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Abstract
In this study, electrospun poly(ε-caprolactone) (PCL) microfiber scaffolds, coated with cartilaginous
extracellular matrix (ECM), were fabricated by first culturing chondrocytes under dynamic
conditions in a flow perfusion bioreactor and then decellularizing the cellular constructs. The
decellularization procedure yielded acellular PCL/ECM composite scaffolds containing
glycosaminoglycan and collagen. PCL/ECM composite scaffolds were evaluated for their ability to
support the chondrogenic differentiation of mesenchymal stem cells (MSCs) in vitro using serum-
free medium with or without the addition of transforming growth factor-β1 (TGF-β1). PCL/ECM
composite scaffolds supported chondrogenic differentiation induced by TGF-β1 exposure, as
evidenced in the up-regulation of aggrecan (11.6 ± 3.8 fold) and collagen type II (668.4 ± 317.7 fold)
gene expression. The presence of cartilaginous matrix alone reduced collagen type I gene expression
to levels observed with TGF-β1 treatment. Cartilaginous matrix further enhanced the effects of
growth factor treatment on MSC chondrogenesis as evidenced in the higher glycosaminoglycan
synthetic activity for cells cultured on PCL/ECM composite scaffolds. Therefore, flow perfusion
culture of chondrocytes on electrospun microfiber scaffolds is a promising method to fabricate
polymer/extracellular matrix composite scaffolds that incorporate both natural and synthetic
components to provide biological signals for cartilage tissue engineering applications.

Introduction
Articular cartilage serves a vital role in normal joint function, but has a limited capacity for
regeneration once injured or damaged due to its avascular nature and sparse cell population.
Clinical procedures that penetrate the subchondral bone to trigger an intrinsic wound healing
response, such as abrasion or microfracture, typically result in fibrous tissue which lacks the
structure and function of native cartilage [1]. Other clinical approaches involving the
transplantation of osteochondral grafts or autologous chondrocytes require tissue biopsies that
damage otherwise healthy cartilage [2,3]. Therefore, tissue engineering strategies
incorporating scaffolds, cells, and bioactive factors to regenerate functional cartilage tissue
have emerged as a promising alternative.
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Mesenchymal stem cells (MSCs) and chondrocytes are often targeted for cartilage tissue
engineering due to their vital role in native cartilage formation and function. Since their cellular
processes are influenced by both physical and biological signals, effective biomaterial scaffolds
for cartilage repair must not only act as temporary supports for tissue growth, but also as
instructive microenvironments to guide cellular function. Thus extracellular matrix
components, either as isolated proteins or with complex compositions, have been investigated
as scaffolding materials for cartilage tissue engineering in an effort to stimulate chondrogenesis
by culturing cells within a biological microenvironment [4].

Recently, sponge-like scaffolds fabricated using collagen and glycosaminoglycan, or purely
from native cartilage extracellular matrix components, have been shown to support MSC
chondrogenic differentiation [5,6]. Although MSCs were exposed to chondroinductive growth
factors either during expansion or throughout the culture period, these studies demonstrate the
application of natural matrices with promising results. Fabricating cartilaginous scaffolds
typically entails reconstituting proteins and may even involve crosslinking to strengthen the
matrix; processing conditions which can affect matrix biochemistry. Still these scaffolds, even
after prolonged culture in vitro, lack sufficient mechanical properties to support joint function
during tissue regeneration [6].

Synthetic polymers on the other hand, are more robust scaffolding materials whose physical
properties can be easily controlled through tailored processing conditions. Electrospun polymer
scaffolds, in particular, are promising candidates for tissue engineering applications due to
their nonwoven fiber mesh structure, which imparts a large surface-to-volume ratio for cell
attachment and offers a high interconnected porosity for cell and tissue infiltration. Electrospun
poly(ε-caprolactone) (PCL) nanofiber scaffolds have been shown to support the attachment
and proliferation of chondrocytes and also MSC differentiation along the chondrogenic lineage
when cultured with transforming growth factor-β1 (TGF-β1) [7,8].

