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Collagen biomaterials promote the regenerative
repair of abdominal wall defects in Bama miniature
pigs
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Due to adhesion and rejection of recent traditional materials, it is still challenging to promote the regen-
erative repair of abdominal wall defects caused by different hernias or severe trauma. However, biomater-
ials with a high biocompatibility and low immunogenicity have exhibited great potential in the regener-
ation of abdominal muscle tissue. Previously, we have designed a biological collagen scaffold material
combined with growth factor, which enables a fusion protein-collagen binding domain (CBD)-basic fibro-
blast growth factor (bFGF) to bind and release specifically. Though experiments in rodent animals have
indicated the regeneration function of CBD-bFGF modified biological collagen scaffolds, its translational
properties in large animals or humans are still in need of solid evidence. In this study, the abdominal wall
defect model of Bama miniature pigs was established by artificial operations, and the defective abdominal
wall was sealed with or without a polypropylene patch, and unmodified and CBD-bFGF modified biologi-
cal collagen scaffolds. Results showed that a recurrent abdominal hernia was observed in the defect
control group (without the use of mesh). Although the polypropylene patch can repair the abdominal wall
defect, it also induced serious adhesion and inflammation. Meanwhile, both kinds of collagen biomaterials
exhibited positive effects in repairing abdominal wall defects and reducing regional adhesion and inflam-
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mation. However, CBD-bFGF-modified collagen biomaterials failed to induce the regenerative repair
reported in rat experiments. In addition, unmodified collagen biomaterials induced abdominal wall muscle
regeneration rather than fibrotic repair. These results indicated that the unmodified collagen biomaterials

rsc.li/biomaterials-science are a better option among translational patches for the treatment of abdominal wall defects.
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1. Introduction

Muscle tissue, accounting for more than 50% of the body
mass, plays a vital role in the human body by controlling the
production of strength, the movement of the body and the
function of the internal organs.'™ Muscle tissue can regener-
ate after minor injury.*® This depends on muscle stem cells
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(MuSCs), also known as “satellite cells”, and their interaction
with the surrounding microenvironment.>® However, this
regenerative ability fails to exert due to trauma or surgical
removal of a critical part of a muscle or muscle unit, a con-
dition known as volumetric muscle loss (VML).” Therefore,
there is an urgent need for a new and efficient regenerative
strategy to reverse the situation.

The large and complex abdominal hernia model can be
considered as an ideal model for VML.® At present, patch
materials transplantation is the only clinical strategy for the
treatment of abdominal hernia.” The traditional patch
material, represented by polypropylene (PP), is inelastic, non-
absorbable and plastic. More importantly, an immune rejec-
tion would also be induced by these traditional materials,
manifested as chronic pain, foreign body sensation, adhesion,
giant fibrous cyst formation, intestinal obstruction, etc.'®
Recently, tissue engineering has shown great potential in a
range of regeneration medicine including muscle tissue engin-
eering.' Muscle tissue engineering is a combination of bioma-
terials, cells and growth factors to form functional tissues, and
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is considered to be a promising treatment for muscle injury.
Of note, biomaterials are the key factor of muscle tissue engin-
eering as muscle regeneration may be triggered by them.
Biomaterials have been shown to attract myeloid and lymphoid
immune cells,"*'* putative perivascular stem cells,">'® and
fibroblasts (based on tissue deposition).'>'”™'® The recruit-
ment of myriad cell populations and their activity is proposed
to occur in a spatiotemporal sequence that culminates in the
regeneration of a volume of muscle tissue that may impart
functional improvements.?® Processing of biological scaffolds,
as well as the initial tissue themselves, are heterogeneous and,
therefore, different scaffolds may be presented with variable
compositions and structures, which may impact the perform-
ance in vivo.”* Therefore, developing biomaterials based on
muscle tissue engineering is of great significance.

