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Abstract: Piper betle leaf extract (BLE) shows strong anti-inflammatory, antioxidant, 
and antibacterial activities. However, its application is limited due to poor water 
solubility, oxidative instability, and rapid clearance from the application site. To address 
these challenges, a crosslinker-free polyvinyl alcohol/chitosan (PVA/CS) hydrogel 
encapsulating BLE was developed via repeated freeze-thaw cycles. The hydrogel exhibited 
an interconnected porous structure, enabling stable incorporation of BLE without phase 
separation. As a result, the PVA/CS/BLE hydrogel achieved a high gel fraction of 89.6–
94.0%, a substantial swelling capacity of 208–220%, and favorable mechanical properties, 
including a tensile modulus of 122.00 kPa, a tensile strength of 672.00 kPa, and an 
elongation at break of 242.89%. Notably, BLE release was pH-responsive, with accelerated 
release under simulated acute wound conditions (pH 6.5), allowing for an initial burst 
release of BLE to combat early-stage infections and inflammation, followed by sustained 
release to support wound healing. Overall, these features indicate that the PVA/CS/BLE 
hydrogel patch exhibits tunable structure, robust mechanical properties, and pH-
responsive release behavior, highlighting its potential as a platform for delivering BLE 
topically in wound-healing applications. 

Keywords: hybrid hydrogel; freeze-thaw; Betel leaf extract; characterization; controlled 
release 

■ INTRODUCTION

Hybrid hydrogels made from polyvinyl alcohol
(PVA) and chitosan (CS) have emerged as a promising 
type of polymeric matrix for biomedical delivery systems 
due to their exceptional combination of physical, 
chemical, and biological properties. Compared to 
conventional hydrogels, the PVA/CS system 
demonstrates superior mechanical strength, thanks to the 
physically crosslinked PVA crystallites, and enhanced 
bioactivity due to CS's cationic nature [1]. This dual-
network structure not only ensures structural integrity 
but also provides intrinsic antimicrobial, hemostatic, and 
wound-healing properties - features that are often lacking 
or require additional additives in single-component or 
synthetic hydrogels [2-3]. Additionally, CS contributes to 

the pH-responsive behavior of the matrix, allowing for 
the selective and accelerated release of therapeutic 
agents in the acidic environment of inflamed or infected 
wounds [4]. Unlike chemically crosslinked hydrogels, 
which may raise concerns about cytotoxicity, PVA/CS 
hydrogels are formed through multiple freeze-thaw 
cycles, eliminating the need for toxic crosslinkers and 
making them inherently safer and more biocompatible 
[5]. Their high-water retention, adjustable porosity, and 
capacity to encapsulate a wide range of bioactive 
compounds, including plant-derived substitutes, 
position PVA/CS hydrogels as an advanced and versatile 
platform for smart wound dressings and controlled drug 
delivery [2,6-7]. 

PVA/CS hybrid hydrogels have emerged as effective 
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carriers for natural compounds in wound healing 
applications, addressing various limitations associated 
with the direct use of phytochemicals. These hydrogels 
combine the mechanical strength, film-forming capacity, 
and water-retention ability of PVA with the 
biocompatibility, intrinsic antibacterial properties, and 
mucoadhesiveness of CS [8]. This results in a physically 
crosslinked, pH-responsive matrix that is suitable for 
topical biomedical use. Natural bioactive compounds, 
while rich in antioxidant, anti-inflammatory, and 
antimicrobial properties, often face challenges such as 
poor aqueous solubility, limited stability, and 
uncontrolled diffusion at the site of application [9-10]. 
The PVA/CS hydrogel platform addresses these issues by 
forming a three-dimensional polymeric network that 
encapsulates active compounds, protects them from 
degradation, and allows for sustained, localized release 
directly into the wound bed [11]. Recent studies have 
confirmed the effectiveness of PVA/CS hydrogels in 
delivering plant-derived compounds such as Calophyllum 
inophyllum extract, traditional Tibetan herbal 
formulations, epigallocatechin gallate, gallic acid, and tea 
tree oil for the treatment of chronic ulcers, diabetic 
wounds, and infected lesions [12-16]. The controlled-
release behavior of these systems extends therapeutic 
effects, reduces dosing frequency, and ensures consistent 
bioavailability, significant advantages over traditional 
formulations or direct applications. Moreover, the ability 
of hydrogels to maintain a moist environment, adapt to 
irregular wound surfaces, and promote cell proliferation 
makes them especially valuable for managing complex 
wounds [11]. As a result, incorporating natural 
compounds into PVA/CS hydrogels is a promising, 
increasingly popular strategy in regenerative medicine 
and phytopharmaceutical delivery. 

