 An example of synthetic polymers that
have been used to synthesize hydrogels is poly(vinyl alcohol)
(PVA).11 PVA is soluble in water, and it can be used to form a
hydrogel by means of the freeze−thaw technique.12 PVA
hydrogels have superior characteristics, such as being
biocompatible and biodegradable and possessing strong
mechanical properties.13 PVA can also be combined with
natural polymers to improve the performance of the hydrogel.
Sodium alginate (SA) is a natural polymer with a large water
absorption capacity.14 The blending of SA with PVA resulted
in a PVA/SA hydrogel having strong mechanical properties
and high water absorption.15 To enhance the capabilities of the
hydrogels, chitosan can also be added. Chitosan is a natural
polymer with a significant intrinsic antibacterial capacity.16 The
loading of CS in the PVA hydrogel then forms a PVA/CS
hydrogel, which has strong mechanical properties and
antibacterial activity.17 SA and CS can also be combined
simultaneously with PVA, resulting in a hydrogel with strong
mechanical properties, high water absorption, and antibacterial
activity.18

During the synthesis of the hydrogel, cross-links between
polymer chains are formed.19 Freeze−thaw is one of the
straightforward and inexpensive physical cross-linking methods
that result in a hydrogel.20 In previous studies, the PVA
hydrogel has been researched to be delivery medium for
antibacterial agents from the extracts of red betel and guava
leaves. The antibacterial activity test showed that the
composite hydrogel had the antibacterial activity derived
from the loading of the extract.20,21 In another study, a PVA
hydrogel loaded with CS was used as delivery medium for
honey and allantoin as a wound dressing. The release test
showed that the release of allantoin from the hydrogel
occurred also following the Fickian diffusion model.22 In the
other experiment, the PVA/SA hydrogel synthesized by using a
freeze−thaw method has also been used as delivery medium
for ampicillin as the antibiotic agent. The release test showed
that the loading of SA in the PVA hydrogel reduced the release
rate of ampicillin and resulted in a controlled release.23 Lastly,
the PVA hydrogel loaded with SA/CS has been used as
delivery medium for Ag@MOF-loaded CS nanoparticles. The
result of the in vivo test on rats showed that the hydrogel can
accelerate wound healing and re-epithelialization.24 From this
study, it is proven that the antibacterial agents loaded in the
PVA/SA/CS hydrogels synthesized from PVA, SA, and CS do
not lose their antibacterial activity. Therefore, composite
hydrogels can potentially be used as a wound dressing.

Based on the described references, it is expected that the
hydrogel synthesized from the blending of PVA, SA, and CS
can be used as delivery medium for C. hystrix leaf extract
(CHLE), which acts as the antibacterial agent. Although there
are many studies regarding the CHLE, no study has been
conducted regarding the use of a hydrogel as the delivery
medium for CHLE. Therefore, this study aims to develop and
characterize composite hydrogels from PVA, SA, CS, and
CHLE synthesized by freeze−thaw. The composite hydrogels
were characterized both physically and microbiologically.
Physical characterizations included the following: scanning
electron microscopy (SEM), Fourier transform infrared

(FTIR), X-ray diffraction (XRD), thermogravimetry analysis
(TGA), differential scanning calorimetry (DSC), gel fraction,
texture profile analysis (TPA), and compression test. Mean-
while, microbiological characterizations were conducted with
the in vitro antibacterial activity test, release test, and cytotoxic
activity.

2. RESEARCH METHODS
2.1. Materials. The 99% hydrolyzed PVA with a molecular

weight of 89,000−98,000 g/mol was obtained from Sigma-
Aldrich. SA with 99% purity and CS in the powder form were
purchased from Chimultiguna Indramayu, Indonesia. The
molecular weight and deacetylation degree of CS were 153,000
g/mol and 95.22%, respectively. The analytical grade ethanol
was obtained from Merck, Germany. The deionized water was
obtained from the ITB Department of Chemistry ITB. C.
hystrix leaves were obtained from Sumedang, West Java,
Indonesia.
2.2. Preparation of C. hystrix Leaf Extract and the

Hydrogels. C. hystrix leaf extract (CHLE) was produced as
follows. C. hystrix leaves were first crushed into powder using a
blender. The powder was then extracted by maceration in 96%
(v/v) ethanol for 3 days. The resulting extract was then
evaporated at a temperature of 50 °C using a rotary evaporator
to obtain the extract in the form of a paste. Prior to use in the
synthesis of hydrogels, the paste was dried into a powder form
using a freeze dryer (Eyela, FD-5N). The extraction method is
similar to the previous study with slight modifications.25 CHLE
solution was made in a concentration of 5% w/w by dissolving
the CHLE powder into the solution system consisting of
distilled water and ethanol with a weight ratio of 3:1 and then
stirred using a magnetic stirrer until homogeneously mixed.
The 12% w/w PVA solution was prepared by dissolving PVA
powder into distilled water and then stirred using a magnetic
stirrer at a temperature of 100 °C for 3 h. CS solution was
made by dissolving CS powder at a concentration of 2 wt % in
a 2% (w/w) acetic acid solution. The solution was then stirred
using a magnetic stirrer until it was homogeneous. The SA
solution was prepared by dissolving 2% w/w SA powder in
distilled water.

The PVA solution was then mixed with the CHLE solution
in a weight ratio of PVA/CHLE = 10:1. After that, for every 11
g of the PVA/CHLE solution, 1 g of the CS solution was
added to produce a PVA/CHLE/CS solution or 1 g of the SA
solution was added to give PVA/CHLE/SA solution. The
PVA/CHLE/SA/CS solution was then prepared by adding 1 g
of the SA solution and 1 g of the CS solution into the PVA/
CHLE solution. The PVA solution was also included as the
pure PVA hydrogel, which was also studied to observe any
difference in the characteristics of hydrogels as more
substances are added. Thus, there were five precursor solutions
prepared, namely, PVA, PVA/CHLE, PVA/CHLE/CS, PVA/
CHLE/SA, and PVA/CHLE/SA/CS. Each precursor solution
was then placed in a tubular pot zalp with a volume of about 12
mL. The solution was then placed in an ultrasonic bath to
remove bubbles. The freeze−thaw process consisted of six
cycles, with 20 h of freezing and 4 h of thawing. The freezing
was carried out at a temperature of −25 °C, while the thawing
was carried out at a temperature of 37 °C. The synthesis
method followed the previous research with slight modifica-
tions.20,21 Before further characterization, the hydrogel was
then dried at 50 °C in an oven until the mass was constant to
remove the liquid phase.
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2.3. Physicochemical Characterizations of Hydrogels.
The internal hydrogel morphology was observed using a SEM
(JEOL, JSM-6360 LA) with an excitation voltage of 15 kV and
magnifications of 1000× and 5000×. The as-formed hydrogel
was initially freeze-dried and then cut in a plane parallel to the
cylinder axis.20 The identification of functional groups and
intermolecular interactions in powder samples and hydrogel
samples was carried out using FTIR (Bruker, Alpha Platinum
ATR A220/D-01), in the range of wavenumbers from 500 to
4500 cm−1. The crystallinity of powder samples and hydrogel
samples was identified using XRD (Rigaku, SmartLab, Japan),
with a Cu (Kα) irradiation source, operating voltage of 40 kV,
electric current of 30 mA, and wavelength of 1.5405 Å. The
thermal characterization was carried out to identify the thermal
stability of the powder samples and hydrogel samples. The
measurements were carried out under ordinary environmental
conditions, a temperature range of 30−600 °C, and a heating
rate of 10 °C/min, by placing the samples on aluminum pans
in thermogravimetry and differential thermal analysis (TG/
DTA) (STA7300, Hitachi). The gel fraction of the hydrogels
was studied by immersing the dried hydrogel in a pot zalp filled
with phosphate buffer saline (PBS) with pH 7.4 and at a
temperature of 37 °C until 48 h. After that, the hydrogel was
dried again, until the mass was constant. The gel fraction is
defined as the ratio of hydrogel mass after redrying (w3) to
hydrogel mass before immersion (w1), as presented in eq 220

