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1. Introduction

A near-infrared light absorbable hydrogel
with antibacterial effect for mild photothermal
regeneration of infected wounds

Kiyan Musaie,1® Mostafa Qahremani,® Shima Ebadi,” Hooman Haghighi,”
Vahideh Nosrati Siahmazgi,” Samin Abbaszadeh, Mohammad Reza Eskandari,®
Marja Slomp,? Jelly Atema-Smit,” Hélder A. Santos 2 *® and

Mohammad-Ali Shahbazi (= *?

Bacterial wounds are currently a growing concern in clinical practice, with the rising challenge posed by
antibiotic resistance and inflammation. Traditional photothermal therapy (PTT) presents great efficiency
in treating infected wounds; however, it has the limitation of thermal damage to healthy tissues.
To overcome this challenge, the strategy of mild-PTT is proposed using hyaluronic acid-coated bismuth
sulfide (Bi»S3) nanoparticles (BiH NPs) alongside allantoin within gelatin/sodium alginate-based hydrogel
formulation to eliminate bacterial infections and facilitate the wound healing procedure. BiH NP as a
photothermal agent is synthesized via a facile and environmentally friendly method with excellent
biocompatibility and high photothermal efficiency. Our formulation demonstrated good mechanical
resistance with high recoverable compressibility and favorable bactericidal effects on Escherichia coli
and Staphylococcus aureus bacteria. Moreover, as a multifunctional system, it accelerates wound
healing in non-infected and infected full-thickness wound models with desirable in vitro and in vivo
and high
photothermal efficiency, this hydrogel emerges as a promising candidate for the treatment of infected

biocompatibility. With the simple preparation procedure, potent antibacterial effect,

wounds.

of multiple drug-resistant bacteria.® Therefore, the development of
efficient and on-time treatment is critical to minimize the possi-

Skin, the first barrier of the immune system, supports internal
organs against threatening factors; however, it is exposed to
injury due to different reasons such as trauma, surgery, skin
disease, diabetes, and burns."? Although most skin damages
recover in a short time, complex wounds like infected wounds
have an extended inflammation phase, causing sepsis, swelling,
pain, and redness. Currently, antibiotic therapy is the common
way to deal with bacterial infection. Unfortunately, indiscriminate
and irrational consumption of antibiotics has led to the emergence
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bility of bacterial infection to promote wound repair.

In recent years, photothermal therapy (PTT), which converts
near-infrared (NIR) light into heat, has been investigated for its
broad-spectrum antibacterial potential due to its ability to
increase bacterial membrane permeability and induce protein
denaturation.* NIR laser alone is safe for healthy biological
tissues, as it has low absorbance and high light scattering
in biological media. However, elevated local temperature
(55-60 °C) poses challenges to normal tissue integrity. To avoid
this limitation, mild-photothermal therapy (m-PTT) utilizing
lower temperatures (<45 °C) in synergy with bioactive anti-
bacterial agents has been offered as a new strategy to address
the intricate needs of infectious wounds.”® In this line, the
usage of traditional photoactive nanomaterials like gold nano-
particles and carbon-based nanoparticles is limited due to the
cost and lower absorption of NIR irradiation, respectively.”
Instead, bismuth sulfide (Bi,S;) nanoparticles showed high PTT
performance® and high biocompatibility,” as well as antibacterial
activity against Escherichia coli (E. coli)'™™ and Staphylococcus
aureus (S. aureus)'® bacteria.

This journal is © The Royal Society of Chemistry 2025
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In addition, incorporation of photoactive agents within a
hydrogel network can further minimize the adverse effects of
PTT by producing predictable and even heat generation and
avoiding uncontrolled hot spots in wound tissue.'> Hydrogels
with their desirable biocompatibility, moisture regulation prop-
erties, and controlled release of active pharmaceutical ingredi-
ents are favorable carriers for wound healing applications.™
Gelatin (G), a protein derived from collagen, and sodium
alginate (A), an anionic polysaccharide, both offer abundant
functional groups (e.g., hydroxyl, primary amine, and carboxyl
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groups) that enable chemical crosslinking with genipin,**">
poly(ethylene glycol) diglycidyl ether (PEGDGE),"*'” and Fe**.'8

Herein, hyaluronic acid-coated Bi,S; NPs (BiH NPs) and
allantoin (Al) are co-loaded in a gelatin-sodium alginate (GA)
hydrogel crosslinked by PEGDGE to develop GA-Al-BiH hydro-
gel (Fig. 1a). Al, as a pharmaceutically active ingredient, has
been reported to have an antibacterial effect against S. aureus,
E. coli, and Pseudomonas aeruginosa,19 as well as skin cell
regeneration properties owing to the induction of fibroblast
proliferation.”® BiH NPs with excellent m-PTT performance can
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Fig. 1 Schematic illustration of the preparation procedure of the GA-Al-BiH
of the injectable hydrogel crosslinked by PEGDGE and the incorporation of th

hydrogel and the expected functions of the hydrogel. (a) The components
e BiH NPs and Al. (b) The prepared system displays multifunctional activity,

including ECM mimicking, great mechanical properties, photothermal effect, and antibacterial activity for infected wound healing. The picture is created

in https://Biorender.com.
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be used to eliminate bacterial infection and protect the wound
area from secondary infections during the treatment proce-
dure. While gelatin offers signal peptides like Arg-Gly-Asp
(RGD), alginate provides the desirable hydration and porosity
to the hydrogel structure, together creating a balanced extra-
cellular matrix (ECM)-mimicking platform. ECM plays a key
role in wound tissue for structural support, cellular attachment,
and regulating biochemical and biomechanical signaling pathways.
Thus, a multifunctional GA-Al-BiH hydrogel with m-PTT perfor-
mance is expected to be a good candidate for accelerating the
healing process of normal and infectious wounds (Fig. 1b).

