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ABSTRACT 

Bioactive hydrogel films were developed by incorporating Liquidambar orientalis leaf extract (LOLE) and resin extract (LORE) 
into PVA/starch, PVA/chitosan, chitosan/gelatin, and chitosan matrices. HPLC-DAD identified myricetin as a major LOLE 

marker and trans-cinnamic acid as the predominant LORE compound, while SEM and FT-IR analyses supported extract 
incorporation and possible interactions within the hydrogel networks. The films exhibited polymer- and extract-dependent 
physicochemical behavior. LOLE-loaded chitosan films showed the highest swelling capacity (350%) and the highest in vitro 
mass loss after 14 days. Release studies demonstrated matrix-dependent and pH-dependent behavior within the tested pH range, 
with faster release generally observed at pH 5.5 than at pH 7.4; LOLE-loaded chitosan/gelatin films released 85.3% of the extract 
within 12 h at pH 5.5. LOLE-loaded hydrogels showed stronger antioxidant activity, whereas LORE-loaded films exhibited 
stronger antimicrobial performance against wound-associated microorganisms, reflecting their distinct phytochemical profiles. 
The extracts also showed antibiofilm, anti-quorum sensing, enzyme-inhibitory, and preliminary scratch wound closure activities, 
with no apparent cytotoxicity toward HEK-293T cells. LORE showed notable tyrosinase inhibition (IC50 : 20.18 µg/mL), suggesting 
pigmentation-related relevance. Overall, these findings support further investigation of L. orientalis -derived hydrogel films as 
sustainable bioactive wound dressing platforms, although mechanical, stability, and in vivo validations remain necessary. 
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 Introduction 

ounds are among the most important health problems affect-
ng humanity worldwide [ 1 ]. For centuries, people have used
arious herbal agents to accelerate wound healing [ 2 ]. Plants
rovide a wide range of therapeutic benefits due to their bioac-
ive constituents, including flavonoids, fatty acids, alkaloids,
nd carbohydrates. These compounds promote wound healing
hrough diverse mechanisms such as skin tissue regeneration,
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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acromolecular Materials and Engineering , 2026; 311:e70265 
ttps://doi.org/10.1002/mame.70265
antioxidant, anti-inflammatory, and antimicrobial activities [ 3–
5 ]. Wound healing is a complex and dynamic process, and
effective materials are required to improve and accelerate it.
Traditional wound dressings such as gauze, paraffin gauze, and
similar materials have long been used in wound and burn care
[ 6 ]. However, due to their limitations, new wound dressings have
been developed. Modern wound dressings such as hydrogels,
films, sprays, and foams, generally prepared from natural and
synthetic polymers, are now widely preferred. Their desirable
se, which permits use, distribution and reproduction in any medium, provided the 
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roperties include improved mechanical strength, antimicrobial
ctivity, high fluid absorption capacity, the ability to maintain
 moist environment, biodegradability, biocompatibility, and
on-toxicity [ 7–9 ]. 

mong these, hydrogel dressings stand out because of their
imilarity to body tissues, high compatibility with living cells,
nd ability to retain moisture at the wound surface. These
haracteristics make them ideal candidates for wound man-
gement [ 10 ]. Recently, increasing attention has been given to
ncorporating natural products containing bioactive compounds
nto hydrogel dressings, aiming to enhance their therapeutic
otential [ 11–13 ]. 

iquidambar orientalis Mill. an endemic tree species distributed
long the southwestern coastal region of Turkey and com-
only known as Sweetgum or Sığla/Günlük tree, has been
idely used in phytotherapy due to its medicinal and cosmetic
roperties [ 12, 14, 15 ]. Sweetgum resin has been valued since
ntiquity: the ancient Egyptians used it for embalming, while
leopatra reportedly employed it as a beauty tonic [ 16, 17 ].
n traditional medicine, sweetgum resin has been applied to
reat lip cracks, wounds, burns, skin and gastric diseases, and
as also been used as a parasiticide and expectorant [ 14, 18 ].
harmacological studies have further confirmed the diverse
iological activities of L. orientalis extracts from both resin and
eaves, including antimicrobial, antioxidant, anti-ulcerogenic,
edative, anticonvulsant, antipathogenic, and antimutagenic
roperties [ 18–22 ]. 

lthough Liquidambar orientalis resin/storax has been inves-
igated in several wound-related or biomaterial studies, the
xisting literature has predominantly focused on resin-based
ormulations [ 12, 13, 23, 24 ]. In contrast, the contribution of
. orientalis leaves, despite their phenolic- and flavonoid-rich
omposition, remains comparatively underexplored in hydrogel-
ased wound dressing systems. Moreover, previous studies have
enerally been limited to single extract types, individual poly-
eric systems, or selected biological endpoints, leaving the
omparative effects of leaf and resin extracts across different
ydrogel matrices insufficiently clarified. In particular, how the
istinct phytochemical profiles of L. orientalis leaf extract (LOLE)
nd resin extract (LORE) influence the interrelated physicochem-
cal behavior, pH-dependent release, and biological performance
f hydrogel dressings has not been systematically addressed.
his gap limits the rational selection of both extract type and
olymer matrix for the development of bioactive wound dressing
latforms. 

he polymeric matrices used in this study were selected to
rovide complementary properties required for wound dressing
pplications. Poly(vinyl alcohol) (PVA) was chosen because of its
ood film-forming ability, hydrophilicity, flexibility, and ability to
orm stable hydrogel networks [ 25 ]. Starch was incorporated as
 biodegradable, abundant, and hydrophilic polysaccharide that
an enhance water uptake and contribute to sustainable material
esign [ 26 ]. Chitosan was selected due to its biodegradability,
iocompatibility, hemostatic character, cationic nature, and
ntrinsic antimicrobial potential, which make it highly relevant
or wound dressing systems [ 27 ]. Gelatin was included as
 protein-based biopolymer with favorable cell-interactive
of 22
properties and the ability to improve matrix hydration and
biological compatibility [ 28 ]. Therefore, the use of PVA/starch,
PVA/chitosan, chitosan/gelatin, and chitosan matrices allowed
us to compare hydrogel systems with different synthetic–
natural, polysaccharide-based, and protein–polysaccharide
characteristics and to evaluate how polymer composition
affects swelling, degradation, extract release, and biological
performance. 

Therefore, the present study was designed to develop and com-
paratively evaluate L. orientalis leaf extract (LOLE)- and resin
extract (LORE)-loaded hydrogel films based on four different
polymeric matrices: PVA/starch, PVA/chitosan, chitosan/gelatin,
and chitosan. The novelty of this work lies in the combined
use of both leaf and resin extracts, rather than focusing solely
on resin/storax, and in the systematic comparison of their
behavior within multiple hydrogel networks. Specifically, this
study aimed to (i) characterize the phenolic profiles of LOLE and
LORE by HPLC-DAD, (ii) evaluate the antioxidant, antimicrobial,
antibiofilm, anti-quorum sensing, enzyme inhibitory, cytotoxi-
city, and scratch wound closure activities of the extracts, (iii)
investigate the effects of extract type and polymer composition on
hydrogel morphology, swelling, degradation, and pH-dependent
release behavior, and (iv) evaluate the biological performance of
the developed systems. By integrating chemical, physicochem-
ical, release, and biological data, this work seeks to establish
structure–composition–function relationships that may guide the
rational design of L. orientalis -based hydrogel wound dressing
materials. 

2 Experimental Section 

2.1 Chemicals and Reagents 

PVA (, Mw: 30 000–70 000 g/mol, 87%–90% hydrolyzed),
Chitosan (medium molecular weight, degree of deacetylation:
> 75%), Gelatin (Type B, from bovine skin, bloom strength:
∼ 225 g, Starch (from potato), Glutaraldehyde (25% aqueous
solution), Glycerol (99.5%), Acetic acid (glacial), Hydrochloric
acid (37%), and Ethanol (absolute, analytical grade) used for
hydrogel preparation and extraction, standard phenolic com-
pounds for HPLC analysis (gallic acid, myricetin, trans-cinnamic
acid, quercetin, etc.), reagents for antioxidant assays (DPPH,
ABTS, β-carotene, copper (II) chloride, BHA, α-tocopherol,
etc.), urease from jack bean (type-III, EC 3.5.1.5), tyrosinase
from mushroom (EC 1.14.18.1), reagents for cell culture and
biological activity tests, including 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT), Dulbecco’s Modified
Eagle Medium (DMEM), and Fetal Bovine Serum (FBS) were
purchased from Sigma–Aldrich, (St. Louis, MO, USA) and Merck
(Darmstadt, Germany). 

2.2 Plant Material 

Samples of L. orientalis leaves and resin were obtained from
forested areas in the Muğla region (Marmaris–Köyceğiz) during
the period from July to September 2021. The collected leaves were
shade-dried, ground into fine powder using a mechanical mill,
and stored together with the resin at + 4◦C until use. 
Macromolecular Materials and Engineering, 2026
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.3 Extraction 

he resin and leaves of L. orientalis were subjected to ethanol
xtraction under ambient conditions for 24 h, repeated five times.
ollowing filtration, the solvent fractions were concentrated
nder reduced pressure using a rotary evaporator, and the
esulting aqueous phase was subsequently dried by freeze-drying.

.4 Total Phenolic and Total Flavonoid Contents 

he phenolic content of the extracts was quantified as milligrams
f pyrocatechol equivalents (PEs) using the Folin–Ciocalteu
ethod [ 29 ]. The concentration of total phenolics was calculated
sing the calibration curve of pyrocatechol with the following
egression equation: 

bsorbance ∶ 0. 0089 [ pyrocatechol ( mg ) ] + 0. 0644 
(
R2 ∶ 0 . 9922

imilarly, the flavonoid content of the extracts was expressed
n milligrams of quercetin equivalents and measured according
o the aluminium nitrate colorimetric method [ 30 ]. The total
lavonoids were determined from the quercetin calibration curve,
sing the equation: 

Absorbance = 0. 0117 [ quercetin ( mg ) ] + 0. 0225 
(
R2 ∶ 09960 

)

easurements were performed in triplicate. 

