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Abstract:

Objective: To investigate the Biocompatibility of a silk fibroin/collagen/poly (lactide-co-caprolactone) (SF/COL/PLCL)
electrospun three-dimensional nanofibre scaffold seeded with human umbilical cord-derived mesenchymal stem cells (UC-
MSCs) in rats.

Methods: Twelve adult male Sprague-Dawley rats were randomly divided into two groups of six; the first received a patch
seeded with UC-MSCs, whereas the second received a control patch without UC-MSCs. The patches were implanted
subcutaneously in the abdomens of rats, and subsequent inflammatory reactions and levels of tissue generation and
angiogenesis were monitored over a 12-week period using haematoxylin-eosin and Masson staining, alongside quantitative
fluorescence PCR.

Results: The cell viability was strongest when the SF/COL/PLCL patch was seeded with UC-MSCs for up to 7 days, and
cells retained normal morphology and structure when viewed under an electron microscope. The implanted patches seeded
with UC-MSCs showed better tissue fusion, faster degradation, and higher deposition of collagen fibres and
neovascularization than the naked patches for up to 12 weeks, (p<0.01), but there was no significant difference in fibrosis
scores between the two groups (p>0.05). By the end of the study, rats receiving the seeded nanofibre implants showed
improved inflammation resolution, as reflected by lower IL-6 levels (p<0.01). However, IL-2, IL-8, and TNF-a levels were
not significantly different between the two groups (p>0.05).

Conclusion(s): The application of UC-MSCs to SF/COL/PLCL patches has the potential to improve the levels of tissue
fusion and reduce inflammation, making it a potential treatment for human pelvic floor reconstruction.

Keywords: inflammatory response; pelvic patch; SF/COL/PLCL; UC-MSC; FPFD

1. Introduction

Female pelvic floor dysfunction (FPFD) is a common problem
faced by middle-aged and older women, with an estimated burden of
morbidity between 30 and 50% [1,2]. This condition can lead to
anatomical and structural changes to the reproductive and surrounding
organs, resulting in abnormalities in their position and function, and
eventually presenting as a pelvic organ prolapse (POP) and stress urinary
incontinence. Although the disease does not pose a threat to the life of the
patient, it impacts their quality of life and as a consequence, results in a
psychological burden.
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Pelvic floor reconstruction is an important treatment for FPFD
and accounts for 40-60% of general gynaecological surgery. The
complexity of the pelvic floor structure and its mechanics, with mean
disease recurrence rates up to 19%, can often necessitate the need for
reoperation [3]. In recent years, owing to the emergence of new surgical
techniques, both synthetic and biomaterial patches have been increasingly
used in clinical settings; however, these materials have their own pros and
cons [4,5]. Complications of using these patches include vaginal erosion,
recurring infections, granuloma, dyspareunia, vesicovaginal fistula, and
chronic pain. In July 2011, the Food and Drug Administration issued a
second warning on the use of non-absorbable scaffold polypropylene
patches in FPFD surgery, based on the potential of these patches to cause
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infections, graft-versus-host disease, and persistent postoperative pain
[6,7]. Patches made from biomaterials reduce several of the complications
associated with the use of foreign materials, but their clinical application
is limited by poor efficacy; hence, there is a need for better treatment
options.

A new approach to treating FPFD is use of a biological
substitute composed of seed cells cultured in vitro, along with scaffold
materials. These biological substitutes have the ability to repair the
damaged parts of human tissue and organs because as the scaffold
materials degrade, the seed cells proliferate, differentiate, and form new
tissues, facilitating wound repair and ultimately functional reconstruction
[8]. The success of biological substitutes depends on two aspects: the
choice of seed cells and the scaffold materials used.

