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Purpose: Treatment of severe burn wound injury remains a significant clinical challenge as serious infections/complex repair process 
and irregulating inflammation response. Human umbilical cord mesenchymal stem cells (hUC-MSCs) have a multidirectional 
differentiation potential and could repair multiple injuries under appropriate conditions. Poly(L-lysine)-graft-4-hydroxyphenylacetic 
acid (PLL-g-HPA) hydrogel is an enzyme-promoted biodegradable in hydrogel with good water absorption, biocompatibility and anti- 
bacterial properties. Therefore, the aim of this study was to evaluate the therapeutic effect of hUC-MSCs combined with PLL-g-HPA 
hydrogel on full thickness burn injury in rat model.
Methods: The PLL-g-HPA hydrogel was developed and characterized by Scanning Electron Microscopy (SEM), Fourier-Transform 
Infrared Spectroscopy (FTIR), Hydrogen-1 nuclear magnetic resonance (H-NMR). The cytotoxicity to human foreskin fibroblasts 
(HFF) were assessed by CCK-8 assay and live/dead quantification and antibacterial activity against Escherichia coli and 
Staphylococcus aureus was also detected by colony forming unit. A full-thickness burn wound injury model in 12 SD rats was 
established, and the therapeutic effect of PLL-g-HPA hydrogel combined with hUC-MSCs was detected by healing time/Histology/ 
inflammation factor expression level.
Results: The findings from SEM, FTIR, and HFF analyses demonstrated the successful synthesis of PLL-g-HPA hydrogels. These 
hydrogels exhibited low cytotoxicity at minimal concentrations while maintaining excellent moisture retention and antibacterial 
properties. Compared to the control group, treatment with PLL-g-HPA hydrogel in conjunction with hUC-MSCs significantly 
enhanced wound healing, modulated inflammatory responses, and promoted angiogenesis as well as re-epithelialization in rat models.
Conclusion: The PLL-g-HPA hydrogel in conjunction with hUC-MSCs represents a promising therapeutic approach for the manage-
ment of burn wounds.
Keywords: rat burn model, wound healing, human umbilical cord mesenchymal stem cells, p-hydroxyphenylacetic acid grafted poly- 
l-ysine hydrogel

Introduction
The skin is the largest organ in the body, and its key role is to protect the internal organs from external elements. 
However, thermal injury leads to the skin damage and loss its protective role, even resulted in patient death.1 According 
to the World Health Organization, there are 265000 deaths caused by burn injury every year all over the world, most of 
them occurred in low- and middle-income country.2 Burn wound injury, especially deep-second partial thickness or full 
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thickness injury, caused local and system inflammation response,3,4 accompanying body fluid loss/shock/wound infection 
even sepsis.5,6 So, it is desirable to develop more efficient treatment to promoting severe burn wound healing.

There are many treatments that were used to accelerate the deep partial or full thickness burn wound healing, such as 
smart bondage7/stem cells translation and so on.8,9 Mesenchymal stem cells (MSCs) effectively enhance wound healing 
by modulating the immune response, secreting paracrine factors and promoting angiogenesis, thereby providing the 
building blocks for wound regeneration.2 Human umbilical cord mesenchymal stem cells (hUC-MSCs) exhibit distinct 
advantages over adult bone marrow stem cells, including greater expansion capacity, differentiation potential, and lower 
immunogenicity. hUC-MSCs are easier to obtain than embryonic stem cells Owing to fewer associated ethical issues.10 

hUC-MSCs have been used to promote re-epithelialization and improve the quality of wound healing. Jung et al11 and Cil 
et al12 have reported that hUC-MSCs promote diabetic wound healing by increasing collagen synthesis and 
neovasculysis.

