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Article 
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Abstract: Pressure injury（PI） are localized damages to the skin or underlying soft tissues typically 

caused by intense and/or prolonged pressure, shearing, friction, or combination of these factors. The 

wound is difficult to heal and easily leads to infection and other complications. The repair of PI has 

become a global health problem. This paper describes the preparation and characterization of 

graphene oxide (GO)/alginate (Alg) gel-loaded platelet-rich plasma (PRP), and the effects of 

GO/Alg/PRP on cell proliferation and angiogenesis have been evaluated by cell experiments. The 

effects of GO/Alg/PRP on the ischemic reperfusion (I/R) model in mice were evaluated in animal 

experiments, and the relationship between oxidative stress and p38 mitogen-activated protein kinase 

(P38MAPK)/ nuclear factor-κB (NF-κB) pathway was investigated. GO/Alg, PRP and GO/Alg/PRP 

all promote cell proliferation, migration, angiogenesis, wound healing, collagen deposition and 

epithelial regeneration, and reduce oxidative stress damage of cells and tissues. Among these, 

GO/Alg/PRP plays the most significant role. We also found a relationship between oxidative stress 

and the p38MAPK/NF-κB pathway. Our findings suggest that GO/Alg/PRP could be an effective 

strategy for the treatment of I/R injuries and may serve as a basis for the development of novel PRP 

based bioactive wound dressings. 

Keywords: graphene oxide/alginate gel; platelet-rich plasma; wound healing; oxidative stress; 

pressure injury 

 

1. Introduction 

The treatment methods of PI mainly include conservative dressing change, surgical 

debridement, negative pressure therapy, platelet and growth factor application, etc [1]. However, 

due to impaired cell function and the lack of bioactive factors around the wound, these traditional 

therapies are not effective in promoting wound healing and blood vessel formation [2]. Due to the 

limitations of various treatment modalities, the treatment of PI remains a challenge and it is necessary 

to seek new therapeutic approaches. 

Free radical-mediated oxidative stress causes DNA to break and lipid peroxidase to be 

inactivated, further hindering wound healing [3]. Reactive oxygen species (ROS) produced by 

oxidative stress are one of the important factors that increase I/R injury, resulting in inflammation 

and endothelial dysfunction. This disrupts cytokine synthesis, delays healing, leads to extensive 

tissue necrosis and the development of ulcers [4]. In addition, ROS is also essential for angiogenesis, 
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which is a key link in the wound healing process [5]. Therefore, the search for effective regulation of 

oxidative stress treatment has become a research hotspot. Recent studies indicate that 

P38MAPK/NFκB signaling pathway can inhibit oxidative stress injury and inflammatory infiltration, 

and then promote PI healing and angiogenesis after skin I/R [6]. P38MAPK is a signal transduction 

molecule that exists in cells and is mainly involved in cell response to stress stimuli. When ROS levels 

rise in vivo, ROS can modify protein kinases located on the P38MAPK signaling pathway, change 

their activity state, and then activate the P38MAPK signaling pathway, triggering a series of stress 

responses in cells, including inflammation, cell proliferation, differentiation, and apoptosis [7]. 

PRP is used to repair and rebuild wounds by activating growth factors released after the 

treatment. PRP is safe and has been in use since the 1970s, It has great application prospect in the 

field of biomedicine [8,9]. GO and Alg gels are two kinds of nanomaterials and natural polymer 

materials with good biocompatibility and drug transport capacity. When they are used together, drug 

carriers with excellent biological activity and therapeutic function can be prepared [10]. Studies have 

shown that hydrogels containing PRP and Alg help human cells proliferate [11]. Studies have proved 

that hydrogels containing PRP and oxidized alginate can promote the proliferation of human cells. 

The composite hydrogel of platelet-rich plasma fibrin matrix and alginate can promote wound 

healing in diabetic mice [12]. Other studies have proved that GO can improve the physical properties 

of biomaterials and promote tissue repair. PRP gels with different concentrations of graphene oxide 

can promote bone tear healing and supraspinatus tendon reconstruction in rabbit models [13]. 

However, there are no relevant studies on PRP supported by GO/Alg gel. We have explored the safety 

and feasibility of GO/Alg/PRP before [9,14]. The aim of this study was to investigate the effects of 

GO/Alg gel-loaded PRP on mice skin I/R PI and human keratinocyte (HaCaT) cells in vitro, and to 

explore the relationship between PRP and ROS and p38MAPK/NF-κB pathway. 

2. Results and Discussion 

2.1. Characterization of GO/Alg/PRP Gels 

The preparation process of GO/Alg/PRP is shown in Figure 1A. The freeze-dried samples of 

GO/Alg and GO/Alg/PRP were cut by gold spray and their microstructure was observed by electron 

microscope. GO/Alg forms a three-dimensional mesh-like structure with uniform folds on the pore 

wall and prominent granular inclusions covering the fold surface, suggesting a close relationship 

with neighboring structures (Figure 1B). GO/Alg/PRP also presents a three-dimensional mesh-like 

structure, with fibrin connected between the fold walls of GO/Alg, making the network structure 

denser (Figure 1C). GO has unique physical and chemical properties, which provide a suitable 

interface for cell growth and adhesion [15]. Alg is a biocompatible material, and its natural 

threedimensional grid structure can simulate the extracellular matrix and provide a scaffold for cell 

adhesion, thus promoting cell proliferation and migration. The porous network structure provides a 

good environment for gas exchange and nutrient transport [16]. After PRP is added to GO/Alg 

material, it is evenly distributed in the pores of the material, and the fibrin in the material is 

crosslinked with the pore wall to form a more stable three-dimensional structure. The stable 

threedimensional structure provides ample adhesion space for platelets, closely mimicking the 

body’s physiological environment. This facilitates the slow release of growth factors, extending their 

effectiveness [14]. As a result, tissue repair and regeneration are promoted more effectively and 

permanently. This structure also enhances the biological activity of PRP, allowing for precise and 

expanded regulation of the wound microenvironment. 
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Figure 1. Preparation diagram of GO/Alg/PRP (A). General appearance and Scanning Electron Microscopy 

images of GO/Alg(B) and GO/Alg/PRP(C) and their porous structures at specified magnification scales. 

