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Open wounds face severe bacterial infection, which affects the quality of healing. Photothermal
antimicrobial therapy has received increasing attention as a broad-spectrum antimicrobial treatment
that can avoid drug resistance. A variety of metallic materials have been used in the development of
photothermal agents. However, there are few studies on bismuth as a photothermal agent and its use in
tissue repair, so there is still a lack of clear understanding of its biomedical function. Here, a hollow bismuth
nanosphere prepared from bismuth metal was developed for drug loading and photothermal antibacterial
effect. The photothermal conversion efficiency of the hollow bismuth spheres reached 16.1%, and the
bismuth-loaded gelatin-oxidized dextran (ODex)-based hydrogel achieves good antibacterial effects both
invivo and invitro. The bismuth-loaded hydrogel can also promote the angiogenesis of human umbilical
vein endothelial cells (HUVECs) and improve the proliferation of human keratinocytes cells (HaCaT) and
the quality of wound healing. This discovery provides a new idea for the application of metal bismuth in
the field of tissue repair and regeneration.
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Introduction

Bismuth (Bi) is a trace element contained in the human body
and the only nontoxic heavy metal [1]. Bi pharmaceutical
preparations have a long history in the field of gastrointestinal
therapy. They can resist Helicobacter pylori infection [2], stop
diarrhea, and treat dyspepsia [3]. However, research on Bi is
more concentrated in the field of catalysis [4], and few studies
have explored its biological role in the field of biomedicine [3].
Bi has a photothermal effect due to its high absorbance in
the near-infrared (NIR) region. Most studies have focused on
exploiting their intrinsic photothermal properties or develop-
ing novel nanomaterials with enhanced photothermal proper-
ties as therapeutic platforms for cancer treatment [5,6]. In
addition, Bi nanomaterials also have the function of computed
tomography (CT) imaging. Some studies have combined its
photothermal and CT imaging functions to prepare the tumor
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diagnosis and treatment platform [7], but few studies have
explored the role of Bi in tissue repair and regeneration.
Hydrogel can serve as a good dispersant for nanomaterials
and is an advantageous material suitable for wound repair [8,9].
Hydrophilic hydrogel materials can provide a suitable environ-
ment for cell migration and growth. In addition, factors such
as the material composition and mechanical strength of the
hydrogel also play a crucial role in regulating the fate of cells
[10]. Studies have found that methacrylic acid-modified poly-
mer materials can regulate the polarization of macrophages
from pro-inflammatory to “tissue repair” phenotypes [11-14].
Gelatin methacryloyl (GelMA) is a common degradable meth-
acrylic acid-modified natural polymer material, and the RGD
sequence contained in it can promote cell adhesion and migra-
tion [15]. Due to its excellent biocompatibility and degrad-
ability, GelMA is widely used in the field of tissue repair. GeIMA
mainly forms hydrogels by free radical-induced double bond
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polymerization, and the commonly used initiation method is
photoinitiation [15-17]. Due to the abundant chemical groups
in gelatin, many researchers have also used other groups to
form double-crosslinked hydrogels with GelMA [18,19].
The most common one is the double-crosslinked gel formed
by Schiff base reaction of amino group and aldehyde group,
which is used to change the mechanical properties of the
hydrogel [8,20].

Inspired by previous studies, we used GelMA and oxidized
dextran (ODex) to crosslink through the Schiff base to form
the hydrogel system. In order to increase the crosslinking rate
and gel strength, we added gelatin into the hydrogel to increase
the amino content and performed ultraviolet (UV) irradiation
for secondary crosslinking. In addition to the need to prevent
wound infections, another challenging issue is controlling
excessive inflammatory responses at the wound site. The
metabolites of hexaaminolevulinic acid hydrochloride (HAL)
are carbon monoxide and bilirubin, which can effectively
regulate inflammation. In order to load HAL, we prepared a
photothermal agent with a hollow structure (hollow Bi nano-
spheres) using metallic Bi [21]. The results showed that the
Bi-loaded hydrogel exhibited good photothermal antibacte-
rial efficacy in vitro and in vivo. Furthermore, the combination
of Bi and gelatin-based hydrogel effectively promoted cell
migration and angiogenesis in vitro and in vivo. In the rat-
infected wound models, the GO-PS/HAL@Bi hydrogel pro-
moted the anti-inflammatory (M2) phenotype polarization
of macrophages and effectively promoted wound healing.

Materials and Methods

Materials

Gelatin and polyvinyl pyrrolidone (PVP) were purchased from
Sigma-Aldrich (Shanghai, China). Bi nitrate pentahydrate and
methacrylic anhydride were purchased from Macklin (Shanghai,
China). Sodium periodate and ethylene glycol were purchased
from Aladdin (Shanghai, China). CCK-8 kit was purchased
from Beyotime (Shanghai, China). Live/dead staining kit and
rhodamine B-labeled phalloidin were purchased from Keygen
(Jiangsu, China). Mannitol sodium chloride selective medium
was purchased from Huankai Microbial (Guangzhou, China).
Gram-negative bacteria selective medium was purchased from
Hopebiol (Qingdao, China). CD206 polyclonal antibody and
inducible nitric oxide synthase (iNOS) polyclonal antibody
were purchased from Proteintech (Wuhan, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
penicillin-streptomycin, and trypsin were purchased from
Gibco (Shanghai, China). All reagents were used without any
purification.

Synthesis and chemical structure characterization
of GelMA and ODex

GelMA and ODex was synthesized according to previous report
[8,9]. Briefly, gelatin was dissolved in phosphate-buffered saline
(PBS), and then methacrylic anhydride was added to gelatin
solution and reacted for 1 h. The solution was dialyzed against
deionized water and lyophilized to obtain GelMA [9]. Dextran
was dissolved in deionized water and reacted with sodium
periodate. Ethylene glycol was used to consume excess sodium
periodate, and the solution was dialyzed against deionized
water and lyophilized to obtain ODex [8]. The obtained GelMA
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and ODex were dissolved in deuterated water (D,0), and
hydrogen spectra were determined by a nuclear magnetic reso-
nance (NMR) spectrometer.

Synthesis and characterization of hollow Bi
nanoparticles and HAL@Bi nanoparticles
Synthesis of Bi and HAL@Bi nanoparticles
Bi nitrate pentahydrate (0.182 g) was dissolved in 5 ml of 1 M
nitric acid. PVP (0.15 g) was dissolved in 25 ml of ethylene
glycol and added to the Bi nitrate solution. The above solution
was transferred to hydrothermal reactor and reacted at 150 °C
for 12 h. The mixture was centrifuged at 10,000 rpm for 15 min
to obtain the precipitate and washed with deionized water for
3 times. Precipitation was freeze-dried to obtain hollow Bi
nanoparticles. The prepared hollow Bi was characterized by
x-ray diffraction analysis (XRD), nano-laser particle size analy-
sis, and transmittance electronic microscopy (TEM).

