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In the case of wounds with exposed bone, it is essential to provide not only
scaffolds with sufficient mechanical strength for protection, but also
environments that are conducive to the regeneration of tissues and blood
vessels. Despite the excellent biocompatibility and biodegradability of collagen
and chondroitin sulfate, they display poor mechanical strength and rapid
degradation rates. In contrast to previous methodologies that augmented the
mechanical properties of biomaterials through the incorporation of additional
substances, this investigation exclusively enhanced the mechanical strength of
collagen/chondroitin sulfate scaffolds by modulating collagen concentrations.
Furthermore, platelet-rich plasma (PRP) was employed to establish optimal
conditions for vascular and tissue regeneration at the wound site. High-
concentration collagen/chondroitin sulfate (H C-S) scaffolds were synthesized
using high-speed centrifugation and combined with PRP, and their effects on
endothelial cell proliferation were assessed. A porcine model of bone-exposed
wounds was developed to investigate the healing effects and mechanisms. The
experimental results indicated that scaffolds with increased collagen
concentration significantly enhanced both tensile and compressive moduli.
The combination of H C-S scaffolds with PRP markedly promoted endothelial
cell proliferation. In vivo experiments demonstrated that this combination
significantly accelerated the healing of porcine bone-exposed wounds and
promoted vascular regeneration. This represents a promising strategy for
promoting tissue regeneration that is worthy of further exploration and clinical
application.
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1 Introduction

The skin functions as a barrier between the internal and external
environments of the human body, representing the largest organ in
the body and performing a multitude of vital functions for survival
(Haxaire et al., 2023). The presence of stem cells enables the injured
epidermis to stimulate self-regeneration. However, in cases of deep
injuries, such as exposed bones, the healing process is often
insufficient, leading to chronic wounds (Pena and Martin, 2024).
Severe skin injuries frequently require autologous skin grafting
treatments (Kahn et al., 2024). Nonetheless, the availability of
autologous healthy skin tissue for grafts is limited. The use of
allogeneic skin tissue does provide an alternative, but it also
carries risks of infection and immune rejection (Schlottmann
et al., 2024).

Tissue engineering materials have demonstrated considerable
potential as a means of facilitating the regeneration of wound-
healing skin tissues (Wang et al., 2023; Cao et al., 2023). In recent
decades, a variety of multifunctional biomaterials have been
developed with the capacity to provide barrier protection to
damaged tissues, reduce wound pain, and facilitate healing
through tissue regeneration (Motsoene et al., 2023; Guo et al.,
2024). The role of collagen and chondroitin sulfate in promoting
wound healing has been the subject of extensive study (Rong et al.,
2023). A sponge-like wound dressing, comprising gelatin,
chondroitin sulfate, and collagen, has been developed by
researchers and has been demonstrated to facilitate wound
healing (Wang et al., 2006). However, scaffolds made from
collagen and chondroitin sulfate at conventional concentrations
are susceptible to disintegration upon contact with water and
exhibit poor mechanical properties. Liang et al. (2010) reported
that collagen protein can be concentrated via centrifugation,
resulting in the subsequent production of high concentration
collagen-chondroitin sulfate (H C-S) scaffolds with significantly
enhanced mechanical properties and water absorption.

The absence of subcutaneous fat, muscle tissue, and slow
vascularisation are regarded as the primary characteristics of
bone-exposed wounds (Darwish et al., 2024). In addition to
providing a physical barrier, facilitating vascular and tissue
regeneration is of critical importance for the process of wound
healing (Fani et al., 2024). Researchers have endeavoured to enhance
the properties of biomaterials in order to facilitate vascular and
tissue regeneration (Song et al., 2024). Among the strategies that
have been considered, the addition of platelet-rich plasma (PRP) has
been identified as a promising therapeutic approach. PRP is
obtained by centrifuging animal or human whole blood to
produce a high concentration of platelet plasma containing
multiple growth factors (GFs), including platelet-derived growth
factor (PDGF), transforming growth factor-β (TGF-β), insulin-like
growth factor (IGF), epidermal growth factor (EGF), and vascular
endothelial growth factor (VEGF) (Pixley et al., 2023). The GFs
present in PRP have been demonstrated to facilitate a number of
essential processes in wound healing, including cell attachment,
migration, differentiation, and extracellular matrix synthesis. Of
particular importance is their ability to promote vascular
regeneration (Pineda-Cortel et al., 2023). The combination of
PRP and biomaterials in tissue engineering provides mechanical
support and enables the sustained local release of bioactive

molecules at the site of injury, making it a low-cost and efficient
potential treatment method (Grzelak et al., 2024; Wu et al., 2022).

