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PCL-PEG-PCL film promotes cartilage regeneration in vivo
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1 | INTRODUCTION

Abstract

Objective: Management of chondral defects has long been a challenge due to poor
self-healing capacity of articular cartilage. Many approaches, ranging from sympto-
matic treatment to structural cartilage regeneration, have obtained very limited satis-
factory results. Cartilage tissue engineering, which involves optimized combination of
novel scaffolds, cell sources and growth factors, has emerged as a promising strategy
for cartilage regeneration and repair. In this study, the aim was to investigate the role
of poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone) (PCL-PEG-PCL,
PCEC) PCEC scaffold in cartilage repair.

Materials and methods: First, PCEC film was fabricated, and its characteristics were
tested using SEM and AFM. Cell (rASC - rat adipose-derived stem cells, and mASCs
- green fluorescent mouse adipose-derived stem cells) morphologies on PCEC film
were observed using SEM and fluorescence microscopy, after cell seeding. Tests of
cell viability on PCEC film were conducted using the CCK-8 assay. Furthermore, full
cartilage defects in rats were created, and PCEC films were implanted, to evaluate
their healing effects, over 8 weeks.

Results: It was found that PCEC film, as a biomaterial implant, possessed good in vitro
properties for cell adhesion, migration and proliferation. Importantly, in the in vivo
experiment, PCEC film exhibited desirable healing outcomes.

Conclusions: These results demonstrated that PCEC film was a good scaffold for car-
tilage tissue engineering for improving cell proliferation and adhesion and could lead

to excellent repair of cartilage defects.

fibres are aligned along the surface. The middle zone has a higher pro-
teoglycan content than the superficial zone; cells are more spherical

and the collagen fibres are orientated isotropically. The deep zone con-

The repair of articular cartilage defects poses a significant challenge in
orthopaedic medicine due to the limited capacity of cartilage to recon-
stitute its integrated matrix and regenerate native surface. Cartilage
is non-vascular, and nutrients are provided by the synovial fluid. On
a weight base, it is mainly composed of collagens and proteoglycans.
Collagens provide tensile strength, and proteoglycans retain water mol-
ecules in the matrix. In humans, cartilage is composed of three zones:
superficial, middle and deep zone, each with a distinct composition. The
superficial zone includes disc-shaped chondrocytes and the collagen

#Na Fu and Jinfeng Liao contributed equally to this work.

tains spherical cells, and collagens have a perpendicular orientation.!
Articular cartilage is frequently damaged due to injury or disease.
The damaged cartilage cannot fully regenerate because of its lim-
ited intrinsic healing capacity. Furthermore, cartilage injuries always
lead to secondary degenerative disease of the involved joint such as
osteoarthritis (OA).2® OA is the most common form of arthritis, involv-
ing cartilage, synovium and bone. The main characteristics are carti-
lage damage, synovial fibrosis, sclerosis of the subchondral bone and
osteophyte formation at the joint margin. To achieve better repair of
injured articular cartilage, researchers have optimized clinical methods

and proposed various experimental approaches, including abrasion
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;;1rthroplasty,4’5 microfracture,® and transplantation of chondrocytes,é’c')

0 2

perichondrium,1 meniscal allograt"ts,11 periosteum1 or osteochondral

grafts.13 In addition, some studies focus on chondrocyte itself. Zhang

etall

used the Cre-loxP technique to remove the insulin receptor (IR)
from chondrocytes and showed that the loss of IR signalling causes
an up-regulation of insulin-like growth factors (IGFs) and insulin-like
growth factor (IGF)-1R, which appear to act in a compensatory fashion
to regulate the proliferation of chondrocytes. Shen et al.’® focused on
the functional and signalling mechanisms of the TGFb/SMAD pathway,
which plays a critical role in articular chondrocytes during OA develop-
ment. However, to date, there is no satisfactory treatment that enables
the full restoration of injured articular cartilage to its original phenotype.