For preparing HAL@Bi nanoparticles, the HAL solution
(8 mg/ml) was stirred with of hollow Bi (2 mg/ml) at a volume
ratio of 1:1 for 24 h in ice bath, centrifuged at 10,000 rpm for
15 min to obtain the precipitate, and washed with deionized
water for 3 times.

Drug loading, encapsulation efficiency, and in vitro drug
release of hollow Bi spheres

HAL loading into hollow Bi spheres was performed by mixing
a hollow Bi dispersion (10 ml, 1 mg/ml) with HAL (10 mg) in
deionized water. After stirring for 24 h at 4 °C, HAL@Bi was
obtained through high-speed centrifugation at 10,000 rpm for
10 min and washed in deionized water for 3 times. The standard
curve of HAL was derived from UV-visible (Vis) spectrum
(265 nm). The drug loading capacity and encapsulation effi-
ciency were calculated using the following equation:

Drug loading capacity (%) =

weight of devoted drug — weight of drug in supernatant < 100%

weight of hollow bismuth

Encapsulation efficiency (%) =
weight of devoted drug — weight of drug in supernatant

100%
weight of devoted drug % ’

The release of HAL from hollow Bi spheres and hydrogels
was monitored by measuring the drug concentration in the
release medium. The GO-PS/Bi hydrogel or hollow Bi spheres
were placed into cellulose dialysis bags, which were then
immersed in the release medium. At specified time intervals,
aliquots of the release medium were withdrawn and replaced
with an equal volume of fresh medium to maintain consistent
conditions. The NIR-responsive release of HAL was initiated
by exposing the HAL@Bi to NIR laser irradiation at a power
density of 1.5 W/cm® for 5 min.

Preparation and characterization of

gelatin-based hydrogel

Preparation of hydrogel

The gelatin-based hydrogel was prepared following Table, in
which GO-P means GelMA and ODex crosslinked by photo-
initiation; GO-S means GelMA and ODex crosslinked by Schift
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Table. Construction of gelatin-based hydrogel

GelMA ODex Gelatin Bi HAL@Bi LAP
GO-P 10% 5% / / / 0.2%
GO-S / 5% 10% / / /
GO-PS 5% 5% 5% / / 0.2%
GO-PS/ 5% 5% 5% 0.2 / 0.2%
Bi mg/ml
GO-PS/ 5% 5% 5% / 0.2mg/ 0.2%
Bi@HAL ml

LAP, lithium phenyl-2,4,6-trimethylbenzoylphosphinate

base; GO-PS means GelMA and ODex double crosslinked by
photo-initiation and Schiff base. The photo-initiated hydrogel
was formed by 405-nm light irradiation for 1 min.

Gelation time of hydrogel before light irradiation

The gelation time of the gelatin-based hydrogel before light
irradiation was measured with a rotational rheometer (Kinexus
Pro, Malvern) at 37 °C. The hydrogel prepared following Table
was immediately added to the machine, and the moduli chang-
ing with time were tested within fixed strain (1%). The gel point
is the intersection of storage modulus (G’) and loss modulus
(G"). Gelation time was then recorded by the gel point.

Compression tests of hydrogel

Cylindrical hydrogel samples were prepared according to Table.
Universal testing machine was used to test the compressive
strength of the hydrogel at a steady speed (0.05 mm/s). The
compressive force (F) and displacement were recorded, and the
compressive strength was calculated following the formula:

Compressive strength(Pa) =F /S

where S represents the cross-sectional area of the hydrogel
sample.

In vitro photothermal activity of hollow Bi
nanoparticles and GO-PS/Bi hydrogel

The photothermal activity of hollow Bi was measured using the
following procedures. Hollow Bi nanoparticles were ultrasoni-
cally dispersed in deionized water at concentrations of 50, 100,
200, 300, 400, and 500 pg/ml. Hollow Bi suspension (1 ml) was
the irradiated with 808 -nm NIR laser for 5 min at a power
density of 2.0 W/cm®. Temperature was recorded every 20 s by
a thermocouple thermometer. Hollow Bi suspension at 200 pg/
ml was irradiated with an 808-nm NIR laser at different power
densities from 0.8, 1.0, and 1.5 to 2.0 W/cm® for 5 min. Temperature
was recorded every 20 s by a thermocouple thermometer. The
photothermal stability was investigated using an on-off laser
cycle for 5 times. Hollow Bi suspension (1 ml) at 200 pg/ml was
irradiated w1th 808-nm NIR laser for 5 min at a power density
of 1.5 W/cm?’, and then the laser was turned off until the tem-
perature of suspension went back to room temperature. The
process was continued for 5 times. The light-to-heat conversion
efficiency was calculated according to the method reported in
the literature [22,23].
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The photothermal degradation property of hollow Bi sus-
pension was detected by a UV-Vis spectrophotometer, and
5 min was an illumination cycle. The absorbance of hollow
Bi suspension at 400 to 900 nm was detected by a UV-Vis
spectrophotometer immediately after NIR laser irradiation. A
hollow Bi suspension without NIR laser irradiation was used
as control.

The GO-PS, GO-PS/Bi, and GO-PS/HAL@Bi hydrogels were
irradiated w1th 808-nm NIR laser for 5 min at a power density
of 1.5 W/cm” for 5 min, and thermal images were obtained with
an infrared thermal camera every 1 min. Water with NIR laser
irradiation was used as control.

Evaluation of antibacterial activity invitro

The GO-PS-based hydrogel (200 pl) was prepared in a 24 well-
plate and sterilized under UV light (365 nm) for 6 h. One milliliter
of Escherzchza coli or Staphylococcus aureus bacterial suspensions
(1x 10 CFUml™) dispersed in lysogeny broth (LB) liquid
culture medium was added to the surface of the hydrogel, and
the hydrogel was then treated w1th or without 808-nm NIR
light at a power density of 1.5 W/cm” for 5 min. Sterilized PBS
buffer (200 pl) was used as the control group. Then, the well
plate was cultured at 37 °C for 4 h. Finally, the number of bac-
teria was determined by the spread plate method.

In vitro cytotoxicity analysis and cytoskeleton
staining

Cytotoxicity analysis of hollow Bi

HaCaT cells were seeded on the 96-well plates with a concen-
tration of 10,000 cells per well and cultured for 24 h. Hollow
Bi nanoparticles were ultrasonically dispersed in DMEM com-
plete culture medium (supplemented with 10% FBS and 1%
penicillin-streptomycin) at concentrations of 50, 100, 200, 300,
400, and 500 pg/ml. Then, the culture medium was replaced
with the hollow Bi dispersion and cultured for another 24 h.
After culturing, the culture medium was carefully washed by PBS
buffer, and cell viability was then tested by the CCK-8 method
according to instructions provided by the manufacturer.