.5 Analysis of Phenolic Composition 

he phenolic profile of LORE and LOLE was analyzed using an
PLC-DAD system [ 31 ]. The extracts were dissolved in an 80:20
v/v) water–methanol mixture and filtered through a 0.20 µm LC
embrane filter before injection. Separation was performed on
n Inertsil ODS-3 reverse-phase C18 column, and detection was
arried out at 280 nm using a photodiode array (PDA) detector. 

henolic constituents were identified by comparing retention
imes and UV spectra with those of authentic standards. Calibra-
ion curves were established through injections of standard phe-
olics at varying concentrations, enabling both qualitative and
uantitative evaluation. The results were reported as milligrams
er gram of dry weight (mg/g dw). 

.6 Determination of Antioxidant Activity 

he antioxidant properties of LORE and LOLE were evalu-
ted using β-carotene–linoleic acid, DPPH, ABTS, ferrous ion-
helation, and CUPRAC assays, with BHA, α-tocopherol, and
DTA as standards [ 32 ]. Results were expressed as IC50 values
 µg/mL) and A0.50 for the CUPRAC method. 

or hydrogel films incorporating the extracts, antioxidant activ-
ty was determined via the DPPH radical scavenging method.
quare pieces of film (2 × 2 cm) were immersed in 20 mL
thanol. From the resulting solution, 50 µL was mixed with
50 µL DPPH solution and incubated at room temperature in
he dark for 30 min. Absorbance was then recorded at 517 nm
acromolecular Materials and Engineering, 2026
using a microplate reader [ 33 ]. Film-based antioxidant activity
was evaluated using standardized film pieces as described in
Section 2.17 . All antioxidant assays were performed in triplicate. 

2.7 Determination of Antimicrobial Activity 

The antimicrobial potential of LOLE and LORE was evalu-
ated against a panel of microorganisms including Pseudomonas
aeruginosa ATCC 27853, Bacillus subtilis ATCC 6633, Escherichia
coli ATCC 25922, Staphylococcus aureus ATCC 25923, Candida
albicans ATCC 10239, and Enterobacter aerogenes ATCC 13048.
Bacterial strains were cultured in Nutrient Broth, whereas C.
albicans was grown in Sabouraud Dextrose Broth. Microtiter
plates inoculated with C. albicans were incubated at 30◦C, while
plates with S. aureus , B. subtilis , and P. aeruginosa were incubated
at 37◦C. Absorbance was recorded at 550 nm, and the minimum
inhibitory concentration (MIC) values were determined by the
microdilution method [ 34 ]. 

For hydrogel films incorporating the extracts, antimicrobial tests
were conducted against E. coli , S. aureus , and C. albicans . Film
pieces were cut and tested based on the MIC values previously
established for the extracts [ 35 ]. Film-based antimicrobial activity
was evaluated using standardized film pieces as described in
Section 2.17 . All antimicrobial assays were performed in triplicate.

2.8 Biofilm Inhibition 

The ability of LOLE and LORE to inhibit biofilm formation
was assessed against the same microbial strains used in the
antimicrobial assays. Tests were performed at MIC, ½ MIC,
¼ MIC, and ⅛ MIC concentrations, applying the microplate
biofilm protocol [ 36 ]. Overnight cultures of microorganisms were
diluted in tryptose soy broth (TSB) supplemented with 0.25%
glucose. A 200 µL aliquot of inoculum was transferred into sterile
96-well plates, and extracts were added at the corresponding
concentrations. Plates were incubated statically at 37◦C for 48 h.
Following incubation, planktonic cells were discarded, and wells
were washed with sterile distilled water. Biofilms adhering to
the wells were stained with 0.1% (w/v) crystal violet for 10 min
at room temperature. After rinsing to remove excess dye, the
retained stain was solubilized using 33% (v/v) glacial acetic acid.
Biofilm biomass was quantified by measuring absorbance at
550 nm with a spectrophotometer. The assay was performed in
triplicate. 

2.9 Anti-Quorum Sensing Activity 

To evaluate the quorum-sensing (QS) inhibitory effects of the
extracts, three complementary assays were performed: assess-
ment of the QS inhibition mechanism using Chromobacterium
violaceum CV026, violacein production inhibition assay using
C. violaceum CV12472, and swarming and swimming motility
inhibition assay using Pseudomonas aeruginosa PAO1, as previ-
ously described in the literature [ 37 ]. Chromobacterium strains
were cultured at 30◦C, whereas the P. aeruginosa PAO1 strain
was cultured at 37◦C on Luria–Bertani (LB) agar. For C. vio-
laceum CV026, LB medium was supplemented with kanamycin
3 of 22
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10 µg/mL). MIC values of the extracts against the biosensor
trains were determined using the broth microdilution method.
nti-QS activity studies were performed in triplicate. 

.10 Determination of Enzyme Inhibitory 
ctivity 

he inhibitory potential of L. orientalis extracts against urease and
yrosinase enzymes was assessed following previously reported
rotocols [ 37, 38 ]. Kojic acid was used as the positive control
or tyrosinase inhibition, while thiourea served as the standard
or urease inhibition. Enzyme inhibition capacity was expressed
s IC50 values ( µg/mL), representing the concentration required
o achieve 50% inhibition. The enzyme inhibitory assay was
erformed in triplicate. 

.11 In Vitro Scratch Wound Closure Assay 

he wound healing potential of the extracts was evaluated by
he in vitro scratch assay, a commonly used in vitro method
or evaluating scratch/gap closure under controlled conditions
 39 ]. Experiments were conducted on healthy human embryonic
idney 293T (HEK-293T) cells. The cells were seeded into Petri
ishes at a density of 1 × 104 cells per well. After 24 h of incubation,
 scratch was created in the cell monolayer using a sterile scriber
o mimic a wound. The medium was then replaced with fresh
edium containing the extracts, and cells were further incubated
t 37◦C under a 5% CO2 atmosphere. Wound closure was assessed
y monitoring scratch width at 0, 24, 48, and 72 h. The assay was
erformed in triplicate. 

.12 Cytotoxicity Assay 

he cytotoxicity of L. orientalis extracts was evaluated on HEK-
93T cells using the MTT assay [ 40 ]. Cells were seeded into 96-
ell plates at a density of 1 × 104 cells per well in triplicate and
aintained at 37◦C in a humidified atmosphere (5% CO2 , 95% air).
fter cell attachment, extracts were applied at six concentrations
anging from 25 to 800 µg/mL. Following 72 h of incubation, MTT
olution was added to each well, and absorbance was recorded at
40 nm with a microplate reader. Cell viability was expressed as
 percentage relative to untreated control cells. 

.13 Preparation of PVA/Starch Hydrogel Films 

ydrogel films were fabricated by solution casting, following the
rocedure of Altaf et al. (2021) with minor adjustments [ 41 ]. A
0% (w/v) PVA solution was prepared by stirring at 80◦C for 2 h,
hile a 7% starch solution was obtained by stirring at 100◦C for
0 min. The extracts (5% w/w) were incorporated into the starch
olution and then combined with the PVA solution. Subsequently,
0 mL of ethanol, 0.5 mL of glutaraldehyde, 0.05 mL of dilute
Cl, and 2 mL of glycerol were added to the polymer mixture.
n this formulation, glutaraldehyde served as the cross-linking
gent, dilute HCl provided the acidic catalytic conditions for
ross-linking, ethanol acted as a co-solvent/medium component,
of 22
and glycerol was used as a plasticizer. Films were cast and dried
at room temperature for 48 h. After drying, the hydrogel films
were detached from the Petri dishes and stored in airtight bags
to prevent contamination. 

2.14 Preparation of PVA/Chitosan Hydrogel 
Films 

PVA/chitosan composite films loaded with L. orientalis extracts
were obtained by solvent casting [ 42 ]. A 9% (w/w) PVA solution
was stirred at 80◦C for 2 h and blended with a 2% chitosan solution
prepared in dilute acetic acid. Extracts (5% w/w) were added to
this solution until homogenized. Cross-linking was achieved by
adding 0.1 mL glutaraldehyde in 0.1 mL HCl. The final mixture
was cast into Petri dishes, dried at room temperature for 48 h, and
stored in sealed bags. 

2.15 Preparation of Chitosan/Gelatin Hydrogel 
Films 

Chitosan/gelatin films were prepared following Patel et al. (2018)
with modifications [ 11 ]. Chitosan solution (2%) was dissolved in
1% acetic acid with 0.3 mL glycerol added as a plasticizer. A 2.5%
(w/v) gelatin solution was separately prepared in distilled water,
and 0.7 mL of glycerol was added under continuous stirring until
a homogeneous mixture was obtained. The gelatin and chitosan
solutions were mixed at 40◦C for 6 h, followed by the addition
of 3 mL of 0.25% glutaraldehyde. Extracts (5% w/w) were then
incorporated, and the mixture was stirred until uniform. Films
were cast, dried for 48 h at room temperature, and stored in
airtight bags. 

2.16 Preparation of Chitosan Hydrogel Films 

Chitosan solution (2%) was prepared in 1% acetic acid, and 100 µL
glycerol was added as a plasticizer and mixed. Extracts (5% w/w)
were then incorporated, and the mixture was poured into Petri
dishes. Films were dried in an oven at 30◦C for 48 h and stored in
sealed bags [ 43 ]. 