Tissue engineering is a multidisciplinary field, which involves the
application of the principles and methods of engineering and life sci-
ences towards the fundamental understanding of structure-function
relationships in normal and pathological mammalian tissues and
the development of biological substitutes that restore, maintain or
improve tissue function. The goal of tissue engineering is to surpass
the limitations of conventional treatments based on organ transplan-
tation and biomaterial implantat'ion.16 It has the potential to produce
a supply of immunologically tolerant “artificial” organ and tissue sub-
stitutes that can grow with the patient. This should lead to a perma-
nent solution to the damaged organ or tissue without the need for
supplementary therapies, thus making it a cost-effective treatment in
the long term. Cartilage tissue engineering has emerged as a prom-
ising strategy for cartilage repair that holds the key to the successful
regeneration of cartilage tissue.” Currently, further improvements are
needed using desirable scaffold materials with better mechanical and
biological functions to be grafted to lesion locations to induce in situ
cell differentiation, proliferation and chondrogenesis.

Mesenchymal stem cells (MSCs) are composed of a group of mul-
tipotent stem cells derived from adult organs and tissues including
bone marrow, ligaments, muscles, adipose tissue and dental pulp.ls'20
MSCs may undergo self-renewal over several generations while main-
taining their capacity to differentiate into multi-lineage tissues, such
as bone, cartilage, muscle and adipose-derived stem cells (ASCs), as
a type of MSC, are readily available. More importantly, ASCs are rel-
atively easy to isolate after removing the excess of adipose tissue by
using elective surgery. ASCs supplemented with transforming growth
factor beta-1 (TGF-b1) can generate proteoglycan rich spheroids that
express collagen I, aggrecan, decorin and other markers consistent
with chondrogenesis.ﬂ’22 Subcutaneous implantation in immunode-
ficient mice showed that ASCs can not only retain the chondrocyte
phenotype but can also form cartilaginous tissue.?3

Poly (e-caprolactone) (PCL) is hydrolytic and cleared by the US Food
and Drug Administration for internal use in the human body. Awide vari-
ety of tissue engineering applications have demonstrated the ability of
PCL to form cell-scaffold complexes in vivo. 24?5 As a typical hydrophilic
polymer, PEG is also approved for clinical use by the Food and Drug
Administration (FDA). Low molecular weight PEG is readily excreted
through kidney.26 Previous studies have shown that triblock copoly-
mer PCEC has higher degradation rate, hydrophilicity but lower acidity
of the derivative products compared with pure PCL, thus exhibiting a

good potential in forming cell-scaffold complexes.27'28 When used as
protein and peptide carrier or gene delivery cargo, PCEC microspheres
are more ideal than other commonly used PCL and PLA materials, due
to the introduction of hydrophilic PEG segments into PCL backbones.?’
Till now, knowledge is still lacking in understanding the role of PCEC
scaffold in the repair of cartilage. Therefore, this study is to gain knowl-
edge of the role of PCEC scaffold in the repair of cartilage.

Therefore, in this study, to further mimic the native ECM microenvi-
ronment of articular cartilage and improve the biomechanical strength
of the scaffold microarchitecture, PCEC film was fabricated and char-
acterized. The cell behaviours of ASCs on PCEC film were examined in
vitro. Importantly, we then surgically created full-thickness cartilage
defects in rats and implanted PCEC film to evaluate the repair effects
within 8 weeks post-surgery. The implantation results based on PCEC

film may shed light on its potential in cartilage tissue engineering.

2 | MATERIALS AND METHODS

2.1 | Preparation of PCEC film

The polymer solution was prepared by dissolving 1 g of PCEC (molec-
ular weight: 6.6><1O4, provided by State Key Laboratory of Biotherapy
and Cancer Center, Sichuan University, Chengdu, China) in 20 mL of a
4:1 mixture of organic solvent composed of chloroform and dimethyl-
formamide (Sigma, St. Louis, MO, USA). The mixed organic solvent was
prepared by rotation (60 rpm) overnight. The PCEC film was obtained
by placing the polymer solution in a glass dish (10 cm in diameter and
55 cm? in bottom area) and allowing the volatile liquid to evaporate.
The thickness of the PCEC film was controlled to be 0.7 mm.

