
Chen et al. Journal of Nanobiotechnology          (2024) 22:444  
https://doi.org/10.1186/s12951-024-02687-y

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Journal of Nanobiotechnology

A multifunctional injectable, self‑healing, 
and adhesive hydrogel‑based wound 
dressing stimulated diabetic wound healing 
with combined reactive oxygen species 
scavenging, hyperglycemia reducing, 
and bacteria‑killing abilities
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Abstract 

The proficient handling of diabetic wounds, a rising issue coinciding with the global escalation of diabetes cases, 
poses significant clinical difficulties. A range of biofunctional dressings have been engineered and produced to expe-
dite the healing process of diabetic wounds. This study proposes a multifunctional hydrogel dressing for diabetic 
wound healing, which is composed of Polyvinyl Alcohol (PVA) and N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, N1, 
N3, N3-teramethylpropane-1, 3-diaminium (TSPBA), and a dual-drug loaded Gelatin methacryloyl (GM) microgel. The 
GM microgel is loaded with sodium fusidate (SF) and nanoliposomes (LP) that contain metformin hydrochloride (MH). 
Notably, adhesive and self-healing properties the hydrogel enhance their therapeutic potential and ease of applica-
tion. In vitro assessments indicate that SF-infused hydrogel can eliminate more than 98% of bacteria within 24 h 
and maintain a sustained release over 15 days. Additionally, MH incorporated within the hydrogel has demonstrated 
effective glucose level regulation for a duration exceeding 15 days. The hydrogel demonstrates a sustained abil-
ity to neutralize ROS throughout the entire healing process, predominantly by electron donation and sequestra-
tion. This multifunctional hydrogel dressing, which integrated biological functions of efficient bactericidal activity 
against both MSSA and MRSA strains, blood glucose modulation, and control of active oxygen levels, has successfully 
promoted the healing of diabetic wounds in rats in 14 days. The hydrogel dressing exhibited significant effectiveness 
in facilitating the healing process of diabetic wounds, highlighting its considerable promise for clinical translation.
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Introduction
The management of diabetic wounds (DW) presents a 
significant clinical challenge due to their slow healing 
process, a challenge expected to worsen with the pro-
jected increase to over 600 million diabetes cases by 2035 
[1]. Diabetic wounds hardly achieve complete healing due 
to their susceptibility to bacterial invasion, a hyperglyce-
mic environment, and excessive levels of reactive oxygen 
species (ROS) [2]. Traditional treatments, including oral 
hypoglycemic agents, antibiotic infusions, and wound 
disinfection protocols, have often proven inadequate for 
addressing complex diabetic wounds [3]. Multifunctional 
wound dressings capable of simultaneously combating 
infections and mitigating ROS overload have emerged 
as a promising alternative [4]. However, most current 
diabetic wound dressing strategies neglect the effective 
regulation of local glucose levels in the lesions [5]. Ele-
vated glucose levels have been shown to interfere with 
collagen synthesis and cross-linking through glycosyla-
tion, impair angiogenesis, and exacerbate inflammation, 
thereby perpetuating a detrimental microenvironment 
and hindering wound healing and tissue regeneration 
[6]. To achieve rapid and high-quality healing of diabetic 
wounds, optimal dressings should incorporate the bio 
functions of antibacterial activity, local glucose regula-
tion, and ROS scavenging [7]. Moreover, dressings with 
adhesive and self-healing properties are more suitable for 
clinical application, as they ensure optimal local fixation 
and durability, thereby reducing the frequency of dress-
ing changes.

Recently, injectable hydrogels and microgels have 
emerged as promising multifunctional scaffolds. 
Hydrogel-based dressings are designed to serve as 
platforms that combine precise and controllable local 
drug delivery, ROS scavenging, antibacterial effects, 
and tissue regeneration [8]. ROS-responsive hydro-
gels demonstrate superior modulation of the local 
wound microenvironment relative to dressings imbued 
with active agents like cerium dioxide and curcumin, 
owing to the inability of these agents to dynamically 
deplete ROS [9, 10]. Additionally, hydrogel-based dress-
ings excel in moisture retention and wound environ-
ment modulation, making them essential for effective 
wound care [11]. Herein, Polyvinyl Alcohol (PVA) and 
N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, N1, N3, 
N3-teramethylpropane-1, 3-diaminium (TSPBA) are 
utilized to form the ROS-responsive hydrogel dress-
ing (PATA hydrogel). This hydrogel is characterized by 
dynamic phenylboronic ester bonds, exhibiting high 
reactivity to both extracellular and intracellular ROS 
[12]. Such reactivity is due to the vacant p-orbital in 
the boron atoms, which is susceptible to nucleophilic 

attack by ROS such as hydrogen peroxide (H2O2). Con-
sequently, the dynamic phenylboronic ester bonds within 
the PATA hydrogel can be cleaved in response to exces-
sive ROS and reformed once the ROS is depleted [13]. 
Given that physiological concentrations of ROS are 
essential for combating invading pathogens and prevent-
ing wound infection, an intelligent PATA hydrogel that 
can appropriately remove excessive ROS is highly advan-
tageous [14]. The dynamic phenylboronic ester bonds 
confer shear-thinning and self-healing properties to the 
PATA hydrogel, which are essential for its injectability 
and durability [15]. Furthermore, cation-π interactions 
and π-π stacking occur between benzene rings in PATA 
hydrogel and metal ions or benzene rings in skin tissues, 
enhancing the adhesion capabilities of PATA hydrogel 
dressing [16]. This combination of properties ensures 
that the PATA hydrogel dressing remains effective and 
stable in the wound environment, promoting optimal 
healing conditions.

To impart fast, stable, and long-lasting antimicrobial 
properties to the dressing, Gelatin Methacrylate (GM) 
microgels were incorporated into the PATA hydrogel. 
GM is a photosensitive hydrogel with excellent biocom-
patibility, widely used in biomedical applications. The 
nanoscale porous structures in GM microgels anchor 
nanostructures (e.g., liposomes) while allowing the dif-
fusion of small molecules [17]. Their unique properties 
and drug release characteristics allow for customization 
through different microgel combinations tailored for spe-
cific biological responses, offering versatile therapeutic 
uses. Microgels can be produced using several methods, 
including intermittent emulsion, microfluidics, and pho-
tolithography [18–20]. The microfluidic method offers 
significant advantages: adjusting the channel diameter 
and flow rate yields monodisperse microgels with precise 
control over release and degradation, while gentle manu-
facturing conditions maintain drug activity, enabling the 
in situ encapsulation of bioactive molecules [21]. For effi-
cient and specific bacterial eradication, Sodium fusidate 
(SF) is loaded in the GM microgels. SF is particularly 
effective against Gram-positive bacteria like Staphylococ-
cus aureus, the primary pathogen in infectious diabetic 
wounds [22]. Specifically, SF inhibits ribosome transloca-
tion in bacteria by targeting and interfering with bacterial 
elongation factor G (EF-G), thereby blocking bacterial 
protein synthesis and eradicating bacteria without toxic-
ity to human cells [23]. The local application of SF allows 
for more effective concentration at diabetic lesions, 
despite the compromised microcirculation in diabetic 
patients, and reduces the likelihood of bacterial resist-
ance development [24].
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To address the high local glucose levels in diabetic 
lesions over the long term, Metformin Hydrochloride 
(MH) is used. MH is a stable and efficient drug widely 
used for diabetes, enhancing insulin responsiveness 
and reducing hepatic gluconeogenesis. For sustainable 
delivery, MH is loaded into a secondary vehicle [25, 26]. 
Nanoliposomes (LP) are recognized as a classic lipid 
spherical vesicle for drug delivery, contributing an extra 
protective layer for loaded drugs, prolonging their half-
life, and ensuring an optimal therapeutic concentration 
range [27]. However, pure LP suffers the risk of prema-
ture drug leakage and release before reaching the tar-
geted site [28, 29]. Encapsulating LP into GM microgels 
is proven to significantly prevent premature aggregation 
and fusion and enhance the stability of LP, for the non-
covalent interactions between nitrogen and oxygen in 
GM microgels and phospholipids in LP anchor the lipid 
vesicle in the microgel network [29].