Collagen and chondroitin sulfate are components of the
extracellular matrix, renowned for their exemplary
biocompatibility and biodegradability. However, due to their poor
mechanical properties, they often require combination with other
materials to enhance their mechanical strength, which can result in a
reduction in biodegradability and biocompatibility of the scaffold
materials. In this experiment, the mechanical strength of the scaffold
was enhanced without the addition of other materials through a
simple adjustment of the collagen concentration. The scaffold was
used in conjunction with PRP to repair bone-exposed wounds in a
porcine model. Initially, H C-S scaffolds were synthesized and their
mechanical strength was evaluated. Subsequently, the composite
material was combined with PRP and its effects on human umbilical
vein endothelial cells (HUVECs) were tested in vitro. Finally, this
composite material was applied to bone-exposed wounds in porcine,
and the healing effects at different time points were monitored,
along with histological staining to elucidate the potential
mechanisms by which the composite material promoted healing
of the bone-exposed wounds. The schematic illustration is presented
in Figure 1.

2 Materials and methods

2.1 Materials

The type I collagen (Rat Tail, purity >90%) was purchased from
Guangzhou Zuo Ke Biotechnology Development Co., Ltd.
Chondroitin sulfate A (molecular weight 18 kDa, purity 98%)
was purchased from Guangzhou Zuo Ke Biotechnology
Development Co., Ltd. Acetic acid was purchased from Shanghai
Maclin Biochemical Technology Co., Ltd. HUVECs were purchased
from Guangzhou Yongjin Biotechnology Co., Ltd. Experimental
Bama pigs were purchased from Jiangsu Ailingfei Biotechnology
Co., Ltd. Deionized water (>18.2 MΩcm) was used when water
was involved.

2.2 Fabrication of H C-S scaffolds

A method previously described in the literature (Liang et al.,
2010) was employed to successfully produce H C-S scaffolds. The
process commenced with the dissolution of 110mg of type I collagen
in 40 mL of 0.5 M acetic acid. The solution was then subjected to
vigorous mixing at 13,500 rpm for 20 min in an ice-water cooled
container. Subsequently, 11 mg of chondroitin sulfate was dissolved
in 2 mL of 0.5 M acetic acid, thoroughly mixed and gradually added
to the collagen solution. Following thorough mixing, the combined
mixture was lyophilized, resulting in a normal concentration
collagen/chondroitin sulphate (N C-S) scaffold. The
concentrations of collagen and chondroitin sulfate in the N C-S
solution are 2.6 g/L and 0.26 g/L, respectively. In order to obtain a
higher concentration scaffold, the N C-S solution was subjected to
centrifugation at 38,720 g for a period of 20 min, utilising a high-
speed refrigerated centrifuge (Avanti JXN-26). Following the
centrifugation process, the supernatant, which constituted 80% of
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the total solution, was discarded, and the remaining solution was
thoroughly mixed with the collagen precipitate. This final mixture
was then lyophilised, resulting in the production of an H C-S
scaffold. The concentrations of collagen and chondroitin sulphate
in the H C-S solution after concentration treatment are
approximately 11.13 g/L and 0.26 g/L respectively.

2.3 Testing of water absorption and
mechanical properties of H C-S scaffolds

The fabricated H C-S and N C-S scaffolds were cut into discs of
10 mm diameter, dried, and their weights were recorded.
Subsequently, the scaffolds were immersed in culture medium for
24 h to achieve complete hydration. Thereafter, the weights of the
water-saturated scaffolds were determined (n = 6). Moreover, the
scaffolds were shaped into rectangular specimens with dimensions
of 22 mm in length, 5 mm in width, and 3 mm in height. The
specimens were subjected to tensile testing using an electronic
universal testing machine (Instron model 5,565) at a strain rate
of 1.4 mm/min. The tensile modulus was calculated by fitting the
experimental stress (σ) and strain (ε) data according to the
manufacturer’s instructions. Similarly, the compressive modulus
of each 10 mm diameter disc was measured using the same
testing machine. Each disc was compressed at a strain rate of 5%
s−1 for 3 s, and the stress-strain curves were recorded by a computer

data acquisition system to derive the average compressive modulus.
The weight of each group of scaffolds was recorded, after which they
were placed in 100 mL of saline solution and subjected to cyclic
shaking at 100 rpm at a temperature of 37°C ± 0.5°C. The fluid was
replaced on a weekly basis, and following 10, 20 and 30 days, three
samples from each group were taken, dried and weighed. In the
material degradation tests, the weighed samples were subjected to an
ultimate stress test. The results are presented in
Supplementary Figure S1.