A hydrogel is a three-dimensional network structure composed of a water-rich cross-linked water-soluble polymer 
that can maintain a wet environment at the wound interface. Hydrogels, as is suitable for all stages of wound healing and 
can be used to treat wounds of any shape and size,13 have received considerable attention in tissue engineering and 
regeneration.14,15 However, most of hydrogels are limited by their antimicrobial properties/cytotoxicity16,17 or 
biocompatibility.18,19 As a chemically synthesized hydrogel, the Poly (L-lysine)-graft-HPA (PLL-g-HPA) hydrogel can 
be injected in situ to gel and has good biocompatibility and has no obvious toxicity to cells, is suitable for wound 
dressing.20

In this study, we investigated the effects of hUC-MSCs combined with PLL-g-HPA hydrogels on burn wound healing 
in a rat model. First, we discovered that the PLL-g-HPA hydrogels have the potential to be used as wound dressings 
owing to their water absorption, biocompatibility, and antibacterial properties. We subcutaneously injected the MSCs and 
applied them to the PLL-g-HPA hydrogel on burn wounds. The wound healing rate, re-epithelialization, and inflamma-
tory response of MSCs combined with hydrogels were evaluated by gross morphological, histopathological, and 
molecular investigations. The results showed that the PLL-g-HPA hydrogel companied with hUC-MSCs could regulate 
the inflammation response and promote the wound healing.

Materials and Methods
Reagents: Dimethyl sulfoxide (DMSO) and hydrogen peroxide (H2O2) were obtained from Sigma-Aldrich. 
Horseradish peroxidase (HRP, ≥300 units/mg) was purchased from Shanghai Yuan Ye biotechnology co. Ltd. 
Triphosgene (BTC, Aldrich-Sigma). CCK8 and Live//Dead Cell Staining kits were purchased from the Beyotime 
Institute of Biotechnology.

Cell line: Human foreskin fibroblasts (HFF) were obtained from National Collection of Authenticated Cell Cultures 
(Beijing, China, SCSP-106). HFF were cultured in Dulbecco’s modified eagle medium (DMEM; Gibco, 11995065) 
medium containing 15% fetal bovine serum (VivaCell, C04001) supplemented with 1% penicillin/streptomycin 
(Sparkjade, CM0001) in an atmosphere of 5% CO2 at 37°C.

Animals: Male Sprague–Dawley rats (6–8-weeks-old) were purchased from Beijing Charles River Biotechnology. 
They were housed in cages in a room at 22±1°C and exposed to a 12-h light–dark cycle before the surgical procedure.

Preparation of PLL-g-HPA
Based on the findings of a previous study,21 the PLL-g-HPA copolymer was obtained by grafting PLL with HPA via an 
EDC/NHS-activated amidation reaction. HPA (0.54 mg, 3.54 mmol) was first dissolved in 40 mL of DMSO and activated 
for 2 h at room temperature by using EDC·HCl (2.04g, 10.62mmol) and NHS (1.2g, 10.62mmol). PLL (3.02 g, 
23.6 mmol of -NH2) was dissolved in 50 mL of dimethyl sulfoxide (DMSO) at room temperature and added to the 
solution, stirred, and allowed to react for 24 h. Subsequently, the solution was dialyzed against deionized water for 3d at 
room temperature using a 12,000–14,000 Da membrane. Finally, after freeze drying for three days, the white transparent 
spongy solid product obtained was p-hydroxyphenylacetic acid grafted poly-l-ysine powder, the polymer is referred to as 
PLL-g-HPA and stored at −20°C.
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Formation of the PLL-g-HPA Hydrogels and Gelation Time
The PLL-g-HPA hydrogels were constructed via enzyme-prompted cross-linking in the presence of H2O2 and HRP in 
PBS (0.01 M, pH7.4). Briefly, a freshly configured PBS solution of H2O2 (0.05mL, molar ratio of H2O2/HPA = 0.4) and 
HRP (0.05 mL, molality ratio of HRP/HPA = 3) was added to the PLL-g-HPA copolymer solution (0.2 mL) of different 
concentrations (3.4%, 4%, 5.1%, 6%, and 8% w/v), and the mixture was slightly vibrated. The corresponding hydrogels 
were named 3.4%, 4%, 5.1%, 6%, and 8% hydrogels. The mixed gel was placed in an Eppendorf™ tube and inverted for 
60s. No flow within 60s upon tilting the tube was deemed to denote the gel state.