= ×
w
w

gel fraction (%) 100%3

1 (1)

The hydrogel texture was analyzed using the texture profile
analysis (TPA) method using a Texture Analyzer TXT 32.
Hydrogel samples were prepared in a cylindrical shape with
diameters of 20−22 mm and thicknesses of 4−6 mm. TPA was
used to measure the mechanical resistance of the hydrogel
samples to probe penetration. The parameters observed
include hardness, adhesiveness, springiness, cohesiveness,
gumminess, chewiness, and resilience. The compressive
strength of the hydrogel was measured using a universal
tensile machine (UTM) (Sinowon SM-200) with a strain rate
of 10 mm/min. The hydrogel was first prepared in the form of
a cylinder with a diameter of about 20−22 mm and a thickness
of about 4−6 mm.
2.4. In Vitro Antibacterial Test. The antibacterial activity

of the hydrogel was identified using the agar diffusion method,
as was done in the previous study.20,21 The bacteria used were
S. aureus (ATCC 6538) as Gram-positive bacteria and
Pseudomonas aeruginosa (ATCC 9027) as Gram-negative
bacteria. The as-formed hydrogel was first prepared with a
thickness of about 5 mm and diameter of about 23 mm. The
mass of the hydrogel was weighed and sterilized for 20 min
using UV light. Petri dishes containing Mueller−Hinton agar
(MHA) media as the bottom agar were then prepared. The
hydrogel was placed in the MHA media. The top agar
consisting of MHA media and bacteria was then poured over
the hydrogel and leveled to cover the surface of the bottom
agar. The agar with bacteria but without any hydrogel was also
prepared to be used as the control variable. The samples were
then incubated at 37 °C for 24 h. After incubation, the zone of
inhibition of the bacteria appeared and can then be measured.
Afterward, 50 μL of top agar in the zone of inhibition was
taken and diluted into NaCl solution with varying concen-
trations. A 500 μL aliquot of NaCl solution with diluted agar
was then swabbed onto a Petri dish until evenly distributed

over the entire surface. The samples were then incubated at 37
°C for 24 h. The number of bacterial colonies that grew was
counted to determine the antibacterial activity of the hydrogel.
The antibacterial activity was calculated using eq 120

=
[ · · ]

·

antibacterial activity

(log control (cfu mL )) (log hydrogel (cfu mL ))
mass (g) (log control (cfu. mL ))

1 1

1

(2)

2.5. Release Test. The release test was carried out to
identify the ability of the hydrogel to release the loaded CHLE.
CHLE was first calibrated using a UV−vis spectrophotometer
(Beckman Coulter, DU 7500i). CHLE was dissolved in the
system of ethanol−water solvent with a ratio of 1:3 (w/w), and
then, the absorbance peak was obtained at a wavelength of 205
nm. The calibration results are graphed to obtain the
relationship between the CHLE concentration and the
absorbance. The release test was started by immersing the
hydrogel in PBS solution (pH 7.4) at a volume of 400 mL. The
test was carried out using a paddle dissolution (Hanson
Research, SR8 Plus), within 3 h, at a temperature of 37 °C and
a rotational speed of 50 rpm. For every 20 min, the PBS
solution with a volume of 5 mL was taken and replaced with a
new PBS solution with the same volume. The solution was
then measured for absorbance so that the concentration of
CHLE released could be determined. The procedure was in
accordance with previous research.20

2.6. Cytotoxic Activity. The cytotoxic test of the hydrogel
samples was carried out using the Presto Blue test, as was done
in the previous study.26 Cell viability was then measured using
the Presto Blue reagent obtained from Thermofisher A13262.
The reagent can evaluate various cells based on the resazurin
compound. The reduction ability of living cells is then used to
quantitatively determine the proliferation rate of the sample.
These results show that healthy cells will experience a
reduction in the level of their cytoplasm. The reduction of
resazurin as a nonfluorescent blue dye to resorufin as a pink
fluorescent dye then becomes an indicator of cell viability. The
number of active cells is then indicated through the
conversion. Normal cells (CV-1) were cultured until the cell
growth percentage reached 70% and then diluted using
complete Roswell Park Memorial Institute (RPMI) liquid
culture medium. Then, the final cell density of 17,000 cells/
well was used in 96-well plates with samples to be incubated
for 24 h at 37 °C and 5% CO2 gas.

The samples were then diluted into eight concentration
variants in PBS and dimethyl sulfoxide (DMSO), namely, 7.81,
15.63, 31.25, 62.50, 125.00, 250.00, 500.00, and 1000.00 μg/
mL. The positive control used in this test is cisplatin. All
samples were then incubated again for 48 h. After that, the
medium was prepared in 10 μL of Presto Blue reagent and 90
μL of RPMI medium. The mixture was then put into each well
plate and then incubated for 1−2 h until a color change was
seen. The color change occurs from the blue resazurin
compound with no intrinsic fluorescence value to the resazurin
compound which is pink and very fluorescent. Next, the
absorbance was measured at wavelengths of 570 and 600 nm
using a multimode reader. The IC50 value was then calculated
from the concentration required to inhibit growth by 50%.
This concentration is obtained from the graph of cytotoxicity
against the sample concentration. Each test and analysis were
carried out twice, and the results were averaged.
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2.7. Statistical Analysis. Measurement of release was
carried out three times. For the antibacterial activity test, there
were two samples (n = 2) for each composite hydrogel
combination. Statistical analysis applied was one-way analysis
of variance (ANOVA) and Tukey’s honestly significant
difference (HSD) post hoc test. The analysis was carried out

using IBM SPSS 24 software at a confidence level of more than

95% (p < 0.05).21 Different superscript letters indicate

significant differences between measurement results (p < 0.05).

Figure 1. SEM images of (a) PVA, (b) PVA/CHLE, (c) PVA/CHLE/CS, (d) PVA/CHLE/SA, and (e) PVA/CHLE/SA/CS hydrogels.

Figure 2. FTIR spectra of (a) powder samples and (b) hydrogel samples.
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3. RESULTS AND DISCUSSION
3.1. SEM Images. The SEM images of the hydrogels are

presented in Figure 1. The PVA hydrogel exhibits a porous
morphology. A similar morphology was also found in the
previous study,27 where the intratubule and intertubule cross-
linked PVA tubules led to the formation of the identical
morphology. The loading of CHLE in the PVA hydrogel
resulted in a morphological change from porous to nonporous.
The CHLE is known to contain many active substances, such
as polysaccharides, which can penetrate into the free space
between PVA cross-links so that it becomes more relaxed and
closes the pores of the hydrogel.2,28 These polysaccharides are
known to have antibacterial activity by blocking carbohydrate
receptors involved in host−bacterial interaction.29 The
ethanolic CHLE has less solubility in water compared to
PVA in water, which forces the CHLE to agglomerate like a
cube, as a result of different solubility repulsion.30 These
results proved the presence of CHLE in the hydrogel that has
antibacterial activity,3 as confirmed by the result of the
antibacterial activity test.

