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Antioxidant, hemostatic, and injectable hydrogels
with photothermal antibacterial activity to
accelerate full-thickness wound regenerationt
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Habib Zeighami,® Ali Kalantari-Hesari," Laleh Salarilak,” Ebrahim Mostafavi,?"
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Developing injectable hydrogel dressings with multifunctional properties, including antibacterial and
antioxidant ability, and good mechanical properties to treat infected full-thickness skin wounds is of
particular importance in clinical applications. The incorporation of metal ions, such as Zn?*, Ca®*, and
Fe2*, confers the hydrogels with unique properties, including conductivity, bioactivity, and tunability.
In this study, a multifunctional near-infrared (NIR) active hydrogel, named Alg—HA-Zn—-PDA, was fabri-
cated via the incorporation of polydopamine (PDA) nanoparticles into hyaluronic acid (HA) and alginate
(Alg) crosslinked by Zn?*. This hydrogel exhibited high porosity, good mechanical properties, and high
water content, which is an essential requirement in the adsorption of exudates during the healing pro-
cess. PDA endowed the hydrogels with antioxidant activity and hemostatic ability, and made the hydro-
gels NIR active. Zn®" could contribute to the antibacterial and healing effects of the hydrogels. The
antibacterial activity of Alg—-HA-Zn-PDA, with and without NIR irradiation against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus), showed that the NIR light irradiation could result in heat
generation and destroy the bacteria. Furthermore, in vivo treatment in a S. aureus-infected full-thickness
skin defect model demonstrated that the Alg—HA-Zn—-PDA hydrogel possesses excellent wound closure
capacity in the presence of NIR irradiation. In summary, we concluded that the developed antibacterial,
hemostatic, and antioxidant hydrogel is an excellent candidate for wound dressing for the repair of
full-thickness skin defects.

1. Introduction
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One-third of the global mortality is related to bacterial infec-
tious diseases, causing tremendous harm to human health.’
The skin plays a vital protective role in protecting the body from
external harm; thus, it is of special importance to accelerate the
treatment of damaged skin tissues, especially bacterial infected
ones.”> Benefiting from their favorable biocompatibility, dis-
tinctive physicochemical properties, and ability to simulate
the natural extracellular matrix, hydrogels are often used as
excellent wound dressings. They have a three-dimensional and
porous structure and can absorb a large quantity of water, thus
providing a moist environment to the wound environment.*”
Due to wounds on the skin being often irregular in shape,
conventional hydrogels cannot cover the wounds. Therefore,
injectable counterparts have recently gained great attention
because of their potential for filling an irregular wound.®®
Hyaluronic acid (HA) is a biocompatible, biodegradable, and
non-toxic natural polymer with gelation properties, and has been
extensively used in the construction of injectable dressings.
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It can stimulate cell migration, mediate cellular signaling,
reduce inflammation, and promote angiogenesis to accelerate
the repair process of an injured wound.’™** Alg is a naturally
occurring polysaccharide derived from brown algae. It can form
viscous, hydrophilic, and biocompatible hydrogels when it is
hydrated."? In addition, it can be electrochemically cross-linked
with metal cations to form multifunctional hydrogels.'*'*> Due
to its low toxicity, biocompatibility, and similarity to the
extracellular matrix (ECM), it is widely used in the design and
fabrication of hydrogels, especially in wound healing applica-
tions."®"” Although Alg and HA have been broadly used in the
fabrication of hydrogels, the polymers alone cannot address all
the requisite properties for a successful wound dressing.'®2°
Therefore, their combination with other polymers, NPs, or
biologically active metal ions can boost the performance of
the polymers in the wound repair process.>’** This is due to
the fact that wound healing is a complex process involving
multiple phases i.e., hemostasis, inflammation, proliferation,
and remodeling.>® In addition, PDA with excellent biocompat-
ibility, water dispersity, effective radical scavenging ability, and
strong tissue adhesion, has drawn increasing attention in
broad biomedical applications, especially in the preparation
of multifunctional wound dressings.>**” It has excellent photo-
thermal conversion efficiency, making it a good candidate for
photothermal therapy (PTT).>® Also, PDA has highly reactive
catechol functional groups, the key component of mussel
adhesive proteins for adhering to many surfaces in aqueous
environments, rendering it of merit to be used in the fabrica-
tion of adhesive hydrogels with self-healable properties.*”*®
However, the majority of the existing PDA-based hydrogels
require complex modification or synthesis, which might hinder
them from further application.?*" Therefore, it is imperative
to develop PDA-based injectable hydrogels through facile
preparation.®”

The metal-ligand coordination interaction with a capacity
to produce hydrogels with high mechanical properties has
attracted increasing attention to preparing advanced hydrogels
for wound healing management.>®> Many metal ions have
shown crucial roles in tissue regeneration.**> Therefore, the
incorporation of metal ions into hydrogels can expand/improve
the performance of the porous materials.’**® Among the
ions, Zn®>* is a component structure of enzymes maintaining the
structural integrity of proteins and regulating gene expression.>®
In the wound healing process, the ions reduce free radical
activity, accelerate collagen synthesis and cellular growth, and
inhibit bacterial growth.*>*" However, Zn-based adhesive hydro-
gels have been rarely reported as a wound sealant.*! Collectively,
as far as we know, no studies on the fabrication and charac-
terization of injectable hydrogels prepared from Alg, HA, PDA,
and zinc ions have been carried out.*>™**

Herein, taking advantage of the unique properties of HA,
Alg, and PDA, an antibacterial, antioxidant, and hemostatic
hydrogel was constructed by the use of Zn®" as a crosslinker
(named Alg-HA-Zn-PDA; Fig. 1). The multifunctional hydro-
gels exhibited proper rheological properties and excellent
photothermal behavior in vitro. The antibacterial, hemostatic
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ability and antioxidant activity of the hydrogels were investi-
gated. Good hemocompatibility and cytocompatibility were
also demonstrated to prove the biocompatibility of the hydro-
gels. In addition, the NIR-active hydrogels exhibited excellent
antibacterial capability against S. aureus and E. coli in vitro. This
property was further increased when NIR light (808 nm) was
used. The enhanced effect of the photothermally active hydro-
gels on accelerating wound healing using a rat full-thickness
wound defect model was studied in terms of wound closure and
histomorphological examinations. In summary, all of the
achievements demonstrated the excellent potential of the anti-
bacterial and hemostatic hydrogels with appropriate mechan-
ical properties, photothermal effect, antioxidant activity, and
biocompatibility for wound healing applications.

2. Materials and methods

2.1. Materials

Dopamine hydrochloride, sodium alginate, hyaluronic acid,
1,1-diphenyl-2-picryl-hydrazyl (DPPH), Dulbecco’s modified
Eagle’s medium (DMEM), Zn (NO;)2-6H,0, fetal bovine serum
(FBS), penicillin/streptomycin, and 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich. S. aureus (ATCC25923) and E. coli (ATCC25922)
were purchased from the Pasteur Institute of Iran. NIH;T; cells
were obtained from the Iranian Biological Resource Center
(ATCC, CRL-1658).