In this study, we developed an injectable, self-healing, 
and adhesive hydrogel/microgel-based dressing, aiming 
at addressing infectious diabetic wounds and achieving 
fast and high-quality healing. SF and MH-loaded LP (LP 
(MH)) were encapsulated into GM microgels to realize 
the controlled release pattern, contributing as a multi-
functional element to eradicating bacteria and simulta-
neously alleviating glucose levels in diabetic lesions. The 
PATA hydrogel serves as an intelligent ROS-consuming 
matrix with injectable, durable, and adhesive properties, 
integrating GM microgels to ensure precise and concen-
trated drug delivery in the wound region. We conducted 
the construction and comprehensive characterization 
of the PATA-GM (SF/LP) dressing, evaluating its anti-
microbial activity, ROS elimination, and hyperglyce-
mia reduction through in  vitro experiments. In  vivo 
experiments involved a rat model of type I diabetes, 
assessing the pro-healing ability of infected diabetic 
wounds using pathology and imaging analyses. It is 
hypothesized that the dressings developed in this study 
enhance the modulation of the local microenvironment 
in infected diabetic wounds, thereby promoting wound 
healing. Taken together, our multi-functional hydrogel/
microgel-based dressing possesses promising potential 
and offers a novel strategy for infectious diabetic wound 
management.

Materials and methods
Materials
4-(Bromomethyl) phenylboronic acid (C7H8BBrO, 98%), 
Poly (vinyl alcohol) 1788 (PVA, 87–90% hydrolyze), 
4-(Bromomethyl) phenylboronic acid (C7H8BBrO2, 
98), Sodium fusidate (SF, C31H47NaO6, 98%), met-
formin hydrochloride (MH, C4H11N5·HCl, 97%), 

Gelatin methacryloyl (GM-30%), phalloidin-TRITC 
(C60H70N12O13S2), Span 80 (C24H44O), paraffin oil (AR 
98%), Distearoylphosphatidylethanolamine-polyethylene 
glycol (DSPE-PEG2000, 99%), Lecithin (C42H80NO8P, 
90%), N, N, N’, N’-Tetramethyl-1,3-propanediamine 
(99%), Cholesterol (C27H46O, 95%), 15-mL centrifuge 
tubes, iFluor 488 phalloidin, RNAisoPlus kit (Takara 
Corp, Shiga, Japan), 200-µL and 1-mL pipette tips, 
4′,6-diamidino-2-phenylindole (DAPI), 24-well and 
96-well plates, CCK-8 cell viability reagent, and phos-
phate-buffered saline (PBS) were acquired from Macklin 
(Shanghai, China). Citric acid monohydrate, dihydrate, 
sodium citrate, and streptozotocin were purchased from 
Aladdin Company (Shanghai, China). Micropump injec-
tor (LEADFLUID TYD01, Baoding, China), SYBR Green 
Real-Time PCR Master Mixes (Thermo Fisher Scientific), 
SYP-TS hydraulic press (Lith Machine Limited, Xiamen, 
China), model NLFY-60 (Tianjin, China), Instron 5943 
universal material tester (MA, USA), FT-IR instrument 
(Thermo Scientific Nicolet iS10 infrared FT-IR spectrom-
eter, MA, USA). Rat L929 cell lines were procured from 
Cyagen (Jiangsu, China). ATCC 25923 (MSSA), ATCC 
43300 (MRSA), and ATCC 25922  (E.coli) were obtained 
from ATCC (Manassas, VA, USA).

Synthesis of PATA‑based codelivery hydrogel
Synthesis of nanoliposome
Nanoliposome (LP) was fabricated using the thin film 
dispersion technique [30]. The procedure involved dis-
solving 20  mg of soy lecithin, 6  mg of cholesterol, and 
6  mg of Distearoylphosphatidylethanolamine-polyethyl-
ene glycol (DSPE-PEG 2000) each in 1 mL of chloroform 
in a 1.5  mL EP tube. The mixture was then transferred 
to a 100 mL round-bottom flask and supplemented with 
an additional 2 mL of chloroform. Using a rotary evapo-
rator (LICHEN, Henan, China) under vacuum (110 rpm, 
45  °C), the chloroform was evaporated, forming a lipid 
film inside the flask. Subsequently, 5  mL of an aque-
ous solution of fully dissolved metformin hydrochloride 
(MH) was added, and the flask was rotated for 5 min. The 
final step involved sonication with a high-intensity probe 
sonicator (JY92-IIN, Scientz, China) at 25  °C (60 plus/
min, 130 W) for 5  min, resulting in single-layer nanoli-
posomes with decreased particle sizes.

Synthesis of GM (SF/LP) microgels
Gelatin methacryloyl (GM) synthesis adhered to 
established protocols [31]. The subsequent procedure 
involved crafting GM microgel through a microflu-
idic emulsion method, utilizing a coaxial needle and 
dual syringe pumps (LEADFLUID TYD 01, Baod-
ing, China). In this process, sodium fusidate (SF) was 
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homogeneously incorporated into a 10 w/v% GM poly-
mer solution containing MH-enriched LP. The oil phase, 
consisting of paraffin oil, was combined with the sur-
factant Span 80 (5 w/v%). Upon integration of the oil 
phase with the aqueous phase, the water-to-oil flow 
rate ratio was rigorously controlled between 0.08 and 
0.1 (100 μL/min for the oil, 8–10 μL/min for the aque-
ous phase) [17]. The aqueous phase, containing 5 wt% 
GM, 2.5 wt% MH-loaded LP, and 0.5 wt% photoinitia-
tor dissolved in PBS, alongside the oil phase, compris-
ing 5 wt% Span80 in paraffin oil, were concurrently 
administered into inlets of the microfluidic device using 
syringes. The formation of emulsion droplets ensued, 
which were then subjected to ultraviolet (UV) radia-
tion (64 mW/cm2, 360–480 nm) for a minute to initiate 
photo-crosslinking. The final step entailed centrifuga-
tion (6000 rpm, 4 min) to collect the formed crosslinked 
microgels containing SF and MH-loaded LP.

Synthesis of ROS‑responsive TSPBA linker
TSPBA was synthesized through an acetal reaction 
between N, N, N′, N’-Tetramethyl-1,3-propanediamine 
(TMPDA), and 4-(bromomethyl) phenylboronic acid 
(4-BPBA), following established methods [32]. Initially, 
1.31 g of 4-BPBA was dissolved in 100 mL of dimethyl-
formamide (DMF). After complete dissolution and soni-
cation for 10 min, 260 mg of TMPDA was added to the 
mixture and placed on a magnetic stirrer (60  °C, 24  h). 
Adding tetrahydrofuran (THF) and centrifuging the solu-
tion (10,000 rpm, 5 min) resulted in a precipitate, which 
was lyophilized to obtain the final TSPBA product.

Preparation of PATA‑GM (SF/LP) hydrogel
PATA hydrogels were made by mixing PVA and TSPBA. 
Based on previous studies [32], PVA was utilized in vary-
ing concentrations (3, 6, and 9 w/v%), combined with 
TSPBA (3 w/v%), to explore the gelation efficiency at dif-
ferent PATA ratios. Upon establishing the optimal PVA 
concentration, the PVA was then integrated with GM 
containing SF (0.1 w/v%), and MH-loaded LP (1 w/v%). 
Then 3 w/v% of TSPBA was added to form a ductile gel 
matrix [33]. After lyophilization, the structural integrity 
of the PATA-based hydrogels was scrutinized using an 
electron scanning microscope (SEM).

Fourier transform infrared (FT‑IR) analysis 
of the PATA‑based hydrogels
The FT-IR spectroscopy (Horiba, Kyoto, Japan) analysis 
was conducted to examine the functional groups within 
the GM, boronic acid bonds, and the PATA-based co-
delivery hydrogel. The spectral range between 4000 and 

600  cm−1 was meticulously analyzed against a backdrop 
of potassium bromide (KBr) and ambient air.

SEM scan of the PATA‑based hydrogels
Morphological and porosity attributes of the hydrogels 
were assessed using an SEM (ZEISS Sigma 300 SEM, 
Jena, Germany). For SEM analysis, a central section of 
the freeze-dried hydrogel was prepared. ImageJ software 
(v1.53) was employed to quantify the average porosity of 
the hydrogel.

Rheological test of PATA‑based hydrogels
Dynamic monitoring of borate-mediated cross-linking 
kinetics within hydrogels was conducted using a Dis-
covery HR-2 Rheometer (TA Instruments, DE, UK) out-
fitted with an 8  mm diameter steel parallel plate. The 
methodology involved the immediate mixing and depo-
sition of the PVA-containing GM (SF/LP) and TSPBA 
solutions onto the plate, followed by rheological evalu-
ation at a consistent temperature of 25  °C. Rheologi-
cal properties were assessed under a constant strain of 
1% across a frequency spectrum of 0.1 to 100  rad/s at 
25  °C. The quantitative assessment of the self-healing 
capabilities of the samples was performed by tracking 
the changes in the storage (G′) and loss (G″) moduli 
of the PATA-GM (SF/LP) hydrogels throughout cycles 
of destructive shearing (an oscillatory strain sweep ele-
vating the strain from 0.1% to 1000% at a constant fre-
quency of 1 Hz) and subsequent recovery (an oscillatory 
time sweep at a strain of 0.5% and a frequency of 1 Hz 
for 60 s).