The SEM image of the PVA/CHLE/CS hydrogel revealed a
cross-linked network and a porous morphology, which further
predisposed the extract release to be prolonged, as confirmed
by the result of the release test.31 These morphological changes
are caused by the interaction between the CS and PVA
functional groups, which formed hydrogen bonding, as also
found in previous studies.31,32 For the PVA/CHLE/SA
hydrogel, the morphology of the hydrogel showed very tiny
pores due to differences in the degree of homogeneity,
hydrophilicity, or miscibility between SA and PVA, as also
found in the previous study.23 This morphology was
responsible for reducing the extract release, as confirmed by
the result of the release test. Lastly, the loading of SA and CS
in the PVA/CHLE hydrogel resulted in morphological changes
that appeared to be a combination of the loading effects of SA
and CS, as previously described.
3.2. FTIR Spectra. The FTIR spectra of the powder and

hydrogel samples are presented in Figure 2. PVA powder
shows peaks at 3408 (O−H stretch), 2941 (CH2 asymmetric
stretch), 1659 (C�O stretch), 1445 (CH2 bend), 1383 (CH2
wag), 1329 (in-plane C−H and O−H bend), 1238 (C−H
wag), 1146 (C−C and C−O−C stretch), and 1098 cm−1 (C−
O−C stretch).33 The peak around 1146 cm−1 is related to the
crystallinity of PVA.34 The peak at 1098 cm−1 is the
characteristic peak of the PVA main chain associated with
the C−O−C stretching vibration.35 The CHLE peaks appear
at 3408 (O−H stretch), 2928 (aliphatic C−H stretch), 1616
(C�C stretch), 1514 (C−H bend), 1383 (O−H bend), 1263
(C−N stretch), and 1074 cm−1 (C−O stretch).36 The peak at
2928 cm−1 indicates the aliphatic C−H stretching vibration,
which is the characteristic peak of CHLE associated with
citronellal.37 The SA peaks were found at 3441 (O−H stretch),
2928 (C−H stretch), 1614 (O−C−O asymmetric stretch),
1414 (O−C−O symmetric stretch), 1306 (C−C−H deforma-
tion), and 1030 cm−1 (C−O stretch).38

The peaks at 1614 and 1414 cm−1 prove the presence of the
O−C−O asymmetric stretching vibration and O−C−O
symmetric stretching vibration, which are the characteristic
peaks of SA.39 The CS peaks appear at 3449 (O−H and N−H
stretch), 2922 (C−H stretch), 1614 (−NH2 bend), 1422
(CH2 bend), 1383 (CH3 symmetrical deformation), 1327 (C−
N stretch), and 1059 cm−1 (C−O stretch).40 The peak around

1614 cm−1 proves the presence of bending vibrations of the
amine group (−NH2), which is the characteristic peak of CS.41

The characteristic peak for PVA powder (1098 cm−1) is
represented by peaks at 1015, 1036, 1032, 1049, and 1094
cm−1 for PVA, PVA/CHLE, PVA/CHLE/CS, PVA/CHLE/
SA, and PVA/CHLE/SA/CS hydrogels, respectively. The
characteristic peak of CHLE (2928 cm−1) is observed for all
composite hydrogels at nearly identical wavenumbers. The
characteristic peak is indicated by the wavenumbers of 2922,
2922, 2922, and 2924 cm−1 for PVA/CHLE, PVA/CHLE/CS,
PVA/CHLE/SA, and PVA/CHLE/SA/CS hydrogels, respec-
tively. The characteristic peaks for SA (1614 and 1414 cm−1)
are observed for the two composite hydrogels, namely, PVA/
CHLE/SA hydrogel (1630 and 1439 cm−1) and PVA/CHLE/
SA/CS hydrogel (1632 and 1441 cm−1).

Lastly, the characteristic peak for CS (1614 cm−1) is
represented by the peaks at 1628 cm−1 for the PVA/CHLE/CS
hydrogel and 1632 cm−1 for the PVA/CHLE/SA/CS hydrogel.
Thus, it can be concluded that PVA, CHLE, CS, and SA are
successfully loaded in the composite hydrogel. The changes in
characteristic peaks are caused by the physical mixture and
chemical interactions that occur when two or more polymers
are mixed. These changes indicate the good miscibility
between polymers.42

3.3. XRD Characterization. The XRD profiles of the
powder and hydrogel samples are shown in Figures S1 and 3,

respectively. From the diffraction pattern, the PVA powder
appears to be semicrystalline, similar to the previous study.43

There is a sharp peak at 2θ = 19.57°, a shoulder peak at 2θ =
22.53°, and a secondary peak at 2θ = 40.67°. These three peaks
correspond to the lattice sizes d = 4.53, 3.94, and 2.22 Å,
respectively, and are associated with the reflection planes
(101), (200), and (102).20 The crystallinity degree was
obtained from the ratio between the area under the maximum
peak and the total area of the spectrum. The crystallinity of the
PVA powder was found to be 58.59%, close to the previous
study.20

CHLE powder exhibits a diffraction peak at 2θ = 18.95°,
which refers to the lattice size of 4.64 Å. At 2θ over 35°, the
spectrum is broad and sloping, which indicates the amorphous
nature of the CHLE powder. CS powder is semicrystalline as

Figure 3. XRD spectra of the hydrogel samples.
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indicated by its spectrum profile, in accordance with the
previous study.44 The main diffraction peak is located at 2θ =
20.20°, with a lattice size of d = 4.39 Å, which comes from the
reflection plane (220).44 At 2θ from 33 to 70°, the diffraction
pattern gradually slopes down, which corresponds to the
amorphous region of the CS.45 The crystallinity the CS powder
was found to be 56.67%, close to the previous study.46 SA
powder exhibits semicrystalline properties derived from the
interaction between SA chains through hydrogen bonds.47

Peak diffraction lies at a 2θ of about 13.71, 21.63, and 36.50°,
which refers to the lattice sizes d = 6.45, 4.10, and 2.46 Å,
respectively, and corresponds to the reflection plane (110) of
the poly guluronate unit, (200) of the polymannuronate unit,
and halo.48 The crystallinity of the SA powder was found to be
28.72%, close to the previous study.49

