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ABSTRACT

The development of novel wound dressings, such as aerogels, with rapid hemostasis and bactericidal
capacities for pre-hospital care is necessary. To prevent the occurrence of bacterial resistance, antibac-
terial photodynamic therapy (aPDT) with broad-spectrum antibacterial ability and negligible bacterial
resistance has been intensively studied. However, photosensitizers often suffer from poor water solu-
bility, short singlet oxygen ('0,) half-life and restricted 'O, diffusion distance. Herein, sodium alginate
was covalently modified by photosensitizers and phenylboronic acid, and cross-linked by Ca(ll) ions to
generate SA@TPAPP@PBA aerogel after lyophilization as an antibacterial photodynamic wound dress-
ing. Afterwards, its photodynamic and bacterial capture activities were intensively evaluated.
Furthermore, its hemostasis and bactericidal efficiency against Staphylococcus aureus were assessed via
in vitro and in vivo assays. First, chemical immobilization of photosensitizers led to an enhancement of
its solubility. Moreover, it showed an excellent hemostasis capacity. Due to the formation of reversible
covalent bonds between phenylboronic acid and diol groups on bacterial cell surface, the aerogel
could capture S. aureus tightly and dramatically enhance aPDT. To sum up, the prepared aerogel illus-
trated excellent hemostasis capacity and antibacterial ability against S. aureus. Therefore, they have
great potential to be utilized as wound dressing in clinical trials.
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1. Introduction Despite diverse materials used in wound dressings (Maleki
et al., 2021; Liang et al., 2022), aerogels have been emerg-
ingly studied and demonstrated promising application pro-
spect in hemostasis (Li et al., 2020a,b; Yao et al., 2022; Zheng
et al,, 2022). According to IUPAC (international union of pure
and applied chemistry), aerogels are defined as gels com-

prised of microporous solid in which dispersed phase is gas.

As the largest organ of human body, the skin plays essential
roles in defending against bacterial pathogens and environ-
mental assaults (McGrath & Uitto, 2008; Meglio et al, 2011;
Lai-Cheong & McGrath, 2021). However, skin trauma often
occurred with injuries, such as cuts, contusions, military casual-

ties, traffic accidents, and surgeries. Unfortunately, serious skin
damage could lead to excessive blood bleeding and patho-
genic infection. As reported, un-controlled hemorrhage has
become the main cause of trauma death worldwide (Gaston
et al, 2018). On the occasion of skin damage, wound dress-
ings are employed as pre-hospital care by covering the wound
area to stop bleeding and protect the wound site from early
contamination of bacterial adhesion and settlement. Although
various materials are commonly applied in clinical trials (Xian
et al., 2020; Dong & Guo, 2021), there is still an increasing
demand for the exploitation of novel functional materials with
rapid hemostasis and antibacterial ability for trauma emer-
gency treatment and temporary protection.

In another word, aerogels are a type of ultra-light materials
with high porosity and large surface area. Actually, fluid
absorption capacity is essential in the prevention of bleeding
due to the huge amount of blood exudate (Yao et al., 2021).
Owning to the high porosity of aerogels, the wound dress-
ings are endowed with excellent blood exudate absorption
ability. Compared to traditional wound dressings, aerogels-
based wound dressings not only have blood exudate absorp-
tion ability but also possess a key capacity in maintaining
the gaseous exchanges, which is also of importance for
wound healing. In comparison with hydrogels, the highly
porous network, adjustable surface properties, tunable pore
sizes, low density and good biocompatibility of aerogels
make them promising candidates for bactericidal applications
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(Zhang et al., 2020). Aerogels can achieve rapid capture and
efficient elimination of bacteria to effectively treat bacterial
wound infections due to its high porosity and large surface
area (Kaya et al.,, 2021). Considering that ideal aerogels should
be nontoxic, biocompatible and biodegradable, alginate is a
good option and has been intensively researched for the fabri-
cation of aerogels. As an anionic polysaccharide biopolymer
isolated from brown algae, alginate illustrates negligible tox-
icity, low immunogenicity, excellent biocompatibility and bio-
degradability, which make it suitable for in vivo applications
(Aderibigbe & Buyana, 2018; Ren et al., 2018; Varaprasad et al.,
2020). Due to its gelling ability via Ca(ll)-mediated ionotropic
gelation under mild conditions, alginate allows the formation
of hydrogels. Eventually, freeze-drying technology offers a
green method for preparing alginate-based aerogels from wet
gels to preserve the cross-linked 3D structures. Besides, the
obtained aerogels achieve the continuous release of Ca(ll) as a
blood coagulation factor to accelerate hemostasis (Stenflo
et al, 2000; Toyoda et al., 2018).