Swelling and degradation rate of PATA‑based hydrogels
In the experiment, samples were divided into four cat-
egories: PATA, PATA-GM (SF), PATA-GM (LP), and 
PATA-GM (SF/LP). These groups were equilibrated for 
2 h in PBS at 37 °C, post which they were weighed on a 
microbalance (PUCHUN JA GW 0.001 g SERIES, Shang-
hai, China), and their masses were documented as M (s). 
Following this, they were pre-cooled in a lyophilizer at 
− 80 °C for 8 h and then vacuum-dried for 12 h. The mass 
of the samples after freeze-drying was recorded as M (l). 
The swelling rate of the hydrogel sample was computed 
using the formula:

Post-equilibration, the hydrogel specimens underwent 
incubation in PBS with varying H2O2 concentrations 
(0 mM, 0.01 mM, 0.1 mM, and 1 mM) at 37 °C. To evalu-
ate their degradation kinetic, we measured the residual 
mass of these freeze-dried specimens at designated 

(1)Swelling ratio = (M(s)−M(l))/M(l)× 100%.
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intervals, identified as M (b). Subsequently, these meas-
urements were compared with the initial dry weight 
using a designated formula for analytical purposes.

Characterization of SF and MH release dynamics
To ascertain the total release of SF and MH from PATA-
based hydrogels, baseline calibration was conducted 
using UV–visible spectroscopy (NanoDrop™ 2000/2000c 
spectrophotometer, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Calibration involved measur-
ing the absorbance of varying concentrations of SF and 
MH solutions (ranging from 1 to 200  mg/mL in deion-
ized water). Distinct absorption peaks for SF and MH 
were identified at wavelengths of 290  nm and 233  nm, 
respectively. Following this, explorations into the release 
dynamics of SF and MH from the hydrogels commenced. 
The formulation, comprising both SF and MH-loaded 
LP, was amalgamated with a solution containing PVA (9 
w/v%) prepolymer and TSPBA (3 w/v%). The fabricated 
hydrogels were allocated into 12-well plates contain-
ing PBS, with selected wells also incorporating 100  μM 
H2O2, and were incubated at 37 °C. Periodically, 1 mL of 
the solution was extracted from each well and substituted 
with an equivalent volume of fresh solution. Absorb-
ance readings at 290 nm and 233 nm were subsequently 
recorded and utilized to determine the release quantities 
of SF and MH by comparison with a standard curve.

In vitro cellular cultivation
L929 cells maintained up to the 5th passage, were 
employed to determine the biocompatibility of the 
PATA-based hydrogel [34]. These cells were propagated 
in DMEM enriched with 10% fetal bovine serum, in an 
environment of 5% CO2 at 37 °C, with the medium being 
refreshed bi-daily. For biocompatibility assessment, L929 
cells were incubated alongside the hydrogel specimens, 
followed by their analysis using live/dead cell staining 
assay and the CCK-8 assay.

Cell viability assay
Cell viability of L929 cells, in co-culture with hydrogel 
samples, was evaluated using the CCK-8 assay. L929 cells 
(1 × 105 cells/mL) were co-cultured with PATA-based 
hydrogel at 37 °C in a 5% CO2 environment for intervals 
of 6 and 12  h. The absorbance of the supernatant was 
measured at 450  nm using a microplate reader (Tecan 
Trading AG, Switzerland). Cell viability in the CCK-8 
assay was computed using the formula:

(2)Degradation ratio = M (b)/M (l) × 100%. In this formula, the “blank value” refers to DMEM 
enhanced with 10% fetal bovine serum. The “control 
value” is associated with the spectral data obtained from 
the cell culture medium, whereas the “measured value” 
corresponds to the readings from the medium co-cul-
tured with PATA-based hydrogels.

To evaluate cell viability when L929 cells were co-
cultured with various substrates, a fluorescence-based 
live/dead viability kit (Calcein-AM/PI Double Stain Kit, 
YEASEN, Shanghai, China) was utilized, adhering to 
the guidelines of the manufacturer. Following pre-deter-
mined time points, cells in co-culture with hydrogels 
were stained and then incubated for 20 min in darkness. 
Subsequently, these cells underwent triple washing with 
PBS. Fluorescence microscopy (ECLIPSE Ti2-E, Nikon, 
Japan) was used to capture images of the stained samples. 
Viability analysis, distinguishing live cells (green fluores-
cence) from dead cells (red fluorescence), was conducted 
using ImageJ software (v1.53). The viability of the cell was 
quantified using a specific formula:

Cell proliferation assay
During the cell proliferation evaluation, cells were 
stained according to the specified protocols of the manu-
facturer, using iFluor 488 phalloidin and 4’,6-diamidino-
2-phenylindole (DAPI). IFluor 488 phalloidin required 
a 4-h incubation at 37  °C and DAPI staining required a 
30-min incubation. After incubation, the samples were 
washed three times with PBS. These stained cells were 
then observed using an inverted fluorescence microscope 
(ECLIPSE Ti2-E, Nikon, Japan). Image analysis was car-
ried out using ImageJ software (v1.53), which was instru-
mental in examining the acquired images.

Antibacterial assay
The bacterial strains ATCC 25923 (MSSA), ATCC 43300 
(MRSA), and E.coli (ATCC 25922) were grown in 4  mL 
of Luria–Bertani (LB) broth for 18  h. Subsequently, a 
solution with 1  mL of LB and a bacterial concentra-
tion of 1.0 × 106  CFU/mL was prepared and added to a 
24-well plate. This arrangement was then co-incubated 
with various compounds such as PATA, PATA-GM (SF), 
PATA-GM (LP), or PATA-GM (SF/LP) at a constant tem-
perature of 37  °C for time intervals of 6, 12, and 24  h. 

(3)

Cell viability(%) = (measured value − blank value)
/(control value − blank value)× 100%

(4)

Cell viability(%) = number of live cells/
(

number of live cells + number of dead cells
)

× 100%
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After incubation, the bacteria were harvested and under-
went a washing process using PBS buffer with pH values 
of 6.3 or 7.4, at a centrifugation speed of 3000 rpm. The 
bacterial cultures were then stained using a live/dead 
bacterial staining agent for 15 min and visualized under 
an inverted fluorescence microscope (ECLIPSE Ti2-E, 
Nikon, Japan).

The antibacterial efficacy of the hydrogel samples was 
evaluated using an inhibition zone assay against two bac-
terial strains. After a 24-h incubation at 37 °C, the zones 
indicative of bacterial growth suppression were captured 
and quantified digitally, employing ImageJ software 
(v1.53) for analysis.

Antibiofilm assay
The efficacy of biofilm eradication was confirmed via 
scanning electron microscopy (SEM) analysis. For bio-
film formation, 1  mL aliquots of MSSA, MRSA, and E. 
coli suspensions (1 × 108  CFU/mL) were inoculated into 
individual wells of a 24-well plate containing titanium 
sheets, followed by a two-day incubation with daily LB 
medium replacement and co-culture with PATA-based 
hydrogels. The titanium sheets with biofilms were fixed in 
2.5% GA at 4 °C for 12 h, dehydrated through an ethanol 
gradient (50%, 60%, 70%, 80%, 90%, and 100%) for 10 min 
each at 25 °C [35], freeze-dried, and gold-sputtered. SEM 
(Sigma 300, ZEISS, Germany) was then employed for 
visualization.

Evaluation of mimetic activity in superoxide dismutase 
(SOD) analogs
The superoxide anion scavenging ability of the boro-
nate ester was assessed using the SOD assay kit-WST 
(Sigma-Aldrich, St. Louis, USA) was utilized. The pro-
cess involved immersing the PATA-based hydrogel in the 
assay solution, followed by measuring the optical density 
of the resultant supernatant at 450 nm. The SOD activity 
was calculated using the method prescribed by the man-
ufacturer of the kit. Below is the formula used for calcu-
lating the SOD assay outcomes:

In this formula, “V total” denotes the overall reaction 
volume, which is 0.2 mL. “V sample” represents the vol-
ume of the sample introduced into the reaction system, 
set at 0.02 mL. “V sample total” refers to the total volume 
of the extract added, being 1  mL. The concentration of 

(5)
SOD activity

(

U/104cell
)

= [inhibition percentage ÷
(

1− inhibition percentage
)

× Vanti − total]

÷ (500× V sample ÷ V sample ÷ V sample total)× F

= 0.02× inhibtion percentage ÷ (1− inhibition percentage)× F

the protein sample, “Cpr”, is expressed in mg/mL. “W” 
indicates the mass of the sample in grams. The numeral 
500 corresponds to the total cell or bacterial count, 
equivalent to 5 million. Lastly, “F” signifies the dilution 
factor applied to the sample.