Collagen biomaterials possess the characteristics of low
immunogenicity, good biocompatibility and
biodegradability.>*** In addition, collagen biomaterials could
send biological signals to the surrounding tissues to activate
the intrinsic repair response. Basic fibroblast growth factor
(bFGF) is a potent mitogen that plays an important role in a
variety of pathophysiological processes. It regulates the
growth, migration, differentiation, and survival of many cell
types, including fibroblasts, vascular endothelial cells, and
smooth muscle cells, and also impacts tissue remodelling,
wound healing, and neovascularization.”>*> In muscle injury
repair, Kim et al. reported that bFGF could promote smooth
muscle regeneration and exerted a good therapeutic effect
against urinary incontinence.?® Our previous studies have indi-
cated that collagen biomaterials especially modified with
human bFGF held the possibility to induce the regenerative
repair of full-thickness abdominal wall defects in rats.””
However, more evidence of the effects of the collagen bioma-
terials modified with human bFGF in large animal models is
needed to promote clinical implementation.

Here, we established an abdominal wall defect model in
Bama miniature pigs, and verified the repair effects of collagen
materials with or without CBD-bFGF modification and tra-
ditional polypropylene materials. We hypothesized that all of
the traditional patch and collagen biomaterials can repair the
abdominal wall defect, however, recurrence of hernia, serious
adhesion and inflammation might occur only in polypropyl-
ene; additionally, the regenerative repair could be induced by
CBD-bFGF-modified collagen biomaterials while it could not
be induced by unmodified ones.

2. Experimental
2.1 Preparation of biological collagen scaffold

The collagen membrane, purchased from Zhenghai
Biotechnology Co., Ltd, was made of cowhide treated with a
methanol : chloroform (1 : 1) solution and designed as a three-
dimensional structure similar to natural collagen. Then, the
unwanted tissues were washed off by ultrasound. In order to
remove the cellular components, the sample was treated with
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0.2% Triton. The freeze-dried membrane was then cut into
8 cm x 6 cm slices, sterilized by 12 kGy Co-60 irradiation
before use, and sterilized by ethylene oxide.

The preparation of CBD-bFGF protein was in accordance
with that in previous studies.?®** The CBD-bFGF gene contain-
ing a His6 tag was amplified by a polymerase chain reaction
and cloned into vector pET-28a. The gene was transformed
into E. coli BL21 (DE3) and induced by IPTG. The recombinant
protein was purified by nickel column chromatography.

150 pg of bFGF was dissolved in 2 ml of aseptic phosphate
buffered saline, then dropped into collagen scaffold, with a
specified CBD-bFGF dosage of 64 ug g collagen membrane
weight, and was stored at 4 °C until implanted.

2.2 Observation of material structure by a scanning electron
microscope

Polypropylene patches were purchased from Rizhao Tianyi
Biomedical Technology Co., Ltd. Samples of the three
materials were fixed overnight with 2.5% glutaraldehyde
(Sigma), cleaned with 0.1 M sodium bicarbonate buffer for 3 x
15 min, fixed with 0.1% OsO, (Sigma) at room temperature for
2 h, washed with water for 2 x 10 min and dehydrated.
Dehydration steps were: 35% ethanol 10 minutes, 50% ethanol
10 minutes, 70% ethanol 10 minutes, 90% ethanol
10 minutes, 2 X 100% ethanol 15 minutes. Isoamyl acetate was
replaced for 2 x 15 min. After drying, gold was sprayed and the
imaging was observed by an electron microscope.

2.3 Surgical procedure

All the animal experiments were approved by the Ethics
Committee of the Third Military Medical University and
carried out in accordance with the guidelines of the National
Institutes of Health on the care and use of laboratory animals.
20 healthy female Bama miniature pigs, weighing 10-14 kg,
were randomly divided into 5 groups: CBD-bFGF group, col-
lagen group, polypropylene patch group, defect control group
and Sham-operated group. Anaesthesia with ketamine (5 mg
kg™") followed by intramuscular injection of diazepam (1 mg
kg™') to maintain propofol 5-10 mg kg~* h™'. In addition to
the sham operation, only incision and immediate suture of the
skin, an aseptic surgical technique was used in all groups to
construct a 4 x 4 cm abdominal wall defect on both sides of
the groin in the preperitoneal space. Then, the patch was cut
to 6 x 6 cm. Except for the defect control group, the abdominal
hernia gap was sealed with a CBD-bFGF modified biological
glue material, unmodified biological glue material and poly-
propylene membrane patch, respectively, and the abdominal
hernia gap was sutured with a 6-0 suture (Fig. 1), and then the
skin was sutured with a 3-0 thread in each group. Immediately
after operation, they had free access to food and water, and
penicillin (600 000 units) was injected intramuscularly once a
day for 5 days. All the animals were sacrificed to acquire the
samples, with no serious wound infection observed.
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Fig. 1 Establishment of abdominal wall defect model in Bama miniature pigs. (a) Defect control group. (b) Polypropylene patch group. (c) Collagen

group. (d) CBD-bFGF group.

