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Abstract
The medical signi�cance of mesenchymal stem cells (MSCs) is not only providing a promising strategy
for cutaneous wound healing, but also bringing alternative for the patients whose wounds or burns were
di�cult to treat and heal. In our previous researches, we produced a fusion protein (Collagen/CBD-E7
peptide) which had high a�nity to MSCs and then bound it to collagen scaffold with a CBD (collagen-
binding domain). When applied to full-thickness skin defect porcine models, MSCs could be speci�cally
raised to target area which helps accelerate coalescence at early stage. However, scar is
an indispensable part of the tissue repair, arising after almost every dermal injury with abnormal
appearance and functional disturbance. It usually takes one to three years for the scars to pale and
mature. Thus, in this study, we focused on the structure repair of skin defect more than one year after the
wounds healing. We found that at the 16w after operation, the proportion of collagen type III was more
than collagen type I in Collagen/CBD-E7 peptide group, which indicates a higher healing quality
comparatively. While at the 64w, the ratio between collagen type I and collagen type III reached a balance
of natural skin tissues. In addition, cutaneous appendages were observed in Collagen/CBD-E7 peptide
scaffold group at the 16w and 64w after surgery. From this point of view, the functional collagen scaffold
treatments may be able to improve the cosmetic outcome of injury, burns or trauma, and scars are no
longer an inevitable consequence of skin healing. This will also imply that humans would no longer be
suffering from the scars caused by skin trauma, which is of signi�cant orthopaedic meaning.

1. Introduction
Skin, the largest organ of human body, primarily serves as a protective barrier between organism and
outer environment [1]. Loss of skin integrity may result in acutely substantial physiologic imbalance and
ultimately leads to signi�cant disability or even death [2]. However, failure occurs in different levels as
treatments for skin defect still leave much to desire: the availability of healthy skin, the donor-site
complication, scar hyperplasia together with the risk of immune rejection are all considered to be
obstacles for traditional methods of deep wounds repair such as split-thickness grafts, allogeneic and
xenogeneic skin grafts [3]. Thus, in order to overcome the di�culties brought by such limitations, to
develop new repair therapy is a matter of great urgency.

In recent years, stem cell therapy has emerged as a potential therapeutic strategy for full-thickness wound
repair [4]. Among all types of stem cells, autologous MSCs have become the focus of research due to
their unique characteristics of self-renewal, multi-lineage differentiation and low immunogenicity [5, 6].
The MSCs present in bone marrow stromal and the stromal of other organs including placenta,
subcutaneous adipose tissue, and muscles [7]. Researches have shown that the cultured autologous
MSCs are capable of accelerate the process of the healing of large full-thickness skin wounds in murines,
rabbits and humans [8, 9]. However, the application of MSCs therapy was hinderedby inability to target
speci�cally. In our previous study, we produced a functional collagen scaffold which had high speci�c
a�nity to MSCs consisting of the MSC-E7 peptide and a collagen-binding domain [10]. When applied in
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full-thickness skin defect porcine models, it couldeffectively enhance the recruitment of MSCs, improving
blood perfusion and promote wound healing at the 1w 2w 3w 4w weeks [10].

The ideal repair method is to completely regenerate, so that the new tissue may have the same structure
as the original uninjured skin. However, scars are the �nal stage of mammalian tissue repair, and it
usually takes one to three years to pale and mature [11]. In this study, we aim to evaluate the functional
collagen scaffold in porcine full-thickness skin defect models for a long-term on skin regeneration and
scar formation.

2. Materials And Methods
2.1The CBD-E7 functional collagen scaffolds

The main material used in the study, collagen scaffold, which is also the focus of this research, was
provided by Institute of Genetics and Developmental Biology, Chinese Academy of Sciences (Beijing,
China) [10, 12] by synthesizing CBD-E7 peptides (“EPLQLKMGSAGSAAGSGGTKKTLRT”) through
solidphase peptide synthesis using Fmoc Chemistry (Scilight-Peptide Inc., Beijing, China), after which 250
μg CBD-E7 peptides were dissolved in 100 µl PBS and added to collagen scaffold.

The scaffold was cut into squares of 5.0×5.0 cm, and the surface morphology both pre-and post-
treatment was observed by scanning electron microscopy (SEM) (model S-2500, Hitachi, Japan) (Fig. 1).