Characterization of PLL-g-HPA
SEM
An SEM (ZEISS Merlin) was used to observe the morphology of the prepared 5.1% hydrogel at an accelerating voltage 
of 5 kV.

FTIR Spectroscopy
The freeze-dried samples were analyzed using an FTIR spectrometer (Neng Spectrum Technology, Tianjin, China). The 
sample was pressed into a transparent sheet with KBr, and FTIR spectroscopy was performed in the range of 
400–4000 cm–1.

HNMR
Here, 0.1mg of PLL-g-HPA white solid was weighed and sent to the Shiyanjia Lab (www.shiyanjia.com) for HNMR 
analysis.

Antibacterial Property Evaluation in vitro
The antibacterial activity of PLL-g-HPA was evaluated based on Staphylococcus aureus (S. aureus) and Escherichia coli 
(E. coli).

They were obtained from Beijing Biotechnology Co. Ltd. (Beijing, China). PLL-g-HPA (4%, 5.1%, 6%, 8%) were 
added to a test tube containing 100ul cultured E. coli suspension (1 × 106 CFUs/mL) and S. aureus suspension (1 × 106 

CFUs/mL). After incubation at 37°C for 4 h, 0.1 mL suspension was extracted from the test tube, and the diluents of 
E. coli (10−5) and S. aureus (10−4) were prepared with 1×PBS. Next, 10μL diluent was spread onto the LB solid agar 
medium and cultured overnight at 37°C. Samples were photographed and documented individually. The group with only 
the bacterial culture was the negative control group, the group with hydrogel and bacterial co-culture was the experi-
mental group, and the ampicillin group was the positive control group.

Swelling Behavior
The swelling behavior of the hydrogels was measured using a weighing method. The sample of prepared 5.1% hydrogel 
was immersed in deionized water to determine the swelling kinetics at 25°C. Next, the surface moisture was blotted using 
an absorbent paper, and the samples were weighed at 12h and 24h. The water uptake (WU) was calculated using the 
following equation:

where Wt is the mass of the swollen sample at time t, and W0 is the mass of the initial sample.

Cytotoxicity Detection of PLL-g-HPA Hydrogels
To evaluate the cytocompatibility of PLL-g-HPA hydrogel extract in vitro, HFF cell viability was measured with cell 
counting kit (CCK)-8. The hydrogel was prepared in a 24-well culture plate and leached by DMEM medium containing 
1% penicillin/streptomycin and 15% fetal bovine serum in an atmosphere of 5% CO2 at 37 °C for 24 h. HFF cells were 
cultivated in a 96-well culture plate at a density of 5×103 per well and incubated at 37 °C and in 5% CO2 atmosphere for 
12h. Then, HFF cells were added to the leaching solution of PLL-g-HPA hydrogel with different concentrations and then 
cultured for 24h. Briefly, 10 μL of CCK-8 solution was added to each well, and plates were incubated at 37°C for an 
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additional 2 h. Finally, the absorbance was measured using a microplate reader (Infinite F50; Tecan, Männedorf, 
Switzerland) at 450 nm.

Similarly, the cells were stained for 30 min using a Live/Dead Cell Staining Kit (Beyotime Institute of Biotechnology, 
Shanghai, China). The cell morphology was observed using a fluorescence microscope (Axio Imager M1; Zeiss, Wetzlar, 
Germany).

Burn Wound Model
Twelve Male Sprague–Dawley rats (6–8-weeks-old) were purchased from Beijing Charles River Biotechnology, 
anesthetized with intramuscular injections of ketamine (10%, 75 mg/kg BW) and xylazine (2%, 10 mg/kg BW) (both 
from Alfasan Co., Woerden, Holland), and surgery was performed under sterile conditions. After anesthesia, four circular 
burn wounds 10 mm in diameter were created on the back of each rat using an aluminum bar. The aluminum bar was 
boiled in 100 °C water for 30s and placed immediately on each area for 20s without pressure. After 48 h, the burned area 
was punched using a punch biopsy.21,22 Finally, each rat received four 10mm-thick burn wounds on the dorsum. 
Debrided burn wounds were topically treated using one of the following strategies.

