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Abstract: Electrospinning has recently received considerable attention, showing notable
potential as a novel method of scaffold fabrication for cartilage engineering. The aim of this
study was to use a coculture strategy of chondrocytes combined with electrospun gelatin/
polycaprolactone (GT/PCL) membranes, instead of pure chondrocytes, to evaluate the formation
of cartilaginous tissue. We prepared the GT/PCL membranes, seeded bone marrow stromal cell
(BMSC)/chondrocyte cocultures (75% BMSCs and 25% chondrocytes) in a sandwich model
in vitro, and then implanted the constructs subcutaneously into nude mice for 12 weeks. Gross
observation, histological and immunohistological evaluation, glycosaminoglycan analyses,
Young’s modulus measurement, and immunofluorescence staining were performed postimplanta-
tion. We found that the coculture group formed mature cartilage-like tissue, with no statistically
significant difference from the chondrocyte group, and labeled BMSCs could differentiate
into chondrocyte-like cells under the chondrogenic niche of chondrocytes. This entire strategy
indicates that GT/PCL membranes are also a suitable scaffold for stem cell-based cartilage
engineering and may provide a potentially clinically feasible approach for cartilage repairs.
Keywords: electrospinning, nanocomposite, cartilage tissue engineering, nanomaterials, stem
cells

Introduction
Owing to the limited self-repair capacity of cartilage because of its poor regenerative
ability and deficient blood supply, cartilage tissue engineering provides a promis-
ing approach for cartilage regeneration in patients with various cartilage defects.!
In recent years, considerable attention has been given to biodegradable synthetic
polymers and their application in cartilage tissue engineering.®’ Scaffolds seeded with
chondrocytes or stem cells have been widely investigated for use in the tissue engineer-
ing of cartilage. However, most of the scaffolds investigated were not able to form ideal
cartilage tissue, restricting their further clinical application. Therefore, the selection
of appropriate scaffolds is critical for the engineering of effective cartilage.
Recently, electrospinning has received considerable attention as an alternative
approach for the fabrication of unique scaffolds.®? Electrospinning can produce polymer
fibers with diameters down to nanoscale dimensions, which could structurally mimic
the natural extracellular matrix (ECM).!*!" To date, a range of polymers, including
polyglycolic acid, polycaprolactone (PCL), polylactic acid, and their copolymers, have
been developed as scaffolds by electrospinning for tissue engineering applications.!* !5
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Furthermore, blending synthetic polymers and natural materi-
als by electrospinning could combine the advantages of both
synthetic and natural materials, potentially improving cell
affinity while offering ideal mechanical properties for tissue
engineering applications.'¢ !¢

In our previous study, we fabricated electrospun gelatin/
polycaprolactone (GT/PCL) nanofibrous membranes, and
found that acetic acid could improve the miscibility, contrib-
uting to obtaining finer and compositionally homogeneous
hybrid nanofibers."” Furthermore, GT/PCL membranes
seeded with chondrocytes in a sandwich model could form
good-quality cartilage with precise three-dimensional (3-D)
structures.” However, chondrocytes as seed cells have limited
cell sources and poor capability to expand in vitro. Besides,
chondrocytes are prone to dedifferentiation after monolayer
expansion, affecting the quality of the neocartilage.”’ Given
the limitations of chondrocytes, it is necessary to consider
other attractive alternative cell sources for seeding on to the
GT/PCL membranes for engineering cartilage.

