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Abstract: Achilles tendon rupture (ATR) is a common sports injury, and complications usually occur. Promoting
self-healing and suppressing the formation of scars and adhesions are priorities when treating ATR. The dual bio-
mimetic electrospun Wharton’s Jelly (WJ)-derived extra cellular matrix (ECM)/polycaprolactone (PCL) sub-micron
fibrous band-aid was developed for this purpose. Each electrospun band-aid was prepared into two layers: the outer
layer was made of ordered PCL fibers and the inner layer was made of ordered PCL and 0%, 25%, 50% or 75%
WJ-derived ECM mixed fibers. The ingredients, microstructure, hydrophilicity, and cell adherence and survival were
tested. Histological and immunohistochemical staining showed that WJ-derived ECM comprised type | collagen, and
the cell nucleus was removed by a special decellularizing process. Fourier transform-infrared spectroscopy (FT-IR)
verified the presence of protein in the electrospun band-aids. The electrospun PCL layer had high hydrophobicity
and parallel, compact micron-size fibers that decreased viability of L929 cells and inhibited adherence. Electrospun
PCL with different ratios of the WJ-derived ECM layer had good hydrophilicity and parallel, loose micron-size fibers.
The ability to promote cell adherence and proliferation of the internal surface was 50% ECM > 0% ECM > 25% ECM
> 75% ECM. Based on these results, the electrospun band-aid with 50% WJ-derived ECM might eliminate complica-
tions and result in superior recovery after ATR.

Keywords: Achilles tendon rupture, Wharton’s Jelly-derived extra cellular matrix, electrospinning, in vitro, ingredi-
ent and microstructure simulation

Introduction

ATR is one of the most frequent foot and ankle
injuries. About 18 people per 100,000 suffer
from ATR each year, with middle-aged males
(30-50 years) and elderly females (60-80
years) being particularly likely to be affected [1,
2]. Vigorous exercise and progressive degener-
ation are the foremost causes of ATR [3]. Early
effective treatment (< 4 weeks), including con-
servative treatment, open surgery, or minimally
invasive surgery (percutaneous surgery) [3] is
indispensable to avoid chronic ATR and restore
patients’ movement function [4]. However,
complications such as re-rupture and adhe-
sions may prevent recovery of the Achilles ten-
don after treatment [5-8]. Although early post-

operative rehabilitation, advanced surgical te-
chniques, and equipment are available in the
clinic [9, 10], repair of Achilles tendons needs
to be fundamentally improved.

The self-healing mechanism of ATR is the
source of the complications. The self-healing
process of the Achilles tendon includes end-
ogenous and exogenous repair activated after
ATR (Figure 1). The endogenous process in-
volves the recruitment of tenocytes and expres-
sion of type | collagen, which produces a tough,
naturally composed structure. The exogenous
process involves collection of fibroblasts and
prevention of fibrosis, which results in scar tis-
sue and peritendinous adhesions [11, 12]. Bio-
active substances, such as cytokines and hyal-
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Figure 1. Endogenous and exogenous repair mechanisms are activated af-
ter an ATR. The endogenous process involves recruitment of tenocytes and
expression of collagen | mainly, which relies on blood supply from paratenon
and produces a tough structure of natural composition. The exogenous pro-
cess involves collecting fibroblasts in paratenon, releasing collagens and
GAGs and leads to fibrosis between paratenon and Achilles tendon, which

After a decellularization pro-
cess, the WJ-derived ECM has
a loose spongy structure with
a large number of internal sp-
aces [23]. Electrospinning te-
chnology is applied to arran-
ge the ingredients, making it
similar to the collagen net-
work in the Achilles tendon.
Electrospinning technology is
a common method to weave
objects with nanofibers, and
almost all macromolecular or-
ganic matter can be woven
using this technology [24],
even ECM [25]. The WJ-derived
ECM with similar ingredients
and microstructure as the Ac-
hilles tendon promotes adhe-
sion, proliferation, and differ-
entiation of tenocytes [26]. WJ
is a wasted human tissue, and
one’'s own WJ can be used
without any immunological re-
jection when trauma occurs.