Mesenchymal stem cells (MSCs) are multipotent adult stem
cells present in multiple tissues, including umbilical cord, bone marrow,
and fat tissue; they can self-renew by dividing and can differentiate into
multiple tissues [9,10]. Bone marrow mesenchymal stem cells (BMSCs)
were among the first MSCs to be characterized and used in the
regenerative medicine clinical setting; however, the process of bone
marrow extraction is not readily accepted by patients, and this limits their
potential application in PFD. In contrast, human umbilical cord-derived
mesenchymal stem cells (UC-MSCs) have similar properties to BMSCs,
with the added advantage that they can be more easily sourced, have
higher amplification capacities, and carry a lower risk of bacterial/viral
infections; moreover, the chance of rejection graft-versus-host disease is
lower. Previous reports [11] have demonstrated that UC-MSCs can
induce tissue-forming cells in mice, confirming their potential to play a
role in fascia tissue engineering. Ding et al. recently developed a few
candidate nanofibrous materials suitable for pelvic reconstruction, which
showed high UC-MSCs adhesion capacity. These developments suggest
that UC-MSCs would be an ideal seed cell source for female pelvic floor
reconstruction.

In terms of scaffolding, nanocomposite materials offer
advantages over simple scaffold materials [12,14], because they can
simulate the extracellular matrix microenvironment in ways similar to
human tissue. For example, collagen (COL) can directly or indirectly
influence the process of cell proliferation, adhesion, and differentiation
[15]. Further, poly(L-lactide) can easily be degraded in 30-50 weeks [16]
and polyester—polycaprolactone has excellent biocompatibility and
mechanical properties [17].

To date, only a few studies have investigated the integration of
MSCs and bio-degradable nano-filament membranes and the overall
graft-versus-host reaction to them [18,19]; therefore, little is known about
how stem cells combined with nano-fibrous materials could improve
pelvic floor reconstruction outcomes. Despite ongoing research in the
field of cell-based tissue engineering, it is still unclear how the reticular
structures of the nanocomposites affect stem/progenitor cells and
ultimately long-term tissue integration. In this study, we investigate the
Biocompatibility of a silk fibroin/collagen/poly(lactide-co-caprolactone)
(SF/COL/PLCL) electrospun three-dimensional nanofibre scaffold
seeded with human umbilical cord-derived mesenchymal stem cells (UC-
MSCs) in rats. The findings of this study could form the basis of future
mesh applications in female pelvic floor reconstruction.

2. Materials and Methods
2.1. hUC-MSC transfection with a GFP-carrying lentivirus

The isolated UC-MSCs cells were cultured and amplified in 24-
well plates. In total, 3.5x10* cells were added to each well and incubated
overnight. The fluid was replaced when the cell coverage rate reached
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60%. Virus amounts, corresponding to different MOI values, were added.
The medium was changed after 8 hours of viral infection, then cells were
cultivated for an additional 48 hours. When the viral particle titre reached
1x108 TU/ml, the cells were collected for subsequent experiments [20].

2.2. Manufacture of three-dimensional

nanofiber scaffold

SF/COL/PLCL electrospun three-dimensional nanofibre
scaffolds were manufactured as follows: SF, COL, and PLCL were
dissolved in hexafluoroisopropanol solution in the mass ratio of 7:3:10,
according to Liu et al [21]. The polymer solution (8%) was electrospun at
a voltage of 11 kV, achieving a distance of 12 cm and ejection velocity of
1.5 ml/h. The scaffold was then desiccated in a vacuum drying chamber.

electrospun

2.3. Detection of the growth and proliferation of UC-MSCs
on the nanofibre

The lentivirus-transduced cells were inoculated onto the three-
dimensional nanofibre scaffold. Cell morphology was observed by a
scanning electron microscope on days 5, 7, and 9 after inoculation.
Finally, the CCK8 assay was used to determine the cell proliferation state.