Assessment of catalase (CAT)‑like activity in PATA‑based 
hydrogels
To investigate the CAT-mimetic activity of PATA-based 
hydrogels, the Amplex Red reagent assay kit (Sigma-
Aldrich, St. Louis, USA) was used, drawing on estab-
lished research methods. The process began with the 
incubation of PATA-based hydrogel samples in 5  μM 
hydrogen peroxide. This was followed by the addition 
of Amplex Red and horseradish peroxidase, triggering a 
reaction with remaining H2O2. Fluorescence emitted by 
resorufin was quantified at a wavelength of 571 nm:

In this formula, “Vrt” represents the total volume, 
which is 2 × 10–4 L. The molar extinction coefficient of 
H2O2, denoted by “ε”, is 43.6 L/mol/cm. The optical path 
length for a 96-well plate, labeled as “d”, measures 0.6 cm. 
“Vs” stands for the volume of the sample added, amount-
ing to 0.01 mL. “Vst” refers to the volume of the extract 
added, which is 1 mL. The duration of the reaction, “T”, 
is set at 1 min. The figure 500 indicates the total cell or 
bacterial count, equating to 5 million. Lastly, the unit 
conversion factor, represented by “106”, defines the rela-
tionship where 1 mol equals 106 μmol.

Cellular ROS scavenging activity
To evaluate the intracellular ROS-scavenging efficiency 
of PATA, PATA-GM (SF), PATA-GM (LP), and PATA-
GM (SF/LP) hydrogels, L929 cells were incubated with 
these hydrogels in a 12-well format. The culture medium 
contained 100 μM H2O2 and was sustained for 2 h. Fol-

lowing this, DCFH-DA staining was utilized to mark 
intracellular ROS, and the fluorescence intensity indica-
tive of ROS levels was quantitatively assessed using 
ImageJ software (v1.53).

(6)

CAT

(

U/104 cell

)

=

[

�A× Vrt ÷ (ε × d)× 10
6
]

÷ (Vs ÷ Vst × 500)÷ T = 1.529×�A
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In vitro hyperglycemia reducing assay
The glucose uptake by L929 cells was determined using 
a modified protocol from a glucose assay kit (Glucose 
Assay Kit with O-toluidine, Beyotime, Shanghai, China). 
Glucose calibration curves were established using the glu-
cose standards from the kit, ranging from 5 to 2000 mg/
dL. After establishing the glucose standard curve, we 
analyzed the variations in glucose concentration in the 
supernatant of the medium that had been co-cultured 
with hydrogels. L929 cells were cultured in 24-well plates 
at a density of 4 × 104 cells/well and incubated for 24 h to 
allow attachment. Cells in 5.5  mM glucose serum-free 
DMEM were incubated for 12  h. Post incubation, L929 
cells were treated with 10% serum DMEM supplemented 
with PATA, PATA-GM (SF), PATA-GM (LP), and PATA-
GM (SF/LP) for 24  h. To quantify variations in glucose 
levels within the culture medium, a 5 μL volume of the 
cell culture supernatant was dispensed into a 1.5 mL ep 
tube containing 185 μL of Glucose Assay Reagent. This 
assembly was then incubated in a water bath at 95 °C for 
8  min, followed by rapid cooling in an ice bath at 4  °C 
for 5  min. Subsequently, the reaction mixture from the 
ep tube was transferred to a 96-well plate for absorb-
ance measurement at 630 nm using a microplate reader 
(Tecan Trading AG, Switzerland), with the outcomes 
being meticulously documented. This procedure was rep-
licated thrice.

Preparation of diabetic SD rats
Animal experiments were approved by the Institutional 
Animal Care and Use Committee at Nanfang Hospital, 
Southern Medical University (R202009.05, Guangzhou, 
China). All procedures conformed to the National Insti-
tute of Health’s Guide for the Care and Use of Labora-
tory Animals (NIH Publications No. 8023, revised 1978). 
The study involved 25 male Sprague–Dawley (SD) rats, 
each weighing approximately 200  g, distributed into 
five groups: Control, PATA, PATA-GM (SF), PATA-GM 
(LP), and PATA-GM (SF/LP), sourced from the Experi-
mental Animal Center at Southern Medical University. 
A type-1 diabetes model was established in these rats, 
following established methodologies, by administering 
intraperitoneal injections of streptozotocin (from Alad-
din Company, Shanghai, China) at doses of 50–60 mg/
kg body weight. Glucose levels in rat blood were moni-
tored on days 0, 1, 3, 7, and 14, with samples collected 
from the tail vein and analyzed using a Bayer Contour 
Next EZ meter (Leverkusen, Germany). Rats with blood 
glucose levels exceeding 11.1 mmol/L were identified as 
diabetic.

Animal procedures and surgeries
In this study, 25 male SD rats, each weighing around 
200 g, were utilized. They were divided into five groups: 
Control, PATA, PATA-GM (SF), PATA-GM (LP), and 
PATA-GM (SF/LP), sourced from the Experimental 
Animal Center at Southern Medical University. Anes-
thesia was induced using a 3% pentobarbital sodium 
solution, administered intraperitoneally at 100 μL per 
100  g of body weight. Following fur removal and steri-
lisation, a full-thickness skin wound of 1.0  cm diam-
eter was created on the dorsal surface of each rat. Each 
wound was then inoculated with 20.0 μL of ATCC 25923 
(MSSA) suspension (1 × 108  CFU/mL). A gauze was 
placed over the wounds for 6–8  h to initiate infection. 
Afterwards, the designated hydrogel dressings—PATA, 
PATA-GM (SF), PATA-GM (LP), and PATA-GM (SF/
LP)—were applied to the wounds. Wound healing was 
monitored and photographed on days 0, 1, 3, 7, and 14 
post-treatment.

Statistical analysis
Data from all experiments underwent statistical analysis 
using one-way ANOVA and Bonferroni’s post hoc test, 
employing GraphPad Prism 8.0 software for the compu-
tation. The error bars in the graphical representations 
indicate the mean ± standard deviation (SD) of the data 
collected (*P < 0.05).

Results
Hydrogel fabrication and characterization
The fabrication process for PATA-based hydrogels is 
illustrated in Fig.  1 and Fig. S1. The ROS-responsive 
TSPBA linker was synthesized and then characterized 
by Nuclear magnetic resonance spectroscopy (1H-NMR) 
(Fig. S2) [36, 37]. We investigated the impact of varying 
PVA and TSPBA concentrations on gel flexibility (Fig. 
S3a). A concentration of 3% TSPBA effectively cross-
linked with 9% PVA, resulting in a flexible gel. Lowering 
the PVA concentration further prevented gel formation. 
Consequently, we identified the optimal concentrations 
as 9% PVA and 3% TSPBA (w/v) (Fig. S3a). As shown 
in Fig. S4, a hydrogel can be formed by cross-linking 
within 10 s using the TSPBA and hydrogel/microgel sys-
tem (PVA-GM (SF/LP)), consistent with the rheologi-
cal test results in Fig. 2c. GM microgel visualized under 
microscopy had an average diameter of approximately 
300 μm (Fig. S3b(iii)). Dail staining was employed to vis-
ualize LP encapsulated within GM microgel (Fig. 3a(iv); 
Fig. S3b(i)-(ii)). The majority of LP particles measured 
100–150 nm in size (Fig. 2d), with an encapsulation effi-
ciency for MH at 35.68 ± 6.144% (Fig. S5b). The LP had 
a zeta potential of -2 (Fig. S5c), indicating a likelihood 
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of particle aggregation. GM gel microspheres were 
used to improve LP stability. Under SEM, LP homo-
geneously dispersed on the surface of GM microgel 
(Fig.  2ai). PATA hydrogel demonstrated a porous inter-
connected microstructure with encapsulated GM micro-
gel (Fig.  2aii–iii). The porosity of PATA-based hydrogel 
was 22.11 ± 5.244% (Fig. S5d). The FT-IR spectra indi-
cate comparable absorption peaks for the PATA-based 
hydrogels. The unique peaks at 1720 cm−1 and 1250 cm−1 
correspond to the C=O double bond and the C–O–C 
stretching vibration of the methacrylic acid group. The 
resonance found at 1375 cm−1 is linked to B–O stretch-
ing vibration, derived from the boronate ester linkage, 
consistent with previous studies [38]. Oscillatory rheo-
logical analysis was employed to evaluate the mechani-
cal characteristics of the PATA-GM (SF/LP) hydrogel. 
Over time of 0 to 300 s, the storage modulus (G′) of the 
hydrogel exhibited variations ranging from 24.39621 to 