2.2. Synthesis of PDA NPs

PDA NPs were synthesized according to the previously reported
study.*’ Briefly, ammonia aqueous solution (1 mL, NH,OH,
28-30%) was added into ethanol (20 mL) and deionized water
(45 mL) under mild stirring at 30 °C for 30 min. Dopamine
hydrochloride (0.25 g) dissolved in deionized water (5 mL) and
then added into the above solution dropwise. The color of the
resulting solution turned to pale yellow and gradually changed
to dark brown. After 24 h reaction, the NPs were obtained by
centrifugation, and washed with deionized water three times
before dispersing in deionized water.

2.3. Preparation of the hydrogels

To prepare the hydrogel, 400 pL Alg (10% w/v) and 400 pL HA
(1% w/v) were mixed to obtain a homogenous mixture. Then,
200 uL Zn** solution (0.1 M) was added to the previous mixture.
The mixture was vortexed to obtain Alg-HA-Zn hydrogel.
To prepare Alg-HA-Zn-PDA hydrogel, the same amounts of
Alg and HA were mixed with PDA (5 mg mL™", 10 uL) to make a
homogenous mixture and then the Zn** solution as a cross
linker was added to construct Alg-HA-Zn-PDA hydrogel.

2.4. Characterization of PDA NPs and the hydrogels

The morphology and microstructure of the PDA NPs and the
hydrogels were evaluated by scanning electron microscopy
(SEM, Quanta 250 FEG, USA). The surface functional groups
of the hydrogels were confirmed by Fourier transform infrared

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nj05871a

Open Access Article. Published on 25 March 2024. Downloaded on 12/4/2025 3:23:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

View Article Online

Paper

OH

OH
OH o OH . OH OH
) Alginate (Al (o}
.10 Q o/é&l .”_g ( g.)~ 5 Qo 0 Hyaluronic acid (HA)
HO rQ HO -0 HO 0
07 “OoH] k
(0] n

N
A

OH

Alg HA

PDA

808 nm

] A,

Infected wound

+PTT

+ Injectable

+ Antioxidant

+ Antibacterial

+ Hemostatic effect

Alg-HA-Zn-PDA

Accelerated
wound
ealing

)

Fig. 1 Schematic illustration of Alg—HA-Zn—-PDA hydrogel preparation with NIR irradiation to promote wound healing. PDA: polydopamine, PTT:

photothermal therapy.

spectroscopy (FTIR, Bruker, Tensor 27, Germany) in the wave-
number region of 4000-400 cm ‘. The crystallinity of all
samples was carried out by X-ray diffraction (XRD, PW 1730,
Philips, Netherlands) in the 20 range of 10°-80°. The pyrolysis
behaviors of all samples were investigated by thermogravi-
metric analysis (TGA, SDT-Q600, USA). The UV-vis-NIR analysis
of the PDA NPs, Alg-Zn, and Alg-HA-Zn hydrogels were studied
by a UV-vis spectrophotometer (Bruker IFS, 66/vs). Analysis of
the hydrogel’s elements was performed by energy dispersive
spectroscopy (EDS, TESCAN, MIRAIII, Czech Republic). To mea-
sure the zeta potential of the PDA NPs, dynamic light scattering
(DLS) (Malvern, UK) was used.

2.5. The rheology property of the hydrogels

The rheological performance of the hydrogels was conducted by
a TA rheometer (MCR300, Anton Paar, USA). Storage modulus
(G") and loss modulus (G”) were obtained by frequency sweep
test (0.01-100 Hz). The shear thinning property of the hydrogels
was carried out by parallel plate geometry (75 mm diameter)
with a 300 S interval at room temperature using a rheometer
(R/S Brookfield, Canada).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

2.6. Swelling and degradation

The freeze-dried hydrogels were allowed to hydrate in excess
PBS solution (pH ~7.4) at room temperature. The hydrating
samples were weighed at timed intervals after excess water was
removed by filter paper. The swelling percentage is defined as:
Swelling percentage% = S;/S, x 100 (1)
where S; is the weight of the hydrogel at different times and S,
is the initial weight of the hydrogel at time 0 h. Three samples
were tested for each time.

The in vitro degradation of the hydrogels was examined
as a function of weight loss under aqueous conditions in PBS
(pH ~ 7.4). The freeze-dried hydrogels were weighed (W,) and
immersed in PBS solution. After a predetermined time, the
residual hydrogels were removed from the solution, and then
freeze-dried and weighed (W,). The degradation was assessed by
measuring the weight remaining (%), which is defined as the
following equation:

Weight remaining% = W, /W, x 100

(2)
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where W, and W, are the weights of the freeze-dried hydrogels
before and after degradation, respectively. Three samples were
tested for each time.***

2.7. Zinc ion release

To evaluate the Zn ion release from the Alg-HA-Zn-PDA hydrogel,
the samples were immersed in 20 mL of PBS using a dialysis bag
and incubated at 37 °C. At time intervals of 15 min, 30 min, 1 h,
2 h,4 h, 6 h, 12 h, and 24 h, 7 mL of the released medium was
taken and replaced immediately with fresh PBS in the same
volume. The taken samples were used to measure Zn ion release
by atomic absorption spectroscopy using an atomic absorption
spectrometer (Spectra 110-Varian),*®

2.8. Photothermal performance of PDA NPs and
Alg-HA-Zn-PDA hydrogel

The photothermal activity of the PDA NPs (1 mL aqueous
solution) and Alg-HA-Zn-PDA hydrogel (1 mL) with different
concentrations (method 2.3.) was investigated under 808 nm
NIR laser at power densities of 0.5, 1, and 1.5 W cm ™2 for
10 min. An infrared thermal camera (TiS55, Fluke, USA) was
used to record the temperature every 1 minute. The photo-
thermal stability of the Alg-HA-Zn-PDA hydrogel was explored
by four cycles of laser on-off. The photothermal conversion
efficiency () of the Alg-HA-Zn-PDA hydrogel was studied
according to the previous method.*>***° To this aim, 1 mL
of the Alg-HA-Zn-PDA hydrogel was exposed under 808 nm
(1 W em™?) for 10 min. Then, the temperature was recorded
every 30 s in the cooling phase for 10 min. Detailed calculations
were given as follows:

hS(Tmax - Tsurr) - Qo
I(1—10-A")

n= ®3)
where £ is the heat transfer coefficient, S is the surface area of
the container, Tyhax — Tsurr represents the difference between
the maximum temperature of the hydrogel after laser irradia-
tion and the surrounding temperature, resulting in the 7 value,
Qo is the heat associated with the light absorbance of the
solvent, and I refers to laser power density. A**® is the absor-
bance of the PDA NPs at the wavelength of 808 nm. The time
constant heat transfer (ts) was measured by linear time data
versus -Ln(0) from the cooling phase, as follows:

t

= 4
= TLa(0) (4)
The 0 value was measured using the equation:
T - Tmin
0 =7
Tmax — Tmin (5)

where T refers to the temperature at each time point. Then, AS
was measured by the following equation:

hs =24 (6)

Ts

where m; is the weight of the dried hydrogel, and c; is the heat
capacity of the solvent, which is 4.2 J g~* k™'. After that,
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deionized water (solvent) (1 mL) was exposed under an
808 nm laser for 10 min. Then, the temperature was deter-
mined in the cooling phase and all the above-mentioned
processes were repeated for the solvent. Q, is the heat asso-
ciated with the light absorbance of the solvent per second.
It was calculated by the following equation:

Qo = hS(Tmax,water - Tsurr) (7)

Traxwater — Tsurry Was achieved between the maximum tem-
perature of deionized water and the surrounding temperature.