In Figure 3, all hydrogels were found to be semicrystalline
because the PVA fraction dominated the hydrogel composi-
tion. The diffraction peak is located at 2θ around 19.41°. The
crystallinity degree of the PVA, PVA/CHLE, PVA/CHLE/CS,
PVA/CHLE/SA, and PVA/CHLE/SA/CS hydrogels was
approximately 51.94, 49.86, 47.31, 45.87, and 43.04%,
respectively. The PVA hydrogel has a lower crystallinity degree
than that of PVA powder. The freeze−thaw process causes a
change in the orientation of the PVA chain, which was
originally aligned in PVA powder and then became unaligned
in the PVA hydrogel, so that the crystallinity degree
decreases.20 These results were also confirmed by the decrease
in peak intensity at a wavenumber of around 1146 cm−1 in the
FTIR spectra. The PVA/CHLE hydrogel was found to have a
lower crystallinity degree than that of the PVA hydrogel. The
lower crystallinity showed that the PVA hydrogel was affected
by the amorphous nature of CHLE. The loading of CS to the
PVA/CHLE hydrogel caused even lower crystallinity since
amine groups of CS can interact with the hydroxyl groups of
PVA to form hydrogen bonds, thereby interfering with the

formation of PVA crystals.50 The loading of SA in the PVA/
CHLE hydrogel also resulted in a lower crystallinity degree
since SA is known to cause a diluting effect, thereby interfering
with PVA crystallization.51 Lastly, the PVA/CHLE hydrogel
loaded with SA and CS showed the lowest crystallinity degree
compared to other hydrogels due to the combined effect of
loading effects of SA and CS, as previously described. In
addition, the blend of SA and CS is known to produce
polyelectrolyte complexes, where the hydrogen bonds between
the amino groups and the hydroxyl groups in CS will be
broken when interacting with SA, thereby reducing the
crystallinity degree.52 XRD characterization is important to
determine the degree of crystallinity of the hydrogel.
3.4. Thermal Properties. The thermal characterization

carried out in this study included TGA and DSC. TGA
characterization was carried out to identify the thermal stability
of the hydrogel against temperature changes. Meanwhile, DSC
characterization was used to analyze the crystallinity degree of
hydrogels to complement and confirm XRD data.20

3.4.1. Thermogravimetric Analysis (TGA). The TGA
analysis of the powder samples and the hydrogel samples is
presented in Figures S2 and 4. (a) The thermogravimetric
analysis includes the onset temperature, maximum temperature
of differential thermal gravimetry (DTG), and residue at 600
°C, as shown in Table 1. The onset temperature was obtained
from the intersection of the baseline mass and tangent drawn
to the mass curve at the point where the sample underwent
significant mass decomposition.53 PVA powder experienced
three decomposition phases at less than 122 °C (evaporation
of water molecules), 196−375 °C (decomposition of the
hydroxyl groups/side groups), and 397−526 °C (decom-
position of the carbonyl groups/backbones).20,54,55 After
heating to 600 °C, the PVA powder left a residue of about
1.60%, which is the inorganic part of PVA.56

Figure 4. (A) TGA analysis of the hydrogel samples and (B) thermograms of the hydrogel samples.
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For CHLE powder, decomposition occurred at a temper-
ature of less than 170 °C, related to the chemical compounds
in CHLE (neryl acetate and α-humulene),3 which are known
to decompose at 134 and 166 °C, respectively.57,58 Significant
decomposition then occurred at 175−305 °C, related to the
decomposition of citronellal, linalool, γ-terpineǹe, and
nerolidol,3 which are known to decompose at 207, 198, 183,
and 276 °C, respectively.59,60 At 370−566 °C, the complete
decomposition of the extract then took place, leaving a residue
of about 26.87%. CS powder experienced three decomposition
phases at less than 105 °C (evaporation of water molecules),
246−300 °C (dehydration of the saccharide ring),61 and 300−
572 °C (complete decomposition of CS), leaving a residue of
about 33.95% in the form of carbon.62 There were three
decomposition phases of SA powder at less than 102 °C
(evaporation of water molecules), 212−263 °C (breakdown of
glycosidic bonds), and 273−564 °C (formation of Na2CO3).

63

At the end of heating, there was a residue of about 35.74%,
associated with the carbonized material.64

The PVA hydrogel showed a higher onset temperature and
maximum temperature of DTG than those of PVA powder,
indicating higher thermal stability. This is related to the
formation of hydrogen bonds between PVA hydroxyl groups
during freeze−thaw.20 At the end of heating, the residue left
was about 0.96%, lower than that of PVA powder. The loading
of extract in the PVA hydrogel then resulted in a lower onset
temperature and maximum temperature of DTG. During the
heating, the extract accumulates heat, thereby reducing the
thermal stability of the hydrogel.20 The resulting residue

increased to 1.43% because the residue of extract powder was
greater than that of PVA powder.

The loading of CS then caused a decrease in the onset
temperature and maximum temperature of DTG of the PVA/
CHLE hydrogel. This relates to the loading effect of CS, where
CS is known to interfere with hydrogen bond formation in the
PVA hydrogel, which causes its thermal stability to decrease.65

The resulting residue increased to about 1.93% due to the
addition of residue from CS. The decreased thermal stability
was also observed after loading of SA in the PVA/CHLE
hydrogel. This can be seen in the decrease of onset
temperature and maximum temperature of DTG, where SA
is known to weaken the hydrogen bonds in the PVA hydrogel,
thereby reducing its thermal stability.66 Due to the addition of
residue from SA, the residue left increased to 1.44%.

Moreover, the loading of SA and CS simultaneously resulted
in a decrease in the onset temperature and maximum
temperature of DTG of the PVA/CHLE hydrogel. The
decrease in thermal stability was related to the restructuring
of the cross-links in the PVA/CHLE hydrogel after loading of
SA and CS, as previously described. However, a higher
maximum temperature of DTG was observed in the last
decomposition phase, which may be related to the
decomposition of carbonaceous materials from SA and CS to
leave a residue. The resulting residue increased to 1.53% due to
the addition of SA and CS residues.

3.4.2. Differential Scanning Calorimetry (DSC). The
thermograms of the powder samples and hydrogel samples
are presented in Figures S3 and 4b. The analysis on the
thermal properties includes the peak temperature of
exothermic and endothermic processes and the crystallinity
degree, as shown in Table 2. For powder samples, the peak
temperature of exothermic and endothermic processes
described the decomposition phases, according to the TGA
profile. An endothermic peak was found at 222 °C for the PVA
powder, which is the melting point of PVA powder, similar to
the previous study.20 The enthalpy change was calculated from
the area around the endothermic peak (196−230 °C), which
was found to be around 81.34 J/g. The enthalpy change at the
melting point of PVA with a crystallinity degree of 100% is
known to be 138.60 J/g.64 The crystallinity degree of PVA
powder was then calculated from the ratio between the
enthalpy change of the sample (ΔH) and 138.60 J/g (ΔH0), as
shown in eq 2

Table 1. Thermal Properties of the Samples Extracted from
the TGA Analysis

sample name

onset
temperature

(°C)

temperature at the
maximum of DTG

(°C)

residue at
600 °C
(%)

PVA powder 257 341, 483 1.60
CHLE powder 239 123, 281, 404 26.87
CS powder 271 295 33.95
SA powder 230 244 35.74
PVA hydrogel 300 356, 440, 504 0.96
PVA/CHLE hydrogel 294 353, 436, 494 1.43
PVA/CHLE/CS
hydrogel

286 336, 430, 485 1.93

PVA/CHLE/SA
hydrogel

263 317, 427, 483 1.44

PVA/CHLE/SA/CS
hydrogel

262 304, 422, 524 1.53

Table 2. Thermal Properties of the Samples Extracted from the Thermograms

sample name
peak temperature in the
exothermic process (°C)

peak temperature in the
endothermic process (°C)

enthalpy change at the melting point of
PVA, ΔH (J/g)

degree of
crystallinity (%)

