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ABSTRACT: Andrographolide (AG) is one of the compounds in
Andrographis paniculata, which has a high antibacterial activity.
This paper reports the freeze−thaw method’s use to synthesize
polyvinyl alcohol (PVA) hydrogels loaded with AG and its
characterization. From the morphological examination, the
porosity of the PVA/AG hydrogel was found to increase with
the increasing AG concentration. The swelling degree test revealed
that the hydrogels’ maximum swelling degrees were generally
greater than 100%. The composite hydrogel with the highest
fraction of andrographolide (PAG-4) showed greater weight loss
than the hydrogel without AG (PAG-0). The molecular interaction
between PVA and AG resulted in the narrowing of the band
attributed to the O−H and C�O stretching bonds and the emergence of an amorphous domain in the composite hydrogels. The
loading of AG disrupted the formation of hydroxyl groups in PVA and interrupted the cross-linking between PVA chains, which lead
to the decrease of the compression strength and the crystallinity increased with increasing AG. The antibacterial activity of the
composite hydrogel increased with increasing AG. The PAG-4 hydrogel had the highest antibacterial activity of 37.9 ± 4.6b %.
Therefore, the PVA/AG hydrogel has the potential to be used as an antibacterial device.

1. INTRODUCTION
Hydrogels are materials composed of polymer chains with
three-dimensional cross-linked structures, which can absorb
water and are structurally soft and flexible.1 Hydrogels can be
fabricated from natural polymers and synthetic polymers.2

Polyvinyl alcohol (PVA) is the most widely utilized synthetic
polymer due to its good mechanical properties, non-toxicity,
pH sensitivity, and biocompatibility.3 The hydrogels can be
synthesized through physical cross-linking (freeze−thaw),
chemical cross-linking, and irradiation.4 In particular, the
freeze−thaw method has a competitive advantage compared to
others. It is a straightforward process, which produces
hydrogels with strong mechanical properties.5 The freeze−
thaw method consists of repeated cycles of freezing and
thawing of a polymer−liquid system, forming ice crystals in the
polymer precursor solution so that cross-linking between
polymer chains occurs.6 A strong cross-linking of the PVA
hydrogel occurs in the microstructure after the fourth cycle,7

the chestnut starch can be observed as a strong cross-linking
hydrogel at three cycles, and the potato and the yam starch are
after the first cycle of freezing−thawing.8
Currently, hydrogels have been thoroughly developed for

wound dressing application. The porous structure of hydrogels
makes them capable of maintaining the supply of oxygen hence

upholding the moisture level.9 On the other hand, the
hydrophilicity of the polymer causes them to attract water
molecules. Therefore making them capable to absorb wound
exudate.10 By loading bioactive compounds into the hydrogels,
the composite hydrogels can further accelerate the wound
healing process and prevent wound infection.11 While the
stability of the compounds is also increased, which means that
the compounds are not easily degraded, as there will be
molecular interaction between the compounds and the
matrix.12

To realize diverse antibacterial composite hydrogels for
wound dressing application, several researchers have recently
reported PVA hydrogels loaded with various bioactive
compounds. Examples of composite PVA hydrogels are the
PVA hydrogel loaded with diphlorethohydroxycarmalol
(DPHC) isolated from brown alga Ishige okamurae as an
antimicrobial agent.13 The addition of DPHC resulted in an
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increased porous structure and an antibacterial activity against
S. aureus and P. aeruginosa by 99% after 360 min. In another
study, the PVA hydrogel was loaded with a red betel extract
with a mixture of ethanol and water as the solvent system.14

The maximum antibacterial activities were found to be 16.79 ±
2.61 and 24.10 ± 8.94% g−1 against P. aeruginosa and S. aureus,
respectively.15 The antibacterial activity of composite hydrogel
loaded with plant extracts was also demonstrated by Ware-
sindo et al. in their research. The antibacterial activities of the
PVA/guava leaf extract hydrogel were up to 15.79 ± 0.29 and
17.93 ± 0.78% g−1 against P. aeruginosa and S. aureus,
respectively.15 When the PVA hydrogel was loaded with an
Ipomoea pes-caprae extract then-synthesized using an electro-
spinning method, a significantly higher cumulative release than
the conventional hydrogel at 2 and 4 h was observed due to the
highly porous structure of the electrospun hydrogel.16 The use
of electrospinning in a previous study was able to produce PVP
nanofibers loaded with a Chromolaena odorata extract with
antibacterial potential, but the insignificant mass of nanofiber
results in a zone of inhibition hard to observe.17 On the other
hand, the electrospun hydrogel with an inhibition zone
diameter of 3.37 ± 0.15 cm showed favorable antibacterial
activity against S. aureus.16 In another research, a PVA
hydrogel composite with silver nanoparticles and acacia gum
(polysaccharide) has been synthesized using the gamma
radiation method.18 The effect of adding acacia gum was the
following: the antibacterial activity against Gram-negative
bacteria was decreased, the degree of swelling of the hydrogel
was increased, and a biocompatibility material was obtained.

Andrographolide (AG) is one of bioactive compounds
proven to possess antibacterial activity and a variety of
pharmacological activities such as anti-inflammatory, anti-
diabetes, and anticancer.19 Hence, it has been applied as an
ingredient in a traditional medicine, also called jamu, in
Indonesia.20 AG can be isolated from the herb Andrographis
paniculata (Burm.f). Ex. Nees. with the concentration
percentage around 2.67−5.94% (w/w) and an average of
4.186%.21 However, the antibacterial effectiveness of AG alone
is still under research. In previous research, AG was found to
have antibacterial activity against Gram-positive bacteria,
vancomycin-resistant Enterococcus, and methicillin-resistant
Staphylococcus aureus, while it was shown to possess
considerable antibacterial activity against Gram-negative
Escherichia coli.22 In another report, it is stated that AG
combined with azithromycin inhibited the in vitro formation of
Pseudomonas aeruginosa biofilm, hence opening a path for a
new combination for antibacterial treatment.23 Additionally,
AG and its synthetic equivalents are reported to have good
antibacterial activity both in vitro and in vivo. Specifically, AG
can hinder the growth of bacterial biofilms, inhibit the
virulence factors, separate the adhesion between bacteria, and
destroy the bacterial integrity in direct bacteriostatic action.24