2.9. Hemolysis effect

The hemocompatibility of the Alg-HA-Zn and Alg-HA-Zn-PDA
hydrogels was studied by hemolysis assay using a human
erythrocyte suspension in vitro.”" To obtain fresh RBCs, whole
anticoagulant blood was centrifuged at 3000 rpm for 6 min with
PBS (pH ~7.4). The separated RBC was washed five times and
diluted to 5% (v/v) by PBS. Then, different amounts of the
hydrogels in 500 pL PBS buffer were mixed with the RBC
suspension (100 uL) to obtain mixtures with different concen-
trations (1, 2, 3, and 4 mg mL™"). After incubation for 2, 4, 8,
and 24 h, the samples were centrifuged at 3,000 rpm for 6 min.
The supernatants (150 pL) were transferred to a 96-well plate
and the absorbance at 540 nm was calculated by a microplate
reader. The hemolysis percentage was followed by:

As— A
Hemolyzed RBCs (%) = ﬁ x 100 (8)
p~— “n
or
A, — A,
Non-hemolyzed RBCs (%) = 1 — ((145714)) x 100 9)
p — “n

where, A, A, and A, were the absorbance of the hydrogel, PBS,
and deionized water, respectively.

2.10. In vitro cytotoxicity of the hydrogels

An MTT assay was performed to study the cytocompatibility of
the hydrogels. Mouse embryo fibroblast cells (NIH;T;) were
seeded into a 96 well-plate (2 x 10° cell per mL) in each well
with 200 pL of culture medium containing DMEM with 10%
fetal bovine serum and 1% penicillin-streptomycin solution in
a CO, incubator at 37 °C. Next, the cells were incubated for 24 h
to permit cell attachment. Then, 200 pL of the hydrogel
suspensions varying from 0.125 to 250, and 500 pg mL ™" in
the culture medium were prepared by diluting Alg-Zn, Alg-HA-
Zn, and Alg-HA-Zn-PDA solutions in the medium. The cells
were incubated with the hydrogel solutions (n = 3, for each
group) for another 24 h. After incubation for 48 and 72 h, the
medium was replaced with 180 pL of fresh medium and 20 pL
of MTT (5 mg in 1 mL PBS), following another incubation for
4 h, to allow the formation of formazan dye. The medium was
removed and 150 puL of DMSO was added into each well
to dissolve the purple formazan. Finally, the absorbance at
570 nm was measured using a microplate reader. The cell

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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viability percentage was determined by the following formula:

C A
cell viability (%) = A—S x 100 (10)
C
where A and A, represent the absorbance of the sample and
control group, respectively.

2.11. In vitro antibacterial and anti-biofilm studies

To assess the antibacterial activity of the hydrogels, S. aureus
(ATCC25923) and E. coli (ATCC25922) were used. The spread
plate method for colony counting of E. coli and S. aureus was
employed for the antibacterial effect of the hydrogels. Bacteria
were cultured in brain heart infusion (BHI) broth/agar (Merck,
Germany) aerobically at 37 °C for 18-24 h. First, 20 pL of the
bacterial suspension (1.5 x 10® CFU mL ') was added into
1 mL of the sterilized hydrogel groups. Then, the NIR-treated
groups were irradiated under the NIR laser for 10 min
(1 W ecm™?). After 2 h of incubation at 37 °C, the samples was
further re-suspended and diluted 30 times. Then, 100 pL of the
diluted solution was spread on a nutrient agar plate (Merck,
Germany) and incubated for 18-24 h at 37 °C. Eventually,
bacterial colonies were counted on each plate. Normal saline
was determined as the control group. The bacterial survival
ratio was measured by the following equation:

Bacterial survival ratio (%) = (N in sample/N in control) x 100
(1)

where N is the colony number on a plate.

To determine the biofilm eradication ability of the hydro-
gels, briefly, 100 uL of S. aureus solution (10° CFU mL ') was
placed in a 24 well plate and incubated at 37 °C. After 24 h
incubation, LB medium was removed and the biofilm was
washed with sterile PBS solution. The Alg-HA-Zn and Alg-
HA-Zn-PDA hydrogels at different concentrations were added
and incubated with the pre-formed biofilm for 2 h in the
absence or presence of NIR treatment (1 W ¢m™ >, 10 min).
After treatment, the biofilms were cleaned with PBS three times
and the viability was evaluated by the crystal violet (CV)
(HiMedia, India) staining method. To this end, the samples
were fixed by absolute methanol and then, 0.2% (w/v) CV
solution was added for 10 min. After that, the samples were
washed three time by sterile PBS. Finally, the samples were
dissolved with 33% (v/v) glacial acetic acid, and the absorbance
of the extracted stains was measured at 590 nm. The biofilm +
LB medium was used as the untreated sample.

Quantitative anti-biofilm analysis was calculated by:

1 — OD590 nm of treated y
OD590 nm of untreated
(12)

The anti-biofilm activity (%) = 100

2.12. Antioxidant activity

The free radical scavenging ability of the Alg-HA-Zn and Alg-HA-
Zn-PDA hydrogels was studied using DPPH as the reactive nitro-
gen species (RNS) scavenger. This indicator is commonly used to
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evaluate the RNS scavenging capacity of antioxidant materials.
To this end, different amounts of Alg-Zn, Alg-HA-Zn, and
Alg-HA-Zn-PDA hydrogels (20, 30 and 40 mg) of 500 pM were
immersed in 3 mL of ethanol. The resulting mixture was stirred
in a dark place at room temperature for 30 min. Afterwards, the
absorbance changes of the samples were detected by a UV-vis
spectrophotometer. The DPPH scavenging effect was calculated
by the following formula:

As

. Ap —
DPPH scavenging (%) = bA— X
b

100 (13)
where 4y, is the absorption of the blank (DPPH + ethanol), and
A is the absorption of the sample (DPPH + sample + ethanol).

2.13. In vitro blood clotting index

50 mg powder of freeze-dried Alg-Zn, Alg-HA-Zn, Alg-HZ-Zn-
PDA, and gauze were placed into pre-warmed experimental
tubes at 37 °C. Next, anticoagulated human whole blood
(100 pL) was dropped on the hydrogel surface, followed by
adding CacCl, solution (12.5 pL, 0.2 M), to start coagulation. The
tubes incubated at 37 °C. After 30, 60, 120, and 240 s, 10 mL of
deionized water was added gradually into the tubes. The
samples were centrifuged (1000 rpm, 5 min) and then the
absorbance of the supernatant solution was measured at
540 nm using a microplate reader (infinite, M200, Austria).
Blood without the hydrogel was considered as a reference.
Finally, the percent of blood clotting index (% BCI) was
obtained using the following equation:

100

BCI(%) = % x (14)

T
where A is the absorbance of the samples or gauze and A4, is
the absorbance of the reference. Each experiment was repeated
three times.