2.4 Evaluation of recurrence and adhesion of abdominal
hernia

The recurrence and adhesion of abdominal hernia were evalu-
ated at 90 days and 180 days after operation. In the evaluation
of the recurrence of abdominal hernia, the defect control
group was used as the negative control group. The appearance
of the abdominal wall of Bama miniature pigs was photo-
graphed in the standing state and in the anaesthetic decubitus
position to observe the recurrence of abdominal hernia.
Polypropylene membrane is widely used in clinical abdominal
wall repair, but it easily causes serious infection and has a
high incidence of adhesion.***' Therefore, in terms of
adhesion evaluation, using a polypropylene membrane as a
negative control, animals were euthanized (excessive pentobar-
bital sodium; 90 mg kg™), and the abdomen was opened
along the original incision without interfering with the
adhesion, and photos were taken to record the degree of
adhesion at the repaired site. The adhesion score was scored
blindly by two independent observers. Grades ranged from 0
to 3, with 0 = no significant adhesions, 1 = thin, narrow, and
easily detachable adhesions, 2 = thick adhesions limited to
one area, and 3 = thick and broad adhesions involving the
anterior or posterior abdominal wall and the viscera.**

2.5 Histologic analysis

Euthanasia was performed on the 90th and 180th day after
operation (pentobarbital sodium overdose; 90 mg kg™). The
long tissue bands of 4 cm, including the material, material-
host tissue interface and adjacent host tissue, were removed
from the abdominal wall of the implanted material. After 10%
formalin fixation, 5 mm paraffin sections, haematoxylin-eosin
staining and Masson staining were prepared and observed
under a light microscope.

The muscle regeneration and inflammatory cell infiltration
of different repair materials were analysed by immunohisto-
chemical staining. Anti-a-smooth muscle actin antibody
(a-SMA, 1:400, Abcam) and anti-CD163 antibody (1:100,
ZSGB-Bio) were used to detect actin positive cells and inflam-
matory reaction. The samples were magnified and quantified
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by a double-blind method using IMAGE-Pro Plus software.
Percentage of positive area = Positive area/Total tissue area.

2.6 Extraction of morphological and structural
characteristics of collagen from repaired tissue by
multiphoton microscopy

All regions of interest (ROI) were imaged by MPM (LSM 880
Zeiss, Germany) on the dewaxed sections of each sample. An
excitation wavelength of 810 nm was selected for nonlinear
optical imaging. A 32-channel GaAsP photomultiplier tube
array detector was used to collect a two-photon excitation fluo-
rescence (TPEF) signal in the wavelength range of 430-695 nm
and a second harmonic generation (SHG) signal in the wave-
length range of 395-415 nm. Subsequently, 5 visual fields of
the sections within a field of view of 425.1 pm X 425.1 pm
were selected to extract eight collagen morphological features
by  MATLAB  2016b  (https:/github.com/qldqq1984/
CollagenFeature), namely, the collagen percentage area, fiber
number, average fiber length, average fiber width, average
fiber straightness, cross-link density, average cross-link space
and orientation (Table 1).>37°

In terms of morphological features, a segmentation algor-
ithm based on the Gaussian mixture model®* was used to
binarize the SHG image into collagen pixels and background
pixels. Then, the fiber network extraction algorithm** was used
to process the binary image and identify the skeleton of each
collagen fiber. After fiber extraction, a list of ordered vertices®”
was established to calculate the 8 collagen morphological fea-
tures. If any vertex in the list belonged to more than one fiber,
it would be judged as a cross-linking point (connection points
between collagen fibers). Finally, the arrangement of collagen
was quantified by Fourier-transform analysis.*®

