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Chronic inflammation can delay wound healing, eventually leading to tissue necrosis and even cancer. Devel-
oping real-time intelligent inflammation monitoring and treatment to achieve effective wound management is
important to promote wound healing. In this study, a smart multifunctional hydrogel (Hydrogel@Au NCs&DG)
was proposed to monitor and treat the wound inflammation. It was prepared by mixing 3-carboxy-phenylboronic
acid modified chitosan (CS-cPBA), p-glycerophosphate (p-GP), albumin-protected gold nanoclusters (BSA-Au
NCs), and dipotassium glycyrrhizinate (DG) about 10 s. In this hydrogel, CS-cPBA and B-GP are crosslinked
together by boric acid ester bond and hydrogen bond to form the main hydrogel network, endowing the hydrogel
with self-healing and injectable properties to adapt irregular wounds. Importantly, the as-prepared hydrogel with
good biocompatibility and excellent adhesion property could directly determine the H,O to monitor the wound
microenvironment by visible fluorescence change of BSA-Au NCs and then guide the frequency of dressing
change to eliminate inflammation. The results demonstrated that the as-prepared smart hydrogel could be ex-

pected to serve as an intelligent wound dressing to promote inflammation-infected wound healing.

1. Introduction

As the largest organ of human body, skin is the first line of defense
against external invasion. Due to direct contact with the external envi-
ronment, skin is easily damaged [1]. In order to treat skin trauma,
various wound dressings have been developed, including gauze, film,
foam, nanofiber, colloid, hydrogel, and so on [2-4]. Among these ma-
terials, hydrogel as a three-dimensional network composed of physical
or chemical cross-linking bonds has attracted the wide interest of sci-
entists [5-7]. Benefiting from the special structure and high water
content, hydrogel shows excellent oxygen permeability and exudate
absorption capacity, and thus provides a moist environment for the
wound interface [8,9].

Chitosan (CS) as a natural polymer with biocompatibility, antibac-
terial ability, and adhesion is widely used for hydrogel preparation
[10-15]. However, single chitosan-based hydrogel dressing could not
meet the wound management in the clinic because of the complex
microenvironment of the wound sites. It is highly demanded to develop
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multifunctional hydrogels. Nowadays, self-healing and injectable
hydrogels have become a hot research area as they can avoid bacterial
invasion caused by material damage and fit irregular wounds due to the
characteristic of reversible sol-gel transition [16-18]. p-glycer-
ophosphate (B-GP) is an organic compound naturally existing in human
body, which has been used as an osteogenic supplement for culturing
human bone marrow stem cells. It has good biocompatibility and water
solubility, and could form multifunctional hydrogel with chitosan
through hydrogen bonding, ionic bonding, and hydrophobic interaction
[19-21].

Although great progress has been made with the development of
hydrogel, design and exploration of smart wound dressings are still a
challenge because of the complex process of wound healing. For
example, many endogenous and exogenous adverse factors can destroy
the physiological healing process, especially the inflammatory stage
[22]. In the inflammatory stage, neutrophils and macrophages reach the
injury site through chemotaxis, releasing a large number of superoxide
anion free radicals, which are converted into reactive oxygen species
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Scheme 1. (A) Formation process of Hydrogel@Au NCs&DG and (B) the mechanism of detecting inflammation and promoting wound healing.

under the action of superoxide dismutase [23,24]. Low concentration of
reactive oxygen species can remove bacteria from the wound, while
excessive inflammation will release a large number of reactive oxygen
species, produce oxidative stress reaction, hinder angiogenesis and
granulation tissue formation, finally lead to slow wound healing
[25-27]. As the main member of reactive oxygen species, hydrogen
peroxide (H203) plays a vital role in the process of wound healing [28,
29]. When the concentration exceeds 500 pM, it will kill cells, prevent

the formation of connective tissue, and lead to inflammatory diseases
[30,31]. Therefore, detecting the concentration of hydrogen peroxide at
the wound is important to monitor the inflammation and thus to guide
the use of wound dressing.