2.2 Animal models and surgical procedures

In order to ensure the results of the experiment as accurate as possible without being disturbed by other
factors, researchers selected 12 female pigs weighing between 20 and 25 kg for the experiment. 3 full-
thickness excisions (6 wounds totally on each individual animal) of about 5.0×5.0 cm were performed
with sharp dissection on each side of dorsum, each wound was observed to have reached the level of
subcutaneous deep fascia. Then different collagen scaffolds were applied and pressurized on the skin
defects. The pigs were placed in separate cages after operation and intramuscular Penicillin was applied
on each subject for 3 days. All animals and experimental procedures used in this research were approved
by the local Institutional Animal Care.

2.3 Evaluation of healing rate in porcine models

72 wounds of 12 animals were divided into 3 groups: control group (Control, n=2×12), collagen group
(Collagen, n=2×12), and Collagen/CBD-E7 peptide group (Collagen/CBD-E7 peptide, n=2×12). The wound
area was photographed weekly by digital camera (Canon EOS 550D) at the �rst 4 weeks post surgery.
The area of unhealed wound was measured based on the image using Photoshop software (Adobe
Photoshop 7.0). Healing rate = [(original size - non-healing area)/original area] ×100% [13].

2.4 Analysis of cell in�ltration
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At the �rst week after surgery, 3 subjects were sacri�ced. A portion of wounds (1.0×1.0 cm) with normal
tissues and collagen scaffolds at the margin were excised for cell in�ltration observation. We evaluated
the cellularization by counting cells in�ltrated on the samples (hematoxylin eosin staining) in six random
selected areas at 200× magni�cation level in a blinded fashion. The cells on the remained materials were
obtained for cell enrichment analysis. After washing softly for three times, the remaining collagen was
digested by collagenase type I. Then the cells were prepared for FACS (CD45‐ /CD29+, CD44+).

2.5 Histological observation

At the 1w, 4w, 16w, 64w after operation, the wounds (1.0×1.0 cm) were excised at the margin contained
the scaffolds and normal tissues. After �xed in 10% formalin, 5 mm para�n sections were stained by
hematoxylin eosin (HE, 1 w, 4 w, 16 w, 64 w), immunohistochemical (IHC, 1 w), masson trichrome (MT, 4
w, 64 w) and sirius red (SR, 16 w, 64 w) respectively for analysis of tissue vascularization, collagen
formation and scar hyperplasia.

The capillaries were detected by immunostaining of anti-von Willebrand factor antibody (anti-vWF, 1:800,
Abcam, USA) at 1 w. Two independent observers quanti�ed the number of blood vessels for each section
which was counted in six random selected areas at 200× magni�cation level in a blinded fashion.

MT and SR staining were used to evaluate the formation of collagen �bers. The presence and absence of
collagen �brillar structures within the wound bed was detected by MT staining. SR staining, considered to
be one of the best understood techniques of collagen histochemistry, was use to assess the proportion
between collagen type I and type III [14]. After dewaxed, serial sections were stained with hematoxylin for
nuclei staining, and then stained by SR. Finally, the sections were observed under no-light environment
polarizing light microscope (Nikon E400POLS, Japan) Image-Pro Plus 6.0 software was used for sirius
red-positive analysis.

2.6 Statistical analysis

Statistics were calculated with SPSS computer software for Windows (version 13.0, SPSS Inc, Chicago,
IL). The data were expressed as means ± standard deviation (SD). Statistical differences between the
groups were discerned by one-way analysis of variance (ANOVA). A probability value (P) of less than 0.05
was considered to be statistically signi�cant. Statistically signi�cant values were de�ned as *P < 0.05
and **P < 0.01.

3. Results
3.1. The collagen scaffold

The collagen scaffold has widely interconnected pores which are suitable for cell in�ltration,
angiogenesis and nutrients diffusion (Fig. 1B). When conjugated with the CBD-E7 peptide, the
interconnected pores of collagen scaffold were mostly �lled.
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At the  2nd week after surgery, the collagen scaffold was not fully absorbed, while at the 3rd week, the
scaffold was almost invisible to human eye on the surface of wound.

