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ABSTRACT

Burns represent a prevalent global health concern and are particularly susceptible to bacterial infections. Severe infections may lead to serious complications, posing
a life-threatening risk. Near-infrared (NIR)-assisted photothermal antibacterial combined with antioxidant hydrogel has shown significant potential in the healing of
infected wounds. However, existing photothermal agents are typically metal-based, complicated to synthesize, or pose biosafety hazards. In this study, we utilized
plant-derived blackcurrant extract (B) as a natural source for both photothermal and antioxidant properties. By incorporating B into a G-O hydrogel crosslinked
through Schiff base reaction between gelatin (G) and oxidized pullulan (O), the resulting G-O-B hydrogel exhibited good injectability and biocompatibility along with
robust photothermal and antioxidant activities. Upon NIR irradiation, the controlled temperature (around 45-50 °C) generated by the G-O-B hydrogel resulted in
rapid (10 min) and efficient killing of Staphylococcus aureus (99 %), Escherichia coli (98 %), and Pseudomonas aeruginosa (82 %). Furthermore, the G-O-Bg 5 hydrogel
containing 0.5 % blackcurrant extract promoted collagen deposition, angiogenesis, and accelerated burn wound closure conclusively, demonstrating that this well-
designed and extract-contained hydrogel dressing holds immense potential for enhancing the healing process of bacterial-infected burn wounds.

1. Introduction

Full-thickness burns, known as one of the most challenging wounds
to treat, can cause extensive damage to the epidermis, dermis, and even
subcutaneous tissues [1]. Due to the destruction of the skin’s structure
and elasticity, these types of burns often result in fragile and easily
ruptured wounds [2,3]. The disruption of the skin’s protective barrier
renders the wound susceptible to bacterial and other microbial in-
fections. These infections can result in further deterioration, delayed
healing, heightened pain, and additional complications [4-6].
Currently, various clinical strategies are employed to treat burn wound
infections, including antibiotic treatment [7-9], surgical interventions
[101, photothermal therapy [11], as well as the use of wound dressings
and coverings. While antibiotic treatment is necessary in certain cases, it
is essential to consider its drawbacks and limitations [12]. These may
include issues with drug resistance, side effects associated with systemic
antibiotics, and allergic reactions. Photothermal therapy (PTT) is a
method that utilizes photothermal technology to inhibit microbial
growth [13]. This approach harnesses the ability of photosensitizers to
convert light energy into heat energy, thereby destroying the cellular
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structure and metabolic function of microorganisms. PTT offers several
advantages over other antibacterial methods, including efficient steril-
ization, absence of chemical residues, spatio-temporal controllability,
and the ability to simultaneously target multiple microorganisms
[14-16]. However, it is important to note that current photosensitizers
still have some limitations, such as the propensity for phototoxic re-
actions, poor selectivity towards light, and the employment of relatively
complex and costly components [17,18]. These factors may compromise
treatment efficacy or lead to unnecessary side effects. In addition,
oxidative stress and inflammatory response at the wound site cannot be
ignored [19,20]. Thus, there is a demand for the development of natural,
low-toxicity, straightforward, and cost-effective photosensitizers and
antioxidant materials.

Hydrogel is commonly used in burn wound dressings due to its
ability to keep the wound moist, absorb exudate, prevent bacterial
infection, and provide protection [21-24]. Gelatin, a natural protein, is
often used to prepare hydrogel due to its biocompatibility, gel-forming
ability, and drug-delivery capability [25,26]. Additionally,
gelatin-based hydrogels offer an appropriate structure and moisture for
wound dressing, prolongs the drug effect, enhances efficacy, and
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Scheme 1. The preparation, crosslinking mechanism, and pro-healing mechanism of multifunctional gelatin-oxidied pullulan hydrogel-blackcurrant extract (G-O-B)

on bacterial-infected burn wounds.

facilitates wound healing [27-29]. Pullulan, a natural polysaccharide
produced by fungal fermentation, is non-toxic, non-irritating, and
biocompatible, aligning with the concept of green and sustainable
development [30,31]. Blackcurrant extract, derived from black currant,
is rich in active ingredients such as anthocyanins, which has strong
antioxidant activity and protects cells from free radical damage [32,33].
It has also been reported to enhance immune system function and reduce
the risk of infections and chronic diseases [34]. Despite their potential
photothermal conversion, antioxidant, and antimicrobial properties, the
utilization of natural plant extracts in burn wounds remains relatively
unexplored. Moreover, the synergistic effect of these extracts combined
with hydrogel dressings on wound healing requires further
investigation.

Herein, the gelatin (G) and oxidized pullulan (O) were cross-linked
by Schiff base reaction to prepare G-O hydrogel, and then the plant-
derived blackcurrant extract (B) was loaded into the G-O hydrogel
through intermolecular hydrogen bonding with G/O and act as a pho-
tothermal agent and antioxidant to prepare G-O-B hydrogel for pro-
moting the healing of infectious burn wounds (Scheme 1). The obtained
G-O-B hydrogel possesses good injectable, shape-adaptive, photo-
thermal, antibacterial, antioxidant, and biocompatible properties,
which are conducive to the healing of infected burn wounds.

2. Materials and methods
2.1. Materials

Gelatin was purchased from Sigma Aldrich Co., Ltd. (St. Louis, USA).
Sodium periodate and pullulan were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Blackcurrant
extract (main specification of anthocyanin 5%-25 %) was bought from
Jianfeng Natural Products Research and Development Co., Ltd. (Tianjin,
China). The CCK8 kit was obtained from Everbright Holdings (USA). The
live/dead fluorescence assay kit (Calcein AM/PI), safranine O, ABTS
(2,2 - diazo bis (3-ethylbenzothiazoline 6-sulfonic acid), glutamate py-
ruvate transaminase (GPT) assay kit, glutamate oxaloacetate trans-
aminase (GOT) assay kit, and tissue and blood alkaline phosphatase

(AKP) assay kit were purchased from Solar Biotechnology Co., Ltd.
(Beijing, China). All antibodies used in this study were purchased from
Affinity Biosciences (Cincinnati, Ohio, USA).