Nevertheless, the clinical application of AG is still difficult
due to its poor solubility. Hence, there is a thorough effort to
increase the clinical effectiveness of AG by modifying the
structure to increase the solubility or by improving the delivery
system.25 To the best of our knowledge, the loading of AG into
PVA hydrogels (PVA/AG hydrogels) has never been studied.
In this paper, we report the study on the effect of varying AG

Figure 1. Schematic of the fabrication of hydrogels: (a) preparation of PVA/AG precursor solution, (b) freeze−thaw process, (c) and PVA/AG
hydrogels obtained by the freeze−thaw process.
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concentration on the physicochemical characteristics and
antibacterial activities of the freeze-thawed PVA/AG hydro-
gels. The physicochemical characterizations included porosity,
degree of swelling, mechanical properties, thermal properties,
crystallinity, and functional groups. The antibacterial activities
were tested by using Staphylococcus aureus and Pseudomonas
aeruginosa.

2. RESEARCH METHOD
2.1. Materials. Polyvinyl alcohol (PVA) powder with a

molecular weight of 89,000−98,000 g/mol and 99+% hydro-
lyzed was purchased from Sigma-Aldrich. Andrographolide
(AG) powder was obtained from MarkHerb (Bandung,
Indonesia). Ethanol and distilled water were procured from
Merck and PT. Brataco, Indonesia, respectively. Phosphate-
buffered saline (PBS) solution was brought from the School of
Pharmacy, ITB, Indonesia.
2.2. Preparation of PVA/AG Hydrogels. PVA was

dissolved in distilled water at a concentration of 10 wt %
and stirred using a magnetic stirrer at 96 °C for 3 h to form a
clear homogeneous solution. Meanwhile, AG powder cannot
be completely dissolved if only using distilled water.26

Therefore, it is necessary to use an additional liquid to the
solvent system to make the AG solution. In this research, we
used a solvent system consisting of a mixture of distilled water
and ethanol at a weight ratio of 2:1 with the AG concentration
at 0 wt % (PAG-0), 0.1 wt % (PAG-1), 0.2 wt % (PAG-2), 0.3
wt % (PAG-3), and 0.4 wt % (PAG-4) and stirred using a
magnetic stirrer at room temperature to form homogeneous
AG solutions. Subsequently, the PVA and AG solutions were
mixed (PVA/AG) at a weight ratio 10:2 at room temperature
until a homogeneous solution was obtained. These PVA/AG
precursor solutions were then placed in a freezer at a
temperature of −23 °C for 20 h (freezing) and then stored
at room temperature for 4 h (thawing). This freeze−thaw
process was repeated six times to obtain PVA/AG hydrogels.
All the processes are schematically shown in Figure 1.
2.3. Physicochemical Characterizations of PVA/AG

Hydrogels. Structural morphologies of PVA/AG hydrogels
were determined by a scanning electron microscope (SEM)
(JEOL, JSM-6510LA). For the investigation, the PVA/AG
hydrogels were lyophilized with freeze-drying apparatus (Eyela,
FD-5N) to achieve dried hydrogels. They were then cut along
their transverse direction.14 The internal morphology of the
freeze-dried PVA/AG hydrogels was observed at magnifica-
tions of 1000× and 5000×. The pore size of PVA/AG
hydrogels was examined by using ImageJ software (version 64-
bit Java 1.8.0_172, NIH, USA). By determining the surface
area on the SEM images, we confirmed the pore size13 of the
PVA/AG hydrogel structure.
The swelling degree of the freeze-dried PVA/AG hydrogel

was obtained as follows. The hydrogel was dried in the oven at
50 °C for 5 days. The dried hydrogel that was used with
previous experiment14 was then weighed (Wd) and then
immersed in the PBS solution at the physiological pH of 7.4 at
37 °C. The weights of the hydrated hydrogel (Ws) were then
measured at 0, 3, 6, 12, 24, and 48 h after immersion. The
swelling degree of the hydrogel can then be determined from
eq 1:
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The degree of swelling is important in wound dressing
applications, for example, to protect the moisture of the wound
area, to predict the absorption capability of wound exudate,
and to support the hemostatic process in the wound healing
process.27

To determine the weight loss of the freeze-dried PVA/AG
hydrogel, the following steps were taken. The hydrogels were
first dried in an oven at 50 °C for 5 days. The weight of the
dried hydrogels was then measured (W0). The dried hydrogels
were then immersed in the PBS solution at 37 °C for 48 h and
subsequently dried in an oven at 50 °C for 5 days to remove
water content. The hydrogel was weighed again after
immersion and drying (Wf). The number of gels remaining
indicates the number of cross-links formed on the hydrogel.
The weight loss is determined from eq 2
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100%0 f
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= ×

(2)

Since the biodegradability is an important property of the
ideal wound dressing material,28 the weight loss of the
hydrogel after the swelling test must be measured. The weight
loss experiment confirmed the degradability or capability of the
hydrogel to sustain its form. It is used to investigate the
percentage of cross-linking occurring during the freeze−thaw
process.
A Fourier transform infrared (FTIR) spectrometer (Bruker,

Alpha) with the wavenumber range of 500−4000 cm −1 was
employed to identify the functional groups and the interactions
in the PVA/AG hydrogels. To determine the functional group
changes in the hydrogels, the FTIR spectra of the hydrogels
were examined.
An X-ray diffractometer (XRD) (Rigaku, SmartLab) was

used to characterize the crystallinity of the PVA/AG hydrogels.
The X-ray source used Cu Kα radiation that is generated at a
voltage of 40 kV and current of 30 mA with the wavelength of
1.5405 Å while the diffraction angle (2θ) was observed from
10 to 90°.
The material testing machine (Sinowon, Universal Material