2.14. In vivo hemostatic study

A rat tail-amputation model was used to assess the hemo-
static capacity of the hydrogels. All animal studies (including
Section 2.14) were approved by the animal research Zanjan
University of Medical Sciences Animal Ethics Committee
(ZUMs, REC.1398.282). 20 Sprague-Dawley rats (male, 200-250 g)
were randomly and equally divided into four groups. The animals
were anesthetized by intraperitoneal (IP) injection of ketamine
(50 mg mL~")-xylazine (20 mg mL ") cocktail (0.25 mL, 6:4 v/v).
Next, the middle of the tail was amputated by a surgical cutting
tool. Then, the tail of the rat was placed in the air for 15 s to
ensure normal blood loss. After that, the tail was covered by pre-
weighed freeze-dried hydrogel powders (Alg-Zn, Alg-HA-Zn, and
Alg-HA-Zn-PDA) to evaluate the hemostatic time and blood loss.
The group without any treatment was used as the control.

2.15. In vitro wound healing (scratch assay)

NIH;T; fibroblast cells were applied to investigate the in vitro
wound healing activity of the hydrogels. NIH;T; cells were
cultured at a density of 5 x 10° cells per well in a 24-well plate
overnight. Next, the cells were starved by DMEM, 0.1% FBS and
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5% penicillin/streptomycin for 24 h, preventing the cells from
proliferating to ensure that wound closure results solely from
cell migration.>* Then, an artificial wound was generated by a
sterile 100 puL pipet tip in the middle of each well and the cell
debris was removed by the culture medium. Next, a 500 pL
suspension of Alg-HA-Zn and Alg-HA-Zn-PDA hydrogels
(300 pg mL™") in DMEM, supplemented by 10% FBS and 5%
penicillin/streptomycin was added into each well plate. The
sample without any treatment was applied as a control group.
The scratch healing process of each group at 0, 10, and 24 h was
re-photographed by a phase contrast microscope. The scratch
healing area percentage was calculated using the following
formula:

An
Scratcharea(%) = e 100 (15)

0
where, 4, is the scratch area at 0 h and A, is the area at
other times.

2.16. In vivo wound healing study

A full-thickness cutaneous infected wound model was
employed to evaluate the healing ability of the Alg-HA-Zn
and Alg-HA-Zn-PDA (+NIR) hydrogels. First, healthy rats
(male, 180-200 g) were randomly divided into four groups,
i.e., control, Alg-HA-Zn, Alg-HA-Zn-PDA (—NIR), and Alg-HA-
Zn-PDA (+NIR). The rats were anesthetized by IP injection of
ketamine (50 mg mL™')-xylazine (20 mg mL ") cocktail (0.25
mL, 6:4 v/v) and shaved on the dorsal region. Then, rounded
full-thickness wounds (diameter: 1.2 cm) were created. After
that, 20 pL of S. aureus suspension (~10° CFU mL ') was
added to each wound site. All groups were subjected to the
following different treatments. In the NIR groups, the wounds
were exposed under NIR laser (808 nm, 1 W cm™?) after adding
the hydrogels for 5 min and maintained at 42 °C. The regen-
eration process of the wounds was assessed by wound area
monitoring. The wounds were photographed on days 0, 3, 6, 8,
11 and 13. The wound dressings were replaced on the 2nd and
4th days. Image J software was used to analyze the wound area.
Wound closure was measured according to the formula:
An
Wound area(%):A—OIOO (16)
where, 4, and A,, are the wound areas on day 0 and at different
times, respectively.

2.17. Histopathological analysis

To evaluate epidermal regeneration and inflammation in the
wound site, wound tissues were collected on the 7th and
15th days. First, the cutaneous tissues were fixed in a 10%
neutral buffered formalin solution, dehydrated (using ascend-
ing alcohols), clarified with xylene, and then paraffin-
embedded. Then, the samples were sectioned into 5 pm thick
slices and subsequently, stained with hematoxylin or eosin
(H&E) and Masson’s trichrome. All cutaneous tissue slices were
examined by a microscope, Dino-Lite camera, and Dino-capture
software (V.2).
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2.18. In vivo biocompatibility

The Sprague-Dawley rats (male, 250 g) were randomly divided
into 2 groups (n = 4), Alg and Alg-HA-Zn-PDA. The rats were
anesthetized by IP injection of ketamine (50 mg mL™")-xylazine
(20 mg mL ") cocktail (0.25 mL, 6:4 v/v) and shaved on the
dorsal region. 200 pL of sterilized Alg and Alg-HA-Zn-PDA
hydrogels were injected subcutaneously under the rat’s dorsal
skin. After 7 and 21 days, the rats were sacrificed and the
cutaneous tissues were collected and embedded in formalde-
hyde 4%. The samples were studied using H&E staining to
assess their in vivo biocompatibility.

2.19. Statistical analysis

The experimental data were expressed as mean =+ standard
deviation (SD). Statistical differences were conducted by a
general linear model and one-way ANOVA followed by the
Bonferroni test for multiple comparisons and ¢-test with SPSS,
version 25 (IBM). In all cases, p < 0.05 was considered
statistical significance.

3. Results and discussion

3.1. Characterizations of Alg-HA-Zn and Alg-HA-Zn-PDA
hydrogels

The synthesis of the Alg-HA-Zn-PDA hydrogel was done
through a simple mixing process, as shown in Fig. 1. FDA-
approved Alg and HA natural polysaccharides were selected for
the skeleton of the Alg-HA-Zn-PDA hydrogel. First, Alg and HA
solutions were mixed with PDA and the Alg-HA-Zn-PDA hydro-
gel was prepared by adding Zn>" as a cross-linker. The cross-
linking is attributed to the interaction of the Zn** ion with the
carboxyl and hydroxyl groups of the polymer.** The particle size
and morphology of the prepared PDA NPs was investigated by
scanning electron microscopy (SEM) (Fig. 2A and B). As shown,
the nanostructures had spherical morphology with an average
particle size of ~185 nm. The average zeta potential of the PDA
NPs was measured to be —21.3 mV, which was similar to
previous studies.’ The surface morphology of the supramole-
cular hydrogels was studied by SEM, exhibiting the porous
structure of the hydrogels (Fig. 2D). In addition, the existence
of Zn** ions in the hydrogel was confirmed by energy dispersive
spectroscopy (EDS), indicating a uniform distribution of the
metal ions in the hydrogel (Fig. 2E).