2.17 Characterization of Hydrogel Films 

Before physicochemical and biological evaluations, all hydrogel
films were conditioned under identical laboratory conditions and
cut into standardized dimensions according to each assay. Within
each experiment, film samples with identical exposed surface
areas were used. All extract-loaded formulations contained the
same nominal extract loading ratio of 5% (w/w). For antioxi-
dant and antimicrobial assays, square film pieces of the same
dimensions were used, whereas 2 × 2 cm samples containing
approximately 20 mg of extract were used for release studies.
Although slight thickness differences may arise from variations
in polymer composition and drying behavior, identical casting
conditions, sample dimensions, extract loading ratios, and assay
conditions were applied to ensure comparative evaluation among
formulations. 
Macromolecular Materials and Engineering, 2026
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.17.1 Scanning Electron Microscopy (SEM) Analysis 

he surface morphology of the prepared hydrogel films was inves-
igated by scanning electron microscopy (SEM). Images were
aptured using a FEI Quanta 650 FEG instrument (ÇÜMERLAB,
ukurova University, Turkey) under high-vacuum operating
onditions. 

.17.2 Fourier Transform Infrared (FT-IR) 
pectroscopy Analysis 

he chemical functionalities of the pure extracts, blank hydro-
el films, and extract-loaded hydrogel films were examined by
ourier transform infrared spectroscopy (FT-IR). Spectra were
ecorded using a Thermo Scientific Nicolet iS10 FT-IR spec-
rometer equipped with an attenuated total reflectance (ATR)
ccessory (Thermo Fisher Scientific, Waltham, MA, USA). Mea-
urements were performed in the spectral range of 4000–400
m− 1 at a resolution of 4 cm− 1 , and 32 scans were aver-
ged for each sample. The spectra of LOLE and LORE were
lso recorded and compared with those of the correspond-
ng blank and extract-loaded hydrogel films to support the
valuation of extract incorporation and possible intermolecular
nteractions. 

.17.3 Swelling Behavior 

he swelling behavior of hydrogel films was evaluated by immers-
ng pre-weighed (1 × 1 cm) dried samples (W0 ) in phosphate-
uffered saline (PBS, pH 7.4) at 37◦C. After 24 h, the swollen
amples were removed, gently blotted with filter paper to remove
xcess surface water, and immediately weighed (Wt ) [ 43 ]. The
welling ratio (SR) was calculated using the following equation: 

𝑆𝑅 ( %) =
𝑊𝑡 −𝑊0 

𝑊0 

× 100 (1)

he swelling test was performed in triplicate for each formula-
ion. 

.17.4 Degradation Studies 

he degradation behavior of the hydrogels was assessed by
onitoring weight loss over time in physiological conditions [ 44 ].
ried hydrogel samples were weighed (W0 ) and incubated in PBS
pH 7.4) at 37◦C under gentle shaking (150 rpm). At specific time
ntervals (6th, 9th, and 14th days), samples were removed, washed
ith distilled water to eliminate residual salts, freeze-dried, and
eweighed (Wt ). The percentage of weight loss was calculated
sing the following equation: 

𝑊𝑒𝑖𝑔 ℎ 𝑡 𝑙𝑜𝑠𝑠 ( %) =
𝑊0 −𝑊𝑡 

𝑊0 

× 100 (2)

egradation studies were performed in triplicate for each formu-
ation. 
acromolecular Materials and Engineering, 2026
2.17.5 In Vitro Release 

For the in vitro release studies, hydrogel films (2 × 2 cm)
containing approximately 20 mg of extract were immersed in
40 mL of phosphate buffer solutions at pH 7.4 and pH 5.5 and
agitated at 150 rpm. Samples were collected at specific time
intervals and replaced with the same volume of fresh buffers. The
collected samples were passed through a polyvinylidene fluoride
(PVDF) cartridge and subsequently analyzed by HPLC-DAD or
UV spectrophotometer [ 45 ]. The release data were expressed as
the cumulative percentage release of the compounds. 

Release experiments were performed in triplicate for each formu-
lation and pH condition, and the results were expressed as mean
± standard deviation (SD). To evaluate the release mechanism,
the cumulative release data were fitted to zero-order, first-
order, Higuchi, and Korsmeyer–Peppas kinetic models [ 46 ]. The
goodness of fit was assessed using the coefficient of determination
( R2 ). For the Korsmeyer–Peppas model, the initial release portion
corresponding to Mt/M ∞ ≤ 0.60 was used to estimate the release
exponent ( n ), where Mt/M ∞ represents the fraction of extract
released at time t , Mt is the amount of extract released at time
t , and M ∞ is the total amount released at equilibrium. 

2.18 Statistical Analysis 

All experimental data were obtained from triplicate measure-
ments or independently prepared samples, as specified in the
corresponding methodological sections. Results are presented
as mean ± standard deviation (SD). Statistical analyses were
performed using one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc multiple-comparison test. For release
studies, release percentages obtained at pH 5.5 and pH 7.4 were
statistically compared at corresponding time points for each
formulation using Welch’s t-test. Differences were considered
statistically significant at p < 0.05. 

3 Results and Discussion 

3.1 Total Phenolic and Flavonoid Contents 

Total phenolic and flavonoid contents of L. orientalis leaf and
resin extracts were determined as pyrocatechol and quercetin
equivalents (mg/g), respectively (Table 1 ). The alcoholic extract
of L. orientalis leaves (224.3 ± 0.35 mg PEs/g) contained higher
levels of total phenolic compounds compared to the resin extract
(102.8 ± 0.58 mg PEs/g). Regarding flavonoids, the alcoholic leaf
extract contained 90.42 ± 0.12 mg QEs/g, whereas no flavonoids
were detected in the resin extract. These findings indicate that
the ethanol extract of L. orientalis leaves is richer in both total
phenolic and flavonoid contents compared to the resin extract. 

In the literature studies, the total phenolic content of the ethanol
extract of L. orientalis leaves was found to contain 333.14 ± 7.96 mg
GAE/g extract [ 22 ]. In another study, the methanol extract of L.
orientalis leaves exhibited 42.30 ± 0.04 mg GAE/g total phenolics
and 25.02 ± 0.66 mg QE/g total flavonoids, while the methanol
5 of 22
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extract of L. orientalis balsam contained 43.37 ± 0.10 mg GAE/g
phenolics and 8.60 ± 0.66 mg GAE/g flavonoids [ 47 ]. To date, no
reports have evaluated the total flavonoid content of L. orientalis
leaves or the phenolic/flavonoid composition of the resin. 

3.2 Phenolic Composition 

The phenolic composition of LOLE and LORE is presented in
Table 2 . Among the 26 phenolic compound standards screened,
eleven were detected in the LOLE and eight in the LORE.
Myricetin (37.50 mg/g) was identified as the major compound in
the LOLE, followed by gallic acid (19.83 mg/g), trans-cinnamic
acid (9.65 mg/g), and quercetin (6.36 mg/g). In contrast, trans -
cinnamic acid (97.63 mg/g) was the predominant compound in
the LORE. Trans-cinnamic acid, gallic acid, caffeic acid, vanillin,
and p -coumaric acid were common to both extracts. 

Myricetin, one of the most studied polyphenols detected in L.
orientalis leaves, is reported to exert diverse biological activities
including anticancer, anti-inflammatory, antibacterial, wound
healing, antioxidant, and antidiabetic effects [ 48–51 ]. Gallic acid,
another abundant compound in the leaves, is known for its high
antioxidant capacity due to its three hydroxyl groups and has
also been associated with anti-inflammatory, antimicrobial, and
anticancer properties [ 52, 53 ]. Trans-cinnamic acid, the major
component in the resin, has been reported to possess antioxidant
and antimicrobial activities and to promote fibroblast migration
during wound healing [ 54, 55 ]. 

In a previous study, protocatechuic acid (12.23 mg/g extract),
( − )-epicatechin (7.95 mg/g extract), and gallic acid (3.26 mg/g
extract) were identified as major constituents in the ethanol
extract of L. orientalis leaves [ 22 ]. Additionally, several phenolic
compounds such as styrene, phenylpropyl alcohol, cinnamyl
alcohol, cinnamic acid, phenylpropyl cinnamate, and styracin
were reported in the resin [ 13 ]. 

These findings highlight the distinct phenolic composition of
L. orientalis leaves and resin, underlining their potential phar-
macological relevance and providing a valuable basis for future
bioactivity-oriented investigations. 

3.3 Antioxidant Activity 

Free radicals and reactive oxygen species (ROS) generated during
oxidative processes in wounds cause cellular damage and apop-
tosis, ultimately delaying or impairing wound healing. Therefore,
antioxidants play a crucial role in preventing excessive ROS
production at the wound site and in promoting rapid tissue repair
[ 56 ]. The antioxidant activities of LOLE and LORE were evaluated
using five different assays, and the results are summarized in
Table 1 . In all assays, the LOLE exhibited the strongest antioxidant
activity. Specifically, the LOLE showed higher activity than both
α-tocopherol and BHA in DPPH (IC50 : 16.14 ± 0.60 µg/mL),
ABTS (IC50 : 10.25 ± 0.34 µg/mL), and CUPRAC (A0.50 : 21.59 ±
0.15 µg/mL) assays. In contrast, the LORE consistently displayed
lower activity compared to the leaf extract. Additionally, LORE
(IC50 : 34.70 ± 0.28 µg/mL) also demonstrated comparable activity
to α-tocopherol (IC50 : 34.50 ± 0.47 µg/mL) in the ABTS radical
scavenging assay. 
Macromolecular Materials and Engineering, 2026



TABLE 2 Phenolic composition of LORE and LOLE determined by HPLC-DAD. (mg/g). 