Cytotoxicity analysis of hydrogel

Hydrogel extracts were prepared according to a previous method
[20]. In brief, hydrogels were immersed in DMEM complete
culture medium with a mass ratio of 1:10 at 37 °C for 24 h to
obtain hydrogel extracts. Human umbilical vein endothelial cells
(HUVECGs) and human keratinocytes cells (HaCaT) cultured
with DMEM complete culture medium were digested, resus-
pended (100,000/ml), and seeded in 96-well plates (100 pl per
well). After culturing for 24 h to allow the cells to adhere to the
wall of the well plate, the culture medium was replaced with the
hydrogel extract to continue culturing for 24 h. Cell viability was
then tested the by CCK-8 method according to instructions pro-
vided by the manufacturer.

Live/dead staining and cytoskeleton staining

of HUVECs and HaCar cells

HUVECs and HaCaT cells were seeded in 24-well plates (1 X
10° cells per well). Cells were cultured in DMEM complete
culture medium for 24 h and then replaced by hydrogel extracts
for another 3-d culturing. For live/dead staining, cells were
washed with PBS and then stained with Calcein-AM/PI live/
dead staining kit according to instructions provided by the
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manufacturer. For cytoskeleton staining, cells were first fixed
with 4% paraformaldehyde and then stained following the instruc-
tions provided by the manufacturer.

In vitro cell migration of HUVECs

The scratch wound assay was used to evaluate the cell migration
effect of Bi-containing hydrogels on HUVECs The HUVECs
were seeded in 24-well plates (1 x 10° cells per well) and cul-
tured in DMEM complete culture medium to form monolayer
of confluent cells. Then, a scratch was made in each well using
a pipette tip (20 pl) and cells were cultured with the hydrogel
extract or DMEM basal medium (control). Photos of scratches
were captured with an inverted microscope.

In vitro tube formation

Matrigel (100 pl) was added in a 48-well plate and incubated
at 37 °C for 30 min to form a gel. Then, HUVECs (100,000 per
well) were seeded on Matrigel and cultured with the hydrogel
extract for 4 h. Photos of tubes formed by HUVECs were cap-
tured with an inverted microscope, and the number of junc-
tions and meshes was calculated by Image] software with the
angiogenesis analyzer plugin.

In vitro polarization of RAW 264.7 cells

RAW 264.7 cells seeded on 6-well plates were first polarized by
LPS (100 ng/ml) for 24 h and then cultured with hydrogel
extracts for 24 h. To analyze phenotypic switching of RAW
264.7, they were analyzed by flow cytometry and immunofluo-
rescence. M1-type RAW 264.7 cells were labeled with iNOS
antibody, and M2-type RAW 264.7 cells were labeled with
CD206 antibody.

In vivo infected wound healing model

establishment and treatment

Sprague-Dawley (SD) rats were randomly divided into 5 groups
(n = 6). After the rats were anesthetized, the hair on the back
was removed, and the skin with a diameter of 12 mm was cut
off on the back with ophthalmic scissors. Four wounds were
formed on the back of each rat. One hundred microliters of
E. coliand S. aureus bacterial suspension [1 x 10° colony-forming
units (CFUs)/ml] was injected on each wound, closed by
Tegaderm, and infected for 24 h. After bacterial infection, the
hydrogel was injected on the wound surface via a syringe. For
groups requiring NIR laser 1rrad1at10n hydrogels were irradiated
with a power density of 1.5 W/cm? for 5 min. After 3,7, 12, and
19 d of treatment, the rats were euthanized, and the back skin
was obtained, fixed with 4% paraformaldehyde for more
than 24 hours, sectioned, and stained to evaluate the healing
quality.

The number of wound bacteria was counted using the skin
on the 3rd day. Skin (0.1 g) was harvested and homogenized
in 1 ml of sterilized saline. Then, the tissue homogenate was
diluted with sterile saline and spread on agar plates (n = 6).
The plate was incubated upside down at 37 °C for 24 h, and
then the number of colonies was calculated.

Statistical analysis

All data were presented as means =+ standard deviation, and at
least 3 parallel samples were contained in each group. GraphPad
Prism 7.0 software was used to analyze the significant differ-
ence. Differences among groups were evaluated using one-way
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analysis of variance (ANOVA), followed by the Tukey test when
performing multiple comparisons between groups. The statisti-
cal significance was *P < 0.05, **P < 0.01, and ***P < 0.001.