To further avoid bacterial infection, bactericidal ability is
essential for wound dressings. Accordingly, antibiotics are
preferentially used to strengthen their antibacterial effect.
Regrettably, long term and abuse of antibiotics lead to the
occurrence of bacterial resistance (Auzin et al., 2021; Lai
et al, 2021; Bassetti et al., 2022). As predicted by World
Health Organization (WHO), it could cause the death of
nearly 10 million people each year by 2050. To avert the use
of antibiotics and prevent the occurrence of bacterial resist-
ance, novel antibiotic-free treatments have been emergingly
developed (Yu et al., 2018; Guo et al., 2020; Wu et al., 2021),
for instance, antibacterial photodynamic therapy (aPDT). aPDT
takes full advantage of singlet oxygen ('O,) generated by
photosensitizers for effective bacterial inactivation. During the
process, irreparable oxidative damage is caused by 'O, to vital
cellular components, such as lipids, proteins and DNA, which
leads to the death of bacteria with negligible bacterial
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resistance. Due to its broad-spectrum antibacterial capacity
and remote controllability, intensive research attentions have
been continuously devoted to aPDT in the past decades (Jia
et al, 2017; Sun et al,, 2019; Dharmaratne et al., 2020; Li et al.,
2020; Xiao et al., 2020; Feng et al., 2021). Fortunately, aPDT in
wound dressing platforms does not have the two main draw-
backs: inadequate oxygen supply and limited penetration
depth of laser light. However, further application of aPDT is
still severely limited by its unsatisfactory therapeutic efficiency
caused by short lifetime and restricted diffusion distance of
'0, (Diniz et al., 2015). To further improve the therapeutic effi-
ciency of aPDT in wound dressings, novel approaches are
urgently needed to address these issues.

Recently, the boronic acid, especially phenylboronic acid,
has been widely used in antibacterial applications due to its
capacity to form reversible covalent bonds with diols (Cheng
et al, 2020; Hu et al,, 2020). In another word, it could bind
to any diol containing compounds to form boronic esters.
Consequently, the binding of boronic acid to diol containing
antibacterial agents is responsive to acidic pH, which has
been utilized for infectious microenvironment-responsive
bactericidal release during treatments (van der Vlies et al,
2019; Zhao et al., 2021; Zheng et al., 2021). More importantly,
boronic acid is also employed as a functional group for spe-
cifically reacting with the diol groups of glycoproteins and
polysaccharides on the bacterial cell walls to achieve bacter-
ial targeting attachment and amplify their accumulation on
the cell walls ( Beyranvand et al., 2020; Wang et al., 2021).
Therefore, boronic acid surface modification is a promising
strategy for improved therapeutic efficiency during anti-
infective therapy.

Herein, sodium alginate (SA)-based functional molecule,
SA@TPAPP@PBA, has been rationally designed and success-
fully prepared by chemically modifying SA with 3-aminophe-
nylboronic acid (PBA) and photosensitizer molecules
(tetra(4-aminophenyl)porphyrin, TPAPP, Scheme 1). Through
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Scheme 1. Schematic illustration of alginate-based aerogel and its application as antibacterial photodynamic wound dressing.
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cross-linking with Ca(ll) ions, SA@TPAPP@PBA aerogel could
be generated after lyophilization as a novel aPDT wound
dressing. Due to its high porosity, SA@TPAPP@PBA aerogel
could efficiently absorb blood exudate and turn into hydro-
gel to stop bleeding and inhibit the formation of bacterial-
growth-promoting exudate-filled areas. Besides, the chemical
immobilization of TPAPP led to an increment of its water
solubility and biocompatibility. Owning to the formation of
reversible covalent bonds between PBA and the diol groups
of glycoproteins on the bacterial cell surface (Halbus et al.,
2019; Wang et al., 2020), SA@TPAPP@PBA aerogel could cap-
ture Staphylococcus aureus (S. aureus) tightly. More import-
antly, the efficient bacterial capture dramatically contributed
to the achievement of enhanced aPDT upon 660nm laser
irradiation. In vitro and in vivo assays illustrated that
SA@TPAPP@PBA aerogel could fulfill the demand of stopping
bleeding and avoiding bacterial infection synchronously,
which should be taken into consideration for anti-infective
therapy in future.