2.2. Preparation of oxidized pullulan

Periodate oxidation was used to selectively oxidize and break the
dihydroxy or trihydroxy positions in the pullulan molecules, generating
corresponding polysaccharide aldehyde groups [35-37]. In short,
Dissolve 1 g of pullulan in 50 mL of deionized water, then add 1.98 g of
sodium periodate, and induce an oxidation reaction at room tempera-
ture for 4 h to obtain oxidized pullulan solution. Afterward, the oxida-
tion reaction was stopped by dropping 1 mL of ethylene glycol, and the
reaction mixture was dialyzed for another 3 d and freeze-dried to obtain
oxidized pullulan (OP).

2.3. Preparation of hydrogels

Firstly, gelatin, OP, and blackcurrant extract were dissolved in PBS
solution to obtain 120 mg/mL gelatin solution, 40 mg/mL and 20 mg/
mL OP solution, as well as 40 mg/mL, 20 mg/mL, and 4 mg/mL
blackcurrant extract solution. First, a 1:1 mixture of 120 mg/mL gelatin
solution and 20 mg/mL OP solution yielded the gelatin-OP hydrogel,
denoted as G-O. Next, combining 120 mg/mL gelatin solution, 40 mg/
mL OP solution, and 40 mg/mL blackcurrant extract solution in a 2:1:1
ratio resulted in the gelatin-OP-blackcurrant extract hydrogel, abbrevi-
ated as G-O-B. The final concentrations of blackcurrant extract in G-O-B
hydrogels were 10 mg/mL, 5 mg/mL, and 1 mg/mL, respectively. To
differentiate and describe them conveniently, these hydrogels were
named G-0-Bq g, G-O-Bg s, and G-O-Bg ;.

2.4. SEM observation

300 pL G-O and G-O-B hydrogels were prepared in 1.5 mL EP tubes,
freeze-dried with a freeze dryer, brittle fracture with liquid nitrogen,
sprayed with gold, observed and photographed with a scanning electron
microscope (SEM, FEIQuanta200, Netherlands).
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2.5. Invitro stability test

In vitro, stability experiments of hydrogels were based on the pub-
lished protocol [38]. Briefly, 100 pL of the hydrogels were prepared.
Each hydrogel was placed in a pre-weighed 2 mL centrifuge tube, with
the weight of an empty tube recorded as Wyjank and the total weight of
the hydrogel and tube as Wqay o. Subsequently, 2 mL of PBS solution was
added, and the tube was placed in a 37 °C water bath. On days 2, 4, 6, 8,
10, and 12, the PBS solution was decanted from the tube, and any
remaining PBS around the hydrogel was blotted with absorbent paper.
The total weight of the hydrogel and tube was recorded as Wgay n. The
residual weight of the hydrogel was calculated using the formula to
evaluate and analyze the in vitro stability. The calculation formula is as
follows: the weight of the remaining hydrogel (%)=(Wgay
n~Whlank)/(Wday 0-Whlank) x 100 %.

The hydrogels were immersed in PBS for 1, 2, 3, 6, and 12 h, and the
swelling rate curve was measured. The swelling rate was calculated by
dividing the weight after immersion in water by the initial weight and
then multiplying the result by 100 %.

2.6. Injectability and shape-adaptability

The injectability of hydrogel was assessed as follows: the G-O-Bg 5
hydrogel was loaded into a syringe, squeezed to form the letter “ZZU”,
and then injected into deionized water to observe its behavior.

The shape-adaptability of hydrogel was carried out based on the
previous report [39]. Preparation of 500 pL G-O-Bys hydrogel and
injected into the mold. After the hydrogel is stable, take out the shaped
hydrogel for visual observation and photographic record.

2.7. Photothermal testing

The near-infrared (NIR) light with a wavelength of 808 nm and a
power of 2.5 W/cm? was used to irradiate each group of hydrogels for
10 min. The infrared thermal imager (T120, Guide) was used to test and
record the temperature every 30 s to explore and analyze the photo-
thermal conversion capacity of hydrogel in each group.

2.8. Rheological test

The rheological property of G-O-B hydrogel were assessed by
determining the elastic modulus of 2 mL cylindrical hydrogel using a
rheometer (Leica DHR2, Germany). Parameters were standardized as
follows: oscillation sweep frequency at 1 Hz, angular frequency ranging
from 0.1 to 100 rad/s, temperature set at 37 °C, and strain maintained at
1 %. Subsequently, the energy storage modulus (G’) and loss modulus
(G") of each hydrogel sample were measured and recorded.

2.9. Inherent antibacterial test

The inherent antibacterial property of hydrogel was evaluated based
on our previous literature [40]. In summary, 200 pL of G-O and G-O-B
hydrogels were prepared and dispensed into a 24-well plate. Then, 10 pL
of bacterial suspension (Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa at a concentration of 107 CFU/mL) was added
onto the hydrogel surface, while the control group received direct
addition of 10 pL bacterial suspension per well. After 6 h of incubation,
each well was resuspended with 1 mL of bacterial culture medium, and
100 pL from each well was transferred to fresh culture medium for
further incubation for 18-24 h. The absorbance at 600 nm was measured
using a microplate reader to assess the live bacterial count and deter-
mine the inherent antibacterial activity. Additionally, to further explore
the antibacterial property of G-O-B hydrogel material, the antibacterial
effectiveness of gelatin, OP, and three different concentrations of
blackcurrant extract against Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa was also evaluated.
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2.10. NIR-assisted antibacterial test