Results and Discussion

Structure and invitro photothermal characterization

of hollow Bi

We prepared Bi nanospheres with hollow structures for loading
HAL by hydrothermal reaction. First, the crystal phase of hol-
low Bi nanospheres was characterized, and the XRD spectrum
(Fig. 1A) showed that the peak positions of the powdered Bi
and the prepared hollow Bi nanospheres were consistent. These
peaks were the crystal faces of the rhombohedral phase of Bi,
proving that the prepared hollow Bi spheres did not change the
structure of Bi, and the prepared hollow Bi spheres were not
oxidized [24,25]. The particle size distribution and morphology
of the hollow Bi spheres were subsequently characterized by
dynamic light scattering (DLS) and TEM. The hydrated particle
size of the hollow Bi spheres was uniformly distributed around
568 + 23.65 nm (Fig. 1B), and the TEM image clearly showed
that the middle part of the nanospheres is lighter in color,
forming a hollow spherical structure (Fig. 1C). Bi has strong
absorption in the NIR region, which leads to its photothermal
properties [26]. We explored the photothermal effect of hollow
Bi spheres in vitro and found that the heating temperature and
concentration are positively correlated under the NIR light
irradiation of the fixed power (2.0 W/cm %) (Fig. 1D). The tem-
perature variation amplitude varies significantly between 0 and
200 pg/ml of hollow Bi spheres. When the Bi sphere concentra-
tion is higher than 200 pg/ml, the temperature rise tends to be
gentle. The cytotoxicity of hollow Bi at different concentration
has also been evaluated on HUVEC and HaCaT cells, and the
results were shown in Figs. S1 and S2. The cell viability of
HUVEC began to decline significantly above 300 pg/ml, but it
could still reach 81.6% at 300 pg/ml; for HaCaT cells, the cell
viability was higher than that of the control group when the
concentration was lower than 400 pg/ml. We chose 200 pg/ml
of hollow Bi spheres as the final concentration to balance the
photothermal performance requirements and the cytotoxicity
of HUVEC and HaCaT cells. Then, the heating temperature
under different powers was measured. When the laser power
density was 1.5 W/cm?’, the highest temperature of the hollow
Bi sphere solution was 48.2 °C after irradiating for 5 min. The
highest temperature reached 56.4 °C when the power density
was 2.0 W/cm?®, while the temperature was lower than 40 °C
when the power density was lower than 1.5 W/cm® (Fig. 1E).
In order to achieve the photothermal antibacterial effect and
avoid damage to normal tissues caused by excessive local tem-
perature (>50 °C), we finally added 200 pg/ml hollow Bi
spheres and irradiated them under NIR light of 1.5 W/cm® for
5 min to achieve the photothermal antibacterial effect. The hol-
low Bi sphere solution still maintained a stable photothermal
heating effect after 5 photothermal cycles (Fig. 1F). After extract-
ing and calculating the data of the heating period and the cool-
ing period, the time constant of the heat transfer of the system
was T, = 211 s and the final calculated photothermal conversion
efficiency was 16.1% (Fig. 1G and H). We detected the UV-Vis
light absorbance of the solution after each photothermal cycle
at 400 to 900 nm and found that the absorbance of the solution
of hollow Bi spheres after photothermal treatment gradually
decreased (Fig. 1I), while the absorbance of the untreated solution
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Fig. 1. Structure and invitro photothermal ability of the hollow Bi. (A) XRD patterns of Bi and hollow Bi. (B) Diameter dispersion of hollow Bi in deionized water measured by
DLS. (C) TEM image of the hollow Bi. (D) Heating curves of hollow Bi with different mass concentrations (0, 50, 100, 200, 300, 400, and 500 pg/ml) irradiated with 808-nm
NIR laser for 5 min at a power density of 2.0 W/cm?. (E) Heating curves of hollow Bi at 200 pg/ml irradiated with 808-nm NIR laser at different power densities (0.8, 1.0, and
1.5t0 2.0 W/em?) for 5 min. (F) On—off cycling heating curves of hollow Bi at 200 pg/ml irradiated with 808-nm NIR laser (1.5 W/cm?) for 5 min on each cycle. (G) Single on-off
heating curve of hollow Bi at 200 pg/ml irradiated with 808-nm NIR laser (1.5 W/cm?) for 5 min. (H) Time constant for heat transfer from the system is determined to be
T, = 211 s by applying the linear time data from the cooling period (after 300 s) versus the negative natural logarithm of the driving force temperature, which is obtained
from the cooling stage of (G). (I) UV-Vis spectra of hollow Bi (200 pg/ml) after irradiating for 5 cycles.

was basically unchanged (Fig. S3). The photothermal effect led
to a certain degree of oxidation of the outer layer of the hollow
Bi sphere, so the absorbance gradually decreased. When the Bi
is oxidized to Bi oxide, the photothermal ability will be lost
[27,28]. The prepared hollow Bi spheres can withstand multiple
photothermal cycles.

Characterization of physical and chemical

properties of materials

The hydrogel is obtained by double crosslinking of gelatin,
GelMA, and ODex through photo-crosslinking and Schiff base
reaction [20]. The chemical structures of GelMA and ODex
were characterized by "H-NMR spectroscopy. The chemical
shifts of the active hydrogens of the methylene groups in the
methacryloyl group in GelMA appeared at 5.58 and 5.35 ppm
(Fig. 2A), and the chemical shifts of ODex were located at 4.3
to 5.6 ppm (Fig. 2B) [20]. In previous studies, GelMA and
ODex have been used to prepare double-crosslinked hydrogels
for wound repair, but the mechanical strength of hydrogels

Lv et al. 2024 | https://doi.org/10.34133/bmr.0105

formed by the combination of 5% GelMA and 5% ODex was
low (<30 kPa) [8,20], because most of the amino groups in
gelatin are substituted by methacryloyl groups, and the number
of amino groups that can form Schiff base groups with aldehyde
groups is low. To enhance the mechanical strength of the hydro-
gel, we additionally added 5% gelatin to increase the density of
Schift base crosslinks. As shown in Fig. 2C, only GelMA and
ODex (GO-P) were difficult to form hydrogels through Schiff
base crosslinking at the same mass fraction and there was no
obvious modulus change after mixing for 1 h. At the same
ODex content, the gelation rate was significantly accelerated
after adding 5% GelMA and 5% gelatin (GO-PS). The GO-S
hydrogel formed a gel in 5 min, and their G’ and G” were basi-
cally parallel after 20 min, indicating that the content of amino
groups significantly affects the crosslinking rate of the Schiff
base and gel strength. We performed mechanical strength tests
on GO-P, GO-S, and GO-PS hydrogels after secondary cross-
linking induced by irradiation. As shown in Fig. 2D and E, the
Schiff base crosslinking hardly enhanced the strength of the
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Fig. 2. Chemical structures and physiochemical properties of GO-PS hydrogel. (A) H NMR spectra of gelatin and GelMA. (B) *H NMR spectra of dextran and ODex. (C) Time
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and GO-PS/HAL@BI irradiated with 808-nm NIR laser (1.5 W/cm?) for 5 min.

hydrogel due to the low amino group content of the GO-P
hydrogel. The compressive strength of the GO-PS hydrogel
obtained by replacing 5% GelMA with 5% gelatin was signifi-
cantly enhanced. Compared with GO-S, the maximum com-
pressive strength of the GO-PS hydrogel was around 120 kPa,
which was nearly 100 kPa higher than that of the GO-P hydro-
gel. The results of hydrogel cyclic compression showed that the
GO-P hydrogel had better circulatory performance, while its
strength was the lowest (Fig. 2F). In addition, when used as the
wound dressing, the GO-P hydrogel still needs additional
photo-crosslinking equipment to form the hydrogel, which
increases the complexity of use. Both GO-S and GO-PS
hydrogels were difficult to withstand more than 20 cycles of
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compression, which is due to the difficulty of slipping between
molecular chains due to the high crosslinking density of the
hydrogels. The reformation of Schiff base bonds took a certain
time, so the hydrogel was easily broken under the rapid external
force (Fig. 2G and I). The advantage of GelMA in the GO-PS
hydrogel is that when the hydrogel needs to be repaired quickly,
it can be triggered by providing external light, thereby reducing
the healing time of the hydrogel (the hydrogel is quickly formed
by light triggered within 30 s).

We finally chose the GO-PS hydrogel as the base material
of wound dressing for loading the prepared hollow Bi spheres.
Figure 2H shows the photothermal effect based on the GO-PS
hydrogel. The hydrogel itself had no photothermal effect. But
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when hollow Bi spheres were added, the hydrogel had excellent
photothermal performance and could rapidly increase the tem-
perature to 17.8 °C, making the hydrogel meet the needs of
antibacterial applications by destroying bacterial structures
through photothermal effects [29]. Moreover, the photothermal
properties of the hydrogel were not affected after the hollow Bi
spheres were loaded with HAL.