2.4 PRP specimens were obtained
and identified

All experimental procedures were conducted in strict
accordance with the guidelines set forth by the Animal Care and
Ethics Committee and were approved by the Ethics Committee of
the Medical Department of Yangtze University. The isolation and
extraction of PRP samples were conducted in accordance with the
methodology previously outlined in the literature (Everts et al.,
2021). Blood samples were obtained from Bama miniature pigs. In
summary, the pigs were anaesthetised with isoflurane, and a venous
transfusion needle was inserted into the posterior lateral saphenous
vein of the hind limb. Subsequently, a 20-mL sample of fresh blood
was extracted using a syringe. The sample was subjected to
centrifugation at 300 g for a period of 10 min, with the objective

FIGURE 1
The schematic illustration of H C-S/PRP scaffold that promotes bone-exposed wound healing in porcine.
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of removing the red and white blood cells. The resulting supernatant
and intermediate layers were then collected. The collected solution
was then subjected to a further centrifugation at 1,200 g for 15min at
4°C, resulting in the isolation of approximately 2mL of PRP from the
bottom fraction. The platelet concentrations in both the extracted
platelet-rich plasma and whole blood were quantified using a
hemocytometer (Acmec, Shanghai, China). The PRP supernatant
was prepared by activation with 100 µL of 10% calcium chloride
(Aladdin). ELISA kits (Abbkine) were employed to quantify the
levels of TGF-β, PDGF and VEGF in the PRP supernatant.
According to the classification system proposed by Harrison
et al. (2018), the prepared PRP is categorized as PRP IIA1.

2.5 Fabrication and electron microscope
scanning of H C-S/PRP

The prepared H C-S was trimmed to a size of 5 mm × 5mm, and
2 mL (×1) PRP IIA1 was added to each sample. Subsequently, the
samples were incubated in 5 mL EP tubes for 30 min, resulting in the
formation of the H C-S/PRP scaffolds. The scaffolds were
subsequently stored overnight in a freezer set to −80°C and then
freeze-dried in a freeze dryer (Lichen Technology, China). Following
the freeze-drying process, a specimen holder comprising conductive
tape was prepared, and the specimens were attached to the tape with
great care. In order to enhance the conductivity of the samples, a
thin layer of platinum was applied to their surfaces via spraying. The
platinum-sprayed samples were subsequently subjected to
examination in a scanning electron microscope (ZEISS Merlin).

2.6 Detection of slow release of GFs in H
C-S/PRP

The prepared H C-S/PRP was placed in 10 mL of physiological
saline and subsequently transferred to a constant temperature
incubator maintained at 37°C. On days 0.5, 2, 5, 10, 15 and 22 of
cultivation, the supernatant was collected from the upper layer. The
assays were performed using the ELISA kit (Abbkine) in accordance
with the manufacturer’s instructions. The GF standards of known
concentrations served as indirect reference controls for the
determination of the levels of GFs present in the samples under
investigation. Each sample was subjected to triplicate analysis, and
the mean concentration was calculated.

2.7 Effect of H C-S/PRP on the proliferation
of HUVECs

The HUVECs were thawed, resuspended, and cultured.
Passaging was performed when the cells reached approximately
80% confluence. Subsequently, the cultured HUVECs were digested
in order to obtain a suspension, and the cell counts were performed
using a hemocytometer. Aliquots of 5 × 10⁴ cells were seeded on
equal-sized H C-S/PRP scaffolds, H C-S scaffolds, or N C-S
scaffolds. The scaffolds were disinfected using ultraviolet
radiation. Following a 30-min incubation period in a constant
temperature incubator to permit cellular attachment, a complete