Betel leaf extract (BLE, Piper betle) is derived from a 
widely used ethnomedicinal plant found in Southeast 
Asia. This extract is rich in phytochemicals, including 
flavonoids, polyphenols, alkaloids, tannins, and essential 
oils such as eugenol, chavibetol, and hydroxychavicol 
[17]. These components provide a range of bioactivities, 
including strong antioxidant, anti-inflammatory, 
antibacterial, and wound-healing properties, making it a 

promising natural treatment for topical wound care 
[11]. However, the topical application of BLE is limited 
by several intrinsic challenges, including high volatility, 
low water solubility, oxidative instability, and rapid 
clearance from the application site [18-19]. To address 
these challenges, recent research has focused on 
hydrogel-based encapsulation techniques to protect BLE 
from degradation, facilitate sustained release, and 
enhance its targeted effectiveness in wound healing 
applications. Several studies have developed PVA/CS-
based hydrogels incorporating BLE in the form of 
thermosensitive injectable gels, wound plaster, and thin 
films with favorable wound-healing properties [11,20-
21]. However, these systems are typically fabricated 
using simple casting, thermogelation, or chemically 
crosslinked networks, which often require additional 
crosslinking agents that may introduce potential 
cytotoxicity and limit long-term biocompatibility. 
Unlike chemical crosslinking approaches, freeze-thaw 
cycling offers a superior, crosslinker-free alternative. 
This physical gelation strategy induces the formation of 
PVA crystallite domains and promotes chain 
entanglement with CS, producing a stable three-
dimensional network without toxic additives. The 
freeze-thaw process generates interconnected porous 
structures with enhanced mechanical integrity and 
structural stability, while repeated freeze-thaw cycles 
further increase network density and enable tunable and 
sustained release behavior. 

In this context, we present the first crosslinker-free 
PVA/CS hydrogel incorporating BLE fabricated via 
freeze-thaw cycling. The hydrogel was developed as a 
structurally tunable platform for topical wound 
treatment. The effects of polymer composition, number 
of freeze-thaw cycles, and BLE loading on the hydrogel 
architecture were systematically investigated. 
Comprehensive characterization was also performed, 
including swelling behavior, gel fraction, and tensile 
properties, together with evaluation of BLE release 
kinetics under simulated physiological (pH 7.4) and 
acute wound (pH 6.5) environments. The results 
demonstrated that this physically crosslinked, 
crosslinker-free hydrogel allows controlled, pH-
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responsive delivery of BLE while maintaining robust 
mechanical performance, advancing the potential of 
PVA/CS hydrogels in wound care applications. 

■ EXPERIMENTAL SECTION 

Materials 

CS (molecular weight 158 kDa, degree of 
deacetylation 96.5%) was supplied by Vietnam Food 
Company. PVA (molecular weight 85–124 kDa, degree of 
hydrolysis 99%) was purchased from Sigma-Aldrich. 
Fresh betel leaves (P. betle L.) were collected from Hoc 
Mon Province, Vietnam, in 2023, washed thoroughly with 
distilled water to remove impurities, and air-dried in the 
shade to a moisture content below 12%. Acetic acid 
(CH3COOH), Tween 80, ethanol (C2H5OH), 
monosodium phosphate dihydrate (NaH2PO4·2H2O), 
sodium biphosphate dodecahydrate (Na2HPO4·12H2O), 
sodium hydroxide (NaOH), sodium nitrite (NaNO2), and 
aluminum chloride hexahydrate (AlCl3·6H2O) were 
obtained from commercial suppliers in analytical grade. 
In the quantification of total flavonoid content, rutin 
(C27H30O16, 88.5% purity) was used as a reference 
standard, following the United States Pharmacopeia 
specification (catalog no. 1606503), and was obtained 
from China. L-ascorbic acid (99.7% purity, Xilong, 
China), methanol (CH3OH, Xilong, China), and 1,1-
diphenyl-2-picrylhydrazyl (DPPH, 97% purity, TCi, 
Japan) were used in the antioxidant activity assay. 
Hyaluronidase (HYAL, 400–1000 U/mg), hyaluronic acid 
(HA, 98% purity, Sigma-Aldrich), bovine serum albumin 
(BSA, 98% purity, China), and ursolic acid (98% purity, 
Macklin, China) as a positive control were employed in 
the anti-inflammatory activity assay. Mueller-Hinton 
agar (MHA, Himedia, India), dimethyl sulfoxide (DMSO, 
99.5% purity, Xilong, China) as a negative control and as 
a solvent for sample dissolution, and amikacin (Sigma-
Aldrich, USA) as a positive control were used in the 
antibacterial assay 

Bioactive assays BLE 
The in vitro anti-inflammatory activity of BLE was 

assessed using a hyaluronidase (HYAL) inhibition assay 
[22]. Initially, 25 μL of the BLE solution, 100 μL of the 
HYAL solution (4 U/mL, pH 5.4), and 100 μL of 

phosphate buffer (pH 7.0) were incubated at 37 °C for 
10 min. Next, 100 μL of HA (0.03% in 300 mM sodium 
phosphate, pH 5.4) was added to the mixture, followed 
by incubation at 37 °C for an additional 45 min. 
Subsequently, 1 mL of 0.1% BSA solution was added, 
and the mixture was incubated at room temperature for 
another 10 min. The turbidity of the reaction mixture 
was then measured at 600 nm to quantify HYAL 
inhibition. The IC50 value, defined as the concentration 
of BLE required to inhibit 50% of the enzyme activity, 
was calculated from the dose-response curve of 
inhibition percentage versus BLE concentration. Ursolic 
acid was used as the positive control. 

The antioxidant activity of BLE was evaluated 
based on its ability to scavenge DPPH free radicals. The 
EC50 value of BLE and ascorbic acid, as the positive 
control, was defined as the concentration required to 
neutralize 50% of DPPH radicals. BLE and ascorbic acid 
solutions with various concentrations were prepared in 
80% methanol, while a 0.1 mM DPPH solution was also 
prepared in the same solvent. Reaction mixtures were 
prepared as follows: (1) 1.8 mL of BLE solution with 
3.2 mL of DPPH solution; (2) 1.8 mL of BLE solution 
with 3.2 mL of 80% methanol; (3) 1.8 mL of 80% 
methanol with 3.2 mL of DPPH solution. The DPPH 
radical scavenging efficiency (E%) was calculated 
according to Eq. (1); 

( )(1) (2) (3)

(1)

A A A
E (%) 100%

A
− −

= ×  (1) 

where A(1), A(2), and A(3) represent the absorbance values 
of the corresponding mixtures measured at 517 nm. 