2. Materials and methods
2.1. Materials

5,10,15,20-Tetra (4-aminophenyl) porphyrin (TPAPP) was pur-
chased from Zhengzhou Anmusi Chemical Products Co., Ltd.
(Zhengzhou, China). Sodium alginate (SA), 3-aminophenylbor-
onic acid, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC-HCI), and CaCl, were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Beijing,
China). N-Hydroxysuccinimide (NHS) was purchased from
Tianjin C&S Biochemical Technology Co., Ltd. (Shanghai,
China). 1,3-Diphenylisobenzofuran (DPBF, 97%) was pur-
chased from Acros Organics (Geel, Belgium). Luria—-Bertani
(LB) Broth powder was purchased from Beijing Solarbio
Biotechnology Co., Ltd. (Beijing, China). Mueller Hinton agar
medium was purchased from Guangdong Huankai Microbial
Technology Co., Ltd. (Guangdong, China). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and fetal bovine serum (FBS)
were purchased from Gibco (Carlsbad, CA, USA). SYTO 9 and
propidium iodide (PI) were purchased from Sigma Co, Ltd.
(St. Louis, MO, USA). All solvents and reagents were of ana-
Iytical grade and used as received unless declared.

2.2. Cell lines and cell culture

The mouse fibroblast cells (L929) were obtained from
Guangzhou Medical University (Guangdong, China). L929
cells were cultured in DMEM medium, supplemented with
10% FBS and 1% penicillin-streptomycin at 37°C under a
humid atmosphere containing 5% CO,.

2.3. Synthesis of SA@TPAPP@PBA molecules

SA (198.0mg) was dissolved in 50mL DI water, EDC-HCI
(193.5mg) and NHS (117.1mg) were added to activate the
carboxyl groups for 45min. Then TPAPP (5mg) in ethanol
(50 mL) was added slowly and stirred for 24h (Scheme 2).

After dialysis against water/ethanol solvent mixtures (10:1, v/
v) for 2 d, SA@TPAPP was obtained via lyophilization. Next,
PBA (136.9 mg) was coupled to SA@TPAPP with EDC-HCI and
NHS by using ethanol/water mixtures (1:1 v/v) as co-solvent.
After dialysis for 2 d, SA@TPAPP@PBA molecules were
obtained via lyophilization.

2.4. Preparation of SA@TPAPP@PBA aerogel

The aqueous solutions of SA, SA@TPAPP or SA@TPAPP@PBA
(2%) were poured into the molds and kept in fridge at 4°C
to eliminate bubbles. And the porous skeletons were
obtained by lyophilization. Finally, the skeletons were cross-
linked by CaCl, aqueous solution (500 mM) and lyophilized
to obtain the corresponding aerogels.

2.5. Characterization

The UV-vis absorption spectra was recorded on UV-visible
spectrophotometer (UV-6000PC, Shanghai Metash Instruments
Co., Ltd, Shanghai, China). Fourier transform infrared (FTIR)
spectra were tested from 400 to 4000 cam™! using a FTIR spec-
trometer (WQF-510A, Beijing Rayleigh Analytical Instrument
Co. Ltd, Beijing, China). The morphology and structure of the
aerogels were observed by scanning electron microscope
(SEM, JSM-IT500, JEOL, Tokyo, Japan). Confocal laser scanning
fluorescence microscope (CLSM) images of bacteria were
taken by using an oil immersed 63 x objective lens (Leica,
SP8, Mannheim, Germany).

2.6. Water absorption ability (W,,)

Firstly, the weight (Wy) of the aerogels (® 8 x 2mm) was
recorded including SA, SA@TPAPP, and SA@TPAPP@PBA
aerogels. Then all the aerogels were entirely immersed into
DI water at 37°C for 30 min until reaching saturation. After
removing the surface moisture, the saturated weight (W;) of
the aerogels was recorded. W can be calculated according
to the following formula:

WAA(%) = (W1 - Wo)/Wo X 100% (1)

2.7. Porosity (P) of aerogels

First, the weight (W) and volume (V) of the aerogels were
recorded, including SA, SA@TPAPP, and SA@TPAPP@PBA
aerogels. Then all the aerogels were entirely immersed into
ethanol and the air was fully removed by vacuum. After
30 min, the weight of the aerogels (W) was recorded. P can
be calculated according to the following formula:

P = (Wf—WO)/pEtOH . V X 100% (2)
(Pecony = 0.78935g cm3)

2.8. '0,-generation ability evaluation

DPBF was used as a probe to detect the production of '0s.
The aerogels, including SA, SA@TPAPP, and SA@TPAPP@PBA
aerogels, were put into the bottom of cuvette, respectively.
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Scheme 2. Synthesis of SA@TPAPP and SA@TPAPP@PBA molecules.