159.4434 Pa. In contrast, the loss modulus (G″) demon-
strated a range from 14.18528 to 51.23182  Pa (Fig.  2c). 
In our study, PATA-GM (Liposome) without SF and 
MH loading was used as a control group. The absorb-
ance values at 290 nm and 233 nm of the control group 
were subtracted in the cumulative release experiments 
(Fig. S9), and the cumulative drug release was then calcu-
lated (Fig. 2e, f ). Figure 2e, f show that in a PBS medium 
with 100  μM H2O2, the hydrogels containing SF-loaded 
GM and MH-loaded LP released about 76.14 ± 2.33% 
and 73.946 ± 1.049% of the drug over 15  days. In con-
trast, in PBS without H2O2, the drug release from the 
hydrogels was much lower, 40.809 ± 3.055% (SF-loaded 
GM) and 45.762 ± 8.205% (MH-loaded LP) in the same 
timeframe. Figure 2g indicates that the degradation rate 
of PATA hydrogels increased with higher H2O2 con-
centrations. In 0  mM and 0.01  mM H2O2 environment, 
the hydrogels underwent incomplete degradation, with 

Fig. 1  Schematic depicting the role of PATA-based hydrogel dressings in facilitating the healing process of infected diabetic wounds
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Fig. 2  Synthesis and Analysis of PATA-based Hydrogel: a, i Surface morphology of LP-incorporated GM microgels captured via SEM; (a, ii–iii) SEM 
of PATA hydrogels and GM microgels-loaded PATA hydrogel; (a, iv) Visualization of Dail-Stained LP on GM Microgel Surfaces via TRITC Fluorescence 
Imaging; b FT-IR analysis of PATA-based hydrogels; c Rheological analysis of PATA-GM (SF/LP) hydrogel; d Measurement of LP particle size; e, f 
Cumulative release profile of SF and MH encapsulated in PATA-GM (SF/LP) hydrogel; g Degradation rate of PATA hydrogel in different concentrations 
of H2O2; h Image of self-healing capabilities of PATA hydrogel; i, j Adhesive strength and swelling ratio of PATA-based hydrogel; *P < 0.05 
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Fig. 3  Assessment of cytotoxicity in PATA-based co-delivery hydrogels: a CCK-8 assay results for L929 cells exposed to varying concentrations of SF; 
b CCK-8 assay for L929 cells incubated with PATA-based hydrogels; c Evaluation of cell viability in L929 cells co-cultured with different PATA-based 
hydrogels, using live/dead staining on days 1 and 3 (live cells indicated by green fluorescence, dead cells by red fluorescence); d Proliferation 
of L929 cells on PATA-based hydrogels, visualized through phalloidin and DAPI staining at days 1 and 3; e Analysis of cell viability; f Quantification 
of L929 cell area to assess cell proliferation on PATA-based hydrogels; *P < 0.05 
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85.567 ± 4.626% and 22.790 ± 3.504% of the material 
remaining undegraded, respectively. In contrast, com-
plete degradation occurred within 5 days in 1 mM H2O2, 
while 0.1 mM H2O2 took 14 days for complete disintegra-
tion. The self-healing capability of the PATA hydrogel, 
attributed to its dynamic boronic ester covalent bonds, 
was further investigated. Figure  2h demonstrates that 
upon bringing two separate segments of the hydrogel 
into proximity, they naturally self-healed in under one 
minute. Fig. S8 displays the changes in storage modulus 
(G’) and loss modulus (G’’) of the PATA hydrogels when 
subjected to varying frequencies. PATA-based hydrogels 
demonstrated a similar swelling ratio (7.057 ± 0.725%, 
7.998 ± 0.492%, 7.245 ± 0.769%, 6.592 ± 0.709%) (Fig.  2j) 
and adhesive strength (14.612 ± 1.376 kpa, 14.520 ± 1.129 
kpa, 15.047 ± 0.326 kpa, 14.893 ± 0.564 kpa) (Fig. 2i). The 
addition of SF and LP (MH) loaded microgel did not 
affect the above two characteristics. The PATA hydrogel 
also exhibits strong adhesive properties on various sur-
faces (Fig. S6).

Cell prliferation and viability assays
Figure 3a and Fig. S10 depict that CCK-8 assay outcomes 
reveal a decline in L929 cell viability at SF concentrations 
exceeding 100  μg/mL and MH concentrations surpass-
ing 10 mg/mL. Optimal drug concentrations ensured that 
simultaneous encapsulation of both SF and MH did not 
enhance hydrogel cytotoxicity, as illustrated in Fig.  3b. 
Figure 3c–f showcase live and dead cell staining results, 
along with comparable cell viability (> 90%) and cell 
count in cultures involving PATA-based hydrogel.

In vitro antimicrobial activity, inhibition zone assay, 
and antibiofilm properties of the hydrogel
Figure 4a, b illustrates the bacterial staining results when 
exposed to PATA-based hydrogels. A significant reduc-
tion in bacterial presence was observed within 12  h 
(Fig. S12a, b), culminating in the over 98% elimination 
of bacteria by the 24-h interval (Fig.  4a, b). Hydrogels 
infused with SF demonstrated enhanced antibacterial 
properties in comparison to their SF-absent counter-
parts, as depicted in Fig. 4d-e; Fig. S12c-d, S13a-b. These 
outcomes, derived from live/dead bacterial staining, 
are consistent with the data obtained from the zone of 
inhibition assays. SF demonstrates a more specific bac-
tericidal effect against S. aureus and a relatively lower 
efficacy against E. coli. In the conducted zone inhibition 
assays, these hydrogels exhibited diameters of inhibition 
zones measuring 2.932 ± 0.263  cm and 3.09 ± 0.126  cm 
against ATCC 25923 (MSSA), and 2.98 ± 0.194  cm and 
3.34 ± 0.244 cm against ATCC 43300 (MRSA), for PATA-
GM (SF) and PATA-GM (SF/LP), correspondingly, as 
detailed in Fig. 4c and f.

SEM analysis revealed that SF-loaded hydrogels effec-
tively inhibited bacterial proliferation, as detailed in Fig. 
S14. Following SF incorporation, there was a noticeable 
dispersion of MSSA and MRSA biofilms, along with a 
significant increase in the number of lysed bacteria. In 
contrast, the E. coli biofilm exhibited partial dispersion. 
Without SF, PATA-GM (LP) displayed biofilm disruption 
similar to the PATA group. Notably, biofilm disruption in 
the PATA and PATA-GM (LP) groups may be attributed 
to the quaternary amine motifs in TSPBA.

Quantitative real‑time PCR (qRT‑PCR) analysis 
of antibacterial relative gene expressions
For qRT-PCR validation, the biomarkers selected 
included feoB, fusD, ftnA, fusA, sufU, dnaK, and groL. 
As depicted in Fig.  4g–j and Fig. S12e–g, the rela-
tive gene expression value for fusA, a gene implicated 
in the regulation of staphylococcal EF-G proteins, was 
observed 109.840 ± 6.384-fold in ATCC 25923 (MSSA) 
and 34.9 ± 5.280-fold in ATCC 43300 (MRSA) higher 
compared control group, consisted with previous studies 
[39]. Genes associated with bacterial metabolism, namely 
feoB, fusD, ftnA, dnaK, and groL, exhibited a more 
marked upregulation in ATCC 25923 (MSSA), whereas 
their expression increase in ATCC 43300 (MRSA) was 
not significant.

In vitro antioxidant and hyperglycemia reducing activity 
of PATA‑based hydrogel
The evaluation of the antioxidant capacity of PATA-based 
hydrogels involved analyzing SOD mimetic activities, 
CAT mimetic activities, and intracellular ROS, as delin-
eated in Fig.  5. Results from the SOD and CAT assays 
indicated a reduction in SOD activity and formaldehyde 
concentration in the supernatant of cells incubated with 
PATA-based hydrogels compared to the control group 
(P < 0.05), signifying diminished oxidative stress on the 
cells. Additionally, the effectiveness of PATA-based 
hydrogels in scavenging intracellular ROS was exam-
ined. Figure  5a, b reveal that cells cultured on PATA-
based hydrogels experienced a reduction in ROS levels 
by over 60% relative to those in the control group. The 
assessment of the hypoglycemic efficacy of PATA-based 
hydrogels was conducted by measuring glucose levels 
in co-cultured cell culture supernatants using a glucose 
assay kit. As depicted in Fig. 5e, f, the PATA-GM (LP) and 
PATA-GM (SF/LP) groups demonstrated reduced glu-
cose concentrations in the cell culture supernatants com-
pared to the Control, PATA, and PATA-GM (SF) groups.
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In vivo degradation, wound healing, antibacterial activity, 
and blood glucose regulation analysis
In vivo, the degradation of crosslinked hydrogel speci-
mens was evaluated by implanting them under the skin 
and observing their degradation on days 1, 3, 5, 7, and 14, 

as shown in Fig. S11a. The hydrogels began to degrade 
from day 1 and were completely degraded by day 14, 
matching the skin healing rate in rats (Fig. S11c). To fur-
ther evaluate the biocompatibility of the hydrogel, histo-
logical alterations in skin tissues adjacent to the hydrogel 

Fig. 4  Evaluation of the antibacterial efficacy of PATA-based hydrogels and Quantitative Real-Time PCR (qRT-PCR) analysis of antibacterial-relative 
gene expressions: a, b Visualization of live/dead bacterial (ATCC 25923 and ATCC 43300) interacting with PATA-based hydrogels at predetermined 
intervals; c Antibacterial efficacy of PATA-Based hydrogels demonstrated through inhibition zone assays on strains ATCC 25923 and ATCC 43300 
cultured on agar plates; d, e Quantification of live/dead bacteria after exposure to hydrogels; f Quantitative assessment of inhibition zones; g–j 
qRT-PCR results analyzing gene expressions related to antibacterial activity; *P < 0.05 
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were assessed using H&E and toluidine blue staining at 7 
and 14  days after implantation. The results, depicted in 
Fig. S11b, showed negligible neutrophils and mast cells, 
crucial in inflammation, indicating the PATA-GM (SF/
LP) hydrogel lacks of significant inflammatory response 
upon implantation. The in  vivo antibacterial efficacy of 
the hydrogels was evaluated at 3 and 7 days post-surgery. 