1. Control: The lesions received no treatment and were covered by ordinary dressing.
2. Hydrogels: 200μL of 5.1% hydrogel was applied to the wound.
3. hUC-MSCs: 1×107 hUC-MSCs cells were injected intradermally around the wound.
4. Hydrogels-hUC-MSCs: 200μL of 5.1% hydrogels were applied onto the wound and 1× 107 hUC-MSC cells were 

injected intradermally around the wound.

The animals were housed individually for 3, 7 or 14 days. Sampling was performed after euthanizing the animals at 3, 
7 and 14 days after wounding (n=4/treatment/time point, a total of 12 rats).

Histopathology
For histological analysis, the wounded area, including the epidermis, dermis, and subcutaneous parts, along with a thin 
portion from the surrounding intact tissues, was harvested at 7- and 14-days post-wounding. The samples were fixed in 
10% neutral buffered formalin, dehydrated by graded ethanol, cleared by xylol, embedded in paraffin, and sectioned at 
5μmin thickness. Hematoxylin and eosin (H&E) staining and scans were performed to assess the healing process.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction Analysis
At 7 and 14 days after surgery, samples were harvested to extract RNA for real-time polymerase chain reaction (RT-PCR) 
analysis. Total RNA was isolated using TRIzol® Reagent (Thermo, Shanghai, 15596018). A cDNA library was generated 
using ABScript III RT Master Mix for qPCR with gDNA Remover (ABclonal, Beijing, RK20429), following the 
manufacturer’s instructions. RT-PCR was used to amplify IL-1β, TGF-β1, bFGF, and β-actin, using 2×Universal 
SYBR Green Fast qPCR Mix (ABclonal, Beijing, RK21203). The reaction was performed using a LightCycler 480 
(Roche) for 40 cycles. The following specific primers were used: IL-1β forward: TCTGAAGCAGCTATGGCAAC and 
IL-1β reverse: TCAGCCTCAAAGAACAGGTCA, TGF-β1 forward: ACTACGCCAAAGAAGTCACC and TGF-β1 
reverse: CACTGCTTCCCGAATGTCT, β-actin forward: TCCGTAAAGACCTCTATGCC and β-actin reverse: 
GATAGAGCCACCAATCCACA, and bFGF forward: ATTTCCAAAACCTGACCCGAT and bFGF reverse:

TGCCTTTTAACACAACGACCAG, TNF-α forward: GTGATCGGTCCCAACAAG and TNF-αreverse: 
AGGGTCTGGGCCATGGAA, IL-6 forward: CCGGAGAGGAGACTTCACAGAGGA and IL-6 reverse: 
AGCCTCCGACTTGTGAAGTGGTATA. The relative mRNA level of each gene of interest was normalized to ß-actin 
and calculated using the 2−ΔΔCT method.
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Statistical Analysis
Data were obtained from at least three independent experiments (excluding the in vivo study). Data are the mean ± 
standard deviation. A one-way analysis of variance was performed for multiple comparisons. Prism software (GraphPad, 
La Jolla, CA, USA) was used for all analyses. Statistical significance was set at p <0.05.

Results
Characterization of the PLL-g-HPA Hydrogels
Synthesis of the PLL-g-HPA Hydrogels
Based on the findings of a previous study, the PLL-g-HPA copolymer was produced via an EDC/NHS-activated 
amidation reaction that grafted PLL onto the HPA. Detailed steps are described in the Materials and Methods section. 
Finally, a freeze-dried white transparent spongy solid product, the p-hydroxyphenylacetic acid-grafted poly-l-ysine 
powder, was obtained (Figure 1A). This can be endowed with free-shapeable properties and fabricated in any mold 
with the required shapes (Figure 1B).

Scanning Electron Microscopy (SEM)
The PLL-g-HPA hydrogel sample at a concentration of 5.1% was freeze-dried, and its morphology was examined by 
SEM (Figure 1C). The microstructure exhibited a porous, dense, and interconnected hydrogel network.