PVA powder 319, 383, 480 222 81.34 58.69
CHLE powder 125, 245, 550
CS powder 294, 370 59
SA powder 249, 352 50
PVA hydrogel 382, 448, 500 224 71.71 51.74
PVA/CHLE hydrogel 380, 444, 485 223 68.76 49.61
PVA/CHLE/CS
hydrogel

372, 426, 484 222 65.78 47.46

PVA/CHLE/SA
hydrogel

366, 481 222 62.85 45.35

PVA/CHLE/SA/CS
hydrogel

355, 527 221 59.60 43.00
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The crystallinity degree of the PVA powder was about 58.69%,
close to the XRD results. The crystallinity degree is associated
with the PVA fraction in the hydrogel and confirmed the
crystallinity degree obtained from XRD results.20

For hydrogel samples, the PVA hydrogel showed a lower
crystallinity degree than that of the PVA powder. The decrease
was due to the reduced number of the PVA chains folding and
the lamellar thickness of PVA crystals during the freeze−thaw
process.20 The melting point and crystallinity of the PVA/
CHLE hydrogel were found to be lower than those of the PVA
hydrogel. The loading of CHLE caused the PVA fraction in the
PVA/CHLE hydrogel to decrease. Hence, the melting point
shifted toward a lower temperature, and the amount of heat to
melt the PVA in the hydrogel reduced.20 The loading of CS in
the PVA/CHLE hydrogel reduced the melting point and the
crystallinity even further, which matched that of the previous
study. In the earlier study, the crystallinity degree of the PVA
hydrogel decreased after the loading of CS.67 It was explained
that the free PVA molecules accumulated to form crystals
during freeze−thaw, whereas the PVA molecules interacting
with CS molecules did not join the crystal formation and were
left out.67

In addition, the loading of CS also reduced the PVA fraction
in the hydrogel, thereby lowering its crystallinity. The decrease
in the melting point and crystallinity degree of the PVA/CHLE
hydrogel was also observed after the loading of SA. The
loading of SA meant that the PVA fraction in the hydrogel was
reduced, so the crystallinity was also decreased. This result is in
line with the previous research,51 where the melting point of
the PVA hydrogel shifted to a lower temperature after the
loading of SA. The reduced endothermic peak area also
indicated a reduction in the crystallinity of the PVA hydrogel.
The reduction was due to the reduced hydrogen bonding
between PVA chains after loading of SA.51

Lastly, the loading of SA and CS in the PVA/CHLE
hydrogel resulted in the lowest melting point and crystallinity
degree among other hydrogel samples, since the PVA fraction
in the PVA/CHLE/SA/CS hydrogel was the lowest compared
to the other hydrogels. In addition, SA and CS also had an
effect on reducing the crystallinity of the hydrogel, as
previously described. From Table 2, it was found that the
crystallinity of the hydrogel obtained from DSC confirmed the
crystallinity degree obtained from XRD. In addition, the peak
temperature in the exothermic and endothermic processes
shifted to a lower temperature, which indicated a decrease in
the thermal stability of the hydrogel, as described in its TGA
profile.
3.5. Gel Fraction. Following immersion in PBS for 48 h, a

noticeable change occurred as the initially clear solution turned
yellowish due to the extract released from the hydrogel during
testing. The comparison between the mass of the redried

hydrogel post-test and the mass of the initially dried hydrogel,
referred to as gel fraction,20 provided insights into solubility.
The PVA hydrogel exhibited the highest gel fraction at 98.15 ±
0.34d%, indicating almost complete cross-linking of PVA
chains.68 However, upon loading CHLE, the gel fraction
decreased to 96.08 ± 0.11c%, attributed to CHLE release,
causing a higher weight loss than the PVA hydrogel. Further
reduction in the gel fraction was observed in the PVA/CHLE
hydrogel after CS addition (94.59 ± 0.33ab%) and in the PVA/
CHLE/SA hydrogel (95.19 ± 0.21b%), as SA and CS are
known to have low cross-linking behavior.18,69

The lowest gel fraction was noted in the PVA/CHLE/SA/
CS hydrogel at 94.24 ± 0.14a%, attributed to SA and CS
loading effects and increased hydrogel brittleness from elevated
weight loss.24 Significant differences (p < 0.05) in the gel
fraction were observed between PVA/CHLE and PVA/
CHLE/CS, PVA/CHLE/SA, and PVA/CHLE/SA/CS hydro-
gels. The gel fraction of all samples, surpassing 90%, indicates
the extent of cross-linking in the hydrogel matrix. A higher gel
fraction signifies enhanced robustness, durability, and reduced
solubility in water, offering a distinct advantage to the
characteristics of these hydrogels.70 Given the relationship
between the gel fraction, cross-linking content, and weight loss,
these hydrogel combinations hold promise for potential
applications as wound dressings with a high cross-linking
content.
3.6. Texture Profile Analysis (TPA). The results of the

TPA test are listed in Table 3. Hardness is the maximum peak
at the first pressure of the hydrogel.71 In Table 3, it can be seen
that the CHLE loading in the PVA hydrogel resulted in an
increase in hardness. The PVA/CHLE hydrogel that received
CS loading then showed a decrease in hardness. Lower levels
of hardness were also observed after SA loading in the PVA/
CHLE hydrogel. The loading of SA/CS in the PVA/CHLE
hydrogel then resulted in hardness between the PVA/CHLE/
CS hydrogel and PVA/CHLE/SA hydrogel. Adhesiveness is
the adhesive power of the hydrogel.71 For hydrogel
adhesiveness, CHLE loading in the PVA hydrogel resulted in
an increase in adhesiveness. The CS-loaded PVA/CHLE
hydrogel then showed a decrease in the adhesiveness.
Enhancement in the adhesiveness of the PVA/CHLE hydrogel
was then observed after SA loading.

The loading of SA/CS in the PVA/CHLE hydrogel then
resulted in adhesiveness between the PVA/CHLE/CS hydro-
gel and PVA/CHLE/SA hydrogel. Springiness or elasticity can
be interpreted as the recovery time between the end of the first
pressure and the beginning of the second pressure.71 The
loading of CHLE in the PVA hydrogel resulted in an increase
in springiness. The PVA/CHLE hydrogels that received CS
loading then showed an improvement in springiness. Declined
springiness of the PVA/CHLE hydrogel was then observed
after SA loading. The loading of SA/CS in the PVA/CHLE
hydrogel then yielded the highest springiness. Cohesiveness is

Table 3. Texture Profile Analysis (TPA) Results for the Hydrogels

hydrogel sample
hardness
(gForce) adhesiveness (g s) springiness (%)

cohesiveness
(%)

gumminess
(gForce)

chewiness
(gForce) resilience (%)

PVA 2878.8797 −20.0190 0.8140 0.9633 2771.9463 2269.7197 1.2000
PVA/CHLE 3550.8053 −19.7770 0.8510 0.9343 3318.7910 2860.0200 1.1690
PVA/CHLE/CS 3508.0047 −31.1440 0.8660 0.9280 3253.9810 2848.3307 1.1040
PVA/CHLE/SA 3272.4580 −9.7090 0.8037 0.9173 3000.9353 2433.6960 1.0803
PVA/CHLE/SA/CS 3354.1883 −11.8920 0.9047 0.9130 3061.1000 2767.6857 1.0920
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defined as the ratio of the pressure area during the second
compression to that during the first compression. Cohesiveness
can be measured as the degree to which materials are
destroyed mechanically.71

For hydrogel cohesiveness, CHLE loading in the PVA
hydrogel resulted in a decrease in cohesiveness. The PVA/
CHLE hydrogel that received CS loading then showed
decreased cohesiveness. Lower cohesiveness was also observed

after SA loading in the PVA/CHLE hydrogel. SA/CS loading
in the PVA/CHLE hydrogel then produces the lowest
cohesiveness value. Gumminess is defined as the result of
calculating the value of hardness times the value of
cohesiveness.71 Loading CHLE in the PVA hydrogel resulted
in an increase in gumminess. The CS-loaded PVA/CHLE
hydrogel then showed decreased gumminess. Declined
gumminess of PVA/CHLE hydrogels was then also observed

Figure 5. Stress−strain graphs of the hydrogels.
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after SA loading. The loading of SA/CS in the PVA/CHLE
hydrogel then resulted in gumminess between the PVA/
CHLE/CS hydrogel and PVA/CHLE/SA hydrogel.