Bone marrow stromal cells (BMSCs) have a self-renewal
capacity, long-term viability, and a potential for multilineage
differentiation, such as osteogenic, chondrogenic, adipogenic,
and myogenic lineages.?>** Over the past decade, BMSCs
have been widely used for cartilage tissue engineering.?*%
However, the chondrogenic induction of BMSCs by com-
mon in vitro protocols for engineering cartilage tended to
differentiate toward the hypertrophic phenotype and resulted
in calcification, especially at heterotopic sites.”® The recent
coculture strategy, combining the chondrogenic niche of
chondrocytes with the proliferative potential of BMSCs,
could enhance BMSC chondrogenesis and prevent hyper-
trophy, resulting in stable cartilage formation.?”-*® In the
coculture system, paracrine-soluble chondrogenic factors,
including transforming growth factor 31 (TGF-$1), insulin-
like growth factor 1 (IGF-1), bone morphogenetic protein 2
(BMP-2), and parathyroid hormone-related protein (PTHrP)
released by chondrocytes, provided potent chondroinductive
signals and improved chondrogenesis, and suppressed the
hypertrophic development of BMSCs.?** These findings
indicate that the coculture of BMSCs and chondrocytes is
economical, easy, and promising for the generation of stable
tissue-engineered cartilage. However, it remains unclear
whether GT/PCL membranes combining a coculture of
BMSCs and chondrocytes could successfully generate neo-
cartilage in the sandwich model.

In this study, we used a coculture strategy instead of
pure chondrocytes to engineer cell-scaffold constructs
using GT/PCL membranes seeded with BMSC/chondrocyte

cocultures in the sandwich model in vitro and then implanted
the constructs subcutaneously into nude mice for 12 weeks
to further investigate whether GT/PCL membranes could be
suitable for stem cell-based cartilage engineering. Moreover,
BMSCs were labeled with CM-Dil before construction in vitro
to provide scientific evidence that BMSCs could undergo chon-
drogenic differentiation in vivo and form stable cartilage.

Materials and methods

Experimental animals

Nine male New Zealand white rabbits (8 weeks old) were
purchased from Shanghai Chedun Experimental Animal
Raising Farm (Shanghai, People’s Republic of China).
Eighteen male nude mice (7 weeks old) were purchased
from Shanghai Slaccas Experimental Animal Ltd. (Shanghai,
People’s Republic of China). All experimental protocols were
approved by the Animal Care and Experiment Committee of
Shanghai Jiao Tong University School of Medicine.

Fabrication of GT/PCL membranes

by electrospinning

GT/PCL membranes were fabricated by electrospinning,
as previously described.!”? In brief, polymers of gelatin
type A (300 Bloom) from porcine skin in powder form and
PCL (MW, 80,000) were obtained from Sigma-Aldrich
(St Louis, MO, USA). Then, gelatin and PCL were dissolved
separately in trifluoroethanol (TFE) at a concentration of
10 wt% and stirred vigorously at room temperature for
24 hours. Before electrospinning, the two solutions were
mixed in a 50:50 (v:v) ratio with a trace amount of acetic acid
(acetic acid/TFE 0.2%) by stirring at room temperature for
0.5 hours. The electrospinning conditions were as follows:
2.0 mL/h injection rate, 10 kV voltage, and 12 cm distance
between the syringe nozzle and the grounded aluminum sheet
(200200 mm?). The GT/PCL membranes were vacuum
dried for 1 week at room temperature. The membranes were
then tailored into a round shape (shown in Figure 1A) and
lyophilized in a vacuum freeze-drier (Freezone 2.5L Triad;
Labconco, Kansas City, MO, USA) for 24 hours. Eventually,
the GT/PCL membranes were sterilized for 0.5 hours under
ultraviolet (UV) irradiation for subsequent uses.

Isolation and culture of cells

BMSCs and chondrocytes from New Zealand white rabbits
were isolated and cultured, respectively, according to previ-
ously established methods.'®*' Briefly, fresh bone marrow
was harvested, centrifuged, washed, and then resuspended
onto culture dishes at a cell density of 5x10° nucleated
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Figure | Characterization and biocompatibility of GT/PCL nanofibrous membrane.
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Notes: (A) Gross view of the sheet of electrospun GT/PCL nanofibrous membrane. (B) SEM image of GT/PCL membrane. (C) Morphology of Passage | chondrocytes using
a light microscope. Scale bar: 200 um. (D) Morphology of chondrocytes on GT/PCL membranes after 2 days of cell culture in vitro. (E) Morphology of Passage 2 BMSCs using
a light microscope. Scale bar: 200 um. (F) Morphology of BMSCs on GT/PCL membranes after 2 days of cell culture in vitro.