The NIR-assisted antibacterial activity of hydrogels were tested ac-
cording to the previous literature method [41]. Under sterile condition,
200 pL of G-O-Go 5 hydrogels were prepared and transferred in a 24-well
plate. Then add 10 pL of bacterial suspension with a concentration of
107 CFU/mL onto the surface of each hydrogel, and add another 10 pL
equal bacterial suspension into the blank well as the control group. The
hydrogel was irradiated with NIR (808 nm 2.5 W/ em?) for 0,1,3,5,and
10 min. Subsequently, the viable bacteria were resuspended in 1 mL of
liquid medium, with 100 pL of suspensions aspirated into 1 mL of liquid
medium from each group. After 18-24 h of incubation, the absorbance
of the culture medium was measured at 600 nm using a microplate
reader to assess bacterial viability. Subsequently, 100 pL was plated onto
solid AGAR medium. The AGAR plates were then incubated at 37 °C for
18-24 h, and bacterial growth on the solid medium was observed and
recorded.

2.11. Antioxidant assays

The Safranin O antioxidant assay was used to determine the reactive
oxygen species (ROS) scavenging ability of hydrogel according to our
previous method [42]. ABTS radical scavenging assay was used to study
the hydroxyl radical scavenging effect of G-O-B hydrogel according to
our previous method [39].

The antioxidant capacity of the hydrogel was further evaluated using
a cellular-level antioxidant assay. Mouse fibroblasts (L929) were seeded
into a 96-well plate and cultured for 24 h before replacing the medium
with fresh culture medium containing 0.5 mM H303 (the control group
received fresh medium without HyO5) to induce oxidative stress.
Simultaneously, 10 pL of hydrogel from each group was prepared. Each
sterile hydrogel was added to the correspondent well containing the
cultured cells, and after 2 h, the DCFH-DA dye solution was added and
incubated for 20 min. The fluorescence intensity of each group was then
recorded under a fluorescence-inverted microscope. Subsequently, the
average fluorescence intensity of each group was calculated using Image
J software.

2.12. Biocompatibility test

Blood compatibility experiment was conducted to assess the hemo-
compatibility of hydrogel. Mouse heart blood was collected into anti-
coagulant tubes. Subsequently, 50 pL of hydrogel was prepared for each
group and placed into 1.5 mL centrifuge tubes, followed by the addition
of 1 mL of normal saline to each tube. Simultaneously, positive control
groups (1 mL of deionized water added to new centrifuge tubes) and
negative control groups (1 mL of normal saline added to new centrifuge
tubes) were set up. Afterward, all tubes were incubated in a 37 °C water
bath for 30 min, and then 50 pL of blood was added to each centrifuge
tube. Following a 1-h incubation at 37 °C, the hydrogel was removed,
and the tubes were centrifuged at 1000 rpm for 5 min for photography
and recording. Then suck the supernatant into a 96-well plate and
measure the absorbance value at 545 nm. Finally, take photos under a
microscope to record the status of each group of red blood cells. The
formula involved is: Hemolysis ratio (%) = [(Anydrogel-Anegative)/ (Aposi-
tive_Anegative)] x 100 %.

The cytocompatibility of G-O-B hydrogel was determined according
to the method previously reported [40]. First, inoculate 1929 cells (at a
density of 3.5 x 103 cells/well) into a 96-well plate and culture for 24 h.
Meanwhile, prepare 100 pL of sterile hydrogel for each group and
immerse 2 mL of cell culture medium in the hydrogel for 24 h to obtain
the extract. Replace the culture medium of 96-well plate with the
extract, and then incubate for 24 and 48 h, respectively. Replace the
extract with fresh culture medium containing 10 % CCK8 (with a
separate 10 % CCK8 solution as a blank control group). After an addi-
tional 2 h of cultivation, the absorbance value of each group at 450 nm
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was measured by microplate reader, and then the cell viability was
calculated according to the following formula: Cell viability (%) =
[(Anydrogel-Ablank)/ (Acontrol—Ablank)] X 100 %. Additionally, treat L929
cells with a culture medium containing 1 % Calcein AM/PI for 15 min.
Observe and photograph the status and viability of cell in each group
using a fluorescence-inverted microscope.

To investigate the histocompatibility of hydrogel, a subcutaneous
embedding experiment was conducted as described previously [39]. The
G-0-By 5 hydrogel was prepared under sterile condition. Subsequently,
approximately 30 g Kunming mice were anesthetized, and 100 pL of the
hydrogel was injected subcutaneously into the back of the mouse using a
1 mL syringe. After seven days, the mice were anesthetized again, and
their heart blood was collected. Tissues were preserved by sequential
injection of physiological saline and 4 % paraformaldehyde. The heart,
liver, spleen, lungs, and kidneys were harvested, sectioned, and stained
with hematoxylin and eosin (H&E) to observe and analyze potential
infiltration of inflammatory cells and tissue lesions. Additionally, the
collected heart blood was used to detect enzyme activity using kits for
alanine aminotransferase (GPT), aspartate aminotransferase (GOT), and
alkaline phosphatase (AKP) to evaluate overall mouse health.

2.13. Hemostatic performance test

The hemostatic performance of hydrogel was assessed using a mouse
tail hemorrhage model and a liver hemorrhage model. In the mouse tail
hemorrhage model, mice were anesthetized and immobilized, and a
weighed filter paper was positioned beneath the tail. Using ophthalmic
scissors, the tail was cut halfway. The control group received no treat-
ment, while the hydrogel group was injected with 100 pL of G-O-Bg s
hydrogel at the tail breakage site immediately. Photos were taken and
bleeding cessation was noted. The filter paper was then weighed. For the
hepatic hemorrhage model, anesthetized and immobilized mice had
their livers exposed with surgical scissors. Tissue fluid was carefully
removed using filter paper, and a weighed filter paper was placed under
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the liver. An 8 mm wound was created. Again, the control group
received no treatment, while the hydrogel group was injected with 100
pL of hydrogel simultaneously with the wound creation. Photos were
taken once blood coagulated, and the filter paper weight was measured.