The antibacterial activity of BLE was assessed 
against Staphylococcus aureus ATCC 29213 using the 
agar well diffusion method. Bacterial suspensions were 
spread on MHA plates at a density of 104 CFU/mL. Wells 
with an 8 mm diameter were filled with 60 μL of BLE 
solution (200 mg/mL in DMSO). The plates were 
incubated at 35–37 °C for 16–24 h, and the inhibition 
zones were measured to evaluate antibacterial activity. 
For the minimum inhibitory concentration (MIC) test, 
BLE was serially diluted to concentrations of 10.00, 5.00, 
2.50, 1.25, 0.625, 0.32, and 0.16 mg/mL in the same 
medium. The procedure followed for the MIC test was 



Indones. J. Chem., xxxx, xx (x), xx - xx    

 

Nga Hoang Nguyen Do et al. 
 

4 

identical to that for the diffusion assay, and the MIC was 
determined as the concentration that completely 
inhibited visible bacterial growth. 

Characterization of PVA/CS/BLE hydrogels 
Hydrogel patches were lyophilized using Toption 

TPV-50F freeze-dryer to produce a monolithic form for 
studying their morphologies. The dried hydrogels were 
coated with a Cr layer under an Ar environment before 
analysis by field emission scanning electron microscope 
(FE-SEM, TESCAN, MIRA LMU, Czech Republic). Fourier 
transform infrared spectroscopy (FTIR, Alpha II, Bruker, 
Germany) was employed to analyze the chemical structure 
of CS, PVA, BLE, and hydrogels with and without the 
extract. Their FTIR spectra were plotted in the wavenumber 
range of 500–4000 cm−1 at a resolution of 4 cm−1. 

The swelling capacity of the hydrogels was assessed 
by comparing their weights before and after immersion in 
phosphate buffer (pH 7.4) at room temperature. Briefly, 
the hydrogels were first dried at 40 °C for 24 h to remove 
residual moisture and achieve a constant weight, then cut 
into pieces of 2 × 2 cm2, and weighed to determine the 
initial mass (m0, g). Then, the hydrogels (n = 3) were 
soaked in the buffer, and after specific times (3, 6, 9, and 
12 h), the samples were lifted out, strained through a sieve, 
and weighed again (mt, g). The swelling ratio of each 
hydrogel was calculated from Eq. (2) as follows. 

t 0

0

m m
Swelling ratio (%) 100%

m
−

= ×  (2) 

To measure the gel fraction, the hydrogel patches 
were first dried at 40 °C for 24 h, cut into 2 × 2 cm2 pieces, 
and weighed to determine the initial dry mass (m0, g). The 
samples were subsequently placed in a phosphate buffer 
solution (pH 7.4) at room temperature. After 12 h of 
incubation, the samples were removed from the buffer, 
rinsed gently with distilled water, and dried in an oven at 
50 °C until reaching a constant weight (mf, g). The gel 
fraction, representing the degree of crosslinking within 
the hydrogel network, was calculated using Eq. (3). Each 
experiment was performed in triplicate (n = 3), and the 
average value with standard deviation was reported. 

f

0

m
Gel fraction (%) 100%

m
= ×  (3) 

The tensile behavior of the hydrogels was 
examined using a universal testing machine 
(Zwick/Roell Z010) in compliance with ISO 527-3. 
Rectangular specimens (20 × 150 mm) were prepared 
and tested under tension using a 0.12 N load cell at a 
crosshead speed of 50 mm/min. The resulting stress-
strain profiles were used to calculate the elastic modulus, 
tensile strength, and elongation at break of the hydrogels. 

In vitro release study of PVA/CS/BLE hybrid 
hydrogels 

BLE release from the hybrid hydrogels was 
evaluated using samples with different BLE loadings. 
The prepared hydrogels were cut into 2 × 2 cm2 pieces, 
each weighing approximately 0.5 g. Each sample was 
then immersed in 5 mL of phosphate buffer solution 
(pH 6.5 or 7.4) at 37 °C. At predetermined time intervals, 
1 mL of the release medium was withdrawn to determine 
the amount of BLE released using UV-vis spectroscopy 
at 280 nm and immediately replaced with an equal 
volume of fresh buffer to maintain a constant volume. 
The cumulative BLE release (CDR) was calculated 
according to Eq. (4). All experiments were performed in 
triplicate (n = 3). BLE calibration curves in both pH 6.5 
and 7.4 buffers were established by measuring standard 
BLE solutions at concentrations of 10, 20, 30, 40, 50, 60, 
70, 80, 90, and 100 μg/mL (Fig. S1); 

t

0

Q
CDR (%) 100%

Q
= ×  (4) 

where Qt and Q0 are, respectively, the amounts of BLE in 
the medium at each sampling time and in the hydrogel 
before release. 