The amount of water content of the Zn-incorporated hydro-
gels was measured and compared with each other. The results
indicated that all hydrogels had the same water content
and exhibited a high water content of ~95% (Fig. 2A).°>* FTIR
spectroscopy was used for the confirmation of the hydrogel
formation by Zn and PDA NPs incorporation via the recognition
of the surface functional groups of the hydrogels in the range
4000-400 cm ' (Fig. 2B). Alg showed a broad band at
3400 cm ! attributed to O-H stretching vibrations.”> A modest
band at 2900 cm ™" could be related to the C-H stretching
vibrations of Alg. The FTIR spectra also exhibited bands at
1600 and 1400 cm ™', which are assigned to the asymmetric and
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symmetric carboxylate group (COOH) stretching vibrations
on the polymeric backbone of Alg, respectively.*® For Alg-Zn
hydrogels, the carboxyl groups are functionalized by metal ions,
and the absorption bands shifted to 1700 and 1500 cm ™. Also,
the band at 530 cm " in the Alg-Zn hydrogel spectrum is
attributed to the metal-oxygen bonds.”” For the pure PDA
NPs, the peak around 3369 cm ™' corresponds to the stretching
vibration of phenolic O-H and N-H groups, the band at
1584 cm™ " contributes to the stretching and bending vibration
of N-H, and a small peak at 1290 cm ' is assigned to the
stretching vibration of phenolic C-0.?*"% In the FTIR spectra of
HA, a broad peak centered at 3600 cm ™' can be assigned to
O-H stretching vibrations. The peaks at 1610 and 1430 cm ™"
were related to the asymmetric and symmetric carboxylate
group (COOH) stretching vibrations.®*

The peak at 530 cm ™ in the Alg-Zn, Alg-HA-Zn, and Alg-
HA-Zn-PDA hydrogel spectra is attributed to the oxygen-metal
bond, which is considered a characteristic peak in the Zn-cross-
linked hydrogels.”” In addition, the spectra of the pure

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

compounds (Zn, Alg, and HA) broadened and shifted to higher
wavenumbers after the fabrication of Alg-HA-Zn-PDA. These
results can confirm the successful fabrication of the hydrogel
through attractive interaction between the functional groups
of the hydrogel by hydrogen bonding and coordinative
interactions.®”®* The XRD patterns of Alg, HA, PDA, Zn salt,
Alg-Zn, Alg-HA-Zn, and Alg-HA-Zn-PDA hydrogels are pre-
sented in Fig. 3C. The XRD pattern of Alg and HA did not show
crystal peaks because these polymers are amorphous.®* PDA
NPs showed a broad peak in the 20 range of 12°-32°, suggesting
its amorphous nature,® whereas the characteristic sharp peaks
of the Zn cross-linker at 25, 30, 35, 37, 57, 63, and 68° were
present in the spectra, corresponding to different crystal planes
of the metal ion.*® As shown, the strong peaks of Zn ions
disappeared from the diffractograms of the Alg-Zn, Alg-HA-Zn,
and Alg-HA-Zn-PDA hydrogels, which shows an interaction
between the polymeric network and the metal ions.®” The
pyrolysis behaviors of the hydrogels and their constituents were
investigated by thermogravimetric analysis (TGA) (Fig. 3D-F).
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the visible and NIR range.

In all samples, the first weight loss at 30-200 °C is attributed
to water evaporation.®® The thermal decomposition behaviors
of zinc nitrate,® HA,”® PDA,”* and Alg’? are similar to the
previously reported studies (Fig. S1, ESIt). After adding Zn**,
thermal decomposition of the Alg-Zn, Alg-HA-Zn, and Alg-HA-
Zn-PDA shifted to high-temperature values slightly, confirming
gelation of the polymeric mixture by the cross-linker. UV-visible
spectra were used to study the interaction of the metal cross-
linker with the polymeric network. The absorbance band at
~310 nm is attributed to zinc ions.*"”* The disappearance of
the absorbance band can be assigned to the complexation of
the polymers with Zn>" ions in Alg-Zn and Alg-HA-Zn (Fig. 3E).
The optical property of Alg-HA-Zn-PDA was characterized by
UV-visible-near infrared absorption spectroscopy. The absorp-
tion spectra of the hydrogel covered the NIR-I region (Fig. 3F).
The hydrogel had an absorbance in the range of the NIR
wavelength between 700 and 900 nm, which was concentration
dependent as well, suggesting NIR activity of the hydrogel
stemming from the PDA NPs.”* The energy dispersive X-ray
(EDX) spectrum provided further evidence for the co-existence
of O (49.61%), C (45.20%), N (3.77%), and Zn (1.42%) in the
Alg-HA-Zn-PDA hydrogel (Fig. S2, ESIT).

3.2. The rheological properties of the hydrogels

The cross-linked structure and microstructural changes of the
hydrogels were studied by dynamic rheometry. The frequency
sweep test was conducted at a constant strain amplitude of
0.5% from 0.01 to 100 Hz. As shown, Alg-Zn, Alg-HA-Zn, and

7768 | New J. Chem., 2024, 48, 7761-7778

Alg-HA-Zn-PDA exhibited higher storage modulus (G’) values
than loss modulus (G”), confirming that the hydrogels had
more elastic properties, thus showing gel-like behavior
(Fig. 3A-C).”® In addition, the G’ value of the Alg~-HA-Zn-PDA
hydrogel was slightly larger than that of the Alg-Zn and Alg-
HA-Zn hydrogels, indicating further attractive interactions
within the hydrogels after introducing PDA NPs (Fig. 3D). The
strain sweep test of the Alg~HA-Zn-PDA hydrogel showed that
the hydrogel had fluid-like properties when the G” value was
higher than G/, indicating fluidity of the hydrogel and potential
ability of the hydrogel to fill irregular wound shapes (Fig. 3E).”®
In addition, the changes of viscosity versus shear rate for
Alg-Zn, Alg-HA-Zn, and Alg-HA-Zn-PDA were measured
(Fig. 3F). As shown, all hydrogels exhibited a drop in viscosity
with increasing shear rate that can be attributed to the
disruption of the fragile intercluster entanglements and
shear-thinning behavior.”” These results confirmed that the
hydrogels had excellent shear thinning properties, which is a
very important factor to construct injectable hydrogels for
wound healing applications.”® The injectability of the hydrogel
was further assessed by injecting it from a 27-G syringe
(Fig. 4F). Due to the shear thinning property of the hydrogel
it could be injected to draw “ZUMS”, which had a good
potential for injectable wound healing applications.

3.3. Swelling, degradation, and Zn ion release studies

Gravimetric analysis was used to measure the swelling profile
of the Alg-HA-Zn-PDA hydrogel (Fig. S3, ESIf). The good
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swelling property of Alg-HA-Zn-PDA endows the hydrogel with
the capabilities to effectively absorb tissue exuded and main-
tain a wet environment during the wound repair process. The
degradation property of a hydrogel is of particular importance
for consideration in tissue regeneration. The in vitro gel degra-
dation assay was carried out in PBS (pH 7.4). Our results
showed that the hydrogel had 63.4% degradation after 2 h. As
shown in Fig. S3 (ESI}), the degradation of Alg-HA-Zn-PDA
increased over time. The concentration of Zn>" released from
Alg-HA-Zn-PDA was determined by atomic absorption spectro-
scopy. As the concentration increased, the amount of Zn>*
increased. As shown in Fig. S4 (ESIt), the cumulative concen-
tration of released Zn>" from Alg-HA-Zn-PDA after 5 h was
1.5 mg mL ™. After ~12 h the amount reached a plateau. This
observation was in good agreement with the degradation
profile of the hydrogel.