2. Results & discussion

2.1. Synthesis and physicochemical characterization of NPs

BiH NPs were synthesized by a facile fabrication method in
several consecutive steps, as represented in Fig. 2a. In an
environmentally friendly approach, Bi(NO;);-5H,0 with r-cysteine
formed different early precursor complexes such as [Bi(t-
cysteine),]**.>" Then, the formed complexes were turned into
Bi,S; NPs in alkaline conditions, resulting in a color change
from colorless to black after stirring at 78 °C for 24 h. Next, the
obtained NPs were coated with HA under sonication to obtain
BiH NPs.

Moreover, the physicochemical properties of the NPs were
studied to prove the successful synthesis procedure. Transmis-
sion electron microscopy (TEM) images revealed that BiH NPs
possess a nanosheet-like morphology (Fig. 2b). Their ultrathin
structure and high specific surface area enable a rapid response
to external stimuli such as light, resulting in high photothermal
efficiency. In addition, the energy-dispersive X-ray spectroscopy
(EDAX) spectrum and elemental mapping of BiH NPs revealed
the uniform dispersion and presence of bismuth, sulfur,
carbon, and oxygen elements with weight percentages of
68.3%, 10.1%, 12.4%, and 9.1%, respectively (Fig. 2c¢ and d).
The presence of oxygen and carbon elements corresponded to a
successful coating process by HA. Furthermore, X-ray photo-
electron spectroscopy (XPS) results showed symmetric Bi 4f
peaks with well-separated spin-orbit components (4 = 5.3 eV),
indicating the presence of bismuth compounds, such as Bi,S3,
instead of bismuth metal (Fig. 2e and f). The high-resolution Bi
4f spectra showed two predominant peaks at 158.45 eV and
163.75 eV corresponding to the spin state of Bi 4f;/, and Bi 4f5,,
respectively, indicating the energy binding state of Bi*".??
These peaks were shifted from the metallic bismuth peak at
156.95 eV. The low intensity of this peak suggested that the zero
oxidation state of the Bi is a minor component.

2.2. Preparation of hydrogels

The gelation process of hydrogels was evaluated with the
“flowability under heat” method.>* Due to the sol-gel conver-
sion of gelatin at room temperature, the macroscopic behavior
of hydrogels was investigated at higher temperatures to con-
firm the successful crosslinking and gel formation. As shown
in Fig. 3a, the GA mixture was prepared with two different
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proportions of G to A (1:1 and 4.5 : 1) with and without PEGDGE as
a crosslinker and studied in two neutral and basic environments.
Initially, all the samples were solidified at room temperature due to
the presence of gelatin. At neutral pH, both crosslinked and non-
crosslinked GA samples showed low viscosity and even solution
behavior when exposed to heat in a water bath, owing to weak
connections between the components of the mixtures. However,
the GA hydrogel represented no flow at alkaline pH when subjected
to high temperatures. In the alkaline condition, the nucleophilic
groups of gelatin and sodium alginate, like amino and carboxyl
groups, were deprotonated and amplified to attack the epoxy ring
in PEGDGE, resulting in epoxy ring opening, and subsequently,
establishing chemical crosslinking.>* Moreover, adding BiH NPs in
the GA mixtures did not interfere with the gelation process at the
alkaline condition.

2.3. Characterization of hydrogels

2.3.1. Initial water content (IWC) and yield. The IWC of
GA(1:1), GA(1:1)-BiH, GA(4.5:1), and GA(4.5:1)-BiH hydro-
gels were more than 90%, suggesting the high amount of water
molecules entrapped in the pores of hydrogels (Fig. 3b).
Furthermore, the yield value of all prepared hydrogels was
more than 75% (Fig. 3c). In addition, the usage of different
concentrations of polymers or the incorporation of the BiH NPs
did not interfere with the IWC and yield rates.

2.3.2. Gel content, water retention, and non-degraded
hydrogel ratio. One of the macroscopic indicators for investi-
gating the interactions between hydrogel components is the
gel content. The gel content of GA(4.5:1) and GA(4.5:1)-BiH
hydrogels were significantly higher than GA(1:1) and GA(1:1)-
BiH hydrogels, confirming the increased ratio of gelatin to
sodium alginate enhances the efficiency of gel formation and
enhanced binding among functional groups of the polymers
(Fig. 3d), which correlates with better hydrogel strength and
mechanical property.>®> Moreover, high water retention is
another fundamental parameter for the design of wound dres-
sings by providing a moist environment to absorb the wound
extrudes, facilitating cell growth, angiogenesis, fibrinolysis,
and preventing scar formation.”® The amount of remaining
water in the GA(4.5:1) and GA(4.5:1)-BiH hydrogels was
higher than GA(1:1) and GA(1:1)-BiH hydrogels after 24 h at
room temperature (Fig. 3e). A higher ratio of gelatin to sodium
alginate provides stronger connections of polymer chains in
hydrogels, which results in a high quantity of water in the
three-dimensional structure of the hydrogel for longer hours.
Furthermore, the high durability of the dressing platform is a
notable feature that facilitates the controlled and prolonged
release of drug and ECM-mimicking material to the wound site.
Non-degraded hydrogel ratio demonstrated that GA(1:1),
GA(1:1)-BiH, GA(4.5:1), and GA(4.5:1)-BiH hydrogels did
not degrade completely in two weeks (Fig. 3f). The degradation
rate of all hydrogels in the early hours was higher compared to
subsequent hours. Furthermore, in all time points, the percentage
of degradation for GA(4.5:1) and GA(4.5:1)-BiH hydrogels was
less than GA(1:1) and GA(1:1)-BiH hydrogels. Hydrogels with
a higher amount of gelatin in the hydrogel matrix have a lower