22 | SEM

The PCEC film samples were fixed with 5% glutaraldehyde in 1x
phosphate-buffered saline (pH=7.4) overnight, dehydrated with
increasing concentrations of ethanol (from 30%, 50%, 70%, 90%, 95%
to 100%) and lyophilized (FD-1; Bioking Technology Company, Beijing,
China). The PCEC film samples were then mounted on aluminium
stumps, coated with gold in a sputtering device for 1.5 min at 15 mA
and examined under a scanning electron microscope (SEM; HITACHI
S-4800, Tokyo, Japan) equipped with an EDS (Alpha Ray Spectrometer,
Oxford, UK) at an accelerating voltage of 20 kV. The diameter of the
PCEC film was measured from the SEM images using image analysis
software (Image J, National Institutes of Health, Maryland, USA) and
calculated by randomly selecting 100-150 fibres in the SEM images.

23 | AFM

The surface roughness of the PCEC film was measured using an
atomic force microscope (AFM, Nanoscope MultiMode & Explore
SPM, Vecco Instrument, New York, US) operated in ambient air under
tapping mode with a scan rate of 0.5 Hz and a scan size of 5 x 5 umz.
The root mean square (RMS), surface area difference, and Z range
were estimated with the aid of Nanoscope imaging software.
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2.4 | Contact angle measurement

For the determination of hydrophilicity of the scaffolds, the static contact
angle of distilled water on the surface of the PCEC film was measured
using a Cam 200 optical contact angle meter (KSV Instruments, Monroe,
CT, USA). The images of water drops on the sample surface were obtained
using a CCD camera (KGV-5000, Japan) and then analysed with software
supplied by the manufacturer. Six samples were measured in each group.
Four different points were measured for each sample. Initially, distilled
water (5 mL) was used in each measurement after exposure for 3 sec-

onds at ambient temperature and 65% relative humidity (RH).

2.5 | Mechanical testing parameters

The mechanical properties of the PCEC film were determined using
a tabletop uniaxial testing instrument (Instron 5565, Minnesota,
USA) equipped with a 50 N load cell under a crosshead speed of
5mm min~! under ambient conditions (RH ~65%). All the samples
were prepared in rectangular shape with dimensions of 10 x 60 mm?
from the PCEC film. The mechanical testing was repeated at least six
times. The stress-strain curves, Young's modulus and elongation at
break of the PCEC film were obtained.

2.6 | Cell culture

Animal materials used for this study were obtained according to gov-
erning ethical principles, and our protocol was reviewed and approved
by our institutional review board (IRB).

rASCs were isolated from subcutaneous adipose tissue from groins
of 2-week-old SD rats, which were from the Sichuan University Animal
Center. Collected tissues were cut into small pieces and digested in
0.075% type-I collagenase (Sigma-Aldrich) solution in a shaking incu-
bator for 60 minutes. This was then neutralized 1:1 (v/v) with 10%
heat-activated foetal bovine serum (FBS) a-MEM (0.1 mmol Lt
non-essential amino acids, 4 mmol L™ L-glutamine, 1% penicillin-
streptomycin solution), and suspensions were centrifuged at 157 xg
for 5 minutes. After removal of supernatants, remaining rASCs were
resuspended in 10% FBS a-MEM and seeded into plates or T25 flasks,
then incubated at 37°Cin a 5% CO, incubator. Cells were subcultured
to passage three for further experimentation.