Previously, we have demonstrated that culturing MSCs in a flow perfusion bioreactor on fiber
mesh scaffolds in the presence of osteogenic cell culture supplements, promotes the deposition
of an extracellular matrix (ECM) containing both structural matrix proteins and bioactive
growth factors [9]. Upon decellularization, composite scaffolds containing mineralized matrix
were capable of inducing MSC osteogenic differentiation even in the absence of
dexamethasone, the cell culture supplement often required to stimulate osteogenic
differentiation in vitro [10,11]. Here, we seek to develop composite scaffolds for cartilage
repair by incorporating cartilaginous matrix generated under fluid flow perfusion conditions
on electrospun PCL microfiber scaffolds. By employing both natural and synthetic components
in a tissue engineering scaffold, we aim to provide a more physiological microenvironment
containing both structural and biological signals to guide MSC chondrogenic differentiation,
while at the same time maintaining physical scaffolding properties in a controllable polymeric
system.

In this study, we fabricate PCL/ECM composite scaffolds consisting of electrospun microfibers
coated with cartilaginous extracellular matrix, and evaluate their ability to support the
chondrogenic differentiation of MSCs in vitro. For the fabrication of PCL/ECM composite
scaffolds, we hypothesized that culturing chondrocytes on PCL scaffolds under dynamic
conditions in a flow perfusion bioreactor would stimulate the deposition of cartilaginous ECM
that remains even after decellularization. In an effort to evaluate the chondrogenic properties
of PCL/ECM composite scaffolds, we hypothesized that PCL/ECM scaffolds would support
MSC differentiation along the chondrogenic lineage induced by TGF-β1 exposure, and that
the presence of cartilaginous matrix would further enhance this differentiation response by
providing cells with a more biological microenvironment compared to plain PCL scaffolds.
To investigate our hypotheses, bovine chondrocytes were seeded on electrospun PCL
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microfiber scaffolds and cultured in a flow perfusion bioreactor. The resulting PCL/ECM
constructs were decellularized to yield PCL/ECM composite scaffolds, which were
characterized for their cartilaginous matrix morphology and composition in response to the
decellularization procedure. PCL/ECM composite scaffolds as well as plain PCL scaffolds
were seeded with rabbit MSCs and cultured in serum-free medium either with our without the
addition of TGF-β1. Constructs were evaluated for cellularity, glycosaminoglycan content
(GAG) and synthetic activity (GAG/DNA), and gene expression through real-time reverse
transcription polymerase chain reaction (RT-PCR), to determine how physical matrix
interactions and biochemical signaling influence chondrogenic differentiation in vitro.

Materials and Methods
Electrospinning

Nonwoven PCL microfiber mats were fabricated using a horizontal electrospinning setup with
a copper ring to stabilize the electric field as previously described [12]. Mats were electrospun
to a targeted fiber diameter of 10 μm using a solution of 14 wt % PCL (Sigma-Aldrich, St.
Louis, MO) in a 5:1 volume ratio of chloroform to methanol. PCL with Mn = 73,000 ± 9,000
and Mw = 154,000 ± 26,000 was characterized by gel permeation chromatography (Waters,
Milford, MA) from three samples relative to polystyrene. The polymer solution was pumped
at a flow rate of 18 mL/h while charged with an applied voltage of 25.5 kV to draw microfibers
toward the collector plate [11]. The resulting PCL mat was aerated, inspected for consistent
microfiber morphology, and stored in a desiccator.

Scaffold preparation
PCL mats were die-punched into scaffolds 6 mm in diameter with thicknesses between 0.95
and 1.05 mm. As previously characterized through scanning electron microscopy and mercury
porosimetry, these scaffolds had an average fiber diameter of 9.86 ± 0.56 μm and a porosity
of 87% with an average pore size of 45 μm [11,12]. Prior to use, PCL scaffolds were sterilized
with ethylene oxide gas for 14 h and aerated overnight to remove residual fumes. Scaffolds
were pre-wetted by centrifuging through a graded series of ethanol from 100% to 70%,
followed by three rinses in phosphate buffered saline (PBS), and incubated in cell culture
medium overnight. In preparation for cell seeding, scaffolds were press-fitted into cassettes
designed to confine the cell suspension and to be used in the flow perfusion bioreactor [13].