Abbreviations: GT/PCL, gelatin/polycaprolactone; SEM, scanning electron microscopic; BMSC, bone marrow stromal cell.

cells/cm? in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Hyclone, Logan, UT, USA) containing 10% fetal bovine
serum (FBS; Bioind, Beit HaEmek, Israel), 100 U/mL peni-
cillin, and 100 U/mL streptomycin (Hyclone). When primary
cells reached over 80%-90% confluence, the cells were
digested with 0.25% trypsin plus 0.02% Ethylene Diamine
Tetraacetie Acid (EDTA) (Gibco, Waltham, MA, USA) and
then subcultured at a cell density of 2x10* cells/cm?. Passage
2 BMSCs were used for further experiments.

Fresh auricular cartilages were harvested, washed, and
digested with 0.25% trypsin plus 0.02% EDTA at 37°C
for 30 minutes, minced into approximately 1 mm? pieces,
and then digested with 0.1% collagenase NB4 (SERVA,
Heidelberg, Germany) in serum-free DMEM at 37°C for
about 12—16 hours. Primary chondrocytes were harvested,
counted, and seeded onto culture dishes at a cell density of
2x10* cells/cm? in regular medium. Passage 1 chondrocytes
were used for further experiments.

Cell adhesion and growth on GT/PCL

membranes

To detect the cytocompatibility of GT/PCL membranes, the
morphology and adhesion of BMSCs and chondrocytes on
GT/PCL membranes were observed by scanning electron

microscopy (SEM). The BMSCs or chondrocytes were
seeded onto GT/PCL membranes at a density of 2x10* cells/
well in 24-well plates (2 cm? per well). Two days after cell
seeding, samples were fixed with 2.5% glutaraldehyde
overnight at 4°C. Samples were rinsed and dehydrated
with graded concentrations (50%, 70%, 80%, 90%, 95%,
and 100% v/v) of ethanol. Subsequently, the samples were
critical-point dried and examined by SEM.

Engineering of cell-scaffold constructs

BMSCs and chondrocytes were collected and mixed at a ratio
of 3:1 (BMSCs:chondrocytes) with an ultimate concentra-
tion of 1x10® cells/mL. Then, the cell-scaffold constructs
(coculture group) were engineered using the sandwich model,
as described previously.?? Briefly, one GT/PCL membrane
was placed in the bottom of a well of 6-well plates seeded
with 5 UL of the mixed cell suspension. Another sheet was
then stacked on top of the first sheet using sterile forceps,
followed by seeding with the same number of cells. The
procedure was repeated until ten sheets were stacked. Pure
chondrocytes or BMSCs were likewise constructed with
GT/PCL membranes as a positive control (chondrocyte
group) and negative control (BMSC group). All cell-scaffold
constructs were then cultured in regular medium in vitro for
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1 week and then implanted subcutaneously into nude mice
for 12 weeks (n=5 for each group).

Gross observation

After implantation for 12 weeks, the mice were sacrificed, and
the cell-scaffold constructs were dissected and harvested from
the aforementioned three groups for further investigation.
Each construct was observed grossly for shape, color, and
size, and palpated with forceps to assess mechanical rigidity.
Furthermore, the thickness and wet weight of each construct
were measured and subjected to statistical analysis.

Quantification of glycosaminoglycan

content

Glycosaminoglycan (GAG) analysis was performed accord-
ing to methods previously described.** Samples from each
group were digested in papain solution (Sigma-Aldrich).
The GAG content was quantified by adding the sample to
1,9-dimethylmethylene blue (Sigma-Aldrich) dye solution
and measuring the absorbance value at 520 nm using shark
chondroitin sulfate (Sigma-Aldrich) as the standard. The
rabbit auricular cartilages were used as a normal control.

