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ABSTRACT: The development of new wound dressings with fast
hemostatic and bactericidal properties for prehospital care is
critical. Antibacterial photodynamic therapy (aPDT) has attracted
attention due to its broad-spectrum antibacterial activity and
minimal bacterial resistance. However, photosensitizers used in
aPDT often face issues such as poor water solubility, short-lived
singlet oxygen ('0,), and limited 'O, diffusion range. In this study,
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sodium alginate was covalently modified with the photosensitizer @ Live bicteria g °A ; :::
toluidine blue O (TBO) and phenylboronic acid (PBA). The _ O W e
modified alginate was then cross-linked with Ca(Il) ions and @pead bacteria % o ROS

lyophilized to form a cryogel, named SA@Ca(Il)@TBO@PBA

(SCTP). This cryogel functions as an antibacterial photodynamic

wound dressing. The chemical immobilization of TBO and PBA enhanced the cryogel’s targeting ability. PBA formed reversible
covalent bonds with diol groups on bacterial cell surfaces, allowing the cryogel to capture bacteria effectively and enhance aPDT.
The bactericidal efficiency of the cryogel was tested through in vitro antibacterial assays, and its hemostatic properties were
confirmed in vivo. The results indicate that this cryogel has excellent hemostatic and antibacterial capabilities, showing great promise
as a wound dressing for clinical applications.

15,16

1. INTRODUCTION

Injuries to the skin often result in uncontrollable bleeding, a
leading cause of trauma-related fatalities worldwide." To
mitigate this risk and prevent infections, effective wound

antibacterial cryogels. However, this approach has draw-
backs, including the risk of antibiotic resistance.'”*® Eventually,
it is predicted by World Health Organization that about 10
million people will die of antimicrobial resistance each by
2050."” To tackle this issue, nonantibiotic antibacterial methods

dressings are essential for immediate treatment before reaching like ohototh 1 th (PTT) g « th
ike phototherma erapy , sonodynamic therapy,

the hospital. Cryogels, among various types of wound dressings

like hydrogels, hydrofibers, foams, and hydrocolloids, are
particularly promising due to their high porosity and large
surface area, facilitating superior fluid absorption compared to
traditional dressing:»;s.z_7 Cryogels, formed through the lyophi-
lization of hydrogels, have shown potential in clinical trials for
hemorrhage control.”™'" Despite their efficacy, there is a
growing need for novel cryogel materials that offer both rapid
hemostasis and antimicrobial properties. Sodium alginate (SA)
stands out as a promising material for cryogels due to its
biocompatibility, low immunogenicity, and biodegradability,
making it suitable for in vivo applications."'~'* By leveraging
Ca(II)-mediated ionotropic gels and freeze-drying techniques,
SA-based cryogels can be easily fabricated while maintaining the
three-dimensional structure of the wet gels. However, conven-
tional SA-based cryogels often lack antimicrobial properties,
underscoring the demand for functional biomaterials with
enhanced bactericidal capabilities.

To address bacterial infections in wounds using cryogels,
researchers have traditionally added antibiotics to create
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chemodynamic therapy, and photodynamic therapy (PDT)
have gained attention.”’™>’ PDT, in particular, is promising
because it generates singlet oxygen ('O,) upon laser exposure,
effectively killing bacteria without causing resistance.”*”’
Cryogel materials have porous structure. When PDT is
combined with cryogel materials, the contact area between
photosensitizer and oxygen can be increased. In addition, the
porosity of cryogel materials can also increase the penetration
distance of the laser.”” Despite these advantages, photodynamic
cryogels still face challenges, such as the short lifespan and
limited spread of 'O,. Thus, novel strategies are needed to
enhance their effectiveness.
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Scheme 1. Schematic Illustration of SCTP Cryogel as Antibacterial Photodynamic Wound Dressing
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Surface modification of nanoagents with phenylboronic acid
(PBA) has been demonstrated to enhance targeted antibacterial
therapies by forming dynamic boronic ester bonds with diol
groups on bacterial cell walls.”’ ™ This approach has been
effectively utilized in various nanoagents, including silver
nanoparticles, to achieve targeted PTT and PDT against
bacteria.*®*” By exploiting the bacteria-targeting capability of
PBA, these modified nanoagents offer improved therapeutic
efficacy while minimizing adverse effects. Inspired by this
strategy, surface immobilization of cryogels with PBA holds
promise for developing photodynamic cryogels with enhanced
antibacterial efficacy for anti-infective treatments.