PCL/ECM composite scaffold generation
Chondrocytes were harvested and pooled from cartilage collected from the femoral condyle
area of four young calves through tissue obtained from Research 87 (Research 87, Boylston,
MA) according to previously established methods [14]. Cartilage was collected from the
condyles, washed with PBS, and digested in culture medium containing 2 mg/mL collagenase
(Worthington, Lakewood, NJ) while incubating at 37 °C overnight. Chondrocytes were frozen
in aliquots of medium containing 20% fetal bovine serum (FBS) and 10% dimethyl sulfoxide
(DMSO).

PCL/ECM constructs containing cartilaginous extracellular matrix were generated by culturing
chondrocytes on electrospun microfiber scaffolds under dynamic conditions in the flow
perfusion bioreactor for 9 days, then decellularized through a freeze and thaw procedure to
yield PCL/ECM composite scaffolds, as schematically depicted in Fig. 1. Cryopreserved
chondrocytes were first thawed at 37 °C and plated in tissue culture flasks with chondrocyte
culture medium consisting of DMEM, supplemented with 10% FBS (Gemini Bio-Products,
West Sacramento, CA), 1% non-essential amino acids, 0.4 mM proline, 10 mM HEPES buffer,
and 50 mg/L ascorbic acid, also with the addition of penicillin, streptomycin, and fungizone
(Invitrogen, Carlsbad, CA). Primary chondrocytes were cultured for 7 days in chondrocyte
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culture medium with medium changes every 3 days. Chondrocytes were lifted with 0.05%
trypsin and suspended in culture medium for seeding onto press-fitted scaffolds at a seeding
density of 150,000 cells in 200 μL of medium within each cassette. Scaffolds were incubated
with the seeding solution for 2 h then medium was added to fill each cassette. After allowing
24 h for cell attachment, constructs in their cassettes were transferred directly into the flow
perfusion bioreactor and cultured for 9 days with medium changes every 3 days. Medium was
perfused through the press-fitted constructs at a flow rate of 0.3 mL/min to provide cells with
some mechanical stimulation and enhance metabolic transport [13].

At the end of culture, constructs were rinsed with PBS and stored in 1.5 mL ddH2O at −80 °
C. PCL/ECM constructs were decellularized to yield PCL/ECM composite scaffolds via three
consecutive cycles of a freeze and thaw procedure, in which constructs were frozen for 10 min
in liquid nitrogen then thawed for 10 min in a 37 °C water bath [15]. Even though this
decellularization procedure has been shown to yield acellular constructs [16], samples were
prepared for scanning electron microscopy, histology, and glycosaminoglycan and collagen
assays to assess matrix morphology and composition before and after decellularization. The
resulting PCL/ECM composite scaffolds were air-dried overnight, press-fitted into cassettes,
sterilized with ethylene oxide gas for 14 h and aerated overnight in preparation for seeding.

Chondrogenic differentiation
MSCs were harvested from bone marrow aspirates taken from the tibiae of six male New
Zealand white rabbits (Charles River, Wilmington, MA) weighing 2.8–3.0 kg according to
previously established methods [17]. Bone marrow from each leg was aspirated into a 10 mL
syringe containing 5,000 U/mL heparin to prevent coagulation. The experimental protocol for
this study was reviewed and approved by the Institutional Animal Care and Use Committee of
Rice University, and all procedures were conducted according to the Principles of Laboratory
Animal Care (NIH Publication No. 85-23, Revised 1985). The bone marrow was plated in
tissue culture flasks with general expansion medium consisting of DMEM, supplemented with
10% FBS (Gemini Bio-Products, West Sacramento, CA), also with the addition of penicillin,
streptomycin, and fungizone (Invitrogen, Carlsbad, CA). Non-adherent cells were washed
away after 72 h, and adherent cells were cultured for 14 days in general expansion medium
with medium changes every 3 days. After this primary culture period, MSCs were lifted with
0.05% trypsin and pooled from all six rabbits then frozen in aliquots of medium containing
20% FBS and 10% DMSO, in order to reduce variation between individual animals [18].