Chewiness is defined as the result of calculating the value of
gumminess multiplied by the value of springiness.71 Loading of
CHLE in the PVA hydrogel resulted in an increase in

chewiness. The PVA/CHLE hydrogel that received CS loading
then showed a decrease in the chewiness. Declined chewiness
of the PVA/CHLE hydrogel was then observed after SA
loading. The loading of SA/CS in the PVA/CHLE hydrogel
then resulted in chewiness between the PVA/CHLE/CS
hydrogel and PVA/CHLE/SA hydrogel. Resilience is the

Table 4. Compressive Strength of the Hydrogelsa

compressive strength

hydrogel sample name maximum stress (MPa) onset strain (%) onset stress (MPa) compressive modulus (MPa)

PVA 34.9468 ± 0.3111e 65.7995 ± 3.0760b 0.0536 ± 0.0018c 187.0515 ± 0.4792d

PVA/CHLE 31.4583 ± 0.0819d 62.7062 ± 1.8850ab 0.0474 ± 0.0001b 183.8655 ± 0.4780c

PVA/CHLE/CS 30.0180 ± 0.1706c 61.0730 ± 1.4927ab 0.0466 ± 0.0006ab 179.0026 ± 0.2252b

PVA/CHLE/SA 29.1802 ± 0.1130b 60.5062 ± 1.6099ab 0.0453 ± 0.0013ab 178.1596 ± 0.7240b

PVA/CHLE/SA/CS 28.6879 ± 0.0791a 60.1048 ± 1.4850a 0.0431 ± 0.0004a 176.4502 ± 0.2491a

aThe values were expressed as the mean ± standard deviation of the three samples (n = 3). The use of superscripts in each column indicates a
statistically significant difference between groups. In each column, values with different superscripts showed significant differences (p < 0.05).

Figure 6. (A) Colonies of S. aureus from (i) control and (ii) PVA, (iii) PVA/CHLE, (iv) PVA/CHLE/CS, (v) PVA/CHLE/SA, and (vi) PVA/
CHLE/SA/CS hydrogels. (B) Colonies of P. aeruginosa from (i) control and (ii) PVA, (iii) PVA/CHLE, (iv) PVA/CHLE/CS, (v) PVA/CHLE/
SA, and (vi) PVA/CHLE/SA/CS hydrogels.
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measurement of the degree of recovery of sample deformation
seen in terms of speed and strength.71 For hydrogel resilience,
CHLE loading in the PVA hydrogel resulted in a decrease in
resilience. The PVA/CHLE hydrogel that received CS loading
then showed a decreased resilience. Resilience levels were also
observed after SA loading in the PVA/CHLE hydrogel. The
loading of SA/CS in the PVA/CHLE hydrogel then resulted in
resilience between the PVA/CHLE/CS hydrogel and PVA/
CHLE/SA hydrogel. Hydrogels for topical applications must
have high adhesion, high cohesiveness, and low hardness.72

3.7. Compression Test. The stress−strain graphs obtained
from the compressive strength test of the hydrogels are shown
in Figure 5. The compressive strength, onset strain, onset
stress, and compressive modulus extracted from the stress−
strain graphs are presented in Table 4. The compressive
strength represents the maximum stress that the hydrogel can
accept. Onset strain and onset stress are the point of
intersection between two tangential lines connected from the
low-stress and high-stress regions. The compressive modulus is
obtained from the slope of the stress−strain graphs in the high-
stress region.21

For each hydrogel, the test was carried out three times, and
then, the average value was presented. The stress−strain
graphs obtained show a typical shape resembling the letter
“J”.21 The shape results from the interaction between the
compressive force and the hydrogel changes during the test.
Initially, the hydrogel containing the liquid is soft. When a
compressive force is applied, the hydrogel will release the
liquid because the shape of the hydrogel changes to a flat shape
with the polymer chains tending to be in the same direction.
The hydrogel then becomes harder, so that with a continuously
applied compressive force, a graphic shape resembling the
letter “J” will be produced.20,21

The compressive strength of the PVA hydrogel showed the
highest value among other hydrogel samples, resulting in a
hydrogel with rigid properties. The rigid nature comes from
the PVA hydroxyl groups, which are cross-linked. The cross-
linking causes the crystallinity of the PVA hydrogel to be high,
resulting in high compressive strength.73 The compressive
strength of the PVA hydrogel then decreased after loading
CHLE. This is related to the CHLE, which contains the
ethanol fraction, which does not freeze during freeze−thaw.
The ethanol acts as a free liquid in the PVA/CHLE hydrogel,
causing the hydrogel to become softer.20 The loading of CS in
the PVA/CHLE hydrogel then resulted in a lower compressive
strength. This result is related to the loading effect of CS,
where loading of CS in the PVA hydrogel is known to result in
lower cross-linking density.74

In addition, CS is also known to play a role in disrupting the
formation of crystal networks from the PVA hydrogel, thereby
reducing its compressive strength,75 as confirmed by the
decrease of the crystallinity degree in the XRD and DSC data.

The decrease in the compressive strength of the PVA/CHLE
hydrogel was also observed after loading of SA. This is related
to the loading effect of SA, where loading of SA in the PVA
hydrogel is known to weaken the hydrogen bonds, thereby
reducing the cross-linking density and crystallinity,66 as
confirmed by the XRD and DSC data. Therefore, the resulting
compressive strength also decreases.

Furthermore, loading of SA and CS in the PVA/CHLE
hydrogel resulted in the lowest compressive strength among
other hydrogel samples. The result was due to the loading
effect of SA and CS, as previously described. In addition,
mixing of SA and CS solutions is known to cause
inhomogeneous precipitation, in which a polyion complex is
formed at the interface of the two solutions, thereby stopping
further reactions. As a result, the density of cross-linking
formed in the hydrogel becomes lower, thereby lowering its
compressive strength.76 The results of the compressive
strength test are corroborated by data on the crystallinity
degree from XRD and DSC, where the lower crystallinity
degree is associated with the lower compressive strength.