2.7 Statistical analysis

Quantitative data were expressed as mean + standard deviation
(SD) and statistical analyses were performed by SPSS software
(23.0). One-way ANOVA was used to compare data of multiple
groups. All statistical tests were two-sided, and P values of less
than 0.05 were deemed significant.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Collagen morphological features
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Feature Description

Percentage area
Fiber number
Average fiber length
between adjacent vertices
Average fiber width
Average fiber
straightness
Fiber cross-link density
Average cross-link space
Orientation

3. Results

3.1 Characterization of patch materials

Images of the scanning electron microscope (SEM) have shown
that the collagen materials were a loose and porous structure
with a pore size between 50 and 200 pm, which was signifi-
cantly smaller than that of the polypropylene mesh (Fig. 2).
This structure profited the diffusion of CBD-bFGF and further
cell adhesion and crawling in tissues.

3.2 Collagen biomaterials presented a decreased recurrence
and less adhesion of abdominal hernia

The recurrence of abdominal hernia was evaluated at 90 days
after surgery. Photos of the abdominal hernia showed that
CBD-bFGF modified collagen biomaterials, unmodified col-
lagen biomaterials and polypropylene patches could effectively
prevent recurrent abdominal hernia (Fig. 3a-d) 90 days after
operation, while animals in the control group were observed
with significant abdominal hernia. We further estimated the
degree of adhesion of each experimental group. We found that

Fig. 2 Comparison of microstructure of different repair materials. (a, d
and g) SEM images of polypropylene membrane. (b, e and h) SEM
images of unmodified collagen biomaterials. (c, f and i) SEM images of
CBD-bFGF collagen composite biomaterial. Scale bars, 500 um (15 row)
or 50 pm (2" row) or 10 pm (3™ row).

This journal is © The Royal Society of Chemistry 2023

The percentage of pixels in the segmented image
The number of collagen fibers extracted per square micron in the segmented image
The mean length of the identified collagen fibers. The length of each fiber is defined as the sum of the distances

The average distance between a vertex and its nearest background pixel

The mean straightness of the identified collagen fibers. The straightness of each fiber is defined as the distance
between the first and last vertices in the list divided by the fiber length

The ratio of the total number of cross-link points to the sum of lengths of all the collagen fibers in the segmented image
The average distance between adjacent cross-link points for each fiber in the segmented image

The principal direction is determined according to the angular orientation distribution in the Fourier-transformed image

the adhesion degrees in collagen with or without CBD-bFGF
groups were significantly lower than that in the polypropylene
patch group, displaying a better material fusion with the adja-
cent tissues. More specifically, the adhesion degree in collagen
without CBD-bFGF groups was slightly lower than that in the
CBD-bFGF groups, but there was no significant difference
between the two groups (Fig. 3e-i). These results indicated
that collagen biomaterials could prevent the recurrence of
abdominal hernia as well as the traditional patches, but exhi-
biting less adhesion than the traditional material.

3.3 Collagen biomaterials decrease inflammatory response
and induce muscle regeneration

To further detect whether collagen biomaterials induce the
regenerative repair of abdominal hernia, we harvested the
wounded tissues at 90 d and 180 d after surgery. In normal
conditions, the muscles of the abdominal wall were tightly and
neatly arranged. However, HE staining showed that the
abdominal wall was filled with a large amount of tight and
thin extracellular matrix in the control group at 90 d and 180
d. And a tight and thick extracellular matrix was observed in
the polypropylene patch group, with a relatively loose and
thick extracellular matrix in the CBD-bFGF group.
Interestingly, this showed significant muscle regeneration in
the injured abdominal wall in the collagen group (Fig. 4a). The
results of Masson staining further confirmed the extracellular
matrix deposition in the control, polypropylene patch and
CBD-bFGF groups, with muscle fiber regeneration in collagen
group (Fig. 4b).

Collagen is one of the key microenvironments that induces
the regenerative repair of the muscles. In order to further
analyse the types of collagen during the regenerative repair in
different groups, we performed Sirius red staining. We found
that the repaired tissues were mainly composed of thick type I
collagen fibers in both the defect control group and poly-
propylene patch group, with a large amount of type III collagen
fibers in the collagen group. The collagen structure of the
CBD-bFGF group was disordered with both type I and type III
collagen fibers (Fig. 4c).