The in vitro coagulation property of hydrogel was investigated ac-
cording to the method previously reported [39]. Simply, add 10 pL. 0.2 M
CaClj solution to 1 mL of mouse blood to obtain calcified blood. Then
250 pL G-0-By 5 hydrogel was placed in a 24-well plate, and then 25 pL
calcified blood drops were added to the surface of the hydrogel. In the
control group, 25 pL calcified blood was directly added to the plate.
Then immediately incubate in a 37 °C water bath for 30 s, 60's, 120 s,
180 s, 300 s, and 600 s, and then add 2.5 mL of deionized water to
suspend the unattached blood. Then measure the absorbance value of
the supernatant (the optical density of free hemoglobin in the system) at
540 nm. The hydrogel group used Ay, the blank group (deionized water)
used Ayp, and the control group used Ay and calculated the blood coag-
ulation index (BCI) using the following formula: BCI (%) =
[(An-Ab)/(Av-Ab)] x 100 %.

2.14. Establishment of a deep secondary burn and Staphylococcus aureus
infection model in Kunming mice

For the construction of deep secondary burn model, Kunming mice
aged around 6 weeks and weighing approximately 30 g were selected.
The handling and treatment of the animals followed the protocol
approved by the Ethics Committee of Zhengzhou University. One week
before the experiment, the mice were randomly divided into four groups
and allowed free access to food. To create the burn models, the previ-
ously reported method was followed [43]. The mice were initially
anesthetized and their dorsal hair was shaved. Afterward, a benchtop
hypertemperature-controlled burn instrument (YLS-5Q) set at 90 °C, a
pressure of 250 g was applied for 5 s to create a circular burn wound
with a diameter of 8 mm over the shaved area. Immediately after the
burn, 100 pL of physiological saline was injected into the peritoneal
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Fig. 1. Synthesis and spectral analysis of OP and G-O-B hydrogel. 'H NMR spectra and structural formula of (A) pullulan and (B) oxidized pullulan (OP); (C) FTIR
spectra of blackcurrant extract (B), OP, gelatin, G-O hydrogel, G-O-Bg s hydrogel; (D) Photographs of G-O hydrogel and G-O-Bg s hydrogel formation process and

diagram of hydrogel cross-linking mechanism.
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Fig. 2. Characterization of hydrogel properties. (A) In vitro stability of G-O hydrogel, G-O-By ; hydrogel, G-O-Bg 5 hydrogel and G-O-B; o hydrogel; (B) SEM images of
each hydrogel; (C) Temperature change maps of hydrogels in each group after NIR irradiation for 10 min (808 nm, 2.5 W/cm?); (D) Real-time thermal maps of
hydrogels after 10 min of irradiation; (E) Photographs of shape-adaptability and injectability of G-O-Bg 5 hydrogel; (F) Swelling behavior of hydrogel in each group;

(G) Rheological data of G-O and G-O-Bg s hydrogels. Mean + SD, n = 3.

cavity to aid recovery and prevent dehydration. After 24 h, debridement
was performed on the burn wound using surgical scissors to remove
necrotic tissue. Subsequently, 50 pL of Staphylococcus aureus (107
CFU/mL) was applied to induce infection for 2 h. This protocol suc-
cessfully established a deep secondary and infected burn model in
Kunming mice, aiming to assess the impact of hydrogel treatment on
wound healing in this specific burn model.

2.15. Hydrogel treatment

After bacterial infection, the four groups of mice were treated as
follows: the control group received no treatment, the G-O hydrogel
group covered with 100 pL of G-O hydrogel, the NIR-group covered with
100 pL of G-O-Bg 5 hydrogel without treatment, and the NIR + group
covered with 100 pL of G-O-B 5 hydrogel and NIR treatment. Following
the injection of 100 pL of G-O-By 5 hydrogel, mice in the NIR + group
underwent NIR irradiation at a power density of 2.5 W/cm? for 10 min.
Concurrently, near-infrared thermal imaging was employed to monitor
and maintain the temperature within the range of 45-50 °C. The other
hydrogel group only received a 100 pL hydrogel application. This
experimental design facilitated the comparison and assessment of the
efficacy of the four different treatment regimens in wound healing.

2.16. Evaluation of wound healing

The wound healing progress in each experimental group was sys-
tematically monitored and documented through observation and
photography on days 1, 3, 7, and 14 post-treatment. Additionally, on day
7, wound tissues were collected for immunofluorescence staining to
evaluate the expression of CD31, a-SMA, CD86, and CD206 for inflam-
matory response and angiogenesis. Skin wound tissue samples from each
group were then obtained on day 14 for histological analysis using H&E
and Masson stainings. These histological methods facilitated the

examination and assessment of tissue morphology, cellular composition,
and collagen deposition within the wound site.

2.17. Evaluation of infection

On day 3, wound tissue samples were collected from each group and
homogenized. Subsequently, 2 mL of liquid medium was added to the
homogenates, and the resulting solutions were cultured for 16-24 h at
37 °C. After that, the culture medium was subjected to a 10,000-fold
dilution. A 100 pL aliquot of the diluted medium was then plated onto
agar plates and incubated for an additional 16-24 h. The resulting col-
onies were photographed, and the antibacterial efficacy of each exper-
imental group was evaluated.

2.18. Statistical analysis

All experiments were repeated at least three times, and the results
were determined as mean + standard deviation (SD). GraphPadPrism8
was used for statistical analysis, and the Tukey method was used to test
the results of one-way or two-way ANOVA, with p < 0.05 representing
the level of significant difference.