As shown in Fig. S15a-b, the results indicated that SF-
loaded hydrogels eradicated nearly 100% (> 99%) of the 
bacteria, compared to those without SF encapsulation. 
The rates of skin defect healing following treatment with 
various PATA-based hydrogel formulations were evalu-
ated. The velocity of wound healing was quantified by 
comparing the current wound area as a percentage of the 

Fig. 5  Evaluation of ROS scavenging capabilities of PATA-based hydrogels in vitro: a Fluorescence microscopy images displaying ROS production 
(using DCFH-DA) in L929 cells incubated with PATA-based hydrogels post H2O2 exposure; b Quantification of ROS levels in L929 cells on PATA-based 
hydrogels following H2O2 treatment; c Analysis of SOD-like catalytic activity in hydrogels; d Results of CAT mimicry activity assays in PATA-based 
hydrogels; e Quantification of glucose concentrations in the supernatant of L929 cell cultures treated with PATA-based hydrogels; f Variations 
in colorimetric responses of L929 cell culture supernatants in 96-well plates following incubation with Glucose Assay Kit reagents. *P < 0.05 
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original wound defect area, using a 15 mm inner diam-
eter plastic circle for scale. Notably, the PATA-GM (SF/
LP) group showed superior healing efficacy compared 
to the Control, PATA, PATA-GM (LP) and PATA-GM 
(SF) groups. Comparative analysis of wound dimensions 
and healing trajectories are elaborated in Fig. 6c, d. This 
study assessed the effect of topical MH application on 
blood glucose regulation in mice, with continuous moni-
toring during the subsequent experimental phase. Data 
revealed that blood glucose levels remained elevated 
for up to two days post-treatment. Conversely, in the 
MH-treated group, a significant reduction in blood glu-
cose was observed after three days, as demonstrated in 
Fig. 6e. Groups not treated with MH exhibited blood glu-
cose levels comparable to the control group. By the end 
of the monitoring period, the blood glucose of the group 
treated with MH was markedly lower than those in the 
MH-free group. Post the two-week experimental period, 
euthanasia was administered to the rats via pentobarbital 
overdose, followed by the collection of tissue specimens.

Histological, immunohistochemistry, 
and immunofluorescence analysis
Our study assessed the wound healing capabilities using 
Masson’s trichrome and H&E staining, observed on days 
7 and 14, detailed in Fig.  7a, b. The group treated with 
PATA-GM (SF/LP) dressing showcased superior healing 
compared to the Control, PATA, PATA-GM (LP), and 
PATA-GM (SF) groups, measured by the ratio of resid-
ual to initial wound areas. The PATA-GM (SF/LP) group 
exhibited the smallest scar width, depicted in Fig. 7c, d. 
Additional analysis of skin regeneration via H&E and 
Masson’s trichrome staining (Fig. 7b) indicated the thin-
nest scar formation in the PATA-GM (SF/LP) group, with 
enhanced vascularization at the wound site (Fig. 7f ). Fur-
thermore, this treatment resulted in increased epidermal 
thickness relative to other groups (Fig. 7d), and a higher 
concentration of skin structures and blood vessels was 
observed in the PATA-GM (SF/LP) group (Fig. 7f ). Cor-
responding with anti-infective and anti-ROS activity seen 
in vitro, these findings point to successful functional skin 
regeneration.

In the evaluation of neovascularization within wounds, 
CD31, indicative of vascular endothelial cells, and vas-
cular endothelial growth factor (VEGF), essential for 
angiogenic processes, were employed for immunohisto-
chemical analyses (Fig. S16 a-b, e–f). The results, illus-
trated in Fig. S16 a-b, revealed a significant formation 
of new blood vessels in both the PATA-GM (LP) and 
PATA-GM (SF/LP) treatment groups. Wounds treated 
with PATA-GM (SF/LP) exhibited a higher accumulation 
of native type I and type III collagen compared to those 
treated with PATA, PATA-GM (SF), PATA-GM (LP) or 

untreated skin, as shown in Fig. S16 c–d, g. Type I and III 
collagens, fundamental constituents of the dermal extra-
cellular matrix (ECM), are recognized for their essen-
tial roles in the processes of wound healing and tissue 
remodeling. Immunostaining findings further substanti-
ated the superiority of the PATA-GM (SF/LP) treatment. 
The expression levels of GLUT4 in diabetic wound tis-
sues treated with PATA-based hydrogels were analyzed 
via immunofluorescence. Hydrogels loaded with MH 
exhibited elevated GLUT4 expression (8.247 ± 1.925%, 
9.482 ± 2.894%) compared to significantly lower lev-
els in other groups (0.205 ± 0.148%, 0.668 ± 0.174%, 
0.770 ± 0.319%).

Transcriptome sequencing analysis
Transcriptomic analyses were performed on RNA 
sequences from the dorsal skin tissues of rats subjected 
to a 3-day treatment with PATA-GM (SF/LP) versus con-
trol interventions. A total of 946 genes were sequenced. 
Of the differentially expressed genes (DEGs), 506 genes 
were found to be upregulated, and 443 were downregu-
lated in the PATA-GM (SF/LP) treated group compared 
to the control (Fig. S17 a). Analysis of Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways identified 
gene clusters associated with PPAR and Adipocytokine 
signaling pathways (Fig.  8a, b, d). Subsequent examina-
tion of DEGs between the PATA-GM (SF/LP) and con-
trol groups (Fig.  8e, f ) revealed increased expression of 
genes facilitating glucose uptake, including glucose trans-
porter 4 (Slc2a4), AMPK, PPARγ, and Adipoq, enhanc-
ing glucose transport and uptake (Fig.  8c). Additionally, 
qRT-PCR results indicated significant upregulation of 
Slc2a4, AMPK, PPARγ, and Adipoq gene expression in 
Rat-1 cells treated with MH-loaded PATA-based hydro-
gels compared to those treated with hydrogels with-
out MH (Fig.  8g–j). Gene Ontology (GO) enrichment 
analysis underscored the DEGs’ pivotal roles in essential 
biological processes, cellular component, and molecu-
lar function like “signaling receptor regulator activity”, 
“extracellular region”, and “sarcomere organization” (Fig. 
S17 c). Fig. S17 b showcases a heatmap of significantly 
altered DEGs.

Discussion
The increasing prevalence of diabetes worldwide brings 
forth significant clinical challenges in managing diabetic 
wounds. In response, a variety of biofunctional dress-
ings have been developed to enhance the healing of these 
complex wounds. This research introduces an innovative 
multifunctional hydrogel dressing designed specifically 
for diabetic wound care. It comprises PVA and TSPBA, 
along with a dual-drug-loaded GM microgel. This GM 
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Fig. 6  Facilitation of infected diabetic wound healing by PATA-based hydrogels: a Diagrammatic representation of in vivo animal model 
experiments at various stages; b, c Images and quantitative evaluation of the wound healing process in Control, PATA, PATA-GM (SF), PATA-GM (LP), 
and PATA-GM (SF/LP) groups at predetermined intervals; d In vivo measurement of blood glucose levels; e Graphical representation of wound 
healing progression over a 14-day treatment period across the five experimental groups; #P < 0.05, *P < 0.05 
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microgel incorporates SF and LP encapsulating MH, aim-
ing to optimize diabetic wound healing efficacy.

