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A B S T R A C T

Wound infections are one of the major threats to human health, accounting for millions of deaths annually. Real- 
time monitoring, accurate diagnosis, and on-demand therapy are crucial to minimizing complications and saving 
lives. Herein, we propose a “monitor-and-treat” strategy for infected wound management by integrating the 
emerging development of bacterio-therapeutics and bio-optics. The upper layer consists of gelatin methacryloyl 
(GelMA)-collagen III methacryloyl (Col3MA) (GC), Reuterin (Reu) isolated from the probiotic Lactobacillus reuteri 
(L. reuteri) and microfluidic safflower polysaccharide (SPS)@GelMA microspheres using 3D printing technology. 
The lower layer is made of acryloylated glycine (ACG) hydrogel with tissue adhesion capability, which enables 
the hydrogel to adapt to the movement and stretching of the skin. By integrating temperature-sensitive poly
dimethylsiloxane (PDMS) optical fibers, the ACG-GC/Reu/SPS-PDMS hydrogel could accurately and steadily 
sense and send wound temperature information to intelligent devices for real-time monitoring of the healing 
status (“monitor”). The double-layered hydrogel not only inhibited bacterial survival and colonization (97.4 % 
against E. coli and 99 % against S. aureus), but also exhibited remarkable hemostatic properties. Furthermore, it 
was conducive to L929 cell proliferation and pro-angiogenesis, and promoted the polarization of pro-inflam
matory M1 macrophages to the anti-inflammatory M2-phenotype, therefore creating a favorable immune 
microenvironment at the wound site. Animal experiments using SD rats and Bama minipigs demonstrated that 
this hydrogel promoted wound closure, directed polarization to M2 macrophages, alleviated inflammation, 
enhanced neovascularization, therefore accelerating infected wound healing (“treat”). In addition, RNA-Seq 
analysis revealed the mechanism of action of ACG-GC/Reu/SPS-PDMS hydrogel in modulating key signaling 
pathways, including down-regulation of AMPK, IL-17, and NF-κB signaling pathways, activation of NLRP3 in
flammatory vesicles, and enrichment of MAPK, TGF-β, PI3K-Akt, TNF, and VEGF signaling pathways. The 
modulation of these signaling pathways suggests that hydrogels play an important role in the molecular 
mechanisms that promote wound healing and tissue regeneration. Therefore, the design of this study provides an 
innovative and multifunctional bandage strategy that can significantly improve pathologic diagnosis and wound 
treatment.

Peer review under the responsibility of KeAi Communications Co., Ltd.
* Corresponding author.
** Corresponding author.
*** Corresponding author.
**** Corresponding author.

E-mail addresses: tliuzonghua@jnu.edu.cn (Z. Liu), wangxingang8157@zju.edu.cn (X. Wang), jiaoyang1989731@163.com (Y. Jiao), guorui@jnu.edu.cn (R. Guo). 
1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

https://doi.org/10.1016/j.bioactmat.2025.02.001
Received 27 November 2024; Received in revised form 18 January 2025; Accepted 2 February 2025  

Bioactive Materials 48 (2025) 118–134 

2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC 
BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0002-1844-4246
https://orcid.org/0000-0002-1844-4246
https://orcid.org/0000-0002-7674-073X
https://orcid.org/0000-0002-7674-073X
mailto:tliuzonghua@jnu.edu.cn
mailto:wangxingang8157@zju.edu.cn
mailto:jiaoyang1989731@163.com
mailto:guorui@jnu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.02.001
https://doi.org/10.1016/j.bioactmat.2025.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.02.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Skin wound repair consists of four stages: hemostasis, inflammation, 
proliferation, and remodeling [1]. The colonization and growth of mi
croorganisms can lead to infections, which may significantly delay 
wound healing and cause tissue damage, and, in severe cases, result in 
systemic infections such as sepsis [2]. The presence of biofilms makes 
these infected wounds difficult to treat. Clinically, antibiotics are 
commonly used to treat such infections [3].

To prevent wound infection, beneficial bacteria or genetically engi
neered bacteria are introduced to help inhibit the growth of pathogenic 
bacteria, break down bacterial biofilms, modulate immune responses, 
and promote wound healing [4]. Currently, antimicrobials remain the 
preferred clinical strategy for treating infected wounds. A large number 
of antimicrobial drugs have been reported to be encapsulated in 
hydrogels for the preparation of antimicrobial wound dressings, 
including antibiotics such as amoxicillin [5], ampicillin [6], tetracycline 
[7], gentamicin [8], ciprofloxacin [9], sulphadoxine-pyrimethamine 
[10] and linezolid. However, their overuse/misuse has led to the 
emergence of multidrug-resistant (MDR) strains, resulting in the devel
opment of recalcitrant biofilms and chronic wounds [11]. There is no 
doubt that antibiotic resistance and increased bacterial resistance due to 
biofilms have developed into a global health crisis. Therefore, there is an 
urgent need for the development of novel, broad-spectrum, natural 
antibacterial agents with low propensity for resistance. The reuterin 
(Reu) system is a complex multicomponent antimicrobial system pro
duced by Lactobacillus reuteri by metabolizing glycerol [12,13]. The 
system mainly consists of 3-HPA, 3-HPA dimer, 3-HPA hydrate, acrolein 
and 3-hydroxypropionic acid [12,14]. Reu, in general, refers to 3-HPA, 
because it is 3-HPA that is not only the precursor of the other compo
nents but also the main antimicrobial component of the system [12,15]. 
Reu can inhibit ribonucleic acid reductase activity, which in turn can 
interfere with bacterial DNA replication to inhibit bacterial prolifera
tion. It is a new, broad-spectrum, effective natural antimicrobial sub
stance that can inhibit the growth of a wide range of bacteria, with the 
potential to be applied in the treatment of infected wounds [12]. In 
addition to this, continuous, non-invasive, real-time and dynamic early 
monitoring and diagnosis of infected wounds is essential for wound 
healing [16].