The experimental release data were analyzed using 
the Weibull model (Eq. (5)) to compare the release 
behavior of different PVA/CS/BLE formulations and to 
evaluate the influence of pH on their release 
characteristics; 

Bt
AtM

1 e
M

 − 
 

∞
= −  (5) 

where Mt
M∞

 is a fraction of the released at a determined 
time (t). (A) and (B) are model coefficients. 
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Preparation of PVA/CS hydrogels loading betel leaf 
extract by freeze-thaw method 

BLE was obtained following the procedure 
described in our previous work [19]. Briefly, 30 g of 
pulverized betel leaf powder was mixed with 80% ethanol 
at a solid-to-liquid ratio of 1:10 g/mL and subjected to 
ultrasonic-assisted extraction for 20 min. The mixture 
was then filtered, and the filtrate was concentrated by 
vacuum evaporation to obtain crude BLE. For hydrogel 
preparation, 1.6 g of BLE was dispersed in 100 mL of 
distilled water containing 2.0 v/v% Tween 80, and the 
mixture was sonicated for 5 min to obtain a homogeneous 
BLE solution. A 12 w/v% PVA solution was prepared by 
dissolving 12 g of PVA flakes in 100 mL of distilled water 
at 80 °C, and a 2 w/v% CS solution was prepared by 
dissolving 2 g of CS in 100 mL of 1 v/v% acetic acid. The 
PVA and CS solutions were mixed at a 4:1 volume ratio at 
room temperature to form the PVA/CS blend. The BLE 
solution was then added dropwise to the PVA/CS mixture 
blend under magnetic stirring at 750 rpm for 1 h. Distilled 
water was added to adjust to the desired final volume, 
yielding homogeneous PVA/CS/BLE hydrogel blends 
containing BLE at concentrations of 2000, 3000, and 
4000 μg/mL. The mixture was sonicated to remove 
entrapped air bubbles. The resulting mixture was cast into 
plastic Petri dishes and subjected to 5 freeze-thaw cycles 
(freezing at −25 °C for 18 h and thawing at room 
temperature for 6 h per cycle) to obtain the hybrid 
hydrogels. Blank hydrogels with different polymer 
contents and freeze-thaw cycles were also synthesized 
using this procedure (Table S1). 

■ RESULTS AND DISCUSSION 

Phytochemical Yield and Bioactivities of BLE 

Under the selected extraction conditions (80% 
ethanol, 20 min extraction, solid-to-liquid ratio of 
1:10 g/mL, ultrasound-assisted [19]). The obtained BLE 
exhibited an exceptionally high total flavonoid content 
(TFC) of 704.85 ± 1.85 mg RE/g dry extract. This value 
was about six times greater than that achieved using 
absolute methanol at a 1:7.5 g/mL ratio 
(111.44 ± 1.36 mg RE/g) [23] and twelve times higher 
than that obtained with absolute ethanol at the same 

1:10 g/mL ratio (56.86 ± 0.14 mg RE/g) [24], 
emphasizing the superiority of the selected extraction 
system. The remarkable enhancement in TFC can be 
attributed to the synergistic effect of ethanol-water 
polarity balance and acoustic cavitation induced by 
ultrasound, which improves solubilization and diffusion 
of both hydrophilic and lipophilic flavonoids [25-26]. 
Additionally, intrinsic factors such as plant variety and 
climatic conditions may further account for variations in 
flavonoid accumulation among different studies. When 
compared with other plant extracts exhibiting anti-
inflammatory activity, the TFC of BLE is considerably 
higher than that of the ethanolic Cordia myxa L. leaf 
extract (192.24 ± 0.33 mg RE/g) [27], the methanolic 
Chrysanthemum procumbens leaf extract of leaves 
(230.30 ± 22.11 mg RE/g) [28], and the ethanolic Viola 
canescens wall. Ex Roxb. leaf extract 
(270.02 ± 1.36 mg RE/g) [29]. Overall, the relatively 
high TFC of BLE confirms its strong potential as a 
bioactive extract for supporting the treatment of 
inflammation-related conditions. 

BLE demonstrated multiple biological activities 
directly relevant to wound-healing and tissue repair, 
encompassing anti-inflammatory, antioxidant, and 
antibacterial effects. The anti-inflammatory potential 
was evaluated through the inhibition of hyaluronidase, 
an enzyme responsible for degrading hyaluronic acid 
and enhancing inflammatory responses [30]. BLE 
showed an IC50 value of 46.55 ± 1.70 μg/mL, 
approximately eight-fold higher than that of ursolic acid, 
signifying its strong potential to limit enzymatic 
degradation of hyaluronic acid - a key extracellular 
matrix component regulating inflammation and 
hydration during healing. Compared with the reported 
low inhibition efficiency (13.14–24.23% at 384 μg/mL) 
of P. betle extracts prepared using other solvents [31]. 
The present BLE demonstrated markedly enhanced 
activity, reflecting the greater recovery of bioactive 
compounds under selected extraction conditions. 

Oxidative stress plays a pivotal role in 
inflammation-induced tissue damage [32]. The potent 
antioxidant performance of BLE, evidenced by a DPPH 
EC50 value of 7.36 ± 0.18 μg/mL, approximately 2.6 
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times higher than that of ascorbic acid 
(2.78 ± 0.05 μg/mL), highlights its capacity to neutralize 
reactive oxygen species (ROS) and suppress redox-
mediated inflammatory pathways. This pronounced 
radical-scavenging capability could be ascribed to its rich 
phenolic composition, notably eugenol, isoeugenol, 
hydroxychavicol, chavibetol, allylpyrocatechol, and 4-
allyl-1,2-diacetoxybenzene [33], which collectively 
contribute to ROS quenching, membrane stabilization, 
and cellular protection. 