2.2. GO/Alg/PRP Promotes Cell Proliferation In Vitro 

The effect of GO/Alg/PRP gel on the proliferation of HaCaT cells under oxidative stress was 

observed by live/dead fluorescence staining, as shown in Figure 2A, and the image analyzed and 

quantified by ImageJ software, as shown in Figure 2B. The proportion of living cells in the control 

group, model group, GO/Alg group, PRP group, and GO/Alg/PRP group were as follows: 

97.84%±0.55%, 54.57%±13.08%, 74.36%±6.27%, 92.30%±3.40%, and 97.71%±1.30%, respectively. When 

compared to the control group, the proliferation rate of HaCaT oxidative stress cells in the model 

group significantly decreased, and the difference was statistically significant (P < 0.001). Compared 

with the model group, the application of GO/Alg gel, PRP gel, and GO/Alg/PRP gel all increased the 

proliferation rate of HaCaT oxidative stress cells to varying degrees. The proliferation rate of the 

GO/Alg/PRP group was the highest (P < 0.001). These results indicate that H2O2 intervention has a 

greater degree of damage to HaCaT cells and significantly reduces the cell proliferation rate. GO/Alg 

gel, PRP gel, and GO/Alg/PRP gel have been shown to enhance the activity of HaCaT cells under 

oxidative stress. Specifically, the application of PRP gel and GO/Alg/PRP gel was found to be effective 

in enhancing cell activity. Furthermore, the effect of GO/Alg/PRP gel was significantly greater than 

that of the GO/Alg group (P < 0.05). Considering that PRP and GO/Alg had a synergistic effect, the 

effect of promoting the proliferation of HaCaT oxidative stress cells was more significant. Our results 

suggest that GO/Alg/PRP gel significantly promotes H2O2-induced proliferation of HaCaT cells, 

implying a potential protective effect against cell growth inhibition caused by oxidative damage. The 

large specific surface area of GO provides more attachment space for cell growth, and its physical 

and chemical properties can reduce oxidative damage and facilitate cell proliferation [17]. The action 

of Alg is synergistic with GO, and its good biocompatibility helps to maintain the microenvironment 

of cells [18]. Growth factors in PRP activate cell metabolism and accelerate the cell cycle. The 

combination of the three forms a good microenvironment that promotes cell proliferation. 
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Figure 2. Fluorescent photos of different groups of living and dead cells were stained. The green channel 

represents the living cells, while the red channel represents the dead cells, and the scale in the lower right corner 

indicates that the scale is 50µm (A). Quantitative comparison of the percentage of living/dead cells can be 

observed in the image (B). All data are statistically significant（* p < 0.05，** p < 0.01，*** p < 0.001）. 

2.3. GO/Alg/PRP Promotes Cell Migration In Vitro 

The influence of cell migration ability was reflected in the mobility of human foreskin fibroblast 

(HFF-1) cell model after different interventions under light microscope. The effects of GO/Alg gel and 

PRP on the migration ability of HFF-1 cells were observed by transwell assay. The quantitative 

statistical results of cell mobility conducted by ImageJ software showed that, as shown in Figure 3A 

and Figure 3B, the proportion of HFF-1 cells in the control group, model group, GO/Alg group, PRP 

group, and GO/Alg/PRP group was 60.01%±2.48%, 20.64%±1.20%, 38.09%±7.67%, 46.05%±6.22%, and 

52.29%±0.57%, respectively. Compared with control group, the mobility of HFF-1 cells in model 

group was significantly decreased, and the difference was significant (P < 0.001). Compared with 

model group, the use of GO/Alg gel, PRP gel and GO/Alg/PRP gel all increased the mobility of HaCaT 

oxidative stress cells to varying degrees, and the mobility of cells in GO/Alg/PRP group was the 

highest (P < 0.001). The intervention of H2O2 was found to cause greater damage to HFF-1 cells and 

significantly reduce cell mobility. The migration ability of HaCaT cells under oxidative stress was 

significantly promoted by the GO/Alg group, PRP group, and GO/Alg/PRP group. The mobility of 

HFF-1 oxidative stress cells in the GO/Alg/PRP group was higher compared to both the GO/Alg and 

PRP groups. However, there was no statistical significance when compared to the control group (P > 

0.05), which had a similar level of mobility as normal cells. When considering the combined action of 

GO/Alg and PRP, the effect on promoting the migration ability of HFF-1 oxidative stress cells was 

more significant. GO provides physical support for cell attachment, provides a relatively favorable 
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physical environment for cell migration, and promotes cell movement. GO can adsorb growth factors 

in PRP, play a role in slow release of growth factors, maintain a high local effective concentration of 

growth factors, extend the effective time of interaction between cell receptors and growth factors, and 

more effectively stimulate the migration of HFF-1 cells [16]. PRP and GO can also jointly regulate 

adhesion connections and communication connections between cells, and contribute to the 

coordinated movement of cell populations and promote cell migration [14]. 

 

Figure 3. Transwell assay of HFF-1 cells in different groups, and the scale in the lower right corner indicates that 

the scale is 50µm (A). Additionally, quantitative analysis of HFF-1 cells was performed(B). All data are 

statistically significant（* p < 0.05， ** p < 0.01， *** p < 0.001）. 

2.4. GO/Alg/PRP Promotes Cell Angiogenesis In Vitro 

We used angiogenesis experiment to study the angiogenesis of human umbilical vein 

endothelial cells (HUVEC) cells in vitro, and observed the effect of GO/Alg/PRP gel on the 

angiogenesis ability of HUVEC cells. Angiogenesis analyzer, a software plug-in of ImageJ, was used 

to conduct quantitative analysis of the captured photos, as shown in Figure 4A, Figure 4B and Figure 

4C. In comparison to the control group, the model group exhibited a significant reduction in both the 

total vascular length and the number of vascular branches of HUVEC cells (P < 0.001). Conversely, 

the GO/Alg, PRP, and GO/Alg/PRP groups showed an increase in the total vessel length and the 

number of vessel branches compared to the model group. Furthermore, the cells in the GO/Alg/PRP 

group demonstrated enhanced tube-forming ability, leading to a significant increase in the number 

of tube branches and the total length of tubes formed in HUVEC cells (P < 0.001). These results 

indicated that H2O2 intervention significantly inhibited the angiogenesis of HUVEC cells in vitro. 