Biomechanical analysis

The mechanical properties of cell-scaffold constructs from
each group were measured using a biomechanical testing
machine (Instron-5542; Instron Corporation, Norwood, MA,
USA), as previously described.’* Samples were prepared
and a constant compressive strain rate of 0.5 mm/min was
applied until 80% of maximal deformation was achieved,
and a stress—strain curve was then generated. The Young’s
modulus of the samples were calculated based on the slope
of the stress—strain curve. The rabbit auricular cartilages were
used as a normal control.

Histological and immunohistochemical
staining

After gross examination, the samples harvested from all the
groups were subjected to histological and immunohistochemi-
cal examinations as previously described.*? The samples were
fixed in 4% paraformaldehyde, embedded in paraffin, and
then sectioned into 5 m sections. The sections were stained
with hematoxylin and eosin (H&E) to assess tissue structure
and Toluidine blue and Safranin O to locate the GAG depos-
its. Expression of type II collagen was detected with a mouse
antihuman type II collagen monoclonal antibody (1:200;
Abcam, Cambridge, UK), followed by a secondary antibody
(1:50; Dako, Glostrup, Denmark) in phosphate-buffered

saline (PBS), and diaminobenzidine tetrahydrochloride
(Dako) was used for color development.

Labeling and tracing chondrogenesis
of BMSCs

To trace the differentiation of BMSCs in cell-scaffold con-
structs implanted subcutaneously into nude mice, the fluores-
cent carbocyanine CM-Dil (Molecular probes, Waltham, MA,
USA) was used to label the BMSC membranes, similar to a
previous report.** In brief, BMSCs were collected, counted, and
then labeled with CM-Dil (1:100, 10 uL/mL) for 30 minutes
at 37°C. Then, the labeled BMSCs were washed with PBS
three times and then mixed with chondrocytes at a ratio of 3:1
(BMSCs:chondrocytes) at an ultimate concentration of 1x10?
cells/mL. Next, the mixed cells were seeded onto GT/PCL
membranes in the sandwich model. The cell-scaffold constructs
were also cultured in regular medium in vitro for 1 week and
then implanted subcutaneously into nude mice for 12 weeks.
After 12 weeks of implantation, the labeled BMSCs
were analyzed by immunofluorescence staining for cartilage
marker type II collagen. Seven-micrometer frozen sections of
samples were prepared, fixed with 4% paraformaldehyde for
2 hours at room temperature, and washed with PBS, then 0.5%
Triton X-100 (Sigma-Aldrich) for 30 minutes, again washed
with PBS, blocked with 10% donkey serum (Multisciences
Biotech, Hangzhou, People’s Republic of China) in PBS for
30 minutes at 37°C, and then incubated for 2 hours at 37°C
with a mouse antihuman type II collagen monoclonal antibody
(1:200). After rinsing with PBS, the samples were subsequently
incubated with Alexa Fluor 488-conjugated donkey secondary
antibody (Life Technologies, Waltham, MA, USA) for 30 min-
utes at 37°C. Nuclei were counterstained with 4”,6-diamidino-
2-phenylindole (DAPI) (1:500; Enzo Life Sciences, Lausen,
Switzerland) for 30 seconds. Immunostaining was observed
and analyzed using an inverted fluorescence microscope (Leica
DMI3000B; Leica Microsystems, Wetzlar, Germany).

Statistical analysis

All quantitative data are presented as mean * standard devia-
tion (SD). The different groups were compared using single-
factor analysis of variance (ANOVA). A value of P<<0.05
was considered statistically significant.

Results

Characterization and cytocompatibility
of GT/PCL membranes

Electrospun GT/PCL membranes with a 50:50 gelatin-to-
PCL ratio were cut into 8 mm round sheets with an average
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thickness of 24 um (Figure 1A). Figure 1B shows the
morphology of GT/PCL membranes as visualized by SEM.
The membranes were found to be randomly uniform, bead-
free, smooth structures with an average nanofiber diameter of
4344130 nm. To evaluate the cytocompatibility of GT/PCL
membranes, BMSCs and chondrocytes were seeded and cul-
tured on the GT/PCL membranes, respectively. After 2 days
of culture, both cells could adhere, spread, and proliferate
on the surface of the GT/PCL membranes with their original
shapes, according to SEM images (Figure 1).