After the addition of DPBF solution of acetonitrile (0.04 mM,
2mL), the mixtures were irradiated with a 660-nm laser light
at 50mW cm 2 for 7min. The absorption spectrum of the
samples was recorded every minute by UV-vis spectropho-
tometer. As a contrast, the non-photodynamic samples were
also recorded.

2.9. Bacteria culture

Staphylococcus aureus (S. aureus, ATCC 25923) was 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 re-suspended in fresh LB medium.

2.10. Bacterial capture assays

Bacterial adhesion on SA, SA@TPAPP and SA@TPAPP@PBA
aerogels was assessed by culturing S. aureus suspension (107
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CFU mL™") with the aerogels. Briefly, the aerogels were
immersed into the bacterial suspension (1mL) for 3h at
37°C. Then non-immobilized bacteria were washed away
with 0.9% NaCl. After fixation of the immobilized bacteria
with glutaraldehyde solution (2.5%) for 12 h, they were dehy-
drated in series of ethanol solutions (30, 50, 70, 80, 90, and
100%) for 10 min and lyophilized. Finally, the samples were
sputtered with platinum and observed by SEM.

2.11. In vitro antibacterial assays

In vitro antibacterial activities of the aerogels were evaluated
by using S. aureus as model bacteria. All devices and aero-
gels were treated by an ultraviolet lamp for 30min in
advance. Firstly, the aerogels were put into the bottom of 48
well plates, respectively. After the addition of bacterial sus-
pension (107 CFU mL™", 500 L) to each well and incubation
in dark for 3h, the aerogels were equally divided into two
groups for light free and light treatment with a 660 nm laser
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light (50mW cm™2, 60min), separately. Finally, the antibac-
terial properties of the aerogels were tested by the agar
plate counting. Through the incubation of plates at 37°C for
12 h, the antibacterial rate of aerogels can be calculated by
counting the number of colonies according to the following
equation:

Antibacterial rate (%) = (Nc - Ns)/Nc x 100% (3)

where N¢ is the number of colonies incubated with DI water,
and Ng stands for the number of colonies incubated with
the aerogels.

2.12. Fluorescence microscopic observation (live/dead)

Bacteria dispersion (107 CFU mL™', 500 L) was incubated
with aerogels at 37°C for 3h. Then they were equally div-
ided into two groups for light free and light treatment with
a 660nm laser light (50mW cm 2, 60min), separately.
Afterwards, the mixture was centrifuged at 5000rpm for
5min to remove the supernatant and washed with PBS
twice. The aqueous solution of 0.6 uL SYTO 9 and 10 uL Pl in
990 uL PBS was prepared, and 300 puL of the solution was
mixed with the obtained bacterial pellet in dark for 20 min at
37°C. In this way, the live and dead bacteria were stained
for green color by SYTO 9, and the dead bacteria were
stained for red color by PI. All samples were fixed on con-
focal small dish with 2.5% glutaraldehyde solution, and the
images were captured CLSM.

2.13. Hemolysis assays

Fresh blood of SD rats (1 mL) was suspended in PBS (10 mL,
pH 7.4, 10mM with 0.9% NaCl) and centrifuged at 1000 rpm
for 10min. The supernatant was thrown away to collect red
blood cells (RBCs). The collected RBCs were rinsed with huge
amount of PBS until the supernatant was colorless. Finally, the
RBCs were diluted with PBS into 4% (volume concentration).

First, the aerogels were grinded into powder for further
use. The aqueous suspension of powders (2mg mL~’,
0.5mL) was mixed with RBCs suspension, and the mixture
was incubated at 37°C for 2h. After centrifugation at
1000 rpm for 5 min, the supernatant was collected and kept
at room temperature for 30 min to fully oxidize the hemoglo-
bin to form oxyhemoglobin. RBCs treated with deionized
water were used as the positive control group, and RBCs
treated with 0.9% NaCl were used as the negative control
group. Finally, the absorbance at 540 nm was recorded by a
microplate reader to calculate hemolysis rate (HR) according
to the following formula:

HR (%) = (As = A)/(Ap — An) x 100% @)

where A, is the absorbance of RBCs incubated with aerogels,
A, reflects the absorbance of RBCs incubated with 0.9%
NaCl, and A, stands for the absorbance of RBCs incubated
with DI water.