Cryopreserved MSCs were thawed at 37 °C, plated in tissue culture flasks, and expanded to
passage three with general expansion medium for the differentiation study, as schematically
illustrated in Fig. 1. MSCs were then trypsinized and seeded onto press-fitted experimental
PCL/ECM composite scaffolds and also plain PCL control scaffolds at a density of 150,000
cells in 200 μL of medium within each cassette. Scaffolds were incubated with the seeding
solution for 2 h then serum-free chondrogenic medium was added to fill each cassette consisting
of DMEM, supplemented with 1% ITS+ Premix (BD Biosciences, San Jose, CA), 10−7 M
dexamethasone, 1 mM sodium pyruvate, 50 mg/L ascorbic acid, also with the addition of
penicillin, streptomycin, and fungizone (Invitrogen, Carlsbad, CA). After allowing 24 h for
cell attachment, constructs were removed from their cassettes and transferred into 24-well
plates with 1 mL of medium and cultured under static conditions for 9, 15, and 21 days with
serum-free chondrogenic medium either with or without the addition of 10 ng/mL TGF-β1
replenished every 3 days. Eight samples were cultured for each scaffold group (PCL and PCL/
ECM) and growth factor treatment (−TGF and +TGF) for each culture time (9, 15, and 21
days), at the end of which samples were rinsed with PBS and stored for later analysis. Three
samples were prepared for assessing construct cellularity and glycosaminoglycan content and
synthetic activity, one sample was prepared for scanning electron microscopy, and four samples
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were prepared for assessing gene expression through real-time reverse transcription
polymerase chain reaction.

Histology
Samples for histology were fixed in 10% neutral buffered formalin (Fisher Scientific,
Pittsburgh, PA) then immersed in 70% ethanol prior to embedding in HistoPrep freezing
medium (Fisher Scientific, Pittsburgh, PA) and stored at −80 °C. Frozen sections 5 μm thick
were cut using a cryostat (Leica Biosystems, Richmond, IL), mounted onto Superfrost Excell
glass slides (Fisher Scientific, Pittsburgh, PA), and placed on a 37 °C slide warmer to facilitate
adhesion. Sections were stained with hematoxylin to visualize the distribution of cells, and
Safranin O to visualize the distribution of cartilaginous extracellular matrix. Images were
obtained using a light microscope (Nikon Eclipse E600, Melville, NY) with a video camera
attachment (Sony DXC950P, New York, NY).

Biochemical assays
Samples for biochemical assays were digested in 500 μL of a proteinase K solution while
incubating in a 56 °C water bath for 16 h. The proteinase K solution consisted of 1 mg/mL
proteinase K, 0.01 mg/mL pepstatin A, and 0.185 mg/mL iodoacetamide, in a tris-EDTA buffer
made by dissolving 6.055 mg/mL tris(hydroxymethyl aminomethane) and 0.372 mg/mL
EDTA with pH adjusted to 7.6. DNA and matrix components were extracted via three
repetitions of a freeze, thaw, and sonication cycle, where samples were frozen for 30 min at
−80 °C, thawed for 30 min at room temperature, and sonicated for 30 min in order to allow
DNA and matrix components into the solution.

Total collagen content was determined by quantifying hydroxyproline using the colorimetric
hydroxyproline assay and hydroxyproline standards as previously described [11]. Absorbance
was measured on a plate reader (BioTek PowerWave, Winooski, VT). Resulting
hydroxyproline measurements in μg were converted to collagen contents for each sample
following a 1:10 ratio of hydroxyproline to collagen [19].