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Schematic illustration of the synthesis process of BiH NPs. (b) TEM images of BiH NPs. (c) and (d) EDAX spectrum and elemental mapping of
BiH NPs. (e) Wide-scan XPS spectrum of BiH NPs. (f) High-resolution Bi 4f spectra of BiH NPs.

percentage of degradation due to higher crosslinking density Therefore, G to A ration of 4.5:1 was chosen for Al loading
compared to other hydrogel samples, confirming the results and also preparing GA, GA-BiH, GA-Al, and GA-AI-BiH for the
obtained from gel content and water retention studies. other following studies.
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(a) Photographs of GA mixture, GA, and GA-BiH hydrogel with two ratios of gelatin and sodium alginate (4.5:1 and 1:1) in neutral and basic

conditions at room temperature and 75 °C. (b) IWC (%), (c) yield (%), (d) gel content (%), (e) water retention (%), and (f) non-degraded hydrogel percentage
of GA(1:1), GA(1:1)-BiH, GA(4.5:1), and GA(4.5:1)-BiH hydrogels. All experiments were performed in triplicate, and data are reported as mean + SD
(N = 3). The statistical analysis was performed using one-way ANOVA (**p < 0.01). (g) SEM images and (h) elemental analysis of GA and GA-BiH

hydrogels.

11754

| J Mater. Chem. B, 2025, 13, 11750-11766

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01346a

Open Access Article. Published on 20 August 2025. Downloaded on 10/15/2025 1:32:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2.3.3. Morphological properties and elemental analysis of
the hydrogels. The surface morphology of the GA and GA-BiH
hydrogels was studied by scanning electron microscopy (SEM),
revealing an interconnected porous microstructure (Fig. 3g).
This porous structure aids wound closure by O, and exudate
exchange, cell infiltration, growth, and sustained drug delivery.””
Moreover, elemental analysis of GA-BiH hydrogel compared
to the GA hydrogel represented a homogenous distribution of
the Bi element within the walls of the hydrogel pores, indicating
the uniform presence of the BiH NPs throughout the hydrogel
matrix (Fig. 3h).

2.3.4. TGA and DTG studies. The thermal properties

View Article Online
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thermogravimetric analysis (TGA) and derivative thermogra-
vimetry (DTG), as shown in Fig. 4a. The maximum decom-
position temperature and residual amount at 800 °C were
summarized in Fig. 4b. All samples except Al and BiH NPs
showed obvious weight loss at temperatures below 200 °C,
indicating water loss and any evaporative components that
adhere to the surface of hydrogels and their ingredients with
weak bonds.”® The second and main degradation step of
sodium alginate from 206 °C to 283 °C corresponds to the
degradation of saccharide structure, and the third weight
loss step above 445 °C belongs to the formation of carbonac-
eous materials.”® Moreover, the second and main weight
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(a) TGA and DTG profiles of the different hydrogels and their initial components. (b) The maximum destruction temperature and the residual

weight at 800 °C of different hydrogels and initial components obtained from DTG and TGA, respectively.
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degradation, and the third step was initiated at 642 °C due to
the decomposition of intermediate products that are more
heat stable.*® The Al thermograph demonstrated three stages
of decomposition at 200-500 °C that overlapped with each
other in which the third stage related to the boiling point of
AL*' The TGA curve of PEGDGE showed ongoing weight loss,
and the main weight loss stage was in the range of 267 °C to
413 °C.** Also, synthesized BiH NPs represented high heat
resistance even up to 800 °C. Furthermore, thermographic
diagrams of all crosslinked hydrogels showed two stages of
weight loss, and the second and main stages related to the
destruction of the hydrogel structure. Based on Fig. 4b, the
maximum decomposition temperature of GA, GA-BiH,
GA-Al, and GA-Al-BiH hydrogels was at 389 °C, 390 °C,
391 °C, and 392 °C, respectively, which was higher in comparison
to the initial ingredients, indicating that the crosslinking between
free materials improved thermal stability. Moreover, Al and BiH
NPs encapsulation in the hydrogel matrix had a slight positive
effect on the maximum decomposition temperature. In addition,
the residual weights of GA, GA-BiH, GA-Al, and GA-Al-BiH
hydrogels at 800 °C were 4.3%, 6.8%, 7.1%, and 10.1%,
respectively, indicating that the incorporation of Al and BiH NPs
in the hydrogel matrix improved the thermal stability of the
hydrogels. Also, the simultaneous addition of Al and BiH NPs
had an additive effect on thermal stability.