2.14. Cytotoxicity assay

The toxicity of the aerogels in L929 was assessed by MTT
assay and Live/Dead assays. L929 cells were seeded in a 48
well plate with a density of 6000 cells per well, and incu-
bated at 37°C for 24h to achieve adherent growth. After
replacing the supernatant with fresh DMEM medium, the
aerogels (SA, SA@TPAPP, SA@TPAPP@PBA, 1 mg mL~") were
incubated at 37°C for 24h. Then 10 L of MTT (5mg mL™")
was added into each well for another 4h and rinsed with
PBS. In order to dissolve the produced formazan crystals,
DMSO (100puL) was added. Finally, the absorbance of
obtained mixture at 570nm was recorded with a micro-
plate reader.

Besides, Live/Dead assays was conducted with L929 cells
in a 6-well plate with a density of 2 x 10° cells per well and
incubated at 37 °C for 24 h. After sucking up the supernatant,
the suspension of the powder (SA, SA@TPAPP,
SA@TPAPP@PBA, 1mg mL~", 1mL) were added and incu-
bated at 37°C for 24 h. Then 500 puL of calcein-AM/propidium
iodide dye was added to stain the cells for 15min after
washing 3 times. And the fluorescence was observed by the
inverted fluorescence microscope (Zeiss, Axio Observe 7).

2.15. Hemostatic experiments

The hemostatic capacities of the aerogels were tested by the
rat-tail cutting experiment. All animal studies described were
approved by the animal center of Guangdong Medical
University. Twelve SD rats used in this experiment were ran-
domly divided into four groups. 30% length of their tails
were cut and quickly wrapped with four different samples,
including gauze, SA, SA@TPAPP, and SA@TPAPP@PBA aero-
gels, respectively. Then the hemostatic capacities of the indi-
vidual samples were evaluated by comparing their weight
and time of blood loss afterwards.

2.16. Blood cell adhesion test

The adhesion of blood cells on the aerogels was evaluated
by dropping the whole blood onto the gauze and the aero-
gels (SA, SA@TPAPP, and SA@TPAPP@PBA), respectively, and
incubated for 5min at 37 °C. After rinsing the unimmobilized
blood cells away, 2.5% glutaraldehyde was added to fix the
blood cells for 3h. After that the aerogels were dehydrated
steadily by employing ethanol-aqueous solutions (50, 60, 70,
80, 90, and 100%). Finally, the morphology of the obtained
samples was visualized by SEM.

2.17. The blood-clotting index (BCI)

All the aerogels (SA, SA@TPAPP, and SA@TPAPP@PBA) were
cut into the cylindrical specimens with the same size (diam-
eter: 8mm, height: 5mm). After that the recalcified blood
aqueous solution (10 MM CaCl,, 100 uL) was added onto the
surfaces of the aerogels. After incubating at 37 °C for 2.5 min,
huge amount of DI water (10mL) was used to rinse the
unattached blood away without destroying the clot. And the



absorbance of the supernatant at 540 nm (I;) was recorded
with the microplate reader. The positive control group (lp)
was recorded by directly mixing the bloods (100 puL) with DI
water (10mL). The BCl was calculated according to the fol-
lowing formula:

BCI (%) = (Iylp) x 100% (5)

2.18. In vivo antibacterial experiments

All animal experiments have received the animal ethical and
welfare permission from the animal center of Guangdong
Medical University (Dongguan, China). Male Sprague-Dawley
(SD) rats (180-200g) were purchased from Guangdong
Provincial Animal Center (Guangzhou, China) and kept in the
SPF animal house. The 24 SD rats used were randomly
divided into eight groups (0.9% NaCl, SA, SA@TPAPP,
SA@TPAPP@PBA, 0.9% NaCl + Light, SA +Light,
SA@TPAPP + Light, SA@TPAPP@PBA + Light). The infectious
model was built on the back skin of SD rats by punching a
hole with a diameter of 8 mm. Staphylococcus aureus solution
(10° CFU mL~", 10 uL) was dropped onto the wound site for
30min. Then the aerogels were put onto the wound site,
separately. The groups of light treatment were irradiated
with a 660 nm laser light (50 mW cm™—2, 60 min). During the
experiment, the wound area of the mice was photographed
at 0, 7th, and 15th day. And all the mice were sacrificed at
the 15th day. Finally, the skin tissues of the wound site were
collected and fixed with paraformaldehyde (4%) for hema-
toxylin and eosin (H&E) staining.

2.19. Statistical analysis

The values were manifested as the mean *standard devi-
ation (SD), and the data were gathered based on more than
three parallel experiments. The statistical analysis was con-
cluded by using Student’s t-test. In all test, the statistical sig-
nificance for the test was set at *p<.05 **p<.01,
and ***p <.001.