Gross observation

The cell-scaffold constructs were built using the sandwich
model with ten layers. The cells were closely adhered to
the GT/PCL membranes with a regular cylindrical shape
(Figure 2A). After 1 week of culture in vitro, the cell-
scaffold constructs were implanted subcutaneously into
nude mice (Figure 2B). After 12 weeks of implantation,
all constructs were harvested from nude mice (Figure 2C).
Gross observation showed that all postimplantation con-
structs almost retained their original rounded shapes. As
compared with the constructs in the chondrocyte group,
those in the coculture group also formed cartilage-like
tissue with an ivory-white appearance and good flexibility
(Figure 2D and E). In contrast, the constructs in the BMSC

A

Procedure of construction

Gross view

ELLGETELEE FYEUEE T

Chondrocytes group

Coculture group

group showed a reddish appearance without any luster or
flexibility (Figure 2F).

Quantitative analysis of thickness, wet
weight, GAG content, and Young’s

modulus

The thicknesses and wet weights of the cell-scaffold con-
structs were measured in all groups. There was no statistically
significant difference in thickness or wet weight between the
chondrocyte group and the coculture group (Figure 3A and B,
P>0.05). However, the constructs in the BMSC group
were significantly lower in thickness and wet weight com-
pared with those in the chondrocyte and coculture groups
(Figure 3A and B, P<<0.01), indicating that the pure BMSCs
had not promoted the formation of cartilage, since the thick-
ness and wet weight of the constructs had not increased in
the BMSC group.

The GAG contents of the constructs from each group were
also analyzed (Figure 3C). Normalized to wet weight, the
GAG contents were significantly increased in both the chon-
drocyte group and the coculture group, with no statistically
significant difference (P>0.05). In contrast, the pure BMSCs
had secreted almost no cartilage ECM. The GAG content was
very low in the BMSC group, and significantly lower than
that in the chondrocyte or coculture group (P<<0.01).

AL LLLLLLLELLLELEL

=

BMSCs group

Figure 2 Engineering cell-scaffold constructs in vitro and the formation of cartilage in vivo.

Notes: (A) Gross view of cell-scaffold constructs engineered in the sandwich model in vitro. (B) Cell-scaffold constructs were implanted subcutaneously into nude mice
after being cultured for | week in vitro. (C) Gross view of cell-scaffold constructs |12 weeks postimplantation. (D=F) Gross view of constructs 12 weeks postimplantation in
the chondrocyte group, coculture group, and BMSC group, respectively. Minimum scale: | mm.

Abbreviation: BMSC, bone marrow stromal cell.
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Figure 3 Quantitative analysis of thickness, wet weight, GAG content, and Young’s modulus.

Notes: (A) Average thicknesses of cell-scaffold constructs in the chondrocyte group, coculture group, and BMSC group, respectively. (B) Average wet weights of cell-scaffold
constructs in the different groups. (C) GAG content normalized to wet weight for cell-scaffold constructs in the different groups. Rabbit auricular cartilages were used as
a normal control. (D) Young’s modulus of cell-scaffold constructs in the different groups. The rabbit auricular cartilages were used as a normal control. Mean + SD (n=4);

*P<0.05, **P<0.01.

Abbreviations: GAG, glycosaminoglycan; BMSC, bone marrow stromal cell; SD, standard deviation.

The mechanical properties of the constructs from each
group were evaluated using a static mechanical spectrometer
(Figure 3D). The BMSC group displayed almost no mechanical
properties. However, the Young’s modulus of the constructs was
significantly higher in both the chondrocyte group and the cocul-
ture group, without statistically significant difference (P>0.05).
This indicates that the BMSCs in the coculture group played an
equal role as compared with the chondrocyte group.