2.3.5. XRD and ATR-FTIR. The X-ray diffraction (XRD)
analysis was conducted to investigate the crystallinity of the
gelatin, sodium alginate, Al, BiH NPs, GA, GA-BiH, GA-Al, and
GA-Al-BiH samples (Fig. 5a). The diffractogram of sodium
alginate consisted of two broad peaks at 13.9° and 21.9°,
and gelatin showed a wide peak at 21.8° that is related to the
collagen triple helical structure,® demonstrating the amor-
phous nature of both materials.>® The XRD pattern of GA
hydrogel showed only one broad peak at 21.7°, and diffraction
peaks of sodium alginate disappeared at 13.7° and amplified at
21.9°, suggesting the intermolecular interaction between
sodium alginate and gelatin influences the sodium alginate’s
structure.®® The diffraction patterns of BiH NPs correspond to
the standard pattern (JCPDS no. 170320).> The Diffractogram
of Al displayed multiple sharp peaks, confirming the crystalline
nature of Al.>® Moreover, XRD patterns of GA-Al and GA-BiH
hydrogels demonstrated that the intensity of the diffraction
peak at 21.9° decreased, indicating that the addition of NPs and
Al affected the placement order of GA hydrogel molecules.
Furthermore, in GA-Al-BiH, the intensity of the diffraction
peak at 21.9° extremely decreased, and there were multiple
sharp peaks in 12°-22° confirming the existence of BiH NPs
and Al molecules, which together changed the arrangement
of hydrogel molecules more than before to form crystalline
microaggregates, and subsequently, leading to an increment of
crystallinity.**

Attenuated total reflectance-Fourier transform
(ATR-FTIR) was conducted to evaluate the structure of the raw
materials and crosslinked hydrogels in the range of 4000-
400 cm™ " (Fig. 5b). The spectrum of gelatin showed a broad
band at 3437 em™", which is attributed to the -NH stretching

infrared
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vibration and -OH stretching vibration groups. The bands at
1655 cm™ ' and 1533 cm™* were assigned to the C=O stretching
vibration of amide I (amide carbonyl) and -NH vibration of
amide II, respectively.>” Moreover, in the spectrum of sodium
alginate, broad index peaks at 3440 cm™', 1576 cm ™', and
1418 cm™ ' were related to the OH stretching, ~COO asym-
metric, and symmetric stretching vibrations, respectively.*®
In the spectrum of PEGDGE, the absorption peaks at around
2867 cm™ ' and 1096 cm™ ' belong to the C-H stretching
vibration and C-O stretching vibration, respectively. Absorption
peaks at 844 cm™ ' and 911 cm ™' were also attributed to the
vibration of the epoxy ring.*® The ATR-FTIR spectrum of GA,
GA-BiH, GA-Al, and GA-Al-BiH hydrogels confirmed the
presence of PEGDGE in the structure of the hydrogels by
representing obvious peaks at around 2863 cm ™" and 1090 cm ™',
which belong to C-H stretching vibration bond and C-O stretching
bond, respectively. In addition, weak absorption peaks at 911 cm ™
and 844 cm ™" in the ATR-FTIR spectrum of all hydrogels indicated
the epoxy ring opening and formation of crosslinking.** Moreover,
ATR-FTIR spectra of BiH NPs confirmed the formation of NPs
by representing a sharp peak at 1382 cm™ " and a broad peak at
480 cm™", which corresponded to Bi-S bond vibration.*"**> The
remaining peak at 480 cm™ " in the spectra of GA-BiH and GA-Al-
BiH hydrogels indicated successful nanoparticle loading in the
hydrogel matrix. Furthermore, absorption peaks in the spectrum of
Al appeared at 3434 cm ™" and 3340 cm™ " owing to the -NH, and
-NH symmetric vibrations. In addition, the absorption peak at
around 1704 cm ™" and 1780 cm ™" belong to the -C=O vibrations
of the amid and ring of AL** FTIR spectra of GA-Al and GA-Al-BiH
demonstrated a shifted absorption peak at 1704 cm™* to a higher
wavelength after the insertion of Al, which indicates the establish-
ment of hydrogen bonding between Al and hydrogel components.**
2.3.6. Rheological and mechanical properties. Rheological
studies were conducted to evaluate the viscoelastic behavior of
the GA-Al-BiH hydrogel. The strain sweep test exhibited the
intersection of the G’ and G” values at around 350% at a
constant frequency of 10 rad s ' (Fig. S1), showing high
tolerance to deformation before network breakage. Then, the
frequency sweep showed higher values of G’ compared to the
G", suggesting the semi-solid or hydrogel behavior of our
biomaterial (Fig. S2). However, the GA mixture without using
the crosslinker showed higher G” values compared to the G/,
indicating the liquid nature of the sample (Fig. S3).
Compressive stress-strain measurement was studied to
evaluate the mechanical strength of the GA mixture, GA,
GA-BiH, GA-Al, and GA-Al-BiH hydrogels (Fig. 5c). The GA
mixture did not tolerate 50% of compressive strain and tore up,
while all crosslinked hydrogels retained the original shape after
pressure, confirming the formation of strong bonds in cross-
linked hydrogels. The maximum compressive stress was reported
as 30.4 + 3.0 kPa, 529.8 &+ 10.8 kPa, 567.1 + 11.4 kPa, 544.5 +
8.9 kPa, 587.1 + 15.2 kPa for GA mixture, GA, GA-BiH, GA-Al, and
GA-Al-BiH hydrogels, respectively (Fig. 5d and e). The remarkably
high values of compressive stress of crosslinked hydrogels in
comparison to the GA mixture proved the increased mechanical
tolerance resulted from the addition of PEGDGE to the GA