To obtain green fluorescent protein-positive ASCs, subcutaneous
adipose tissue was collected from enhanced green fluorescent protein
(GFP) transgenic mice (Centre for Genetically Engineered Mice, West
China Hospital, Sichuan University, Chengdu, China). The green fluo-
rescent protein-positive ASCs was obtained under sterile conditions

from GFP transgenic mice as the method described above for rASCs.

2.7 | Cell morphology

The PCEC films (which were cut into a round shape fitting the well
diameter in a 96-well plate with a thickness of 0.7 mm) were placed
into 96-well plates. All the materials were irradiated under ultraviolet

light for half an hour for disinfection.

The third passage of green fluorescent protein-positive mASCs
was seeded at 5-10 x 10* per mL density into the glass-bottomed 96-
well plates, which were prepared as described above. For comparison
purposes, the control group, in which the green fluorescent protein-
positive mASCs were seeded at the density of 5-10 x 10% per mL into
the six-well plates without the scaffold materials, was established.
For each group, two parallel holes were set up. The cells were studied
using an Olympus IX 710 microscope (Olympus, Tokyo, Japan) after
cultured in the basic medium for 1, 5 and 5 days.

For SEM, the third passage of rASCs was seeded at 5-10 x 10* per
mL density into the glass-bottomed 96-well plates, which were prepared
as described above. After cells seeding for 1, 3 and 5 days, the cells that
were attached and infiltrated into the PCEC film were fixed with 3% glu-
taraldehyde for 1 hour, rinsed three times in water and dehydrated with
graded concentrations of ethanol (percentage from 50, 70, 90 to 100,
v/v). Subsequently, the samples were treated with hexamethyldisilox-
ane (HMDS) and kept in a fume hood for air drying. Finally, the samples
were coated with gold for the observation of their cell morphologies.

2.8 | Cell proliferation assay

For cell proliferation, the cell counting assay kit-8 (CCK-8) (Dojindo,
Kumamoto, Japan) was used to quantify the amount of viable cells to
determine the extent of cell proliferation and cytotoxicity on the PCEC
film after the third passage of rASC seeding at the density of 10° per mL
for 1, 3 and 5 days. Briefly, 10 mL of CCK-8 solution was added to each
well of a 96-well plate with or without the scaffolds. The loaded samples
were incubated at 37°C for 1-4 hours to form water insoluble formazan.
The optical density (OD) value was measured at a wavelength of 450 nm
using a microplate reader (VariOskan Flash 3001; Thermo, New York,
USA). The amount of the formazan dye generated by the activity of
dehydrogenases in the cells was directly proportional to the number of
living cells. The samples included the normal control group and PCEC

film groups; all the treated groups were normalized to the control group.

2.9 | Invivo cartilage defect formation

Animal materials used for this study were obtained according to gov-
erning ethical principles, and our protocol was reviewed and approved
by our institutional review board (IRB).

Thirty 12-week-old SD rats from the Sichuan University Animal Center
were used in this study. The animals were anaesthetized with chloral
hydrate by intraperitoneal injection. A medial parapatellar skin incision was
made, and the knee joint was exposed via lateral dislocation of the patella.
Full-thickness cartilage defects that extend through the cartilage layer and
penetrate the subchondral bone were created surgically at the femoropa-
tellar groove of both the hind leg knee joints. The defects were made with
a diameter of 1.5 mm and a depth of 2 mm as previously described.

2.10 | Invivo implantation

PCEC films (which were cut into a round shape with a diameter of
1.5 mm and a thickness of 0.7 mm) were placed into 96-well plates
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for half an hour under ultraviolet disinfection. Twelve-week-old*° SD
rats were used to generate 60 defect samples (bare PCEC scaffolds: 40
samples and chondrocyte defects without treatment: 20 samples [con-
trols]). Immediately after the formation of the cartilage defect in rats,
the implantation was carried out by filling the overlapped scaffolds into
the defect holes. Rats were killed after 4 (10 rats, 20 samples) and 8 (10
rats, 20 samples) weeks to assess the repair process of cartilage effects.
The defects were made with a diameter of 1.5 mm and a depth of 2 mm;
thus, we used the film with a diameter of 1.5 mm and thickness of
0.7 mm to fill the defects. The specific methods used are as follows: we
first placed a layer of PCEC film on the defect through extrusion to sta-
bilize the PCEC film in the defect region until the defect area was filled.