culture medium was introduced. MTT assays were conducted on
days 3, 5, and 7 of the culture period. Simply put, MTT solution is
added to the test sample, and then DMSO is used to dissolve the
generated formazan in the cells. Transfer the color developed
solution to a 96 well plate. The optical density (OD) values were
determined at a wavelength of 490 nm. The cells and materials in the
co-culture state were extracted concurrently and stored overnight in
a −80°C freezer, followed by scanning electron microscope (SEM).
Moreover, the proliferative effects of H C-S/PRP on HUVECs were
investigated at the gene level using reverse
transcription–quantitative polymerase chain reaction (RT-qPCR).
On day 7, total RNA was extracted from HUVECs grown on H C-S/
PRP scaffolds. In brief, 1 mL NAiso plus (TAKARA) was added to
each sample and allowed to stand for 5 min at room temperature.
The purified RNA was then extracted through the following steps:
phase separation, RNA precipitation, washing and dissolution. The
quantity of RNA was ascertained through the utilisation of a
Nanodrop 2000. Subsequently, cDNA was synthesised using a
reverse transcription kit (Beyotime). The resulting DNA was
amplified using a Step-One-Plus real-time PCR system. The
primers employed in this experiment included those for cyclin
D1, cyclin D3, p53, c-Myc, Bcl-2 and GAPDH. The primer
sequences are presented in Table 1. The PCR parameters were
set as follows: initial denaturation at 95°C for 30 s, followed by
denaturation at 95°C for 5 s, annealing and extension temperature at
60°C for 30 s, for a total of 40 cycles. The relative gene expression
levels were calculated using the 2−ΔΔCT method, with GAPDH as the
reference gene.

2.8 Constructing a bone-exposed wound
model in porcine

The ethical guidelines for animal experimentation were
rigorously adhered to throughout the course of this study, and all
protocols were duly approved by the Ethics Committee of the

TABLE 1 Displays primer sequences used in PCR experiments.

Gene Sequences (5′–3′)

cyclin D1 F: GCGAGCCACACGTCAAACTA

R: TCCGTTGATAGACACAACTCCTC

cyclin D3 F: CTGTAACATCGAAACTGGGGAAA

R: CCATAGCTGAACTCAAAACCACC

p53 F: CTGCCGTCCGATTGAGACC

R: CCCCTCCTTGTACCACTGTC

c-Myc F: CTGCAACAGACTTCCATCCAG

R: AGTGCTATTGACAGGTCTGTTGG

Bcl-2 F: CCCTCACACTCTGATCATCTTCT

R: GCTACGACCAGGGCTACAG

GAPDH F: AGAAGGCTGGGGCTCATTT

R: GGTGCTAAGCTGTTGGTGGT
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Medical Department of Yangtze University (approval number:
202401005). Ten Bama pigs were anaesthetised with continuous
intratracheal isoflurane and positioned on the operating table in the
prone position. The heads of the subjects were immobilised and the
surrounding hair was removed. The surgical area was sterilised with
iodophor. In a sterile environment, two circular bone-exposed
wounds, measuring 2 cm in diameter and preserving the
periosteum, were created above the orbit using an 11-blade
scalpel, with a 3 cm gap between them. The scaffolds were
disinfected with ethylene oxide. The scaffolds were trimmed to fit
the craniotomies and secured with 3–0 Ethicon sutures. The animals
were divided into five groups: the control group, the PRP group, the
N C-S group, the H C-S group and the H C-S/PRP group. The
surgical wounds were dressed with sterile gauze, compressed and
tightly bandaged in accordance with standard surgical practice.
Once the anaesthetic had worn off, the pigs were transferred to
individual cages for recovery. Post-operative analgesia and
antibiotics were administered for a period of 3 days.

2.9 Gross observation and quantification of
wound size

During the experimental period, photographic documentation
was conducted on days 0, 10, and 30 to evaluate the status of the
wounds, noting any indications of inflammation, infection, or
exudate. Subsequently, sterile medical paper was applied to the
wounds in order to create a visible impression, which was then
analysed using ImageJ software to accurately measure
the wound area.