Testing Machine SM-200) was utilized to determine the
mechanical strength, including compressive modulus and
compressive strength of the PVA/AG hydrogels. The
compression modulus was calculated by the slope of the linear
stress−strain curve.29
A thermogravimetric/differential scanning calorimetry (TG/

DSC) apparatus (Hitachi, STA7200) was used for character-
izing the thermal properties of the PVA/AG hydrogels. The
hydrogel weight was accurately measured while the temper-
ature was increased from 30 to 600 °C at a heating rate of 10
°C/min. The obtained TG/DSC curve was used to determine
the melting temperature, residue, and weight loss as the
temperature increased. The enthalpy change (ΔH) was
calculated from the area below the melting point and then
analyzed using Origin 8.5.1 software. The change in enthalpy
of PVA (ΔHPVA) was affected by the area below the melting
point (ΔH) and the mass fraction of PVA in each sample, as
shown in eq 3a. After that, the degree of crystallinity was
calculated using eq 3b:30
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where ΔH is the enthalpy for melting PVA powder (J/g) and
ΔH0 is the enthalpy of fully crystallized PVA powder (138.60
J/g).31

2.4. Antibacterial Test. To calculate the ability of the
hydrogel to inhibit bacterial activity, an antibacterial test was
performed. Antibacterial activity was tested using the total
plate count (TPC) method. The bacteria used were Gram-
positive and negative, namely, Staphylococcus aureus (ATCC
6538) and Pseudomonas aeruginosa (ATCC 9027), respectively.
The discs of the PVA/AG hydrogel, in which each of them had
20 mm in diameter, 5 mm in height, and a weight of
approximately 1.79 g, were placed on top of the solid Muller−
Hinton agar (MHA) on petri dishes. Then, an inoculum of
Staphylococcus aureus (1.3 × 106 cfu mL−1) or Pseudomonas

aeruginosa (4.5 × 105 cfu mL−1) was poured onto each

hydrogel in a separate container.
Subsequently, the bacteria-poured hydrogels were placed in

an incubator at 37 °C for 24 h. The bacteria-incubated

hydrogel would show a zone of inhibition, a clear zone

indicating the diameter of bacterial inhibition, around the disc.

The diameter of inhibition was measured using a micrometer.

Next, about 10 μL of solid MHA sample was taken at the edge
of the hydrogel and diluted in 100 μL of sodium chloride

solution. One milliliter of diluted suspension was dropped on

solid MHA in Petri dishes and then incubated at 37 °C for 24

h to determine the spread of bacteria. Bacterial colonies were

counted from the dilution to determine the antibacterial

activity, which is determined through32 the equation

Figure 2. SEM images of the (a) PAG-0, (b) PAG-1, (c) PAG-2, (d) PAG-3, and (e) PAG-4 hydrogels and (f) pore size of PVA/AG hydrogels.
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antibacterial activity

(log control(cfu mL ) (log fibers(cfu mL )
mass hydrogel (g) log control (cfu/mL)

1 1

=
[ ]

×
(4)

2.5. Statistical Analysis. The calculations of the various
treatments in this experiment were performed in triplicate, and
the results were then shown as mean ± standard deviation
(SD) followed by ANOVA (analysis of variance) and Tukey’s
HSD (honestly significant difference) statistical tests.15 The
IBM SPSS 24 software (IBM, USA) was employed to
determine a significant difference with the confidence level
higher than 95% (p < 0.05). Values with various superscript
letters differed considerably (p < 0.05), whereas those with
identical superscript letters did not change significantly (p >
0.05).

3. RESULTS AND DISCUSSION
3.1. Morphological Analysis of PVA/AG Hydrogels.

Figure 1 shows the synthesis process of PVA/AG hydrogels.
All the PVA/AG hydrogels in Figure 1c were opaque with a
dense white color. Increasing the PVA content in the hydrogel
generally increases the opacity of the hydrogel and thereby
reduces light transmission due to the presence of crystalline
regions.33 During the freeze−thaw process, the PVA macro-
molecules undergo densification by means of ice crystal
formation during freezing while becoming orderly structured
during thawing.34 The cross-linking between polymer chains is
accompanied by the formation of ice crystals; hence, a larger
amount of cross-linking can be formed by either increasing the
freeze−thaw cycles.35 In this experiment, dense white hydro-
gels were obtained after the freeze−thaw process with six
cycles, similar to previous studies.7

SEM images of the cross-sectional view of the freeze-dried
PVA/AG hydrogels are presented in Figure 2. The PAG-0
hydrogel (pure PVA) does not show any phase separation
between the liquid and the solid phase. For the precursor
solution, the PAG-0 hydrogel used only distilled water as the
solvent, resulting in a complete evaporation of the water
fraction during the freeze−dry process and hence causing the
bulk of the PVA hydrogel samples to collapse.36 Meanwhile,
the PAG-1 to PAG-4 hydrogels (Figure 2b−e) show the phase
separation between the liquid and the solid phase, where the
liquid phase becomes the pores. Phase separation can be
observed due to the presence of ethanol, which does not
completely evaporate during the freeze-drying process; also
ethanol prevents the hydrogel from collapsing.14 The
formation of pores occurred as follows: during the freezing
process, ice crystals grew along the temperature gradient.
Within the solution phase, there were many segregated PVA
chains where the hydroxyl groups of the PVA chains form an
intermolecular hydrogen bonding between them.37 The
existence of AG bioactive compound interfered with the
bonding process between the hydroxyl groups and also with
the formation of crystallinities, resulting in pores inside the
bioactive compound−composited hydrogel.7,13
The pore size of the PVA/AG hydrogels is shown in Figure