The SEM results illustrated in Fig. 2a(i–iii), display the 
physical integration of GM microgel within the PATA 

hydrogel. The synthesis of the injectable GM microgel-
LP composite is further confirmed by LP staining, as 
depicted in Fig.  2a(iv), and FTIR analysis. This inno-
vative system is engineered for dual functionality: to 

Fig. 7  Analysis of Wound Healing Using Histological Staining Techniques: a H&E stained sections of healed wounds, with incomplete healing 
areas marked by white dashed lines; b Detailed images of wounds stained with both H&E and Masson’s trichrome, demarcating the epidermis 
with dashed black lines, whereas the blood vessels are indicated by black arrows; c High-resolution fluorescence microscopy images at 4 × and 
20 × magnifications of wounds stained for Glut4 immunofluorescence analysis; d, e Measurement of scar width in wounds treated with various 
PATA-based hydrogels using Image J software (v1.53); f Determination of epidermal layer thickness in healed wounds treated with different 
PATA-based hydrogels using Image J software (v1.53); g Quantification and comparison of blood vessel count in wound regions treated 
with different hydrogels, analyzed using Image J software (v1.53); h Quantification of Glut4 immunofluorescence analysis in wounds treated 
with various PATA-based hydrogels using Image J software (v1.53); *P < 0.05 
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Fig. 8  Exploration of the in vivo effects of PATA-GM (SF/LP) treatment: a Evaluation of gene enrichment differences within the KEGG pathways; 
b, d Gene Set Enrichment Analysis (GSEA) illustrating differentially expressed genes in the KEGG pathways; c Mechanism of Metformin (MH) 
as hyperglycemia reducing agent; e, f Up-regulated genes associated with PPAR and Adipocytokine signaling pathways; g–j Analysis of glucose 
uptake-related gene expressions (Slc2a4, AMPK, PPARγ, and Adipoq) via qRT-PCR; *P < 0.05 
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concurrently administer antimicrobial agents and modu-
late glucose levels at the wound site, ensuring controlled 
release and targeted therapeutic action. FT-IR data, spe-
cifically the B-O stretching vibration at 1375 cm−1 shown 
in Fig.  2b, validate the synthesis of the PATA hydrogel 
through boronate esterification reactions between PVA 
and TSPBA. The formation of phenylboronic ester bonds 
within the hydrogel offers advantages over traditional 
crosslinking methods, including self-healing properties 
and environmental sensitivity, as demonstrated in Fig. 2g, 
h and Fig. S8. Traditional wound dressings often struggle 
with maintaining shape and adherence under mechanical 
stress [40]. In contrast, the PATA hydrogel adapts to the 
shape of the wound and adheres strongly, reducing the 
need for frequent dressing changes due to its enhanced 
adhesive properties (Fig. 2i, Fig. 6b). The hydrogel’s ROS 
responsiveness is evident in Fig. 2g, where it shows rapid 
degradation in high-ROS environments and stability in 
low-ROS conditions. The susceptibility of boronic acid 
bonds to nucleophilic attacks, particularly by species 
such as H2O2, is attributed to the unique configuration 
of boron atoms within these bonds [41]. This character-
istic facilitates responsive therapeutic agent delivery tai-
lored to the complex microenvironment of the wound. 
In our study, borate ester linkages of the PATA hydrogel 
enable intelligent ROS scavenging at the wound site and 
precision-controlled release of encapsulated drugs in 
response to ROS levels (Fig. 2e, f ). Drug release studies 
indicate that the PATA hydrogel discharges more medi-
cation in the presence of H2O2 (Fig. 2e, f ), aligning with 
its degradation trend, while the incomplete release from 
GM microspheres is likely due to partial degradation and 
drug retention. Previous studies have investigated hydro-
gels loaded with SF or MH, and the release of SF and MH 
could last for 48 h and 10 days, respectively [42, 43]. In 
contrast, our findings demonstrate that the SF and MH 
components of our hydrogel system exhibit an extended-
release profile, maintaining release over up to 15  days. 
This duration effectively spans the entire wound-healing 
process [44].

The biocompatibility of the newly designed wound 
dressing is crucial for its therapeutic effectiveness 
[45]. Our cytotoxicity tests reveal that L929 fibroblast 

bioactivity is preserved at SF and MH concentrations 
not exceeding 100  μg/mL and 10  mg/mL (Fig.  3a, Fig. 
S10). The uniform biocompatibility of PATA-based 
hydrogels, as evidenced by consistent fibroblast live cell 
ratio (Fig. 3b, f ) and cell area (Fig. 3b, e), attests to their 
biosafety. Contrary to previous studies that questioned 
the safety of SF [46], we ascertain that its cytotoxic effects 
are primarily concentration-dependent. Enabled by con-
trolled-release mechanisms, PATA hydrogels mitigate 
potential cytotoxicity due to drug build-up, corroborated 
by data presented in Fig. 3b, f. Encapsulating SF and MH 
within ideal concentration parameters appears to exert 
minimal impact on cellular viability, growth, and migra-
tory behavior. The biocompatibility of the PATA-GM 
(SF/LP) hydrogels developed in this research was cor-
roborated in vivo (Fig. S11), aligning with the outcomes 
of our in vitro assessments. The empirical evidence from 
both in vivo and in vitro analyses confirms the hydrogels’ 
favorable biocompatibility and degradation properties.

The SF-loaded microgel within the hydrogel main-
tained bactericidal activity for up to 24  h, achieving a 
reduction of over 98% in ATCC 25923 (MSSA) and ATCC 
43300 (MRSA) populations. The quaternary amine motifs 
in TSPBA may contribute to the minor increase in bacte-
rial death ratio after 24 h in Fig. 4d, e; Fig. S13 a-b [47, 
48]. SF-loaded hydrogels exhibited limited bactericidal 
activity against E. coli (Fig. S13a, b). This effectiveness is 
supported by inhibition zone, bacterial viability, and anti-
biofilm assay results, highlighting extensive antimicro-
bial potential of the hydrogel (Fig.  4). In comparison to 
other injectable hydrogels embedded with antimicrobial 
agents and electrospun fiber wound dressings, the mate-
rial under investigation exhibited wider zones of inhibi-
tion, indicative of a more potent bactericidal effect [49, 
50]. SF, targeting EF-G in staphylococci (Fig. 9), is effec-
tively administered to the wound site via SF-loaded GM 
microgels. EF-G, a critical elongation factor, is pivotal 
in bacterial protein synthesis, specifically in the transla-
tional phase. The product of fusA gene, the EF-G protein, 
is vital for bacterial cell functionality. Research indicated 
that in ATCC 25923 (MSSA) and ATCC 43300 (MRSA), 
fusA is the gene encoding the EF-G protein [51]. In 
our investigation, PATA-GM (SF/LP)-treated bacterial 

Fig. 9  Sodium fusidate (SF) bactericidal mechanism
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specimens underwent qRT-PCR assays. Figure  4g illus-
trates a marked elevation in the relative expression levels 
of the fusA gene compared to control groups, manifest-
ing as a 109-fold increase in ATCC 25923 (MSSA) and a 
34.9-fold increase in ATCC 43300 (MRSA). The mecha-
nism of SF of action against bacterial proliferation is well-
established [52, 53], operating through the inhibition of 
ribosomal function, specifically targeting the synthesis of 
the protein EF-G, encoded by the fusA gene in S. aureus. 
This inhibition by SF triggers a compensatory response 
in bacteria, leading to an upregulation of the fusA gene 
to counteract the suppression of EF-G synthesis, align-
ing with the observations in Fig. 4g. The resultant reduc-
tion in EF-G expression correlates with retardation of 
bacterial growth, potentially culminating in bacterial cell 
death. QRT-PCR analysis identified several genes inte-
gral to bacterial metabolism—sufU, feoB, fusD, ftnA, 
dnaK, and groL—among which sufU exhibited a notable 
increase in expression relative to others (Fig.  4h–j; Fig. 
S12e–g). SufU is implicated in the bacterial tricarboxylic 
acid (TCA) cycle [54], suggesting that its upregulation 
may serve as an adaptive response to the intracellular 
environmental perturbations induced by SF. Specifically, 
the expression of sufU was markedly higher in ATCC 
25923 (MSSA) compared to ATCC 43300 (MRSA) 
(Fig.  4h). This differential expression extends to other 
genes associated with metabolic processes, including the 
stress response-related fusD, iron metabolism genes feoB 
and ftnA, and heat shock proteins dnaK and groL, all of 
which were significantly more expressed in ATCC 25923 
(MSSA). The subdued response in ATCC 43300 (MRSA) 
could indicate a more stabilized metabolic state in these 
strains, potentially contributing to their reduced sensitiv-
ity to antibiotic interventions [55, 56].