3.4. Photothermal properties of the Alg-HA-Zn-PDA
composite hydrogel

The photothermal activity of the PDA NPs and Alg-HA-Zn-PDA
hydrogel was studied under irradiation with 808 nm light.
As shown in Fig. 4A, when the power density was 0.5, 1, and
1.5 W cm 2, the final temperature of the PDA NPs reached
about 42, 55, and 58 °C after 10 min, respectively. For the
Alg-HA-Zn-PDA hydrogel, the temperature increased when
the power density and the amount of PDA (5 pL and 10 pL) in
the Alg-HA-Zn-PDA hydrogel increased (Fig. 4B and C).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Moreover, the thermal stability test of the Alg-HA-Zn-PDA
hydrogel exhibited a stable on-off effect after four cycles of
NIR irradiation (Fig. 4D). Fig. 4E represents the photothermal
response of the Alg-HA-Zn-PDA hydrogel after one heating-
cooling cycle. In addition, our results showed that the negative
natural logarithm of temperature correlated well with the cool-
ing time (Fig. 4F). Furthermore, using the ts obtained, the
photothermal conversion efficiency of the Alg-HA-Zn-PDA
hydrogel was measured to be 21%, which was sufficient to
implement a PTT.? Fig. 5G shows IR thermal images of the
Alg-HA-Zn-PDA hydrogel under continuous irradiation with NIR
light for 10 min. These thermal images demonstrated that the NIR
activity of the Alg-HA-Zn-PDA hydrogel was time-dependent. In
contrast, the IR thermal images of Alg-HA-Zn did not exhibit a
significant change in temperature when the illumination time
increased (data was not shown). These findings indicated that the
PDA-loaded hydrogel could absorb and convert 808 nm light into
heat efficiently. According to the photothermal results, the strong
NIR absorption and favorite photoactivity performance make Alg-
HA-Zn-PDA hydrogel highly promising for photothermal thera-
peutic applications (Fig. 5).

3.5. Hemocompatibility, cytocompatibility, and cell migration
studies of the hydrogels

Hemocompatibility is a fundamental in vitro assay to evaluate
the interaction of NPs/hydrogels with red blood cells (RBCs).
Hemolysis induces changes in the membrane integrity of RBCs,
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Fig. 5 Photothermal performance of the Alg—HA-Zn—-PDA hydrogel induced by NIR laser. (A) Temperature evaluation of the PDA NPs irradiated by an
808 nm laser at different powers. (B) and (C) Temperature evaluation of the Alg—HA-Zn—-PDA hydrogel irradiated by an 808 nm laser at different powers
and with different amounts of PDA NPs. (D) Photo stability profile of the Alg—HA-Zn—-PDA hydrogel. (E) The photo thermal response of the Alg—HA-Zn-
PDA hydrogel with a NIR laser (808 nm, 1.5 w cm™2) for 10 min and the cooling phase of 15 min. (F) Linear time data versus —Ln 6 measured by the cooling
period of Fig. 4e. (G) The NIR thermal images of the Alg—HA-Zn-PDA hydrogel for 10 min (808 nm, 1.5 w cm™).

which can cause discharge of hemoglobin (Hb).*® The hemo-
compatibility of the Alg-HA-Zn and Alg-HA-Zn-PDA hydrogels
was studied by hemolysis test.>" Fig. 6A and B indicate that
Alg-HA-Zn and Alg-HA-Zn-PDA hydrogels did not cause any
RBC lysis, indicating good hemocompatibility of the hydrogels.
The picture in Fig. S5 (ESIt) exhibited an apparent difference in
color among the hydrogel group, positive control group (water),
and negative control group (PBS; pH ~7.4). As shown, RBCs
treated with Alg-HA-Zn and Alg-HA-Zn-PDA hydrogels
remained intact and the supernatant of the samples was color-
less. In contrast, the supernatant of the positive group was
bright red. These results proved the high hemocompatibility of
the hydrogels, which is an essential criterion for biomaterials
to be used in biomedical applications. Fibroblast cell line
NIH-3T3 was used to further investigate the cytocompatibility
of the hydrogels. As shown in Fig. 6C, the hydrogels presented
no significant difference in cytotoxicity to NIH;T; cells at 24 h

7770 | New J. Chem., 2024, 48, 7761-7778

and 48 h. For the Alg-HA-Zn-PDA group, the cell viability
significantly increased after 24 h of incubation, indicating that
the hydrogel was favorable for cell growth. Although such an
increase in cell growth was higher than the control group after
24 h, it was not statistically different (Fig. 6C). All these results
demonstrated that these hydrogels possess good potential for
wound healing applications.

The scratch assay of the NIH;T; fibroblast cells was per-
formed to evaluate the cell migration capability in the culture
medium as the control group, as well as treatment with
Alg-HA-Zn and Alg-HA-Zn-PDA hydrogels. Due to their crucial
role in wound repair, the fibroblast cells were used in the
experiment. Migrations of NIH;T; cells were evaluated at 0 h,
10 h, and 24 h. Our results revealed that the hydrogels contain-
ing Zn and PDA had a noteworthy influence on cell migration.
Compared with the control group which had 46.01% cell
migration ratio, the Alg-HA-Zn-PDA group showed the largest

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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migration ratio of 69.15% (Fig. 6D). In addition, the corres-
ponding photographs also displayed that after 10 h and 24 h,
the cells treated with Alg-HA-Zn and Alg-HA-Zn-PDA showed
obvious migration (Fig. 6E). It has been demonstrated that
porous and biocompatible hydrogels could help the cell migra-
tion and proliferation during the wound healing process.
In addition, the zinc ions released from the hydrogels could
promote cell proliferation and migration, thus potentially
enhancing in vitro wound repair.*' Furthermore, many studies
are revealing that Alg and HA could enhance cell proliferation
and migration.”®

3.6. In vitro antibacterial and antibiofilm activity of the
hydrogels

The antibacterial capability of the Alg-HA-Zn and Alg-HA-Zn-
PDA hydrogels against E. coli and S. aureus was investigated
with/without 808 nm laser irradiation. Fig. 7A and 7B presents
the viable colonies of E. coli and S. aureus growing well on agar
plates without 808 nm light irradiation. The viability of E. coli
and S. aureus was calculated to be 21.5% and 69.9%, respec-
tively, when Alg-HA-Zn hydrogel was used as an antibacterial
agent. This finding highlights the possible role of Zn** ion
release from the hydrogel to kill the bacteria. However, there

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

24

10
Time (h)
Fig. 6 Non-hemolyzed ratio of (A) Alg—HA-Zn, and (B) Alg—HA-Zn—-PDA, (mean =+ SD, n = 3). (C) In vitro cell viability assay of the hydrogels at 24 and