After treatment with GO/Alg gel, PRP gel and GO/Alg/PRP gel, the tube formation ability of HUVEC 

cells was enhanced to varying degrees. There was no significant difference in tube forming ability 

between the GO/Alg/PRP group and the control group (P > 0.05), indicating that the tube forming 

ability of the cells treated with GO/Alg/PRP gel may be comparable to that of normal cells. Because 

of their good biocompatibility, GO and Alg may enhance cell response to angiogenesis signals by 

regulating the expression of intracellular growth factor receptors, and help endothelial cells to form 

a more complete tubular structure [19]. The growth factors in PRP can directly stimulate the 

proliferation and differentiation of HUVEC cells, regulate the local inflammatory response, promote 

the connection between endothelial cells and the stability of tubular structure, improve the quality 

and efficiency of angiogenesis, and jointly promote the oxygenation-induced angiogenesis of HUVEC 

cells [20]. 
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Figure 4. Effect of materials in each group on the angiogenesis of HUVEC cells induced by oxidation. Photos of 

the angiogenesis of HUVEC cells induced by oxidative stress in each group are presented, and the scale in the 

lower right corner indicates that the scale is 50µm (A). The number of vascular branches induced by oxidative 

stress in HUVEC cells in each group(B). Total vascular length after intervention of HUVEC cells induced by 

oxidative stress in each group(C). All data are statistically significant （* p < 0.05， ** p < 0.01， *** p < 0.001）

. 

2.5. GO/Alg/PRP Alleviates Cell Lipid Peroxidation Damage In Vitro 

In order to study the effect of GO/Alg/PRP on oxidative stress in vitro, flow cytometry was used 

to detect the effect of GO/Alg/PRP on H2O2-induced ROS accumulation in HaCaT cells, and the results 

were shown in Figure 5A. The levels of malondialdehyde (MDA) and superoxide dismutase (SOD) 

in HaCaT cells of each experimental group were detected by enzyme-linked immunosorbent assay 

(ELISA), and the results were shown in Figure 5B and 5C. Compared to the control group, the model 

group showed a significant increase in the proportion of total ROS positive cells and MDA content 

in HaCaT cells induced by oxidation (P<0.001), and a significant decrease in SOD content (P<0.001). 

In comparison to the model group, the GO/Alg group, PRP group, and GO/Alg/PRP group exhibited 

varying degrees of decrease in intracellular total ROS quantity and MDA content, with statistically 

significant differences (P<0.05). Additionally, the SOD content in these groups showed varying 

degrees of increase, with statistically significant differences (P<0.05). These results indicated that 

H2O2 aggravated the lipid peroxidation damage of HaCaT cells. However, the application of GO/Alg 

gel, PRP gel, and GO/Alg/PRP gel effectively alleviated this damage. Among these, GO/Alg/PRP gel 

had the most significant effect. There was no statistically significant difference (P > 0.05) compared to 

the control group, suggesting that the application of GO/Alg/PRP gel normalized the lipid 

peroxidation damage of HaCaT cells. These results all suggest that GO/Alg/PRP may reduce the 

H2O2-induced oxidative stress of HaCaT cells in vitro. MDA is the result of excessive ROS production 

under oxidative stress, and the activity of SOD is decreased, indicating a decrease in the antioxidant 

capacity of cells, an aggravation of lipid peroxidation damage, and a decrease in cell activit [21]. 

Normal levels of ROS are effective in promoting angiogenesis and fighting bacterial infections. 

However, long-term excessive ROS levels can cause irreversible cell damage and chronic 

inflammation in the microenvironment, make the wound more fragile, inhibit the function of 

endogenous stem cells and macrophages, and hinder wound healing [22]. 
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Figure 5. The degree of lipid peroxidation damage to HaCaT cells induced by oxidation in each group. The 

content of intracellular ROS production in HaCaT cells induced by oxidative stress was interfered by materials 

in each group (A). The content of MDA in HaCaT cells induced by oxidative stress in each group (B). The content 

of SOD in HaCaT cells induced by oxidative stress in each group(C). All data are statistically significant （* p < 

0.05， ** p < 0.01， *** p < 0.001）. 

2.6. GO/Alg/PRP Inhibits the p38MAPK/NF-κB Signaling Pathway in Oxidative Stress Cells 

Using GAPDH as the internal reference, Western blotting was used to detect the expression of 

TGF-β, p-p38MAPK, p38MAPK, p-NF-κB-p65, NF-κB-p65, IκBα, and p-IκBα proteins, and the results 

were shown in Figure 6A. The protein was quantitatively analyzed using ImageJ software, and the 

ratios of p-p38MAPK/p38MAPK, p-NF-κB-p65/NF-κB-p65, and p-IκBα/IκBα were calculated to 

explore the association between the material and the p38MAPK/NF-κB pathway, as shown in Figure 

6B-E. Compared with the control group, the model group showed significantly increased levels of 

TGF-β, p-p38MAPK, p-NF-κB-p65/NF-κB-p65, and p-IκBα/IκBα (p < 0.01, p < 0.001, p < 0.001, P < 

0.01), indicating H2O2 oxidative stress-induced overexpression of TGF-β and activation of the 

p38MAPK/NF-κB signaling pathway in HaCaT cells. Compared with the model group, the 

expressions of TGF-β, p-p38MAPK, p-NF-κB-p65/NF-κB-p65, and p-IκBα/IκBα in the GO/Alg, PRP, 

and GO/Alg/PRP groups were decreased to varying degrees. The effect of GO/Alg/PRP was more 

significant, indicating that GO/Alg/PRP gel inhibited the expression of TGF-β and the progression of 

p38MAPK/NF-κB signaling pathway. Overexpression of TGF-β can lead to excessive deposition of 

extracellular matrix and accelerate the fibrosis process [23]. The p38MAPK pathway plays a role in 

cell stress response, apoptosis, and inflammation, leading to the production of inflammatory factors 

and cell apoptosis [24]. On the other hand, the NF-κB pathway is responsible for regulating the 

expression of inflammatory factors, immune-related receptors, and other genes, playing a crucial role 

in inflammatory and immune responses, as well as cell survival [25]. Under normal conditions, IκBα 

binds to NF-κB in a deactivated state, and when cells are stimulated, IκBα is phosphorylated and 

degraded to release NF-κB, so the increased p-IκBα/IκBα ratio also indicates the initiation of the 