At present, there are many sensitive methods to detect hydrogen
peroxide, including enzyme-catalyzed reaction detection or fluores-
cence labeling [32,33]. In order to find potential substitutes, various
nanoparticles with biological enzyme mimicry activity (nano-enzyme)
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have been studied, such as platinum, Prussian blue, and iron oxide
nanoparticles [34-36]. Although the above materials have shown good
hydrogen peroxide induction, most of them can not be used for testing
mammalian cells owing to their toxicity or complicated fabrication
process. Currently, it is reported that bovine serum albumin-protected
gold nanoclusters (BSA-Au NCs) with bright red fluorescence, facile
approach, and high biocompatibility would be an ideal candidate for
detection of HyoO5 in human body [37]. Apart from monitoring the de-
gree of wound inflammation, it is also very important to diminish
inflammation and prevent the wound from deteriorating continuously.
Dipotassium glycyrrhizinate (DG) is a water-soluble salt of glycyrrhizic
acid extracted from licorice root. It is widely used in medicines and
cosmetics due to the functions of anti-allergy, anti-tumor, and
anti-inflammation. The most interesting is that it can promote the
growth of granulation tissue and induce the reorganization of extracel-
lular matrix dermis, thus promoting wound healing [38,39].

Based on the above consideration, herein, we prepared an injectable
smart hydrogel (Hydrogel@Au NCs&DG) for monitoring and treatment
of wound inflammation in situ. The as-prepared hydrogel was obtained
by mixing 3-carboxy-phenylboronic acid modified chitosan (CS-cPBA),
f-glycerophosphate ($-GP), BSA-Au NCs, and DG together about 10 s. In
this hydrogel, CS-cPBA and f-GP were crosslinked together by boric acid
ester bond (a dynamic and reversible chemical bond) and hydrogen
bond to form the main hydrogel network [40], endowing the hydrogel
with self-healing and injectable properties. Importantly, BSA-Au NCs
with visible fluorescence in the hydrogel can monitor the degree of
wound inflammation by the detection of concentration of HyO,, and DG
was released to reduce the inflammatory reaction to promote wound
healing (Scheme 1). It would provide a new platform for the preparation
of smart wound dressing.

2. Materials and methods
2.1. Materials

3-carboxyphenyl boric acid (3-cPBA, MW 165.94), Chitosan (CS,
deacetylation degree >95 %, viscosity 100-200 mpa-s, MW 700-800
kDa), p-glycerophosphate sodium ($-GP), dipotassium glycyrrhizinate
(DG, MW 899.12), acetic acid (HAC), 1-(3-dimethylaminopropyl)-3-
ethyl carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS)
were acquired from Macklin (Shanghai, China). Sodium citrate anti-
coagulates rabbit blood was purchased from Nanjing Senbega Biotech-
nology Co., Ltd. Mouse fibroblast L929 was from Procell, China. Other
chemical reagents are analytical pure, purchased from China National
Pharmaceutical Group Chemical Reagent Co., Ltd.

Kunming mice (25-30 g, female) were provided by Huazhong Agri-
cultural University (Wuhan, China). All animal experiments were con-
ducted in accordance with the National Research Council’s Guidelines
for the Care and Use of Experimental Animals, and were approved by the
Animal Ethics Committee of Hubei University of Technology. The pro-
tocol approval number of animal experiment is HBUT20230079.

2.2. Preparation of CS-cPBA

3-carboxyphenyl boric acid (3-cPBA) (206.2 mg) and NHS (49.32
mg) were dissolved in 24 mL of methanol and stirred at room temper-
ature for 20 min. Next, EDC (66.52 mg) and chitosan solution (0.2 g of
chitosan powder dissolved in 24 mL of 0.3 % HAC) were added to the
mixed solution at pH = 5-6, then stirred at room temperature for 24 h.
Subsequently, the product was dialyzed for 48 h and water was changed
every 4 h, before lyophilization. The grafting rate of CS-cPBA was
calculated according to UV-vis absorbance (ABS) standard curve of 3-
cPBA at 275 nm.
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2.3. Preparation of BSA-Au NCs

Bovine serum albumin (BSA)-protected gold nanoclusters were syn-
thesized according to the method described previously [41,42]. Briefly,
the HAuCly aqueous solution (5 mL, 10 mM) was introduced into the
BSA solution (5 mL, 50 mg/mL) with rapid agitation, and after 2 min,
the NaOH solution (0.5 mL, 1 M) was added to the mixed solution until
pH = 12. All experiments were carried out in 37 °C water bath and
stirred vigorously for 12 h in darkness. The product was dialyzed in
ultrapure water for 24 h and the water was changed every 4 h. Finally,
the product after dialysis was freeze-dried to obtain BSA-Au NCs for
further use.