3. Results and discussion
3.1. Fabrication and gelation mechanism of G-O-B hydrogels

To obtain oxidized pullulan (OP), some hydroxyl groups on pullulan
were oxidized to aldehyde groups by sodium periodate. From the 'H
NMR spectrum in Fig. 1A and B, an identified new peak of 9.27 ppm was
witnessed corresponding to the aldehyde group in OP [44,45]. Based on
Fig. S1, the oxidation rate of pullulan in OP was calculated to be between
10 % and 15 %. To gain insight into the gel-formation mechanism, FTIR
spectral analysis of gelatin, blackcurrant extract (B), freeze-dried OP,
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Fig. 3. Antibacterial activity of G-O-B hydrogel. (A) The inherent antibacterial rate of G-O hydrogel, G-O-By ; hydrogel, G-O-By 5 hydrogel, and G-O-B; o hydrogel
against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa; (B) The photothermal killing rate of G-O-By s hydrogel against Escherichia coli, Staphy-
lococcus aureus, and Pseudomonas aeruginosa after 0, 1, 3, 5 and 10 min of NIR irradiation; (C) Photographs of Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa colonies on AGAR plates after 0, 1, 3, 5 and 10 min of NIR irradiation. Mean + SD, n = 3.

G-O hydrogel, and G-O-B 5 hydrogel were analyzed. Fig. 1C illustrates
that the majority of aldehyde groups undergo interaction with amino
groups to form imine bonds in the G-O hydrogel and G-O-B 5 hydrogel
structures, thus causing the characteristic peak of aldehyde group at
1740 cm ™! to become less prominent [46]. In contrast, the characteristic
peak of aldehyde group in the OP group remains unaffected. The peak at
1635 cm ! indicates the presence of imine bonds in both hydrogel
groups [47,48]. Additionally, G-O and G-O-By s have a peak at 3302
em ™! corresponding to N-H tensile vibration, while gelatin has a peak at
3288 cm ™. The N-H stretching peak width of G-O and G-O-Bys is
smaller than that of gelatin, suggesting the formation of imine groups
between amino and aldehyde groups [49]. Furthermore, the absorption
band at 2988 cm ! corresponds to the —OH tensile vibration of B, which
shifts to 2017 cm™! after gelation in the G-O-Bys hydrogel group,
indicating the formation of hydrogen bonding during the gelation pro-
cess [50,51]. In summary, G-O and G-O-B hydrogels are crosslinked via
the Schiff base reaction. Additionally, for G-O-B hydrogel, the phenolic
hydroxyl groups present in B can engage in intermolecular hydrogen
bonding with gelatin and OP to form another hydrogel interpenetrating
network (refer to Fig. 1D).

3.2. Stability, SEM, shape-adaptability, injectability, and photothermal
properties of G-O-B hydrogels

Stability is one of the important indicators in evaluating hydrogel
wound dressings [52]. Appropriate stability can not only ensure that the
hydrogel dressing continues to play a protective role until the skin is
completely healed but also avoid secondary injury to the wound caused
by the hydrogel removal process. According to the data in Fig. 2A, the
hydrogel in each group gradually degraded over time, and their stability
remained for more than 12 days, close to the skin wound healing period.

From the scanning electron microscope (SEM) images in Fig. 2B, it
can be seen that both G-O and G-O-B hydrogels present a clear three-
dimensional network structure. Besides, with the growth of B content,
the crosslinking density of the hydrogel network increased, and the pore
size gradually decreased. This connected three-dimensional network
structure makes the hydrogel highly absorbent (Fig. 2F), which can
effectively absorb the exudate in the burn wound, and form a scaffold
structure at the wound, providing a positive environment for cell growth
and wound healing [53-55].

This study employed an 808 nm near-infrared (NIR) laser (2.5 W/
cm?) and thermal imaging instrument to examine the photothermal
stability of G-O-B hydrogel. Fig. 2C illustrates that with increasing
irradiation time, the temperature of the G-O hydrogel group without
extract remains relatively constant, while that of the extract-loaded
hydrogel group gradually increases, indicating a positive correlation
between temperature and extract content. Fig. 2D depicts the thermal
image of hydrogels in each group after 10 min of NIR irradiation.
Following this period, the temperature of the G-O, G-O-Bg 1, G-O-Bg s,
and G-O-B; o hydrogels reached approximately 30 °C, 39 °C, 48 °C, and
96 °C, respectively. Moreover, throughout the experiment, it was
observed that except for the G-O-B; ¢ hydrogel group, which experi-
enced significant water loss due to evaporation at high temperatures, the
other hydrogel groups exhibited minimal changes in water loss and
volume after 6 min of NIR irradiation. These results suggest that such
hydrogel possesses favorable and adjustable characteristics. Notably,
the G-O-B hydrogel demonstrated distinct temperature controllability
for anthocyanins (a constituent of blackcurrant extract) release. Based
on the color of the released hydrogel and the light absorption value at
580 nm (Fig. S2), it is evident that anthocyanin release at 45 °C is
significantly faster than that at 37 °C and 25 °C. This attribute also en-
dows the G-O-B hydrogel with smart wound-dressing capabilities.
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The extraordinary flexibility and adaptability of G-O-Bg 5 hydrogel
shown in Fig. 2E allows it to be effectively adapted to various wound
shapes and sizes, thereby mitigating further damage. Additionally, it
possesses substantial adhesive strength, facilitating close adherence to
the burn wound surface, ensuring stability, and preventing displacement
or detachment. Furthermore, the injectability of this hydrogel suggests
its suitability for various types and shapes of wounds. The injection
volume and injection method can be adjusted according to the size and
depth of the wound, which enhances its versatility and applicability in
wound treatment [56,57]. Injecting the hydrogel into the wound facil-
itates rapid absorption of wound exudate, enhancing adsorption and
penetration at the wound site. This property creates a moist environ-
ment conducive to wound healing, reducing pain and offering advan-
tages over conventional wound dressings. The stability, shape
adaptability, and injectability of the G-O-B hydrogel dressing contribute
significantly to its prolonged effectiveness, particularly for burn
wounds. Utilizing this dressing is anticipated to decrease dressing
change frequency, alleviate patient discomfort, and potentially improve
therapeutic outcomes.