2.10 Histological staining and scoring

Skin punch biopsies, with a diameter of 3 mm, were taken from
the centre of the wound on days 10, 20 and 30. Subsequently, the
specimens were fixed in 4% paraformaldehyde (Aladdin) for 1 h
prior to undergoing a dehydration and paraffin embedding process.
The subsequent step was the performance of a haematoxylin and
eosin (HE) staining procedure, which was conducted for the purpose
of histological analysis. The evaluation of the inflammatory
response, vascular regeneration and epithelialisation at the wound
site was conducted using histological scoring methods based on
previous literature (de Moura Estevao et al., 2019). Furthermore,
immunohistochemical staining for CD31 was conducted. In short,
following dewaxing of the paraffin sections, antigen retrieval was
conducted using citrate buffer (pH 6.0). Additionally, endogenous
peroxidase activity was inactivated by treating each section with 3%
H₂O₂ and incubating for approximately 10 min at room
temperature. The primary antibody, CD31 (1:100 dilution), was
added and incubated overnight at 4°C in a refrigerator. A secondary
antibody was employed to specifically bind to the corresponding
primary antibody. Subsequently, the nuclei in the samples were
stained with haematoxylin. The samples were then subjected to a
process of closed fixation, which involved the use of neutral gum and
the subsequent addition of a coverslip.

2.11 Statistical analysis

All experimental data were collected with precision and
objectivity, thus ensuring the reliability of our findings. The
statistical analysis of the differences between the two groups was
conducted using unpaired t-tests, while comparisons between
multiple groups were performed using one-way ANOVA. All
statistical calculations were performed using the SPSS
19 software. The results are expressed as mean ± standard
deviation (SD), and a P-value of less than 0.05 is considered
statistically significant, indicating a meaningful difference in the
observations.

3 Results

3.1 Synthesis of H C-S and H C-S/PRP and
their physical properties

The platelet concentration in the obtained PRP shown in
Figure 2A was (5.5 ± 0.4) × 1011 cells/L, which was more than
five times that of whole blood (0.98 ± 0.1) × 1011 cells/L, with a
P-value of less than 0.000, and the difference was statistically
significant. As illustrated in Figures 2B–D, the experimental
results indicated that the concentrations of PDGF, TGF-β and
VEGF in PRP were 0.53 ± 0.09 μg/mL, 0.75 ± 0.1 μg/mL, and
0.89 ± 0.1 μg/mL, whereas the concentrations of PDGF, TGF-β, and
VEGF in whole blood were 0.17 ± 0.05 μg/mL, 0.12 ± 0.03 μg/mL,
and 0.23 ± 0.04 μg/mL, respectively, with P values less than 0.000,
and the differences were all statistically significant. The results
indicated that the PRP had a high concentration of platelets and
a high concentration of PDGF, TGF-β and VEGF. Figures 2E, F
revealed the SEM images of N C-S and H C-S, the scaffolds all
presented relatively uniform pores, the diameter of the pores in H
C-S was smaller than that of N C-S, the diameter of the pores in N
C-S was about 80–150 μm, and that in H C-S was about 30–60 μm.
Figure 2G illustrated that the H C-S scaffold was adhered with
spherical “mine-like” platelet particles with good size uniformity.
Figure 2H displayed that the tensile modulus of H C-S was
significantly higher than that of N C-S, almost 30 times higher.
Figure 2I illustrated the ultimate stress values when the scaffold was
fractured. Figure 2J demonstrated that the compressive modulus of
H C-S was significantly higher than that of N C-S. Figures 2K, L
indicated the water absorption of H C-S and N C-S at the 24 h of
immersion in culture solution. As shown in Figure 2K, the water
uptake of H C-S was significantly higher than that of N C-S at the
same volume. However, the results presented in Figure 2L were not
statistically significantly different when compared to the water
uptake of N C-S, despite a decrease in water uptake of H C-S at
the same weight. The release rates of 3 GFs, PDGF, TGF-β and
VEGF, were measured on days 0.5, 2, 5, 10, 15, and 22, respectively,
as shown in Figure 2M. The results demonstrated that the 3 GFs,
PDGF, TGF-β and VEGF, were released at a slow rate. Both PDGF
and VEGF were released on day 22, with a release rate close to 100%.
TGF-β was released more slowly, with a release rate of
approximately 90% on day 22.
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FIGURE 2
Synthesis and biological properties of HC-S/PRP. (A)Comparison of platelet content in PRP versus whole blood. (B)Comparison of PDGF content in
PRP versus whole blood. (C) TGF-β in PRP versus whole blood. (D) Comparison of VEGF content in PRP versus whole blood. N C-S (E), H C-S (F) and H
C-S/PRP (G) SEM images. (H) Tensile modulus of H C-S scaffold. (I)Maximum tensile value of the H C-S scaffold. (J) Compressive modulus of the H C-S
scaffold. (K, L) Water absorption property of H C-S. (M) Sustained release effect of PDGF, TGF-β and VEGF in H C-S scaffold. *** represents p <
0.001 compared to control.
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FIGURE 3
Growth of HUVECs on HC-S/PRP scaffold. (A) SEM imagewith red arrows indicating platelets and blue arrows indicating HUVECs. (B) Results of MTT
experiments. (C–G) Expression of genes c-Myc, P53, Bcl-2, cyclin D3 and cyclin D1. ** represents p < 0.01 compared with control. *** represents p <
0.001 compared with control.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Li et al. 10.3389/fbioe.2024.1441053