In this investigation, with the activation of EDC and NHS, the
carboxyl groups of SA can form an amide covalent bond with the
amino groups in 3-aminophenylboronic acid (PBA) and the
photosensitizer toluidine blue O (TBO) to produce SA@
TBO@PBA molecules.’®*” These molecules were cross-linked
using Ca(II) ions to form SA@Ca(Il)@TBO@PBA (SCTP)
hydrogel, which was subsequently freeze-dried to create
antibacterial SCTP cryogel dressings (Scheme 1). Thanks to
its inherent high porosity, the SCTP cryogel exhibited excellent
absorption of blood exudate, making it suitable for use as a
wound dressing. Both in vitro and in vivo experiments confirmed
the ability of the SCTP cryogel to rapidly stop bleeding when
applied as a wound dressing. TBO, a commonly used cationic
photosensitizer, has intrinsic toxicity and limited antibacterial
efficacy. However, by covalently attaching TBO molecules to
SA, its toxicity was significantly reduced. The formation of
boronic ester bonds between PBA and diol groups on the
bacterial cell surface allowed for the specific immobilization of
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) by
the SCTP cryogel, facilitating TBO-mediated photodynamic
inactivation of bacteria. Consequently, in vitro antibacterial
assays demonstrated the enhanced efficiency of PDT upon laser
irradiation. These promising findings suggest that nonantibiotic
cryogel wound dressings, such as SCTP cryogel, have the
potential for use in the treatment of skin wounds in the future.

2. MATERIAL AND METHODS

2.1. Preparation of SCTP Cryogel. Aqueous solutions of
SA, SA@TBO, or SA@TBO@PBA (2%) were poured into a 6-
well plate to serve as molds and refrigerated at 4 °C to eliminate
bubbles. After lyophilization, porous skeletons were formed.
These skeletons were then cross-linked with a 500 mM CaCl,
solution. Finally, the cryogels were obtained through a second
lyophilization process.

2.2. Singlet Oxygen Generation of STP Cryogel. DPBF
was employed as a probe to detect the generation of 'O,. SC,
SCT, or SCTP cryogels were placed at the bottom of a cuvette.
Then, 2 mL of a DPBF solution in acetonitrile (0.04 mM) was
added. The mixtures were exposed to 630 nm laser light at 50
mW/cm? for 1 min. The absorption spectrum of the samples was
recorded every 10 s using a UV—vis spectrophotometer. For
comparison, the absorbances of the cryogels without irradiation
were also measured.

2.3. Bacteria Culture. Gram-positive bacteria S. aureus
(ATCC 25923) and Gram-negative bacteria E. coli (ATCC
25922) were kindly provided by Guangzhou Institute of
Microbiology. The single colony of bacteria was suspended in
LB medium and then incubated overnight at 37 °C under 220
rpm shaking. After centrifugation, logarithmic growth bacteria
were obtained and resuspended in fresh LB medium.

2.4. In Vitro Antibacterial Assays. The antibacterial
efficacy of the cryogels was evaluated in vitro using S. aureus and
E. coli. Prior to the experiment, both the devices and cryogels
underwent preirradiation with a ultraviolet lamp for 30 min.
Subsequently, the cryogels (SC, SCT, or SCTP) were exposed
to bacterial suspensions (500 L, with a concentration of 10°
CFU/mL) and incubated in the dark for 3 h in separate wells of a
48-well plate. The samples were then divided into groups for
light treatment, while others remained in darkness. The light
treatment groups were subjected to 630 nm laser light (at 50
mW/cm?) for 30 min. Finally, the antibacterial effectiveness of
the cryogels was assessed by counting the number of bacterial
colonies on agar plates after incubating them at 37 °C for 12 h,
using the following formula

antibacterial rate (%) = (N — Ng)/N; X 100% (1)
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where N is the number of colonies incubated with DI water
(deionized water), and Ny stands for the number of colonies
incubated with the cryogels.

2.5. Hemolysis Assays of STP Cryogel. 1 mL of blood
from Balb/c mice was combined with 9 mL of 0.9% NaCl
solution and then centrifuged at 750 rpm for 10 min. After
discarding the supernatant, the remaining red blood cells
(RBCs) were washed several times with a significant volume of
0.9% NaCl until the supernatant appeared colorless. Finally, the
RBCs were diluted with 0.9% NaCl to achieve a concentration of
4% (volume concentration).

To begin, the cryogels were pulverized into fine powder for
ease of handling in subsequent steps. This was done for all types
of cryogels: SC, SCT, and SCTP. Next, suspensions of the
powdered cryogels at different concentrations were prepared
and mixed with a solution containing RBCs. After allowing the
mixtures to sit at 37 °C for 2 h, they were centrifuged at 5000
rpm for S min. The resulting supernatant, containing released
hemoglobin, was left at room temperature for 30 min to ensure
complete oxidation of hemoglobin to oxyhemoglobin. For
comparison: RBCs treated with Triton X-100 and RBCs treated
with 0.9% NaCl were employed as positive and negative control
groups, respectively. Finally, the absorbance at 540 nm was
measured using a microplate reader, and the hemolysis rate
(HR) was determined using the following formula

HR(%) = (A, — A,)/(4, — A,) X 100% 2)
where A is the absorbance of RBCs incubated with cryogels, Ay
reflects the absorbance of RBCs incubated with 0.9% NaCl, and
Ap stands for the absorbance of RBCs incubated with DI water.