2.11 | Histological staining and
immunohistochemistry

For histological evaluation, the implantation sites were harvested and
fixed in 4% PFA for 48 hours at 4°C. Samples were treated with a
series of graded alcohol baths for dehydration, and then they were
treated with xylene, embedded in paraffin and sectioned into slices
with a thickness of 5 mm. The sections were stained with haematoxy-

lin and eosin (HE, Beyotime, China), Safranin O (Sigma-Aldrich).

For immunohistochemistry, the slices were stained with rat poly-
clonal antibodies against rat type-Il collagen (no. bs-0709R; Bioss,
Beijing, China) and goat anti-rat 1gG/biotin (no. SP-0023; Bioss)
according to a standard SABC protocol reported by the manufacturer.
The rehydrated paraffin sections were treated with 0.1% trypsin for
epitope unmasking before staining. Three samples for each group

were analysed using an inverted light microscopy (Olympus-IX71).

2.12 | Statistical analysis

The results are expressed as mean * standard deviation. Statistical
analysis was performed using the Student’s t test and one-way analy-
sis of variance (ANOVA) followed by analysis using spss 19.0 software
(SPSS, Chicago, IL, USA). In each analysis, the critical significance level

was set at P<.05.

3 | RESULTS

3.1 | Characteristics of PCEC film

The morphologies of PCEC film were first characterized by SEM
(Fig. 1a) and AFM (Fig. 1b). The SEM results show that the topological

(b)
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FIGURE 1 The morphologies of PCEC film. (a) Morphology of the PCEC film evaluated by SEM (n=3). The topological structure of the
PCEC film had no fibres, and the surface was relatively smooth and featureless. (b) Morphology of the PCEC film evaluated by AFM (n=3). The
topological structure of the PCEC film was detected randomly at 10 x 10 um. The quantified surface roughness was 585.73 nm in height
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FIGURE 2 Characterization of PCEC film. (a) Measurement of the water contact angle wetting behaviour of a water droplet on the
PCEC film (n=3), the contact angle was determined at 69.23 + 1.5°. (b) Mechanical parameters determined from slices of the PCEC film
(10.0 x 5.0 x 0.7 m3) (n=3). The PCEC film could bear the tensile force up to 6 N, and the tensile displacement reached ~3 mm before its
fragmentation and the Young's modulus was approximately 349.04519 MPa and the elongation at break was 3.07%

structure of the PCEC film had no fibres and the surface was relatively
smooth and featureless. For AFM, to show a representative topologi-
cal morphology, we chose a random size of 10 x 10 um. The quanti-
fied surface roughness was about 585.73 nm in height. Because the
PCEC film featured a high specific surface area, one of the decisive
factors for micro-scale materials was wettability; the contact angle
was determined to be 69.23 + 1.5° by a Cam 200 optical contact
angle meter instrument (Fig. 2a). In the tension test (Fig. 2b), the PCEC
film could bear the tensile force up to 6 N, and the tensile displace-
ment reached ~3 mm before its fragmentation. At the scaffold size
of 10 x 5 x 0.7 mm°®, mechanical parameters were measured. Young's
modulus was about 349.04519 MPa and the elongation at break was
3.07%.