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1441053


3.2 Growth of HUVECs on HC-S/
PRP scaffold

Figure 3A presented the growth of HUVECs on H C-S/PRP
scaffold by SEM, which displayed good growth and normal
morphology. The number of cells gradually increased with time,
indicating that HUVECs were actively growing on the scaffold and

that the scaffold was biocompatible. Figure 3B indicated that on days
3, 5 and 7, the H-C-S/PRP group promoted the proliferation of
HUVECs more than the H-C-S and N-C-S groups, and the
difference was statistically significant with a P-value of less than
0.05. The results of Figures 3C–G illustrated that the H C-S/PRP
group significantly suppressed the expression of pro-apoptosis
related genes c-Myc and P53. And significantly promoted the

FIGURE 4
H C-S/PRP promotes wound healing of bone-exposed in porcine. (A) Wound healing at day 0, day 10 and day 30. (B) Quantification of wound
healing rate at day 0, day 10 and day 30. * represents p < 0.01 compared to control. ** represents p < 0.01 compared with control. *** represents p <
0.001 compared with control.
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FIGURE 5
HE staining and scoring. (A) HE staining results of tissue at the wound site on days 10, 20 and 30. (B) Histological score of wound healing on day 10.
(C)Histological score of wound healing on day 20. (D)Histological scores of wound healing on day 30. Scale bar is 2mm. * represents p < 0.01 compared
to control. ** represents p < 0.01 compared with control. *** represents p < 0.001 compared with control.
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FIGURE 6
CD31 immunohistochemical staining results. (A) CD31 staining results of wound site tissues at day 10, day 20 and day 30, respectively. The lower left
corner shows a partial enlargement of the image by 3.5 times. (B) Quantitative analysis of angiogenesis at the wound site at day 10. (C) Quantitative
analysis of angiogenesis at the wound site on day 20. (D) Quantitative analysis of angiogenesis at the wound site on day 30. Scale bars are 2 mm. *
represents p < 0.01 compared to control. ** represents p < 0.01 compared to control. *** represents p < 0.001 compared to control.
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expression of inhibition of apoptosis-related gene Bcl-2 and pro-
proliferation-related genes cyclin D3 and cyclin D1. The difference
was statistically significant, P less than 0.05.

3.3 Gross observation of wound healing of
bone-exposed in porcine

Wound healing was counted on the day of surgery, 10th
postoperative day and 30th postoperative day as illustrated in
Figure 4A. The wounds in all groups healed gradually over time.
However, it was observed that HC-S/PRP wounds healed the fastest,
followed by H C-S and PRP, which were significantly faster than the
control group. Figure 4B Quantitative statistics showed that at
postoperative days 10 and 30, the wound healing rate was 46% ±
5.78% and 86% ± 4.32% in the H C-S/PRP group and 33% ± 7.34%
and 80% ± 4.83% in the H C-S group, respectively. In addition, H
C-S/PRP promoted wound healing significantly more than the N
C-S group. The difference was statistically significant. Both
quantitative and qualitative results clearly demonstrated that the
H C-S/PRP group was more effective in promoting wound healing.

3.4 HE staining and scoring results

The results of HE staining indicated that, in general, there was a
gradual increase in the regeneration of granulation tissue at the
wound site and a gradual increase in collagen and epidermal tissue in
all groups over time. Figure 5A illustrated that the H C-S/PRP group
had more pronounced epithelial regeneration and collagen
deposition compared to the other groups. Figure 5B
demonstrated that on day 10 the wound histological score was
significantly higher in the H C-S/PRP group compared to the other
groups. Similarly, on days 20 and 30 as illustrated in Figures 5C, D,
the wound histological scores revealed that the H C-S/PRP group
was the most effective in promoting wound healing.