48 h, (mean &+ SD, n = 3, *p < 0.05). In vitro wound repair study. (D) The supplied photograph of NIH3T3 cell migration via the scratch healing assay at
0, 10, and 24 h. (E) Scratch area % of the hydrogels and non-treatment group (control); (mean + SD, n = 3, *p < 0.05).

was no statistically significant difference between the viabilities
in the presence of NIR light irradiation. In the case of Alg-HA-
Zn-PDA, the viability of E. coli and S. aureus was 15.4%
and 63.6%, respectively, whereas the viability of S. aureus
further decreased to 19.2% in the presence of NIR irradiation.
Noticeably, 100% of E. coli eradication was observed when the
light was applied (Fig. 7C and D). This result indicated that the
generated heat and release of zinc ions from the NIR-active
hydrogels can be responsible for the antibacterial property
of the hydrogels. Such heat generation and ion release can
lead to bacterial death via denaturation of the enzymes and
destruction of the proteins and lipids on the bacteria cell
membranes.”*%"%

The wound healing process becomes more challenging when
bacterial biofilms are formed. This type of resistant bacteria
contains proteins, exopolysaccharides, and extracellular DNA.
The dense biofilm matrix increases antibiotic resistance and
thus has the potential to delay wound repair.®*** The anti-
biofilm effect of Alg-HA-Zn and Alg-HA-Zn-PDA against
S. aureus under NIR irradiation was investigated (Fig. S6, ESIt).

Biofilm inhibition (%) of Alg-HA-Zn and Alg-HA-Zn-PDA
hydrogels against S. aureus under NIR irradiation was mea-
sured to be 1.1% and 28.4%, respectively. Such activity again
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Fig. 7 Antibacterial activities. (A) and (B) Photographs of the growth of E. coli colonies on an agar plate with and without NIR irradiation after 24 h
incubation, and their corresponding viability (%). (C) and (D) Photographs of the growth of S. aureus colonies on an agar with and without NIR irradiation
after 24 h incubation and their corresponding viability (%), (mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 8 Antioxidant activity of the hydrogels. (A) Mechanism of DPPH scavenging assay. (B) The UV-vis spectra of DPPH after co-incubation with the
hydrogels. (C) Photograph of the DPPH assay solutions. (D) DPPH scavenging ratio of 20, 30 and 40 mg of Alg—HA—-Zn-PDA. (E) DPPH assay absorbance
curve of different amounts of Alg—-HA-Zn-PDA and DPPH. (F) Antioxidant activity of the hydrogel by using salicylic acid (mean + SD, n = 3).
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indicated the impact of the produced heat on the antibiofilm
activity of the PDA-loaded hydrogel.

3.7. Free radical scavenging capacity

Oxidative stress resulting from the production of free radicals
can cause the peroxidation of lipids, damage to DNA, and
inactivity of enzymes. Therefore, the application of a wound-
healing compound with the property of free radical scavenging
on patients or animals leads to significant improvement
of wound repair.***> As depicted in Fig. 8A, the free radical
scavenging capacity of the hydrogels was investigated through
DPPH, which is widely used as a model molecule to assess
the scavenging efficiency of antioxidant compounds.”® After
the reaction of Alg-Zn or Alg-HA-Zn hydrogels with DPPH
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solution, a decreased absorption peak was detected in the
tested hydrogels. Interestingly, when Alg-HA-Zn-PDA was used
as an antioxidant hydrogel, there was no absorbance peak at
517 nm and a complete color loss of the DPPH solution
occurred (Fig. 8B and C). The significant antioxidant property
of Alg-HA-Zn-PDA can mainly be attributed to PDA. Dopamine-
based materials with many catechol groups can scavenge ROS by
the reductive functional groups, endowing the Alg-HA-Zn-PDA
hydrogel with potent antioxidant properties.>® The DPPH scaven-
ging property of the Alg-HA-Zn-PDA hydrogel showed a
concentration-dependent behavior. As shown in Fig. 8D different
concentrations of Alg-HA-Zn-PDA hydrogel showed various
degrees of free radical scavenging efficiency. When the hydrogel
amount increased from 20 to 30 mg, the scavenging percentage
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Fig. 9 Hemostatic capacity of the hydrogels. (A) In vitro dynamic whole blood-clotting (BCI) index of the hydrogels compared with gauze and the
control (untreated), (***p < 0.001, **p < 0.01 and *p < 0.05 between 30, 60, 120 and 240 s, respectively). (B) Schematic representation of the rat-tail
amputation model: | and Il are with and without Alg-HA-Zn—PDA as a hemostatic agent. (C) Bloodstain photographs of the rat-tail amputation model.
(D) Hemostatic time and (E) blood loss in the rat tail-amputation model, ***p < 0.001, (mean + SD, n = 5).
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gradually increased from 46% to 63%. However, 40 mg of the
hydrogel was able to scavenge almost all free radicals (Fig. 8D
and E). In addition, we evaluated the antioxidant property of the
Alg-HA-Zn-PDA hydrogel using salicylic acid as an indicator as
well. As shown in Fig. 8F, the same results were obtained for the
scavenging of salicylic acid in pure salicylic acid and the hydro-
gels. The quantity of salicylic acid absorbance reduced notice-
ably in the Alg-HA-Zn-PDA hydrogel compared to pure salicylic
acid. Generally, according to previous studies, the structure of
catechol exists in a variety of natural antioxidants and can
scavenge ROS.%® Therefore, PDA incorporation into Alg-HA-Zn
confers the hydrogels with good antioxidant properties, which is
in line with reports in other studies.®”*3

3.8. Invitro blood clotting and in vivo hemostatic evaluation
of the hydrogels

Hemostasis is the first step in the healing of a skin injury.®® Alg
has been reported to have an antibleeding effect, and due to the
adhesive capacity of Alg~HA-Zn-PDA, stemming from PDA, we
studied the hemostatic property of the hydrogel. In vitro blood
clot index (BCI) was used to assess the blood clotting ability of
gauze as the control group, as well as the Alg-Zn, Alg-HA-Zn,
and Alg-HA-Zn-PDA hydrogels.?® As shown in Fig. 9A, the BCI
value of all hydrogels was significantly less than that of the
control group at all studied time points (30, 60, 120 and 240 s).
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(***p < 0.001, *p < 0.01 and *p < 0.05 for 30, 60, 120 and
240 s, respectively.) These results confirmed the strong blood
clotting effect of the hydrogels.