2.6. Animal. All animal experiments were approved by the
Animal Ethics Committee of Guangdong Medical University
(GDY2402002) and carried out in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory
Animals. The standardized and specific-pathogen-free (SPF)
grade female Balb/c mice (6—8 weeks, Guangdong Provincial
Animal Center) were raised in SPF animal room at the animal
center of Guangdong Medical University and were acclimatized
for 1 week before animal assays. Every effort was made to
minimize animal suffering and reduce the number of animals
used in the experiment.

2.7.Hemostatic Assays of SCTP Cryogel. The hemostatic
capabilities of the cryogels were examined through a mouse-tail
cutting experiment, employing gauze, SC, SCT, and SCTP
cryogels. Twelve Balb/c mice were randomly distributed across
the four groups. A section equivalent to 30% of each mouse’s tail
length was severed, and the resulting wounds were promptly
treated with one of the designated materials: gauze, SC, SCT, or
SCTP cryogels. Subsequently, the efficacy of each treatment was
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evaluated by comparing the quantity of blood loss and the
duration required for hemostasis to be achieved.

2.8. Statistical Analysis. All the results are reported as
mean =+ SD. The differences among groups were determined
using one-way ANOVA analysis (*P < 0.05, **P < 0.01, ¥**P <
0.001).

3. RESULTS AND DISCUSSION

3.1. Generation and Characterization of SCTP Cryogel.
To verify the successful immobilization of TBO and PBA onto
SA, UV—vis spectroscopy was employed (Figures 1 and S1),
which indicated grafting rates of 2.0% for TBO and 5.5% for
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PBA. Compared with SA, the UV—vis spectra of STP has the
characteristic absorption peaks of TBO and PBA. Therefore, the
TBO and PBA have successfully modified SA. The SCTP
cryogel was then produced by lyophilizing the Ca(II)-cross-
linked SCTP hydrogel (Scheme 1). The purple color of the
SCTP cryogel, as shown in Figure 2a, confirmed the successful
synthesis of the SA@TBO@PBA molecules. SEM was used to
analyze the morphology of the cryogels. The images displayed a
lamellar and porous structure, essential for absorbing blood
exudates during hemostasis and capturing bacteria (Figure 2b).
The cryogels’ water absorption ability and porosity were also
evaluated, demonstrating that the SCTP cryogel achieved a high
water absorption capacity of 2642.5% and a porosity of 88.6%,
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Figure S. (a) Relative hemolysis ratios and (b) cell viability of 1929 cells treated with SC, SCT and SCTP cryogels at different concentrations.

which are beneficial for their hemostatic function (Figure 2c,d).
These properties confirm that all prepared cryogels exhibit
excellent water absorption capacity, necessary for effective
wound dressings."’

In addition, we evaluated the dynamic swelling of SCTP
cryogel. The results were shown in Figure S2. The SCTP cryogel
showed rapid swelling within S min, and then reached swelling
equilibrium after 30 min with the swelling rate of 3053.3%. The
result showed that the SCTP cryogel could swell to equilibrium
within 30 min, and had a high swelling rate.

Subsequently, we evaluated the stability of SCTP cryogel
under different temperature conditions (37, 45 and 60 °C). The
results are shown in Figure S3. As can be seen from the photos,
the color of the SCTP cryogels did not change after 7 days at
different temperatures (37, 45 and 60 °C), and the shape
remained intact without chapping. In addition, as can be seen
from Figure S4, the cryogels had little change in weight over 7
days except for a slight loss of water. It indicates that the SCTP
cryogel is stable below 60 °C and can be stored for a certain time.

Because 'O, is crucial for killing bacteria in PDT, it is
important to assess how much 'O, a material can produce. In
this study, we used a method called the DPBF assay to measure
'0, production by the SCTP cryogel (Figure 3). DPBF reacts
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with 'O, to form a nonabsorbing compound, and we measured
the decrease in absorption at 410 nm to quantify 'O,
production.”’ When the SCTP cryogel was exposed to 630
nm laser light, there was a significant reduction in DPBF
absorption compared to control samples (Figure 3a,b).
Furthermore, by adjusting the duration of laser irradiation, we
could control the amount of 'O, produced (Figure 3c),
demonstrating the potential of the SCTP cryogel for use in
antibacterial photodynamic therapy (aPDT).