Characterization of photothermal antibacterial

behavior invitro

GO-PS/Bi and GO-PS/HAL@Bi hydrogels prepared based on
GO-PS have excellent photothermal properties. We used this
photothermal property to achieve the bactericidal effect and
verified it through in vitro experiments. Figure 3A and B shows
the killing effect of the hydrogel on E. coli and S. aureus, respec-
tively. The GO-PS/Bi and GO-PS/HAL@Bi hydrogels exhibited
excellent killing effects on both bacteria when irradiated by
NIR laser. The GO-PS/Bi and GO-PS/HAL@Bi hydrogels
almost completely inhibited the growth of bacterial colonies
under NIR irradiation, indicating that the photothermal effect
based on hollow Bi spheres can provide hydrogels with excellent
antibacterial effects. These results suggest that the GO-PS/Bi
and GO-PS/HAL@Bi hydrogels can be used for anti-infection
wound healing application in vivo.

Bi improves the angiogenesis and cell

migration of HUVECs

The accelerated rate of vascularization significantly enhances
wound healing [30,31]. We used HUVEC:s to study the effect
of Bi-containing hydrogels on angiogenesis effect in vitro. The
cytotoxicity of the hydrogel was first explored. Although the
addition of Bi decreased the cell viability of HUVECs, the overall
cell viability values were >80%, indicating that the GO-PS/Bi

A 100 10° 10° 107 B 101
= =
= =
=] =
S S
wn wn
R i
Q Q|
L <}
& g |
@ 7
A i
o o
<] <}

730 73|

1! 1!

O A Oz |

»n & n &

27z 3

Q Q k

¥ S&

Sxp Qe |

2z

n + wn +

&3 £ 5

8 =

and GO-PS/HAL@Bi hydrogels had no cytotoxicity (Fig. 4A).
HUVECs were subsequently stained for live/dead fluorescence
and cytoskeleton. The number of live cells labeled with green
fluorescence gradually increased over time. The number of red
fluorescent-labeled dead cells gradually increased after 3 d of
culture, which was caused by the increase in cell density (Fig.
4B). Intracellular F-actin was labeled in red to show the cyto-
skeleton. The cytoskeleton is concerned with the anchor links
between cells. The tighter the links between cells, the higher
the mechanical strength of the resulting cellular ensemble.
Figure 4F shows that HUVECs treated with the hydrogel did
not affect the connection between cells and could form the
tightly connected whole after 2 to 3 d of culture, which made
the new tissue densely packed during tissue regeneration
parts.

The effect of the hydrogel on angiogenic behavior was shown
in Fig. 4C, where HUVECs cultured on Matrigel treated with
the GO-PS/HAL@Bi hydrogel formed the most obvious vas-
cular network. In addition, the GO-PS/Bi hydrogel also had
the effect of promoting angiogenesis on Matrigel (Fig. 4C).
After counting the number of network junctions and meshes
formed by HUVECs, we found that the statistical values of both
were significantly higher in the Bi-containing hydrogel group
than in the control group (Fig. 4D and E). We also investigated
whether the Bi-containing hydrogel could promote the migra-
tion of HUVECs by observing changes in the scratch area at
different time points through scratch assays (Fig. 4H) and per-
forming quantitative statistics on the area change values (Fig.
4G). The scratch wounds in the Bi-containing hydrogels groups
almost disappeared after 30 h of culture, and the migration rate
of HUVECs was relatively faster than that of the group without
Bi. This is the first time that Bi has a certain promoting effect
on cell migration and angiogenesis of HUVECs.
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Fig.3.In vitro antibacterial activity of GO-PS-based hydrogel with/without NIR laser irradiation. Images of agar plates of (A) E. coli and (B) S. aureus after dilution at different
times, and related colony counts of (C) E. coli and (D) S. aureus (n = 4, *P < 0.05, **P < 0.01, ***P < 0.001).
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Bi promotes the proliferation of HaCaT cells and
regulates the polarization of RAW 264.7 cells

HaCaT cells and macrophages are also 2 main types of cells
involved in the wound healing process [32,33]. HaCaT cells are
involved in the formation of the epidermis during wound heal-
ing. We also studied the effect of the hydrogel on the cell viability
of HaCaT cells. GO-PS/Bi significantly improved the cell viability
of HaCaT cells by more than 150%, while the GO-PS group was
almost unchanged compared with the control group, which indi-
cated that the addition of Bi had a significant effect on improving
the viability of HaCaT cells (Fig. 5A). Then, we also studied the
effect of Bi addition on HaCaT cells by cell live/dead staining
and cytoskeleton staining. The results of live/dead staining of
HaCaT cells on day 3 showed that the density of living cells
labeled with green fluorescence was higher in the Bi presence
group than in the control group (Fig. 5B). Cytoskeleton staining
also showed that the hydrogel can promote the formation of
the cytoskeleton, strengthen the link between cells, and form a
tighter whole, which can be observed in HaCaT cells treated with
the hydrogel with or without Bi. The results indicated that the
main function of Bi was to improve the cell viability of HaCaT
cells, and the GO-PS hydrogel could promote the formation of
the cytoskeleton of HaCaT cells due to the presence of gelatin.
The presence of Bi has different effects on different cells, and the
HUVEC cells explored in the previous section did not change
significantly after being cultured with Bi.

The purpose of HAL as an immunomodulator is to partici-
pate in the metabolic formation of intracellular bilirubin and
carbon monoxide (CO) and regulate the polarization of mac-
rophages from M1 to M2 phenotype. Wu et al. [21] used M2
macrophage-derived exosomes to load HAL by electroporation
for the treatment of atherosclerosis. Inspired by this study, we
loaded HAL with hollow Bi spheres in an attempt to achieve a
similar effect. The drug loading and encapsulation efficiency
of HAL in hollow Bi spheres were determined to be 24.51 +
2.71%. Under NIR light stimulation, HAL was more effectively
released from the hollow Bi spheres through photothermal
effects (Fig. S4). Over the course of a 20-d release experiment,
the cumulative release of HAL from the hollow Bi spheres
reached 88.56 + 1.65%, whereas the release from the GO-PS/
Bi hydrogels was 78.16 + 1.92%. The release rate of HAL from
the GO-PS/Bi hydrogels was lower than that from the hollow Bi
spheres, which is attributed to the hydrogels stronger sustained-
release effect by encapsulating the HAL@Bi nanoparticles
within the hydrogel matrix (Fig. 5D).