2.4. H,0; determination by BSA-Au NCs

5 mg/mL of BSA-Au NCs were incubated with different concentra-
tions of hydrogen peroxide (0-500 pM) for 20 min at room temperature,
then the fluorescence intensity of BSA-Au NCs (Ex./Em.506/660 nm)
was determined by fluorescence spectrometer.

2.5. Preparation and characterization of CS-cPBA/f-GP hydrogels

The CS-cPBA solution with concentration of 4 % w/v was mixed with
60 % w/v B-GP solution. After 10 s, the CS-cPBA/p-GP hydrogel (named
Control hydrogel) was formed. Then the rheological and swelling
properties were evaluated. The experimental details have been provided
in the experimental section in the Supporting Information.

2.6. Drug release from hydrogels

Hydrogel@Au NCs&DG (1.25 mL) was loaded into dialysis bags
(MWCO = 14000, n = 3), submerged in phosphate-buffered saline (100
mL of PBS) at pH 7.4, then external dialyzate (2 mL) was detected at
specific time intervals and timely supplemented the same amount of
PBS. The release of dipotassium glycyrrhizinate (DG) was evaluated by
UV-vis spectroscopy.

2.7. Invitro biocompatibility examination

The hydrogel-mediated hemolysis was evaluated using sodium lysate
anticoagulant rabbit blood. The cell compatibility of the hydrogel was
tested on mouse fibroblast 1929, and the growth and migration of the
hydrogel-treated cells were evaluated by cell scratch test. Details of the
experiment are shown in the support information.

2.8. Invitro anti-inflammatory assay

Raw 264.7 macrophages were exposed to DMEM medium containing
LPS (10 pg/mL) for 2 h and then co-incubated with hydrogel extract for
24 h. Cytotoxicity was assessed by MTT assay, and IL-10 and TNF-«
levels were assessed by ELISA.

2.9. In vivo wound healing assay

Female Kunming mice (weight: 25-30 g) aged 4-5 weeks were
randomly divided into 6 groups (n = 5), namely, Blank, Hydrosorb gel,
Control hydrogel, Hydrogel@Au NCs, Hydrogel@DG and Hydrogel@Au
NCs&DG. All mice were anesthetized by intraperitoneal injection of 100
pL of 1.5 % pentobarbital solution under sterile conditions. After anes-
thesia, a sterile scalpel was used to make a circular wound of 10 mm in
diameter on the back of each mouse. An equal amount of hydrogel (1.25
mL) was applied to the wound surface postoperatively. Wound healing
was assessed at 0, 3, 5, and 10 days post-traumatic. Wound tissue was
cut with a scalpel on days 5 and 10, soaked in tissue-fixing fluid, and
stained with Hematoxylin and eosin (H&E), Masson, and immunohis-
tochemistry for IL-6, TNF-a, VEGF, and CD34.
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Fig. 1. Characterization of CS-cPBA and BSA-Au NCs. (A) CS-cPBA molecule synthesis process. (B) Fourier transform infrared (FTIR) spectra and (C) UV-vis spectra
of CS, 3-cPBA, and CS-cPBA molecules. (D) UV-vis spectra for BSA, BSA-Au NCs (before and after dialysis). (E) TEM image of BSA-Au NCs. (F) Fluorescence excitation
(black curve) and emission (red curve) spectra of BSA-Au NCs. Insets are the images of BSA-Au NCs solution under daylight and UV light. (G) Fluorescence intensity
with different concentrations of BSA-Au NCs (1-10 mg/ml). Insets showed the corresponding fluorescence images under ultraviolet light. (H) Fluorescence spectra
and (I) linearity graph of BSA-Au NCs (5 mg/mL) incubated with different concentrations of hydrogen peroxide (10-400 pM). Insets showed the corresponding
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Fig. 2. Multifunctional properties of hydrogels. (A) Gel transition process of Control hydrogel. (B) SEM of Control hydrogel. (C) Self-healing process of Control
hydrogel. (D) Injectable property of Control hydrogel. (E) Frequency dependence of storage (G') and loss (G") modulus, (F) oscillatory strain sweep, (G) self-healing
performance and (H) shear viscosity of hydrogels. (I) Adhesion of Hydrogel@Au NCs&DG on various substrates, such as glass, rubber, and tissue (red circles mean
Hydrogel@Au NCs&DG). (J) Adhesion force and (K) adhesion strength of hydrogels.
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2.10. Statistical analysis

The statistical difference was analyzed by one-way ANOVA. The
difference of P < 0.05 is considered statistically significant (P < 0.05 (*),
P < 0.01 (**) and P < 0.001 (***)).