3. Results and discussion

3.1. Preparation and characterization of
SA@TPAPP@PBA aerogel

To confirm whether TPAPP and PBA were successfully immo-
bilized to SA, the produced SA@TPAPP@PBA was character-
ized by FT-IR and UV-vis spectroscopy. As shown in Figure 1,
the absorption intensity at 1610cm ' (amide | band) in
SA@TPAPP and SA@TPAPP@PBA is comparatively enhanced
than that in SA. Due to the potential interference of O-H
bending vibration absorption peak in adsorbed water, UV-vis
spectroscopy was employed to further prove the preparation
of SA@TPAPP@PBA molecules. According to UV-vis analysis
(Figure S1), the grafting rates of TPAPP and PBA were deter-
mined to be 3.5 and 8.4%, respectively.

As illustrated in Scheme 1, SA@TPAPP@PBA aerogel was
fabricated by lyophilizing the Ca(ll)-crosslinked
SA@TPAPP@PBA hydrogel (Figure 2(a)). The water absorption
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Figure 1. FTIR spectra of PBA, TPAPP, SA, SA@TPAPP, and SA@TPAPP@PBA.

ability and porosity of the aerogels were tested, respectively
(Figure 2(b,c)). And the experimental results showed that
SA@TPAPP@PBA aerogel achieved a high water absorption
ability of 1199.1% and porosity of 79.4%, separately.
Meanwhile, the morphology of aerogels was visualized by
SEM (Figure 2(d)). Compared with gauze, lamellar and pore
structures were formed in aerogels, which were crucial blood
exudate absorption during hemostasis and bacterial capture.
Thus, all prepared aerogels exhibited good water absorb-
ing capacity.

Since high amount of '0, was produced as bactericidal
during aPDT at the wound site, DPBF assay was performed
to evaluate the 'O, generating ability of SA@TPAPP@PBA
aerogel (Figures 3 and S2). Due to the reaction ability of
DPBF with 'O, to generate the non-absorbing o-dibenzoyl-
benzene, it was employed as a quencher. And the absorption
at 410nm was used to quantify the relative consumption
of DPBF. Actually, the DPBF absorption intensity of
SA@TPAPP@PBA aerogel dramatically decreased after the
exposure to a 660 nm laser irradiation compared with control
samples (Figure 3(a)). Besides, absolute 'O, formation could
be readily controlled by the irradiation time (Figure 3(b)).

3.2. In vitro antibacterial activity

Due to the formation of boronic esters between boronic acid
and various glycoproteins and polysaccharides on the surfa-
ces of bacteria, boronic acid was widely used as an appropri-
ate recognition or targeting molecule in bacteria detection
and anti-infective therapy (Galstyan et al., 2017; Zheng et al.,
2018; Halbus et al., 2019; Wang et al., 2020). In our research,
PBA was employed in SA@TPAPP@PBA aerogel to recognize
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and capture S. aureus through covalent diol-binding. Owning
to shortened distance between bacteria and photosensitizer
molecules/'0,, the therapeutic efficiency of aPDT could be
greatly improved. To study the process of bacterial capture,
S. aureus were incubated with the aerogels in dark.
Afterwards, the obtained aerogels were observed by SEM. As
shown in Figure 4(a,b), SA@TPAPP@PBA aerogel adsorbed
more S. aureus than SA and SA@TPAPP aerogels, which was

attributed the targeting function of PBA. Predictably, this
could lead to a more efficient deconstruction of cell mem-
branes via generated 'O, and improved photodynamic
inactivation of S. aureus in the presence of 660nm laser
irradiation.

As wound dressing is used directly on wound area,
adequate aPDT activity against wound infection is necessary
for SA@TPAPP@PBA aerogel. Accordingly, its antibacterial
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Figure 4. (a) SEM images of S. aureus adhesion on SA, SA@TPAPP, and SA@TPAPP@PBA aerogels. (b) Related histogram of S. aureus adhesion. (c) Photographs of
bacterial colonies after different treatments. (d) The corresponding antibacterial rates determined by the plate counting method.