Currently, marker monitoring presents important early warnings of 
wound infections will be a key challenge in the development of the next 
generation of smart dressings. Diagnostic monitoring to assess changes 
in the wound microenvironment, such as temperature, humidity, pH and 
enzymes, etc., can be used to ward off infections, shorten healing time 
and reduce treatment costs [17–20]. Wearable biosensors, which are 
currently attracting attention for their ability to quantify wound 
healing-related markers using techniques such as electrochemical or 
optical [21]. Fiber-optic wearable sensors have the advantages of high 
sensitivity, miniaturization, real-time monitoring, and non-invasiveness 
[22–24], which are especially promising for monitoring wound in
fections. PDMS fiber optics, usually referred to as fibers or filaments 
made of polydimethylsiloxane, can be used as the sensing element of 
fiber-optic wearable sensors for monitoring pH, temperature, and other 
parameters [24–26]. However, the hydrophobicity and limited me
chanical strength of PDMS fiber-optic sensing fibers limit cell adhesion 
and growth in wounds, as well as poor adhesion to the skin, and poor 
adhesion to the skin resulting in unstable signals [24]. Therefore, the 
development of novel wound monitoring dressings with real-time 
monitoring, early diagnosis, and on-demand treatment functions by 
integrating the properties of wound dressings and fiber-optic wearable 
sensors has become a hot research topic in recent years.

Hydrogels with three-dimensional structured hydrophilic polymer 
networks are able to respond to different stimuli conditions (e.g., light, 
temperature, pH, and ionic strength, etc.), and thus have been used for 
sensing and actuation [27,28]. 3D printed hydrogel scaffolds not only 
have the properties of hydrogels such as high porosity, suitable pore 

size, and pore connectivity, but also provide a place for cell growth, 
proliferation, differentiation, and metabolism, and have been widely 
used in tissue repair [29–31]. However, there are some limitations of 
3D-printed hydrogel dressings during research and clinical application, 
such as unsatisfactory mechanical strength [32], weak adhesion to 
wounds [33], and poor hemostatic effect [34]. Therefore, there is an 
urgent need to develop a bionic band-aid with multiple efficacies, so that 
it can meet the various conditions required for wound healing, and also 
provide a favorable environment for the healing of infected wounds with 
its excellent adhesion, mechanical properties and rapid hemostatic 
ability.

In light of the aforementioned considerations, we developed a 
“monitor-to-treat” double-layered hydrogel as illustrated in Scheme 1. 
Initially, gelatin methacryloyl (GelMA)-collagen III methacryloyl 
(Col3MA) (GC)/Reu/microfluidic safflower polysaccharide (SPS) 
@GelMA microspheres were prepared as the upper layer using 3D 
printing technology. Next, the adhesive acryloylated glycine (ACG) 
hydrogel in the lower layer exhibited high biocompatibility and could 
achieve rapid wound closure. The integration of PDMS enables the 
hydrogel to continuously and steadily monitor the temperature of the 
wound state through intelligent devices. The objective of the present 
study was to test the hypothesis that the designed hydrogel enables real- 
time monitoring of the healing process and promotes infected wound 
healing.

2. Results and discussions

2.1. Fabrication and characterization of the hydrogels

The synthesis process of the ACG-GC/Reu/SPS-PDMS hydrogel is 
shown in Scheme 1A and 1B. Initially, collagen III methacryloyl 
(Col3MA) and gelatin methacryloyl (GelMA) were synthesized by 
modifying Collagen III and Gelatin with Methacrylic anhydride (MA). As 
shown in Fig. 1A, the 1H NMR spectra of Col3MA and GelMA distinctly 
exhibit new acrylic acid proton peaks (=CH2) at 5.3 ppm and 5.5 ppm, 
which correspond to the hydrogen atoms on the olefinic bond of 
methacrylamide linkage, verifying the successful synthesis of Col3MA 
and GelMA [35,36]. By using a microfluidic device, SPS@GelMA mi
crospheres were prepared with GelMA and SPS under UV irradiation at 
room temperature with lithium phenyl-2,4, 
6-trimethylbenzoylphosphinate (LAP) as the photoinitiator. The upper 
layer GC/Reu/SPS hydrogel was then prepared by radical copolymeri
zation of Col3MA, GelMA, Reu and SPS@GelMA microspheres using 3D 
printing technology. The viscoelastic properties of the hydrogels were 
evaluated by rheological analysis to demonstrate the stability of 
cross-linked networks. As shown in Fig. 1C, the energy storage modulus 
(G′) of the hydrogels was much larger than loss modulus (G″). In addi
tion, G′ and G″ of all tested hydrogels were increased and G′ of the 
hydrogel is consistently higher than G″ as the frequency increased in the 
range of 0.01–10 Hz (Fig. 1D), indicating a predominantly elastic solid 
phase with excellent elasticity of these hydrogels. An ideal hydrogel 
should possess strong mechanical properties for practical use, and 
maintain its shape and integrity [37] (Fig. S1). By testing the hydrogels 
compressive stress-strain, the maximum compressive strengths of 
hydrogels were 24.95 ± 2.33 kPa for GC/Reu/SPS, 73.67 ± 11.22 kPa 
for GC/Reu, and 75.43 ± 26.42 kPa for GC, respectively. These results 
indicated that the compressive strength of the hydrogels can be adjusted 
by adding SPS@GelMA microspheres for biomedical applications in 
various tissues and organs. As wound dressings, hydrogels can absorb 
tissue permeate and provide a moist, breathable environment for the 
wound. Thus, the swelling properties were tested in PBS (pH 7.4) at 
37 ◦C, and Fig. S2 shows that the swelling degree of all hydrogels in
creases over time. They reach swelling equilibrium in 8 h, and then 
stabilize; the swelling rate does not continue to rise. This behavior was 
attributed to the pore size of the hydrogel. The hydrogels have a tighter 
grid, making it difficult for water molecules to infiltrate. This results in a 
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lower rate and extent of swelling [38]. The inclusion of SPS@GelMA 
microspheres makes the hydrogel denser, further reducing the swelling 
rate. Next, the cumulative release profiles of SPS from the GC/Reu/SPS 
hydrogel were measured. As shown in Fig. 1G, there was a sustained 
release with 63 % with a total of 1.51 mg of SPS released after 168 h. 
This characteristic is beneficial for long-term drug retention. To mini
mize secondary damage in surgical wounds, an ideal biomedical scaffold 
should degrade in sync with the tissue regeneration process. Fig. 1H 
illustrates the degradation performance of the GC/Reu/SPS hydrogel in 
PBS with or without enzyme. The weight loss curve of the hydrogel 
showed a high degradation rate in the first 7 days. Afterwards, the 
degradation rate slowed down. By 21 days, the hydrogel was completely 
degraded in the presence of enzyme, while the hydrogel without enzyme 
showed more than 90 % degradation. This indicates that the hydrogel is 
highly biodegradable, and responds well to the biological environment 
for tissue regeneration. The lower layer is made of acryloylated glycine 
(ACG) hydrogel, which comes from the reaction between Glycine (Gly) 
reacts with acryloyl chloride (AC), followed by photo-triggered cova
lently crosslinking. The characteristic peaks of the vinyl group from AC 
are visible at 6.2 ppm and 5.8 ppm in the 1H NMR spectra of ACG 
(Fig. 1B), which is indicative of successful synthesis of ACG. Adhesive 
property of the hydrogel is of vital importance for promoting wound 
closure and healing [39]. As shown in Fig. S3, the hydrogel showed 