Next, to determine the muscle regeneration, we performed
a-actin staining. Results have shown a significant a-actin stain-
ing in the sham and collagen groups, but few positive signals
in the polypropylene patch group and CBD-bFGF group

Biomater. Sci, 2023, 11, 7926-7937 | 7929
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Fig. 3 General evaluation of repairing effect of the abdominal wall defect. (a—d) Gross abdominal appearance at 90 d after surgery. (a) Defect
control group. (b) Polypropylene patch group. (c) Collagen group. (d) CBD-bFGF group. (e—i) Evaluation of adhesions between the organs in abdomi-
nal cavity and the implants at 90 d after surgery. (€) Normal muscles. (f) Polypropylene patch group. (g) Collagen group. (h) CBD-bFGF group. (i) The
statistical analysis of the scores of adhesion. Data are presented as mean + SD. ****p < 0.01.

(Fig. 5a—c). This further confirmed that the collagen biomater-
ials could induce muscle regeneration in abdominal hernia.
Previous studies have indicated that inflammation could
inhibit the regeneration repair.’”*® Thus, we detected the
inflammatory response in different groups by staining CD163.
At 90 d and 180 d after surgery, the CD163 positive areas were
significantly higher in the polypropylene patch group than in
the other groups (Fig. 5d-f). And there was no difference
between the CBD-bFGF group and collagen group. These
results indicated that the collagen based materials showed a
relatively inflammatory response than that of

polypropylene.

low

3.4 Multiphoton microscopic imaging of repaired tissue

To further investigate the possible mechanism of collagen bio-
materials inducing muscle regeneration, we tested the mor-
phology and structure of the injured tissues. Multi-photon
microimaging was performed on the repaired tissue 90 d after
surgery, and Fig. 6a-e display the typical TPEF, SHG, and over-
laid images and the corresponding HE-stained images of the
repaired tissue, respectively. As can be seen in Fig. 6a, the
muscle was characterized by muscle segment structures (arrow
in Fig. 6a) and the collagen fibers surrounding them in the

7930 | Biomater. Sci, 2023, 11, 7926-7937

sham-operated group. However, only a large amount of col-
lagen rather than muscle segment structures was found in the
repair tissues of the defect control group (Fig. 6b), the poly-
propylene patch group (Fig. 6¢) and the CBD-bFGF group
(Fig. 6e). Although the repair tissue of the collagen group was
also filled with collagen, muscle formation was found in mul-
tiple regions, which was completely different to the results of
other groups. Surprisingly, the magnified images of some
filled collagen in the collagen group displayed a collagen-con-
joined muscle segment structure (arrow in Fig. 6d), indicating
that the formation of muscle segments may be related to
collagen.

3.5 Collagen patches induce a special collagen morphology
and structure in the muscle regeneration processes

To understand the association between the change in collagen
morphology and the regeneration of muscle segments more
deeply, we selected five collagen regions at the muscle
segment regeneration (arrow in Fig. 7a) front for quantitative
analysis in the collagen group (Fig. 7a) and randomly selected
five collagen regions at the repaired tissue for comparison in
the defect control group (Fig. 7b), polypropylene patch group
(Fig. 7c), and CBD-bFGF group (Fig. 7d). Fig. 7e-1 reveal the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Histological evaluation of the repair site by HE (a), Masson (b) and Sirus red stain (c) staining at 90 d and 180 d after surgery. Scale bars,

200 um (a and b) or 500 pm (c).

quantitative characterization of collagen fiber among different
groups. The collagen proportionate area and the fiber number
were two features of the collagen content. They were 16.3%
and 0.0010 = 0.0004 pm ™2 in the collagen group, respectively,
which were significantly less than those in the defect control
group (42.6% and 0.0026 + 0.0005 pm™>) and CBD-bFGF group
(31% and 0.0019 + 0.0007 pm™?), but only showed a trend of
being lower than that in the polypropylene patch group (21.8%
and 0.0015 + 0.0004 pm™~?) (Fig. 7e and f).