Fourier-Transform Infrared Spectroscopy (FTIR) Spectroscopy
The structural characterization of PLL and PLL-g-HPA was performed using FTIR. In Figure 1D, PLL-g-HPA hydrogels 
were analyzed in the range 4000–450 cm−h.

The FTIR spectrum of PLL-g-HPA exhibited a series of peaks at 1558 cm−1 and 1458 cm−1, corresponding to the 
vibrations of the C=C skeleton of the benzene ring. The intense peak at 1250 cm−1 was assigned to the phenolic C-OH 

Figure 1 Morphology and structure of PLL-g-HPA hydrogel. (A) P-hydroxyphenylacetic acid grafted poly-l-ysine powder; (B) P-hydroxyphenylacetic acid grafted poly-l-ysine 
hydrogel; (C) SEM images, (D) FTIR, and (E) H-NMR of hydrogel. 
Abbreviations: SEM, Scanning electron microscopy; FTIR, Fourier-transform infrared spectroscopy; H-NMR, Hydrogen-1 nuclear magnetic resonance.
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vibration. The off-plane bending vibration of C=C-H in the benzene ring was observed at 1028 cm−1. The characteristic 
peak of the para-substitution of the benzene ring was observed at 804 cm−1.

Hydrogen-1 Nuclear Magnetic Resonance (H-NMR) of Hydrogel
Figure 1E shows the proton nuclear magnetic resonance (1HNMR) spectra of PLL and PLL-g-HPA. The signals at 3.19 
ppm and 1.77–1.35 ppm was assigned to the specific moiety of PLL. The signals at 7.16 ppm and 6.84 ppm were 
assigned to the specific moiety of HPA. HPA was then grafted onto the PLL backbone via an EDC/NHS-catalyzed 
amidation reaction. This result indicates that the PLL-g-HPA copolymer was successfully synthesized.

Biocompatibility of PLL-g-HPA Hydrogels in vitro
To investigate the potential of PLL-g-HPA for skin wound healing, we used HFF to evaluate the in vitro biocompatibility 
of the PLL-g-HPA hydrogels using the CCK-8 (cell counting kit-8) assay and staining of live/dead cells. Initially, HFF 
were cultured with varying concentrations of the hydrogel extract after 24h, Figure 2A shows the cell viability results 
from the live/dead staining assay (calcein-AM-live, green; PI-dead, red). With an increase in the PLL-g-HPA concentra-
tion, the number of live cells decreased. At concentration of 6%, the number of dead cells increased significantly. 
A similar trend was observed in the experimental results of cell proliferation using theCCK-8 assay (Figure 2B). As 
shown in Figure 2B, except for the apparent inhibition of cell proliferation at concentrations of 6% and 8%, there were no 
significant differences between the other groups. Therefore, we can conclude that PLL-g-HPA should be biocompatible at 
concentrations of 5.1% or less.

Bacteriostasis and Water Absorption of PLL-g-HPA
The antibacterial effects of PLL-g-HPA were evaluated using typical gram-negative and gram-positive bacteria, 
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). As shown in Figure 3A, the number of E. coli and 
S. aureus decreased with increasing PLL-g-HPA concentration. Based on the results of the cellular and bacteriostatic 

Figure 2 In vitro Biocompatibility of PLL-g-HPA Hydrogels (4%, 5.1%, 6%,8%). (A) Dead/live cells fluorescent stain (calcein-AM-live, green; PI-dead, red) showed that low 
concentration (less than 5.1%) of PLL-g-HPA Hydrogels had good biocompatibility (B) CCK8 assay found the same results. All data are displayed as mean ± standard 
deviation for three replicates.
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experiments, 5.1% PLL-g-HPA was selected for subsequent experiments. We then examined the water absorption of the 
hydrogels with a concentration of 5.1%PLL-g-HPA at different time points. As shown in Figure 3B, the swelling ratio 
reached 150% at 12 h and 250% after 24 h, suggesting that 5.1%PLL-g-HPA has the potential for skin wound healing.