1f. It was found that PAG-0 had a more regular porous
structure than the composite hydrogels (PAG-1 to PAG-4).
The pore size of PAG-0 hydrogel was within the range of 0−49
μm2 (55%), 50−101 μm2 (27%), and 101−150 μm2 (18%),
while the PAG-4 hydrogel shows various pore sizes and large

pore size was within the range 0−49 μm2 (36%), 50−101 μm2

(21%), 101−150 um2 (14%), 151−200 μm2 (7%), 201−250
μm2 (7%), 251−300 μm2 (7%), and 301−350 μm2 (7%). The
enlarged and irregular pore size was caused by AG, which
interfered with the formation of hydroxyl groups in PVA
during the freeze−thaw process.13,38 The structure and pore
size of the hydrogel also affect the controlled release of the
antibacterial compounds. According to Zou et al., the hydrogel,
which has a porous morphological structure and large pore
size, has excellent antibacterial activity against S. aureus and E.
coli bacteria.39 The porous structure of a wound dressing can
provide a space for the encapsulation of active substances as
well as cell growth and proliferation. In addition, the porous
structure is also useful in the absorption of the wound exudate
and as a space for oxygen supply to the closed cells. Thus,
hydrogels with high porosity can help accelerate the wound
healing process and have more effective antibacterial activity.40

Based on this fact, PAG-4 with the largest pore size is
estimated to show the highest antibacterial activity, which will
be proven in the antibacterial test.
3.2. Degree of Swelling and Weight Loss. Figure 3a

depicts the swelling degree of the obtained PVA/AG
hydrogels. It is shown that all the hydrogels had significant
absorptive capabilities for the first 24 h. Afterward, the swelling
degree was relatively constant up to 48 h, indicating that the
equilibrium condition had been reached.13 Due to the polymer
chains relaxing, the hydrogel network stretched as a result of

Figure 3. (a) Swelling degrees of PVA/AG hydrogels and (b) weight
losses of PVA/AG hydrogels.
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PBS molecules entering it.41 Moreover, the addition of the AG
fraction resulted in the increased swelling degree of the
hydrogel. Since the AG interfered with the hydrogen bonds in
PVA, a higher AG content consequently led to a lower cross-
linking density and chain entanglement.37 The lower cross-
linking density allows the PBS solution to penetrate the
hydrogel and increase the swelling degree.42 Additionally, a
lower AG fraction corresponded to a higher PVA content,
which then led to a lower porosity. With a smaller pore size,
the amount of PBS solution that enters the hydrogel structure
is also smaller.43 The hydrogel PAG-0 had the lowest swelling
degree after 48 h, at 186.5 ± 9.7a % of the original weight, since
it had the smallest porosity. Figure 3a also shows that the
swelling degree of the hydrogels increased with the increasing
fraction of AG bioactive compound. Their values were 194.5 ±
11.0a, 197.8 ± 3.1a, 202.5 ± 9.0a, and 204.7 ± 1.7a % for the
hydrogels PAG-1, PAG-2, PAG-3, and PAG-4, respectively.
Therefore, the results match the previous research. There was
no significant difference between the groups (p > 0.05).
Figure 3b illustrates the increase in weight loss as the AG

bioactive compound content increases. The hydrogel weight
loss describes the strength of the hydrogel structure in
maintaining its shape. In other words, the hydrogel weight
loss shows the remaining gel fraction after being dissolved in
PBS.15 The hydrogel PAG-0 had the lowest weight loss at 1.26
± 0.30a %. Thus, hydrogel PAG-0 had the strongest ability to
maintain its structure. The increase of AG fraction reduced the
structural strength of the PVA/AG hydrogel. The hydrogel
PAG-4 with the highest weight loss at 1.63% ± 0.15%a

therefore had the weakest structure. The weight loss of
PAG-0 was caused by the dissolution of PVA only, while the
loss of the composite hydrogel (PAG-2 to PAG-4) involved
the release of bioactive compounds into the PBS solution.
During the swelling degree test, the polymer chains expanded
due to the PBS solution entering the hydrogel network during
the swelling process, hence allowing the bioactive compound
to leave the hydrogel network.14 Therefore, the weight loss of
the bioactive compound affected the degree of swelling of the
hydrogel sample. The weight loss between groups did not
show a significant difference (p > 0.05).
3.3. FTIR Spectra. Figure 4 demonstrates FTIR spectra of

the PVA powder, AG powder, and PVA/AG hydrogels, and
their observed characteristic peaks are tabulated in Table 1.
The FTIR spectrum of PVA powder had a broadening peak
located around 3000−3664 cm−1, indicating the O−H
stretching of the hydroxyl (O−H) group, while the peak at
2938 cm−1 is attributed to the stretching of C−H.44 Other
peaks of the PVA powder are 1656 and 1442 cm−1, which are
assigned to the C�O stretching45 and C−H bending
vibration,46 respectively. Also the peaks at 1144 and 1097
cm−1 are attributed to C−O stretching.47

Moreover, the peak at 1144 cm−1 is due to the C−O
stretching vibration, which is related to its crystallinity.47 The
appearance of this peak confirms the semicrystalline nature of
PVA powder, as also confirmed by its respective XRD spectra
that will be discussed later. The FTIR spectrum of AG powder
has also a broad peak around 3030−3668 cm−1, which is
similar to that of PVA powder, indicating the presence of O−H
stretching of the hydroxyl group, and two peaks at 2928 and
2847 cm−1, denoting the existence of C−H stretching.
Other peaks contributed by the carboxylate ester compound

of AG are as follows: (i) those at 1726 and 1673 cm−1

represent the stretching of the carbonyl (C�O) group and

(ii) that at 1213 cm−1 represents the C−O stretching vibration.
All these observed peaks are in agreement with the previous
reports.48,49

We observed three distinct features between the PVA
powder spectrum with its hydrogel form (PAG-0) due to
intermolecular cross-linking during the freeze−thaw process:
(i) the widening and shifting of wavenumber attributed to the
hydroxyl group (O−H stretching vibration) from 3000−3664
to 3000−3702 cm−1 due to the cross-linking of O−H chains
during hydrogel synthesis,50 (ii) the vanishing of the stretching
and bending vibration of C−H peaks (2938 and 1442 cm−1)
due to the formation of rigid molecules,51 and (iii) the
disappearance of C−O stretching due to the amorphous nature
of the hydrogel form.47