Similarly, the collagen fiber length and the collagen fiber
width in the collagen group were significantly smaller than
those in the defect control group and CBD-bFGF group, but
only showed a trend of being lower than that in the polypropyl-
ene patch group (Fig. 7g and h). Their values were 25.048 +
3.860 and 2.548 + 0.463 pm, respectively, in the collagen
group, 34.098 + 3.574 and 3.669 + 0.438 pm, respectively, in

This journal is © The Royal Society of Chemistry 2023

the defect control group, 27.437 + 0.977 and 2.743 + 0.226 pm,
respectively, in the polypropylene patch group and 28.383 *
5.711 and 3.042 + 0.706 pm, respectively, in the CBD-bFGF
group.

It is not surprising that the collagen fiber straightness at
the muscle segment regeneration front in the collagen group
(0.920 + 0.006) was significantly higher than that in the defect
control group (0.911 + 0.005), the polypropylene patch group
(0.905 + 0.006) and the CBD-bFGF group (0.912 + 0.011), which
was consistent with the low level of collagen content, fiber
length, and fiber width (Fig. 7i).

As one of the characteristic indicators of collagen densifi-
cation, the collagen fiber cross-link density in the collagen
group (1.31%) was significantly lower than that in the defect
control group (1.63%) and the polypropylene patch group
(1.9%), while it was only slightly lower than that in the

Biomater. Sci, 2023, 11, 7926-7937 | 7931
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Fig. 5 Evaluation of abdominal wall muscle regeneration and inflammatory response. (a) Immunohistological staining of a-SMA, scale bars, 200 pm.
(b) The statistical analysis of the percentage of a-sarcomeric actin positive area in implanted biomaterial at 90 days after surgery. (c) The statistical
analysis of the percentage of a-sarcomeric actin positive area in implanted biomaterial at 180 days after surgery. (d) Immunohistological staining of
CD163, scale bars, 200 pm. (e) The statistical analysis of the percentage of CD163 positive area in implanted biomaterial at 90 days after surgery. (f)
The statistical analysis of the percentage of CD163 positive area in implanted biomaterial at 180 days after surgery. Data are presented as mean + SD.

***%p < 0.01.

CBD-bFGF group (1.58%) (Fig. 7j). In addition, there was no
significant difference in the average cross-link space and
orientation among the collagen group (22.868 + 14.078 and
0.718, respectively), the defect control group (20.326 + 0.796
and 0.854, respectively), the polypropylene patch group
(17.090 + 0.768 and 0.781, respectively) and the CBD-bFGF
group (19.572 + 2.094 and 0.777, respectively) (Fig. 7k
and 1).

7932 | Biomater. Sci, 2023, 11, 7926-7937

In sum, quantitative analysis revealed that compared with
the other groups, the microenvironment at the muscle
segment regeneration front in the collagen group exhibited a
significantly low-level or low-level trend in collagen percentage
area, fiber number, length, width, and cross-link density,
while exhibiting a significantly high-level in fiber straightness,
suggesting that the massive generation and densification of
collagen fibers may not be conducive to muscle regeneration.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 The representative MPM imaging and the corresponding H&E-stained images of repair tissue. SHG images showed the morphology of col-
lagen (colour-coded green). TPEF images showed the morphology of tissue cells and elastic fibers (colour-coded red). Overlay of the TPEF and SHG
images allowed simultaneous localization of tissue cells and collagen. H&E-stained images confirmed muscle regeneration. (a) Sham-operated —
group. (b) Defect control group. (c) Polypropylene patch group. (d) Collagen group. () CBD — bFGF group. Scale bar: 500 pm (1 row) or 50 pm (2"

to 5% rows). Arrows indicated muscle regeneration.

4. Discussion

The abdominal wall defect resulting from extensive resection
or trauma belongs to VML, which seriously affects the life
quality of the patients. However, it failed to reconstruct the
abdominal wall as in a normal repair processes.*® At present,
the effective treatment is to use substitute materials to repair
defective tissues. Synthetic materials, such as polypropylene
and polytetrafluoroethylene, are the main clinical patch
materials.®® However, these materials could not induce the

This journal is © The Royal Society of Chemistry 2023

regeneration of the muscle tissues, and moreover lead to fre-
quent complications due to non-degradation and immune
rejection.*’