Histological and immunohistological

observations
Histological staining could further support the aforemen-
tioned observations in terms of cartilage formation. Mature
cartilages with a large number of typical lacunar structures
were observed between each layer of the constructs in both
the chondrocyte group and the coculture group. Moreover,
almost no central areas of staining defects were observed
in these constructs. In contrast, almost no tissue structures
existed among the layers of the constructs in the BMSC
group. However, the undegraded GT/PCL membranes could
be observed in all groups (Figure 4).

Toluidine blue and Safranin O can locate GAG deposits in
the cartilage tissue. Type II collagen is the main component

of the ECM in natural cartilage. As shown in Figure 5,
Toluidine blue- and Safranin O-positive staining in both
the chondrocyte group and the coculture group indicated
that abundant, homogeneous cartilage ECM accumulated
and was distributed within the constructs after implanta-
tion. Immunohistochemistry staining further showed that
homogeneous extracellular staining for type II collagen was
significantly increased in both the chondrocyte group and the
coculture group. However, the constructs showed no GAG
or type II collagen depositions in the BMSC group. These
results show that the coculture group could also success-
fully form abundant mature cartilage as compared with the
chondrocyte group.

Tracing chondrogenesis of labeled
BMSC:s in vivo

To further confirm the direct chondrogenesis of BMSCs
induced by chondrocytes during the coculture system, CM-Dil-
labeled BMSCs were mixed with chondrocytes in a 3:1 ratio
to form engineered cartilage by seeding within the GT/PCL
membranes in the same sandwich model in vitro (Figure 6A),
and the constructs were implanted in vivo for 12 weeks.
CM-Dil-labeled BMSCs presented a red appearance, resulting
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Chondrocytes grou

Figure 4 Histology of cell-scaffold constructs after 12 weeks in vivo in the different groups.
Notes: Tissue sections were stained with H&E. Arrows show nondegraded GT/PCL nanofibrous membranes. Scale bars: 200 pum.
Abbreviations: H&E, hematoxylin and eosin; BMSC, bone marrow stromal cell; GT/PCL, gelatin/polycaprolactone.
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Figure 5 Special histological staining with Toluidine blue and Safranin O and immunohistochemistry staining with type | | collagen for cell-scaffold constructs in the different
groups.

Note: Scale bars: 200 um.

Abbreviation: BMSC, bone marrow stromal cell.
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Figure 6 Labeling and tracing chondrogenesis of BMSCs.

Notes: (A) Gross view of cell-scaffold constructs formed by GT/PCL membranes seeded with coculture CM-Dil-labeled BMSCs and chondrocytes in vitro. (B) Gross view
of cell-scaffold constructs after 12 weeks of implantation in the coculture group. (C—F) Immunofluorescence staining with type Il collagen. Arrows show CM-Dil-labeled
BMSCs overlapped with the type Il collagen-positive cells in the constructs. Scale bars: 200 um.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; BMSC, bone marrow stromal cell; GT/PCL, gelatin/polycaprolactone.

inared appearance also in the constructs. Moreover, a consid-
erable number of CM-Dil-labeled BMSCs were still observed
in the constructs even 12 weeks postimplantation, indicating
that the CM-Dil dye could exist for a long time in vivo (Figure
6B). Furthermore, immunofluorescence staining demonstrated
that most CM-Dil-labeled regions formed homogeneous
cartilage-like tissue with typical lacuna structures and strong
expression of type II collagen (Figure 6C—F), which confirmed
that the BMSCs had been transformed into chondrocyte-like
cells by chondrocytes during the coculture system and directly
participated in the formation of cartilage.

Discussion

In this study, we have demonstrated the potential of GT/PCL
nanofibrous membranes combined with a coculture of
BMSCs and chondrocytes for application in cartilage
engineering. Electrospun GT/PCL membranes could better
mimic natural ECM and provide good cell affinity for both
BMSC and chondrocyte adhesion and proliferation. Through
engineering cartilage using GT/PCL membranes seeded with
BMSCs/chondrocytes cocultures in a sandwich model in vitro
and then implanting the constructs subcutaneously into nude
mice for 12 weeks, the constructs showed well-distributed
neocartilage tissue with an ivory-white appearance and good
flexibility. The results indicate that BMSCs in the coculture

group play an equal role compared with the chondrocyte
group in the formation of cartilage.