RAW 264.7 is polarized toward the M1 phenotype upon
induction by lipopolysaccharide (LPS). M1-type RAW 264.7 cells
were treated with hydrogels, and flow cytometry was used
to label INOS and CD206 on the macrophage surface to deter-
mine their phenotype. It was found that the number of M1-type
macrophages treated with hydrogels was lower after LPS
induction compared to the untreated control group (Fig. S5).
Quantitative analysis of flow cytometry results verified that
GO-PS-based hydrogels can significantly reduce the number of
M1 macrophages, and the GO-PS/HAL@Bi hydrogel can
increase the number of M2 macrophages (Fig. 5E). iNOS and
CD206 were then labeled by immunofluorescence staining.
Uninduced RAW 264.7 cells were observed to be round with
weak iNOS expression and strong CD206 expression. Cells
induced by LPS were found to be spindle-shaped, with increased
iNOS expression. After LPS-induced RAW 264.7 cells were
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treated with GO-PS-based hydrogels, iNOS expression was
attenuated, and CD206 expression in cells treated with GO-PS/
Bi and GO-PS/HAL@Bi was higher than in those treated with
GO-PS alone (Fig. 5F). One of the main components of the GO-PS
hydrogel is GeIMA. Research has found that methacrylic acid
material (MMA) is capable of polarizing macrophages into the
“pro-regenerative” phenotype through an insulin-like growth
factor 1 (IGF-1)-mediated pathway. Carleton and colleagues
[11,14] increased the expression of pro-regenerative M2 mac-
rophage markers by implanting degradable hydrogels containing
methacrylate group (MAA) in vivo. According to these results,
it can be inferred that the GO-PS hydrogel we prepared has a
certain effect on macrophage phenotype regulation, and the
addition of Bi and HAL can endow the hydrogel with antibacte-
rial, cell proliferation, and angiogenesis effects.

NIR light triggers the antibacterial effect of
GO-PS/HAL@Bi hydrogel and promotes

wound healing

After infected wounds were treated with the hydrogel, the healing
rate did not differ significantly between the groups. However, the
wounds treated with GO-PS/Bi + NIR and GO-PS/HAL@Bi +
NIR scabbed more completely, formed a complete protective layer
by the 3rd day, and exhibited no exudate around the scab by the
7th day. In contrast, the control group showed more exudate due
to infection (Fig. 6A to C). The photothermal effect of Bi was
triggered by the NIR laser, which makes the local temperature
rise to exert the antibacterial effect. After rat wounds were treated
with the GO-PS/Bi and GO-PS/HAL@Bi hydrogels and irradiated
at a power density of 1.5 W/cm” for 5 min, the skin temperature
at the injured site rose to 50.8 °C, reaching the temperature at
which bacteria are killed (Fig. S6). The number of bacteria at the
wound site was counted, and it was observed that the number of
E. coli dropped sharply to below 10° under the photothermal
effect of Bi (Fig. 6D), while the number of S. aureus dropped to
below 500 CFU/ml (Fig. 6F). Bacteria plate culture images could
be clearly observed, where under the same dilution factor the
number of colonies in the GO-PS/Bi and GO-PS/HAL@Bi hydro-
gel treatment groups irradiated by NIR laser was significantly
lower than that of the other 3 groups, confirming that the pho-
tothermal effect also had a good bactericidal effect in vivo.

Quality evaluation of GO-PS/HAL@Bi hydrogel

in promoting wound healing

In order to compare the quality of wound healing, hematoxylin
and eosin (H&E) and Masson staining were performed on
wound tissue at different healing stages to compare the role of
the Bi-containing hydrogel in the wound healing process from
a histological perspective. The results of H&E staining showed
that a large number of dark purple mononuclear cells gathered
at the wound site within the first 7 d because of the severe
inflammatory reaction at the wound site due to bacterial infec-
tion. After 7 d of treatment, the granulation tissue gradually
thickened. The tissues of the GO-PS/Bi + NIR, GO-PS/HAL@
Bi, and GO-PS/HAL@Bi + NIR treatment groups gradually
remodeled after 12 d, and the capillaries in the granulation
tissue gradually shrank. The number of fibroblasts and macro-
phages that proliferated in the early stage gradually decreased,
and the collagen secreted by fibroblasts gradually filled the
injury site. The wound was completely closed after 19 d of treat-
ment (Fig. 7A and B).
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Histopathological analysis via H&E staining after 3 d of =~ GO-PS/HAL@Bi + NIR group and the GO-PS/HAL@Bi group.
treatment revealed no significant differences in the morphology =~ No characteristic features of burns or inflammation, such as
of normal skin tissue at the injury boundary between the  epidermal necrosis, dermal degeneration, or vascular dilation,
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were observed. Despite the fact that during treatment NIR irra-
diation raised the local temperature to 50.8 °C, which was
intended to reduce bacterial load at the infected wound site,
no significant thermal damage or inflammatory response was
detected in the surrounding normal skin tissue. This suggests
that, under our experimental conditions, the photothermal
effect of NIR did not induce adverse effects on the healthy skin
adjacent to the wound (Fig. 7A).

The macrophages at the wound site were further marked,
and the number of M2 macrophages that increased in the first
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12 d decreased after the wound was healed (day 19). On day 3,
the number of CD206" cells in the hydrogel treatment group
with HAL was more, indicating that HAL can participate in the
regulation of M2 polarization of macrophages (Fig. 7C). After
quantitative statistics of the fluorescent area of CD206" cells,
we found that the generation of M2 macrophages would be
advanced to the 3rd day with the participation of HAL, thereby
accelerating the process of tissue regeneration (Fig. 7E). We
observed that Bi could promote vascularization in cell experi-
ments, so blood vessels were labeled in skin tissue to further

1
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verify the physiological role of Bi. The blood vessel density of
the hydrogel containing Bi group was higher than that of the
control group, and a large number of blood vessels began to
form after 3 d of treatment and gradually shrank after the 12th
day. The vascular density in the control group was low in the
early stage, and a large number of blood vessels still remained
after 19 d of treatment, indicating that the remodeling stage
had not been completed (Fig. 7D and F).

In general, the hydrogel containing Bi promoted the forma-
tion of blood vessels and accelerate the production of cells to
quickly form granulation tissue to fill the injured area, as the
results obtained in vitro. After loading HAL, the GO-PS/HAL@
Bi hydrogel also promoted the formation of M2 macrophages
and increased the speed of the skin regeneration process.