2.4. Implantation of nanofibre scaffolds

Twelve SD rats, purchased at 4 weeks of age, were randomly
divided into two groups. After being anesthetised with 10% chloral
hydrate (300 mg/kg), the rats were fixed in a supine position and a 1 cm
long incision was made in the lateral ventral wall. The SF/COL/PLCL
mesh loaded with UC-MSCs was implanted subcutaneously in the
abdomen of rats in the experimental group. A simple SF/COL/PLCL
mesh was implanted subcutaneously in the abdomen of the rats in the
control group. The survival and distribution of the transplanted cells was
observed at 1, 4, and 12 weeks post-implantation. The rats were
euthanised, and the mesh was retrieved. The inflammatory reaction, tissue
generation and angiogenesis, fibre wrapping, and scaffold degradation of
the two groups were compared using haematoxylin-eosin and Masson
staining. The levels of inflammatory cytokines, specifically I1L-2, IL-6,
IL-8, and TNF-a, in the tissue surrounding the implanted scaffold were
measured using quantitative fluorescence PCR.

2.5. Histopathological observations following implantation

The tissue samples were immediately immobilised in a 4%
paraformaldehyde solution and dehydrated with ethanol for paraffin
sectioning (4-5 pum). The inflammatory cell infiltration was observed,
according to standard haematoxylin and eosin staining, Masson staining
was used to detect fibrosis, and CD31 immunohistochemical labelling
was used to detect new blood vessels. The tissue samples, collected at the
different time points, were examined semi-quantitatively under a light
microscope. Individual slides were scored from 0-4 (0: none, 1:
minimum, 2: mild, 3: intermediate, 4: severe), in terms of inflammatory
cell infiltration, the level of fibration, and angiogenesis [22].

2.6. Quantitative analysis of IL-2, IL-6, IL-8, and TNF-a
with qRT-PCR

Total RNA was extracted from cells using TRIzol reagent,
according to the manufacturer’s instructions. IL-2, IL-6, IL-8, TNF-a, and
pS-actin products were amplified by qRT-PCR, using p-actin as the
internal reference. The conditions of qRT-PCR amplification were as
follows: 95°C for 30 seconds, 95°C for 10 seconds, and then 40 cycles at
60°C for 30 seconds. The specific primer sets used to detect gene mMRNA
expression are shown in Table 1. The comparative threshold (Ct) method
was used to determine the amount of target gene mRNA, by normalising
the target mRNA Ct value to the GAPDH value (ACt).
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Table 1: Specifications of primer sequences used for quantitative real-time PCR

Species RNA name Primer type Primer sequence

Rat IL-2 TCCCCATGATGCTCACGTTT
Rat IL-2 TCCGAGTTCATTTTCCAGGCA
Rat IL-6 AGCGATGATGCACTGTCAGA
Rat IL-6 GGAACTCCAGAAGACCAGAGC
Rat IL-8 ACTGAGCCCCTCCCTACTAA
Rat IL-8 TGTCTTCAATCCATCCCAGAGC
Rat TNF-a AAGGAGGAGAAGTTCCCAAATG
Rat TNF-a GGGCTACGGGCTTGTCACTC
Rat B-actin CCCATCTATGAGGGTTACGC
Rat B-actin TTTAATGTCACGCACGATTTC

3. Statistical analysis

Statistical analysis was performed using SPSS 23.0 software (IBM Corp.,
Armonk, NY, USA). Quantitative data are expressed as the mean +
standard deviation. Between-group comparisons were performed using
repeated measures ANOVA followed by Tukey’s honestly significant
difference (HSD) test. Qualitative data were expressed as the rate, and
within-group comparisons were made using the Chi-squared test. p<0.05
was considered to imply statistically significant differences.