NFκB pathway [26]. These results indicated that H2O2-induced HaCaT cells significantly enhanced 

the cell stress response, apoptosis degree and inflammatory response, and the use of GO/Alg gel, PRP 

gel and GO/Alg/PRP gel inhibited the cell stress response, apoptosis degree and inflammatory 

response, and reduced the stress damage of the signaling pathway to the cells. 
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Figure 6. Western blotting detected the expression of TGF-β, p-p38MAPK, p38MAPK, p-NF-κB-p65, NF-κB-p65, 

IκBα, and p-IκBα proteins in cells(A). Additionally, the relative ratio of TGF-β after intervention in each group 

is presented (B). The relative ratio of p-p38MAPK/p38MAPK after material intervention was measured in each 

group (C), and the relative ratio of p-NF-κB-p65/NF-κB-p65 was determined for each material after intervention 

(D). The relative ratio of p-IκBα/IκBα for each group after the intervention (E). All data are statistically significant 

(* p < 0.05, ** p < 0.01, *** p < 0.001). 

2.7. GO/Alg/PRP Promotes Wound Healing in I/R Injury 

We observed the wound healing of experimental mice in each group, as shown in Figure 7A and 

7B. It is evident that the wounds in each group exhibit a healing trend over time. Data analysis with 

ImageJ software. On day 4, the wound healing rates of control group, model group, GO/Alg group, 

PRP group, and GO/Alg/PRP group were 45.57%±3.53%, 42.12%±4.09%, 50.66%±4.35%, 

54.93%±2.47%, 69.29%±4.73%, respectively. The wound area of GO/Alg/PRP group was significantly 

reduced. The wound healing rate of PRP group was higher than that of GO/Alg group, mainly due 

to the fact that PRP gel released a large amount of growth factors in the early stage of wound healing. 

From day 7 to day 14, the wound healing rate of GO/Alg group was higher than that of PRP group, 

mainly due to the slow-release effect of GO/Alg on growth factors, so that the growth factors could 

continue to act on the wound and promote wound healing. 14 days, plus or minus 0.63%, 87.32% and 

81.49% plus or minus 1.7%, 91.57%, plus or minus 1.27%, 3.22%, 93.29%, plus or minus 98.65% plus 

or minus 0.6%. Compared to the model group, the wound area was significantly reduced in the 

GO/Alg, PRP, and GO/Alg/PRP groups (P<0.001, P<0.01, P<0.001), indicating improved wound 

healing. Furthermore, the healing effect of the GO/Alg/PRP group was found to be more significant 

than that of the GO/Alg group and the PRP group. After considering the combined effect of GO/Alg 

and PRP, it has been determined that the promotion of wound healing is more effective. The healing 

rate of the model group was consistently the lowest throughout the entire process. Given that I/R 

injury exacerbated the level of oxidative stress on the wound, the application of materials helped 

alleviate oxidative stress and expedited wound healing. The wound healing rate was highest in the 

GO/Alg/PRP group. With the rich growth factor content of PRP and the slow-release effect of GO/Alg, 

the healing rate of the wound was significantly enhanced. Alg can absorb wound exudates, be 

applied to the wound in gel form, maintain the moisture of the wound, and provide a conducive 

environment for wound healing [27]. GO can enhance the toughness of the material and prevent the 

gel material from cracking [28]. A variety of growth factors in PRP can promote the formation of 

blood vessels, collagen deposition and epithelial regeneration, providing sufficient nutrition and 

oxygen for wound repair [20,29]. 
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Figure 7. The treatment of each group of materials promoted wound healing in mouse full-layer skin wound 

model. Representative images of full-layer wounds at 0, 4, 7, 10, and 14 days after treatment with materials in 

each group are shown. Scale=1.6 cm(A). Quantification of wound healing. The wound size is expressed as a 

percentage relative to the initial wound area(B). All data are statistically significant （* p < 0.05， ** p < 0.01， 

*** p < 0.001）. 

2.8. GO/Alg/PRP Promotes Reepithelialization and Collagen Deposition of I/R Injured Wound Tissue 

Hematoxylin-Eosin（HE） staining was used to observe the complete re-epithelialization ability 

of wound tissue in each group on the 14th day after injury, and Masson staining was used to evaluate 

the epidermal thickness, as shown in Figure 8A and Figure 8B. The quantitative analysis results are 

shown in Figure 8C and Figure 8D. Compared to the control group, the model group showed a 

significant decrease in epithelial thickness and collagen deposition content in the wound tissue (P < 

0.01, P < 0.001). This suggests that I/R injury is more damaging to the skin tissue of mice compared to 

acute injury, leading to reduced epithelial regeneration and collagen production capacity in the 

wound. Additionally, the GO/Alg group, PRP group, and GO/Alg/PRP group all demonstrated 
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varying degrees of accelerated wound reepithelialization and collagen deposition compared to the 

model group, with statistically significant differences (P < 0.001). Among them, the reepithelialization 

in GO/Alg/PRP group was more significant than that in GO/Alg and PRP groups. When GO/Alg and 

PRP are considered to work together, the effect of promoting wound healing is better, and the content 

of collagen deposition in wound tissue is increased. These results suggest that GO/Alg/PRP can 

significantly promote wound reepithelialization and collagen deposition. GO has excellent 

mechanical properties, providing support for cells, adsorbing growth factors, promoting cell 

proliferation and accelerating epithelial regeneration [17]. Alg provides a good adhesion 

environment for cells, keeps the wound moist, facilitates cell migration, and stimulates fibroblasts to 

produce collagen [30]. PRP contains a large number of growth factors, such as platelet-derived 

growth factor (PDGF), transforming growth factor-β (TGF-β), etc. The combination of the three 

elements can mimic the physiological environment in the body, utilize their individual strengths, and 

effectively enhance epithelial regeneration and collagen deposition. TGF-β can regulate the synthesis 

of extracellular matrix, promote the production of collagen, and stimulate the growth and migration 

of epithelial cells, strengthen the anti-damage ability of the wound, regulate the inflammatory 

response of the wound, and reduce the adverse effects of inflammation on the wound [20,31]. The 

combination of the three can simulate the physiological environment in the body, play their 

respective advantages, and better promote epithelial regeneration and collagen deposition. 