No Phenolic compoundsa RT (min) LORE LOLE 

1 Gallic acid 5.62 1.31 ± 0.08 19.83 ± 0.48 
2 Protocatechuic acid 8.82 —b 4.48 ± 0.22 
3 Catechin 10.71 — 0.91 ± 0.03 
4 Pyrocatechol 11.04 — —
5 Chlorogenic acid 12.35 — —
6 p-hydroxy benzoic acid 12.72 1.59 ± 0.05 —
7 6,7-dihydroxy coumarin 14.10 — —
8 Caffeic acid 15.17 3.86 ± 0.12 0.75 ± 0.04 
9 3-hydroxy benzoic acid 15.98 — —
10 Syringic acid 16.56 — —
11 Vanillin 17.83 3.37 ± 0.15 3.44 ± 0.19 
12 p -Coumaric acid 20.60 6.42 ± 0.17 4.79 ± 0.56 
13 Taxifolin 21.26 — —
14 Ferulic acid 22.14 — —
15 Coumarin 24.49 — —
16 Rutin 25.34 — 4.33 ± 0.22 
17 Ellagic acid 25.98 2.44 ± 0.10 —
18 Rosmarinic acid 26.49 0.81 ± 0.05 —
19 Myricetin 27.25 — 37.50 ± 0.82 
20 Quercetin 30.85 — 6.36 ± 0.25 
21 trans -cinnamic acid 31.42 97.53 ± 0.55 9.65 ± 0.33 
22 Luteolin 31.68 — —
23 Hesperetin 32.25 — —
24 Kaempferol 33.21 — 1.05 ± 0.08 
25 Apigenin 33.80 — —
26 Chrysin 33.17 — —

a) Values expressed are means ± SD of three parallel measurements. 
b) not detected. 
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he lower antioxidant activity of LORE compared with LOLE
an be mainly attributed to differences in their phytochemical
omposition. LOLE contained a markedly higher total phenolic
ontent and detectable flavonoids, whereas LORE showed lower
otal phenolic content and no detectable flavonoid content. In
ddition, HPLC-DAD analysis revealed that LOLE was rich in
yricetin, gallic acid, quercetin, and other hydroxylated pheno-
ic compounds, which are well known for their hydrogen- or
lectron-donating capacity. By contrast, LORE was dominated
y trans-cinnamic acid, a phenylpropanoid with antimicrobial
elevance but comparatively fewer hydroxyl groups contributing
o radical scavenging [ 57 ]. Therefore, the stronger antioxidant per-
ormance of LOLE is most likely related to its higher abundance
nd diversity of polyphenolic/flavonoid constituents. 

revious studies support these findings. Saraç and Şen (2014)
eported that ethanol extracts of L. orientalis leaves exhib-
ted DPPH radical scavenging activity with an IC50 of 3.11
 0.024 mg/mL and a total antioxidant capacity ( β-carotene–
inoleic acid assay) of 96.55% ± 0.54% at 20 mg/mL [ 22 ]. Similarly,
acromolecular Materials and Engineering, 2026
Çetinkaya et al. (2022) found that the methanol extract of L.
orientalis leaves had a DPPH IC50 of 43.63 ± 1.12 µg/mL, while
the methanol extract of balsam displayed an IC50 of 56.40 ±
2.19 µg/mL [ 47 ]. In another study, Baloglu et al. (2023) reported
the antioxidant activity of L. orientalis gum, with DPPH and ABTS
scavenging activities of 45.69 ± 0.05 and 15.56 ± 0.37 mg TE/g gum,
respectively, as well as CUPRAC and FRAP activities of 94.60 ±
1.95 and 47.89 ± 0.31 mg TE/g gum [ 58 ]. 

Overall, these results indicate that L. orientalis leaves are a
particularly rich source of natural antioxidants with higher
activity than the resin, highlighting their potential role in wound
healing applications. 

3.4 Antimicrobial Activity 

In wound healing, the colonization of microorganisms on the
wound surface often results in infection, which significantly
delays the healing process [ 59 ]. In such cases, antimicrobial
7 of 22



TABLE 3 Minimum inhibitory concentrations (MIC) of the LOLE and LORE against tested microorganisms (mg/mL). 

Plant Extracts 

S. aureus B. subtilis E. coli 
P. 

aeruginosa 
E. 

aerogenes C. albicans 
MIC value (mg/mL) 

L. orientalis LORE 0.625 0.156 1.25 5 2.5 0.625 
LOLE 2.5 2.5 2.5 10 2.5 1.25 

MIC values are expressed as the lowest concentration that completely inhibited visible microbial growth in the broth microdilution assay. Experiments were 
performed in triplicate, and the reported MIC values correspond to the consistently observed inhibitory concentrations. 
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8

gents are required to prevent or control infection [ 60 ]. The
ntimicrobial activities of LOLE and LORE were evaluated
gainst clinically relevant skin pathogens, including Gram-
egative Pseudomonas aeruginosa , Escherichia coli , and Enter-
bacter aerogenes ; Gram-positive Bacillus subtilis and Staphy-
ococcus aureus ; and the yeast Candida albicans . Minimum
nhibitory concentration (MIC) values of the extracts are summa-
ized in Table 3 . Overall, LORE exhibited stronger antimicrobial
ctivity than LOLE. The LOLE inhibited the growth of all tested
icroorganisms with MIC values ranging from 1.25 to 10 mg/mL,
hile the LORE inhibited the same microorganisms with MIC
alues ranging from 0.156 to 5 mg/mL. LORE displayed the
owest MIC against B. subtilis (0.156 mg/mL), followed by C.
lbicans , S. aureus (0.625 mg/mL), and E. coli (1.25 mg/mL). LOLE
howed the best effect against C. albicans with an MIC value of
.25 mg/mL. 

he stronger antimicrobial activity of LORE compared with
OLE can be explained by its distinct resinous phytochemi-
al composition. HPLC-DAD analysis showed that LORE was
ominated by trans-cinnamic acid, which has been associ-
ted with antimicrobial effects against various microorganisms
 61 ]. In addition, resin-derived phenylpropanoid and relatively
ydrophobic constituents may interact more efficiently with
icrobial cell membranes, leading to increased membrane
ermeability and growth inhibition [ 62 ]. In contrast, LOLE
ontained higher amounts of polar phenolic and flavonoid
ompounds, which contributed more prominently to antioxidant
ctivity but may exhibit comparatively weaker direct antimi-
robial effects. Therefore, the superior antimicrobial activity
f LORE is most likely related to the high abundance of
rans-cinnamic acid and the membrane-interactive nature of
esin-associated constituents. 

hese results are partly consistent with previous reports. Okmen
t al. (2014) demonstrated that ethanol extracts of L. orientalis
eaves exhibited notable antimicrobial activity, with MIC values
f 1625 µg/mL against B. subtilis , S. aureus , and Enterococcus
aecalis , and 3250 µg/mL against Listeria monocytogenes , E. coli ,
ersinia enterocolitica , Salmonella typhimurium , and C. albicans
 19 ]. Avunduk and Kaçar (2013) further reported that methanol
xtracts of L. orientalis resin produced inhibition zones ranging
rom 8 to 12 mm against eight pathogenic microorganisms, with
he largest zone observed against E. coli [ 63 ]. 

ollectively, these findings demonstrate that L. orientalis resin
ossesses stronger antimicrobial activity than the leaf extract,
upporting its potential as a natural antimicrobial agent for
anaging wound-associated infections. 
of 22
3.5 Biofilm Inhibition 

In chronic and burn wounds, biofilm formation hinders treat-
ment and delays the healing process. In this study, the antibiofilm
activities of LORE and LOLE were evaluated against a panel
of Gram-positive, Gram-negative, and fungal strains at different
concentrations (MIC to MIC/8). The results demonstrated a clear
dose-dependent trend, with the highest inhibition observed at
MIC levels and a gradual decline toward MIC/8 (Table 4 ). 

LORE exhibited the strongest antibiofilm activity against S.
aureus , with an inhibition of 81.79% ± 2.35% at the MIC con-
centration, whereas LOLE achieved 60.21% ± 2.58% inhibition at
the same level. At lower concentrations, LORE inhibited biofilm
formation by 63.26% ± 1.50% (MIC/2) and 48.59% ± 1.75% (MIC/4).
Similarly, against B. subtilis , LORE achieved 65.78% ± 2.10%
inhibition, followed by LOLE with 58.27% ± 1.65%. 

LORE also inhibited biofilm formation by 55.22% ± 1.15% against
C. albicans at the MIC concentration. In the case of E. coli , LORE
and LOLE demonstrated inhibition rates of 63.72% ± 2.21% and
46.39% ± 1.86%, respectively. By contrast, the lowest activities
were recorded against P. aeruginosa , with inhibition values of
only 42.15% for LORE and 35.57% for LOLE at MIC. Against E.
aerogenes , LORE and LOLE exhibited inhibition rates of 71.39% ±
1.75% and 55.56% ± 1.70%, respectively. 

To the best of our knowledge, this is the first report describing
the antibiofilm potential of L. orientalis extracts. These findings
provide novel evidence of biofilm inhibition by this species and
highlight the wound-healing potential of both resin and leaf
extracts. 

3.6 Anti-QS Activity 

The quorum-sensing (QS) inhibitory activities of LOLE and
LORE were evaluated through multiple complementary assays.
In the C. violaceum CV026 biosensor strain, the MIC values
of LORE and LOLE were determined as 5 and 2.5 mg/mL,
respectively. Both extracts produced clear inhibition zones at
MIC and sub-MIC concentrations. At MIC, LORE exhibited a
larger inhibition zone (17.0 mm) than LOLE (12.0 mm). Even at
MIC/2, LORE (13.5 mm) maintained a stronger effect compared to
LOLE (9.0 mm), indicating a more pronounced interaction with
AHL-mediated signaling (Table S1 ). 