excellent adhesiveness to various substrates, including biological tissues 
(such as heart, lung, spleen, kidney, and liver) and glass, plastic, and 
metal, and the adhesive strength could support the weight of those 
materials. Meanwhile, as can be seen from the scanning electron mi
croscope image of the scaffold in Fig. 1E and the appearance of the 
scaffold in Fig. 1F, the 3D-printed mesh scaffold presents a bilayer 
structure with obvious cavity structure, which is more conducive to the 
adhesion, growth, and division of cells, and is more conducive to the 
transfer of nutrients and oxygen. In addition to this we used rhodamine 
B to simulate the in vitro release behavior of reuterin in hydrogels. 
Fig. S4A shows the full UV absorption spectrum of rhodamine B with a 
maximum absorption peak at 555 nm. The in vitro release assay further 
confirmed that the drug had a good dissolution behavior in the hydrogel, 
with a cumulative release rate of 98.56 ± 0.31 % at 168 h (Fig. S4B).

2.2. In vitro antibacterial activity of the hydrogels

During wound healing, bacterial infection at the wound site often 
exacerbates conditions and delays healing [40,41]. Thus, antibacterial 
wound dressings are highly esteemed for improving the therapeutic ef
ficacy. The researchers chose Gram-positive Staphylococcus aureus 
(S. aureus) and Gram-negative Escherichia coli (E. coli) for the study, 
which are the most common pathogens in septic wound infections. In 

Scheme 1. Schematic illustration of the preparation and mechanism of the ACG-GC/Reu/SPS-PDMS hydrogel-based wound healing strategy. 
(A) and (B) Preparation and working principle of the hydrogel; (C), (D) and (E) Application of the hydrogel for infected wound healing, wound closure and he
mostasis; (F) The multifunctional hydrogel possesses antibacterial, pro-angiogenic, anti-inflammation and immunoregulatory properties for accelerating infected 
wound healing.
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order to fully assess the antimicrobial effect, we first performed bacterial 
growth curve analysis and followed up with experiments when they 
were growing in logarithmic phase (Fig. S5A). The inhibitory effects of 
rhodopsin on E. coli and S. aureus were also quantitatively analyzed by 
determining the minimum inhibitory concentration (MIC) and mini
mum bactericidal concentration (MBC) of reuterin. The results showed 
that the MIC of reuterin was 250 μg/mL and the MBC was 1000 μg/mL 
for both E. coli and S. aureus (Figs. S5B and C). The antimicrobial ca
pacity of Reu and hydrogel was evaluated using co-culture and plate 
counting methods (Fig. 2A). Subsequently, the antibacterial effects of 
Reu with different concentrations (0, 10, 100, 500 and 1000 μg/mL) 
against E. coli and S. aureus were examined. Results of agar plates 
indicated a decrease in colony number with increasing Reu concentra
tions; There was no colony growth at a concentration of 1000 μg/mL for 
both strains (Fig. S6A). Quantitative analyses of antibacterial rate 
revealed inhibition rates of 95.5 % for E. coli, and 93.1 % for S. aureus at 
500 μg/mL (Figs. S6B and C). These rates escalated to 99.84 % and 
99.97 %, respectively, when Reu concentration was increased to 1000 
μg/mL. These findings inspired us to incorporate Reu into the hydrogel 
and explore the antibacterial activity of the hydrogel. Fig. 2B demon
strates the resultant colony growth on agar plates after co-culturing with 
E. coli and S. aureus across different hydrogel formulations. The 
sequence of colony numbers was in the order: ACG-GC/Reu/SPS <
ACG-GC/Reu < ACG-GC/SPS < ACG-GC < Control. As quantified in 

Fig. 2C and D, the GC/Reu/SPS hydrogel had the highest antibacterial 
rates of 97.4 % against E. coli, and 99 % against S. aureus, respectively. 
Live-dead fluorescence staining was subsequently performed to examine 
bacterial viability (Fig. 2E). Green fluorescence indicates surviving 
bacteria, while red fluorescence indicates dead bacteria. Escherichia. coli 
and S. aureus cultured with ACG-GC/Reu/SPS and ACG-GC/Reu 
hydrogels predominantly displayed signs of cell death. Scanning elec
tron microscopy observations of bacteria morphology (Fig. 2F) revealed 
significant structural damage and encapsulation by ruptured plasma in 
bacteria treated with these hydrogels. Almost all bacteria demonstrated 
altered or ruptured morphology and no intact bacteria was visible. These 
antibacterial effects are primarily attributed to the binding of Reu to 
bacterial ribosomes and inhibition of protein synthesis. These effects, in 
turn, result in disruption the biological functions of the bacteria inves
tigated [42,43].

Bacterial biofilm formation is an important feature in bacterial in
fections, which not only enhances bacterial drug resistance, but also 
makes the infection more persistent and difficult to treat. Therefore, this 
study further evaluated the effectiveness of the prepared hydrogels in 
disrupting bacterial biofilm formation. In order to visualize the hydro
gel’s disrupting effect on biofilm more intuitively, a laser confocal mi
croscope was used to image the treated bacterial biofilm. The results 
showed that the thickness of the bacterial biofilm in the control group 
increased significantly, and the bacterial aggregation was denser. 

Fig. 1. Characterization of the hydrogels. 
(A) and (B) 1H NMR spectra of Col3MA, Collagen III, GelMA, Gelatin, ACG and Gly; (C) and (D) Plot of hydrogel materials G′ and G″ versus time and versus frequency, 
respectively; (E) SEM and (F) appearance images of the hydrogels; (G) In vitro drug release curve of SPS from the hydrogel; (H) Degradation curves of the hydrogel.
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Fig. 2. In vitro antibacterial activity of the hydrogels. 
(A) Schematic of the antibacterial experiments; (B) Agar plate images of S. aureus and E. coli colonies; (C) and (D) Antibacterial rates of the hydrogels against S. aureus 
and E. coli; (E) Live-dead fluorescence staining and (F) SEM images of S. aureus and E. coli cultured with the hydrogels.
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Compared with the control group, the biofilm staining intensity was 
significantly reduced in the hydrogel group. In particular, the bacterial 
biofilm structure was significantly damaged in the ACG-GC/SPS/Reu 
hydrogel group, with less bacterial aggregation on the surface and a 
thinner biofilm layer formed (Fig. S7). This was mainly attributed to the 
unique antibacterial ability of Reu.