Additionally, the peaks of the AG hydrogel exist at the FTIR
spectra of the composite hydrogels. In previous research, the
type of intermolecular bonding between the extract and the
polymer matrix was mostly found in the form of hydrogen
bonds (O−H groups)12, as illustrated in Figure 4b. Some
examples are the nanofiber and nanoparticle matrix loaded
with a mangosteen peel extract52 and a turmeric extract53 and
the hydrogel matrix loaded with a Piper crocatum extract14 and
a guava leaf extract.15

Table 1 demonstrates the peaks of composite hydrogels
(PAG-1 to PAG-4), which shows the peak changes in the
hydroxyl group and carboxyl group. The peaks from O−H
stretching vibration were at 3613, 3600, 3571, and 3496 cm−1

for PAG-1, PAG-2, PAG-3, and PAG-4, respectively. Mean-
while, the peak wavenumbers for the composite hydrogel

Figure 4. (a) FTIR spectra of PVA powder, AG powder, and PVA/
AG hydrogels and (b) hydrogen bond between PVA and
andrographolide.
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(PAG-1 to PAG-4) attributed to C�O stretching appeared at
1636, 1635, 1635, and 1634 cm−1, respectively. The increase in
the AG fraction in the composite hydrogel caused the
wavenumber associated with O−H stretching and C�O
stretching to be shifted to smaller wavenumbers with narrower
peaks.
3.4. X-ray Diffraction Patterns. Figure 5 depicts the XRD

patterns of the PVA powder, AG powder, and PVA/AG

hydrogels. The PVA powder has two halos with peaks at 2θ
values of 19.66° and 40.87°, indicating the semicrystalline
properties.6 The crystallinity was determined by the ratio of
the strongest area over the total area of the peaks.14 The degree
of crystallinity of PVA powder of about 55%, which shows
slightly lower than in previous studies.14 Additionally, the AG
powder exhibits sharp peaks at 2θ values of 12.12, 14.86, 15.8,
17.56, 22.72, and 26.8°, which indicate the crystal phase with a
degree of crystallinity of about 91%.

The XRD patterns of the PVA/AG hydrogels show two
broad halos at 2θ of about 27° and 42°, implying that they are
amorphous. The characteristic peaks of the AG powder
disappear in the XRD pattern of the PVA/AG hydrogel,
which indicates that the AG has been fully transformed to be
amorphous inside the matrix.55 During the hydrogel formation
in the freeze−thaw process, the PVA chains become
disoriented and no longer arranged as lamellar. The process
also causes the formation of a hydrogel network consisting of
knots and porous walls.14 These knots are also known as the
crystal domain of the hydrogel, which provides dimensional
stability of the hydrogel. However, the increase of AG content
in the hydrogel (PAG-0 to PAG-4) resulted in the decrease of
the crystal domain, as indicated by the degrees of crystallinity
of 2.53, 1.65, 0.89, 0.61, and 0.45%, respectively. The degree of
crystallinity of the hydrogel was analyzed with a ratio of a small
area (18 to 21°) over the total area of the peaks, which
indicates a small PVA content. During the freeze−thaw
process, AG interfered with crystallite formation of PVA,
which caused most parts inside the hydrogel to be porous;
hence, the structure was amorphous.13,14 The amorphous
structure of the hydrogel shows widened XRD peaks with the
addition of AG content. In the XRD pattern of all PVA/AG
hydrogels (PAG-0 to PAG-4), the amorphous broad halo peak
at 19.66° shifts to a 2θ of 27°, which proves the existing
molecular interaction between the bioactive compound (AG),
water, ethanol, and the PVA chains.14,15,52

An amorphous matrix can dissolve easily and is soluble.
When a bioactive compound or drug was loaded in an
amorphous matrix, the dissolution rate can be high and the
loaded drug can be released into the surroundings more
easily53 In the case of the crystal structure, a certain amount of
energy is needed to break the crystal lattice in order for a drug
to be released from a crystal structure or for a crystal structure
to dissolve. Such an energy is not needed to break down the
amorphous structure and release the bioactive component
from it. Hence, the amorphous phase in the PVA/AG hydrogel
is advantageous for antibacterial applications, in which the AG
can be released easily. Additionally, the presence of molecular
interactions between compounds and the hydrogel matrix
serves to increase the stability of bioactive compounds so that
the compounds are not easily degraded.12
3.5. Mechanical Properties. Figure 6 demonstrates the

stress versus strain curves, which show a similar characteristic
with the previous research.56 The curves of the composite
hydrogels PAG-0 to PAG-4 are exponential, resembling a ″J″
shape, which indicates a high compressive strength at the high
strain portion. The average value was reported by taking at
least three measurements of each sample. The R-squared value
of the exponential fitting was more than 0.99. Therefore, it can
explain the viscoelastic characteristic of the hydrogels,57 in
which the hydrogels were still not damaged when the strain
was about 36%.

Table 1. Wavenumbers and Functional Groups of PVA Powder, AG Powder, and PVA/AG Hydrogels

PVA AG PAG-0 PAG-1 PAG-2 PAG-3 PAG-4 vibrational mode

3447 3399 3616 3600 3571 3496 3476 O−H stretch54

2938 2928; 2847 C−H stretch44,46

1656 1726; 1674 1636 1635 1635 1634 1634 C�O stretch45,46

1442 C−H bend44

1144;1097 1213 C−O stretch47

Figure 5. XRD patterns of PVA powder, AG powder, and PVA/AG
hydrogels.
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The PVA hydrogel is a three-dimensional network structure,
which shows the amorphous structure. The PVA molecular
chains allow the hydrogel to be flexible in response to external
forces, i.e., by rearranging themselves simultaneously, thus
resulting in a relatively high compressive strength, and is
beneficial to the viscous characteristics of the hydrogel.57 The
results of this study are in line with previous research.58

Table 2 indicates the compressive modulus and the
compressive strength of the PVA/AG hydrogels. The
compressive modulus was obtained from a mathematical
approach,59 by the derivation of the exponential fitting
equation in Figure 6 as the compressive modulus equation:

y ae

y E by

bx=

= = (5)

For the analysis, the compressive modulus was determined
on the stress value y = 100 kPa. Hence, the compressive
modulus can be found from the multiplication of the rate of
growth, b. It was found that the compressive modulus of
composite hydrogels tended to increase with the increase of
AG fraction since the increase of AG is related to the increase
of the ethanol fraction in the PVA/AG composite hydrogel.14

Figure 6. Relationship between stress and strain of PVA/AG hydrogels.