4. Results

4.1.Cell growth and proliferation after
scaffold implantation

nanofibrous

Lentiviral transduction did not adversely affect cell viability.
Cell viability increased significantly after 5 days of inoculation and
continued to increase until day 7 but declined from day 9 onwards. The
survival rate of the cells at different time periods following implantation
showed statistical significance (F=702.85, p<0.01; Figure 1).
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Figure 1: The time course of umbilical cord-derived mesenchymal stem cell (UC-MSC) survival rate on nano-fibrous scaffolds post-implantation.
*p<0.05, **p<0.01

4.2, Cell morphology of lentivirus-transfected UC-MSCs
post-implantation on nano-fibrous scaffolds

The cellular morphology was normal on day 7, and the cells
showed a normal structure with strong extensions and a significant
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increase in proliferation ability. By day 9, the cellular proliferation ability
had decreased, and the cells showed swelling and structural
disconnections (Figure 2).
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Figure 2: Scanning electron microscope images showing cell morphology of umbilical cord-derived mesenchymal stem cells (UC-MSCs) at different
time points post-implantation onto the nano-fibrous scaffolds. The red arrows, identified based on the lowest magnification images (150, scale bar
= 200 um), identify the cells, shown at high magnification levels (500, scale bar = 50 um and 2500%, scale bar = 10 um).

4.3. Histopathology assessment

The H&E staining revealed that the SF/COL/PLCL control
group showed a clear scaffold structure at week 1 and 4. The scaffold
slowly degraded as time passed, and by week 12, the scaffold’s central
area was no longer visible and the surrounding tissues had covered the
peripheral area. In the UC-MSC-seeded scaffold group, the nano-fibrous
membrane was still intact at week 1, but there had been significant

Control SF/COL/PLCk‘scaffold

HE staining
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infiltration by inflammatory cells. The scaffold structure was completely
disintegrated by week 4, and by week 12, the inflammatory cell
infiltration had subsided. The level of inflammatory cell infiltration was
significantly different between the control SF/COL/PLCL nano-fibrous
membrane and the UC-MSC-seeded nano-fibrous membrane groups
(F=23.79, p<0.01) (Figure 3, 4).

UC-MSC- seeded SF/COL/PLCL scaffold
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Masson staining

CD31 immunohisto
-chemical staining

Figure 3: Pathohistological analysis of the naked and umbilical cord-derived mesenchymal stem cell (UC-MSC)-seeded silk
fibroin/collagen/poly(lactide-co-caprolactone) (SF/COL/PLCL) nano-membrane (Scale bar, 25 um). A,B,H&E staining: showing the Cell Nucleus in
blue/purple-blue, the cytoplasm in pink, and RBCs in bright red. The black arrow shows inflammatory cell infiltration, and the yellow arrow marks
the position of the scaffold. C,D, Masson staining: cells are shown in red, collagen fibres in blue, and nuclei in cyanotic blue. E,F, CD31
immunohistochemistry staining: recently synthesised blood vessels with CD31 stain brown or yellowish-brown.
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Figure 4: The semi-quantitative pathohistological assessment of the control and umbilical cord-derived mesenchymal stem cell (UC-MSC)-seeded
silk fibroin/collagen/poly(lactide-co-caprolactone) (SF/COL/PLCL) scaffold slides at different time points post-implantation. A, Inflammatory cell
proliferation (F=23.79, p<0.01). B,Fibrosis score (F=2.40, p>0.05). C, Numbers of new blood vessels (F=81.75, p<0.01).

The Masson and immunohistochemistry staining revealed that
the UC-MSC-seeded scaffold group exhibited enhanced integration into
rat tissues; the scaffolds had been completely degraded and they had been
replaced by soft tissues, with evidence of extensive angiogenesis, based
on the presence of CD-31-labelled blood vessels. The naked
SF/COL/PLCL group had integrated poorly into the rat tissue, and the
scaffold could still be seen by week 12. Comparing the naked
SF/COL/PLCL nano-fibrous membrane with the UCMSC seeded nano-
fibrous membrane, it was clear that the seeded scaffold exhibited
significantly more CD-31-labelled blood vessels (F=81.75, p<0.01), but
the tissue fibration score, between the two groups, had lower statistical
significance (F=2.40, p>0.05; Figure 2, 3).
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4.4, IL-2, IL-6, IL-8 and TNF-a levels tested by qRT-PCR