3.2 Cellularization of collagen scaffolds in vivo

At the �rst week after surgery, a greater number of cells were observed to have been raised in
Collagen/CBD-E7 peptide group, while in Collagen group, the distributions of the cells were sporadic (Fig.
2A). The number of cells in�ltrated in the implant in Collagen/CBD-E7 peptide group (400 ± 8.8) was
signi�cant higher than that of Collagen group (124 ± 9.9) (Fig. 2C). As analyzed by FACS, the proportion
of cells (CD45‐ /CD29+, CD44+) enriched in Collagen/CBD-E7 peptide group (98.5% ±6.5) was
signi�cantly higher than that in Collagen group (76.3% ± 1.3) ( Fig. 2B).

3.3 Wound healing rate

At the 1w after surgery, there was no great difference between the healing rates of the 3 groups as P >
0.05 (Fig. 3). Then a faster healing process of wounds was observed in Collagen/CBD-E7 peptide group
at 2w, 3w, 4 w, with signi�cant difference with other groups (P < 0.05, P < 0.01) (Fig. 3). In addition, the
wound healing rate between Collagen group and Control group was also showed statistically signi�cance
(P < 0.05).

3.4 Vascularization induction by the Collagen/CBD-E7 peptide scaffold

At the �rst week after surgery, the capillary density of Collagen / CBD-E7 peptide group (79.69 ± 8.25) in
wound granulation tissue was signi�cantly higher than that of Collagen group (57.84 ± 4.96) and Control
group (36.62 ± 6.43) (Figure 4B & C), which is �n accordance with the evidence provided by HE staining
(Figure 4A).

3.5 Collagen determination and scar assessment in wound area

The type and morphology of collagen �bers are considered to be the key of scar formation [15], which
can be observed by applying HE, MT and SR staining in order to analyze the collagen type and study the
distribution in regenerated tissues.

At the 4w and the 64w, the arrangement of collagen �bers in the wound was observed by applying HE and
MT staining. As showed in Fig. 5 and Fig. 8, the collagen �bers in Collagen/CBD-E7 peptide group were
orderly arranged. They paralleled to the epidermis in the upper layer, and reticulated in the lower layer.
While in Collagen and Control group, the thick �bers were randomly and messily arranged.

At the 16w and the 64w after surgery, the �ber type of regenerated skin was evaluated by SR staining,
where the red area denoted collagen type I and green denoted collagen type III. Type I collage �bers
arrayed lightly, indicating a strong bilateral refraction and yellow, orange, and red thick �bers. Type 
collagen �bers arrayed like a dispersed net, indicating a weak bilateral refraction and green thin �ber. As
shown in Fig. 6B and Table 1, the proportion of collagen type III was more than collagen type I in
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Collagen/CBD-E7 peptide group at the 16w. However, the ratio between collagen type I and collagen type
III reached natural skin tissue balance at the 64w(Fig.8 C and Table 1).

Table 1 –The proportion of collagen type I to type III in different groups at 16w and 64w.

 

Time Point 16w 64w

Group n type III % I/III type III % I/III

        Control                

          Collagen  

     Collagen/CBD-E7 peptide

6

6

6

12%

19%  

34%

7.42:1

4.29:1

1.93:1

    5%

   14%         

   32%

     9.46:1

       6.02:1               2.17:1

3.6 Re-growth of skin appendages in wound area

At the 16w after surgery, the regeneration of cutaneous appendages was observed. Hair follicle cells were
found in Collagen/CBD-E7 peptide group, while no skin appendages was observed in Collagen and
Control group. Fig. 7 showed the formation of Hair follicle in Collagen/CBD-E7 peptide group.

We continued to study the regeneration of cutaneous appendages at the 64w. The sudoriferous  gland
and hair follicle were found in the regenerated skin (Fig. 9). 

4. Discussion
Wound repair is a complex biological process that requires the synergy of multiple cell types and
physiological processes[16]. The biological responses to such process can be divided into three
categories: in�ammation, proliferation and remodeling. In previous study the application of exogenous
cytokines (e.g. VEGF, bFGF, HGF) for the treatment of tissue defects has been highlighted. However,
exogenous cytokines are susceptible to metabolic loss by the in�ammatory exudate’s scouring effect [13].
Furthermore, wound repair is a dynamic multistep process stimulated by interaction of multiple factors,
including growth factors, extracellular matrix, microenvironment and individual differences. Therefore, the
cytokines alone can partially accelerate the regenerated process. In the meanwhile ,there is uncertainty as
to whether cytokines improve regulating the whole complex process[17]. In this study, we demonstrate
that the functional scaffold could recruit MSCs speci�cally in vivo, it also helps accelerate the healing
process and promote the regeneration of cutaneous appendages.