For C. violaceum CV12472, the MIC values were 10 mg/mL for
LORE and 5 mg/mL for LOLE. At MIC, both extracts completely
Macromolecular Materials and Engineering, 2026



TABLE 4 Antibiofilm activity of LOLE and LORE against tested microorganisms, expressed as biofilm inhibition (%). 

Biofilm inhibition % 

Microorganisms Extracts MIC MIC/2 MIC/4 MIC/8 

S. aureus LORE 81.79 ± 2.35 63.26 ± 1.50 48.59 ± 1.75 25.41 ± 0.76 
LOLE 60.21 ± 2.58 40.26 ± 1.90 28.80 ± 1.56 16.80 ± 2.20 

B. subtilis LORE 65.78 ± 2.10 47.35 ± 1.58 31.52 ± 0.90 16.86 ± 1.24 
LOLE 58.27 ± 1.65 36.04 ± 1.22 21.90 ± 1.56 11.34 ± 1.15 

C. albicans LORE 55.22 ± 1.15 38.94 ± 1.70 26.36 ± 1.52 —
LOLE 39.76 ± 2.31 23.81 ± 1.82 — —

E. coli LORE 63.72 ± 2.21 43.88 ± 1.85 28.85 ± 1.93 17.20 ± 0.95 
LOLE 46.39 ± 1.86 25.66 ± 1.38 14.83 ± 1.72 —

P. aeruginosa LORE 42.15 ± 1.79 29.25 ± 1.28 15.46 ± 1.55 9.44 ± 1.32 
LOLE 35.57 ± 1.78 20.07 ± 1.21 10.76 ± 1.64 —

E. aerogenes LORE 71.39 ± 1.75 58.12 ± 2.23 41.53 ± 1.59 27.93 ± 1.35 
LOLE 55.56 ± 1.70 31.02 ± 1.32 19.82 ± 0.95 11.62 ± 1.27 

Values are expressed as biofilm inhibition (%) and presented as mean ± SD of three parallel measurements 
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nhibited violacein production. At sub-MIC concentrations, viola-
ein synthesis was also markedly suppressed, with LOLE (75.5%
nhibition at MIC/2) being more effective than LORE (66.1% at
IC/2) (Table S2 ). 

otility inhibition assays demonstrated that LORE was more
ffective than LOLE in suppressing the motility of P. aerugi-
osa . At 100 µg/mL, LORE inhibited swimming and swarming
y 39.46% and 64.29%, respectively, whereas LOLE achieved
2.77% swimming and 53.57% swarming inhibition at the same
oncentration (Table S3 ). 

hese results suggest that by interfering with quorum sensing
nd motility, LORE and LOLE may reduce biofilm-associated
nfections, thereby contributing to an enhanced wound-healing
rocess. 

.7 In Vitro Scratch Wound Closure Assay 

he in vitro scratch wound closure assay was performed to
reliminarily evaluate the effect of LOLE and LORE on gap
losure using HEK-293T cells (Figure 1 ). Compared with the
ntreated control, both extracts promoted faster closure of the
cratched area under the tested conditions. After 24 h, LORE-
nd LOLE-treated cultures showed approximately 60% and 50%
cratch closure, respectively, whereas the control group showed
nly 20% closure. At 48 h, scratch closure reached approximately
0% for LORE and 70% for LOLE, compared with 50% in the
ontrol. After 72 h, the scratched area was almost completely
losed in the extract-treated groups, while the control group
emained partially open (Figure 1 ). 

hese findings suggest that LOLE and LORE may enhance in
itro gap closure in HEK-293T cells. However, the scratch assay
oes not distinguish between cell migration and proliferation,
nd therefore the observed closure should not be interpreted as
irect evidence of a specific cellular mechanism. In addition,
acromolecular Materials and Engineering, 2026
HEK-293T cells are not skin-derived cells; thus, this assay should
be considered a preliminary screening model rather than a
physiologically complete wound-healing model. Further studies
using skin-relevant cell types, such as dermal fibroblasts and
keratinocytes, as well as in vivo wound models, are required
to confirm the wound-healing potential of these extracts and
extract-loaded hydrogel systems. 

Although sweetgum resin has traditionally been used for the
treatment of wounds, burns, and various skin disorders, scientific
evidence supporting these traditional applications remains lim-
ited. Previous studies have mainly focused on sweetgum resin or
storax-containing formulations [ 64 ], whereas the wound-related
potential of L. orientalis leaf extract has been less explored.
Recently, Cakmak et al. reported that sweetgum balsam-loaded
poly(L-lactic acid)/chitosan scaffolds enhanced in vitro wound
closure compared with controls [ 24 ]. In this context, the present
findings provide preliminary evidence that both LOLE and LORE
can promote scratch closure under the tested in vitro conditions,
but further validation in skin-specific cellular and animal wound
models is necessary. 

3.8 Cytotoxicity Assay 

The cytotoxicity of LOLE and LORE was evaluated using the
MTT assay on HEK-293T cells after 72 h of exposure (Figure
S1 ). Cell viability remained relatively high for both extracts
under the tested concentration range. Even at the highest tested
concentration (400 µg/mL), LOLE and LORE maintained cell
viability values of 85.50% and 77.38%, respectively. These results
indicate that both extracts showed no apparent cytotoxicity
toward HEK-293T cells under the tested conditions. 

The cytotoxicity results support the preliminary biological suit-
ability of LOLE and LORE for further evaluation in wound
dressing formulations. However, these findings should not be
interpreted as definitive evidence of biocompatibility or clinical
9 of 22



FIGURE 1 (A) Microscopic images showing the in vitro scratch wound closure activity of LORE and LOLE on HEK-293T cells; (B) Percentage of 
wound closure in HEK-293T cells treated with LOLE and LORE at different incubation times. 

TABLE 5 Urease and tyrosinase inhibitory activities of Liquidambar orientalis leaf and resin extracts. 

Plant name Ethanol Extracts 

Urease inhibitory activity Tyrosinase inhibitory activity 
IC50 ( µg/mL) IC50 ( µg/mL) 

L. orientalis LORE 45.21 ± 0.56 20.18 ± 0.35 
LOLE 80.39 ± 0.63 140.74 ± 1.05 

Standards Thiourea 9.05 ± 0.20 NT 
Kojic acid NT 23.51 ± 0.28 

IC50 values represent the means ± SD of three parallel measurements ( p < 0.05). Thiourea and kojic acid were used as reference compounds. NT: not tested. 
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afety, since only one non-skin-derived cell line was used. Addi-
ional cytotoxicity and compatibility studies using skin-relevant
ells, including fibroblasts and keratinocytes, together with in
ivo assessments, are required before stronger conclusions can
e drawn regarding biomedical safety and wound dressing
pplicability. 

.9 Enzyme Inhibitory Activity 

yrosinase is a copper-containing enzyme that is widely found
n nature and is responsible for melanin synthesis [ 65 ]. Excessive
elanin production in the epidermis or dermis leads to skin
arkening, a condition known as hyperpigmentation, which is
ssociated with dermatological problems such as melasma, skin
ging, and pigmentation disorders [ 66 ]. Hyperpigmentation is
articularly evident during scar formation in severe wounds
nd burns [ 67 ]. In addition to cosmetic concerns, scar-related
yperpigmentation can adversely affect patients’ quality of life. 

he tyrosinase inhibitory activities of LOLE and LORE are shown
n Table 5 . LORE exhibited the strongest activity with an IC50
f 20.18 ± 0.35 µg/mL, which was comparable to that of kojic
cid (IC50 : 23.51 ± 0.28 µg/mL), a widely used reference inhibitor.
OLE inhibited tyrosinase with an IC50 of 140.74 ± 1.05 µg/mL. To
ate, no studies have directly examined the tyrosinase inhibitory
ctivity of L. orientalis leaves and resin. However, cinnamic acid—
0 of 22
a key phenolic constituent of L. orientalis—has been reported to
strongly inhibit tyrosinase. Kong et al. (2008) demonstrated that
cinnamic acid inhibited tyrosinase activity by 13.1% and 70.6% at
concentrations of 100 and 1000 µm , respectively [ 68 ]. Similarly,
Shi et al. (2005) reported an IC50 value of 2.10 m m for cinnamic
acid [ 69 ]. 

Helicobacter pylori is a gastric pathogen that survives the acidic
stomach environment by producing urease, which hydrolyzes
urea into ammonia and carbon dioxide. Excessive urease activity
contributes to gastric ulcer, gastritis, and gastric cancer [ 70 ].
Due to antimicrobial resistance associated with conventional
drugs, the search for novel urease inhibitors and antiulcer agents
is ongoing [ 71 ]. The urease inhibitory activity of L. orientalis
extracts is summarized in Table 5 . LORE exhibited higher activity
(IC50 : 45.21 ± 0.56 µg/mL) compared to LOLE (IC50 : 80.39 ±
0.63 µg/mL). Previous investigations have mainly focused on
the in vivo antiulcerogenic effects of sweetgum balsam (Styrax
liquidus) in rat models [ 18 ]. 