Wound Healing Effect of PLL-g-HPA and hUC-MSCs in a Rat Burn Model
To further confirm the positive effects of PLL-g-HPA and hUC-MSCs on wound healing, we evaluated the effects of 
hydrogels and hUC-MSCs on wound healing in vivo using a rat full-thickness skin defect model. Figure 4 shows typical 
photographs of the wound site captured at different time points. Animals in the hydrogel-hUC-MSCs group exhibited the 
fastest wound healing speed. In addition, most wounds healed completely in the hydrogel-hUC-MSCs group after 14 
days. In a parallel experiment, the rats were sacrificed for histological analysis on postoperative days 3/7 and 14, and the 
effects of hydrogels and hUC-MSCs on wound healing in vivo were further investigated. Histological analysis indicated 
that rats treated with hydrogels (5.1%) and hUC-MSCs displayed accelerated regeneration of the neo-epidermis (neo- 

Figure 3 Antibacterial activities and water absorption of hydrogels. (A) Survival of E. coli and S. aureus after PBS, hydrogels of different concentration, and ampicillin 
treatment. (B) Swelling ratio of hydrogel at 12h and 24h.

Figure 4 Model of skin defect and the process of wound healing after hydrogels, hUC-MSCs, and hydrogels-hUC-MSCs treatment. Typical photos of the wound site were 
taken at 0, 3, 7, and 14 days, respectively.
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epithelial tongue), restoration of the dermis (granulation tissue), and high re-epithelialization in the wound compared 
with the control group (Figure 5).

Effects of PLL-g-HPA and hUC-MSCs on Inflammatory Factors in Burn Models
To understand how the molecular mechanisms of hydrogels (5.1%) and MSCs improved burn wound healing, we 
compared the expression level of three key factors related to wound healing, including IL-1β, TGF-β1, and bFGF in 
lesions of the rats treated with hydrogels, hUC-MSCs, and hydrogels–hUC-MSCs on 7- and 14-days post operation using 
RT-PCR. The hydrogels-hUC-MSCs group expressed markedly lower levels of IL-1β and TGF-β1 than the control 
groups at day 14 post-injury (Figure 6A and B). Figure 6C shows RT-PCR data showing that treatment with hydrogel- 
hUC-MSCs significantly enhanced the expression of bFGF at 7- and 14-days post-surgery (p < 0.05). Simultaneously, we 
examined inflammatory factors, such as TNF-α and IL-6 at day 7 post-injury. Compared with the control group, the 

Figure 5 Histology of the wounds treated with hydrogels, hUC-MSCs, and hydrogels-hUC-MSCs on the 7th and 14th days after induction of burn wounds (hematoxylin 
and eosin, ×100). 
Abbreviation: hUC-MSCs, human umbilical cord mesenchymal stem cells.

Figure 6 Modulation of growth factors and cytokine profile by hydrogels and hUC-MSCs:mRNA level of (A) IL-1β, (B) TGF-β1, (C) bFGF, (D) TNF-α, and (E) IL-6 at 
various time points after burn injury, as determined by quantitative real-time RT-PCR. 
Abbreviations: hUC-MSCs, human umbilical cord mesenchymal stem cells; IL, interleukin; TGF, transformation growth factor; bFGF, basic fibroblast growth factor; TNF, 
tumor necrosis factor.
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expression levels of TNF-α and IL-6 in the hydrogel-hUC-MSCs treatment group were significantly reduced, especially 
in the hydrogel-hUC-MSCs treatment group (Figure 6D and E). These results suggest that hydrogel-hUC-MSCs promote 
skin wound healing by modulating three key factors associated with wound healing and inhibiting early inflammation.

Discussion
Human skin wounds remain a major threat to public health and the economy. Traditional wound management strategies 
often fall short in promoting rapid and effective healing.23 As the complex interplay of cellular and biochemical 
processes, wound healing, especially involving full-thickness, remains a clinical challenge, necessitating the research 
for ways to accelerate wound healing.24 Hydrogels are commonly used in the wound dressing market. In this study, it was 
found that the full-thickness burn wound healing was promoted by treated with the PLL-g-HPA hydrogel combined with 
hUC-MSCs local transplantation.