3. Results and discussion
3.1. Preparation and characterization of CS-cPBA, BSA-Au NCs

Chitosan (CS) with good biocompatibility, biodegradability, and low
toxicity was selected to fabricate hydrogel. In order to endow hydrogel
with self-healing function by reversible dynamic bonds, chitosan was
modified first with 3-carboxy phenylboronic acid by forming an amide
bond (Fig. 1A). The successfully prepared CS-cPBA was verified by FTIR
and UV-vis absorbance. As shown in Fig. 1B, two peaks at 1500~1690
em ! and 1310~1350 cm™ ! were observed, which ascribed to the
skeleton vibration of benzene ring with C=C and the stretching vibra-
tion of borate bond with B-O, respectively [43,44]. In the UV-vis ab-
sorption spectra, there was an absorption peak similar to 3-cPBA at
about 275 nm, indicating that 3-cPBA was successfully grafted onto CS
(Fig. 1C) [45]. The grafting rate of 3-cPBA on CS was calculated to be
about 57.49 + 2.6 % by comparing with the UV-vis absorbance (ABS)
standard curve of 3-cPBA at 275 nm (Fig. S1).

Next, BSA-Au NCs were synthesized by a facile method under mild
conditions. Under alkaline conditions, Au>" was reduced to gold atoms
by aromatic amino acids in BSA molecules, and cysteine residues in BSA
molecules play an important role in the stable synthesis of gold nano-
clusters [46]. In UV-vis spectra, an absorption peak was observed at
about 280 nm, which could be attributed to the peptide bond of bovine
serum albumin (Fig. 1D, black curve). The absorption peak around 280
nm of BSA-Au NCs after dialysis confirmed that BSA was tightly covered
on the surface of Au NCs [37]. TEM examination revealed that the
average size of BSA-Au NCs was about 3 nm (Fig. 1E), and the hydrated
particle size was about 140 nm (Fig. S2A). Importantly, the as-prepared
BSA-Au NCs solution showed bright red fluorescence under ultraviolet
light with the maximum emission wavelength (Aem) of 660 nm under
the excitation wavelength (Aex) of 506 nm (Fig. 1F).

The fluorescence intensity of BSA-Au NCs with different concentra-
tions (1-10 mg/mL, Fig. 1G) was investigated. With the increase in the
concentration of BSA-Au NCs, the fluorescence intensity gradually
increased while the cell viability gradually decreased (Fig. S2B).
Furthermore, when the concentration of BSA-Au NCs increased from 5
mg/mL to 10 mg/mL, there was no obvious difference in fluorescence
images (inserts in Fig. 1G). The time stability of the reaction between
BSA-Au NCs and Hy04 was also studied. As shown in Fig. S2C, when the
reaction time was about 20 min, it had reached the plateau. Hence, the
subsequent experiments were carried out at the BSA-Au NCs concen-
tration of 5 mg/mL and the detection time of HoO, was set as 20 min at
pH = 7.4. Subsequently, the response of BSA-Au NCs to different con-
centrations of HpOy (10-400 pM) was detected. It was observed that
with the increase of Hy0,, the fluorescence intensity of BSA-Au NCs
decreased gradually (Fig. 1H and I), and there was a linear relationship
between fluorescence quenching efficiency of BSA-Au NCs and hydrogen
peroxide concentration. The results indicated that BSA-Au NCs can be
employed for the quantitative detection of hydrogen peroxide.

3.2. Preparation, characterization, and mechanical properties of hydrogel

Chitosan modified with boric acid (CS-cPBA) was mixed with p-GP
solution to form hydrogel about 10 s (Fig. 2A, Video. S1). It was also
confirmed by the dynamic time scanning rheological analysis (Fig. S3).
The microstructure of the hydrogel was characterized by scanning
electron microscope first. As shown in Fig. 2B, the Control hydrogel
showed a uniform porous structure with a pore size of 100-200 pm.
When the hydrogel was loaded with DG alone, the pore size did not
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change obviously (Fig. S4A), but when the hydrogel was loaded with
BSA-Au NCs, the pore size decreased obviously (Figs. S4B, C, D). It may
be attributed to the cross linking of protein molecules in BSA-Au NCs
with the hydrogel. Element Mapping showed that Au and K atoms were
uniformly distributed in the Hydrogel@Au NCs&DG, indicating that
BSA-Au NCs and DG were loaded (Fig. S4E). The above results were
further verified by the XPS spectrum (Fig. S5). Finally, we investigated
the effects of different loadings of BSA-Au NCs and DG on the gelation
time and injectability of the hydrogel. It was found that the amount of
BSA-Au NCs and DG had little effect on the formation of hydrogel
(Table S1).