3.2 | Cell behaviours of ASCs in response to the
PCEC film in vitro

The ASCs from green fluorescent mice were seeded onto the PCEC
film and the green fluorescent protein-positive mASCs attached to the
PCEC film after seeding (Fig. 3). In the Petri dish containing the con-
trol group, green fluorescent protein-positive mASCs were seeded,
attached, spread and proliferated within 5 days. For the PCEC film as
well, at day 3 after seeding, the cell spreading area was the broad-
est. Then, the number of green fluorescent protein-positive mASCs
was significantly increased and was up to confluence at day 5. And
the numbers increased as compared with the control group. The SEM
images of the attached rASCs are shown in Fig. 4a. At day 3 after

seeding, the cell spreading area was the broadest. Then, the number
of rASCs was significantly increased and was up to confluence at day
5. The proliferation assay was performed to evaluate the cell prolif-
eration rate on the scaffolds using the CCK-8 assay kit (Fig. 4b). The
results showed that after day 1, 3 and 5, the rASCs on the PCEC film
had a significantly higher proliferation rate than those found on the

Petri dish group.

3.3 | Knee cartilage defect and biomaterial
implantation: PCEC film in cartilage tissue engineering

PCEC film could fill the site of cartilage defect due to its good mechan-
ical properties and biocompatibility. During the in vivo experiments,
full-thickness cartilage defects were created on the hind knees of
12-week-old SD rats. The sites of the defects were surgically created
at the femoropatellar groove (1.5 mm in diameter, 2 mm in depth).
The groups were divided into two subgroups including the PCEC
film implant group (20 rats, 40 samples) and bare chondrocyte defect
group without any treatment (10 rats, 20 samples). The wounds were
sutured immediately after the scaffold materials were implanted.
Animals post surgery maintained good health throughout the study,
as assessed by their weight gain. The experimental rats were killed
and the repair of the cartilage defects was detected at 4 and 8 weeks
post-surgery. At week 4, the new-formed tissues could not cover the
defects in all groups. At week 4, the implantation group showed inte-
gral repair morphology, but the interface between the scaffolds and
newly formed tissue was clearly visible. At week 8, the implantation
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FIGURE 3 Architectural characteristics of the PCEC film elucidated by the morphology of ASCs from green fluorescent mice, as shown
by microscope observation, green fluorescent protein-positive mASCs were seeded on the PCEC film at different days. The Petri dish group
showed the normal morphologies of cultured green fluorescent protein-positive mASCs at different days (n=3). By 5 d after seeding, the cells
attached to the PCEC film, significantly increased in numbers, in comparison to the other group
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FIGURE 4 Invitro cell behaviour of the PCEC film. (a) Cell morphologies of mASCs on the PCEC film for implantation, as shown by SEM
(n=3). mASCs were seeded, attached, spread and proliferated within 5 d. (b) Cell proliferation of mACSs on the PCEC film and Petri dishes (n=3).
The results show that the proliferation rates within 5 d were significantly higher on the PCEC films than that found on the Petri dishes
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FIGURE 5 HE staining of cross-sections of repaired knee articular cartilage at 4 and 8 wk. HE staining showed the interfaces between the
peri-native tissues and new-formed tissues in all the groups. The control group (8 wks) showed a reduced defect area but did not form repair
morphology. Among the implant groups, the interfaces were more distinct at 4 wks than at 8 wks post-surgery. At 8 wks, repaired newly formed
tissue gradually covered the implanted films to form an integral cartilage-like tissue. The experiments were repeated three times (n=3)

groups had formed repaired morphologies for the cartilage defect, and
the newly formed tissue covered the whole defect zone and the inter-
face between the scaffolds and the newly formed tissue disappeared.
The control group (8 weeks) showed a reduced defect area but did
not form repair morphology like native cartilage. The defect area is
covered by the new tissue, but most of the new tissue was connective
tissue which was relatively loose, and the PCEC film implant indenta-
tion of cartilage defects showed integral repair morphology but the
embedded PCEC film did not show any degradation.