Scaffolds play a vital role for engineering tissue and
provide an environment for increasing the viability of cells
and promoting synthesis of the neo-ECM.* The choice of
appropriate scaffold is critical for the quality of engineered
cartilage. For scaffolds to be successfully used in tissue engi-
neering, one essential property is that they should have good
affinity for favoring cell adhesion.”” Recently, electrospinning
technology, which can produce nanofibrous scaffolds with a
high surface-area-to-volume ratio and fibers resembling the
nanofibrous features of natural ECM with sufficient pores,
has been shown to be beneficial in terms of cell adhesion, pro-
liferation, and differentiation.'* Moreover, various synthetic
and natural materials can be blended into nanocomposite
electrospun scaffolds, observably improving cell-scaffold
interactions for tissue engineering applications.'®8

The GT/PCL membrane is a representative nanocom-
posite electrospun scaffold blend composed of the natural
material gelatin and the synthetic polymer PCL, and has
been widely used for engineering diverse tissues, includ-
ing nerve, bone, skin, cardiovascular, and cartilage.'®20-34
Our previous studies have further modified the fabrication
of GT/PCL membranes to obtain finer and compositionally
homogeneous hybrid nanofibers, and have demonstrated that
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the membranes could facilitate chondrocyte proliferation and
promote cartilage regeneration.'*?

Since stem cell therapy shows greater potential for tissue
regeneration, stem cells, especially BMSCs, are more likely
to be used in future clinical applications. BMSCs can easily
be obtained, and have a self-renewal capacity along with
multiple differentiation potentials.?** Recent studies have
indicated the differentiation potential of BMSCs for tissue
regeneration on nanofibrous scaffolds.’#* In this study, we
also further investigated the affinity of GT/PCL membranes
for BMSCs and, when combined with BMSCs, whether they
could also generate neocartilage in the sandwich model.
After seeding cells on a polymeric scaffold, cell adhesion
and proliferation were the first cellular events to happen, and
differentiation followed only after the cells were securely
attached.?! Based on SEM results, GT/PCL membranes had
good cytocompatibility for both BMSCs and chondrocytes.
This was partially due to the presence of a natural material,
gelatin, in the nanocomposite GT/PCL membranes. Addi-
tionally, no cytotoxicity was observed when those cells were
seeded on the membranes and cultured in vitro. These results
indicate that GT/PCL membranes may also be an ideal scaf-
fold for stem cell-based cartilage engineering.

Nanofibrous scaffolds combined with BMSCs may
provide an attractive therapeutic strategy for the clinical
applicability of repairing cartilage defects. However, it still
remains a challenge to reproduce the functional properties
of native cartilage while using only BMSCs.* Moreover, the
current BMSC-based cartilage regeneration tended toward
hypertrophy and calcification in the presence of growth fac-
tors, especially at heterotopic sites.?** Therefore, further
optimization of the induction mode of BMSCs must be
performed in order to reach levels similar to those produced
by chondrocytes.

Recent studies have indicated that paracrine soluble factors,
such as TGF-B1, IGF-1, and BMP-2, released by chondrocytes
are able to induce the chondrogenesis of BMSCs in a coculture
system.?** Furthermore, the coculture system could inhibit the
terminal differentiation and hypertrophy of BMSCs, resulting
in stable cartilage formation.”’** However, very few studies
focus on the chondrogenesis of BMSCs by chondrocytes in a
coculture system on electrospun nanofibrous substrates.