The mechanical property of G-O-B hydrogel was also investigated
through rheological analysis (Fig. 2G). At angular frequencies ranging
from 10 to 100 rad/s, G’ consistently surpassed G”, indicating a gel-like
behavior akin to solids. Furthermore, the incorporation of B resulted in a
rise of G’ from 245 Pa to 441 Pa at 100 rad/s. This observation is likely
attributed to the formation of intermolecular hydrogen bonds between B
and gelatin/OP. The increased number of hydrogen bonds within the G-
O-B hydrogel system leads to a noticeable enhancement in its mechan-
ical strength.

3.3. Inherent antibacterial and photothermal antibacterial activity of G-
O-B hydrogels

Burn wounds are highly susceptible to infection due to the destruc-
tion of skin barriers and blood vessels, as well as other factors such as
bacterial presence and nutrients in the burn environment [58]. Wound
infection is a common complication in burn wounds, which can worsen
inflammation [59]. Additionally, the presence of bacteria and pathogens
can lead to tissue necrosis at the wound edges, further damaging local
tissue and hindering wound recovery [60]. The antibacterial activity of
G-0-B hydrogel against three common bacteria (Escherichia coli, Staph-
ylococcus aureus, and Pseudomonas aeruginosa) prevalent in burn wounds
was studied. Fig. 3A displays the antibacterial rates of hydrogels in each
group following a 6-h contact period with the bacterial solution. Overall,
the inclusion of blackcurrant extract containing polyphenols enhanced
the hydrogel’s antibacterial effect. Specifically, the antibacterial rates
against Escherichia coli ranged from 62.4 % to 80.49 %, against Staphy-
lococcus aureus from 54.4 % to 65.4 %, and against Pseudomonas aeru-
ginosa from 18.4 % to 52.6 %. These results demonstrate the good
antibacterial property of G-O-B hydrogel, likely attributed to the pres-
ence of blackcurrant extract and oxidized pullulan [61]. It has been
reported that blackcurrant extract contains anthocyanins and flavo-
noids, which are known for their antioxidant and antibacterial proper-
ties. These bioactive compounds have been shown to possess inhibitory
effects on various types of bacteria [62-64]. The antibacterial results of
each component of the hydrogel are shown in Fig. S3, which also con-
firms the antibacterial mechanism of G-O-B hydrogel.

Recently, photothermal antibacterial agents have gained widespread
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Fig. 5. Hemolytic property and in vitro cytocompatibility of G-O hydrogel, G-O-Bg ; hydrogel, G-O-B 5 hydrogel, and G-O-B; o hydrogel. (A) Hydrogel hemolysis rate
in each group and (B) photos of red blood cells after hydrogel treatment in each group; (C) CCK-8 assay of activity of L929 cells incubated with hydrogel extract for 1
and 2 days; (D) Live/dead fluorescent staining images of L929 cells on day 1 and day 2. Mean + SD, n = 3. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

use in fields such as food, medicine, and environmental health due to
their efficient antibacterial effect, lack of chemical residue, and absence
of drug resistance [65,66]. Compared to traditional high-temperature
sterilization methods, NIR antibacterial technology can be conducted
at lower temperatures, thus avoiding the destruction of other active
ingredients present in wound dressings. In this study, based on the sta-
bility, injectability, and photothermal properties of G-O-B hydrogels,
G-0-By 5 hydrogel was selected for further evaluation of the photo-
thermal antibacterial effect. As shown in Fig. 3B, with the extension of
NIR irradiation time, the antibacterial rate of G-O-Bg 5 hydrogel gradu-
ally increased. After 10 min of irradiation, the inhibition rate of the
hydrogel against Escherichia coli and Staphylococcus aureus reached
about 98 % and 99 %, and the inhibition rate against Pseudomonas
aeruginosa was also over 82 %. Furthermore, the efficacy of G-O-Bys
hydrogel was corroborated in Fig. 3C via AGAR plate culture for the
aforementioned bacteria post-irradiation at different intervals. With NIR
irradiation, the time taken by G-O-Bg s hydrogel to eradicate bacteria
was notably shortened from 6 h to 10 min, potentially mitigating the risk
of infection and inflammation. Consequently, this photothermal G-O-B
hydrogel exhibits promising prospects for advancing wound healing via
swift antibacterial action.

3.4. Antioxidant activity of G-O-B hydrogels

Blackcurrant extract has been reported to contain a variety of nu-
trients and antioxidants, including anthocyanins, vitamin C, and
phenolic compounds [67]. Due to its potent antioxidant and immune
regulatory properties, this natural plant extract finds widespread ap-
plications in health products, cosmetics, and medicines [32]. Our find-
ings indicate that the ability of hydrogel to scavenge free radicals is
enhanced as the concentration of blackcurrant extract increases (Fig. 4A
and B). Specifically, the ABTS free radical scavenging rates by the G-O,
G-0-Bg.1, G-O-By 5, and G-O-B; ¢ hydrogels were found to be 14.4 %,
55.2 %, 76.8 %, and 86.2 %, respectively. The clearance rates for hy-
droxyl free radicals of these hydrogels were 61.3 %, 82.9 %, 98.1 %, and
99.7 %, respectively. To assess the antioxidant capacity of hydrogel at
cellular level, we employed 2',7-dichlorodihydrofluorescein diacetate

(DCFH-DA) as a probe to measure intracellular ROS level. When 1L929
cells were co-cultured with 500 pM H3O5 for 2 h, intense green fluo-
rescence indicative of ROS production was observed (Fig. 4C and D).
Conversely, the cells treated with hydrogel resulted in a significant
decrease in fluorescence intensity in each group (p < 0.0001). The
effectiveness of the G-O-B hydrogel in demonstrating the removal of
reactive oxygen species (ROS) and providing cellular protection from
oxidative damage suggests that the G-O-B hydrogel has the potential as a
treatment option for mitigating oxidative stress, inflammation, and the
generation of free radicals.