Statistical tests on maximum stress showed that there was a
significant difference between groups (p < 0.05). Wang et al.77

have reported a very strong and resilient hydrogel with a
compressive modulus of around 217 MPa, higher than the
skin’s compressive modulus of around 100 MPa. The hydrogel
has versatile functionality, especially as a structural element.
With a compressive modulus ranging from 176 to 187 MPa,
the hydrogel produced in this study has very strong mechanical
properties, so it has the potential to be applied as a wound
dressing, which is strong against pressure from both body
movements and external objects.
3.8. In Vitro Antibacterial Activity. The results obtained

for the inhibition zone against S. aureus and P. aeruginosa are
presented in Figures S4 and S5. The number of colonies of S.
aureus and P. aeruginosa for each hydrogel sample is presented
in Figure 6A,B. The results of the analysis are presented in
Table 5. In simple terms, the better antibacterial activity is
indicated by the formation of fewer bacterial colonies.78 The
PVA hydrogel showed the lowest antibacterial activity among
other hydrogel samples, namely, 1.16 ± 0.77a and 3.76 ±
0.74ab% per gram. These results are related to the nature of the
PVA hydrogel, where PVA is known to have no antibacterial
activity.79 The presence of this small antibacterial activity was
thought to be caused by the release of water from the hydrogel,
which pushed the bacteria away from the edge of the hydrogel,
thereby disrupting the growth of these bacteria.20

The loading of CHLE in the PVA hydrogel then resulted in
higher antibacterial activity, namely, 59.75 ± 1.17b and 7.66 ±
0.45c% per gram. These results proved that the CHLE has the
antibacterial activity derived from citronellal compounds as the
main ingredient.3,4 The presence of citronellal was confirmed
at a wavenumber of about 2928 cm−1 in the FTIR spectra.

Table 5. Antibacterial Activity of the Hydrogels

sample name

log of the number of S. aureus
colonies after 24 h of incubation

(cfu/mL)

antibacterial activity (%
per gram) against S.

aureus

log of the number of P. aeruginosa
colonies after 24 h of incubation

(cfu/mL)
antibacterial activity (% per
gram) against P. aeruginosa

control 8.10 ± 0.04d 9.17 ± 0.24c

PVA 7.99 ± 0.06d 1.16 ± 0.77a 8.71 ± 0.03bc 3.76 ± 0.74ab

PVA/CHLE 2.33 ± 0.26b 59.75 ± 1.17b 8.32 ± 0.01b 7.66 ± 0.45c

PVA/CHLE/CS 1.15 ± 0.21a 62.02 ± 5.37b 4.23 ± 0.16a 29.75 ± 1.43d

PVA/CHLE/SA 7.67 ± 0.09d 4.05 ± 1.47a 8.86 ± 0.02bc 2.64 ± 0.18a

PVA/CHLE/SA/CS 4.03 ± 0.34c 44.50 ± 8.03b 8.47 ± 0.10b 6.78 ± 0.94bc
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Citronellal interacts strongly with molecules on the bacterial
cell surface such as membrane proteins and other molecules for
bacterial growth. After binding to the molecules, citronellal
forms a single layer, which alters the electrostatic potential and
hydrophobicity of the bacterial cell. This causes damage to the
bacterial cell membrane and results in the release of internal
cellular molecules from the bacterial cell.80 The PVA/CHLE/
CS hydrogel showed the highest antibacterial activity, which
was at 62.02 ± 5.37b and 29.75 ± 1.43d% per gram. These
results relate to the loading effect of CS, where CS is known to
have high intrinsic antibacterial activity, as confirmed in a
previous study.24

In addition, chitosan also has an amine functional group
(NH2), which is positively charged, so that it can form bonds
with a negatively charged bacterial cell wall, as confirmed in the
FTIR spectrum at 1614 cm−1. The formed bonds cause cell
disruption, change in cell membrane permeability, inhibition of
DNA replication, and bacterial cell death.81 The loading of SA
in the PVA/CHLE hydrogel then was observed to produce a
decrease in antibacterial activity, which was at 4.05 ± 1.47a and
2.64 ± 0.18a% per gram, since SA does not have any intrinsic
antibacterial ability.82 In addition, it was possible that the
loading of SA restrained the release of the extract during the
test, thereby decreasing its antibacterial activity, as confirmed
by the release test in the next section.

Furthermore, the PVA/CHLE hydrogel loaded with SA and
CS showed an antibacterial activity of around 44.50 ± 8.03b

and 6.78 ± 0.94bc% per gram, respectively, higher than that of
the PVA/CHLE/SA hydrogel but lower than that of the PVA/
CHLE hydrogel. These results were related to the loading
effects of SA and CS, as previously described. Antibacterial
activity against S. aureus did not show significant differences
between groups for PVA/CHLE, PVA/CHLE/CS, and PVA/
CHLE/SA/CS hydrogels (p > 0.05). However, between PVA
and PVA/CHLE hydrogels as well as between PVA/CHLE
and PVA/CHLE/SA hydrogels, there was a significant
difference (p < 0.05). On the other hand, antibacterial activity
against P. aeruginosa showed that the PVA/CHLE hydrogel
had a significant difference with the PVA, PVA/CHLE/CS,
and PVA/CHLE/SA hydrogels (p < 0.05) but did not have a
significant difference with the PVA/CHLE/SA/CS hydrogel (p
> 0.05). In general, the antibacterial activity of the hydrogel
samples against S. aureus was higher than that against P.
aeruginosa, except for the PVA hydrogel. This is due to the
composition of the cell wall of each bacterium, where S. aureus
has a peptidoglycan layer and P. aeruginosa has peptidoglycan,
lipopolysaccharide, and phospholipids, which act as a barrier to
antibacterial substances.83

3.9. Release Test. The release profile of the extract for
hydrogels is presented in Figure 7. All hydrogel samples
initially experienced burst release within 20 min, which was
expected to be the release of extract from the hydrogel surface
through a rapid diffusion mechanism.23 Moreover, the extract
buried in the hydrogel was also be released. This is similar to
the previous research that the burst phenomenon that
happened in many cases was partly due to the formation of
pores and cracks in polymeric matrices of the hydrogel.84

Afterward, the release of extract becomes a more controlled
release, also called a sustained release, observed through both
the ascending and descending curves along the process. The
ascending curve indicates that the concentration of the
released extract has increased, while the descending curve

indicates the decrease in the concentration of the released
extract.85

The loading of CHLE in the PVA hydrogel showed the
highest cumulative extract release among other hydrogel
samples. This indicated that the extract was not fully loaded
in the PVA hydrogel so it was easy to erode when interacting
with the release medium.20 The PVA/CHLE/CS hydrogel
resulted in lower extract release within the first 60 min, which
is related to the loading effect of CS. The interaction between
CS and PVA is known to form a strong matrix that prevents
the extract release,86 as confirmed by the hydrogel morphology
in the SEM result. After the first 60 min, the extract release was
observed to increase at 80, 120, and 160 min, which was
related to the sensitivity of CS to the release medium, thus
facilitating the release of the extract.85 The lower extract
release was also observed for the PVA/CHLE/SA hydrogel. SA
is known to form a barrier to the diffusion transport
mechanism, thereby inhibiting the release of the extract.87