Furthermore, BLE exhibited antibacterial efficacy, 
forming a 17 mm inhibition zone against S. aureus 
compared to 23 mm for amikacin as the positive control 
(Fig. S2), with a MIC value of 1.25 mg/mL (Fig. S3). The 
antibacterial action was primarily attributed to the 
synergistic interactions of phenolic and allyl compounds 
that disrupt bacterial cell walls, impair membrane 
integrity, and inhibit essential metabolic enzymes, 
ultimately leading to bacterial death. These combined 
anti-inflammatory, antioxidant, and antibacterial 
properties reinforce BLE’s therapeutic potential for 
managing infection-prone or inflamed wounds [34-38]. 
Accordingly, BLE concentrations in the hydrogel 
formulations were chosen in the range of 2000–
4000 μg/mL, ensuring effective antimicrobial levels above 
the MIC while maintaining compatibility with the 
PVA/CS matrix. 

Morphological Characteristics of the Hybrid 
Hydrogels 

The morphology of the blank PVA/CS hydrogel was 
strongly influenced by the polymer composition and 
freeze-thaw cycles (Figs. S4–S6). Systematic investigations 
showed that an appropriate balance between CS and PVA 

was essential to form a continuous and interconnected 
porous structure. Hydrogels with low CS or PVA 
contents exhibited weakly crosslinked and irregular 
morphologies, while those with excessive contents 
became dense due to excessive crystallite formation and 
polymer entanglement. Likewise, increasing the number 
of freeze-thaw cycles enhanced structural cohesion, but 
excessive cycling led to less-interconnected pores that 
could hinder swelling and diffusion. Based on these 
observations, the formulation containing 0.3% CS, 
10.0% PVA, and five freeze-thaw cycles was selected as a 
suitable composition providing a robust yet permeable 
network for BLE incorporation. The visual images of the 
prepared PVA/CS and PVA/CS/BLE hydrogels are 
shown in Fig 1. The blank hydrogel exhibited a 
translucent white appearance with a smooth surface, 
whereas the BLE-loaded samples displayed an 
increasingly yellow coloration proportional to the BLE 
concentration, confirming the successful incorporation 
of the extract. The uniform color distribution and 
absence of phase separation suggest a homogeneous 
dispersion of BLE within the polymer matrix, indicating 
good compatibility between the extract and the PVA/CS 
network. 

SEM analysis further elucidated the structural 
changes of the hydrogels upon BLE loading (Fig 2). The 
blank hydrogel showed an interconnected porous 
network typical of physically crosslinked PVA/CS 
systems formed by freeze-thaw cycling. Upon BLE 
incorporation, the morphology became more compact, 
with the initial pores filled by BLE. Increasing BLE 
concentration from 2000 to 4000 μg/mL slightly 
disrupted the uniformity of the polymeric structure, 
likely due  to the physical  interactions of BLE  with PVA  

 
Fig 1. Photographs of (a) blank hydrogel and PVA/CS/BLE hydrogels with different BLE contents of (b) 2000, (c) 3000, 
and (d) 4000 μg/mL 
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Fig 2. Morphologies of (a,e) PVA/CS hydrogel and PVA/CS/BLE hydrogels with varying BLE content of (b,f) 2000, 
(c,g) 3000, and (d,h) 4000 μg/mL 
 
and CS, hindering hydrogen-bond formation and 
crystallite alignment during gelation [39-40]. 

FTIR Analysis of the BLE-loaded Hybrid Hydrogel 

The FTIR spectra of PVA, CS, BLE, and their hybrid 
hydrogels are shown in Fig 3(a). The PVA spectrum 
exhibited a broad absorption band around 3300 cm−1 
corresponding to O–H stretching, a peak near 2940 cm−1 
associated with C‒H stretching, a band at 1420 cm−1 
assigned to CH2–OH bending vibrations, and a strong 
absorption at 1090 cm−1 attributed to C–O–C stretching 
of the PVA backbone [11]. CS displayed characteristic 
bands at 3430 cm−1 (overlapping O–H and N–H 
stretching), 1646 and 1585 cm−1 (C=O stretching and N–
H bending of the amide linkage), and 1028–1078 cm−1 
(C–O–C stretching in the glycosidic bonds) [18,41]. In the 
PVA/CS hydrogel, the spectrum remained largely 
dominated by PVA features, as PVA was present at a 
higher content (10% PVA and 0.3% CS). However, FTIR 
spectral changes confirmed molecular interactions 
between the two polymers. The broad O–H/N–H 
stretching band became wider and shifted slightly toward 
a lower wavenumber (3280 cm−1), suggesting that the O–
H and N–H groups require greater energy for vibrational 
motion as a result of strengthened intermolecular 
interactions. This phenomenon was also reported in the 
CS/PVA  hydrogels  containing  honey and  allantoin [39].  

Additionally, the characteristic band of CS at 1585 cm−1, 
corresponding to the N–H bending vibration of the 
amide linkage, shifted slightly to 1565 cm−1 in the 
PVA/CS hydrogel, indicating the participation of N–H 
groups in intermolecular hydrogen bonding with PVA’s 
O–H groups [42]. These findings demonstrate that a 
physically crosslinked PVA/CS network was established 
through hydrogen-bonding interactions during the 
freeze-thaw process. 