Table 2. Compressive Properties of the Hydrogels

sample compressive modulus (kPa) compressive strength (kPa)

PAG-0 21.4 ± 0.8a 137.2 ± 23.3a

PAG-1 26.6 ± 1.2a 123.9 ± 3.5a

PAG-2 24.9 ± 0.9a 122 ± 15.0a

PAG-3 27.2 ± 1.0a 117.6 ± 1.3a

PAG-4 31.3 ± 2.4a 113.9 ± 1.2a
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During the synthesis process, the ethanol fraction was stored in
the hydrogel as a free liquid because it did not freeze at the
freezing point of −23 °C. The presence of the ethanol fraction
as a free liquid in the hydrogel causes the hydrogel composite
to become soft.58

The mean compressive strength was obtained from the
average of the maximum stress for the repeated measurements
of each sample. The high compressive strength corresponds to
a higher cross-linking density of the hydrogels. The cross-
linking density is influenced by the number of freeze−thaw
cycles and the duration of freezing.60 In this study, the number
of cycles was six with the duration of freezing being 20 h and
the duration of thawing being 4 h. The PAG-0 hydrogel had
the highest compressive strength at around 137.2 ± 23.3a kPa.
The compressive strength of the composite hydrogels of
samples PAG-1 to PAG-4 decreased with the increase of AG
concentration since the presence of AG led to a decrease in
cross-linking density.61 Meanwhile, the decrease of the cross-
linking density can be indicated by the increase of the
porosities of the hydrogels.13 It has previously been proven by
SEM images that the porous area on the cross-sectional view of
the hydrogel increased with increasing AG concentration.
During the crystallite formation of PVA, AG had interfered in
the cross-linking process between hydroxyl groups and
decreased the cross-linking density of the PVA/AG composite
hydrogel.37,38 In general, the physical properties of the
hydrogel loaded with AG show insignificant differences
between groups (p > 0.05) since the AG content is only
slightly increased from PAG-0 to PAG-4 (0.012 to 0.048 g).
Wang et al. in their publications reported the results of the

test animal skin compression test as follows: at a strain level of
25%, the skin of mice showed a maximum stress of 31.78 kPa,
while that of pig skin showed 39.97 kPa. From these results,
they concluded that mammalian skin basically has the same
characteristics.62 In the current study, the maximum stress of
all samples at a strain level of 25% shows a value above 100
kPa. In addition, other studies have concluded that human skin
tissue has a compression modulus ranging from 1 to 100
kPa.63,64 Therefore, the PAG-0 to PAG-4 samples in this study
met the criteria as wound dressing materials with a maximum
stress above 100 kPa and compression modulus in the range of
1 to 100 kPa.
3.6. Thermal Properties. The thermal behavior was

examined by DSC and TGA. The DSC test was carried out
to analyze the intermolecular interactions between the media
delivery and the bioactive compound (drug), which are not
independent of each other. The TGA test can be used to
determine the stability of a bioactive in the range of room
temperature to body temperature.52 In the pharmaceutical
field, thermal characterization has been utilized to analyze
pharmaceutical stability in the studies of bioactive excipient
compatibility.65 Meanwhile, DSC and TGA assays are
conducted for the development and research of pure drug
compounds to investigate the stability of novel drug
compounds and to investigate polymorphic and purity forms
of the drugs.66 The study on the thermal behavior is usually
done as an additional characterization in the development of
drug delivery media, for example, hydrogels,14,15 nano-
particles,55 and nanofibers.52,67 In another research, the DSC
test on a hydrogel containing red betel leaf extracts showed a
phase transition of the extract from crystalline to an
amorphous structure after being encapsulated in a hydrogel.14

A hydrogel with guava leaf extracts also causes a change in the
melting point of the PVA hydrogel to a lower temperature.15

Figure 7 shows the DSC graph of PVA powder, AG powder,
and PVA/AG hydrogels. The thermogram of the PVA powder

shows endothermic peaks at 221, 256, and 440 °C. According
to ref 55, the melting point of PVA is at 230 °C.31 The
difference between the experiment’s results and the reference
indicates the existence of impurities in the PVA powder. The

Figure 7. DSC thermograms of AG powder, PVA powder, and PVA/
AG hydrogels.
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impurities widened the endothermic peak and changed the
melting point.55

The area of the endothermic peak around 221 °C was used
to calculate the change in enthalpy of PVA powder because
that temperature is closer to the melting point of the reference
than any other. In contrast, the presence of a broad
endothermic peak at 256 °C is associated with removing of
the hydroxyl group.14 The change of enthalpy at 221 °C was
found to be at about 53.4 J g−1. All PVA/AG hydrogel samples
(PAG-0 to PAG-4) had significant endothermic (melting)
peaks below 150 °C, indicating the water evaporation from the
hydrogel samples in which the weight reduction was more than
80% for all hydrogels.15