ability was evaluated by plate counting method against
S. aureus. During the in vitro antibacterial assays, S. aureus
were treated with SA, SA@TPAPP, and SA@TPAPP@PBA aero-
gels in the absence or presence of 660 nm laser irradiation
(Figure 4(c,d)). The diminishment of viability in the presence
of TPAPP without a 660nm laser irradiation is regarded as
dark toxicity. First, SA aerogel was co-cultured with S. aureus
in the absence and presence of 660nm laser irradiation,
which showed no obvious difference in bacterial viability
under the two conditions. Next, SA@TPAPP and
SA@TPAPP@PBA aerogels were incubated with S. aureus in
dark. As displayed in Figure 4(d), the outcomes exhibited a

slight antibacterial activity (<50%) against S. aureus, which
might be attributed to the dark toxicity of TPAPP. Owning to
the bacterial capture effect of PBA, SA@TPAPP@PBA aerogel
possessed an improved antibacterial ability compared with
SA@TPAPP aerogel. Finally, the therapeutic efficiency of aPDT
was assessed by incubating SA@TPAPP and SA@TPAPP@PBA
aerogel with S. aureus in the presence of 660 nm laser irradi-
ation. As shown in Figure 4(d), SA@TPAPP aerogel reached
an antibacterial rate of approximately 64.4%. Despite the fact
that a restrained antibacterial activity was realized by
SA@TPAPP aerogel, PBA modification was still necessary to
achieve satisfactory aPDT efficiency. Actually, an enhanced
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Figure 5. Confocal laser scanning microscopy (CLSM) images of S. aureus where dead/live bacteria are labeled green by SYTO 9 and dead bacteria are labeled red

by PI (scale bar: 25 pm).

antibacterial effect was achieved by SA@TPAPP@PBA aero-
gels through PBA-mediated S. aureus capture function, which
was 90.7%. Moreover, live/dead staining experiments were
performed by employing SYTO-9 and Pl staining kits. As illus-
trated in Figure 5, all control groups showed no obvious red
fluorescence (dead bacteria). In contrast, an increased area of
red fluorescence could be observed in groups of
SA@TPAPP@PBA aerogel, which proved the augmented aPDT
efficiency of SA@TPAPP@PBA aerogel. Meanwhile, SEM
images of the bacteria before and after treatment in
SA@TPAPP@PBA group were obtained (Figure S3). Massive
wrinkles and dents were generated after light irradiation,
which manifested its outstanding antibacterial ability via
aPDT through the deconstruction of cell membrane.
Therefore, all these results demonstrated the PBA enhanced
aPDT efficiency of SA@TPAPP@PBA aerogel.

3.3. Biosafety of aerogels

Hemolysis, MTT assays, and live/dead cell staining were per-
formed to assess the biocompatibility of SA@TPAPP@PBA
aerogel (Figure 6). In the hemolytic test, freshly collected
mouse red blood cells (RBCs) were utilized to co-culture
with SA, SA@TPAPP, and SA@TPAPP@PBA aerogels at a high
concentration (1mg mL™"), separately. H,O and 0.9% NaCl
were used as the positive and negative control, respectively.
As can be seen from Figure 6(a), RBCs were totally ruptured
and the supernatant was red in the positive control, while
no obvious hemolytic effect could be observed both in the
negative control and all other groups, including SA,
SA@TPAPP and SA@TPAPP@PBA aerogels. Encouragingly,
the hemolysis rate of SA@TPAPP@PBA aerogel (3.3%) was
much less than the permissible limit (5%). L929 cells were
selected in MTT and live/dead staining experiments to

evaluate the cell viabilities by incubating with SA,
SA@TPAPP and SA@TPAPP@PBA  aerogels at a
high concentration (1 mg mL™"), separately. Notably, all the
three types of aerogels showed negligible cytotoxicity
(Figure 6(b,c)). To sum up, the obtained experimental
outcomes demonstrated the excellent biosafety of

SA@TPAPP@PBA aerogel.

3.4. Hemostatic characterization

To avoid the excessive post-traumatic bleeding, hemostasis is
an essential evaluation index for wound dressings. SD male
rat was employed as animal model by cutting down part of
its tail to evaluate the hemostatic property of
SA@TPAPP@PBA aerogel (Figure 7(a)). Through the utilization
of gauze, SA, SA@TPAPP, and SA@TPAPP@PBA aerogels, the
blood loss and hemostatic time were recorded, respectively.
As illustrated in Figure 7(b,c), the use of gauze led to a large
amount of blood loss and copious blood flow for about
7min. By using SA and SA@TPAPP aerogel, the blood loss
and hemostatic time was dramatically diminished. Due to
the excellent hemostatic property of SA@TPAPP@PBA aero-
gels, the blood loss and the hemostasis time were reduced
by 77.5 and 60.6% compared to gauze.