ROS at physiological levels (1–10  nmol H2O2), play 
an essential role in normal wound healing by serving as 
an early defense mechanism, recruiting immune cells, 
and promoting endothelial cell proliferation. However, 
elevated ROS levels exceeding physiological norms 
(> 100 nmol H2O2) can cause oxidative stress, damaging 
essential biomolecules like DNA, RNA, and enzymes, 
and consequently hindering the healing process [57]. 
Figure  5 presents the ROS scavenging efficacy of the 
PATA-based hydrogel. This hydrogel demonstrates a dual 
action, effectively reducing both extracellular (Fig.  5a, 
b) and intracellular ROS levels (Fig. 5c, d), as evidenced 
by its comparison with the control group. The observed 
ROS neutralization is attributed to the borate ester bonds 
within the hydrogel, which actively consume extracel-
lular ROS and concurrently alleviate intracellular oxida-
tive stress. The antioxidant properties structure of borate 
ester effectively neutralizes reactive oxygen species 
(ROS), thereby diminishing their overall concentration 

[58]. Additionally, the borate ester bonds potentially 
modulate mitochondrial function and NADPH oxidase 
activity, further curtailing ROS generation [59].

Bactericidal, ROS scavenging, and glycemic control 
ability were further evaluated using a type-I diabetic 
infected wound model in SD rats (Fig. 6a). Figures 6b–d, 
7a shows that rats treated with PATA-GM (SF/LP) exhibit 
the fastest wound closure. In Fig. 6b, rats receiving MH-
loaded PATA hydrogel treatment exhibited effective 
glucose regulation on days 3 and 7, with a subsequent 
incremental rise in blood glucose levels. This pattern 
aligns with MH release dynamics presented in Fig.  2f. 
Significantly, on day 14, these MH-treated rats demon-
strated reduced blood glucose levels compared to their 
untreated counterparts. Research indicates that the topi-
cal administration of MH is effective in managing blood 
glucose [44]. Furthermore, compared with the blood glu-
cose level in the control group (342.61 ± 24.141  mg/dL), 
the PATA and PATA-GM (SF) groups exhibited lower 
values (309.31 ± 12.246  mg/dL and 321.32 ± 27.286  mg/
dL, respectively) (Fig. 6e). This reduction is likely due to 
glucose binding with boronic acid, which may contribute 
to glucose regulation and controlled drug release in the 
treatment of diabetic wounds [60–62]. While local anti-
diabetic agents, such as insulin, offer some benefits [63], 
our study highlights the superior efficacy of the MH-
loaded hydrogel in sustaining blood glucose reduction. 
Compared with the exclusive use of local antidiabetic 
agents such as insulin in topical treatments fails to main-
tain prolonged blood glucose reduction due to the tran-
sient efficacy of insulin [64]. The novel system introduced 
in this study distinguishes itself by exhibiting a more 
rapid and consistent glucose regulation, achieving a sig-
nificant reduction in blood glucose levels in rats between 
days 3 and 7 (Fig. 6d). The findings demonstrate that the 
injectable hydrogel/microgel system, enriched with MH, 
supports the sustained modulation of blood glucose con-
centrations. This effect is attributed to the incorpora-
tion of LP into microgels, which initiates hydrogen bond 
interactions among these components, thus ensuring 
stable and continuous dissemination of the encapsulated 
therapeutic agents [65, 66].

Moreover, transcriptomic analyses of tissue samples 
from rats administered with PATA-GM (SF/LP) hydrogel 
reveal its efficacy in diabetic wound healing. Transcrip-
tomic sequencing KEGG pathway statistics revealed a 
significant enrichment of the PPAR signaling pathway 
(Fig.  8a). Notably, MH treatment led to an augmented 
expression of PPARγ, a pivotal gene within the PPAR cas-
cade, which in turn facilitated the upregulation of Adipoq 
gene expression (Fig. 8c) [67, 68]. This regulatory mecha-
nism is essential for the activation of the Adipocytokine 
signaling pathway (Fig. 8b, d, e–f ) [69] Extant literature 
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confirms that the enhancement of PPARγ expression 
within the PPAR signaling framework is instrumental in 
activating AMPK, a crucial modulator of the Adipocy-
tokine signaling pathway [70]. Consequently, AMPK acti-
vation boosts the expression of the Slc2a4 gene, which 
plays a key role in modulating GLUT4 dynamics (Fig. 8c), 
thereby augmenting GLUT4 expression and its transloca-
tion to the cellular membrane [71]. The phosphorylation 
and subsequent activation of AMPK are fundamental 
processes underlying the broad-spectrum effects of met-
formin, especially regarding the translocation of GLUT4 
[72]. Immunofluorescence imaging presented in Fig.  7c 
reveals a significant augmentation in GLUT4 expres-
sion post-treatment with MH-loaded nanoliposomes, a 
finding that is consistent with transcriptomic sequenc-
ing data and the results of qRT-PCR analyses. The 
results indicate that the MH-loaded hydrogel signifi-
cantly enhances GLUT4 expression, thereby augment-
ing local glucose absorption and effectively modifying 
the high-glucose microenvironment of the wound. In 
our Transcriptomic sequencing results, Gene Ontology 
(GO) enrichment analysis further highlighted the criti-
cal functions of DEGs in key biological processes, cellular 
component, and molecular function notably “signaling 
receptor regulator activity”, “extracellular region”, and 
“sarcomere organization” (Fig. S17c) [73–75].

To evaluate the caliber of tissue repair, H&E, and 
Masson’s trichrome staining were utilized (Fig.  7). The 
wounds subjected to PATA-GM (SF/LP) treatment dis-
played the narrowest scar width. The wounds subjected 
to PATA-GM (SF/LP) treatment displayed the narrowest 
scar width. Moreover, treatment modalities enriched with 
MH resulted in wounds with enhanced epidermal thick-
ness, type 1 and type 3 collagen expression (Fig. 7a, b; Fig.
S16 c-d, g). In comparison to our prior studies [76] which 
focused solely on ROS elimination and antibacterial 
properties, the controlled-release formulation of PATA-
GM (SF/LP) demonstrates a more profound capacity to 
expedite the healing of diabetic wounds. MH not only 
enhanced collagen expression and epidermal thickness, 
but also increased wound vascular endothelial growth 
factor (VEGF) expression and blood vessel number (Fig. 
S16a, b). To investigate the underlying mechanisms facili-
tating angiogenesis, immunohistochemical assays were 
conducted to evaluate VEGF and CD31 expression levels. 
CD31 is identified as a biomarker for vascular endothelial 
cells, whereas VEGF is essential for angiogenic processes. 
Results depicted in Fig. S16a, b, e–f indicate that PATA-
GM (SF/LP) administration significantly enhances the 
expression of CD31 and VEGF. VEGF engages in the acti-
vation of downstream signaling cascades, including the 
PI3K-Akt and MAPK pathways [77], via interaction with 
vascular endothelial growth factor receptor (VEGFR), 

which are critical for cellular proliferation, migration, and 
survival [78]. In comparison to existing literature [79, 80], 
our multifunctional hydrogel more effectively enhances 
the expression of VEGF and CD31. The incorporation 
of MH not only promotes vascularization but also better 
facilitates the increased accumulation of types I and III 
collagen at the wound site, indicative of progressive tis-
sue reconstruction.

PATA hydrogel, notable for its injectability, enhanced 
adhesive, and self-healing properties, adheres effectively 
to irregular wound shapes. It remains in place despite 
wound deformation and movements of the subject, as 
shown in Fig. S6, Fig. 2h, i, and Fig. 6b. This is attributed 
to the formation of boronate bonds within PATA, specifi-
cally between TSPBA and hydroxyl groups (-OH) on the 
object’s surface. Additionally, the hydrogen bonds formed 
between PVA and functional groups on the surface, such 
as amino groups (-NH2) and hydroxyl groups (-OH), fur-
ther bolster the adhesiveness of the hydrogel.

The PATA-GM (SF/LP) hydrogel demonstrates remark-
able proficiency in treating infections, modulating the 
local microenvironment, and managing blood glucose 
levels. Comprehensive in vivo and in vitro analyses have 
validated its capability for responsive release on demand, 
reducing the necessity for frequent dressing changes. 
The hydrogel effectively combats infection, scavenges 
ROS, and regulates blood glucose in diabetic wounds, 
thereby expediting wound healing and skin regeneration 
processes.

Conclusion
This study introduces an injectable PATA hydrogel, 
incorporating SF-loaded microgel and MH-loaded 
nanoliposomes, devised as an all-encompassing wound 
care solution. Its efficacy in delivering antimicrobial 
activity, neutralizing ROS, regulating blood glucose, and 
providing robust adherence is substantiated by compre-
hensive in  vitro and in  vivo studies. Notably effective 
under conditions of infection, hyperglycemia, and high 
ROS, the hydrogel dressing expedites wound closure and 
promotes dermal regeneration, leveraging the synergis-
tic effects of SF, borate ester bonds, and MH. This novel 
wound dressing combines critical properties, including 
antimicrobial, ROS mitigation, glucose management, and 
adhesion, enhanced by a streamlined manufacturing pro-
cess that enhances its viability for clinical use.
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