The effectiveness of local injection of stem cells for wound treatment has been confirmed.25–27 However, the low survive and 
short-time retention limited their application.28 Umbilical cord mesenchymal stem cells have self-renew ability and differentiate 
into other cell types under certain condition. Less ethical issues, easier and painless obtaining, faster collected and lack of 
immunity are prominent benefits of hUC-MSC compared to other MSC resources.29 We used in situ injection of human umbilical 
cord mesenchymal stem cells to treat full-thickness skin wounds and found that it can effectively promote re-epithelialization of 
the wounds. This result was confirmed by other studies.30 However, since the wounds covered with traditional dressings after 
local injection still do not achieve satisfactory results, we used bioactive hydrogels to cover the wounds.

There are various types of bioactive hydrogels for covering wounds, including reactive oxygen species-responsive 
hydrogels,31,32 dual-layer hydrogels33 and so on.34 However, due to the irregularity of burn wounds, in situ formed 
hydrogels with good plasticity are more favorable in wound treatment. PLL-g-HPA hydrogels, a chemically cross-linked 
hydrogel fabricated following the method described by Lei et al,20 have good biocompatibility and water absorption, 
effectively covering the wound in burn areas, regulating local inflammatory responses, and promoting wound healing. 
Compared with other materials, it has advantages such as adjustable gelation time and no need for photopolymerization.35 

Therefore, in this experiment, it was used in conjunction with umbilical cord mesenchymal stem cells.
It was demonstrated that the effect of PLL-g-HPA hydrogel combined with hUC-MSC therapy on burn wounds in rats 

in vivo. Wound photographs and pathological tests after 3-, 7-, and 14-days confirmed that the wound healing rate was 
significantly accelerated in the combined treatment group and that the epidermis was significantly reepithelialized. Severe 
inflammatory cell infiltration in the wound area inhibits the repair and regeneration processes and induces scar formation in 
wounds.36 Additionally, inflammatory mediators that accumulate at the wound site hamper cell proliferation and migration, 
which are necessary for wound healing.37 Nguyen et al38 reported that downregulation of proinflammatory cytokines IL-1β, 
IL6, and TNF-α prevents the prolongation of the inflammatory process and accelerates wound healing. The RT-PCR findings, 
in the present study, also suggested that treatment by hydrogel-hUC-MSCs resulted in reduced inflammation by down-
regulating IL-1β, TNF-α, IL-6, and TGF-β1. Importantly, the combination of PLL-g-HPA hydrogel and hUC-MSCs therapy 
can promote b-FGF expression, which can improve cell migration, proliferation, differentiation, and angiogenesis.39

This work demonstrates that the PLL-g-HPA hydrogel has good stability, biocompatibility, antibacterial properties, 
and water absorption, making it ideal for promoting wound healing. The experimental data of burned rats in vivo showed 
that the PLL-g-HPA hydrogel combined with MSCs could significantly promote wound reepithelialization, inhibit the 
inflammatory response, and promote the expression of bFGF to accelerate the wound healing process. Further research, 
particularly in clinical settings, will be necessary to validate these findings and optimize the use of PLL-g-HPA hydrogel 
in diverse wound healing scenarios.

Conclusions
This study demonstrates that PLL-g-HPA hydrogels have good biocompatibility and antibacterial properties. 
A combination of MSCs and PLL-g-HPA hydrogels can effectively improve burn wound healing by stimulating 
angiogenesis and reepithelialization. In addition, hydrogel-MSCs amplified the anti-inflammatory processes by reducing 
the TGF-β1, IL-1β, TNF-α, and IL-6 levels and resulted in reduced scar formation. The combination of hUC-MSCs with 
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PLL-g-HPA hydrogels seems to be a step forward in the field of regenerative medicine, as this strategy may have the 
potential to promote proangiogenic effects and enhance burn wound healing.
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