3.2. In Vitro Bacterial Capture and Antibacterial
Activities of SCTP Cryogel. PBA has gained attention for its
ability to interact with bacterial surfaces, making it useful in
bacterial detection and anti-infective therapy.”” In our study, we
incorporated PBA into the SCTP cryogel to capture bacteria
through covalent binding. This design aimed to enhance the
efficiency of photodynamic bacterial inactivation by reducing
the distance between bacteria and the 'O, generated by TBO
under 630 nm laser irradiation. Since wound dressings are
applied directly to wounds, it is crucial to ensure effective
antibacterial activity against wound infections. To evaluate its
antibacterial abilities against S. aureus and E. coli, we conducted
experiments using the plate counting method, with or without
630 nm laser irradiation (Figure 4). We observed no significant
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difference in bacterial viability when treated with the SC cryogel
with or without laser irradiation. Next, we tested the SCT and
SCTP cryogels without laser irradiation (Figure 4a,b). The SCT
cryogel showed limited antibacterial activity (38.6% for S. aureus
and 54.4% for E. coli), likely due to the dark toxicity of TBO.
However, the SCTP cryogel, with PBA’s bacterial targeting
effect, showed improved toxicities against bacteria (86.2% for S.
aureus and 73.9% for E. coli). Finally, we assessed the therapeutic
efficiency of aPDT by exposing the SCT and SCTP cryogels to
bacteria under 630 nm laser irradiation. While the SCT cryogel
showed moderate antibacterial rates (64.1% for S. aureus and
60.3% for E. coli), PBA modification significantly enhanced the
aPDT efficiency of the SCTP cryogel (97.5% for S. aureus and
86.6% for E. coli) (Figure 4c,d). The enhanced antibacterial
effect observed with SCTP cryogels highlights the importance of
PBA-mediated bacterial targeting, resulting in substantially
higher antibacterial rates against both S. aureus and E. coli. In
summary, our findings underscore the significant role of PBA in
enhancing the aPDT efficiency of the SCTP cryogel, making it a
promising candidate for combating bacterial infections in
wounds.

3.3. In Vitro Biosafety of SCTP Cryogel. Hemolysis and
Cell Counting Kit-8 (CCK-8) assays were conducted to evaluate
the biocompatibility of the cryogels, including SC, SCT, and
SCTP cryogels (Figure 5). In the hemolytic test, mouse RBCs
were exposed to different concentrations of SC, SCT, and SCTP
cryogels, while positive and negative controls were Triton X-100
and 0.9% NaCl, respectively. The positive control showed
complete RBC rupture, indicating hemolysis, while no
significant hemolysis was observed in the negative control or
any cryogel group, even at the highest concentration (1 mg/
mL). Notably, the HR of the SCTP cryogel (1.6%) remained
below the permissible limit (5%) at the highest concentration
(Figure Sa). Moreover, CCK-8 assays on the mouse fibroblast
cells (L929 cells) revealed minimal cytotoxicity for all cryogel
types, even at 1 mg/mL (Figure Sb). Overall, these results
highlight the excellent biosafety of the SCTP cryogel for
potential in vivo applications.
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3.4. Hemostatic Characterization of SCTP Cryogel. To
prevent excessive post-traumatic bleeding, hemostasis is an
essential evaluation index for wound dressings.40 To evaluate the
SCTP cryogel’s ability to stop bleeding effectively, Balb/c mice
were employed as an animal model by cutting down part of their
tails to evaluate the hemostatic property of the SCTP cryogel
(Figure 6a). We compared blood loss and hemostatic time using
various materials: gauze, SC, SCT and SCTP cryogels. The
results showed that gauze application resulted in substantial
blood loss and prolonged bleeding for approximately S min.
Conversely, the use of SC and SCT cryogels significantly
reduced blood loss and the time needed for hemostasis. Notably,
the SCTP cryogel exhibited superior hemostatic properties,
reducing blood loss and the time for hemostasis by 58.6 and
49.4%, respectively, compared to gauze(Figure 6b,c). The above
findings indicate that SCTP cryogel has the excellent hemostatic
ability in the tail amputation hemorrhage models which could
attribute to the strong adhesion between the PBA of SCTP
cryogel and the surface of the wound. This adhesion is due to the
combination of PBA and sugar-based compounds present on
biological cell membranes. These findings underscore the
potential of the SCTP cryogel as an effective wound dressing
for promoting hemostasis.

4. CONCLUSION

To summarize, we've created a new type of wound dressing
called the SCTP cryogel. It provides quick clotting and better
aPDT without antibiotics. This cryogel is made by attaching the
photosensitizer TBO and PBA to SA chemically. With the help
of PBA’s bacteria-targeting effect, our tests in the lab showed a
notable improvement in treatment effectiveness under 630 nm
laser light. Also, the cryogel has high absorbency, which helps in
absorbing blood and promoting fast clotting. In vivo assays
confirmed its effectiveness in stopping bleeding, making it a
promising option for clinical trials as a wound dressing.
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