Taken together, both leaf and resin extracts of L. orientalis
inhibited tyrosinase and urease enzymes, with the resin extract
showing superior activity in both cases. These results suggest
that L. orientalis resin may have dual therapeutic potential:
contributing to scar-free wound healing through tyrosinase
inhibition and providing gastroprotective effects through urease
inhibition. 
Macromolecular Materials and Engineering, 2026



FIGURE 2 SEM images of hydrogel films: (A) PVA/Starch (extract-free), (B) LORE-loaded PVA/Starch, (C) LOLE-loaded PVA/Starch, 
(D) Chitosan/Gelatin (extract-free), (E) LORE-loaded Chitosan/Gelatin, (F) LOLE-loaded Chitosan/Gelatin, (G) PVA/Chitosan (extract-free), (H) 
LORE-loaded PVA/Chitosan, (I) LOLE-loaded PVA/Chitosan, (J) Chitosan (extract-free), (K) LORE-loaded Chitosan, (L) LOLE-loaded Chitosan. 
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.10 Morphological Analysis 

he surface morphology of PVA/starch, PVA/chitosan, chi-
osan/gelatin, and chitosan hydrogel films, both blank and
oaded with LOLE or LORE extracts, was investigated by SEM.
orphological evaluation is critical to assess the relationship
etween extract incorporation and the structural properties of the
ilms. Overall, the addition of extracts significantly altered the
orphology of the hydrogel films. 

n PVA/starch hydrogels, incorporation of LOLE resulted in the
ormation of dark channel-like structures (Figure 2 ), likely caused
y the outward flow of water during drying. These channels
re known to enhance fluid absorption and to facilitate extract
elease, thereby improving the functional properties of the film.
acromolecular Materials and Engineering, 2026
In contrast, the addition of LORE led to surface fluctuations,
reflecting interactions between the hydrogel matrix and the
chemical constituents of the resin. 

In chitosan/gelatin films, incorporation of LORE produced a
slightly wavy and porous surface, whereas LOLE yielded a more
homogeneous and compact morphology compared to the blank
hydrogel (Figure 2 ). This smoothing effect may be attributed to
the filling of voids within the hydrogel by the extract, which
supports wound healing by promoting fibroblast and keratinocyte
attachment [ 72 ]. 

The control PVA/chitosan films exhibited a heterogeneous
porous surface, a result of water droplet evaporation during
drying, which adversely affects mechanical stability [ 73 ]. Extract
11 of 22



FIGURE 3 FT-IR spectra of pure LOLE, pure LORE, and blank and extract-loaded hydrogel films: (A) PVA/starch, (B) Chitosan/gelatin, (C) 
PVA/chitosan, and (D) Chitosan films. 
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ncorporation increased surface density and smoothed the film
exture, suggesting successful loading [ 74 ]. Specifically, LOLE
nduced a wavy morphology, likely due to strong hydrogel
nteractions mediated by phenolic and flavonoid compounds,
hereas LORE produced an irregular, wavy surface. The latter
an be explained by hydrogen bonding between NH2 and OH
roups arising from the resin’s chemical composition. 

he initially smooth and uniform surface of the chitosan
ilms became rougher upon extract incorporation. In the
OLE-loaded chitosan films, SEM images revealed slight rip-
les on the surface, indicating successful integration of the
xtract into the three-dimensional hydrogel network. In con-
rast, the incorporation of LORE resulted in a porous struc-
ure within the chitosan matrix, which can be attributed to
he presence of apolar compounds in the resin’s chemical
omposition. 

dditionally, SEM images revealed that LOLE was entrapped
ithin the three-dimensional hydrogel network, causing slight
urface fluctuations. By contrast, the incorporation of LORE
esulted in the formation of a porous structure, likely due
o apolar components of the resin (Figure 2 ). Such porosity
s advantageous in wound healing applications, as it enables
fficient absorption of wound exudates and may accelerate tissue
egeneration [ 75 ]. 

.11 FT-IR Analysis 

T-IR spectroscopy was used to evaluate the characteristic func-
ional groups of the pure extracts, blank hydrogel films, and
OLE- or LORE-loaded hydrogel films, and to support the incor-
oration of the extracts into the polymeric matrices (Figure 3 ). It
hould be noted that FT-IR analysis alone does not unequivocally
rove the formation of new covalent bonds between the extracts
2 of 22
and polymer networks. Therefore, the spectral changes observed
in this study were interpreted mainly as evidence of extract incor-
poration and possible intermolecular interactions, particularly
hydrogen bonding and physical interactions, between extract
constituents and polymer functional groups. 

The FT-IR spectrum of LOLE showed characteristic bands
associated with phenolic-rich plant extracts, including a broad
absorption in the 3200–3400 cm− 1 region corresponding to O ─H
stretching vibrations of phenolic hydroxyl groups. Bands in
the 2920–2850 cm− 1 region were attributed to aliphatic C ─H
stretching, while absorptions around 1600–1650 cm− 1 and 1500–
1600 cm− 1 were associated with aromatic C ═ C stretching and/or
carbonyl-related vibrations of phenolic constituents. Additional
bands in the 1000–1300 cm− 1 region were assigned to C ─O
stretching vibrations of phenolic acids, flavonoids, and alco-
hol groups. The LORE spectrum also displayed O ─H and
C ─H stretching bands, together with characteristic absorptions
attributable to aromatic and carboxylic groups of resin-associated
phenylpropanoid compounds. In particular, the presence of trans-
cinnamic acid as the major marker compound in LORE is
consistent with bands related to aromatic C ═ C and carboxyl
C ═ O/C ─O vibrations. 

In the PVA/starch control film, the broad band around 3277
cm− 1 was assigned to overlapping O ─H stretching vibrations of
PVA, starch, and glycerol, reflecting extensive hydrogen bonding
within the matrix. The band near 2933 cm− 1 corresponded to
aliphatic C ─H stretching, while the absorption around 1712
cm− 1 was attributed to residual carbonyl groups associated with
partially hydrolyzed vinyl acetate units in PVA. The bands in the
1000–1150 cm− 1 region were mainly related to C ─O and C ─O ─C
stretching vibrations of PVA and starch, consistent with previ-
ous reports on PVA/starch-based hydrogel films [ 41, 76 ]. After
LOLE or LORE incorporation, broadening and slight intensity
changes were observed in the O ─H stretching region and, in
Macromolecular Materials and Engineering, 2026
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he C ─O/C ─O ─C region, suggesting interactions between the
ydroxyl-rich polymer network and phenolic or resin-associated
onstituents of the extracts. 

n the PVA/chitosan control film, the broad absorption around
277 cm− 1 was attributed to overlapping O ─H and N ─H stretching
ibrations from PVA and chitosan. The band around 2933 cm− 1

orresponded to C ─H stretching, while bands in the 1600–1650
m− 1 and 1500–1560 cm− 1 regions were associated with amide
/amide II vibrations and N ─H bending of chitosan. The bands
round 1247–1331 cm− 1 were assigned to C ─N stretching, N ─H
ending, and C ─H bending vibrations [ 42, 77 ]. Upon extract
oading, changes in the intensity and width of the O ─H/N ─H
egion and minor shifts or intensity variations in the amide-
elated bands indicated possible hydrogen bonding between
hitosan amino groups, PVA hydroxyl groups, and extract con-
tituents. These changes were more evident in LOLE-loaded
ilms, likely due to the abundance of phenolic hydroxyl groups in
OLE. 

he chitosan/gelatin control film showed a broad band around
284 cm− 1 , corresponding to N ─H and O ─H stretching vibrations
nvolved in hydrogen bonding. The bands near 1639 and 1550
m− 1 were attributed to amide I and amide II vibrations of
elatin and chitosan, including C ═ O stretching, N ─H bending,
nd C ─N stretching. The absorption bands in the 1000–1150 cm− 1

egion were related to C ─O ─C and C ─O stretching vibrations
f the polysaccharide backbone [ 11, 78 ]. After incorporation of
OLE or LORE, the amide I/amide II regions and the broad
 ─H/N ─H stretching band showed changes in intensity and/or
roadness. These spectral variations suggest possible intermolec-
lar interactions between gelatin/chitosan functional groups and
he phenolic or carboxyl-containing constituents of the extracts. 

n the chitosan control film, the broad band in the 3200–3400
m− 1 region was assigned to O ─H and N ─H stretching vibra-
ions, while the bands around 2920 cm− 1 corresponded to C ─H
tretching. The absorptions in the 1600–1650 cm− 1 and 1500–1560
m− 1 regions were attributed to amide I and amide II vibrations,
espectively, and the bands around 1020–1080 cm− 1 were assigned
o C ─O ─C and C ─O stretching of the chitosan backbone [ 79,
0 ]. Following extract incorporation, the O ─H/N ─H stretching
and became broader and/or changed in intensity, while the
mide-related and C ─O stretching regions also showed minor
ariations. These changes support the interaction of LOLE and
ORE constituents with chitosan chains, most likely through
ydrogen bonding and electrostatic or physical interactions
nvolving hydroxyl, amino, carbonyl, and carboxyl groups. 

verall, the FT-IR results indicated that the incorporation of
OLE and LORE into the hydrogel matrices caused detectable
hanges mainly in the O ─H/N ─H stretching, amide, carbonyl,
nd C ─O/C ─O ─C regions. These changes were consistent
ith the presence of extract-derived phenolic, flavonoid, and
henylpropanoid constituents within the polymer networks [ 23 ].
owever, since no distinct new bands unequivocally indicat-
ng covalent bond formation were observed, the results were
nterpreted as supporting extract incorporation and possible
ntermolecular interactions rather than confirming new chemical
ond formation. 
acromolecular Materials and Engineering, 2026
3.12 Swelling Behavior of Hydrogel Films 

The swelling behavior of hydrogel films is a critical property
for wound dressing applications, as it enables the absorption of
wound exudates and influences the hydration of the polymeric
network, the diffusion of incorporated bioactive compounds, and
the maintenance of a moist wound environment [ 81 ]. Overall,
all hydrogel films exhibited increased swelling in PBS at pH 7.4
(Figure 4 ). Among the formulations, chitosan films displayed the
highest swelling capacity after 24 h. Specifically, LOLE-loaded
chitosan films reached a maximum swelling of 350%, whereas
LORE-loaded chitosan films reached 215%. This marked differ-
ence indicates that extract composition strongly affected water
uptake. The higher swelling capacity of LOLE-loaded films can
be attributed to the hydrophilic and phenolic-rich composition of
the leaf extract, which contains hydroxylated compounds capable
of enhancing water affinity within the polymeric matrix. In
contrast, the more resinous, oily, and relatively hydrophobic char-
acter of LORE likely reduced swelling by limiting matrix–w ater
interactions. 