 

Figure 8. The application of materials in each group enhanced tissue reepithelialization and collagen deposition. 

The representative images of H&E staining of fully reepithelialized wounds on day 14 post-injury are shown in 

(A). Masson-stained representative images of fully reepithelialized wounds on day 14 post-injury (B), and the 

scale in the lower right corner indicates that the scale is 50µm. Quantitative measurement of epidermal thickness 

(C). Quantitative collagen content (D). All data are statistically significant（* p < 0.05， ** p < 0.01， *** p < 0.001 

）. 

2.9. GO/Alg/PRP Promotes the Angiogenesis of I/R Injury Wounds 

The expression of VEGF-A, CD31 and α-SMA was detected by immunohistochemistry to 

evaluate the angiogenic ability of hydrogels. The immunohistochemical staining results were shown 

in Figure 9A, and the brown part of the GO/Alg/PRP group was significantly higher than that of the 

other three groups. In Figure 9B, 9C, and 9D, the expression of VEGF-A, CD31, and α-SMA was 

significantly reduced in the model group compared to the control group, with statistical significance 

(P < 0.01, P < 0.001, P < 0.001). The expression of VEGF-A, CD31, and α-SMA in the GO/Alg, PRP, and 
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GO/Alg/PRP groups was significantly increased compared to the model group. Additionally, 

angiogenesis in the GO/Alg/PRP group was significantly higher than in the GO/Alg and PRP groups 

(P < 0.001). When GO/Alg and PRP are considered to act together, they have a stronger ability to 

promote wound angiogenesis. These results suggest that the combination of GO/Alg/PRP can 

effectively promote vascular proliferation in wound repair. Oxidative stress-induced inflammation 

leads to collagen and angiogenesis [20]. Alg provides a suitable extracellular matrix environment, 

facilitates the adhesion, proliferation and migration of endothelial cells, and regulates cell-cell and 

cell-matrix interactions [16,32]. GO can stabilize the scaffold constructed by Alg, contribute to the 

growth and extension of vascular endothelial growth factor, and build a stable “skeleton” for the 

generation of blood vessels [13]. Vascular endothelial growth factor (VEGF) contained in PRP is a 

highly specific pro-vascular endothelial cell growth factor, which stimulates the proliferation, 

migration and lumen formation of endothelial cells, and is a key regulatory factor in the process of 

vascular growth. PDGF can stimulate smooth muscle cells and peripheral cells to migrate and 

proliferate to the site of angiogenesis, providing stable support for new blood vessels [33,34]. The 

combination of GO and Alg can slowly release the growth factors in PRP and continuously stimulate 

the formation of blood vessels around the wound. 

 

Figure 9. The levels of VEGF, CD31 and α-SMA in vascular endothelial cells were detected by 

immunohistochemistry. Images of immunohistochemical staining results are presented in the figure, and the 

scale in the lower right corner indicates that the scale is 100µm (A). expression rates of VEGF, CD31, and α-SMA 

in vascular endothelial cells, respectively(B-D). All data are statistically significant (* p < 0.05, ** p < 0.01, *** p < 

0.001). 

2.10. GO/Alg/PRP Reduces Oxidative Stress Caused by Skin I/R Damage 

Several widely recognized molecules related to oxidative stress were measured. MDA and SOD 

contents were detected by ELISA to investigate the effects of GO/Alg/PRP on oxidative stress damage 

in cells. The results indicated that the total MDA content (Figure 10A) in the model group were 

significantly higher (P<0.001) compared to the control group. Additionally, the SOD content (Figure 
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10B) in the model group was significantly lower (P<0.001). On the other hand, the total MDA content 

in the GO/Alg, PRP, and GO/Alg/PRP groups were significantly lower (P<0.01, P<0.001, P<0.001) 

compared to the model group. Furthermore, the SOD content in these groups was significantly higher 

(P＞0.05, P<0.05, P<0.001). These results suggest that I/R injury exacerbates lipid peroxidation 

damage in mouse skin tissue. The use of gel in the GO/Alg group, PRP group, and GO/Alg/PRP group 

can effectively reduce oxidative stress induced by I/R injury. Specifically, the GO/Alg/PRP group 

demonstrated a higher antioxidant effect compared to both the GO/Alg and PRP groups. High levels 

of ROS produced by immune cells in the wound activate NF-κB, significantly increase the expression 

of inflammatory mediator interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), leading to 

chronic inflammation and slowing wound healing. PRP can block the apoptosis pathway by 

activating some signal pathways, and promote the proliferation, regeneration and migration of 

endothelial and epithelial cells, thus alleviating lipid peroxidation MDA injury and effectively 

improving the healing ability of I/R injured wounds in mice [35,36]. Therefore, keeping ROS at the 

wound site at appropriate levels may help promote wound healing [22]. 

 

Figure 10. The content of MDA in tissue induced by oxidative stress in each group (A). The content of SOD in 

tissue induced by oxidative stress in each group(B). All data are statistically significant （* p < 0.05， ** p < 0.01

， *** p < 0.001）. 

2.11. GO/Alg/PRP Reduces Wound Damage by Inhibiting the p38MAPK/NF-κB Signaling Pathway 

Western blotting was utilized to detect the expression levels of TGF-β, p-p38MAPK, p38MAPK, 

p-NF-κB-p65, NF-κB-p65, p-IκBα, and IκBα proteins, with the results presented in Figure 11A. The 

protein levels were quantitatively analyzed using ImageJ software, and the ratios of 

pp38MAPK/p38MAPK, p-NF-κB-p65/NF-κB-p65, and p-IκBα/IκBα were calculated to investigate the 

relationship between the material and the p38MAPK/NF-κB pathway, as depicted in Figure 11B-E. 