2.3. In vitro biocompatibility, pro-angiogenic and immunoregulatory 
effects of the hydrogel

Wound dressings interact with human tissues during use. An ideal 

hydrogel should exhibit low cytotoxicity to ensure safety [44]. Firstly, 
cell survival was analyzed with different concentrations of SPS@GelMA 
microspheres (0, 10, 50, 100, 200, 500 and 1000 μg/mL), which were 
cultured with L929 cells. The results revealed a decline in cell survival as 
the microsphere concentration increased (Fig. S8A). However, even at a 
concentration of 1000 μg/mL, the cell survival rate was still maintained 
above 90 %. The results indicate that SPS microspheres are non-toxic to 
L929 cells and have good biocompatibility. Next, biocompatibility of the 
hydrogel was assessed by co-culturing the extracts with L929 cells 
(Fig. 3A). Similar results were achieved with the CCK-8 assay after 1, 2 
and 3 days of co-culture with L929 cells. Minimal cytotoxicity was 

Fig. 3. In vitro cytocompatibility of the hydrogels. 
(A) Schematic of the biocompatibility experiments; (B) Live-dead fluorescence staining images of L929 cells cultured with the hydrogels; (C) Cytoskeleton staining 
images of L929 cells cultured with the hydrogels; (D) Tube-forming images of HUVECs cultured with the hydrogels; Quantitative analyses of (E) total branching 
length, (F) total number of junctions and (G) total number of branches in angiogenic activity assays.
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identified in all the hydrogel groups with cell survival rates remaining 
above 95 % (Fig. S8B). Next, live/dead fluorescence staining (Fig. 3B) 
and F-actin cytoskeleton staining (Fig. 3C) were used to investigate cell 
viability after 1, 2, and 3 days of culture with the hydrogel extractions. 
Almost all of the L929 cells were alive (green) and dead cells (red) were 
rarely observed in all groups. The cells exhibited healthy morphology 
and extended growth on the hydrogels. Angiogenesis is essential for 
wound repair as it provides oxygen and nutrients to the wound site and 
supports cytokine transport to wound healing related cells [45]. The 
angiogenesis potential of the hydrogel was investigated using human 
umbilical vein endothelial cells (HUVECs) (Fig. 3D). The total branching 
length, total number of junctions and total number of branches were 
quantified and shown in Fig. 3E–G, respectively. Both the total vessel 
length, the total number of junctions and the total number of branches in 
the ACG-GC/SPS, ACG-GC/Reu and ACG-GC/Reu/SPS groups were 
higher than that in the control group, with the highest values observed 
in the ACG-GC/Reu/SPS group. These results suggest that the presence 
of Reu and SPS significantly improve angiogenesis, and the 
ACG-GC/Reu/SPS hydrogel is advantageous for angiogenesis and tissue 
remolding in the infected wound site.

In this experiment, we evaluated the effects of different hydrogel 
treatment groups on L929 cell proliferation by Ki67 staining. The results 
of Fig. S9A, B showed that the Ki67 fluorescence intensity of the ACG- 
GC/Reu/SPS group was significantly higher than that of the other 
groups, indicating that the hydrogels in this group could significantly 
promote cell proliferation. This may be related to the synergistic effect 
of Reu and SPS in the hydrogels, which may enhance cell growth by 
promoting cell proliferation or providing a favorable microenvironment. 
In contrast, relatively less cell proliferation was observed in the ACG-GC 
and ACG-GC/Reu groups, suggesting that hydrogels containing only 
ACG-GC or ACG-GC/Reu components had a weaker stimulation of cell 
proliferation. The control group had the lowest Ki67 fluorescence in
tensity, indicating a lower level of cell proliferation in the absence of 
hydrogel treatment. This suggests that the two components of the 
hydrogel, Reu and SPS, may act together to accelerate tissue repair 
through different biological mechanisms.

In addition to this, we evaluated the effects of different hydrogel 
treatment groups on L929 cell migration and wound healing. By 
scratching experiment (Figs. S10A, B, C), the results showed that the 
ACG-GC/Reu/SPS group exhibited the best cell migration ability within 
24 h, which significantly promoted the cells to fill the scratched area, 
and its healing rate was significantly higher than that of other groups. 
This suggests that the addition of SPS plays an important role in 
enhancing cell migration and healing ability. In conclusion, the ability of 
ACG-GC/Reu/SPS hydrogel to significantly promote the migration and 
wound healing of L929 cells may be closely related to its biocompati
bility and the synergistic effect of Reu and SPS components, which 
provides a potential application in tissue repair and clinical applications.

Macrophages play a key role in tissue homeostasis, wound healing, 
and tissue repair [46]. These immune cells possess high plasticity and 
can switch polarization between two cell types (pro-inflammatory M1 
phenotype macrophages and anti-inflammatory M2 phenotype macro
phages) during the inflammatory response with different functions [47]. 
Timely M2 phenotype polarization facilitates the transition from the 
inflammatory stage to the remodeling stage and accelerates wound 
healing. However, persistent M1 macrophage polarization, and subse
quent dysbalance of M1/M2 phenotype are often found at the wound 
site and responsible for delayed wound healing. Herein, experiments 
were conducted to test the hypothesis that the ACG-GC/Reu/SPS 
hydrogel could induce M1-to-M2 macrophage phenotype transition to 
alleviate inflammatory responses. Lipopolysaccharide (LPS) was used to 
stimulate RAW264.7 macrophages to the pro-inflammatory M1 pheno
type. The expression of CD86 (M1 marker) and CD206 (M2 marker) in 
RAW 264.7 macrophages were assessed using flow cytometry (Fig. 4A). 
The relative expression levels of CD86 (Fig. S11A) and CD206 
(Fig. S11B) were also quantified and statistically analyzed. The relative 

expression of CD86 in all the hydrogel groups was lower than that in the 
LPS-treated group. This trend was even more pronounced in the 
ACG-GC/Reu/SPS group. In contrast, the relative expression of CD206 
was higher in the hydrogel groups, especially in the ACG-GC/Reu/SPS 
group. The M1/M2 ratio was also counted with the lowest M1/M2 
ratio observed in the ACG-GC/Reu/SPS group (Fig. 4B). In addition, 
relative proteins were quantified with Western blotting experiments 
(Fig. 4E). The relative protein expression levels of CD206 and iNOS 
showed similar results to those derived from flow cytometry (Fig. 4C and 
D). These results support the hypothesis that Reu and SPS released from 
the ACG-GC/Reu/SPS hydrogel induce the transition of macrophages 
from the M1 to the M2 phenotype to improve the inflammatory micro
environment. This is crucial for promoting healing of the infected 
wounds.