Biocompatibility, biodegrad-
ability, stability, and mechani-
cal properties are necessary
characteristics of a physical

results in peritendinous adhesions.

uronic acid (HA), have been used to promote
endogenous repair [13-15], whereas drugs and
physical barriers, such as celecoxib and poly-
lactic-co-glycolic acid (PLGA), have been uti-
lized to inhibit exogenous repair in the labora-
tory [16-18]. Our research team has developed
the “Achilles tendon band-aid”, a dual biomi-
metic electrospun WJ-derived ECM/(PCL) sub-
micron fibrous membrane, with expected supe-
rior effects for Achilles tendon recovery in the
clinic.

ECM, which is widely used to repair musculo-
skeletal defects, has unique ingredients, micro-
structure, and functions, and it provides a suit-
able microenvironment for cell metabolism and
signal delivery [19-21]. W] is a firm mucoid con-
nective tissue comprising collagen, hyaluronan,
and sulfated glycosaminoglycans (GAGs) that
surrounds umbilical cord vessels [22, 23]. The
components of WJ are similar to those of the
Achilles tendon; however, the proportions of
ingredients differ.
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barrier. PCL is a widely used

biomedical polymer because
it has all of these properties [27]. Researchers
have electrospun a PCL membrane as an outer
layer to prevent peritendinous adhesions, and
in vivo tests have verified the anti-adhesion
ability of electrospun PCL membranes [24, 27,
28]. However, the high hydrophobicity and stiff-
ness of PCL may limit its application [29]. The
problem can be solved by combining PCL with
the ECM, which is hydrophilic and supple.

Complications of ATR treatment, such as re-
rupture and peritendinous adhesions, reduce
the quality of life and increase the economic
burden of patients. Therefore, we prepared and
tested the dual biomimetic electrospun WJ-de-
rived ECM/PCL sub-micron fibrous band-aid
with 0%, 25%, 50%, and 75% ECM. We com-
pared the WJ ingredients before and after a
decellularization process and tested the ingre-
dients, hydrophilicity, and inner surface micro-
structure of the four kinds of samples. We eval-
uated adherence and proliferation of fibroblasts

Int J Clin Exp Med 2017;10(8):11563-11573



Electrospun ECM/PCL band-aid for ATR

on each sample in vitro to realize the band-aids’
effects on Achilles tendon recovery.

Materials and methods
WJ-derived ECM preparation

Umbilical cords were obtained from 5 women
without any systemic diseases who underwent
term cesarean deliveries. The informed con-
sents were signed by the maternity patients
before the cesarean deliveries. The umbilical
cords were handled under aseptic conditions
and prepared as follows. This study was
approved by Ethics Committee at Chinese PLA
General Hospital.

Briefly, the umbilical cords were cut into 15-cm
segments and put into vessels, then sent
immediately to the laboratory in an ice bath.
Distilled water and a small volume of 3% H,O,
were added to rinse, sterilize, and remove float-
ing blood for 30 min. Then the umbilical cords
were cut into 3-cm segments, the blood ves-
sels and amniotic membrane were removed,
and the WJ was collected. The WJ was minced
into a homogenate using a tissue disintegrator.
The homogenate was subjected to differential
centrifugation from 1,000 rpm to 6,000 rpm at
4°C in a high-speed refrigerated centrifuge
(Allegra X-22R refrigerated centrifuge; Beck-
man, Fullerton, CA, USA), and the WJ-derived
ECM was recovered from the supernatant. After
that, the supernatant was centrifuged at
10,000 rpm and 4°C. The final sediment was
the WJ-derived ECM. The WJ-derived ECM was
preserved at -20°C for 30 min, dehydrated
completely in a freeze dryer, and lyophilized for
48 h under vacuum. We used only physical
methods to remove the cells in the WJ.

Electrospun WJ-derived ECM/PCL band-aid
preparation

To prepare the 2% (w/w) WJ-derived ECM elec-
trospinning solution, 1.3 g ECM was dissolved
in 40 ml hexafluoroisopropanol (HFIP) solvent.
To prepare 8% (w/w) PCL electrospinning so-
lution, 5.6 g PCL was dissolved in 40 ml HFIP
solvent. The 0%, 25%, 50%, and 75% (w/w)
WJ-derived ECM/PCL mixture electrospinning
solutions were prepared and homogenized by
stirring at high speed. The electrospinning solu-
tions were subjected to the same parameters:
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voltage, 20 kV; spin length, 10 cm; and flow
rate, 0.1 mL/min. The electric force field over-
came the surface tension at the needle tip and
sprayed into the collector, which was coated
with silver paper and rotated at high speed in
the form of filaments. The outer layer of the
band-aid was fabricated with 5 ml 8% (w/w)
PCL electrospinning solution. Then, the inner
layer of the band-aid was fabricated with 5 ml
0%, 25%, 50%, or 75% (w/w) WJ-derived ECM/
PCL electrospinning solution. After desicca-
tion for 24 h, the dual biomimetic electrospun
WJ-derived ECM/PCL sub-micron fibrous band-
aids were collected in separate undefiled
pouches.