Glycosaminoglycan content was determined by quantifying GAG using the colorimetric
dimethylmethylene blue assay (Sigma-Aldrich, St. Louis, MO) and chondroitin sulfate
standards as previously described [11]. Absorbance was measured on a plate reader (BioTek
PowerWave, Winooski, VT). Resulting GAG measurements in μg were determined for each
sample. For glycosaminoglycan synthetic activity, the resulting GAG amounts were
normalized to the amount of DNA for each sample.

Cellularity was determined by quantifying double-stranded DNA using the fluorometric
PicoGreen assay (Invitrogen, Carlsbad, CA) and DNA standards as previously described
[11]. Fluorescence was measured on a plate reader (BioTek FL x800, Winooski, VT). Resulting
DNA measurements in μg were converted to cell numbers by correlating to DNA extracted
from a known number of MSCs.

Scanning electron microscopy
Samples for scanning electron microscopy were fixed in 2.5% glutaraldehyde, dehydrated
through a graded series of ethanol from 70% to 100%, air-dried overnight then mounted on
aluminum stubs to visualize the top surface. Samples were sputter coated with gold for 1 min
prior to imaging via SEM (FEI Quanta 400, Hillsboro, OR).

Real-time reverse transcription polymerase chain reaction
Samples for real-time reverse transcription polymerase chain reaction were stored in RNAlater
(Qiagen, Valencia, CA) at −20 °C to stabilize and protect RNA. After all samples were
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collected, total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA)
according to the manufacturer's instructions as previously described [20]. Constructs were
placed in lysis buffer to lyse cells. After gentle mixing to allow RNA into the solution, the
lysate was transferred to a QIAshredder column (Qiagen, Valencia, CA) for homogenization.
An equal volume of 70% ethanol was added to the lysate and the mixture was transferred to
an RNeasy mini spin column (Qiagen, Valencia, CA) where RNA was isolated and purified
according to the manufacturer's animal cell protocol, with additional washes as previously
described to improve the purity of total RNA [21]. Reverse transcription was then carried out
to synthesize cDNA from purified RNA samples using Oligo(dT) primers (Promega, San Luis
Obispo, CA) and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA). Finally,
cDNA was subjected to real-time PCR (Applied Biosystems 7300 Real-Time PCR System,
Foster City, CA) to quantify the gene expression of aggrecan, collagen type II, and collagen
type I.

Results were analyzed using the 2−ΔΔCt method to determine relative changes in target gene
expression as compared to untreated controls [22]. Target gene expression was first normalized
to the expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) then converted to a fold ratio as compared to the baseline expression of that target
gene measured in MSC controls taken directly after expansion just prior to seeding onto
scaffolds. The sequences of primers used in this analysis are as follows: GAPDH: 5'-
TCACCATCTTCCAGGAGCGA-3', 5'-CACAATGCCGAAGTGGTCGT-3'; aggrecan: 5'-
GCTACGGAGACAAGGATGAGTTC-3', 5'-CGTAAAAGACCTCACCCTCCAT-3';
collagen type II: 5'-AACACTGCCAACGTCCAGAT-3', 5'-
CTGCAGCACGGTATAGGTGA-3'; collagen type I: 5'-
ATGGATGAGGAAACTGGCAACT-3', 5'-GCCATCGACAAGAACAGTGTAAGT-3'.

Statistical analysis
Both characterization and chondrogenic differentiation studies were performed each with two
separate and independent experiments. Although the trends were similar between experimental
runs, the data presented here for both characterization and chondrogenic differentiation studies
are derived from one experiment to mitigate potential differences between cell harvests. For
each experiment, cells from six rabbits were pooled together in effort to reduce variation
between individual animals [18].

Characterization results for the glycosaminoglycan and collagen contents of cartilaginous
extracellular matrix within PCL/ECM constructs generated in flow perfusion culture, and
subsequent PCL/ECM composite scaffolds obtained following decellularization, are reported
as mean ± standard deviation for n = 3. A Student's t-test at a significance level of 5% was
performed to determine whether the decellularization procedure (Construct vs. Scaffold) had
a significant effect on glycosaminoglycan and collagen contents.