Upon BLE incorporation, the intensities of the 
characteristic absorption bands at 3270 cm−1 (O–H/N–
H stretching), 1565 cm−1 (N–H bending), and 1090 cm−1 
(C–O–C stretching) increased, reflecting the additional 
contribution of BLE functional groups and enhanced 
hydrogen-bonding interactions among BLE, PVA, and 
CS. Moreover, the characteristic C–O–C stretching band 
of BLE at 1040 cm−1 and carbonyl band at 1240 cm−1 
disappeared in the PVA/CS/BLE spectra, likely due to 
overlap with the strong C–O–C band (1090 cm−1) and 
restricted vibration of BLE functional groups upon 
encapsulation. These collective spectral shifts and 
intensity variations confirm successful immobilization 
of BLE and the establishment of secondary hydrogen-
bonding interactions that stabilize the hybrid hydrogel 
network, providing a robust foundation for its 
controlled-release and bioactive performance. 
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Fig 3. (a) FTIR spectra of components, PVA/CS, and PVA/CS/BLE hydrogels; (b) Effects of BLE content on swelling 
ratio and (c) gel fraction of hybrid hydrogels; (d) Stress-strain curves of PVA/CS/BLE hydrogels with varying BLE 
content 
 
Swelling Behavior and Gel Fraction of the Hybrid 
Hydrogels 

The swelling capacity and gel fraction of PVA/CS 
hydrogels are key indicators of the network’s crosslinking 
density, hydrophilicity, and structural stability, all of 
which strongly influence the release and mechanical 
properties of the final material. A systematic investigation 
(Figs. S7–S8) revealed that both polymer composition and 
the number of freeze-thaw cycles exerted pronounced 
effects on these parameters. The swelling ratio increased 
with CS content from 0.1 to 0.5%, owing to the greater 
abundance of hydrophilic –OH/–NH2 groups, which 
enhanced the network’s affinity for water and promoted 
higher water uptake [8]. However, increasing PVA 
concentration from 6.0 to 10.0% strengthened hydrogen-
bonded crystalline domains, leading to higher PVA 

crystallinity and denser physical crosslinking. This 
compact structure restricted water diffusion and 
reduced the equilibrium swelling ratio, although it 
simultaneously improved the gel’s mechanical integrity 
and stability [6]. The swelling capacity also decreased 
with increasing freeze-thaw cycles, as repeated freezing 
enhanced PVA crystallite formation and densified the 
polymer network, thereby restricting water penetration 
[43]. Besides, the gel fraction values remained above 95% 
for all formulations, confirming efficient physical 
crosslinking through repeated crystallization and 
hydrogen bonding [44]. 

Under these systematically selected conditions 
(0.3% CS, 10.0% PVA, five freeze-thaw cycles), the 
swelling behavior and gel fraction of BLE-loaded 
hydrogels were subsequently evaluated (Fig 3(b) and 
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3(c)). All samples exhibited a rapid initial swelling within 
the first 3 h, followed by a plateau at 208–220%, 
suggesting equilibrium hydration of the physically 
crosslinked PVA/CS/BLE network. The incorporation of 
BLE caused a slight reduction in the equilibrium swelling 
ratio as BLE content increased from 0 to 4000 μg/mL. This 
reduction can be attributed to pore filling by BLE (Fig 2) 
via hydrogen bonding between phenolic groups in BLE 
and the polymer matrix, which decreased the effective free 
volume available for water uptake. Despite this modest 
decrease, the hydrogels retained high swelling capability, 
ensuring sufficient moisture retention for wound 
environments. 

The gel fraction of BLE-loaded hydrogels decreased 
marginally from 95.3 ± 1.7% (blank hydrogel) to 
89.6 ± 0.2% (4000 μg/mL BLE), indicating that BLE 
incorporation slightly interfered with the formation of 
crystalline PVA domains during the freeze-thaw process. 
The consistently high gel fraction (> 89%) demonstrates 
that BLE acted primarily as a physically embedded rather 
than disruptive component within the network. For 
objective evaluation, the gel fraction of the PVA/CS/BLE 
hydrogel is higher than that of ofloxacin-loaded PVA/CS 
hydrogels (80.8 ± 1.2%) developed for local anti-
inflammatory treatment [45] and caffeic acid-loaded 
PVA/CS hybrid hydrogels (70–80%) designed for wound 
healing applications [46]. The combination of stable 
crosslinking, high water absorption, and BLE-induced 
compaction highlights the structural robustness of the 
PVA/CS/BLE system, which maintains a delicate balance 
between mechanical integrity and hydration 
responsiveness - essential for sustained bioactive release 
and optimal wound-healing performance. Moreover, the 
swelling ratio of the PVA/CS/BLE hydrogel was 
comparable to that of PVA/CS systems reported for 

similar biomedical applications, such as hydrogels 
encapsulating Piper crocatum extract (205–222%) for 
antibacterial use [6], and those incorporating (210–
261%) for chronic diabetic wound healing [12]. Notably, 
PVA/CS/BLE hydrogel exhibited a substantially higher 
swelling capacity than PVA/CS hydrogels embedding 
cerium oxide nanoparticles (80–90%), designed for 
wound-healing applications [47]. The swelling capacity 
of PVA/CS/BLE hydrogel patch is also comparable to 
that of some commercial hydrogel dressings for the 
treatment of exuding wounds, such as DuoDERM® ET 
and Acticoat◊ (approximately 210%) [48], highlighting 
its effective hydrophilicity and water-retention 
capability suitable for wound dressing applications. 