3.4 | Repair evaluation: from histological staining to
immunohistochemistry

The samples from the repair sites of the cartilage defects at 4 and
8 weeks post-surgery were evaluated by HE, Safranin O, type-II col-
lagen staining (Figs 5-7). HE staining showed the interfaces between
the peri-native tissues and new-formed tissues in all the groups. The
control group (8 weeks) showed a reduced defect area but did not
form repair morphology. Among the implant groups, the interfaces at
4 weeks were more distinct when compared with those at 8 weeks
post-surgery. At 4 weeks, the layers of the PCEC film were clearly

shown, but the newly formed tissue (Fig. 5) was gradually covered at
the top of cartilage defect indentation. At 4 weeks, the original tis-
sue, newly formed tissue and PCEC film were all clearly observed
at the site of the cartilage defect. At 8 weeks, an improved repaired
new-formed tissue gradually covered the PCEC film to form integral
cartilage-like tissue. One of the most important markers for evaluating
cartilage repair is the assembly of proteoglycan. The internal repair
integrity was shown in scaffold-implanted groups by Safranin O stain-
ing and was especially clear in the implant group, and we found that
the control group (8 weeks) showed a reduced defect area but did
not form repair morphology. Among the implant groups, at 4 weeks
post-surgery, there were distinct differences between the original tis-
sue and newly formed tissue. The newly formed tissue showed a light
colour relative to the original tissue, although the newly formed tis-
sue showed the component of proteoglycan. At 8 weeks, the newly
formed tissue completely covered the implant material and formed
an integral surface with a thickness of ~400 mm. However, the PCEC
films were embedded in the deep defects and did not degrade (Fig. 6).
We further evaluated the components of proteoglycan and collagen Il
at the repair sites using type-Il collagen staining (Fig. 7). Type-Il collage
is another important marker used to evaluate the cartilage repair. The
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Control group
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FIGURE 6 Safranin O staining of cross-sections of repaired knee articular cartilage at 4 and 8 wk. One of the most important markers for
evaluating cartilage repair is the assembly of proteoglycan. The internal repair integrity was shown in scaffold-implanted groups by Safranin O
staining and was especially clear in the implant group. We found that the control group (8 wk) showed a reduced defect area but did not form
repair morphology. Among the implant groups, at 4 wk post-surgery, the newly formed tissue showed a light colour relative to the original tissue,
although the newly formed tissue showed the component of proteoglycan. At 8 wk, the newly formed tissue completely covered the implant
material and formed an integral surface with a thickness of ~400 mm. However, the PCEC films were embedded in the deep defects and did not

degrade. The experiments were repeated three times (n=3)

interfaces between peri-native and newly formed tissue were distinct
among control and implant group. We found that the control group
(8 weeks) showed a reduced defect area but did not form repair mor-
phology. Among the implant groups, the interfaces between the peri-
native tissue and new-formed tissue were distinct at 4 weeks. At the
top of the indentation of the cartilage defects, a thin layer of type-II
collagen containing new tissue was formed and this newly formed tis-
sue did not form an integral surface. At 8 weeks, the original tissue and

newly formed tissue were fused and an integral surface was formed.

4 | DISCUSSION

The goal of tissue engineering is to furnish living structures that have
the potential to integrate with surrounding tissue. Central to forma-
tion of newly regenerating tissue is the scaffold which is providing its
support. The role of the scaffold is to provide anchorage for cells while
permitting sufficient bone blood flow. Prior investigations have dem-
onstrated the ability of mineralized bone to form in vitro on porous

biodegradable polymer scaffolds. A wide variety of scaffold fabrica-
tion techniques has been developed, for example, solvent casting/

porogen Ieaching,go'31 32,33

phase separation, emulsion freeze dry-
ing,34 gas foaming35 and electrostatic spinning.‘%'37 For treatment of
large bone defects, scaffolds should enable blood vessel ingrowth by
providing the appropriate architecture and signalling for angiogenesis.
Biomimetic scaffolds using natural and synthetic biomaterials are
highly desirable to recreate the micro-architecture of articular carti-
lage. Some studies have suggested that environmental,3® cytokines
and suitable scaffold materials can promote bone and cartilage tis-
sue regenerat:ion.”'45 Although intensive research has focused on
the developmental biology and regeneration of cartilage tissue, and a
diverse plethora of biomaterials have been developed for this purpose,
cartilage regeneration is still suboptimal with disadvantages, such as
lack of a layered structure, mechanical mismatch with native cartilage,
and inadequate integration between native tissue and the implanted
scaffold.*¢4”
Adipose-derived stem cells are emerging as a promising option for