Chondrogenic differentiation in static culture was assessed through biochemical assays to
evaluate cellularity and glycosaminoglycan content and synthetic activity with n = 3 and
quantitative gene expression of aggrecan, collagen type II, and collagen type I with n = 4.
Results are reported as mean ± standard deviation. A three-factor ANOVA was first performed
to determine significant global effects or interactions among scaffold group (PCL and PCL/
ECM), growth factor treatment (−TGF and +TGF), and culture time (9, 15, and 21 days).
Multiple pairwise comparisons were then made using the Tukey procedure to determine
significant differences. All statistical analyses were performed at a significance level of 5%.
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Results
Cartilaginous matrix characterization

PCL/ECM constructs and PCL/ECM composite scaffolds were visualized to assess overall
morphological appearance in response to the decellularization procedure. Bovine chondrocytes
cultured on electrospun microfiber scaffolds under dynamic conditions in the flow perfusion
bioreactor for 9 days to generate PCL/ECM constructs, are most prevalent at the top surface
in scanning electron micrographs shown in Fig. 2A, with some cells present within the construct
seen through hematoxylin staining in Fig. 2B. Cartilaginous matrix is predominantly localized
to the chondrocytes with a sparse distribution of Safranin O staining evident within the
construct in Fig. 2C. Following the decellularization procedure to yield PCL/ECM composite
scaffolds, which included three cycles of freeze and thaw, air-dry overnight, and sterilization
via ethylene oxide exposure, chondrocytes are no longer apparent at the top surface in scanning
electron micrographs shown in Fig. 2D, as well as within the scaffold as seen through
hematoxylin staining in Fig. 2E. A layer of cartilaginous matrix remains visible at the top
surface of the scaffold in scanning electron micrographs shown in Fig. 2D, while retaining a
similar distribution within the scaffold as shown through Safranin O staining in Fig. 2F.

Cartilaginous matrix composition in terms of glycosaminoglycan and collagen contents for
PCL/ECM constructs and PCL/ECM composite scaffolds are shown in Fig. 3. Although there
is no significant difference in the collagen content between constructs and scaffolds, constructs
contain more glycosaminoglycan than scaffolds, indicating a reduction in glycosaminoglycan
content in response to the decellularization procedure.

Cellularity and glycosaminoglycan
PCL/ECM composite scaffolds along with plain PCL control scaffolds were seeded with rabbit
MSCs and cultured under static conditions for 9, 15, and 21 days in serum-free medium with
or without the addition of TGF-β1 to evaluate the chondrogenic properties of PCL/ECM
composite scaffolds. Table 1 summarizes the global effect of each experimental factor on the
biochemical results. TGF-β1 treatment had a significant effect on the glycosaminoglycan
synthetic activity (GAG/DNA) of MSCs differentiating along the chondrogenic lineage but
only on PCL/ECM composite scaffolds. The presence of cartilaginous extracellular matrix on
electrospun microfiber scaffolds had a significant effect on cellularity, glycosaminoglycan
content (GAG), and GAG/DNA.