Tensile Properties of the Hybrid Hydrogels 

Tensile strength, tensile modulus, and elongation 
at break are key mechanical parameters for evaluating 
the mechanical properties of a hydrogel patch in wound 
dressing applications. Tensile strength reflects the 
maximum stress the hydrogel can withstand before 
failure, indicating the structural integrity and 
cohesiveness of the polymer network, with higher values 
suggesting better resistance to tearing during handling 
or external friction [49]. Tensile modulus describes the 
hydrogel's stiffness and resistance to elastic deformation 
[50]. Elongation at break reflects the hydrogel's ductility, 
indicating its ability to adapt to body movements 
without losing structural integrity or detaching from the 
wound site [51]. 

The mechanical properties of the hybrid hydrogels 
were significantly affected by the incorporation of BLE 
(Table 1, Fig 3(d)). The pristine PVA/CS hydrogel 
demonstrated a tensile modulus of 92.80 kPa, a tensile 
strength of 549.58 kPa, and a strain at break of 150.49%,  

Table 1. Tensile properties of hybrid hydrogels with increasing BLE content 
CS content 

(%) 
PVA content 

(%) 
BLE content 

(μg/mL) 
Tensile modulus 

(kPa) 
Tensile strength 

(kPa) 
Strain at break 

(%) 
0.30 10.00 0 92.80 549.58 150.49 
0.30 10.00 2000 106.60 448.00 172.94 
0.30 10.00 3000 122.00 672.00 242.89 
0.30 10.00 4000 81.10 296.27 141.02 
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indicating a flexible structure that is physically 
crosslinked through hydrogen bonding between PVA and 
CS. With the addition of BLE, both the tensile modulus 
and elongation at break initially increased, reaching 
maximum values of 122.00 kPa and 242.89% at a BLE 
content of 3000 μg/mL, respectively. This improvement is 
attributed to the strong intermolecular interactions 
between BLE and the polymer matrix, which reinforced 
the network through secondary hydrogen bonding. The 
simultaneous increase in strength and flexibility indicates 
that BLE served as a dual-function additive, both 
plasticizing and reinforcing, which optimized interchain 
compatibility and energy dissipation during deformation. 

At a higher BLE concentration (4000 μg/mL), the 
mechanical properties were significantly compromised, 
with a tensile strength of 296.27 kPa and a strain at break 
of 141.02%. The excessive amount of BLE likely disrupted 
the uniformity of the polymer network and weakened the 
intermolecular cohesion, leading to phase separation and 
a decrease in the effective crosslinking density [52-53]. This 
trend is consistent with the morphological observations, 
which indicated that the excessive BLE obstructed polymer 
entanglement. The formulation containing 3000 μg/mL 
BLE exhibited the highest tensile strength (672.00 kPa), 
elastic modulus (122.00 kPa), and elongation at break 
(242.89%). These characteristics reflect a strong yet 
compliant network that can conform to irregular wound 
surfaces. Compared with previous PVA/CS-based 
dressings, the present hydrogel demonstrates markedly 
enhanced or comparable mechanical performance. For 
example, the tensile strength of PVA/CS/BLE hydrogel is 
about 73-fold higher than that of PVA/CS/gallic acid 
hydrogels (9.22 kPa), while its elongation at break is also 
significantly greater (nearly 1.5-fold) [14]. In comparison 
with PVA/CS/nano zinc oxide hydrogels, the tensile 
strength of PVA/CS/BLE hydrogel is slightly higher, while 
the elongation at break is comparable (242.89 vs. 
250.00%), although the elastic modulus is much lower 
(122.00 vs. 250.00 kPa), indicating a more compliant yet 
mechanically robust network suitable for wound 
adaptation [54]. In addition, the elastic modulus of 
PVA/CS/BLE hydrogel is comparable to that of several 
commercial hydrogel dressings, such as Mepilex®, 

Hydrosorb®, and DuoDERM® ET [48], indicating that the 
PVA/CS/BLE hydrogel possesses appropriate mechanical 
stiffness and flexibility to maintain structural integrity, 
thereby supporting effective exudate management. 

In this context, BLE acts as a multifunctional 
additive due to its phenolic and hydroxyl groups, which 
enhance hydrogen bonding and interchain cohesion 
while providing plasticizing effects. This dual effect 
accounts for the improved balance between tensile 
strength and flexibility observed. Such mechanical 
behavior is particularly beneficial for hydrogel patches, 
which require both structural integrity and 
conformability during wound application. 

In Vitro Release Profile of PVA/CS/BLE Hydrogel 

The cumulative BLE release profiles from the 
PVA/CS/BLE hydrogels are presented in Fig 4. All 
specimens exhibited a typical biphasic release pattern, 
characterized by an initial burst phase within the first 
hour followed by a slower, sustained diffusion stage. The 
rapid release at the early stage could be attributed to the 
diffusion of surface-associated BLE molecules and the 
high hydration rate of the hydrogel network. Increasing 
BLE loading from 2000 to 4000 μg/mL slightly declined 
the CDR (Fig 4(a,b)), likely due to stronger polymer-
drug interactions at higher BLE levels. After 24 h, the 
CDR reached approximately 50–69%, indicating effective 
yet controlled diffusion through the polymer matrix. 