As for in vivo testing, a rat-tail amputation model was used
to evaluate the hemostatic capacity of the hydrogels®® (Fig. 9B
and C). Our findings revealed that Alg-based hydrogels had
more significant hemostatic ability compared to the gauze
group (Fig. 9C). In addition, the hydrogels significantly reduced
the bleeding in less than 30 s. In contrast, the gauze as a
dressing required ~290 s to stop the bleeding (Fig. 9D and E).
The blood loss during the hemostatic process was recorded in
the rat-tail amputation model as well. The quantitative analysis
revealed that the group treated with the hydrogels exhibited
significantly reduced blood loss (~0.2, 0.3, and 0.3 g for
Alg-7Zn, Alg-HA-Zn, and Alg-HA-Zn-PDA, respectively) com-
pared to the gauze (0.8 g) and the non-treated (1.5 g) groups.
The results demonstrated that the hydrogels had effective
in vivo hemostatic capacity. The anti-bleeding effect of the
hydrogels can be attributed to the hemostatic function of
Alg,** zn,°* and PDA.?® It has been reported that zinc can affect
plasma clotting factors and aggregation of platelets, thus
influencing the hemostasis process.”” In addition, catechol
and quinone groups on Alg-HA-Zn-PDA can interact with
amino or thiol groups on the proteins, thus causing a physical
barrier to bleeding.?®
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In vivo assessment of Alg—HA-Zn—-PDA hydrogel use to repair a full-thickness skin wound on the dorsal area of rats after treatment under laser

irradiation. (A) Representative photographs of wound closure on days 0, 3, 6, 8, 11, and 13; scale bar: 12 mm. (B) The corresponding statistical diagram of
wound area healing. (C) Schematic diagram of wound area during 13 days (mean + SD, n = 5, **p < 0.01).
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3.9. In vivo wound healing

A full-thickness infected wound model was created to evaluate
the effects of the NIR-active hydrogels as wound dressings.
All hydrogels accelerated skin repair compared to the control
group by providing a suitable and moist microenvironment for
the injury (Fig. 10A-C). The injectable hydrogels covered the
shape of the irregular wound and filled the wound to prevent
bacterial invasion while being able to absorb exudates.”® The
PDA-containing hydrogels resulted in faster healing than the
Alg-HA-Zn hydrogel, which was due to the enhanced anti-
oxidant and antibacterial properties of the NPs. Such healing
was further enhanced by NIR irradiation, which had a great
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Fig. 11
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impact on the bacterial killing efficiency. In addition, Zn ions
within the hydrogels had the potential to inhibit bacterial
growth in the wound area, and they could promote wound
healing via collagen synthesis and cellular growth.’® After
14 days, the wounds treated with Alg-HA-Zn-PDA hydrogel
were almost closed and even the wound site in some rats was
covered by hair. Wound images at different time intervals were
used to measure wound closure and quantitative wound areas
(Fig. 10A and B). On day 3, the wound area in Alg-HA-Zn-PDA
(+NIR) was 60.7%, much larger than that of the control (80.5%)
(p < 0.01). Quantitatively, there was no significant different in
wound closure after the 3rd day of the treatments. The healing
process was also evaluated by hematoxylin and eosin (H&E)

In vivo histological analysis, (A) H&E staining of the wound section after 7 days and 15 days of treatment for all groups; scale bar: 100 pm.

(B) Masson trichrome staining images of all groups after 15 days of treatment; scale bar: 110 pm. Black, yellow, red, and blue arrows show inflammatory

cells, epidermis, blood vessels, and collagen fibers, respectively.
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_

In vivo toxicity evaluation. (A) The H&E staining images after subcutaneous injection of Alg and Alg—HA-Zn-PDA in rats and removed after

1 week and 3 weeks, scale bars: 200 um. (B) H&E staining of the major organs (spleen, liver, and kidneys). Scale bar is 300 pm.

staining (Fig. 11A). At day 7, plenty of inflammatory cells (black
arrows) were observed in all of the hydrogel groups. A layer of
epithelium (yellow arrows) in group Alg-HA-Zn-PDA (+NIR)
was formed while such a layer was not observed in other treated
groups. On the 15th day, the Alg-HA-Zn-PDA (+NIR) and Alg-
HA-Zn-PDA (—NIR) groups showed the basic structure of
regenerated wound tissue including dermis and epithelium.
Compared to the control and Alg-HA-Zn groups, the number of
inflammatory cells was remarkably decreased in the Alg-HA-
Zn-PDA groups. Importantly, the Alg-HA-Zn-PDA (+NIR) group
exhibited a thickened epidermis and increased blood vessels
(red arrows), revealing that the group possesses the best wound
healing performance (Fig. 11A). Masson’s trichrome staining
was performed to analyze collagen deposition (blue arrows)
(Fig. 11B). Larger amounts of collagen deposition were
observed in the Alg-HA-Zn-PDA (+NIR) group. In addition,
the extent of collagen in the Alg-HA-Zn-PDA-NIR group was
lower than that of Alg-HA-Zn and the control groups, indi-
cating that PDA increased collagen formation.”” These results
of H&E and Masson staining showed that the NIR-responsive
HA-Zn-PDA hydrogel could accelerate the infected wound
healing process by improving epidermis formation, boosting
dermal tissue generation, and increasing collagen deposition.

3.10. In vivo toxicity evaluation

The in vivo acute inflammatory response of the Alg and Alg-HA-
Zn-PDA was evaluated by H&E staining after 7 and 21 days of
subcutaneous implantation.’* Alg, as a biocompatible polymer,
was used as the control group. After subcutaneous injection of
the samples, the epidermis, dermis, and hypodermis were
monitored on both days 7 and 21. Compared with the Alg
group, many thick hair follicles were observed in the Alg-HA-
Zn-PDA group and the regenerated skin was almost similar to
natural skin. This finding can be attributed to the presence of
zinc in the hydrogel. Altogether, our in vivo studies using H&E
staining revealed high biocompatibility of the Alg-HA-Zn-PDA
hydrogel (Fig. 12A). The histological analysis of the major
rat organs (kidney, liver, and spleen) was also investigated

7776 | New J. Chem., 2024, 48, 7761-7778

(Fig. 12B). The H&E staining images of different organ slices
demonstrated that none of the groups induce significant organ
abnormalities or damage, indicating the excellent in vivo bio-
safety of the hydrogels.

4. Conclusion

In conclusion, we successfully developed a multifunctional
injectable NIR-responsive hydrogel for infected wound healing.
The hydrogel was fabricated by HA, Alg, and PDA through the
metal coordination effect of Zn** as the crosslinker. The PDA
could provide excellent photothermal and antioxidant activity
to the hybrid hydrogel. In addition, the Zn>* released from the
hydrogel not only endowed the hydrogel with high antibacterial
properties but also regulated cell behavior to promote the
proliferation of fibroblasts. Our results revealed that the anti-
bacterial performance of the photoactive hydrogel increased
when a NIR laser was used. Furthermore, the injectable hydrogel
could perfectly fill the shape of irregular wounds to provide an
appropriate environment for cell growth. Our findings showed
that the Alg-HA-Zn-PDA hydrogel exhibited better skin tissue
regeneration than the Alg-HA-Zn hydrogel in terms of wound
closure rate, collagen deposition, hair follicles, epidermis, and
vessel blood regeneration, demonstrating that the incorporation
of PDA improved the wound healing effect of the hydrogel.
Importantly, when NIR light (808 nm) was used in the treatment,
the healing effect was enhanced further, indicating the essential
role of hyperthermia in the wound-healing process. The hydrogel
was biocompatible and showed good hemostatic performance.
With all the above-mentioned promising properties, the NIR-
active Alg-HA-Zn-PDA hydrogel with high antibacterial, antiox-
idant, and healing properties can be considered a highly efficient
dressing material for wound healing applications.
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