Cellularity results showed that cell numbers were not statistically different between treatment
groups at each time point, whether cells were cultured with or without TGF-β1 on PCL
scaffolds or PCL/ECM composite scaffolds, as shown in Fig. 4A. Cellularity remained constant
over time without TGF-β1 exposure, while all constructs treated with TGF-β1 exhibited a
decrease in cellularity from 9 to 21 days of culture. Glycosaminoglycan content remained
constant over time for PCL constructs and was not statistically different between PCL
constructs cultured with or without TGF-β1, as shown in Fig. 4B. PCL/ECM constructs
contained more GAG than PCL constructs at 9 days, with PCL/ECM constructs cultured with
TGF-β1 containing the most GAG at 9 days. Though PCL/ECM composite scaffolds started
with an initial amount of GAG (7.45 ± 0.59 μg) in addition to the amount of GAG inherent for
the seeded cells (2.77 ± 0.73 μg), a reduction in GAG was observed sooner at 9 days for cultures
without TGF-β1 and later at 15 days for cultures with TGF-β1. Glycosaminoglycan synthetic
activity remained constant over time for all treatment groups, as shown in Fig 4C. Interestingly,
although cells cultured on PCL scaffolds did not exhibit higher GAG/DNA in response to TGF-
β1 exposure, those cultured on PCL/ECM composite scaffolds and treated TGF-β1 did however
demonstrate higher GAG/DNA at 9 and 21 days.
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Scanning electron micrographs were taken of the top surface of constructs to visualize the
overall morphology throughout the culture period, as shown in Fig. 5. Though PCL/ECM
composite scaffolds started with an initial cartilaginous matrix while PCL scaffolds did not,
MSCs did not visibly accumulate extracellular matrix over time on either scaffold. In contrast
to constructs with chondrocytes where rounded cell bodies were well distinguished, MSCs
were flat and spread forming a smooth coat over the construct surface. Those constructs treated
with TGF-β1 appeared to develop a striated texture with a rippled appearance after 21 days of
culture.

Quantitative gene expression
Aggrecan, collagen type II, and collagen type I gene expression was measured by real-time
reverse transcription polymerase chain reaction to assess the chondrogenic properties PCL/
ECM composite scaffolds. Table 2 summarizes the global effect of each experimental factor
on the quantitative gene expression results. TGF-β1 had a significant effect on the expression
of aggrecan, collagen type II, and collagen type I. The presence of cartilaginous extracellular
matrix on electrospun microfiber scaffolds had a significant effect on the expression of collagen
type I.

Aggrecan gene expression was significantly higher for cells cultured with TGF-β1 and
exhibited an increasing trend over time, as shown in Fig. 6A. In cultures without TGF-β1,
aggrecan expression was not statistically different than MSCs at day 0 and remained constant
from 9 to 21 days of culture, with no statistical difference between cells cultured on PCL
scaffolds or PCL/ECM composite scaffolds. In cultures with TGF-β1 however, statistical
differences in aggrecan expression compared to MSCs at day 0 were detected beginning at 9
days for PCL/ECM composite scaffolds and later at 15 days for PCL scaffolds. While cells
cultured with TGF-β1 exhibited the highest levels of aggrecan expression at 21 days, there was
no statistical difference between cells cultured on PCL scaffolds (10.0 ± 2.7 fold) or PCL/ECM
composite scaffolds (11.6 ± 3.8 fold).

Similar to aggrecan gene expression, collagen type II gene expression was significantly higher
for cells cultured with TGF-β1 and exhibited an increasing trend over time, as shown in Fig.
6B. In cultures without TGF-β1, collagen type II expression was not statistically different than
MSCs at day 0 and remained constant from 9 to 21 days of culture, with no statistical difference
between cells cultured on PCL scaffolds or PCL/ECM composite scaffolds. In cultures with
TGF-β1, statistical differences in collagen type II expression compared to MSCs at day 0 were
detected beginning at 15 days for both PCL scaffolds and PCL/ECM composite scaffolds.
While cells cultured with TGF-β1 exhibited the highest levels of collagen type II expression
at 21 days, there was no statistical difference between cells cultured on PCL scaffolds (629.3
± 135.6 fold) or PCL/ECM composite scaffolds (668.4 ± 317.7 fold).

In contrast to aggrecan and collagen type II gene expression, collagen type I gene expression
was significantly lower for cells cultured with TGF-β1 and remained constant over time, with
no statistical difference between cells cultured on PCL scaffolds or PCL/ECM composite
scaffolds, as shown in Fig. 6C. In cultures without TGF-β1, collagen type I expression
increased over time and was the highest for cells cultured on PCL scaffolds at 15 and 21 days
(6.9 ± 1.0 fold and 9.0 ± 1.1 fold), while cells cultured on PCL/ECM composite scaffolds on
the other hand, demonstrated significantly lower collagen type I expression (4.5 ± 1.5 fold and
5.8 ± 0.8 fold). Furthermore, the level of collagen type I expression for cells cultured on PCL/
ECM composite scaffolds was comparable to the expression observed with TGF-β1 treatment.