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01346a

Open Access Article. Published on 20 August 2025. Downloaded on 10/15/2025 1:32:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
(a) 21.8° (b) Gelatin
A“ & Gelatin X
) 3437,%.¢
}3;9 [-NH & -OH] Alginate 1533,1655,[-C=0]
Alginate 3440,
[-OH] ¥
Al 1576, 1418,[-CO0]
.
3434,3340,
S |[-NH, & -NH] PEGDGE
- ©
3 : e
s Al g 2863,
Z ] I [C-H]
'Z’ i E
- GA o
(=
.“/ T“M GA-Al
BiH
.‘o/ M GA-BiH
12°
22°
GA-Al-BiH
—Tr T —T T T T T T
10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
2 0(degree) Wavelength (cm™)
c f
() GA-Al GA-BiH GA-Al-BiH M Cycle 1 Cycled
o EIS GA EIS GA
5@ X =3
bR 10 210
@ g g
& 5 & 5 j
- 0 o
5 0 10 20 30 40 50 0 10 20 30 40 50
R Strain (%) Strain (%)
58 .
© _— - o -
2 gs GA-Al §_‘5 GA-Al
o 0 @10
o 4
:5 o / “ /
2 [ 0
< 0 10 20 30 40 50 0 10 20 30 40 50
Strain (%) Strain (%)
15| GA-BiH 15| GA-BiH
(d) (e) gl g
=5 =
6001 ——GA (-Crosslinker) 600 4 g,
- ——GA - a° &
© © = 0 0
o ——GA-Al a 5
= 400 CABIN = 400 -E - o 1uségin3(o%)4o 50 - 0 mSt::ina(n%)An 50
1 D 2 2 F1s| GA-AI-BIH 15| GA-AI-BIH
5200 5200 & =5 £,
(%] (%] - 2 @
< L [
It &° 8°
0 0 Ol ==z o
0 10 20 30 40 50 0 10 20 30 40 50
0 20 St:’gin (;3) 80 Strain (%) Strain (%)
Fig. 5 (a) XRD patterns and (b) ATR-FTIR spectra of the pure ingredients and prepared hydrogels. (c) Photographs of GA (-crosslinker) mixture and

crosslinked hydrogels (GA, GA-BiH, GA-AL, and GA-Al-BiH) before, underwent, and after compressive test at 50% strain. (d) Compressive stress—strain
curve and (e) maximum compressive deformation point of GA (-crosslinker) mixture and crosslinked hydrogels. (f) Compressive stress—strain curve of
crosslinked hydrogels at 50% compressive strain after one and four loading—unloading cycles.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. B, 2025, 13, 11750-11766

| 11757


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01346a

Open Access Article. Published on 20 August 2025. Downloaded on 10/15/2025 1:32:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

mixture. Noticeably, embedding Al and BiH NPs within the GA
hydrogel slightly increased the mechanical strength, indicat-
ing the formation of new interactions like hydrogen bonding
between these materials and hydrogel components. It has
previously been shown that the insertion of Al into the
gelatin—chitosan scaffold structure up to 0.5% (w/v) increases
the mechanical resistance.*> Compressive stress-strain curves
after multiple loading-unloading cycles demonstrated an
obvious hysteresis loop in GA, GA-BiH, GA-Al, and GA-Al-
BiH hydrogels, retaining their original curved shapes without
any rupture in different cycles (Fig. 5f). Therefore, good
flexibility and excellent mechanical properties of these hydro-
gels can simulate skin elasticity to facilitate air infiltration
into the wound and protect it from peripheral damage to heal
faster.*®

View Article Online
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2.4. Photothermal behavior of BiH NPs and hydrogels

The in vitro photothermal studies were performed to evaluate
the light-to-heat conversion capacity of NPs to reach the max-
imum bactericidal and wound regeneration effect with the
lowest risk of damage to healthy tissues in m-PTT. BiH NPs
displayed concentration-dependent temperature change under
808 nm NIR irradiation with the power density of 1 W cm™> for
10 min, rising to 41.2 °C, 46 °C, and 52 °C with 50 pg ml™",
100 pg ml™", and 200 pg ml™" concentrations of the NPs
solution, respectively (Fig. 6a). Generally, temperatures above
50 °C were used to kill bacteria;*” however, the risk of damage
to healthy tissues is considered an alarming challenge.
Since the appropriate temperature for m-PTT is around 42 °C,
100 ug ml " of BiH NPs can be an excellent choice for incor-
poration inside the hydrogels by controlling the temperature by
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Fig. 6 Photothermal temperature curves of (a) different concentrations of BiH NPs, (b) DW, GA, GA-Al, GA-BiH, and GA-Al-BiH hydrogels under
808 nm NIR laser irradiation (1 W cm™2) for 10 min. (c) Temperature curves of GA—Al-BiH hydrogel during four ON/OFF cycles of laser irradiation
(808 nm laser, 1 W cm™2). (d) Infrared images of various samples upon 808 nm NIR laser irradiation (1 W cm~2) for 10 min. (e) Temperature curves of the
100 pg ml~* BiH NPs on two different days under 808 nm NIR laser irradiation (1 W cm™2) for 10 min. Viabilities of HDFa cells after exposure to different
concentrations of the (f) Al, BiH NPs, (g) GA, GA-BiH, GA-Al, and GA-Al-BiH hydrogels incubated for 24 h at 37 °C, quantified by the CellTiter-Glo
luminescence assay. Data are presented as the mean + SD (N = 4).
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reducing the irradiation time or increasing the distance
between the laser and the sample.*® Moreover, the photother-
mal behavior of GA and GA-Al hydrogels under 808 nm NIR
radiation (1 W cm ™2, 10 min) did not demonstrate significant
temperature changes compared to distilled water (DW) as a
control group (Fig. 6b). However, the temperature of the GA-
BiH and GA-AI-BiH hydrogels significantly increased up to
46.8 °C and 47.7 °C, respectively. Furthermore, GA-Al-BiH
hydrogel after four cycles of heating and cooling phases by
NIR laser confirmed the suitable photothermal stability,
suggesting the outstanding potential of this photoactive agent
for multiple PTT usage with a single injection of the hydrogel
(Fig. 6c). The infrared images were consistent with the
data represented in Fig. 6b, suggesting the satisfactory photo-
thermal effect of the BiH, both alone or when incorporated
into the hydrogel system (Fig. 6d). Moreover, BiH NPs exhi-
bited excellent stability, maintaining consistent photothermal
performance even after two months of being stored at 4 °C
(Fig. 6e).