Histological and immunohistochemical stain-
ing

The untreated umbilical cord segments (UUCS)
and avascular umbilical cord segments (AUCS)
were fixed in 4% formalin solution for 1 week.
Then, these segments were dehydrated, em-
bedded in paraffin, sliced to 5-uym thickness,
and dewaxed at 60°C for 2 h. The WJ-derived
ECM was fixed in 4% formalin solution for 30
min and cut into 10-um-thick frozen sections.

Hematoxylin and eosin (H&E) staining was per-
formed to observe the cell morphology and
cell distribution of the UUCS, AUCS, and
WJ-derived ECM. DAPI stain was used to verify
the decellularization effect. Masson’s stain and
Sirius Red stain were used to observe the
arrangement of collagen fibers. Immunohisto-
chemical staining for collagen |, collagen II, and
aggrecan was carried out. No antigen retrieval
process was used. The sections were stained
with primary antibodies to collagen | (1:100;
rabbit #ab34710; Abcam, Cambridge, MA,
USA), collagen Il (1:200; rabbit #ab34712; Ab-
cam), and aggrecan (1:500; mouse #ab3778;
Abcam) at 4°C overnight. The sections were
incubated in secondary antibodies for 60 min.
All images were taken from an inverted fluores-
cence microscope.

FT-IR analysis

FT-IR (Tensor 27; Bruker, Ettlingen, Germany)
was used to detect the ingredients in the el-
ectrospun WJ-derived ECM/PCL sub-micron
fibrous band-aids with 0%, 25%, 50%, and 75%
ECM, and to detect differences among the four
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Figure 2. The general observation and micro-examination of human umbili-

ing a 1 x 1 cm? electrospun
band-aid and cultured in 1 ml
low-glucose Dulbecco’s Mod-
ified Eagle Medium (DMEM)
with 10% fetal bovine serum
(FBS) for 24 h. On days 1 and
4, 1 ml MTT was added to all
wells of the 24-well plate and
incubated for 4 h. Then, the
electrospun band-aid was tr-
ansferred to a new 24-well
plate, and 1 ml DMSO was
added. After 10 min shock,
0.3 ml of the solution was
transferred to a 96 well plate,
and the optical density values
were measured by a spec-
trophotometer (Beckman, Fu-
llerton, CA) at 570 nm.

Statistical analysis

cal cord. The general observation of human umbilical cord (A). WJ (B). and

the micro-examination of human umbilical cord, x 100 (C).

groups. Flakelets (1 x 1 cm) with flat surfaces
were cut out from each group’s electrospun
band-aid and were used to conduct the FT-IR
analysis. The entire spectra were obtained be-
tween 4000 cm™ and 650 cm™ felicitously.

Scanning electron microscopic (SEM) analysis

SEM (S-4800; Hitachi, Tokyo, Japan) was used
to observe the microstructures of the four elec-
trospun band-aid groups. Flakelets (1 x 1 cm)
with flat surfaces from each group were immo-
bilized on a metal support and sputtered with
gold. The scan parameters were 5,000 eV and
0.01 A. The diameters of the electrospun fib-
ers were measured using Image J software
(National Institutes of Health, Bethesda, MD,
USA).

Water contact angle (WCA) analysis

The hydrophilic surfaces of each group’s elec-
trospun band-aids were assessed by WCA mea-
surements. After a drop of water was added to
the surface, the WCA was calculated and plot-
ted automatically with software.

MTT assay

Approximately 5 x 10*/ml mouse L929 fibro-
blasts were seeded on a 24-well plate contain-
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Data are expressed as mean

+ standard deviation. One-way
analysis of variance followed by Bonferroni’s
multiple-comparison test was used to detect
differences between groups, and P < 0.05 was
considered significant.