In comparison to the control group, the expressions of TGF-β, p-p38MAPK, p-NF-κB-p65/NF-κBp65, 

and p-IκBα/IκBα were significantly elevated in the model group. The difference was statistically 

significant (P < 0.01, P < 0.01, P < 0.001, P < 0.001). In comparison to the model group, the GO/Alg 

group, PRP group, and GO/Alg/PRP group all significantly inhibited the expression of TGF-β protein 

and decreased the content of p-p38MAPK/p38MAPK, p-NF-κB-p65/NF-κB-p65, and p-IκBα/IκBα to 

varying degrees. The differences were statistically significant. These results indicate that TGF-β is 

overexpressed and the p38MAPK/NF-κB signaling pathway is activated in I/R damaged tissues. 

GO/Alg gel, PRP gel, and GO/Alg/PRP gel all inhibited the expression of TGF-β and the progression 

of the p38MAPK/NF-κB signaling pathway. However, the effect of GO/Alg/PRP gel was found to be 

more significant. Overexpression of TGF-β can lead to excessive deposition of extracellular matrix 

and increase scar formation [37,38]. The p38MAPK pathway and the NF-κB pathway are involved in 

inflammation, immune response and cell survival, and the increased p-IκBα/IκBα ratio also indicates 
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the activation of the NF-κB pathway. These results indicated that stress response, apoptosis and 

inflammation were significantly enhanced by I/R injury [26,39]. The use of GO/Alg gel, PRP gel and 

GO/Alg/PRP gel inhibited the stress response, apoptosis degree and inflammatory response of cells, 

reduced the stress damage of signal pathway to the wound, and alleviated the damage of 

inflammatory cells and inflammatory factors to tissues. 

 

Figure 11. Western blotting was used to detect the expression of TGF-β, p-p38MAPK, p38MAPK, p-NF-κB-p65, 

NF-κB-p65, IκBα, and p-IκBα proteins in tissues (A). Additionally, the relative ratio of TGF-β after intervention 

in each group was determined (B). The relative ratio of p-p38MAPK/p38MAPK after material intervention was 

measured in each group (C). Additionally, the relative ratio of p-NF-κB-p65/NF-κB-p65 was determined for each 

material after intervention (D). The relative ratio of p-IκBα/IκBα for each group after intervention (E) has been 

determined. All the data are statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001). 

3. Conclusions 

GO/Alg and PRP alone or in combination can significantly promote the healing of full-thickness 

skin wounds in mice. GO/Alg/PRP therapy shows superior results, including improving the 

regeneration of extracellular matrix tissue, increasing collagen deposition, promoting angiogenesis 

and reducing cell peroxidation damage. This may be due to its synergistic effect on angiogenesis and 

inflammation regulation. This comprehensive method is more conducive to re-epithelization and 

wound healing. These findings emphasize the potential of combining GO/Alg with PRP as an 

effective strategy for the treatment of stress injury. Further research is needed to improve the 

treatment plan and confirm the long-term efficacy of this method in different clinical environments. 

4. Materials and Methods 

According to our experimental design, 8 weeks old healthy male BALB/c mice (25~30g) were 

selected, and all the animals were kept in standard laboratory conditions, eating and drinking freely. 

Animal care and experimental procedures are approved by the Ethics Committee of Shandong 

University and Weihai Municipal Hospital and comply with all applicable institutional and 

governmental regulations regarding the ethical use of animals. Strictly follow the guidelines for the 

care and use of laboratory animals. 

4.1. Preparation of PRP 

PRP was separated by secondary centrifugation. Male BALB/c mice weighing 25~30g were 

selected for the preparation of PRP. They were successfully anesthetized with 10% chloral hydrate 

(Shanghai McLean Biochemical Technology Co., LTD., China). Peripheral blood was then extracted from 
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the mice and placed in an anticoagulant tube containing 3.2% sodium citrate (Peripheral blood: 

sodium citrate =10: 1). The samples were thoroughly mixed to prevent blood clotting. Part of the 

sample was analyzed within 1 hour using an automatic cell counting system to detect the whole blood 

platelet concentration. The whole blood was put into a centrifuge (Hunan Xiangyi Laboratory 

Instrument Development Co., LTD., China) for the first centrifugation (centrifugation parameter was 

2000rmp, 15 minutes). After centrifugation, the whole blood was divided into three layers, the upper 

layer contained most platelets and plasma, the bottom layer was red blood cell layer, and the middle 

layer (buffer) contained white blood cells and platelets. Platelets are mainly found in the upper and 

middle layers. The upper layer and part of the middle layer were slowly transferred to a new aseptic 

centrifuge tube, and a second centrifuge was performed after leveling (centrifuge parameter was 

3000rmp, 10 minutes). The upper 2/3 was platelet-poor plasma (PPP), in which the platelet content 

was low, and the lower 1/3 was PRP. Discard the upper 2/3 of the PPP and gently shake the centrifugal 

tube to obtain the final PRP. The PRP prepared using this method obtained a platelet concentration 

approximately 6 times higher than the baseline concentration. 

4.2. Preparation of GO / Alg 

An appropriate amount of GO powder (Shenzhen Guosen Linghang Technology Co., Ltd., China) 

was dispersed in sterilized distilled water with a concentration of 2 mg/ml. The dispersion was then 

placed in an ultrasonic washer (Ningbo Xinzhi Biotechnology Co., Ltd., China) at room temperature and 

evenly dispersed for 2 hours. An appropriate amount of Alg powder (Shanghai Aladdin Biochemical 

Technology Co., Ltd., China) was added to the GO dispersion (3%wt), stirred well, and left at room 

temperature for later use. 

4.3. Preparation of PRP Gel and Activation of PRP 

Fresh PRP was evenly mixed with 2000U thrombin powder and 5ml 10% calcium gluconate 

solution at a ratio of 10:1. The mixture was shaken evenly and condensed into a gelatinous form after 

3-5 minutes. After allowing it to stand for 2 hours at 37°C, PRP was fully activated. The activated PRP 

supernatant was placed in a centrifuge at 4°C for a gradient centrifuge at 1000rpm for 20 minutes. 

The underlying debris was discarded, and the supernatant was extracted and placed in a new sterile 

tube. In PRP activation, Platelet Rich Plasma Activation Supernatant (PRP-AS) is preserved in the 

refrigerator at -80°C for follow-up experiments. 