Next, the self-healing and injectable functions of Control hydrogel
were investigated. As shown in Fig. 2C, the circular hydrogel was cut
into two parts. Then the incisions of the two parts dyed with different
colors were fixed together again. After 30 min, it was observed that the
two parts were successfully healed together, and they could not be
separated using tweezers. By transferring the hydrogel into a syringe and
then extruding it, the letter "HBUT" could be formed (Fig. 2D), demon-
strating the Control hydrogel with good self-healing and injectable
properties.

In order to examine the mechanical properties of the hydrogel, fre-
quency scanning, and strain scanning were carried out to evaluate the
energy storage (G) and loss modulus (G ") of hydrogel. As shown in
Fig. 2E and S6A, under the constant strain of 0.5 %, the storage modulus
of all hydrogels was greater than the loss modulus in the frequency range
of 0.1-100 rad/s, which suggested the formation of gels. At the same
time, it was observed that the storage modulus and loss modulus of the
hydrogels loaded with BSA-Au NCs were higher than those of the blank
hydrogel and the hydrogel loaded with DG. It could be put down to the
fact that the hydrogels loaded with BSA-Au NCs enhanced their me-
chanical properties due to their denser structure. Fig. 2F and S6B
showed that when the applied strain exceeds 500 %, the G’ was lower
than the G, because the structure was destroyed. Therefore, in the
subsequent self-healing measurement experiments, the strain was set
from 1 % to 500 %. It was observed that the hydrogels’ structure was
destroyed at 500 % strain, but it returned to the gel state at 1 % strain,
which proved that these hydrogels had good self-healing performance
(Fig. 2G and S6C). Reversible borate bonds can endow hydrogels with
shear thinning and injectability, so we measured the shear thinning
ability of hydrogels. As shown in Fig. 2H and S6D, the viscosity of
hydrogels decreased with the increase of shear rate, showing normal
shear thinning ability. The shear thinning ability of the Hydrogel@Au
NCs&DG group was higher than that of the Control hydrogel group,
indicating that the mechanical properties of Hydrogel@Au NCs&DG
group were enhanced. Finally, the adhesive properties of hydrogels were
measured. As shown in Fig. 2I and S6E, the adhesive behaviors of
Hydrogel@Au NCs&DG and Hydrogel@Au NCs on rubber gloves, glass
rods, porcine skin, and porcine skin tissue were tested. The results
revealed that Hydrogel@Au NCs&DG and Hydrogel@Au NCs had good
adhesive property, while the Control hydrogel and Hydrogel@DG had
low adhesive property. The tissue-adhesiveness of the hydrogel on
porcine skin tissues was also measured to obtain the force-displacement
graphs (Fig. 2J). The adhesion strength of the hydrogel group containing
BSA-Au NCs was about 12~13 kPa, while that of the hydrogel group
without BSA-Au NCs was only about 7 kPa, further confirming good
adhesive property of Hydrogel@Au NCs&DG and Hydrogel@Au NCs
(Fig. 2K). It may be because BSA, as a natural globular protein, can
attach itself to almost all soft or hard surfaces, thus giving hydrogel
adhesion [47]. In addition, the amino and carboxyl groups on the skin
could form hydrogen bonds with BSA to enhance the adhesion [48,49].