3.5. Biocompatibility of G-O-B hydrogels

Hydrogels are biomaterials that offer significant advantages in terms
of biocompatibility, which has led to their widespread usage in the fields
of medicine and bioengineering [68,69]. In this study, the biocompati-
bility of G-O-B hydrogel was systematically examined by evaluating its
blood compatibility, cell compatibility, and histocompatibility.

Blood compatibility is an important indicator when considering the
potential application of biomaterials in a blood environment [70]. Ac-
cording to the International Standards for Biomedical Materials
(ISO70:10993), suitable biomedical materials should maintain stable
chemical and physical properties when in contact with blood, while
avoiding abnormal biological reactions [71]. To ensure safety and
effectiveness in the blood environment, the percentage of hemolysis
should not exceed 5 % [39]. Fig. S5A demonstrates that the supernatant
of the hydrogel in each group was clarified with no evident signs of
hemolysis. The hemolysis rates of G-O, G-O-Bg 1, G-O-B 5, and G-O-B1 ¢
hydrogels were found to be 2.23 %, 1.27 %, 2.51 %, and 3.76 %,
respectively. Additionally, Fig. 5B illustrates the microscopic observa-
tions of red blood cell morphology in each group. These findings
collectively confirm that G-O-B hydrogel does not cause the rupture or
deformation of red blood cells, indicating its good blood compatibility.

Hydrogel materials play an important role in maintaining the normal
morphology and specific phenotype of cells, which is essential for their
metabolic and functional expression, as well as proliferation and growth
[70]. In this study, we evaluated the cytocompatibility of G-O-B
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hydrogel using commonly employed methods, including CCK8 assay and
live/dead fluorescent staining. As depicted in Fig. 5C, the survival rates
of 1929 cells in the G-O, G-O-By 1, G-O-Bys, and G-O-Bp hydrogel
groups were found to be higher than 70 %, which meet the International
Standards for Biological Materials [72]. Besides, the strong green fluo-
rescence observed in Fig. 5D indicates that cells from all groups were
specifically labeled as viable cells. Based on these results, we conclude
that all tested hydrogels exhibit good biocompatibility with L929 cells.

The histocompatibility of a hydrogel refers to its ability to interact
with and adapt to the surrounding tissues [73]. Good histocompatibility
means that the hydrogel can be compatible with the surrounding tissues
without causing excessive inflammation or immune response while
promoting tissue regeneration and repair [74]. It is also an important
indicator for evaluating hydrogels as biomedical materials. The hema-
toxylin and eosin (H&E) staining images in Fig. 6A show that compared
with normal mice, no discernible pathological changes or inflammatory
cells were observed in the tissues of hydrogel-injected mice (7 days after
subcutaneous injection). The data in Fig. S4 present a favorable degra-
dation behavior of G-O-By 5 hydrogel in vivo. These findings underscore
the excellent histocompatibility and biodegradability of G-O-Bys
hydrogel.

Additionally, the levels of aspartate aminotransferase (GOT), alanine
aminotransferase (GPT), and alkaline phosphatase (AKP) were not
significantly different from those in the normal mouse group, as depic-
ted in Fig. 6B-D. Overall, these outcomes illustrate the well biocom-
patibility of the hydrogel and its potential as a safe and efficient wound
dressing.

3.6. Hemostatic activity of G-O-B hydrogels

Hemostasis is a crucial process in wound healing and treatment [75].
It is the earliest event that takes place in a wound, highlighting its
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importance. Hemostasis involves the promotion of blood clot formation
at the wound site through the action of coagulation factors present in the
blood [76]. This promotes the acceleration of wound healing. Wound
dressings with hemostatic activity are recognized for their ability to
support healing [77]. Hydrogel, as a hemostatic material, offers several
advantages. It is typically soft, comfortable, and minimally irritating to
the surrounding tissues. Additionally, hydrogel exhibits excellent water
absorption capability, promptly absorbing blood and forming a gel-like
state. The presence of coagulation factors in the hydrogel can also aid in
preventing infection to a certain extent [78,79]. Consequently, hydrogel
dressings help in controlling bleeding, promoting wound repair, and
ultimately facilitating healing.

Studies have shown that plant extracts rich in polyphenols possess
hemostatic effects [80]. Blackcurrant extract, being rich in polyphenols,
has been investigated for its hemostatic effect. In this study, we explore
the in vitro and in vivo hemostatic effect of blackcurrant extract-loaded
hydrogels. The hemostatic ability of G-O-Bgs hydrogel was first
assessed in vitro, as depicted in Fig. 7A and B. The coagulation index
(BCI) of the hydrogel group was significantly lower than that of the
control group. Moreover, with the extension of time, the coagulation
effect became more pronounced, indicating the strong hemostatic ability
of hydrogel. This can be attributed to the effective interaction between
the nucleophilic cells in the blood and the phenolic groups in hydrogel.
The hemostatic property of G-O-By 5 hydrogel was further evaluated in
vivo using mouse models of tail amputation and liver hemorrhage, as
illustrated in Fig. 7C, D, and E. In the untreated (control) group, the
average bleeding volumes from the tail and liver were 60.63 mg and
267.03 mg, respectively. In contrast, mice treated with G-O-Bgs
hydrogel exhibited average bleeding amounts of 23.9 mg from the tail
and 46.96 mg from the liver. Notably, the application of hydrogel
significantly reduced blood loss in both models. These findings indicate
the superior hemostatic activity of G-O-Bg 5 hydrogel dressing.
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3.7. Wound healing of a deep secondary burn skin wound model in mice
infected with Staphylococcus aureus