4.4. Preparation of GO/Alg and GO/Alg/PRP Gel 

The GO / Alg and PRP（or phosphate buffer saline） were mixed evenly with the ratio of 1:2 to 

obtain GO/Alg/PRP and GO/Alg homogeneous solutions. Calcium carbonate powder (Shanghai 

Aladdin Biochemical Technology Co., Ltd., China) and glucose-delta-lactone (GDL) powder (Shanghai 

Aladdin Biochemical Technology Co., Ltd., China) were weighed and added into the above two mixed 

solutions respectively to prepare a uniform solution with a mass concentration of 0.4% calcium 

carbonate and a molar ratio of GDL powder to calcium carbonate of 2.65.After shaking and mixing 

thoroughly, allow the mixture to stand until a gel forms to obtain GO/Alg/PRP gel and GO/Alg gel. 

4.5. Gel Lyophilization and Electron Microscopy Observation 

GO/Alg/PRP and GO/Alg gels were prepared according to method 4.4. They were then divided 

into sterile EP tubes and left at room temperature for 1 hour. Samples with good shape were taken 

and frozen in a refrigerator at -80℃ for 24 hours. The frozen samples were then removed and placed 

in a vacuum freeze dryer (-88°C, 0.011 kPa, Labconco Co., US) for 24 hours to obtain fluffy GO/Alg/PRP 

and GO/Alg freeze-dried samples. The middle part of the freeze-dried sample with good shape was 

sharply cut and treated with vacuum gold spraying. The microstructure of the sample after 

goldplating was observed by Scanning Electron Microscopy. 
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4.6. Cells 

HFF - 1, HaCaT and HUVEC were Purchased from Wuhan Punosai Life Technology Co., LTD. 

(Wuhan, China), The cells were stored in DMEM medium containing 1% penicillin/streptomycin and 

10% fetal bovine serum (Beijing Biogas Biotechnology Co., LTD., China) and cultured in a 5%CO2 

environment at 37℃. 

4.7. Cells Culture 

H2O2 is a highly active compound that can induce cell damage. H2O2-induced oxidation models 

have been widely used to study cellular responses to oxidative stress [40]. HFF-1, HaCaT, and 

HUVEC cells were cultured to a concentration of 1×105 cells/mL, and after 24 hours of stabilization, 

oxidative stress was induced by treating the cells with H2O2 at 37℃ and 5% CO2 for 12 hours. 

Subsequently, gels containing PBS, GO/Alg, PRP, and GO/Alg/PRP were added to the cells, creating 

the model group, GO/Alg group, PRP group, and GO/Alg/PRP group. In addition, cells without H2O2 

intervention were set as the control group, and PBS was added. The above 5 groups of cells were 

stored in the incubator for 24 hours. Subsequently, the cells were collected using a mechanical method 

combined with a washing method, and the relevant experiments were carried out. 

4.8. Transwell Assay 

Transwell Cell (Beijing Lange Technology Co., LTD., China) was irradiated with ultraviolet light 

for 30 minutes under aseptic operation and operated in a 24-well plate. 5 groups of HFF-1 cells 

prepared in 4.7 were removed, and the cells were digested respectively and re-suspended with 

serum-free medium to obtain HFF-1 cell suspension with a concentration of 2 x 10^5 cells/ml. A 100µL 

cell suspension was added to the upper chamber of the Transwell chamber, and 600µL of serum 

medium was added to the lower chamber of the Transwell chamber. After incubating for 24 hours, 

the Transwell chamber was washed with PBS. Polyethylene terephthalate (PET) membrane was 

immersed in 70% methanol to fix the cells, and then the cells were stained with crystal violet solution. 

Finally, we used an inverted fluorescence microscope to obtain the final results, which were taken for 

quantitative analysis using the ImageJ software. 

4.9. Tube Formation Assay 

The day prior to the experiment, Matrigel was stored in an ice box and then transferred to a 

refrigerator set at 4℃. The adhesive was allowed to gradually thaw overnight. Before the experiment, 

Matrigel was kept in the ice box at all times. Matrigel is mixed with a pre-cooled gun head and 

worked on ice. The 96-well plate and the gun head were pre-cooled in advance, and 50 µL of matrix 

glue was added to each hole to avoid bubbles. The 5 groups of HUVEC cells prepared in 4.7 were 

placed in an incubator at 37°C for 45 minutes to 1 hour. When the HUVEC cells reached 70 to 80% 

confluence, they were digested and re-suspended in DMEM containing 10% FBS. The cells were then 

counted and 50µL of the re-suspension was added to each well at a concentration of 30,000 cells/well. 

This process was repeated for three wells. After incubation at 37℃, blood vessel formation was visible 

4 hours later. After taking photos, we performed quantitative analysis using ImageJ software. 

4.10. Live-Dead Cell Staining 

The cell viability of HaCaT keratinocytes was studied by live/dead experiments. The five groups 

of cells prepared in Section 4.7 were stained with the live/dead detection kit (Invitrogen R37601) 

according to the manufacturer’s protocol. Images were taken with Olympus fluorescence microscope 

(FV300), and the results were further analyzed with Image-J software. 

4.11. Flow Cytometry Analysis 
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The ROS content of HaCaT oxidative stress cells was analyzed by flow cytometry. DCFH-DA 

(Solarbio, Beijing) was diluted with serum-free medium at 1:1000 ratio. The final concentration is 10 

mmol/L. The 5 groups of cells prepared by method 4.7 above were collected and suspended in diluted 

DCFH-DA at a cell concentration of 1 x 10^6 - 10^7 cells/mL, and incubated in a cell incubator at 37°C 

for 20 minutes. Invert and mix every 3-5 minutes so that the probe is in full contact with the cells. The 

cells were washed with serum-free cell culture medium 5 times for 10 minutes each time to fully 

remove the DCFH-DA that did not enter the cells. Intracellular ROS levels were measured by flow 

cytometry [41]. 