3.3. Swelling and drug release behavior of hydrogel
An ideal wound dressing should provide a moist microenvironment

for the wound and absorb a large amount of exudate, and these depend
on the swelling rate of hydrogel [39]. Therefore, the swelling ability of
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Fig. 3. Swelling and drug release properties of hydrogels. (A) Swelling behavior of the Control hydrogel and Hydrogel@Au NCs&DG in PBS. (B) Standard curve of
DG. (C) The in vitro DG release property of the Hydrogel@Au NCs&DG in PBS with pH 7.4 at 37 °C. (D) The image of fluorescence quenching of Hydrogel@Au

NCS&DG at different concentrations of HyO» (0-500 pM).

hydrogels in physiological environment was tested. As shown in Fig. 3A
and S6F, the Control hydrogel and Hydrogel @DG swelled rapidly within
5 min, and reached the swelling balance within half an hour with the
swelling rate as high as about 380 %. The swelling rates of Hydro-
gel@Au NCs and Hydrogel@Au NCs&DG were about 290 %. It was
probably due to the decrease in pore size of Hydrogel@Au NCs and thus
led to the decrease in swelling performance. This was also consistent
with the results of SEM. DG could be used to treat inflammatory reaction
during wound healing. The release of DG from hydrogel was calculated
according to the standard curve (Fig. 3B). Fig. 3C showed that DG could
be released up to 100 % after 24 h, implying the hydrogel was suitable
for the treatment of wounds with inflammation. Subsequently, the
fluorescence quenching effect of HoO5 on Hydrogel@Au NCs&DG was
tested. The results showed that the fluorescence of the Hydrogel@Au
NCs&DG decreased with the increase of Hy0,, indicating that the
as-prepared hydrogels could be employed to monitor the concentration
of HyOy (Fig. 3D). Apart from this, we found that the swelling of
hydrogel had little effect on its fluorescence (Fig. S7).

3.4. Hydrogel biocompatibility and cell scratch healing

The ideal wound dressing should be biocompatible. In order to
evaluate the biocompatibility of hydrogels, blood and cell compatibility
experiments were carried out. The results showed that the hemolysis
rate of each hydrogel group was lower than 5 %, indicating each
hydrogel exhibited good blood compatibility (Fig. 4A and B). For cell
compatibility, mouse fibroblast L929 cells were co-cultured with the
extract of hydrogel material, and after 24 h, the cells were double
stained to distinguish between living cells and dead cells. As shown in
Fig. 4C-a large number of green living cells and a small number of red
dead cells were observed in each hydrogel group. MTT assay was used to
detect the toxicity of hydrogel to L929 cells. Firstly, we tested the cell
compatibility of Hydrogel@Au NCs&DG at different concentrations. It
was found that the cell survival rate of the as-prepared hydrogel was up
to 80 % at the concentrations of 1 g/mL after 24h incubation (Fig. S8).
Then we tested the cell toxicity of hydrogels with different components
at the concentration of 1 g/mL. Compared with the blank group, each

hydrogel group had a weak effect on cell viability, which confirmed that
hydrogel had good cell compatibility (Fig. 4D). Next, the cell scratch
experiment was used to simulate wound healing in vitro. In order to
simulate the inflammation of wound surface, L929 cells were pretreated
with lipopolysaccharide (LPS) [43]. As shown in Fig. 4E, both Hydro-
gel@DG group and Hydrogel@Au NCs&DG group had obvious cell
migration effects, and the cell migration rate of Hydrogel@Au NCs&DG
group reached up to 90 % at 36 h (Fig. 4F). It may be due to the sustained
releasing of anti-inflammatory drugs which inhibited cell inflammatory
reaction and promoted cell migration.

3.5. Anti-inflammatory properties of hydrogel in vitro

Treatment of inflammation is usually achieved by inhibiting proin-
flammatory cytokine tumor necrosis factor (TNF)-a and promoting the
expression of anti-inflammatory factor interleukin (IL)-10 [50,51].
Lipopolysaccharide (LPS) can stimulate macrophages through nuclear
factor pathway translocation and induce macrophages to secrete in-
flammatory factors [52]. In order to simulate the inflammatory envi-
ronment, macrophages are induced by LPS first. Fig. 5A showed that the
cell survival rates of the Hydrogel@DG group and Hydrogel@Au
NCs&DG group were significantly higher than those of the LPS group
after 12 h and 24 h incubation, indicating successful fabrication of in-
flammatory environment. Next, the expressions of TNF-a and IL-10 were
quantitatively detected by enzyme-linked immunosorbent assay (ELISA)
kits. As shown in Fig. 5B and C, the Hydrogel@DG group and Hydro-
gel@Au NCs&DG group had obvious effects of promoting IL-10 and
inhibiting TNF-a expression. It was attributed to the sustained release of
anti-inflammatory drugs which reduced the inflammatory response of
macrophages.