3.5 Results of
CD31 immunohistochemical staining

Vascular regeneration during wound healing was further
investigated. As illustrated in Figure 6A, blood vessel
regeneration was more pronounced in the HC-S/PRP group than
in the control group on days 10, 20 and 30. Figure 6B demonstrated
that the number of blood vessels at the wound site on day 10 was
significantly higher in the H C-S/PRP group than in the control
group. Similarly, as indicated in Figures 5C, D, the number of blood
vessels at the wound site was significantly higher in the H C-S/PRP
group compared to the control group on days 20 and 30. In addition,
H C-S/PRP promoted the number of blood vessels significantly
more than the N C-S group and the H C-S group.

4 Discussion

Bone-exposed wounds represent a severe form of skin and soft
tissue deficiency that necessitates the use of high-performance

wound dressings. It is essential that these dressings possess not
only adequate mechanical strength but also meet the biochemical
conditions required for optimal wound healing. In this study, we
sought to enhance the mechanical strength of the scaffold material
by adjusting the concentration of collagen and to utilise the
properties of PRP, which is rich in GFs that promote tissue and
vascular regeneration, to develop a treatment protocol suitable for
the healing of bone-exposed wounds. To the best of our knowledge,
there are relatively few studies that have employed large animal
models, such as porcine, for the investigation of bone-exposed
wounds. However, the similarity between porcine and human
skin lends additional credibility to our results and provides
valuable insights for clinical applications.

A crucial aspect of the utilisation of scaffold materials in the
treatment of bone-exposed wounds is the provision of an adequate
mechanical environment until such time as the formation of
granulation tissue and epidermis at the wound site is sufficiently
advanced (Freedman et al., 2023). To ascertain whether elevated
collagen concentrations could enhance the mechanical attributes of
the scaffolds, tensile and compressive loading tests were conducted.
The results demonstrated that the tensile and compressive modulus
of elasticity of the H C-S scaffolds were markedly higher than those
of the scaffolds with general concentrations, thereby providing
enhanced mechanical protection to the wound. Through this
experiment, we established that increasing the collagen
concentration within the scaffold could potentially augment its
mechanical strength. This approach of tailoring the mechanical
strength of the scaffold is likely to facilitate tissue repair in
disparate mechanical environments.

The results of this experiment suggest that scaffolds composed of
H C-S facilitate the orderly release of GFs from PRP, thereby
demonstrating a sustained release effect. Previous research has
indicated that the gradual release of GFs is conducive to the
promotion of wound healing (Qian et al., 2020). PRP is a source
of numerous GFs and cytokines. The presence of PDGF, VEGF and
TGF-β was confirmed in the PRP obtained in this study. PDGF and
VEGF are essential for the process of angiogenesis. PDGF has been
demonstrated to enhance the survival, proliferation and migration
of endothelial cells, thereby playing a role in the promotion of
angiogenesis (Zhang et al., 2022). Recombinant human PDGF has
demonstrated efficacy in promoting wound healing (Gao et al.,
2021). VEGF has been demonstrated to promote mitosis and anti-
apoptotic activity in endothelial cells, increase vascular permeability
and facilitate endothelial cell migration, thereby promoting
angiogenesis (Perez-Gutierrez and Ferrara, 2023). These findings
are in accordance with the experimental results, which revealed that
the incorporation of PRP into H C-S scaffolds markedly enhanced
endothelial cell proliferation. Prior experimental studies have
indicated that PRP promotes the proliferation of human
keratinocytes (HaCaT) cells by regulating cell cycle progression
(Misiura et al., 2021). To further investigate whether PRP
promotes endothelial cell proliferation through cell cycle
modulation, the expression of cell cycle-related genes, including
c-Myc, P53, Bcl-2, cyclin D1, and cyclin D3, was analysed using RT-
qPCR in this experiment. The expression of apoptosis-related genes,
including c-Myc and P53, was found to be inhibited in the H C-S/
PRP group, while the expression of the anti-apoptotic gene Bcl-2 was
increased and that of cell cycle activators, including cyclin D1 and
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cyclin D3, was promoted. These findings suggest that PRP may
enhance endothelial cell proliferation by influencing the cell cycle.