Free chitosan films exhibited greater swelling than cross-linked
hydrogels, probably due to their less constrained polymeric
network and the absence of chemical cross-linking restrictions.
The high swelling of chitosan-based films is consistent with pre-
vious studies reporting that chitosan-containing wound dressing
materials can absorb substantial amounts of aqueous medium
because of their hydrophilic amino and hydroxyl groups, ionic
character, and ability to form hydrogen bonds with water [ 82 ].
Such swelling behavior is generally considered beneficial for
wound dressings because it may support exudate uptake and
help maintain a hydrated wound interface; however, excessive
swelling should be balanced with sufficient structural integrity
and mechanical stability [ 83 ]. 

Following chitosan films, chitosan/gelatin hydrogels showed the
next highest swelling. This behavior can be explained by the
combined contribution of hydrophilic functional groups in both
polymers, including hydroxyl and amino groups in chitosan
and amide/carboxyl groups in gelatin [ 84 ]. Hydrogen bonding
between these groups and water molecules, together with possi-
ble electrostatic interactions between protonated amino groups
of chitosan and negatively charged carboxylate groups of gelatin,
may facilitate water uptake [ 84 ]. Similar observations have been
reported for chitosan/gelatin-based hydrogel or film systems,
where swelling is mainly governed by polymer hydrophilicity,
ionic interactions, and network porosity [ 85 ]. 

In contrast, PVA/starch hydrogels exhibited the lowest swelling
behavior among the tested matrices. Although both PVA and
starch contain abundant hydroxyl groups, the formation of a
denser hydrogen-bonded and cross-linked network can restrict
polymer chain mobility and limit water penetration [ 86 ].
PVA/chitosan films also showed comparatively lower swelling
than free chitosan films, suggesting that incorporation of PVA and
cross-linking reduced the accessibility of hydrophilic groups and
constrained the network. This trend agrees with previous reports
showing that PVA-containing and cross-linked hydrogel systems
generally display more controlled swelling due to increased
network density and intermolecular interactions [ 81, 87 ]. 
13 of 22



FIGURE 4 Swelling behavior of different hydrogel films (PVA/starch, PVA/chitosan, Chitosan/gelatin, and Chitosan) in PBS at pH 7.4. Data are 
presented as mean ± SD ( n = 3). 
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aken together, the swelling results demonstrate that water
ptake was governed by the combined effects of polymer com-
osition, cross-linking, and extract characteristics. The higher
welling of LOLE-loaded chitosan films and the lower swelling
f LORE-loaded and PVA-containing films are consistent with
he expected structure–swelling relationships of these hydrogel
atrices. These findings also help explain the release behavior
bserved in subsequent experiments, where more highly swollen
hitosan-based films generally showed faster extract release than
he more restricted PVA-containing matrices. 

.13 In Vitro Degradation Analysis 

he biodegradability of extract-loaded hydrogel films is a critical
actor for their application as wound dressings and for evaluating
heir long-term stability [ 88 ]. Degradation was assessed by moni-
oring the weight loss of the films after incubation in PBS (pH 7.4)
t room temperature for 14 days (Figure 5 ). 

ll hydrogel films showed progressive weight loss over time,
ith the degradation rate increasing up to day 14. In particular,
OLE-loaded chitosan and chitosan/gelatin films exhibited rapid
egradation, losing more than 50% of their weight within the
irst six days. By day 14, the highest degradation was observed
n LOLE-loaded chitosan films (87%), compared to 53% for
ORE-loaded chitosan films and 70% for the control group. 

mong the formulations, chitosan-based hydrogels degraded
aster than the other systems, followed by chitosan/gelatin,
VA/chitosan, and PVA/starch films. The use of cross-linkers was
ound to reduce degradation, consistent with previous reports
4 of 22
[ 89 ]. The slower degradation of LORE-loaded hydrogels com-
pared to controls is likely due to apolar resin components that
hinder dissolution in PBS. 

Interestingly, the degradation trends were consistent with
swelling behavior: films with higher swelling capacity also
exhibited faster degradation. This relationship highlights the
importance of balancing swelling and biodegradability in the
design of hydrogel wound dressings. 

3.14 In Vitro Release Study 

The release profiles of LOLE and LORE from hydrogel films
were evaluated for 96 h in phosphate-buffered saline (PBS) at
pH 5.5 and pH 7.4 (Figure 6 ). Release from LORE-loaded films
was monitored by HPLC-DAD using trans-cinnamic acid as a
marker compound, whereas release from LOLE-loaded films
was quantified spectrophotometrically based on total phenolic
content. 

The pH values of 5.5 and 7.4 were selected to compare release
behavior under mildly acidic wound-like conditions and near-
physiological conditions, respectively. However, wound pH is
dynamic and may vary depending on wound type, infection
status, exudate composition, and healing stage [ 90, 91 ]. Therefore,
the present results should be interpreted as pH-dependent release
behavior within the tested pH range rather than as a comprehen-
sive demonstration of responsiveness across the full pH spectrum
of wounds. Additional pH values should be evaluated in future
studies to more completely characterize the pH sensitivity of these
hydrogel systems. 
Macromolecular Materials and Engineering, 2026



FIGURE 5 in vitro degradation analysis of hydrogel films loaded with (A) LOLE and (B) LORE. Data are presented as mean ± SD ( n = 3). 

FIGURE 6 In vitro cumulative release profiles of extract-loaded hydrogel films: (A) LOLE-loaded hydrogels at pH 5.5, (B) LOLE-loaded hydrogels 
at pH 7.4, (C) LORE-loaded hydrogels at pH 5.5, (D) LORE-loaded hydrogels at pH 7.4. Data are presented as mean ± SD ( n = 3). 
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mong the LOLE-loaded films, chitosan/gelatin hydrogels exhib-
ted the fastest and highest release. At pH 7.4, 67.0% of LOLE
as released within 6 h and 80.0% within 12 h. Under the same
onditions, cumulative release at 12 h was lower in chitosan,
VA/chitosan, and PVA/starch films, reaching 75.1%, 50.3%, and
3.5%, respectively. Under mildly acidic conditions (pH 5.5),
aster release was generally observed, with 85.3% release from
hitosan/gelatin and 80.2% from chitosan films at 12 h, compared
ith 52.0% and 45.0% from PVA/chitosan and PVA/starch films,
espectively. 

ORE-loaded hydrogels showed a slower release profile than
OLE-loaded hydrogels, which may be related to the more
acromolecular Materials and Engineering, 2026
hydrophobic and resinous nature of LORE. At pH 7.4, LORE
release at 12 h reached 65.0% for chitosan/gelatin, 59.3% for
chitosan, 45.0% for PVA/chitosan, and 27.7% for PVA/starch
films. At pH 5.5, cumulative release after 12 h increased to
73.5%, 68.2%, 48.0%, and 32.7%, respectively. In all systems,
an initial rapid release phase occurred within the first 12 h,
followed by a slower release phase, which can be attributed to
the gradual depletion of readily diffusible extract components
and the increasing contribution of diffusion through the hydrated
polymeric network. 

The release behavior was strongly influenced by polymer com-
position. Chitosan/gelatin and chitosan films generally exhibited
15 of 22
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1

aster release, consistent with their higher swelling capacity and
aster degradation tendency. The hydrated and more permeable
tructure of these matrices may facilitate faster diffusion of
xtract-derived compounds into the release medium. In contrast,
VA/starch films showed the slowest release, probably due to
heir denser and more constrained polymer network, which may
imit water penetration and restrict diffusion of active com-
ounds. PVA/chitosan films displayed an intermediate release
rofile, reflecting the combined contribution of PVA network
tability and chitosan-associated hydration. 

tatistical comparison of release percentages at corresponding
ime points showed that release at pH 5.5 was generally higher
han at pH 7.4; however, statistically significant differences
ere observed only in selected formulations and time points.
herefore, the pH effect was not uniform across all systems but
epended on extract type, polymer matrix, and release time. For
his reason, the release behavior is described cautiously as pH-
ependent within the tested pH range rather than as a broadly
smart” pH-responsive system. 

o further evaluate the release mechanism, the release data were
itted to zero-order, first-order, Higuchi, and Korsmeyer–Peppas
inetic models, and the kinetic parameters are provided in Table
4 . Among these models, the Korsmeyer–Peppas model provided
he best fit for all formulations, with R2 values ranging from
.9450 to 0.9996. The release exponent (n) ranged from 0.434 to
.669, indicating that the release mechanism varied from Fickian
iffusion to anomalous transport depending on the formulation.
hese results suggest that extract release was governed not only
y diffusion but also by matrix hydration, swelling, and polymer
elaxation, consistent with the observed swelling and degradation
ehavior of the hydrogel films. 

hese results are consistent with previous studies emphasizing
hat controlled and sustained release of bioactive compounds
s important for wound dressing materials, particularly when
rolonged antioxidant or antimicrobial activity is desired. For
xample, Abbas et al. (2022) reported that hydrogel-based
ound dressing systems can regulate the release of incorporated
ioactive agents through matrix hydration, swelling, and
iffusion-controlled processes [ 74 ]. Similarly, Nakipoğlu et al.
2024) observed that storax balsam-loaded polyanion–polycation
ydrogels exhibited faster release under acidic conditions than
nder neutral or basic conditions, supporting the relevance of
H-dependent release behavior in storax-containing hydrogel
ystems [ 13 ]. Yao et al. (2016) also reported pH-dependent
elease behavior for myricetin, with faster release under acidic
onditions [ 92 ]. Overall, the present findings indicate that LOLE-
nd LORE-loaded hydrogels exhibit matrix-dependent and
H-dependent release behavior within the tested pH range, with
aster release generally observed under mildly acidic conditions. 