3.6. Evaluation of wound healing performance in vivo

In order to explore hydrogel-mediated wound healing in vivo,
Kunming mice were used to construct a round wound model with a
diameter of 1 cm. The experiment was divided into six groups, named
Control, Hydrosorb gel (Commercial hydrogel), Control hydrogel,
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Hydrogel@Au NCs, Hydrogel@DG and Hydrogel@Au NCs&DG. The
images of wound healing (Fig. 6A and B) showed that the Hydrogel@Au
NCs&DG group with good adhesive property could promote wound
healing compared with other groups. The wound usually went through
the stage of hemostasis first, then the body’s autoimmune or bacterial
infection produced an inflammatory response [23]. Thus, Hydrogel@Au
NCs&DG had a bright red fluorescence when the wound was first
formed. On days 3 and 5, the fluorescence of Hydrogel@Au NCs&DG
was quenched due to the production of an inflammatory response and
the release of hydrogen peroxide. After 10 days of treatment, the
inflammation disappeared, the wound healed, and the fluorescence of
Hydrogel@Au NCs&DG was bright (Fig. 6C). Moreover, the healing rate
of the Hydrogel@Au NCs&DG group was significantly faster than that of
other groups. Concretely, on the 3rd and the 5th day, for the as-prepared
hydrogel, the wound healing area decreased by about 43 % and 60 %,
respectively. By the 10th day, the healing rate reached about 90 % and
the wound healed almost completely (Fig. 6D). The above results proved
that the as-prepared Hydrogel@Au NCs&DG could promote wound
healing and reflect the wound inflammation change further guide the
use of wound dressing.

3.7. Histological evaluation of wound healing

The wound tissue on the 10th day was sliced to further evaluate the
wound healing. According to the results of hematoxylin-eosin (H&E)
staining of wound tissue, the thickness of epidermis in the Hydrogel@Au
NCs&DG group was obviously thinner than that of other control groups.
As the process of re-epithelization is the transition from immature thick
epithelium to mature thin epithelium [53], the above results indicated
that the re-epithelization in the Hydrogel@Au NCs&DG group was
better. In addition, more dense granulation tissue and new hair follicles
could be observed in the Hydrogel@DG group and Hydrogel@Au
NCs&DG group further demonstrating the good recovery of the wound
(Fig. 7A). Collagen is the main extracellular matrix component in
dermis, which can reflect the degree of wound repair. Masson staining
was used to evaluate the collagen deposition of the wound. It showed
that the collagen deposition in the Hydrogel@Au NCs&DG group was
denser and more regular than that in other control groups (Fig. 7B). The
wound tissue was stained with fluorescent markers of vascular endo-
thelial cell (CD34) and angiogenesis factor (VEGF) to observe the
angiogenesis of the wound surface. Compared with other groups, the
Hydrogel@Au NCs&DG group showed more angiogenesis (Fig. 7C, D,
E), and sufficient blood vessels would bring nutrients and oxygen to the
wound, thus promoting wound healing. Finally, the wound tissue was
stained by immunohistochemistry [42]. As shown in Fig. 7C-F, G, the
IL-6 and TNF-a stained images of each control group showed a large
number of inflammatory factors, while the Hydrogel@Au NCs&DG
group showed a low inflammatory response. It can be concluded that the
hydrogel of Hydrogel@Au NCs&DG group can reduce the production of
inflammatory cells and down-regulate the pro-inflammatory factors
TNF-a and IL-10, thus regulating the inflammatory reaction, promoting
the growth of granulation tissue and wound healing.

4. Conclusions

In summary, we have developed an injectable smart hydrogel for
wound inflammation monitoring and treatment by visual fluorescent
color change and release of anti-inflammatory drugs. The Hydrogel@Au
NCs&DG is formed by connecting boric acid modified chitosan with
B-GP through boric acid ester bond and hydrogen bond. As the boric acid
ester bond is a reversible dynamic bond, the as-prepared hydrogel is
endowed with self-healing and injectable ability. The combination of
BSA-Au NCs can not only detect the hydrogen peroxide produced by
wound inflammation but also increase the adhesion of the hydrogel due
to the existence of bovine serum albumin. In vivo studies show that the
addition of the anti-inflammatory drug DG can reduce the production of

Materials Today Bio 25 (2024) 100960

inflammatory cells, accelerate the growth of granulation tissue, and
promote wound healing. The Hydrogel@Au NCs&DG with good
biocompatibility and low biological toxicity has a good application
prospect in inflammation detection and wound healing.
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