2.5. Cell viability assay

The cytotoxicity of the hydrogels and hydrogel ingredients with
different concentrations were assessed on primary dermal
fibroblasts (HDFa) after 24 h of incubation time to ensure
the intrinsic biocompatibility. All in all, concentrations up to
10 mg ml ™' (equivalent to our formulation) demonstrated
favorable cytocompatibility. BiH NPs with concentrations of
50 ug ml~*, 100 pg ml~*, and 200 pug ml~" exhibited 80%, 75%,
and 55% of cell viability, respectively. Thus, together with PTT
results 100 pg ml~" concentration of the BiH NPs was selected
to embed inside the hydrogels to show efficient PTT effect
without cytotoxic effect on healthy cells surrounding the wound
area. Moreover, GA, GA-BiH, GA-Al, and GA-AI-BiH hydrogels
with different concentrations up to 2 mg ml~" exhibited desir-
able cytocompatibility, making them a promising candidate for
biomedical applications, such as wound healing.

2.6. In vitro antibacterial activity

Bacterial infection by prolongation of the inflammatory
response may lead to increased levels of matrix metallopro-
teases, which could damage the ECM and delay the wound
healing process by facilitating the wound to enter the chronic
phase.*” PTT could eliminate the bacteria in three steps:
(1) adsorption and interaction of photothermal agents on the
surface of bacteria; (2) conversion of light into heat and incre-
ment of the surface temperature of bacteria; and (3) denatura-
tion of enzymes.”® Although there are some concerns about
damage to healthy surrounding tissues by PTT, m-PTT with
mild temperature rise is considered a more suitable strategy for
bacterial elimination. The antibacterial ability of BiH (100 pg m1 ™),
Al (1% w/v), GA, GA-BiH, and GA-Al-BiH hydrogels was investi-
gated against Gram-negative E. coli and Gram-positive S. aureus
with and without laser irradiation using the colony counting
method (Fig. 7a and b). The growth of E. coli colonies was
eradicated more than S. aureus in GA-BiH, and GA-Al-BiH
treated groups with or without NIR radiation. The peptidoglycan

This journal is © The Royal Society of Chemistry 2025
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multilayer cell wall of Gram-positive bacteria makes them more
resistant compared to Gram-negative bacteria, with a thin cell
wall.'® GA-BiH hydrogel exhibited 90.0% and 59.3% of E. coli
and S. aureus colony elimination, respectively, owing to the laser-
induced temperature increment effect.

These values increased to 98% and 89.8% of E. coli and
S. aureus colony destruction with GA-Al-BiH hydrogel. While
the Al solution did not show any direct antibacterial effect, the
incorporation of Al inside our hydrogel formulation enhanced
the antibacterial efficacy in both bacteria in an additive or
synergistic way, possibly by enhancing the susceptibility of
bacterial membranes to PTT-induced hyperthermia. However,
control, BiH, GA, and GA-Al hydrogel groups, even upon 808 nm
NIR radiation, showed normal bacterial growth. Although the BiH
NPs + laser irradiation group was able to increase the temperature
up to 45-46 °C, the antibacterial effect was unsatisfactory due
to rapid heat dissipation and aggregation of NPs in solution
compared to solid or semi-solid matrices such as a hydrogel.
Hence, in vitro antibacterial evaluations showed that the m-PTT,
alongside the presence of Al inside the hydrogel, is a powerful tool
in a hydrogel to eliminate bacterial infections.

2.7. Invitro hemocompatibility assay

Hemocompatibility is one of the elementary and vital require-
ments of any dressing material, which can be investigated
through a hemolysis test.>" In vitro hemocompatibility of GA,
GA-Al, GA-BiH, and GA-AI-BiH hydrogels was carried out in
different concentrations (1 mg ml™", 2 mg ml™', and 3 mg ml ™)
and different time points (2 h, 4 h, 8 h, and 24 h). The negative
control group and hydrogel-treated samples in different concen-
trations and time points demonstrated a transparent supernatant
with a slight red color at the bottom of the tubes, demonstrating
packed non-hemolyzed RBCs (Fig. 7c). However, RBCs treated
with DW as a positive control showed a bright red supernatant,
indicating the rupture of RBC and release of the hemoglobin into
the medium. Moreover, as shown in Fig. 7d, all hydrogels in
different concentrations and time points are considered non-
hemolytic biomaterials (non-hemolyzed RBCs >98%) based on
the critical safe margin according to ISO/TR 7406 (<5% hemo-
lysis ratio for biomaterials).”* Also, the presence of the BiH NPs
(100 pg m1™") in GA-BiH and GA-Al-BiH hydrogels did not have a
negative effect on the hemolysis ratio.