At the �rst week after surgery, the cell number in the material re�ected the early tendency of cell migration
and the biocompatibility of the scaffold (Fig. 2A), from which we infer that CBD-E7 peptide is capable of
enhancing the recruitment of stem cells to scaffold and the scaffold may provide a proper environment
for cell survival and subsequent cascading response to injury. It is well known that the neovascularization
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is an essential step in the complex wound healing process [4]. Compared to Collagen group at the �rst
week (1w) (Fig. 2 and Fig. 4), we found more cells and capillaries in Collagen/CBD-E7 peptide group.
There is already evidence that the in�ltration and migration of cells, especially endothelial cells, are
necessary for angiogenesis [18]. Some of the endothelial cells or hematopoietic stem cells could also be
enriched at the target site, which increased the blood vessel formation around the wound and improved
the blood perfusion, thereby accelerated the wound healing process.

In this study, we hypothesized that due to the CBD-E7 peptide immobilized on scaffold, the MSCs around
the injury sites could migrate to the scaffold, and then exert their capability of multi-lineage
differentiation. Moreover, the reason why collagen scaffold emerged to be one of the most functional
biomaterials is also because of its excellent biocompatibility and biodegradability, which are also
important for the survival of stem cells, might facilitate cell-scaffold interactions including migration,
proliferation and differentiation [13].

There are opinions that claim the CBD technology has the advantage of both perdurability and speci�city.
[13] As described by Zhang J. etc. [19], the collagen-binding domain (CBD) could bind to collagen I
speci�cally and recombine with protein or cytokines. When applied in injury study, the synthetic protein
could release active substance sustainably and slowly [14]. In this study, the collagen scaffold binding
with speci�c MSCs a�nity E7 peptide could capture autologous MSCs to accelerate the healing progress.
It is generally acknowledged MSCs have been identi�ed as CD29 positive, CD44 positive and CD45
negative [5, 20]. In this study, adhered cells on scaffolds were characterized as mesenchymal stem cells
(CD45‐ /CD29+, CD44+) which were veri�ed by FACS.

Although Skin scars indicate the completion of mammalian tissue repair, they are considered detrimental
to the functional recovery of tissues. They can cause unpleasant symptoms such as severe itching,
tenderness, pain, anxiety, depression or even disruption of daily activities [11]. However, scar was often
neglected in wound healing studies [21]. In general, wounds that have not healed within 3-4 weeks are
considered to have great risk of excessive scar formation [22]. The healing rate in Collagen/CBD-E7
peptide group was signi�cant higher than other groups at the 2nd, 3rd and 4th week. At the 4 w after
operation, the defect was already cured in Collagen/CBD-E7 peptide group. And at the 16 w, the wound in
Collagen/CBD-E7 peptide group presented as a linear scar, while in Control group the scar turned dull-red
and raised (Fig. 6A).

The severity of scars is usually judged by naked human eye, but it can be assessed quantitatively with
SR-positive analysis by Image-Pro Plus 6.0 software. Proper proportion of type I and III collagen is
essential for healing quality. In this study, we found that during the formation of scar, the proportion of
collagen type I increased while collagen type III descended. The changes of ratio on collagen type I to
type III would lead to abnormal biological behaviors. In tissues with great elasticity, collagen type III (thin
�bers) was much more than collagen type I, with a lower degree of �brosis. As shown in Fig. 6 and Table
1, the proportion of collagen type III in Collagen/CBD-E7 peptide group was much higher than other
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groups at 16 w, which indicated a better healing quality. While at the 64 w, the ratio of collagen type I/III
was similar to normal tissues and the appearance and intensity of scars decreased.

Mammalian skin is a complex structure that consists of the epidermis, dermis, and the epidermal
appendages, with the epidermis and dermis separated by a basement membrane [23]. An ideal wound
healing is described as a completely regeneration with full functional recovery that has no difference
from the original uninjured skin [11]. Generally speaking, patients with severe burns or large defects
usually have problems brought by scars such as sweat insu�ciently or partial loss of hair. At the 16 w
after the operation, the hair follicle was found in Collagen/CBD-E7 peptide group. We can infer that the
functional collagen scaffold may have a long-term effect in full-thickness skin defect. And at the 64 w, it
was exciting that we found the cutaneous appendages include sudoriferous gland and hair follicle in
regenerated skin.