Results

General observations and micro-examination
of the human umbilical cord

The human umbilical cord was corkscrewed
and displayed three main structures: the am
niotic membrane, WJ, and umbilical vessels
(Figure 2A). After the amniotic membrane and
umbilical vessels were removed, the WJ was a
smooth and viscous slice (Figure 2B). The H&E
staining results showed that the amniotic mem-
brane was the extremely thin outermost layer;
the umbilical vessels were thick and full of
cells; and the WJ was observed in the spaces
between, surrounded by blood vessels (Figure
2C).

Histological and immunohistochemical stain-
ing

Before decellularization, DAPI fluorescent stain-
ing revealed that the nuclei (double-stranded
DNA) stained blue, and were distributed spo-
radically in the WJ (Figure 3A). The Masson’s
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After decellularization

Before decellularization

Figure 3. The ingredients of WJ-derived ECM before/after decellularization.
DAPI fluorescent staining (A, B). Masson stain (C, D). Sirius red stain (E, F).
Immunohistochemical stain of type-I collagen (G, H). and type-Il collagen (I,
J).

3C). The Sirius Red staining
results indicated that WJ was
full of type I (red and yellow)
and type Il collagen (colorized),
and a small amount of type IV
collagen (green) was wrapped
with type | collagen (Figure 3E).
The immunohistochemical st-
aining results also demonstrat-
ed that type | and type Il colla-
gen existed in the WJ (Figure
3G, 3l). After decellularization,
the DAPI fluorescent staining
result showed WJ-derived ECM
without nuclei (Figure 3B). The
Masson’s and Sirius Red st-
ains indicated that the collagen
was equally distributed in WJ-
derived ECM and that type | col-
lagen was the prime subtype
(Figure 3D and 3F). The immu-
nohistochemical stain also sh-
owed that type | and type Il col-
lagen were still present after
the decellularization process
(Figure 3H and 3J).

FT-IR results

The FT-IR results showed th-
at PCL (CH,-(CH,),-COQ] ) had
two characteristic peaks and
many relatively short peaks. In
ester bonds, C=0 and C-0O-C,
respectively, were observed at
1,723-1,725 cm* and 1,164-
1,185 cm?; 2,943-2,944 cm™
represented methyl; and 2,866
cm? represented methylene.
Other peaks from 707 to 1,468
cm? also represented methyl
and methylene; however, the
vibration modes differed. The
two characteristic peak values
declined as PCL content de-
creased and WJ-derived ECM
content increased; the other
peak values changed little (Fi-
gure 4A).

stain result showed abundant collagenous Three characteristic peaks belonged to nitro-
fibers (blue) and few elastic fibers (red) in the gen-containing compounds in the WJ-derived
WJ, and the cell nucleus presented as blue- ECM. Thereinto, CO-N was represented at
brown with a short rod-like appearance (Figure 3,291-3,303 cm®, N-H at 1,530-1,539 cm?,
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Figure 4. The ingredients in electrospun membranes. Dual biomimetic electrospun WJ-derived ECM/PCL sub-mi-
cron fibrous band-aid with 0% ECM (A). 25% ECM (B). 50% ECM (C). and 75% ECM (D).

and amido bonds at 1,651-1,638 cm™. Fu-
rthermore, the three characteristic peaks val-
ues indicating the amount of WJ-derived ECM
increased (Figure 4B-D).

SEM and WCA result

The fibers were in a parallel arrangement and
piled one on top of another in every figure at
6,000 x. The fibers in pure PCL electrospun
membranes were well formed; however, the
porosity was inferior (Figure B5A). The fib-
rous arrangement became more disordered as
the content of WJ-derived ECM increased, and
porosity increased (Figure 5B-D).

The WCA value of WJ-derived ECM was less
than that of the pure PCL electrospun mem-
brane; the electrospun membrane with 50%
WJ-derived ECM and 50% PCL had the best
hydrophilicty (Figure 5A-D).

The fibrous diameter and WCA values of each
group are listed in Table 1.