2.8. In vivo toxicity

To evaluate the biological safety and biocompatibility of the GA,
GA-BiH, GA-Al, and GA-AI-BiH hydrogels, hematological and
biochemical factors of blood were measured. All hematological
index in the Tegaderm™, GA, GA-BiH, GA-Al, and GA-Al-BiH
treated groups, including blood levels of RBCs, hemoglobin
(HGB), hematocrit (HCT), platelet (PLT), white blood cells
(WBCs), neutrophils (NEUT), lymphocytes (LYMPH), and mono-
cytes (MONO) had no significant difference compared to the
control group. Furthermore, the biochemical factors and miner-
als, such as total protein (TP), calcium (Ca), phosphorus (Ph),
blood urea nitrogen (BUN), creatinine (CERA), lactate dehydro-
genase (LDH), and alkaline phosphatase (ALP) showed no obvious
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(a) Representative images of bacterial growth and (b) bacterial viability graphs of E. coli and S. aureus suspensions on agar plates treated with PBS

(as a control), BiH (100 ug ml™), Al (1% w/v), GA, GA-BiH, and GA—Al-BiH hydrogels with and without NIR irradiation after 24 h of incubation (1 W cm™2,
10 min). Data are reported as the mean + SD (N = 3). The statistical analysis was performed using one-way ANOVA (***p < 0.001, ****p < 0.0001, and
ns = not significant vs. control group). (c) Photographs of different samples with concentrations of 1 mg ml™* and 3 mg ml™! exposed to the human
RBCs after 4 h and 24 h incubation. (d) The non-hemolyzed RBCs (%) after treatment with various hydrogels with different concentrations after different

time points of co-incubation.
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Fig. 8 In vivo toxicity evaluation of GA, GA-BiH, GA-Al, and GA-Al-BiH hydrogels in full-thickness rat skin incision model. (a) Biochemical and

hematological indexes of animals for control, Tegaderm™, GA, GA-BiH, GA-Al, and GA-Al-BiH hydrogels. Data are reported as the mean + SD (N = 5).
(b) The H&E-stained tissues of the kidney, liver, and spleen of rats 14 days after subcutaneous injection of different samples. Scale bar = 0.1 mm.

toxicity in the treated groups (Fig. 8a). Additionally, hematoxylin &
eosin (H&E) staining was used for histological analysis of the
important organs of rats, including the kidney, liver, and spleen,
after 14 days of subcutaneous injection of different hydrogels.
No apparent histopathological changes, such as tissue death,
changes in cell structure, and even the symptoms of inflamma-
tion, were seen, confirming the low systemic toxicity and good

This journal is © The Royal Society of Chemistry 2025

biocompatibility of the GA, GA-BiH, GA-Al, and GA-AI-BiH
hydrogels (Fig. 8b).
2.9. In vivo wound healing

The advantages of accelerated wound healing rely on less
inflammation, infection, and scar formation by minimizing
the time of exposed wound.>® Accordingly, the wound healing
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GA-Al, GA-Al-BiH hydrogel-treated groups on the first day of the treatment. (b) Skin photographs of wound healing in a full-thickness wound model in
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the mean + SD (N = 5). The statistical analysis was performed using one-way ANOVA (**p < 0.01, ***p < 0.001 vs. the control group). (d) Schematic
traces of wound healing of one animal in each group during 14 days for different treatments (scale bar = 12 mm). (e) H&E and Masson's trichrome-stained
wound tissues in different groups after 14 days of treatment with different magnifications. Scale bar = 100 pm.
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capacity of GA, GA-BiH, GA-Al, and GA-AI-BiH hydrogels was
investigated by a circular full-thickness wound model on the
dorsal area of rats (Fig. 9a). To evaluate the wound healing
process, the wound site of various treated groups was photo-
graphed on days 0, 4, 7, and 14 after surgery, and a schematic
diagram of each wound area was depicted (Fig. 9b). In this
study, Tegaderm™, a widely accepted transparent wound dressing,
was used as a control positive group that protects the wound from
external contaminants, while providing moisture vapor and gas
exchange.>® GA-AI-BiH hydrogel-treated group showed the smallest
remaining wound across all time points compared to the other
groups, offering rapid wound closure (Fig. 9c and d). GA-BiH and
GA-Al treated groups represented smaller wound areas compared
to the GA treated group, indicating the positive effect of Al and BiH
NPs on wound healing. Moreover, H&E-stained wound samples of
GA, GA-BiH, GA-Al, and GA-Al-BiH groups demonstrated fewer