The relative levels of IL-2, IL-6, IL-8, and TNF-a in the
surrounding tissue of the implant scaffold showed a general decreasing
trend as time passed. Compared to the control SF/COL/PLCL scaffold,
the UC-MSC-seeded scaffold had mildly elevated levels of IL-6, IL-8, and
TNF-a in the surrounding tissue at 1 and 4 weeks post-implantation. There
was no significant difference in the expression levels of IL-2, IL-8, and
TNF-a between the two groups at each time point (p>0.05). However, the
difference in IL-6 levels between groups was statistically significant
(p<0.05), and it was more obvious at 12 weeks (P<0.01; Figure 5).
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Figure 5: The relative expression levels of inflammatory cytokines at different time points post- implantation. The difference in IL-2, IL-8, and TNF-
a expression was not statistically significant (F values were 2.05, 2.00, and 7.21, respectively, p>0.05). The difference in IL-6 levels between groups
was statistically significant (F value was 19.35, P<0.05), and was more obvious at 12 weeks (W) (P<0.01). A, IL-2, B, IL-6, C, IL-8, D,TNF-q,
*P<0.05, ** P<0.01.

5. Discussion

This study demonstrated that UC-MSCs grew well after
inoculation onto nanofibrous scaffolds in vitro, and that cell numbers
reached their maximum after 7 days. The cell morphology and extension
were normal, indicating that the SF/COL/PLCL electrospun nanofibre
scaffold was cell compatible.

When biomaterials are implanted in the body, they often trigger
an inflammatory response immediately. An excessive inflammatory
response not only leads to local tissue swelling and necrosis but also
causes extensive fibrosis. When this occurs in the case of pelvic floor
reconstruction, the implanted mesh often deforms and shrinks, resulting
in increased stiffness in the local tissue. Our results showed that the
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SF/COL/PLCL patches seeded with UC-MSCs had a better histological
score than the naked patch, despite an increase in infiltration by
inflammatory cells in the tissue after 1 week. The improvement is more
than likely facilitated by the rapid degradation of the implanted mesh,
since we observed that by the end of the 12th week of study, the implanted
patches seeded with UC-MSCs had completely degraded. This
observation, along with the increase in the number of collagen fibres and
evidence of extensive neovascularization, led us to speculate that this type
of implanted mesh will be beneficial for patients suffering from POP.
This was further evidenced by the observed increases in the
levels of inflammatory cytokines IL-6, IL-8, and TNF-o. in the early stages
post-implantation, which is suggestive of more extensive infiltration by
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inflammatory cells, potentially induced by the enhanced degradation
process, and the resulting absorption of the matrix by the host [23].

The inflammatory response to the seeded nanofibres ended up
being a short-term response. By the end of the study, the levels of
inflammatory cytokines were lower, suggesting more extensive
inflammation resolution. This might be due to the documented [24]
immunosuppressive properties of UC-MSCs, which have been attributed
to their ability to suppress lymphocyte proliferation [25], along with
enhanced degradation of the mesh.

IL-6 is a multifunctional cytokine, and multiple studies [26,28]
have shown that IL-6 can directly stimulate angiogenesis, induce
sprouting of isolated blood vessels, and impact cell proliferation, but the
timing of inflammation is critical for these beneficial effects. Like the
response to VEGF, continuous exposure to elevated levels of 1L-6 can
significantly impede the growth of blood vessels [29]. The fact that there
were higher levels of IL-6 early on, but that levels dropped as the study
progressed implies that the early inflammatory cytokine response, which
ended up being beneficial, effectively promoted angiogenesis [30].

6. Conclusion

The SF/COL/PLCL patch seeded with UC-MSCs showed
enhanced biocompatibility, resulting in a high degree of tissue fusion and
reduced inflammation following implantation in rats. This research
establishes a theoretical foundation for applying composite mesh
structures to human pelvic floor reconstruction.
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