Therefore, it is urgently needed to develop biodegradable
materials to induce the regenerative repair of abdominal wall
defects. Recently, some kinds of materials that might fit this
demand include naturally derived materials (e.g., collagen,
keratin, and alginate), cell-free tissue substrates (e.g., acellular
tissues from the bladder or small intestine), synthetic poly-
mers (e.g., polyglycolic acid [PGA], polylactic acid [PLA], and
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Fig. 7 The collagen morphology and structure of the repaired tissues was analysed by MPM. The collagen was colour-coded green, while tissue
cells and elastic fibers were colour-coded red. (a) Collagen group. (b) Defect control group. (c) Polypropylene patch group. (d) CBD-bFGF group. (e)
Quantitative results of collagen percentage area. (f) Quantitative results of collagen fiber number. (g) Quantitative results of collagen fiber length. (h)
Quantitative results of collagen fiber width. (i) Quantitative results of collagen fiber straightness. (j) Quantitative results of collagen fiber cross-link
density. (k) Quantitative results of collagen fiber cross-link space. (1) Quantitative results of collagen fiber orientation. Scale bar: 500 pm. The quanti-
tative results are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. The Arrow indicated muscle regeneration.

polylactic acid - glycolic acid [PLGA]), etc.*™* In this study, we
used a biological collagen scaffold prepared from fresh bovine
aponeurosis. After acellular treatment, type I collagen was well
preserved. Compared with synthetic or biopolymer scaffolds,
this kind of material is more advantageous in biocompatibility
and a natural extracellular matrix structure. At the same time,
we fused a collagen-binding peptide (TKKTLRT) with bFGF to
synthesize CBD-bFGF, which can specifically bind to biological

7934 | Biomater. Sci, 2023, 11, 7926-7937

collagen scaffolds. In previous studies, we have proved that such
biomaterials, especially CBD-bFGF, can promote the repair of
abdominal wall muscle defects in rats.”” However, there is still a
lack of evidence for abdominal wall defects in large animals.
Therefore, in this study, we evaluated the effects of a biological
collagen scaffold and a CBD-bFGF collagen scaffold on the
repair of abdominal wall defects in Bama miniature pigs, and
compared these with the traditional polypropylene patches.

This journal is © The Royal Society of Chemistry 2023
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Recurrence and adhesion are the main indexes to evaluate
the structural recovery of the abdominal wall, which usually
causes intestinal obstruction, chronic pain, and even inferti-
lity.** Our results showed that both collagen materials and
polypropylene patches can effectively repair a defect and
prevent the recurrence of abdominal hernia. However, the
adhesion of biological collagen materials with or without
growth factors was significantly less than that of the poly-
propylene patch group. Inflammation is one of the main
causes of adhesion formation during abdominal wall repair.
Due to surgical trauma and a foreign body reaction, plasmino-
gen activators are inhibited, which directly increased the depo-
sition of fibrin matrix to form an organized fibrous
adhesion.””*® 1t is necessary to reduce inflammation to
prevent the formation of adhesions. Biological collagen
materials have low antigenicity and inflammation and have
been used in Clinical haemostasis.”® In this study, we also
evaluated the inflammatory response of the repaired tissues
with anti-CD163 antibody, and the results showed that the
inflammatory response of the collagen biomaterials group
with and without modified CBD-bFGF was minimal compared
with that of the polypropylene patch group, which was consist-
ent with the results of the adhesion evaluation.

More importantly, we evaluated the muscle repair of the
most important defect tissue, and found that no matter 90 d
or 180 d after surgery, the use of biological collagen scaffolds
could regenerate muscle fiber structures similar to those of
natural muscles. Different from the previously observed repair
effect of abdominal wall defects in rats, the muscle fibers in
the collagen group were arranged neatly, similar to those in
the sham operated-group, which was significantly better than
that of the CBD-bFGF group. a-Actin staining also confirmed
the results. Instead of muscle regeneration, the repair tissues
in the CBD-bFGF group and polypropylene group were com-
posed mainly of collagen fibers. Our work presents the first
evidence that collagen membrane material could induce
muscle regeneration in large animals, which promises its clini-
cal transformation potential.