treating tissue damage and diseases because of their accessibility and
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FIGURE 7 Type-ll collagen staining of cross-sections of repaired knee articular cartilage at 4 and 8 wk. Type-II collage is another important
marker used to evaluate the cartilage repair. The interfaces between peri-native and newly formed tissue were distinct among control and
implant group. We found that the control group (8 wk) showed a reduced defectarea but did not form repair morphology. Among the implant
groups, the interfaces between the peri-native tissue and newly formed tissue were distinct at 4 wk. At the top of the indentation of the
cartilage defects, a thin layer of type-Il collagen containing new tissue was formed and this newly formed tissue did not form an integral surface.
At 8 wk, the original tissue and newly formed tissue were fused and an integral surface was formed. The experiments were repeated three times

(n=3)

their ability to differentiate into multiple cell lineages, including chon-
drocytes. ASCs have also been used to enhance muscle regeneration,
promote neovascularization and reossify large cranial defects. ASCs
can also undergo chondrogenic differentiation.

Zhang et al.*® have reported that PCEC exhibited good potential
in forming cell-scaffold complexes because of its high biodegradation
rate, amphiphilic nature and biocompatibility. In our study, the char-
acteristics of PCEC film were tested using SEM and AFM. Cell mor-
phologies on PCEC film were obtained using SEM and fluorescence
microscopy after cell seeding. The tests of proliferation on PCEC film
were conducted using CCK-8 assay. It was found that PCEC film,
as a biomaterial implant, possessed good in vitro properties for cell
adhesion, migration and proliferation. After characterizing the PCEC
film, we found it as a relatively favourable natural biomaterial that is
suitable for implantation in cartilage defects, especially because of its
intrinsic hydrophilicity. So next full cartilage defects in rats were cre-
ated and PCEC films were implanted to evaluate their healing effects
within 8 weeks. The results show that in the in vivo experiment, PCEC

film exhibited desirable healing outcomes.

There are still some limitations in this study. First, the investiga-
tion that whether the newly repaired tissue is a cartilaginous tissue
or fibro-cartilaginous tissue needs a long-term follow-up, although
the morphology, histological staining and immunohistochemistry have
confirmed the markers of cartilage in the new-formed tissues. And
in the control group, the defect area is covered by the new tissue,
but most of the new tissue was connective tissue which was rela-
tively loose, so the connective tissue is easy to fall off in the process
of slicing and dyeing. Second, the time during which PCEC film could
entirely degrade and the new cartilage could be completely formed
should be confirmed. Third, whether the mechanical properties of the
newly formed tissues are closed to those of native cartilage also needs

to be further investigated.

5 | CONCLUSIONS

In this study, the PCEC film was fabricated and its mechanical proper-

ties were determined. Adipose-derived stem cells (ASCs) were seeded
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onto the film to evaluate their abilities of adhesion and proliferation. It
was established that the cells seeded onto the films had better abilities

of adhesion and proliferation in vitro. Furthermore, the actual thick-

ness cartilage defects were created at the site of the femoropatel-

lar groove of rat knees and the PCEC film scaffold was immediately

implanted. Eight weeks post surgery, new cartilage-like tissues were

formed at the sites of the defects. Evaluation from histological stain-

ing to immunohistochemistry confirmed a better integration between

the native tissues and scaffolds. Our findings demonstrate that the

PCEC film scaffold shows great potential in the field of tissue engi-

neering and could lead to excellent repair of cartilage defects.
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