In this study, we used a coculture strategy instead of pure
chondrocytes to engineer cartilage using GT/PCL mem-
branes seeded with BMSC/chondrocyte cocultures in the
sandwich model in vitro and then implanting the constructs
subcutaneously into nude mice for 12 weeks to evaluate the
formation of cartilaginous tissue. The constructs had not

formed any new tissues, with almost no mechanical proper-
ties, in the BMSC group. As compared with the constructs
in the BMSC group, all constructs in the coculture group
formed cartilage-like tissue with an ivory-white appearance
and showed significantly greater thickness, wet weight, GAG
content, and improved mechanical properties, with no statisti-
cally significant difference compared with the chondrocyte
group. Our experimental data suggest that pure BMSCs could
not form new tissues without the induction of chondrogenic
factors. However, the GT/PCL membranes could facilitate
the formation of cartilage-like tissue in vivo by the cocul-
ture system, which was further supported by subsequent
histological and immunohistochemical observations. These
findings indicate that BMSCs played a role equivalent to
the chondrocytes in the chondrocyte group in the formation
of cartilage. Moreover, the chondrogenic differentiation
of BMSCs was further proved by tracing CM-Dil-labeled
BMSC:s in vivo for the expression of type II collagen from
immunofluorescence staining. BMSCs could directly par-
ticipate in the formation of cartilage when on the GT/PCL
membranes using the coculture strategy. Additionally, we
also engineered constructs with GT/PCL membranes seeded
with pure BMSCs in the presence of TGF-B3 for 4 weeks’
induction in vitro, and then implanted the constructs into
nude mice for 12 weeks. Unfortunately, the constructs did
not form effective cartilage-like tissues, with little cartilage
diffused distribution in the constructs (data not shown).
We considered that the reason for this may be that the growth
factor had poor induction efficiency, despite the lengthy
induction in vitro, and was not able to fully penetrate into
the interior of the constructs in the sandwich model. How-
ever, BMSCs could form high-quality and well-distributed
neocartilage in the presence of low numbers of chondrocytes
using the aforementioned coculture strategy. Therefore, the
coculture strategy with electrospun nanofibrous scaffolds
is an easy, economical, effective, and potentially clinically
feasible approach for cartilage repair, since a small number of
chondrocytes could be harvested from healthy tissue without
obvious damage, avoiding the in vitro massive expansion and
corresponding issues related to dedifferentiation.

Besides cytocompatibility, the appropriate biodegrada-
tion of scaffolds also plays a critical role in the application
of tissue engineering, since the degradation behavior of
scaffolds also can affect cell growth and subsequent tissue
regeneration.***’ Thus, the ideal biodegradation rate of
the GT/PCL membranes needs to be controlled to match
the rate of cartilage regeneration. In the present study,
we used a 50:50 ratio of gelatin and PCL for the GT/PCL
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membranes, and each GT/PCL membrane layer was most
detectable after 12 weeks of implantation, indicating that the
degradation rate of our electrospun GT/PCL membranes is
somewhat slow. However, the degradation rate of GT/PCL
membranes can also be readily controlled by adjusting the
ratio of its two components, gelatin and PCL, since gelatin
degrades rapidly both in vitro and in vivo, affecting the
degradation process as well as the mechanical properties.
Recent research has demonstrated that GT/PCL 70:30 might
be a relatively suitable ratio for 3-D cartilage regeneration,
especially for cartilage with a complicated shape.*® This
new finding indicates that the degradation rate of GT/PCL
membranes should also be precisely controlled for stem
cell-based cartilage engineering with complicated shapes,
such as human ear-shaped cartilage and tracheal cartilage,
in future studies.

Conclusion

In summary, this study further broke the limitations of
chondrocytes in our previous studies, and demonstrated
that electrospun GT/PCL membranes facilitated the forma-
tion of high-quality and well-distributed neocartilage using
a BMSC/chondrocyte coculture strategy, indicating that
GT/PCL membranes were also a suitable scaffold for stem
cell-based cartilage engineering. Furthermore, electrospun
nanofibrous scaffolds, combined with stem cell coculture
strategy, might also provide a potentially clinically feasible
approach for cartilage repairs.
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