Finally, we detected changes in the expression of pro-inflammatory 
and anti-inflammatory factors in RAW264.7 cells by qPCR experi
ments (Figs. S12A and B). The experimental results showed that 
compared with the control group, SPS and Reu acted together to 
significantly down-regulate the expression of pro-inflammatory factors 
TNF-α, IL-1β, and iNOS, and at the same time significantly up-regulated 
the expression of anti-inflammatory factors IL-10, TGF-β, and Arg-1. 
This shows that the synergistic effect of SPS and Reu has a significant 
effect in regulating macrophage M1/M2 polarization, creating an anti- 
inflammatory immune environment conducive to tissue regeneration. 
To further explore the specific signaling pathways, we detected the 
expression of signaling pathway proteins closely related to macrophage 
polarization and tissue repair using WB experiments (Figs. S13A and B). 
The results showed that the combined treatment of SPS and Reu 
inhibited the NF-κB signaling pathway (by reducing IkBα degradation), 
while activating the PI3K/Akt/mTOR signaling pathway. The up- 
regulation of ERK expression also suggested the involvement of the 
MAPK pathway. The combined action of these pathways may be critical 
for enhanced macrophage polarization, cell migration, and tissue 
regeneration.

2.4. In vivo hemostatic capacity of the hydrogels

Hemostasis plays a crucial role in the wound healing process [48]. 
Given the absorbent and adhesive capacities of the ACG hydrogel, we 
hypothesized that it should be a promising candidate for rapid hemo
stasis by sticking to the surrounding tissues of the bleeding point as a 
physical barrier. Specifically, we employed two bleeding models, 
including rat liver puncture wound and tail amputation models (Fig. 5). 
Firstly, the hemostatic capacity of the ACG hydrogel was evaluated in 
the liver model, which contains the most abundant blood vessels among 
visceral organs (Fig. 5A). Blood flowed out once the wound was created 
in the control group; in contrast, the areas of blood staining were smaller 
in the Gauze and ACG groups (Fig. 5B). In addition, the blood loss was in 
the following order: Control group (5.87 ± 0.36 g) > Gauze group (2.07 
± 0.47 g) > ACG group (0.20 ± 0.12 g) (Fig. 5C). The hemostasis time in 
the ACG group was 41.67 ± 19.8 s which was impressively less than the 
Control and Gauze group (Fig. 5D). Next a rat tail amputation model was 
used to evaluate the hemostatic property of the ACG hydrogel on 
massive hemorrhage (Fig. 5E). It was seen from Fig. 5F that the tail 
amputation model treated with the ACG-GC/Reu/SPS hydrogel bled less 
than the Control and Gauze groups. The quantitative results further 
showed that the amount of blood loss in the ACG group was 0.04 ± 0.02 
g, which was significantly reduced compared to that of the Control (0.36 
± 0.07 g) and Gauze group (0.97 ± 0.3 g) (Fig. 5G) This indicated that 
the ACG hydrogel could reduce the blood loss by 87.7 % compared to 
Gauze. Furthermore, the ACG group still showed shortened blooding 
time (Fig. 5H). Thus, the ACG hydrogel demonstrates favorable hemo
static performance, which is primarily attributed to the adhesive prop
erty of the hydrogel. This facilitates the subsequent phases of wound 
healing and tissue repair [49,50].
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2.5. In vivo healing capability in a total skin defect infection model of SD 
rats

The capacity of the ACG-GC/Reu/SPS hydrogel to promote infected 
wound healing was assessed in a full-thickness skin defect infection 
model of SD rats. The timing to apply the mixed bacterial fluid infection 
after successful modelling was recorded as day-1. The wounds were 
systematically monitored and photographed on days − 1, 3, 7, 10 and 14 

(Fig. 6A and B). Wound areas decreased over time in all groups after 14 
days. Wounds that were covered with the ACG-GC/Reu/SPS hydrogel 
demonstrated accelerated wound closure. Quantitative analyses of the 
wound healing rates were performed (Fig. S14). Compared with the 
control group (16.19 ± 1.37 %), the wound healing rates were sub
stantially higher in the GC/SPS group (31.67 ± 3.58 %), the GC/Reu 
group (33.60 ± 3.06 %) and the GC/Reu/SPS group (43.29 ± 1.25 %) 
after 3 days of treatment. In particular, the wound healing rate in the 

Fig. 4. In vitro immunoregulatory property of the hydrogels. 
(A) Flow chart of fluorescent expression of CD86 and CD206 after co-culture of LPS-treated RAW264.7 cells with the hydrogel extracts; (B)Quantitative analyses of 
M1/M2 ratio. Quantitative analyses of (C) CD206 and (D) INOS expression. (E) Western blot images of CD206 and INOS expressions after co-culture of LPS-treated 
RAW264.7 cells with the hydrogel extracts.
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GC/Reu/SPS group reached 81.09 ± 1.95 % after 7 days of treatment. 
This represents a significant increase compared to the other groups. 
After 10 days of treatment, wounds in the GC/Reu/SPS hydrogel group 
were essentially completely healed. This finding indicates that the 
hydrogel promotes wound healing more rapidly.

At the same time, we evaluated the bacterial killing effect of 
hydrogel on rat wounds. Fig. S15A demonstrates the growth of E. coli 
and S. aureus on selective media after the intervention of different 
hydrogel treatment groups. For E. coli, the ACG-GC/Reu/SPS group 
almost completely inhibited bacterial growth. Similarly, S. aureus 
showed significant inhibition with almost no growth in the ACG-GC/ 
Reu/SPS group. The other hydrogel treatment groups (e.g., ACG-GC, 
ACG-GC/Reu, ACG-GC/SPS) inhibited bacterial growth to some 
extent, but not as effectively as the ACG-GC/Reu/SPS group. Fig. S15B
demonstrates the quantitative statistics of the antibacterial effects of 

E. coli and S. aureus. The results showed that the antimicrobial rate of the 
ACG-GC/Reu/SPS group was significantly higher than that of the other 
groups, reaching 99.58 % for E. coli and 99.95 % for S. aureus, indicating 
that the hydrogel group was almost completely antimicrobial.