Conclusion

For the first time, Bi was found to promote migration of HaCaT
cells and tube formation of HUVECs. The hollow Bi nanopar-
ticles were used as drug carriers to deliver HAL to promote the
M2 polarization of macrophages. Gelatin-based biomaterials
modified by methacrylation and ODex form double crosslinked
hydrogels. The material itself and the loaded HAL@Bi can play
a certain role in regulating the phenotype of macrophages. The
GO-PS/HAL@BIi hydrogel was verified as a promising material
for wound repair in both cells and rats, promoting vasculariza-
tion and M2 macrophage polarization and achieving antibacte-
rial effects through the photothermal effect. However, the existing
researches related to tissue repair seldom explore the biological
effects of pure Bi. While we have observed some repair effects,
the repair mechanism has not been thoroughly investigated. It
is expected that more researchers will be inspired by this study
to apply Bi element or its preparations to tissue repair and to
develop new biomedical application for Bi in the future.

Acknowledgments

Funding: This study was supported by grants from the National
Natural Science Foundation of China (nos. 82272273 and
82072181), the Sun Yat-sen University Clinical Research 5010
Program (no. 2018003), the Key Areas and Development Program
of Guangzhou (202007020006 and 202103030003), the Key
Areas Research and Development Program of Guangdong
Province (2020B1111560001 and 2022B1111080007), the
International Science and Technology Cooperation Project
of Huangpu District/Guangzhou Development District (nos.
2020GH14 and 2021GH16), the Marine Economy Development
Project of Department of Natural Resources of Guangdong
Province (no. GDNRC[2022]039), the National key Research
and Development Program—Diagnosis and treatment equip-
ment and biomedical materials (2022YFC2403105), and the
Science and Technology Project of Guangdong Province (no.
2022A0505050046).

Author contributions: D.L.: Methodology, investigation, vali-
dation, formal analysis, and writing—original draft. Z.X.:
Methodology, investigation, validation, formal analysis, and
writing—original draft. H.Y.: Methodology, investigation,
validation, formal analysis, and writing—review and editing.
Y.R.: Investigation, validation, and formal analysis. Z.Z.:
Investigation, validation, and formal analysis. Z.H.: Data analy-
sis and resources. R.Y.: Methodology, investigation, validation,
and formal analysis. R.G.: Methodology, funding acquisition,

Lv et al. 2024 | https://doi.org/10.34133/bmr.0105

and project administration. X.C.: Funding acquisition, supervi-
sion, and project administration. B.T.: Funding acquisition,
supervision, and project administration.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Supplementary Materials
Figs. S1 to S6

References

1. Wang R, Lai TP, Gao P, Zhang H, Ho PL, Woo PC, Ma G,
Kao RY, Li H, Sun H. Bismuth antimicrobial drugs serve as
broad-spectrum metallo-beta-lactamase inhibitors.

Nat Commun. 2018;9(1):439.

2. Wang R, Li H, Ip TK-Y, Sun H. Chapter Six—Bismuth drugs as
antimicrobial agents. Adv Inorg Chem. 2020;75:183-205.

3. Griffith DM, Li H, Werrett MV, Andrews PC, Sun H.
Medicinal chemistry and biomedical applications of bismuth-
based compounds and nanoparticles. Chem Soc Rev.
2021;50(21):12037-12069.

4. Wul, LuoY, Wang C, Wu §, Zheng Y, Li Z, Cui Z, Liang Y,
Zhu S, Shen J, et al. Self-driven electron transfer biomimetic
enzymatic catalysis of bismuth-doped PCN-222 MOF for
rapid therapy of bacteria-infected wounds. ACS Nano.
2023;17(2):1448-1463.

5. WangL,Long NJ,LiL, LuY, Li M, Cao J, Zhang Y, Zhang Q,
Xu S, Yang Z, et al. Multi-functional bismuth-doped bioglasses:
Combining bioactivity and photothermal response for bone
tumor treatment and tissue repair. Light Sci Appl. 2018;7(1):1.

6. Liu CM, Zhang LY, Chen X]J, Li SN, Han QH, Li L, Wang CG.
Biomolecules-assisted synthesis of degradable bismuth
nanoparticles for dual-modal imaging-guided chemo-
photothermal therapy. Chem Eng J. 2020;382:122720.

7. XuanY, Yang XQ, Song ZY, Zhang RY, Zhao DH, Hou XL,
Song XL, Liu B, Zhao YD, Chen W. High-security
multifunctional nano-bismuth-sphere-cluster prepared from
oral gastric drug for CT/PA dual-mode imaging and chemo-
photothermal combined therapy in vivo. Adv Funct Mater.
2019;29(18):1900017.

8. LiuH, Zhu X, Guo H, Huang H, Huang S, Huang S, Xue W,
Zhu P, Guo R. Nitric oxide released injectable hydrogel
combined with synergistic photothermal therapy for
antibacterial and accelerated wound healing. Appl Mater
Today. 2020;20:Article 100781.

9. Huang S, Liu H, Liao K, Hu Q, Guo R, Deng K. Functionalized
GO nanovehicles with nitric oxide release and photothermal
activity-based hydrogels for bacteria-infected wound healing.
ACS Appl Mater Interfaces. 2020;12(26):28952-28964.

10. Cao H, Duan L, Zhang Y, Cao J, Zhang K. Current hydrogel
advances in physicochemical and biological response-driven
biomedical application diversity. Signal Transduct Target Ther.
2021;6(1):426.

11. Carleton MM, Sefton MV. Injectable and degradable
methacrylic acid hydrogel alters macrophage response in
skeletal muscle. Biomaterials. 2019;223:Article 119477.

13


https://doi.org/10.34133/bmr.0105

Biomaterials Research

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Carleton MM, Locke M, Sefton MV. Methacrylic acid-based
hydrogels enhance skeletal muscle regeneration after volumetric
muscle loss in mice. Biomaterials. 2021;275:Article 120909.
Kinney SM, Ortaleza K, Vlahos AE, Sefton MV. Degradable
methacrylic acid-based synthetic hydrogel for subcutaneous
islet transplantation. Biomaterials. 2022;281:Article 121342.
Androschuk AM, Carleton MM, Talior-Volodarsky I,

Sefton MV. Methacrylic acid-based regenerative biomaterials:
Explorations into the MAAgic. Regen Eng Transl Med.
2023;9(1):4-21.

Yue K, Trujillo-de Santiago G, Alvarez MM, Tamayol A,
Annabi N, Khademhosseini A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GelMA)
hydrogels. Biomaterials. 2015;73:254-271.