Scar-free skin healing exists in the early stages of mammalian embryos, but it gradually turns to
scar healing as the embryos develops [16]. H. Peter Lorenz. etc. [23] believe that MSCs from multiple
sources contribute to scarless fetal wound healing. We believe that the mesenchymal stem cells recruited
to the functional scaffold could promote the regeneration of skin and prevent scar formation
simultaneously.

In summary, these data provided new insights for the treatment of acute full-thickness skin wounds by
cellular-material therapy and should contribute to new strategies for the treatment of chronic wounds and
scar intervention.

Conclusions
In this work, the collagen scaffolds functionalized with the speci�c MSCs a�nity peptide were
experimented in porcine wound healing models. After implantation on the injured skin, the functional
scaffold could effectively enhance the recruitment of MSCs to local wound site, accelerating the healing
progress and promote the regeneration of cutaneous appendages. This study provided new insights for
enriching autologous stem cells to the wound site and contributed to new methods for the treatment of
wound healing with less scar formation.
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Figures

Figure 1

The CBD-E7 functional collagen scaffolds. A. Macrograph of the collagen scaffold; B. SEM image of the
collagen scaffold pre-treatment. Scale bar =100 μm; C. SEM image of the collagen scaffold post-
treatment. Scale bar =100 μm.
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Figure 2

Analysis of cellularization on collagen scaffolds. A. Cells in�ltrated on Collagen group and Collagen/CBD-
E7 peptide group at 1w after surgery (Top, scale bar = 100 μm) and the ampli�ed images of the black
frames (Bottom, scale bar = 50 μm); B. Analysis of the cells remained on the implant by FACS; C.
Statistical analysis of cell density between Collagen group and Collagen/CBD-E7 peptide group at 1w.
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Figure 3

The observation of wound healing rate. A. The diagram of porcine wound models; B. Appearances of
wounds in different groups at 0 w, 1 w, 2 w, 3 w and 4 w; C, The statistical analysis of healing rate in
different groups. 1 w: Collagen/CBD-E7 peptide: 3.86 ± 1.8%, Collagen: 3.09 ± 3.1%, Control: 2.48 ± 2.9%;
2 w: Collagen/CBD-E7 peptide 67.46 ± 4.8% Collagen 59.13 ± 2.6% Control 56.58 ± 4.1% 3 w:
Collagen/CBD-E7 peptide 91.10 ± 2.6% Collagen 82.95 ± 1.9% Control 76.99 ± 2.9% 4 w:
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Collagen/CBD-E7 peptide 97.11± 2.4% Collagen 91.19 ± 1.5% Control 85.79 ± 3.1%. Data are presented
as mean ± SD. **P < 0.01, *P < 0.05.

Figure 4

Analysis of vascularization in skin wounds at 1 w after surgery. A. HE staining in the wound granulation
tissues; B. IHC staining for capillary vessel. Arrows point to blood vessels; C. Statistical analysis of the
blood vessel density. Data are presented as mean ± SD**P < 0.01.
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Figure 5

A. Overview of the skin wounds at 4 w; B. HE staining for collagen �bers; C. MT staining for detecting the
presence (green) and absence (red) of collagen �brillar structures within the wound bed.
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Figure 6

Overview images, SR and HE staining of the skin wounds at 16w. A. Overview of the skin wounds; B. SR
staining for collagen type. The red area denotes collagen type I and green denotes collagen type III; C. HE
staining of the skin wounds. Scale bar = 250 μm; D. The ampli�ed images of HE staining, Scale bar = 50
μm.
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Figure 7

Re-growth of Hair follicle in Collagen/CBD-E7 peptide group by HE staining at 16 w. A. HE staining of the
Hair follicle cell (transverse and longitudinal section). Scale bar = 250 μm; B. The ampli�ed images of the
black frames of A, Scale bar = 50 μm.



Page 17/18

Figure 8

HE, MT and SR staining of the wounds at 64 w. A. HE staining of the skin wounds. Scale bar = 50 μm; B.
MT staining of the skin wounds. Scale bar = 50 μm; C. SR staining of the skin wounds.
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Figure 9

Re-growth of sudoriferous gland and hair follicle in Collagen/CBD-E7 peptide group by HE staining at 64
w. A. HE staining of the sudoriferous gland (left) and hair follicle (right). Scale bar = 250 μm; B. The
ampli�ed images of the black frames �elds of A. Scale bar = 50 μm.