In order to further investigate the hemostasis mechanism
of SA@TPAPP@PBA aerogel, blood cell adhesion test was per-
formed by dropping the whole blood onto gauze, SA,
SA@TPAPP, and SA@TPAPP@PBA aerogels, respectively, and
incubated for 5min at 37 °C. After fixing with glutaraldehyde,
the obtained samples were observed by SEM to visualize the
adhesion geometry and morphology of RBCs, which were
used to study the hemostatic mechanism (Figure 8(a)).
Meanwhile, the amount of adhered blood cells was counted
from SEM images to assess their hemostatic ability
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Figure 6. (a) Relative hemolysis ratio of SA, SA@TPAPP, and SA@TPAPP@PBA aerogels. Insets are the corresponding photographs. (b

The images of live/dead staining of L929 cells. Scale bar: 100 um.

(Figure 8(b)). As displayed in Figure 8(a,b), no obvious blood
cell adhesion was observed on gauze. For SA aerogel, few
blood cells (59.5 x 10 cell cm—2) were adhered on the sur-
face. In contrast, the number of adhered blood cells on
SA@TPAPP aerogel (312.3 x 10? cell cm™) greatly increased
compared to SA aerogel and gauze, owning to the positive
charge of TPAPP. Notably, PBA led to approximately a three-
fold increase in the number of adhered blood cells on
SA@TPAPP@PBA aerogel with regular disk morphology com-
pared to SA@TPAPP aerogel. Furthermore, values of blood-
ing-clot index (BCl) were determined by dropping RBCs
suspensions on gauze, SA, SA@TPAPP and SA@TPAPP@PBA
aerogels and co-cultured at 37°C for 2.5min. As shown in
Figure 8(c), SA@TPAPP@PBA aerogel possessed a much
lower value of BCl (40.8%) than that of gauze (87.1%),
indicating its effective blood-clotting ability. Thus, these
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results demonstrated that SA@TPAPP@PBA aerogel had
extraordinary blood exudate absorption and blood clotting
capacity to have potential applications in hemostasis as
wound dressing.

3.5. In vivo antibacterial assays

Inspired by the excellent antibacterial ability, hemostatic
capability and  biocompatibility of SA@TPAPP@PBA
aerogel in vitro, S. aureus-infected trauma model on the back
skin of SD mice was employed to evaluate their in vivo
therapeutic efficiency. After infecting for 30min, the
infected SD mice were divided randomly into eight groups:
(1) Control, (2) SA, (3) SA@TPAPP, (4) SA@TPAPP@PBA, (5)
Control +Light, (6) SA+Light, (7) SA@TPAPP + Light, and
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Figure 9. Photographs of the wound sites of rats after infection at 0, 7th, and 15th day.

(8) SA@TPAPP@PBA + Light (Figure 9). For comparison, SA
and SA@TPAPP aerogels were dressed on the S. aureus-
infected wound site in the absence and presence of a
660 nm laser illumination, respectively. As can be seen from
Figures 9 and S4, the trauma still displayed about 20%, and
serious bacterial infection took place in the unirradiated,
SA + Light and SA@TPAPP + Light groups. In contrast, the
area of scars in SA@TPAPP@PBA + Light group almost disap-
peared after 15 days due to the enhanced aPDT, which was
in accordance with the in vitro antibacterial outcomes. After
treatments, the mice were sacrificed and the skin of wound

tissues was obtained for H&E staining (Figure 10). In the
unirradiated groups and SA + Light group, large amounts of
inflammatory cells exhibited in the entire wound site own-
ing to S. aureus infection. In comparison, a decreased num-
ber of inflaimmatory cells were observed
in SA@TPAPP + Light group due to aPDT. On the contrary,
few inflammatory cells could be found in
SA@TPAPP@PBA + Light  group, proving dramatically
reduced inflammation after enhanced aPDT, which further
demonstrated its in vivo anti-inflammatory ability and great
potential application in clinical trials.



1098 N. GUO ET AL.

Control

Dark

Light
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4. Conclusion

In  conclusion, an antibiotic-free ~wound dressing,
SA@TPAPP@PBA aerogel, has been developed for rapid
hemostasis and enhanced aPDT against S. aureus.
SA@TPAPP@PBA aerogel was produced by chemically conju-
gating photosensitizers TPAPP and PBA to the main chain of
SA. Due to the PBA-mediated bacterial capture effect, in vitro
antibacterial assays demonstrated that the therapeutic effi-
ciency of SA@TPAPP@PBA aerogel against S. aureus was sig-
nificantly enhanced under the irradiation of 660 nm laser. In
addition, it possessed a high porosity, which was benéeficial
to blood exudate absorption and rapid hemostasis. Both
in vitro and in vivo experiments proved that SA@TPAPP@PBA
aerogel also demonstrated excellent biosafety, hemostatic,
and anti-inflammatory capacities for pre-hospital care.
Therefore, this multifunctional aerogel is a promising candi-
date for clinical trials as a wound dressing.
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