The process of wound healing is typically divided into four
distinct phases: hemostasis, inflammation, proliferation, and
remodeling. GFs are known to play a pivotal role in all of these
phases (Li et al., 2024). Of these, TGF-β is of particular importance
throughout the entirety of the wound healing process (Bonnici et al.,
2023), with a particular influence on the proliferation and
remodeling phases. During these stages, it facilitates the
formation of granulation tissue, angiogenesis, and epithelial
regeneration (Li et al., 2017). In this experiment, a variety of
materials were applied to cranial bone exposure wounds of Bama
mini-pigs, including N C-S, H C-S, H C-S/PRP and PRP alone. It
was observed that the H C-S/PRP group exhibited significantly
accelerated wound healing. Furthermore, histological staining
experiments demonstrated that the regeneration of granulation
tissue and epidermis was markedly enhanced in the H C-S/PRP
group, which also received higher histological scores. This
improvement is likely to be associated with the release of
GFs from PRP.

The transportation of nutrients and promotion of cellular
metabolism are essential processes during the wound healing
process, and the role of blood vessels in this process cannot be
underestimated. Effective vascular regeneration is a crucial factor
in the process of wound healing, exerting a direct influence on the
quality and speed of the healing process (Yu et al., 2024). It has
been demonstrated that angiogenesis initially occurs through
the proliferation and migration of endothelial cells, which
then give rise to the formation of nascent vascular sprouts.
Subsequently, these sprouts develop lumens under the
influence of blood flow and recruit pericytes from the stroma
to adhere to the new vessels, thereby completing the maturation
of the neovasculature (DiPietro, 2016). The results of the
experimental study demonstrated that the H C-S/PRP group,
which was enriched with GFs such as PDGF, VEGF and TGF-β,
significantly promoted the proliferation of vascular endothelial
cells, thereby facilitating vascular regeneration. Interestingly, the
in vivo experiments confirmed this effect. The
CD31 immunohistochemistry results indicated that the H C-S/
PRP group significantly enhanced vascular regeneration at
the wound site.

The preclinical success of our study using a porcine model for
bone-exposed wound healing with H C-S/PRP scaffolds paves the
way for potential clinical translation. The mechanical and
biochemical properties of our scaffold, which have been
optimized in a large animal model, suggest that it could be
particularly beneficial in human wound care scenarios requiring
both structural support and a conducive environment for tissue
regeneration. For instance, our scaffold may be ideally suited for
patients with extensive burn injuries, chronic wounds, or those
undergoing reconstructive surgeries where traditional grafts are
either insufficient or unavailable. However, the transition from
preclinical to clinical use is not without challenges. One of the
primary considerations is the scalability of our production process
to meet clinical demands while maintaining the quality and
integrity of the scaffolds. Additionally, the porcine model,
despite its similarities to human skin, may not fully replicate
the complexity of the human wound healing process. Therefore,

further research is needed to tailor our findings to the nuances of
human biology. Another anticipated challenge is navigating the
regulatory landscape. The approval process for new medical
devices and treatments is rigorous and requires extensive safety
and efficacy testing. We must also consider the economic
implications, including the cost of production and the potential
for reimbursement by healthcare systems, which could influence
the widespread adoption of H C-S/PRP scaffolds. It is important to
acknowledge the limitations inherent in our study. The use of a
porcine model, while providing valuable insights, may not
perfectly translate to human wound healing due to species-
specific differences in physiology and immune response. The
duration of our study may not fully capture the long-term
performance and safety of the H C-S/PRP scaffolds.
Additionally, our study focused on a specific type of wound in
a controlled setting, which may limit the generalizability of our
findings to other wound types or more variable clinical
environments. Furthermore, while our study demonstrated the
potential for enhanced vascular and tissue regeneration, the
specific mechanisms by which the scaffold and PRP interact
with the human body’s complex wound healing processes
require further elucidation. This includes understanding the
scaffold’s interaction with the immune system and its potential
impact on wound infection rates and scarring. Addressing these
limitations will be crucial for the future development of our
scaffold. This includes extending the study duration to assess
long-term outcomes, conducting additional trials with diverse
wound types, and refining our understanding of the scaffold’s
mechanistic interactions with human biology. Overcoming these
barriers will be essential to realize the full potential of H C-S/PRP
scaffolds in clinical practice.

5 Conclusion

The synthesis of the H C-S scaffold was successfully completed
and demonstrated to exhibit markedly enhanced mechanical
characteristics. Furthermore, the combination of the H C-S
scaffold with PRP was observed to markedly accelerate the
healing of bone-exposed wounds in porcine models. This
improvement is associated with the scaffold’s capacity to release
a range of GFs in a structured manner, thereby facilitating tissue and
vascular regeneration.
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