The pH-responsive behavior of the PVA/CS/BLE 
hydrogels is clearly evidenced in Fig 4(c,d). At the mildly 
acidic condition (pH 6.5), mimicking acute inflamed 
tissue, the hydrogels exhibited a markedly higher release 
rate than at physiological pH 7.4. This difference arises 
from protonation of the amino groups on CS under acidic 
conditions, leading to enhanced electrostatic repulsion 
and network expansion, which in turn facilitates faster 
BLE diffusion. Conversely, at pH 7.4, deprotonation of 
the CS chains results in a more compact structure and 
reduced swelling, retarding BLE release. Such pH-
sensitive release demonstrates the ability of the hybrid 
hydrogel to respond selectively to the wound 
microenvironment. The promoted BLE release under 
mild  acidic  conditions is  therapeutically  advantageous.  
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Fig 4. (a,b) Effect of BLE loading on release kinetics of PVA/CS/BLE hydrogels, (c,d) pH-responsive release profile of 
PVA/CS/BLE hydrogel containing 4000 μg/mL. Data are shown (a,c) over 24 h and (b,d) during the initial 8 h 

Table 2. Analysis of BLE release kinetics using the Weibull model 

Parameter 
pH 6.5 pH 7.4 

2000 μg/mL BLE 3000 μg/mL BLE 4000 μg/mL BLE 4000 μg/mL BLE 
A 0.384 0.356 0.389 0.867 
B 0.348 0.373 0.413 0.388 
R2 0.970 0.968 0.972 0.945 

 
During the early stage of acute inflammation, the wound 
milieu typically exhibits pH values around 6.5, where 
rapid BLE release can deliver bioactive compounds to 
exert immediate anti-inflammatory, antioxidant, and 
antibacterial effects. As the local pH gradually returns 
toward neutral during healing [55]. The slower diffusion 
at pH 7.4 helps sustain BLE availability, maintaining 
redox balance and preventing microbial regrowth. This 
dual-phase, pH-responsive behavior highlights the 
potential of PVA/CS/BLE hydrogels as intelligent wound 
patches capable of providing burst release for early 

inflammation control, followed by prolonged protection 
during tissue repair. 

The BLE release profiles from hydrogel patches 
were analyzed using the Weibull model, and the fitting 
parameters are summarized in Table 2. The high 
correlation coefficients (R2) in the range of 0.945–0.972 
indicate that the Weibull equation adequately describes 
the release behavior across all formulations and pH 
conditions. The scale parameter (A) reflects the time 
dependence of the release process, where a lower A value 
corresponds to a faster release rate. At pH 6.5, the A 
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value ranged from 0.356 to 0.389, showing comparable 
diffusion rates among hydrogels with different BLE 
loadings. However, the A value increased markedly to 
0.867 at pH 7.4, suggesting a slower, more sustained 
release under neutral conditions, likely due to reduced 
swelling of the hydrogel network at higher pH. 

The shape parameter (B) provides insight into the 
release mechanism. In all samples, B values were below 
0.45, indicating that BLE diffusion was predominantly 
governed by Fickian transport through the hydrogel 
matrix. The slightly higher B values at increased BLE 
concentration imply a modest transition toward 
anomalous diffusion, which may arise from localized 
interactions between BLE molecules and polymer 
functional groups that hinder uniform diffusion. Overall, 
these results confirm that BLE release from the PVA/CS 
hydrogel is diffusion-controlled, with the release rate 
modulated by both BLE loading and pH-dependent 
swelling behavior. 

In summary, the freeze-thawed PVA/CS/BLE 
hydrogel serves as a “smart” hydrogel patch, effectively 
addressing the intrinsic therapeutic limitations of BLE 
when applied topically to the wound site. This bio-
platform leverages the pH-sensitivity of CS to modulate 
the delivery of BLE in direct response to the wound 
microenvironment. Specifically, the hydrogel provides a 
critical “burst” release under mildly acidic conditions 
(pH 6.5) typical of acute infection and inflammation to 
rapidly exert antibacterial effects, reduce oxidative stress, 
and suppress inflammatory responses during the early 
stage of wound healing, followed by a sustained release 
profile to support prolonged therapeutic action. By 
successfully integrating the multiple bioactivities of BLE 
into a physically crosslinked, responsive network, this 
system bridges the gap between traditional herbal 
medicine and “smart” biomaterials, offering a robust and 
biocompatible platform for advanced wound-healing 
applications. 

■ CONCLUSION 

This study introduced a novel freeze-thawed 
PVA/CS hydrogel that successfully encapsulated BLE, 
serving as an advanced wound dressing for topical wound 
healing applications. By fine-tuning the concentrations of 

CS and PVA, along with the freeze-thaw cycles, the 
hydrogel achieved a compact and cohesive internal 
structure. It demonstrated a high gel fraction (89.6–
94.0%), excellent swelling capacity (208–220%), and 
enhanced tensile properties, including a tensile modulus 
of 122.00 kPa, a tensile strength of 672.00 kPa, and an 
elongation at break of 242.89%. The incorporation of 
BLE resulted in a transformation of the porous hydrogel 
into a denser structure, which contributed to a 
controlled, pH-responsive release profile best described 
by the Weibull model. Unlike previous PVA/CS-based 
delivery systems, this study uniquely utilized a green, 
crosslinker-free freeze-thaw method to produce a 
structurally stable, pH-responsive BLE-loaded hybrid 
hydrogel with improved mechanical strength due to its 
dual-network structure. Future research may focus on in 
vivo wound healing studies and scaling up 
manufacturing processes. Overall, the BLE-loaded 
freeze-thawed PVA/CS hydrogel presents a promising 
platform for advanced, nature-inspired wound care 
solutions. 
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