To further investigate the details of wound healing progress, hema
toxylin and eosin (H&E) and Masson staining were used to stain the 
regenerated tissues of rats. Fig. 6C demonstrates the H&E staining, 
showing the healing of the wound site with a large number of inflam
matory cells accumulated in the Control group 3 days after treatment. In 
comparison, a relatively mild inflammatory infiltrate was identified in 
wound tissues that were treated with the ACG-GC/Reu/SPS hydrogel. 
The excellent antibacterial property of the hydrogel can avoid wound 
infection, thus reducing the inflammatory reaction of the wound. After 
14 days of treatment, the ACG-GC/Reu/SPS group showed more hair 
follicles and intact vascular structures. This group showed tightly 

Fig. 5. In vivo hemostatic property of the hydrogels. 
(A) Schematic of the rat liver hemostasis model; (B) Bleeding phenotype at the end of hemostasis in rat liver injury model; (C) Bleeding volume statistics of liver; (D) 
Quantitative analysis of hepatic hemostasis time; (E) Schematic of the rat tail amputation hemostasis model; (F) Bleeding phenotype at the end of hemostasis in rat 
tail amputation injury model; (G) Bleeding volume analysis of tail amputation; (H) Quantitative analysis of tail amputation hemostasis time.
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arranged granulation tissue and rejuvenated epidermal layers. As shown 
in Fig. 6D, Masson staining showed that all groups experienced varying 
degrees of collagen deposition during treatment. By day 14, wounds in 
the ACG-GC/Reu/SPS group exhibited the highest density of collagen 
deposition, and a more regularly arranged collagen fiber structure, 
compared to all other groups. These results strongly support that the 
ACG-GC/Reu/SPS hydrogel may effectively promote infected wound 

healing.
Immune cells such as macrophages are recruited to the wound site 

and generate a cascade of events that lead to the early inflammatory 
response. In the late stage of inflammation, M1 macrophages will 
polarize into the M2 phenotype to alleviate inflammation and secrete 
anti-inflammatory cytokines to facilitate tissue regeneration. However, 
persistent and severe inflammation may hinder macrophage phenotype 

Fig. 6. In vivo healing capability of the hydrogels in a total skin defect infection model of SD rats. 
(A) Macroscopic images of the wounds at different treatment time-points; (B) Partial wounds healed at different treatment times; (C) H&E staining and (D) Masson’s 
trichrome staining images of the skin of the wound site after 3, 7, 10, and 14 days.
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transition and may delay wound healing or even cause wounds to 
become non-healing [1]. Thus, timely switching of macrophages from 
the M1 to the M2 phenotype plays a vital role in tissue repair and 
regeneration [51]. As shown in Fig. 7A–E, the expression of TNF-α was 
significantly reduced after 3 and 7 days of treatment in the ACG-GC/Reu 
and ACG-GC/Reu/SPS groups. After treatment with the 
ACG-GC/Reu/SPS hydrogel, profuse TGF-β1 and IL-10 expression was 
observed (Fig. 7B, C, F, G). These results suggest that after 7 days of 
wound treatment, there was still a severe inflammatory response in both 
the Control and ACG-GC groups. In addition, according to the immu
nofluorescent staining results, the ACG-GC/Reu/SPS hydrogel had the 
least amount of CD68 (M1 marker) and the highest CD206 (M2 marker) 
compared with all other groups after 3 and 7 days of treatment 
(Fig. 7D–H and Fig. S16). That is, the wounds were still in the inflam
matory phase of healing. In contrast, different degrees of reduction in 
wound tissue inflammation were observed in the ACG-GC/SPS, 
ACG-GC/Reu, and ACG-GC/Reu/SPS groups, suggesting that wound 
healing in these groups had already progressed beyond the inflamma
tory phase and entered the post-inflammatory phase. The extent of 
inflammation reduction was in descending order: ACG-GC/SPS <
ACG-GC/Reu < ACG-GC/Reu/SPS. These results indicate that the 
ACG-GC/Reu/SPS hydrogel alleviates inflammatory response by 

inducing the transformation of macrophage from the pro-inflammatory 
to the anti-inflammatory phenotype. The therapeutic effects of the 
ACG-GC/Reu/SPS hydrogel, which may be attributed to the presence 
and release of Reu and SPS. Release of these factors endowed the 
hydrogel with excellent anti-inflammatory, immunoregulatory and 
anti-inflammatory properties. This makes the GC/Reu/SPS hydrogel 
effective in preventing wound infections, shortening the inflammatory 
period of wound healing, and promoting wound healing.

Neovascularization promotes fibroblast migration and proliferation, 
collagen deposition, and re-epithelialization through the transportation 
of oxygen and nutrients to the wound sites. As shown in Fig. S17, 
immunofluorescent staining results indicated that the wounds treated 
with the ACG-GC/Reu/SPS hydrogel presented significantly higher level 
of CD31 and α-SMA on day 7 than the Control, ACG-GC, ACG-GC/SPS, 
and ACG-GC/Reu groups. Besides, the expression of CK14 in the ACG- 
GC/Reu/SPS group was remarkably higher than the other groups 
(Fig. S18). These results indicate that the ACG-GC/Reu/SPS hydrogel 
can promote neovascular remodeling and epithelial proliferation, 
thereby accelerating wound healing.

We performed an ELISA assay for several key factors in the serum of 
wound model rats (Fig. S19) to assess the promotional effects of SPS and 
Reu on tissue regeneration. The results showed that the serum levels of 

Fig. 7. In vivo immunoregulatory and anti-inflammatory properties of the hydrogels in a total skin defect infection model of SD rats. 
Immunofluorescence staining of (A) TNF-α, (B) TGF-β1 and (C) IL-10 in the skin of the injury site after 3 and 7 days of treatment; (D) Immunofluorescence staining of 
CD206 (red) and CD86 (green) in macrophages after 3 days of treatment; Quantitative analyses of the positivity rates of (E) TNF-α, (F) TGF-β1 and (G) IL-10; (H) 
Analysis of relative CD206/CD86 expression.
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FGF-1, ANG-1, VEGF and Collagan I were significantly higher in the SPS 
and Reu-treated group compared with the control group. This indicated 
that the synergistic effect of SPS and Reu not only contributed to 
macrophage polarization, but also further accelerated wound healing by 
promoting neovascularization and collagen deposition.

To evaluate the biocompatibility of tissues after hydrogel treatment. 
We performed HE staining of the tissue structures of the heart, liver, 
spleen, lungs, and kidneys of the treated rats (Fig. S20). The tissues in 
the Control group showed some minor structural abnormalities, but no 
obvious tissue damage was seen. All tissues in the hydrogel-treated 
group showed better tissue structure with no obvious cellular damage 
or inflammatory reaction. This suggests that the hydrogel caused no 
significant toxicity or damage to the major organs of the rats. Mean
while, blood parameters were assessed in the blood of rats after 14 days 
of treatment (Fig. S21), and all hydrogel-treated groups showed less 
changes in hematological indices compared with the control group, and 
no significant abnormalities were observed. The above results indicated 
that the hydrogel was biocompatible in vivo.