As presented in Table 3, the change of enthalpy decreases as
the PVA fraction decreases. Since the change of enthalpy

corresponds to higher thermal stability,68 the hydrogel with the
larger PVA fraction had a higher thermal stability. The change
of enthalpy for all samples was below the enthalpy change
required to melt fully crystallized PVA, which is 138.60 J g−131.
By using eq 3, the degree of crystallinity of the PVA powder
was found to be 38.5%, while that determined using XRD data
was 55%. The difference of degrees of crystallinity of PVA
obtained by DSC and XRD were also shown by several
previous studies.14,69 The difference can be explained as
follows: when using DSC, the degree of crystallinity is
contributed by the crystal content of PVA in the dry state,
while using XRD, it is from the crystal content of the hydrogel
in the hydrated state in which scattering of water and ethanol
has an important effect. The degree of crystallinity based eq 3
is usually used for semicrystalline polymers where there is a
clear distinction between the crystalline and amorphous
regions.70 Crystallized polymers simply consist of aligned
polymer chains, forming lamellae.71,72 According to previous
studies, eq 3 was only used to determine the degree of
crystallinity of poly(vinylidene fluoride) (PVDF) although it
did consist of many other materials.73,74 In other previous
studies, eq 3 has been used to calculate the degree of
crystallinity of several composite polymers, i.e., poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP),75 poly-
(ethylene oxide)/poly(vinyl pyrrolidone) (PEO/PVP-
TiO2),

76 polyvinyl alcohol (PVA),14,31 polyethylene-oxide/
poly(L-lactide) (PEO/PLLA),77 and polyetheretherketone
(PEEK).78 Additionally, the previous research also showed
that the degree of crystallinity in DSC was only analyzed for
the effect of the polymer (PVA), while the degree of
crystallinity of the red betel extract was calculated on the
XRD section.14 For non-polymer materials with various crystal
structures, such as AG, the enthalpy of its fully crystallized
form was not found in the reference. However, we propose to

determine the change of enthalpy of a fully crystallized AG
(ΔH0 − AG) from the experimental results of XRD and DSC
according to eq 4 taken from a previous report,79 where ΔH is
the change of enthalpy of AG powder (29 J/g).
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degree of crystallinity AG in XRD0 AG = ×
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The enthalpy of fully crystallized AG that we obtained from
experiments and eq 4 was about 31.87 J/g.
The degrees of crystallinity for PAG-0 to PAG-4 was 18.7,

18.0, 17.0, 15.9, and 13.7%, respectively. The degree of
crystallinity was reduced as the PVA fraction decreased
because the number of polymer chains decreased, as reported
by previous studies.14 The degree of crystallinity results
obtained from DSC was not similar to the XRD results, which
show an amorphous structure. The crystallinity of AG and the
scattering of liquid (ethanol and water) have an important
effect during determination of the degree of crystallinity from
XRD, while the calculation of the degree of crystallinity from
DSC was not affected by these two factors. During the DSC
test, the hydrogels were heated to a temperature of 600 °C,
then the water evaporated, and the hydrogel was dried. As for
eq 3, the crystallinity of the bioactive compound is not
included in the equation. Thus, while the DSC results present
the approximate degree of crystallinity of the PVA component
in the dried hydrogel, the XRD results show the crystallinity of
the hydrogel with an amorphous structure in the hydrated
state.14

Additionally, the decrease in PVA crystallinity was due to
fewer folding polymer chains and the number of overlapping
PVA chains showed a reduction.31 With the PVA content was
decreased, the total heat required to melt the sample was
reduced while the melting point shifted to a slightly lower
value.14 During the final phase around 371 to 470 °C, the mass
was significantly reduced, as will be explained in the discussion
of TGA.
Figure 7 shows the curve of the AG powder on the gray line.

For AG powder, there are two wide endothermic peaks at
temperatures of 231 and 447 °C, which agree with the previous
study.80 By calculating the area under the endothermic peak
around the melting temperature, the heat needed to melt the
AG was found to be at about 22.2 J/g. The mass
decomposition of AG began around this first endothermic
peak temperature. Moreover, the moisture loss and evapo-
ration of the volatile components in the bioactive chemicals
might have also partially resulted in the endothermic peak
around 231 °C14; hence, the complete decomposition process
occurred at a temperature of about 447 °C.
The decomposition curves of PVA, AG, and the PVA/AG

hydrogels as presented in Figure 8 were taken from the
thermogravimetric analyzer test. The decomposition of PVA
powder occurred in three phases, as reported by previous
studies.81 The first phase was at temperatures below 100 °C,
caused by the evaporation of adsorbed water and water bound
in the hydrogel network of polymer molecular chains, mainly
through hydrogen bonds. In the second phase, there was a
significant weight reduction between 211 and 339 °C due to a
decrease in hydroxyl groups, producing a conjugated structure.
Lastly, the carbonyl group and the conjugated structure were
decomposed at the third phase between 287 and 589 °C,
indicating the thermal decomposition of PVA.

Table 3. Thermal Properties

sample
ΔH (J/g), during
melting of PVA

degree of crystallinity
of PVA (%)

residue at
600 °C (%)

PVA
powder

53.4 38.5 4.2

AG
powder

29.0 1.1

PAG-0 25.9 18.7 1.6
PAG-1 24.9 18.0 1.7
PAG-2 23.5 17.0 1.9
PAG-3 22.1 15.9 1.0
PAG-4 18.9 13.7 1.3
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The residue of the PVA powder at the end of the
measurement was about 4.2%, which indicates the presence
of inorganic compounds in the sample with a small fraction of
impurities.82 Additionally, the AG powder decomposition has
been studied previously:83 AG underwent a significant weight
reduction (96.01%) at temperatures around 300−473 °C. The
decomposition peaks occurred at 324 and 402 °C, with a

relatively small residue of 1.08% at 600 °C, because the AG
powder is a pure crystal compound, as confirmed by the XRD
results. As shown in Table 3, all the PVA/AG hydrogel samples
show relatively small residues at 600 °C due to the presence of
AG, which has a small residual value.
For the PVA/AG hydrogel samples, the curve shows a

significant reduction in weight during the initial heating phase

Figure 8. TG/DTG plots of (a) PVA powder, (b) AG powder, and PVA/AG hydrogels: (c) PAG-0, (d) PAG-1, (e) PAG-2, (f) PAG-3, and (g)
PAG-4.
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due to the water and ethanol evaporation in the hydrogel.32 A
liquid/water evaporation phase and a hydrogel solid break-
down phase are the two stages of the hydrogel samples’
decomposition process. From 30 to 120 °C, the liquid/water

content in the hydrogel network began to evaporate. All

hydrogel samples lost weight due to this evaporation by more

than 80% because they contained a lot of fluid.