Kurian AG, Singh RK, Patel KD, Lee J-H, Kim H-W.
Multifunctional GelMA platforms with nanomaterials for
advanced tissue therapeutics. Bioact Mater. 2022;8:267-295.
Xiao S, Zhao T, Wang J, Wang C, Du ], Ying L, Lin J, Zhang C,
Hu W, Wang L, et al. Gelatin methacrylate (GelMA)-based
hydrogels for cell transplantation: An effective strategy for
tissue engineering. Stem Cell Rev Rep. 2019;15(5):664-679.
Du M, Jin J, Zhou E, Chen J, Jiang W. Dual drug-loaded
hydrogels with pH-responsive and antibacterial activity

for skin wound dressing. Colloids Surf B Biointerfaces.
2023;222:Article 113063.

Ji S, Zhao Y, Zhai X, Wang L, Luo H, Xu Z, Dong W, Wu B,
Wei W. A dual-crosslinked hydrogel based on gelatin
methacryloyl and sulthydrylated chitosan for promoting
wound healing. Int ] Mol Sci. 2023;24(3):2447.

Zhou L, Zhou L, Wei C, Guo R. A bioactive dextran-based
hydrogel promote the healing of infected wounds via
antibacterial and immunomodulatory. Carbohyd Polym.
2022;291:Article 119558.

Wu G, Zhang ], Zhao Q, Zhuang W, Ding ], Zhang C, Gao H,
Pang DW, Pu K, Xie HY. Molecularly engineered macrophage-
derived exosomes with inflammation tropism and intrinsic
heme biosynthesis for atherosclerosis treatment. Angew Chem
Int Ed Engl. 2020;59(10):4068-4074.

LiuY, Ai K, Liu J, Deng M, He Y, Lu L. Dopamine-melanin
colloidal nanospheres: An efficient near-infrared photothermal
therapeutic agent for in vivo cancer therapy. Adv Mater.
2013;25(9):1353-1359.

Yang G, Wan X, Gu Z, Zeng X, Tang J. Near infrared
photothermal-responsive poly(vinyl alcohol)/black

Lv et al. 2024 | https://doi.org/10.34133/bmr.0105

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

phosphorus composite hydrogels with excellent on-demand
drug release capacity. ] Mater Chem B. 2018;6(11):1622-1632.
Chen T, Cen D, Ren Z, Wang Y, Cai X, Huang J, Di Silvio L,
Li X, Han G. Bismuth embedded silica nanoparticles loaded
with autophagy suppressant to promote photothermal therapy.
Biomaterials. 2019;221:Article 119419.

Zhao Y, Zhang Z, Dang H. A simple way to prepare bismuth
nanoparticles. Mater Lett. 2004;58(5):790-793.

Lei P, An R, Zhang P, Yao S, Song S, Dong L, Xu X, Du K,
Feng J, Zhang H. Ultrafast synthesis of ultrasmall
poly(vinylpyrrolidone)-protected bismuth nanodots as a
multifunctional theranostic agent for in vivo dual-modal CT/
photothermal-imaging-guided photothermal therapy. Adv
Funct Mater. 2017;27(35):1702018.

LiZ,HuY, Miao Z, Xu H, Li C, Zhao Y, Li Z, Chang M, Ma Z,
Sun Y, et al. Dual-stimuli responsive bismuth nanoraspberries
for multimodal imaging and combined cancer therapy. Nano
Lett. 2018;18(11):6778-6788.

LiB, Cheng Y, Zheng R, Wu X, QiE WuY,Hu Y, Li X.
Improving the photothermal therapy efficacy and preventing
the surface oxidation of bismuth nanoparticles through the
formation of a bismuth@bismuth selenide heterostructure.

J Mater Chem B. 2020;8(38):8803-8808.

Chen Y, Gao Y, Chen Y, Liu L, Mo A, Peng Q. Nanomaterials-
based photothermal therapy and its potentials in antibacterial
treatment. J Control Release. 2020;328:251-262.

Loinard C, Ribault A, Lhomme B, Benderitter M, Flamant S,
Paul S, Dubois V, Lai RC, Lim SK, Tamarat R. HuMSC-EV
induce monocyte/macrophage mobilization to orchestrate
neovascularization in wound healing process following
radiation injury. Cell Death Discov. 2023;9(1):38.

He S, Walimbe T, Chen H, Gao K, Kumar P, Wei Y, Hao D,
Liu R, Farmer DL, Lam KS§, et al. Bioactive extracellular
matrix scaffolds engineered with proangiogenic proteoglycan
mimetics and loaded with endothelial progenitor cells promote
neovascularization and diabetic wound healing. Bioact Mater.
2022;10:460-473.

Calabrese EJ, Dhawan G, Kapoor R, Agathokleous E,
Calabrese V. Hormesis: Wound healing and keratinocytes.
Pharmacol Res. 2022;183:Article 106393.

Mao J, Chen L, Cai Z, Qian S, Liu Z, Zhao B, Zhang Y, Sun X,
Cui W. Advanced biomaterials for regulating polarization

of macrophages in wound healing. Adv Funct Mater.
2022;32(12):2111003.

14


https://doi.org/10.34133/bmr.0105

	Hollow Bismuth Nanoparticle-Loaded Gelatin Hydrogel Regulates M2 Polarization of Macrophages to Promote Infected Wound Healing
	Introduction
	Materials and Methods
	Materials
	Synthesis and chemical structure characterization of GelMA and ODex
	Synthesis and characterization of hollow Bi nanoparticles and HAL@Bi nanoparticles
	Synthesis of Bi and HAL@Bi nanoparticles
	Drug loading, encapsulation efficiency, and in vitro drug release of hollow Bi spheres

	Preparation and characterization of gelatin-based hydrogel
	Preparation of hydrogel
	Gelation time of hydrogel before light irradiation
	Compression tests of hydrogel

	In vitro photothermal activity of hollow Bi nanoparticles and GO-PS/Bi hydrogel
	Evaluation of antibacterial activity in vitro
	In vitro cytotoxicity analysis and cytoskeleton staining
	Cytotoxicity analysis of hollow Bi
	Cytotoxicity analysis of hydrogel
	Live/dead staining and cytoskeleton staining of HUVECs and HaCaT cells

	In vitro cell migration of HUVECs
	In vitro tube formation
	In vitro polarization of RAW 264.7 cells
	In vivo infected wound healing model establishment and treatment
	Statistical analysis

	Results and Discussion
	Structure and in vitro photothermal characterization of hollow Bi
	Characterization of physical and chemical properties of materials
	Characterization of photothermal antibacterial behavior in vitro
	Bi improves the angiogenesis and cell migration of HUVECs
	Bi promotes the proliferation of HaCaT cells and regulates the polarization of RAW 264.7 cells
	NIR light triggers the antibacterial effect of GO-PS/HAL@Bi hydrogel and promotes wound healing
	Quality evaluation of GO-PS/HAL@Bi hydrogel in promoting wound healing

	Conclusion
	Acknowledgments
	Data Availability
	Supplementary Materials
	References