MTT

The quantities of adhering L929 cells was the
electrospun inner layer with 75% ECM > 50%
ECM > 25% ECM > 0% ECM > control group on
Day 1. Besides, the number of L929 cells on
the electrospun inner layers increased, except
in the 0% ECM group on Day 4 (Figure 6).
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Discussion

In order to solve the complications like re-rup-
ture and adhesion after an ATR, except second
operation and rehabilitation therapy [30, 31],
many anti-cancer, anti-fibrosis, and anti-infec-
tious drugs, such as chitosan, HA, PLGA and
PCL [13, 32-34], have been used to alleviate
peritendinous adhesions [17, 35, 36]. In addi-
tion, cytokines and stem cells have been used
to help improve Achilles tendon healing [15,
37]. However, the dual biomimetic electrospun
WJ-derived ECM/PCL sub-micron fibrous band-
aid seems to be a progressive solution.

First, WJ-derived ECM has similar ingredients to
those in the Achilles tendon. Type | collagen
was the basis for the WJ-derived ECM. After the
decellularization process, the contents of ingre-
dients decreased, and the proportion of ingre-
dients changed. The microstructure also broke
in the WJ-derived ECM. Surprisingly, type | col-
lagen was concentrated and enriched, which
was explained by the decellularization process’
simulating the Achilles tendon’s ECM. FT-IR and
SEM demonstrated that the collagen from the
WJ-derived ECM was contained in the inner
layer of the electrospun band-aid.

Second, the outer layer of the dual biomimetic
electrospun WJ-derived ECM/PCL sub-micron
fibrous band-aid was compact and parallel,

Int J Clin Exp Med 2017;10(8):11563-11573
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0%ECM+100%PCL

50%ECM+50%PCL

25%ECM+75%PCL

= 750 ECM+25%PCL

Figure 5. The microstructure and water contact angle of electrospun membranes. Dual biomimetic electrospun
WJ-derived ECM/PCL sub-micron fibrous band-aid with 0% ECM (A). 25% ECM (B). 50% ECM (C). And 75% ECM (D).

Table 1. The fibrous diameters and WCA of
dual biomimetic electrospun WJ-derived ECM/
PCL sub-micron fibrous band-aids with differ-
ent ratio of ECM

ECM ratio (g/g) Fibrous diameter Water contact

(nm) angle (°)
0 478+156 120.38+4.95
25% 348+518° 111.40+3.24
50% 4381166 60.831£2.65°
75% 157+54.3° 89.52+2.51°

2P < 0.05 vs. the 0% ECM group.

which was not conducive to cell adhesion or
survival, and the inner layer was undulant,
poriferous, and similar to the Achilles tendon in
fibrous arrangement, which attracts cells to
settle and promotes cell proliferation [19].

Third, hydrophilicity, as reflected by WCA, influ-
ences cell adhesion. As the WCA decreases, it
is easier for cells to adhere to the material [38].
The MTT assay results on the first day showed
that the electrospun band-aid with 25% or 50%
ECM in the inner layer was better than those
without ECM, supporting the viewpoint men-
tioned above. However, the electrospun band-
aid with 75% ECM adhered to fewer cells. The
corresponding SEM result showed that the defi-
ciency in PCL led to fibers so slender that the
ECM could not be wrapped in PCL fibers. The
slender inner layer was unsuitable for adhering
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to cells; thus, fewer adhering cells were
observed on the electrospun band-aid with
75% ECM than on those with 0% ECM. What’s
more, the cells quantities on the electrospun
membranes were more than control group,
which meant the electrospun membranes had
better cell adhesive capacity than control
group, and the electrospun membranes were
without cytotoxicity. On Day 4, the number of
L929 cells decreased only on the electrospun
band-aid without ECM, whereas the band-aid
with 50% ECM had the best cell proliferation,
demonstrating that PCL was incompatible with
cell proliferation but that the electrospun band-
aid with 50% WJ-derived ECM was suitable.
Therefore, the dual biomimetic electrospun
WJ-derived ECM/PCL sub-micron fibrous band-
aid had the ability to prevent peritendinous
adhesions through the outer layer and improve
regeneration of the Achilles tendon via the
inner layer after ATR.

Furthermore, the autologous umbilical cord is
not immunologically rejected by the body.
Moreover, the decellularization process was
performed using a physical method, without
enzymes or chemical reagents, and the effe-
ct of decellularization was ideal. Therefore,
WJ-derived ECM has potential use in the clinic.

In summary, a dual biomimetic electrospun
WJ-derived ECM/PCL submicron fibrous band-
aid, in which the outer layer contains only PCL

Int J Clin Exp Med 2017;10(8):11563-11573
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