Figure 9. (a) Inhibition zone of bacterial activity; (b) bacteria colonies in the PVA/AG hydrogels: Pseudomonas aeruginosa (Pa) and Staphylococcus
aureus (Sa).
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In the next phase, the hydrogel solids’ decomposition
occurred when they lost their liquid at temperatures between
230 and 600 °C. During the decomposition process, the loss of
the hydroxyl groups and the main chain (−CH) resulted in
weight loss in this phase between 9% and 11%.15 Thus, the
hydrogel PAG-0 experienced the largest shrinkage by 11.45%.
3.7. Antibacterial Activity. Figure 9a depicts the

inhibition zone around the hydrogel samples in the
antibacterial test against Pseudomonas aeruginosa and Staph-
ylococcus aureus. In this experiment, the hydrogels PAG-0 to
PAG-4 with a diameter of each sample of about 22 mm were
weighed and then examined for their inhibition zones. After 24
h of incubation, the inhibition zone against Pseudomonas
aeruginosa and Staphylococcus aureus bacteria was formed as
indicated by a clear area around the samples. However, the
zone was difficult to observe clearly since the samples had a
similar color to the agar test medium. Therefore, a subsequent
test was conducted to confirm the antibacterial activity of the
PVA/AG hydrogels. The total plate count (TPC) test was
carried out to obtain a more quantitative result in determining
the reduction of bacteria around the samples.84

Figure 9b depicts the number of bacteria colonies
determined by the TPC test. After incubation, the number
of bacterial colonies for control and all hydrogel samples was
counted using a colony counter to determine the antibacterial
activity.32 The antibacterial activity analyzed by eq 4, which is
shown in Table 4, informed that the PVA hydrogel surprisingly

had some antibacterial activity based on these results. The
antibacterial activity of the PVA hydrogel is thought to be due
to water diffusion out of the hydrogel, which disrupted
bacterial reproduction on the agar plate. When water flows
outward from PVA hydrogels, it has a pushing force that
disrupts bacterial populations away from the peripheral of the
hydrogel.14 Table 4 shows that the antibacterial activity of the
hydrogels increased with increasing AG concentration, which
resulted in a reduction in the number of bacterial colonies in
both types of bacteria. The addition of AG in the antibacterial
activity of Staphylococcus aureus had no significant difference
for all samples (p > 0.05). For Pseudomonas aeruginosa, the
antibacterial activity for PAG-4 had a significant difference with
the rest of the samples (p < 0.05). However, there was no
significant difference between groups for the PAG-0, PAG-1,
PAG-2, and PAG-3 (p > 0.05).
As confirmed in the previous study,19 AG possesses an

antibacterial activity; hence the highest antibacterial activity is
the composite hydrogel that has the highest AG content. The
PAG-4 hydrogel shows the highest antibacterial activity against
Pseudomonas aeruginosa (37.9 ± 4.6b %) and Staphylococcus
aureus (8.2 ± 0.1a %). The antibacterial activity against

Pseudomonas aeruginosa (Gram-positive bacteria) was greater
than Staphylococcus aureus (Gram-negative bacteria). Previous
studies suggest that Gram-positive bacteria are more sensitive
to a bioactive compound (AG) than Gram-negative
bacteria.85,86 Staphylococcus aureus is generally more resistant
to AG because they have an outer membrane with a larger
periplasmic area than Pseudomonas aeruginosa, which have
almost no periplasmic area.87 This result indicates that the
highest antibacterial activity (PAG-4) at a concentration of
0.4% AG powder or with a weight ratio (AG and PVA powder)
of 0.008:1 showed almost the same antibacterial activity as a
natural extract/PVA hydrogel whose weight ratio is much
higher (0.5:1).15 The results are also similar to the previous
study in that the use of bioactive compounds in a small ratio
into the PVA hydrogel (0.0025:1) showed antibacterial activity
for wound dressing application.13 The periplasmic zone in
Staphylococcus aureus is up to 40% of the total cell volume of
Gram-negative bacteria.88 This result shows that the PVA/AG
hydrogel has an antibacterial ability against both types of
bacteria, which can potentially be used as antibacterial
applications such as in contact lenses, dental infections, tissue
engineering, prosthesis implant infections, gastrointestinal
infections, and wound dressing applications.84 These applica-
tions require a hydrogel with high antibacterial activity, which
aims to prevent the possibility of bacteria entering the body
and inhibiting the growth of bacteria into the body. The ability
of hydrogels to break the bacterial membranes is useful to
inhibit bacterial growth; hence, it can treat infections in the
body effectively.84

4. CONCLUSIONS
PVA/AG hydrogels of varying compositions of AG have been
successfully produced using the freeze−thaw method. The
analysis of the SEM images indicates the increase of the pore
size with increasing AG because AG interfered with the
hydroxyl group formation process in PVA and decreased the
formation of cross-links between chains. This result was
confirmed by the tests of porosity and compressive strength.
The PVA/AG hydrogels had maximum swelling degrees above
100%, while the presence of AG significantly reduced the
degree of swelling. PVA and AG were present in PVA/AG
hydrogels, as observed in the FTIR spectra. The amorphization
of AG in the PVA/AG hydrogels was shown by the XRD
pattern, and the decrease of the melting temperature was
confirmed by the TG/DSC characterization. The antibacterial
activity of PVA/AG increased with the increase of AG
concentration. The PAG-4 hydrogel had the highest
antibacterial activity against Pseudomonas aeruginosa at 37.9
± 4.6b % and Staphylococcus aureus at 8.2 ± 0.1a %. These tests
show that the PVA/AG hydrogel could potentially be used in
antibacterial applications since it has an antibacterial ability
against both Gram-positive and Gram-negative bacteria.
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