.15 In Vitro Antioxidant Activity of Hydrogel 
ilms 

xcessive free radical production in the wound area can impair
ealing by inhibiting the migration of healthy cells. Therefore,
valuating the antioxidant activity of materials intended for
6 of 22
wound dressings is crucial for effective recovery [ 93 ]. In this study,
the antioxidant activities of hydrogel films were assessed using
the DPPH radical scavenging assay at different time intervals (15
min–96 h) (Figure 7 ). 

Among the LOLE-loaded hydrogel films, chitosan–gelatin and
chitosan formulations demonstrated the highest antioxidant
capacities. After 12 h, DPPH radical inhibition rates reached
67.5% and 60.3%, respectively, whereas PVA–chitosan and PVA–
starch f ilms showed lower inhibition values of 45.4% and 36.2%.
In LORE-loaded hydrogel films, chitosan–gelatin and chitosan
samples displayed nearly similar activities, with inhibition rates
of 44.0% and 48.2% at 6 h, 57.1% and 54.3% at 12 h, and 65.2%
and 58.6% at 24 h, respectively. In contrast, PVA-based films
exhibited relatively lower activities, with inhibition rates of 34.1%
(PVA–chitosan) and 30.3% (PVA–starch). Notably, both LOLE and
LORE loaded chitosan–gelatin and chitosan hydrogels achieved
more than 50% DPPH inhibition at 12 h. 

These findings suggest that the hydrogel films may help reduce
oxidative stress at the wound interface by providing radical-
scavenging activity; however, this effect should be interpreted as
an in vitro antioxidant response rather than direct evidence of
accelerated wound healing. Supporting this, Demir et al. (2022)
reported that increasing styrax concentration in PVA:CS cryogels
enhanced both DPPH radical scavenging and metal-chelating
effects, with maximum inhibition and chelation reaching 86.7%
and 77.3%, respectively [ 12 ]. The higher antioxidant activity of
LOLE-loaded hydrogels is consistent with the stronger radical-
scavenging activity of the free leaf extract, which contained
higher total phenolic and flavonoid contents than LORE.
Phenolic compounds and flavonoids can contribute to DPPH
radical scavenging through hydrogen atom or electron donation,
and therefore their release from the hydrogel matrix is expected
to directly influence the antioxidant performance of the films
[ 57 ]. In addition to the extract composition, polymer matrix
properties also affected the observed activity. Chitosan and
chitosan/gelatin films generally showed higher antioxidant
activity, which may be related to their higher swelling capacity
and faster extract release. In contrast, PVA-containing films
exhibited lower DPPH inhibition, probably because their denser
networks restricted water uptake and delayed the diffusion of
antioxidant compounds into the assay medium. Similar trends
have been reported for plant extract-loaded or styrax-containing
hydrogel systems, where antioxidant activity depends not only
on the intrinsic radical-scavenging potential of the incorporated
bioactive compounds but also on matrix hydration, swelling, and
release behavior [ 33, 93 ]. 

3.16 Antimicrobial Activity of Hydrogels 

Determining the antimicrobial activity of materials intended for
wound dressings is essential to prevent bacterial contamination
arising from wound exudates. In this study, the antimicrobial
activities of hydrogel films containing or lacking LOLE and
LORE extracts were evaluated against Staphylococcus aureus ,
Escherichia coli , and Candida albicans at different time intervals
(15 min–96 h). The amounts of hydrogels used were standardized
according to the MIC values of the respective extracts (Figure 8 ). 
Macromolecular Materials and Engineering, 2026
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LOLE-loaded chitosan–gelatin and chitosan films exhibited
notable inhibition, showing 63.0% and 59.0% inhibition against S.
aureus , 42.3% and 40.6% against C. albicans , and 31.2% and 42.2%
against E. coli at 48 h. In contrast, PVA–chitosan and PVA–starch
films displayed lower activity, with inhibition rates of 42.0% and
27.9% against S. aureus , 30.3% and 19.8% against C. albicans , and
23.6% and 17.1% against E. coli at the same time point. 

LORE-loaded chitosan–gelatin and chitosan hydrogel films
demonstrated the highest antimicrobial effects, with 69.6% and
65.3% inhibition against S. aureus at 24 h, 65.5% and 70.0% against
E. coli , and 51.2% and 45.7% against C. albicans at 48 h. By
comparison, PVA–chitosan and PVA–starch f ilms again showed
more limited antimicrobial activities, with inhibition values of
45.1% and 31.3% against S. aureus at 24 h, 33.4% and 25.2% against
C. albicans at 48 h, and 40.0% and 27.5% against E. coli at 48 h. 

Previous studies support these findings. For example, PVA:CS
cryogels loaded with styrax gum were reported to have MIC values
of 32 mg/L against E. coli and S. aureus , and 256 mg/L against
C. albicans [ 12 ]. Similarly, styrax (ST)-loaded poly( ε-caprolactone)
[PCL:ST (100:100)] films exhibited antimicrobial activity with
MIC values of 16 mg/L against E. coli , Legionella , and S. aureus ;
32 mg/L against P. aeruginosa ; 64 mg/L against E. hirae and C.
albicans ; and 128 mg/L against B. cereus [ 23 ]. 

The stronger antimicrobial performance of LORE-loaded hydro-
gels can be associated with the resinous and trans-cinnamic
acid-rich composition of LORE. Cinnamic acid and its deriva-
tives have been reported to exhibit antimicrobial activity by
affecting microbial membrane integrity, permeability, and intra-
cellular metabolic processes [ 61 ]. In addition to the extract
composition, the polymer matrix may also have contributed to
the antimicrobial response. Chitosan-containing films generally
showed stronger activity than PVA-containing systems, which
may be related to the cationic nature of chitosan, its interaction
with negatively charged microbial surfaces, and the higher
swelling/release capacity of these matrices [ 94 ]. Conversely,
the denser PVA-containing networks may have limited extract
diffusion, resulting in comparatively lower antimicrobial activity.

4 Conclusions 

In this study, Liquidambar orientalis leaf extract (LOLE)- and
resin extract (LORE)-loaded hydrogel films were successfully
developed using PVA/starch, PVA/chitosan, chitosan/gelatin,
and chitosan matrices. The results demonstrated that both extract
type and polymer composition influenced the morphology,
swelling, degradation, release behavior, and biological perfor-
mance of the hydrogel films. SEM observations indicated matrix-
and extract-dependent surface characteristics, while FT-IR anal-
ysis supported extract incorporation and possible intermolecular
interactions within the hydrogel networks. Among the tested
formulations, LOLE-loaded chitosan films showed the highest
swelling capacity, reaching approximately 350%, and also exhib-
ited the highest in vitro mass loss during the 14-day degradation
study. 

Release studies showed matrix-dependent and pH-dependent
behavior within the tested pH range. In general, extract release
17 of 22



FIGURE 8 Antimicrobial activity of hydrogel films: (A) LOLE-loaded hydrogel films against S. aureus , (B) LOLE-loaded hydrogel films against E. 
coli , (C) LOLE-loaded hydrogel films against C. albicans , (D) LORE-loaded hydrogel films against S. aureus , (E) LORE-loaded hydrogel films against E. 
coli , (F) LORE-loaded hydrogel films against C. albicans . Data are presented as mean ± SD ( n = 3). 
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as faster under mildly acidic conditions (pH 5.5) than at pH 7.4,
lthough the extent and statistical significance of this difference
epended on the extract type, polymer matrix, and release time.
inetic modeling further indicated that the Korsmeyer–Peppas
odel provided the best fit for all formulations, suggesting that
elease was governed by a combination of diffusion, matrix hydra-
ion, swelling, and polymer relaxation. These findings indicate
hat the developed hydrogel films can provide controlled extract
elease, but broader pH testing is required before defining them
s fully pH-responsive systems. 

he biological results showed distinct extract-dependent activity
rofiles. LOLE-loaded systems exhibited stronger antioxidant
ctivity, consistent with the higher phenolic and flavonoid con-
ents of LOLE, whereas LORE-loaded systems showed stronger
ntimicrobial and antibiofilm effects, probably associated with
he trans-cinnamic acid-rich resin composition. The extracts also
xhibited anti-quorum-sensing and enzyme-inhibitory activities.
n particular, LORE showed notable tyrosinase inhibitory activity,
uggesting possible relevance to pigmentation-related applica-
ions. The in vitro scratch wound closure assay showed enhanced
ap closure in HEK-293T cells treated with LOLE and LORE,
hile the MTT assay indicated no apparent cytotoxicity under the
ested conditions. 
8 of 22
Overall, these findings support the further investigation of L.
orientalis -derived hydrogel films as sustainable bioactive wound
dressing platforms. However, several limitations should be
acknowledged. First, HEK-293T cells are not skin-derived, and
the scratch assay does not distinguish between cell migration
and proliferation; therefore, validation using dermal fibroblasts,
keratinocytes, and in vivo wound models is required. Second,
the mechanical properties of the films were not evaluated, and
future studies should include tensile strength, elongation at
break, flexibility, and wet-state handling assessments. Finally,
the chemical stability of marker compounds such as myricetin
and trans-cinnamic acid during storage, release, and sterilization,
as well as batch-to-batch reproducibility of extract composition,
should be investigated before stronger conclusions can be drawn
regarding practical wound dressing applications. 
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