2.6. In vitro and in vivo real-time temperature monitoring capabilities

Temperature is a critical indicator in the healing of infected wounds, 
reflecting the inflammation and healing status [52,53]. To evaluate its 
potential as monitoring devices, the temperature sensing property of the 
ACG-GC/Reu/SPS-PDMS hydrogel was tested. Firstly, the hydrogel was 
placed in a temperature-controlled box and the transmission spectra at 
various temperatures were recorded. As shown in Fig. 8A, the results 
showed that the designed hydrogel has an excellent temperature sensi
tivity (defined as S = Δλ/ΔT, where Δλ is the drift of the Bragg wave
length, and ΔT is the change in temperature) and it is suitable for further 
testing. Meanwhile, Fig. S22 showed that the Bragg wavelength drift 
correlates linearly with temperature changes between 34 and 43 ◦C. 
Furthermore, Fig. 8B illustrated that the Bragg wavelength shifted to
ward the longer wavelengths as the temperature increased from 36.5 ◦C 
to 38.5 ◦C. This observation is indicative of a fast response speed and 
real-time temperature recording capacity. As shown in Fig. 8C, a 

warming-cooling cycle was conducted to examine the reversibility of the 
response of the hydrogel to temperature changes, and the hydrogel 
demonstrated good temperature reversibility. Temperature stability was 
also tested (Fig. 8D) and found to be reliable. These results indicate that 
the hydrogel has a fast response, excellent reversibility, and stability, 
and can continuously, accurately, and promptly monitor wound tem
perature changes.

Generally, the temperature of normal skin tissue is typically around 
36 ◦C. In comparison, the temperature of bacterially infected wound 
tissue may be elevated. As the wound heals, the wound temperature 
gradually returns to normal levels [54]. Considering the complexity and 
diversity of the wound healing process, more pathological processes 
need to be investigated. Herein, wound infection served as a model of 
pathology during the wound-healing process and temperature was 
selected as one of the monitoring signs [55,56]. Based on the excellent 
temperature responsiveness of the ACG-GC/Reu/SPS-PDMS hydrogel in 
vitro, a total skin defect infection model in SD rats was used to test the 
ability of the ACG-GC/Reu/SPS-PDMS hydrogel to monitor temperature 
of the wound in vivo. The temperatures of the wound in vivo were 
monitored using a thermal camera (real temperature) and the hydrogel 
(testing temperature) (Fig. 8E and F). An increase in wound temperature 
after bacterial infection (day 0) was observed. This was followed by a 
steep drop in temperature after treatment with the hydrogel. The wound 
temperature subsequently returned to normal temperature levels. 
Although the temperature recorded by the hydrogel differed from the 
actual temperature of the infected wound as measured by the thermal 
camera, a consistent trend was shown. These results indicate the sensi
tivity and reliability of the hydrogel in monitoring wound healing 
progress. Therefore, our constructed ACG-GC/Reu/SPS-PDMS hydrogel 
provides an entirely new platform for overcoming the unknown status of 
the healing process.

2.7. In vivo healing capability in a total skin defect infection model of 
Bama minipigs

To further verify the therapeutic effect of the ACG-GC/Reu/SPS 

Fig. 8. In vitro and in vivo real-time temperature monitoring capability of the hydrogels. 
(A) Transmission spectra of the temperature-sensitive optical fiber-ACG-GC/Reu/SPS hydrogel at different temperatures; (B) Real-time temperature information the 
hydrogel; (C) Reversibility test of temperature response and (D) Temperature stability test of the hydrogel; (E) Diagram illustrating the hydrogel working principle; 
(F) Temperature changes of the hydrogel at different time-points.
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hydrogel on wound healing, we created a pig infected-wound model 
(Fig. 9A), since the skin of this animal has considerable similarity with 
that of the human [57]. The photographic record (Fig. 9B) and the 
general picture of wound healing (Fig. 9C) showed that wounds grad
ually healed with the increase in treatment time. By day 14 of treatment, 
the wounds in the hydrogel group exhibited obvious healing compared 
to the control group. By day 42, the wounds in the hydrogel group were 
almost completely healed. Further assessment of wound healing in Bama 
pigs involved histological measurements, including H&E and Masson 
staining of tissues from wound sites treated for 7, 21 and 42 days. 
Hematoxylin-eosin staining images at 7, 21, and 42 days of treatment 
were shown in Figs. S23A, S24A, and Fig. 9D, respectively. These images 
showed an inflammatory response in all groups. However, there was less 
inflammatory infiltration in wounds treated with the hydrogel. As the 
treatment time increased, the inflammatory response of the wounds 
gradually decreased, and more fibroblasts could be seen. Wounds 
treated with the ACG-GC/Reu/SPS hydrogel also demonstrated more 
follicular structures and neovascularization compared to the other 
groups. Masson staining images at 7, 21, and 42 days of treatment are 
shown in Fig. S23B, Fig. S24B, and Fig. 9E, respectively. The amount of 
collagen fibrils gradually increased with treatment time. Nevertheless, 
collagen deposition was always the highest in the hydrogel-treated 
wounds. The excellent antibacterial activity of the hydrogel prevented 
the wound from bacterial infections. This resulted in a reduction of in
flammatory reactions and better healing of the infected wounds. Skin 
wound healing involves platelets, inflammatory cells, epithelial cells, 
keratinocytes, fibroblasts, various cytokines, growth factors, and other 
biologically active molecules. Interaction mediated by integrin receptor 
and adhesion molecule with extracellular matrix components are also 
essential [58]. Throughout this process, transforming growth factor β1 
(TGF-β1) and interleukin-10 (IL-10) play crucial roles in inflammatory 
and reparative phases. These cytokines regulate epithelialization, 
collagen accumulation, and angiogenesis [59]. Immunofluorescence 
staining was performed on tissue samples harvested from wound sites 
during treatment to examine the expression of TGF-β1 and IL-10 on day 
21 (Fig. S25A) and 42 (Fig. 9F) of treatment. In addition, the expression 
levels of TGF-β1 and IL-10 were quantified on day 21 (Fig. S25B), and on 
day 42 for TGF-β1 (Fig. 9G) and IL-10 (Fig. 9H). The highest expressions 
of TGF-β1 and IL-10 was observed in the hydrogel group. This indicates 
that treatment with the ACG-GC/Reu/SPS hydrogel reduced the in
flammatory response of the wound. Adhesion spot kinase (FAK) is a 
non-receptor tyrosine kinase that normally transduces cell adhesion 
signals to regulate various biological cellular functions such as cell 
survival, migration, and cancer cell invasion [54–56]. Staining of the 
GC/Reu/SPS hydrogel group with FAK demonstrated down-regulated 
FAK expression, which could inhibit tumor cell proliferation, migra
tion, and invasion (Fig. 9F–I). In addition, the expression of intracellular 
phosphatidylinositol kinase (PI3K) was down-regulated in the same 
treatment group (Fig. 9F–J). This was associated with reduced apoptosis 
and enhanced cell survival and proliferation.