Burns are a common health issue that can easily become infected by
pathogenic bacteria [81]. To evaluate the effectiveness of G-O-B
hydrogel in promoting burn wound healing, a burn wound model
infected with Staphylococcus aureus was utilized. The model construction
process is illustrated in Fig. 8A and B. Initially, a circular burn wound
was created on the back of a mouse wusing a desktop
temperature-controlled burn instrument. As shown in Fig. 8C, by the
naked eye, the skin of freshly burned mice was white or red and blisters
compared with normal mouse skin, while the necrotic area of the burn
area was black or brown over time. H&E staining of tissue sections re-
veals that the burn group displays a significant reduction in local re-
sidual hair follicles and sweat glands, as well as extensive damage to hair
follicles (blue arrows). Additionally, the tissue displays degenerated and
broken collagen fibers (red arrows) and increased levels of inflammatory
factors compared to normal mouse skin.

Fig. 8E shows that after three days of treatment, the number of
bacteria in the wounds of the hydrogel treated groups was significantly
reduced, in which the bacteria in the NIR + group were almost
completely removed. This indicates that the photothermal antibacterial
effect of the hydrogel is significant and it can effectively inhibit bacterial
infection.

The results obtained after 3 days of treatment in Fig. 8D and F
revealed that the wound contraction rate was only around 17 % in the
control group due to severe infection. The G-O group without extract
showed a shrinkage of approximately 13 %. The NIR-group, which
received the extract but no NIR treatment, had a further increase in the
wound shrinkage rate to approximately 32 %. A significant improve-
ment was observed in the NIR + group, which was administered
blackcurrant extract and NIR treatment, achieving a remarkable wound

shrinkage rate of 37 %. With increased treatment duration, wounds in
each group continued to shrink. After 7 days of treatment, all groups still
had mild infection, with contraction rates of 50 % in the control group
and 52 % in the G-O group. In comparison, the contraction rates for the
NIR- and NIR + groups were 55 % and 60 %. On the 14th day, the
wounds in the NIR + group had completely contracted, while in the
control group only exhibited 76 % contraction. These results indicate
that G-O-B hydrogel accelerates wound contraction with NIR assistance,
providing a promising approach for wound healing.

3.8. Histological and immunochemical analysis

Infected wounds are typically accompanied by a significant infil-
tration of inflammatory cells [82]. On the fourteenth day, the inflam-
mation level was assessed based on the expression of CD86 and CD206,
as shown in Fig. 9A and B. The hydrogel groups exhibited a noticeable
increase in the expression of anti-inflammatory cytokine CD206
compared to the control group, while the expression of the
pro-inflammatory cytokine CD86 was significantly lower in the hydrogel
groups. Notably, the NIR + group had the lowest levels of
pro-inflammatory cytokine and the highest levels of anti-inflammatory
cytokine. This can be attributed to the antibacterial property of G-O-B
hydrogel, which help mitigate wound infection. Moreover, when loaded
with blackcurrant extract, the hydrogel demonstrates strong antibacte-
rial property post near-infrared irradiation, effectively combating
Staphylococcus aureus infection and maintaining an moderate inflam-
mation level in the wound environment. Neovascularization is crucial
for transporting growth factors and nutrients to the wound area,
reflecting the efficiency of wound healing. The level of wound neo-
vascularization on the fourteenth day was quantitatively assessed using
the expression of CD31 and a-SMA. As depicted in Fig. 9, the hydrogel
groups exhibited higher levels of CD31 and a-SMA expression compared
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to the control group, indicating their role in promoting angiogenesis.
These results support the notion that multifunctional hydrogel dressings
can reduce inflammation and accelerate angiogenesis, with enhanced
facilitation under NIR radiation.

Histochemical analysis using H&E staining and Masson trichrome
staining is an important method to evaluate wound healing progression
and the quality of regenerated skin [83]. The H&E staining images on
the 14th day (Fig. 10) indicate a significant reduction in inflammation in
the G-O-B hydrogel group, and the NIR + group exhibited a denser
granulation structure in the wound area. Notably, a mature epidermis
similar to normal skin was observed in the NIR + group treated with
G-0-By 5 hydrogel and NIR, indicating that the combination therapy can
promote the healing of infectious burn wounds. Collagen is an essential
component of skin tissue, and collagen fiber content and distribution can
be used to evaluate the wound healing process [84,85]. Masson staining
images on the 14th day showed exciting tissue remodeling behavior in
all wounds. Compared with the control group and G-O hydrogel group,
the NIR + group exhibited a larger mature tissue area in the regenerated
tissue with an orderly collagen network, indicating that combining
G-O-By s hydrogel with NIR could significantly promote skin tissue
regeneration. In conclusion, G-O-Bys hydrogel can promote wound
healing by inducing the formation of a compact and orderly collagen
network.

4. Conclusion

In this study, a multifunctional G-O-B hydrogel was prepared from
gelatin (G), oxidized pullulan (O), and blackcurrant extract (B) through
the interaction of Schiff base reaction and hydrogen bond, and used as a
new wound dressing for the repair of infected skin burn. The hydrogel
shows good injectability, shape-adaptability, and biocompatibility. The
introduction of B gives the hydrogel a strong antioxidant and NIR-
responsive photothermal ability. The controlled photothermal temper-
ature can realize rapid sterilization of Staphylococcus aureus, Escherichia
coli, and Pseudomonas aeruginosa. Near-infrared assisted G-O-Bgs
hydrogel can promote wound contraction and collagen deposition in a
skin burn model infected with Staphylococcus aureus. Moreover, it was
effective in regulating the level of inflammation and stimulating
angiogenesis compared with the control group. Therefore, the G-O-Bg 5
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hydrogel holds great advantages in repairing infected burn wounds.
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