Also, it is possible that the negatively charged group of SA
(COO−) forms cross-linking with the positively charged group
of the extract. The extract is known to contain phenolic
compounds that can act as a donor of H+.88,89 The cross-
linking can reduce the release rate of the extract, similar to the
previous research.75 The ability of SA to inhibit the release of
the extract also confirmed the decreased antibacterial test
result of the PVA/CHLE hydrogel after loading of SA. Lastly,
the loading of SA and CS in the PVA/CHLE hydrogel resulted
in the lowest extract release among other hydrogel samples.
This relates to the loading effects of SA and CS, as previously
described. Moreover, SA and CS are also known to form cross-
linking through the formation of a polyelectrolyte complex.
The polyelectrolyte complex causes hydrogel expansion,
resulting in high water absorption, and inhibits the release of
the extract.90

The data of cumulative extract release from hydrogels are
then analyzed based on four models of release kinetics, as
shown in eqs 3−6
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Figure 7. Percentage of cumulative extract release from the hydrogels.
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where Mt/M∞ represents the cumulative extract release at time
t, t represents the release time, n represents the release
exponent, and k0, k1, kh, and k represent the constant for each
release kinetics model. Equation 3 represents zero-order
kinetics, where the extract release mechanism is controlled
by polymer chain relaxation with a constant release rate and
does not depend on the concentration.91 First-order kinetics is
represented by eq 4, in which the mechanism of extract release
depends on its concentration.91 The Higuchi model that
describes the release of the extract through the Fickian
diffusion mechanism is shown by eq 5.92 Equation 6 shows the
Ritger−Peppas model, in which the extract release mechanism
depends on the values of n, that are at n < 0.5 (pseudo-Fickian
diffusion), n = 0.5 (Fickian diffusion), 0.5 < n < 1 (anomalous
transport), and n = 1 (polymer chain relaxation).93

Initially, the release of the extract from the hydrogel surface
occurred within 20 min of the test, so this initial condition was
not taken into account in the release kinetic analysis.20 The
analysis results then show the correlation coefficient (R2)
based on each release kinetics model, as presented in Table 6.
In this study, the value of R2 for hydrogels indicated the
Ritger−Peppas model as the most appropriate release kinetics
model. The value of n was obtained in the range of 0.2431 ±
0.0698a to 0.4432 ± 0.0986a, which indicates that the
mechanism of extract release occurs through pseudo-Fickian
diffusion. Pseudo-Fickian diffusion is similar to Fickian
diffusion, but the extract release process takes place more
slowly.93 When the extract release occurs through a pseudo-
Fickian diffusion, the empty spaces between the polymer
chains will be filled by the PBS liquid. The filling process will
continue until the volume fraction of the empty space
decreases as the volume fraction of the PBS liquid increases.20

The statistical test on the value of n did not show a
significant difference between groups (p > 0.05). In addition,
the value of the kinetic constant (k) indicates the release rate
of the extract from the hydrogel. The lower value of k indicates
the slower release rate of the extract.92 The PVA/CHLE/SA/
CS hydrogel showed the lowest value of k, so it had the slowest
release rate of extract among other hydrogel samples. The
hydrogel with slow extract release ability is very good for
wound dressing application because it is effective in reducing
pain for prolonged application.94

3.10. Cytotoxic Activity. Cytotoxic activity of each sample
concentration was tested by using normal cells (CV-1). The
test was carried out using the Presto Blue method. This
method is a good indicator of the 50% inhibitory concentration

(IC50) for each sample concentration in various cells.95 The
Presto Blue reagent will then undergo a reduction from the
resazurin compound to the resorufin compound when it enters
the cell.96 The resazurin compound is a nonfluorescent blue
dye, while the resorufin compound is a fluorescent pink dye.97

In this test, absorbance measurements are carried out at two
wavelengths, namely, 570 nm (resazurin) and 600 nm
(resorufin), to produce an absorbance value that shows the
number of viable cells after the test. The IC50 value is obtained,
which shows the concentration threshold for each sample that
can be used so that CV-1 cells are still alive at 50%.98 IC50
values for hydrogel samples and cisplatin are shown in Table 7.

The test results show that all hydrogel samples show IC50
values >1000 μg/mL. These results show that all hydrogel
samples can be used safely on normal cells up to
concentrations above 1000 μg/mL. The test results, IC50
calculation graph, and cell morphology at each sample
concentration are presented in Figures S6−S11. Based on
morphological observations, no cell death occurred at all
concentration levels. Other research previously conducted
experiments on normal cells of human skin, to examine the
safety of C. hystrix peel essential oil for topical application on
the skin.99 The results of this research show that C. hystrix peel
essential oil as well as its main components (limonene, β-
pinene, and terpinen-4-ol) is not cytotoxic to normal cells of
human skin. C. hystrix peel essential oil also appears to exhibit
anti-inflammatory effects and has potential as an antimelanoma
agent. Our data show that CHLE is safe for use on human skin.

4. CONCLUSIONS
We successfully prepared various combinations of composite
PVA hydrogels loaded with CHLE, CS, SA, and SA/CS using
the freeze−thaw method. Morphological changes in each
hydrogel sample, confirmed by SEM images, showed the
loading effects of CS, SA, and SA/CS in the PVA/CHLE
hydrogel. PVA, CHLE, CS, and SA were contained in the
composite hydrogel, as shown in the FTIR spectrum. The
XRD characterization showed that the loading of CS, SA, and
SA/CS in the PVA/CHLE hydrogel resulted in a decrease in
the crystallinity degree. The crystallinity degree obtained from
the DSC characterization confirmed the XRD results, while the

Table 6. Modeling of Cumulative Extract Release Dataa

zero-order first-order Higuchi Ritger−Peppas

hydrogel sample name R2 R2 R2 R2 k n

PVA/CHLE 0.7021 0.7885 0.8965 0.9770 16.0377 ± 3.6716c 0.2431 ± 0.0698a

PVA/CHLE/CS 0.7162 0.7777 0.9204 0.9819 13.7007 ± 4.6671bc 0.2856 ± 0.0834a

PVA/CHLE/SA 0.8528 0.9066 0.9681 0.9852 5.3506 ± 2.4054ab 0.4432 ± 0.0986a

PVA/CHLE/SA/CS 0.7564 0.7782 0.9180 0.9702 4.8112 ± 1.9650a 0.3233 ± 0.0990a

aThe values were expressed as the mean ± standard deviation of the three samples (n = 3). The use of superscripts in each column indicates a
statistically significant difference between groups. In each column, values with different superscripts showed significant differences (p < 0.05).

Table 7. IC50 Values for Hydrogel Samples and Cisplatin

samples IC50 (μg/mL)

PVA >1000
PVA/CHLE >1000
PVA/CHLE/CS >1000
PVA/CHLE/SA >1000
PVA/CHLE/SA/CS >1000
cisplatin 13.27
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TGA characterization showed a decrease in the thermal
stability of the PVA/CHLE hydrogel after loading of CS, SA,
and SA/CS. The loading of CS, SA, and SA/CS succeeded in
reducing the compressive strength of the PVA/CHLE hydrogel
so that it was more elastic, which correlated with a decrease in
the crystallinity degree. The antibacterial activity of CHLE
after being loaded into the composite hydrogel was still
maintained, as evidenced by the in vitro antibacterial test. The
loading of CS resulted in an increase in antibacterial activity,
whereas a decrease in antibacterial activity occurred after the
loading of SA. The extract release test proved that the presence
of CS, SA, and SA/CS inhibited the release of the extract,
resulting in a controlled release following the pseudo-Fickian
diffusion. The cytotoxic activity test showed that all hydrogel
samples can be used safely on normal cells up to
concentrations above 1000 μg/mL.
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