To find out how the ACG-GC/Reu/SPS-PDMS hydrogel promotes 
infected wound healing, RNA sequencing (RNA-Seq) analysis was per
formed in a total skin defect infection model of Bama minipigs. 
Compared to the control group (without treatment), 120 differentially 
expressed genes (DEGs) were found in the test (treatment by the ACG- 
GC/Reu/SPS-PDMS hydrogel) group and shown in the cluster heat
map, including 109 up-regulated genes and 11 down-regulated genes 
(Fig. 10A and B). The chord plot in Fig. 10C showed the down-regulated 
genes and their corresponding GO biological processes, such as inflam
matory responses, immune system processes and immune responses. 
Fig. 10D is a heatmap depicting the expression patterns of 120 DEGs 
between the control and test groups. The Gene Ontology (GO) enrich
ment analysis of these DEGs covered biological processes, cellular 
components, and molecular functions (Fig. 10E). To gain insight into the 
signaling pathways activated by the ACG-GC/Reu/SPS-PDMS hydrogel, 
the relevant signaling pathways were explored using gene set 

enrichment analysis (GSEA) (Fig. 10F). The results showed down- 
regulation of AMPK, IL-17, NF-kappa β signaling pathways and activa
tion of NLRP3 inflammasome in wound tissues treated with the ACG- 
GC/Reu/SPS-PDMS hydrogel. Kyoto Encyclopedia of Genes and Ge
nomes (KEGG) pathway enrichment analysis confirmed the MAPK, TGF- 
β, PI3K-Akt, TNF, VEGF signaling pathway plays an important role 
(Fig. 10G). Among them, FAK and PI3K/Akt signaling pathways play 
important roles in cell survival, proliferation, migration, and angio
genesis. FAK promotes cell migration and proliferation by regulating 
cell-substrate interactions, thereby accelerating the wound repair pro
cess. Meanwhile, by regulating the activity of Akt, PI3K not only pro
moted cell proliferation and survival, but also activated angiogenesis- 
related signaling pathways, contributing to wound vascular regenera
tion and repair. The complementary and synergistic effects of FAK and 
PI3K pathways may be an important mechanism by which the hydrogel 
material promotes wound healing in this study.

2.8. In vivo healing and wound closure capabilities in a full-thickness skin 
incision model of Bama minipigs

The results mentioned above demonstrated that the hydrogel with 
excellent tissue adhesion capacity, accelerated hemostatic ability and 
good biocompatibility could be a promising candidate for suture less 
wound closure. A full-thickness skin incision of 40 mm was created on 
the back of Bama minipigs after anesthesia to reduce the influence of 
individual differences on the results. Those incisions were closed by 
suture (Suture group) and the ACG hydrogel (ACG group), and exposure 
without any treatment was set as the Control group. As shown in 
Fig. S26A, photographs of the wounds showed different healing stages 
and morphologies at postoperative days 7, 14, 21, and 42. The incisions 
treated by the ACG hydrogel showed better closure than that treated by 
suture or that without any intervention. The wound became larger at the 
very beginning due to the movement of the minipig, which delayed the 
healing process. Although the incisions are well closed by suture, the 
scar, redness and certain damage caused by suture could not be ignored. 
On day 21, the incision closed with the hydrogel is almost healed, while 
obvious wounds still remain in the incisions without treatment or 
treated by suture. These results are indicative of an effective wound 
closure effect of the hydrogel. Histological analysis was performed to 
further evaluate the healing effect of the closed incisions on day 7, 21 
and 42. Results from H&E staining showed that the wounds treated with 
the hydrogel showed less inflammatory cell infiltration than the Control 
and suture groups (Fig. S26B). Masson’s trichrome staining results 
demonstrated that more cellular infiltration, extracellular matrix 
secretion, and neovascularization in the hydrogel group indicated better 
post-wound-closure care (Fig. S26C). In addition, immunofluorescent 
staining results showed that less FAK and PI3K expression was found in 
the hydrogel group than the other groups (Figs. S26D and S26E). These 
results suggest that the hydrogel with high adhesive strength and good 
biocompatibility could well close the incision and promote the healing 
of wounds [60].

3. Conclusion

In summary, we validated the efficacy of a strategy of “sense-and- 
treat” and our constructed GC/Reu/SPS-PDMS hydrogel in the context 
of biomedical applications. The integration of bacterio-therapeutics and 
bio-optics provides an entirely new platform for developing smart, real- 
time diagnostics and timely wound treatment. The value of wound 
temperature changes can be monitored in real-time by this hydrogel 
quickly and accurately. The capability to track temperature changes 
provides an effective and timely reference basis for wound management. 
What’s more, through the transcriptomic analysis (RNA-Seq) carried out 
in the Parma minipig model, we have deeply revealed the regulatory 
effects of this hydrogel on key signaling pathways (including down- 
regulation of pathways such as AMPK, IL-17, and NF-κB, and 
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Fig. 9. In vivo healing capability of the hydrogels in a total skin defect infection model of Bama minipigs. 
(A) Overview of the formation of a model of a whole-layer infected skin defect in the Bama pig and the time-point of treatment; (B) Macroscopic images of wounds at 
corresponding time-points (days 0, 7, 14, 21, and 42); (C) Representative images of wound healing at days 0, 7, 14, 21, and 42 after different treatments; (D) H&E and 
(E) Masson’s trichrome staining of tissue at the wound site on day 42 of treatment; (F) TGF-β1, IL-10, FAK, PI3K staining of the wound on day 7; Quantitative analyses 
of (G) TGF-β1, (H) IL-10, (I) FAK and (J)PI3K expression.
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activation or enrichment of pathways such as MAPK, TGF-β, PI3K-Akt, 
TNF, and VEGF), which can play an active role in cellular immunomo
dulation, angiogenesis and tissue regeneration. This study provides 
strong evidence to further understand the molecular mechanism of the 
hydrogel in promoting wound healing, and also indicates that the 
hydrogel has high potential for clinical translation.
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