To further detect the possible mechanism of the regener-
ation induced by collagen materials, we constructed MPM
technology to evaluate the effect of tissue repair. This is an
advanced medical imaging technology based on nonlinear
optical effects such as multi-photon excited fluorescence and
harmonic generation caused by the interaction between the
laser and biological tissue. It has the advantages of a high sen-
sitivity and high spatial resolution imaging of tissue micro-
structure and a low lethality to biological tissue. On the one
hand, it displays the structure of cells by capturing the TPEF
signal (red in the MPM image) generated by intrinsic fluoro-
phores in cells, and on the other hand, it displays the mor-
phology of collagen fibers in situ by capturing the SHG signal
(green in the MPM image) generated by non-centrosymmetric
structural molecules such as collagen. Through this simple
colour difference and switching or overlapping of two signal
channels (TPEF signal and SHG signal), MPM can identify the
morphology and position of collagen fibers in unstained

This journal is © The Royal Society of Chemistry 2023
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tissue, which is the biggest advantage of MPM. Combined with
a self-developed image-processing algorithm, the eight col-
lagen morphological features of repair tissue are accurately
quantified to preliminarily analyse changes in the microenvi-
ronment of muscle regeneration. The results showed that the
collagen morphology and structure of the repaired tissues in
the collagen group were different from those in the other
groups, with lower levels of collagen content, and shorter,
thinner, and straighter collagen fibers. The microenvironment
at the muscle segment regeneration front in the collagen
group was more sparse than that in other groups, which left
room for further extension of the regenerated muscle.
However, the underlying mechanism still needs further study
to make sure of the factors causing the environment at the
muscle segment regeneration front in the collagen group to be
looser than that in other repair groups, as well as the collagen-
conjoined muscle segment structure in the collagen group.

The strength of biomaterials is the major limiting factor in
the clinical use of abdominal wall reconstruction. In this
study, the tensile strength of the collagen membrane was
measured at 24.53 MPa. The tearing force was measured at
16.82 N, which, although lower than that of normal tissue,
remains suitable for withstanding abdominal pressure in large
animals. However, it should be noted that the collagen barrier
may expand in the humid environment of the abdomen,
leading to deformation of the membrane material.*®
expansion can significantly affect the sustained repair effect of
the implanted material.>®*" In order to evaluate the efficacy of
abdominal wall reconstruction in the early stages, the research
group measured the tensile strength of the implanted bioma-
terial on the 90th day following abdominal wall defect in rats.
The average ultimate tensile strength of the simple collagen
membrane was determined to be 7.07 + 2.47 N.?” Moreover,
upon harvesting the repaired tissue of Bama pigs on the 90th
day, the residual collagen materials were scarce, indicating
variations in the degree of collagen absorption among
different species. Next, monitoring changes in implant
strength over time will be conducted to further optimize the
material’s resistance to deformation.

In addition, in both the Bama miniature pig model and the
rat model, the dosage of CBD-bFGF used was consistent, with
both weighing 64 pg per collagen membrane. Similarly, in the
urethral cavernosum repair model and bladder reconstruction
model, the CBD-bFGF dose of collagen scaffold was also 64 pg
¢! collagen membrane weight.>>>® Previous experience
suggests that at this dose, the N-terminal of bFGF can bind to
the specific collagen binding domain to the greatest extent
without affecting the factor activity.”® High dose of bFGF, on
the other hand, may lead to excessive fibroblast proliferation
of and massive secretion of extracellular matrix. Lu J., et al
found that excessive bFGF can cause tendon adhesion and
scar tissue formation.>® Moreover, high doses of bFGF have
been associated with thrombocytopenia, nephrotoxicity, and
even the activation of some malignant cells.’>>® In the present
study, the current dosage of CBD-bFGF induced massive
secretion of the extracellular matrix. Therefore, we propose

Excessive
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that a much higher dose of CBD-bFGF would aggravate local
fibrosis while inducing regenerative repair. However, further
investigation is required to elucidate the mechanism under-
lying CBD-bFGF-induced regenerative repair in rat models and
fibrotic repair in Bama miniature pig models.

5. Conclusions

Our results show a low probability of recurrence, low degree of
adhesion and mild local inflammatory reaction in the repaired
abdominal hernia by biomaterials in Bama miniature pigs.
The biological collagen scaffold can effectively reduce the
fibrosis in the repaired tissue and induce the regenerative
repair of abdominal muscle. Therefore, this biomaterial shows
its potential for clinical application as a countermeasure to
VML after abdominal wall defects.
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