4.12. Mice 

Fifty healthy male BALB/c mice aged 8 weeks, weighing 25~30g, were purchased from Jinan 

Pengyue Experimental Animal Breeding Co., LTD.（Jinan, China）, and placed under standard laboratory 

conditions（Temperature :25℃±2℃, relative humidity :55%, light period 12h/ dark period 12h）. The 

mice ate and drank freely and acclimated for 1 week before the experiment. The mouse stress injury 

model was established by pressurizing tissue damage with magnets. The experiments were divided 

into control group, model group, GO/Alg group, PRP group and GO/Alg/PRP group(n=10). Animal 

experiments are approved by the Experimental Animal Ethics Committee of Qilu Medical College of 

Shandong University, and all experiments involving the use of animals are conducted in accordance 

with China’s Animal Management Regulations. At the end of the experiment, the mice were 

euthanized by 30% ventricular gas /min CO2 asphyxia. 

4.13. PI Mouse model 

The PI model with 40 experimental mice was established using the method reported by Stadler 

et al. [42]. Mice were anesthetized using isoflurane by Rodent Anesthesia Machine Gas Anesthesia 

(ABS Full Anesthesia Machine, Louisville, KY, USA), and drug concentrations in the anesthesia were 

approximately 2.5%. The back hair of the mice was scraped with an electric razor and the area was 

cleansed with 70% alcohol. The position of the magnetic plate was marked at the same spot on each 

mouse. The skin was gently pulled up and placed between two circular ceramic magnetic plates 

(12.0mm in diameter and 5.0mm in thickness) with an average weight of 2.4g and a magnetic force 

of 1000g (Magnetic Source, Castle Rock, CO, USA), The magnet was applied for three I/R cycles, with 

one cycle consisting of 12 h of compression, followed by 12 h of release. Animals were not 

immobilized, anesthetized, or treated during the I/R cycles. Forty mice underwent the same 

procedure and posttreatment process (Figure 3-2a). After the surgery, the mice returned to normal 

activities and diet and were able to bear the weight of the fixed magnet throughout the experiment. 

After successful modeling, they were randomly divided into three groups: sterile saline group (model 

group; n = 10), GO/Alg treatment group (wounds were applied with GO/Alg gel without other active 

ingredients; n = 10), PRP treatment group (wounds were applied with homologous rat PRP; n = 10), 

GO/Alg/PRP treatment group (wounds were applied with GO/Alg/PRP gel; n = 10). In addition, 10 

mice in the nonI/R group underwent the above anesthesia, removed the hair, and used a 12mm skin 

biopsy punch (Acuderm, Fort Lauderdale, FL, USA) to create a full-thickness wound with a diameter of 

12mm at the same position as the model established on the back of other mice, named control group. 

4.14. Wound Closure Analysis 

The wounds were photographed on days 0, 4, 7, 10, and 14 using a digital single-lens reflex 

camera (D750, Nikon, Japan). A ruler next to the wounds was used to show wound size, and ImageJ 

software was used to estimate the wound area. These measurements were then used to calculate the 

percentage of wound closure as follows: (area of original wound - area of actual wound) divided by 

the area of original wound, multiplied by 100%. 

4.15. Histopathology and Immunohistochemistry 
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On the 14th day of the experiment, the mice were euthanized, and the wound tissues were 

respectively stained with HE, Masson, vWF, α-sma, CD31 and VEGF-A immunohistochemistry. 

Tissue specimens were immediately fixed with 4% paraformaldehyde (Shanghai McLean Biochemical 

Co., LTD., China) for 48 hours after removal. And then, dehydration, embedding, and sectioning 

(performed by Hua Yong from China using Leica RM2265) were conducted for follow-up inspection 

[43]. Three pathologists utilized Image J to quantitatively analyze the levels of collagen and blood 

vessels. 

4.16. ELISA 

Cells: The 5 groups of cells prepared in 4.7 above were added to the cell culture medium for 

culture. The cell supernatant was collected when the cells grew to the required state. Tissue: Mouse 

skin tissue was extracted. 1.5mL buffer was added per gram of tissue, and then ground into 

homogenate. The homogenate was transferred to a 1.5mL centrifuge tube and spun at 1300rpm at 

4°C for 10 minutes to obtain the supernatant. The obtained supernatant was then analyzed using the 

ELISA kit instructions to determine the levels of MDA and SOD in tissues and cells. This analysis 

helped assess the extent of oxidative stress and antioxidant capacity in the cells. 

4.17. Western Blot Analysis 

Cells: Preparation of each group of HaCaT cells: 100 µg of protein was extracted from the 

abovementioned 4.7 oxidative stress in the cell extract. The same amount of protein was processed 

using 10% sodium dodecyl sulfate gel electrophoresis and then transferred to a nitrocellulose 

membrane (Millipore, Billerica, MA, USA). Tissue: Cells and tissues were pyrolyzed using 

radioimmunity precipitation (RIPA) buffer (Solarbio, Beijing, China). The same amount of protein 

was processed using 10% sodium dodecyl sulfate gel electrophoresis and then transferred to a 

nitrocellulose membrane (Millipore, Billerica, MA, USA). After blocking the above substances with 5% 

skim milk in PBS for 1hour, specific primary antibodies were used for detection. These included TGFβ 

(1 1000), p-p38MAPK (1 1000), p38MAPK (1 1000), p-NF-κB-p65 (11000), NF-κB-p65 (11000), p-IκBα 

(1 1000), IκBα (1:1000), and GAPDH (1 1000), all sourced from Santa Cruz Biotechnology in Santa 

Cruz, CA. The incubation took place at 4°C for 18 hours, followed by a 1hour incubation with 

horseradish peroxidase coupling. Subsequently, the membrane was rinsed with tris buffered saline 

water and the peroxide-labeled Protein bands labeled with peroxidase were detected by enhanced 

chemiluminescence reagent (Millipore, Billerica, MA, USA), and band imaging was carried out by 

using Sense-Q2000 (Lugencico., Ltd., Bucheon, Korea), and the results were further analyzed by using 

ImageJ software. 

4.18. Statistical Analysis 

GraphPad Prism 8.0 was used to statistically analyze the experimental data. All quantitative 

results are expressed as mean ± SD, and unpaired two-tailed Student t-test was used for statistical 

analysis. Differences between groups were analyzed by one-way ANOVA followed by Tukey’s 

posttest. 
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