S. aureus

View Article Online

Journal of Materials Chemistry B

inflammatory cells compared to the control group and Tegaderm™-
treated groups after 14 days of treatment (Fig. 9¢). The GA-Al-BiH-
treated group did not show any obvious population of inflamma-
tory cells, resulting in faster wound re-epithelialization. In addition,
the development of skin appendages such as hair follicles
and sebaceous glands, as well as numerous blood vessels in the
GA-Al-BiH-treated group, proposed the complete regeneration of
the damaged skin tissue. In fact, we expected these results owing
to the cell proliferation acceleration properties of Al, the antibacter-
ial effect of the BiH NPs, and the ECM mimicking effect of the
hydrogel. In addition, the blue-green color in Masson’s trichrome-
stained samples represented the deposition of collagen, which
is synthesized during the remodeling and proliferative phases of
wound regeneration.”® Collagen was mostly observed in the GA-Al-
BiH-treated group, indicating the improvement of the wound
healing procedure. In summary, the results of the remained wound
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Infected-wound healing assessment. (a) Schematic procedure of creating an infectious wound and the treatment procedure upon 14-day study.
(b) Photographs of two full-thickness incisions created on the back of the rat in control, Tegaderm™

,and GA-Al-BiH hydrogel treated groups on the first

day of the experiment. (c) Skin photographs of wound healing in full-thickness wound model in control, Tegaderm™, and GA-Al-BiH hydrogel treated
groups with and without NIR irradiation (10 min, 1 W cm™2) on days 0, 4, 7, and 14 after treatment. Photographs were taken from a representative animal
of each group. Scale bar: 12 mm. (d) Schematic traces of wound healing of GA—-Al-BiH treated group during 14 days with and without NIR irradiation.
(e) and (f) Remained wound area (%) in different treated groups on days 0, 4, 7, and 14 of treatment with and without NIR irradiation (10 min, 1 W cm™2).
Data are shown as mean + SD (N = 5). The data were statistically analysed using one-way ANOVA (**p < 0.01, ***p < 0.001). (g) H&E and Masson's
trichrome-stained infected wound tissues in different groups with and without NIR irradiation (10 min, 1 W cm™2) after 14 days. Scale bar 100 pm.
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area, H&E staining, and Masson’s trichrome staining manifested
that GA-AI-BiH hydrogel has the potential to accelerate wound
tissue renewal.

2.10. In vivo infected wound assessment

Infection is one of the factors that could delay the wound
healing process by prolonging the inflammatory phase.”” The
wound closure capacity and antibacterial activity of GA-Al-BiH
hydrogel with and without NIR irradiation (808 nm, 1 W cm ™2,
3 min) were evaluated by the creation of two S. aureus-infected
full-thickness wounds on the dorsal region of the rats (Fig. 10a
and b). On the 4th day post-surgery, clear yellow pus or pathogen
contamination appeared in the control and Tegaderm™ groups,
either with or without NIR irradiation, and remained during the
following days over the 14-day study, resulting in a reduction in
the wound closure rate (Fig. 10c). Mild heat generation, besides
the antibacterial activities of GA-Al-BiH, resulted in no obvious
infection and a satisfactory wound healing rate in the animals
treated with this group (99.3 + 0.2%) (Fig. 10d). However, the
remaining wound area for control £+ NIR and Tegaderm™ + NIR
was above 60%, due to the uncontrolled infection (Fig. 10e and f).
Compared to the previously reported hydrogel-based mPTT plat-
forms, our formulation outperformed them in accelerated wound
closure. For instance, 22% of the remaining wound area was
observed after 7 days of treatment with a carboxymethyl chitosan/
polyethylene glycol/graphene oxide hydrogel with multiple NIR
irradiations with a power density of 2 W ecm™> for 5 min.>®
In another work, carboxymethyl chitosan/polyvinyl alcohol/oxi-
dized hyaluronic acid/dopamine hydrogel exhibited around 30%
of the remained wound area on day 7 of treatment using NIR
irradiation (1.0 W cm™?) for 5 min on days 1 to 5.>” However, on
the same day of treatment around 8% of wound area remained
with our system utilizing a lower power density of NIR (1 W cm™?)
and less irradiation time (2 min).

Additionally, H&E-stained wound tissues did not represent an
organized epidermal structure in the control, control + NIR,
Tegaderm™, and Tegaderm™ + NIR groups, which indicated the
inflammatory phase (Fig. 10g). In the GA-AI-BiH and GA-Al-BiH +
NIR-treated groups, the regeneration of the epithelium progressed,
and a smaller amount of inflammatory cell infiltration was
observed compared to other groups. In addition, the GA-Al-BiH
+ NIR-treated group displayed a high amount of skin appendages
such as hair follicles and sebaceous glands, which confirmed the
final stages of skin regeneration. Moreover, Masson’s trichrome-
stained wound samples showed GA-Al-BiH + NIR-treated group
had the highest collagen deposition, which was deeper, thicker,
and better arranged, resembling normal skin, compared to other
groups. Collectively, these results confirmed that the designed
GA-Al-BiH hydrogel is a good candidate for antibacterial wound
dressing, owing to the antibacterial activity and the m-PTT effect.

3. Conclusion

In summary, a photoactive ECM-mimicking hydrogel with
high mechanical strength, desirable biosafety, and excellent

1764 | J Mater. Chem. B, 2025, 13, 11750-11766
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antibacterial activity is designed for m-PTT-induced tissue
regeneration. A chemically crosslinked hydrogel matrix with
high initial water content and low water retention rate is
considered a suitable carrier for embedding Al and BiH NPs.
In vitro antibacterial evaluation manifested m-PTT leading
to ablation of E. coli and S. aureus. Moreover, hyperthermia
triggered by m-PTT and regenerative properties of Al remarkably
promoted wound regeneration by acceleration of re-epithelia-
lization and collagen synthesis. According to this satisfactory
behavior, multifunctional GA-Al-BiH hydrogel provides a strategy
for infected wound repair.
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