Liao et al. Page 8

Biomaterials. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The objective of this study was to fabricate PCL/ECM composite scaffolds consisting of
electrospun microfibers coated with cartilaginous extracellular matrix, and evaluate their
ability to support the chondrogenic differentiation of MSCs in vitro. This study was designed
to investigate the fabrication of PCL/ECM composite scaffolds through dynamic culture of
bovine chondrocytes in a flow perfusion bioreactor, and to determine how the decellularization
procedure affects matrix morphology and composition. PCL/ECM composite scaffolds where
evaluated for their ability to support the chondrogenic differentiation of rabbit MSCs in vitro
induced by TGF-β1 exposure, and to determine whether the presence of cartilaginous matrix
would further enhance this differentiation response by providing cells with a more biological
microenvironment compared to plain PCL scaffolds.

Culturing chondrocytes under direct flow perfusion conditions providing a low level of fluid
shear stress has been shown to stimulate proliferation and accumulation of glycosaminoglycan
and collagen [23–26]. Thus in this study, dynamic culture in a flow perfusion bioreactor was
employed to generate PCL/ECM constructs. With our electrospun microfiber scaffolds and the
chosen flow rate, we observed that bovine chondrocytes deposited cartilaginous extracellular
matrix predominately localized to their pericellular space with a sparse distribution of matrix
throughout the thickness of the constructs. Although with our present scaffold geometry and
culture parameters, cartilaginous matrix was not very well distributed throughout the depth of
our constructs, the optimal combination of seeding density, flow rate, and pore size may be
further investigated to balance cell retention and matrix distribution throughout the constructs.

From scanning electron micrographs and histological sections, it appears that chondrocytes
may have proliferated quickly to occlude the surface porosity of the electrospun microfiber
scaffolds, and thus resulted in a large amount of cartilaginous matrix at the surface of the
constructs, consisting of glycosaminoglycan and collagen. In decellularizing PCL/ECM
constructs to yield PCL/ECM composite scaffolds, we observed a decrease in
glycosaminoglycan content with collagen content unaffected. Safranin O staining revealed that
the reduction in glycosaminoglycan is likely associated with the chondrocytes removed from
the surface of the constructs via the decellularization procedure. However, since cartilaginous
matrix was visibly present in PCL/ECM composite scaffolds, and due to the amount of
glycosaminoglycan and collagen detected through biochemical assays, we sought to evaluate
PCL/ECM composite scaffolds for their ability to support the chondrogenic differentiation of
MSCs in vitro.

PCL/ECM composite scaffolds along with plain PCL control scaffolds were seeded with rabbit
MSCs and cultured in serum-free medium either with our without the addition of TGF-β1.
Serum-free culture was applied in this study in order to strictly investigate the effects of
physical matrix interactions and biochemical signaling on chondrogenic differentiation.
Although serum-free culture is beneficial for studying chondrogenic differentiation in a
controlled manner in vitro, serum deprivation has been shown to affect cell attachment and
inhibit proliferation [27]. As such, we observed a decrease in cellularity for cells cultured on
both PCL scaffolds and PCL/ECM composite scaffolds driven toward chondrogenic
differentiation through TGF-β1 exposure.

Our results demonstrated that while MSCs did not accumulate a detectable amount of
glycosaminoglycan over time, culturing MSCs on both PCL scaffolds and PCL/ECM
composite scaffolds with TGF-β1 significantly enhanced chondrogenic differentiation, as seen
in the up-regulation of aggrecan and collagen type II gene expression over time relative to the
baseline expression of MSCs at day 0. This differentiation response is further supported by the
minimal collagen type I expression throughout the 21 days of culture, where collagen type I
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expression indicates pre-chondrogenic undifferentiated MSCs or a fibroblastic phenotype
[28]. As previously shown with electrospun PCL nanofiber scaffolds (average fiber size 500
to 700 nm) [8,29], we prove here that microfiber scaffolds (average fiber size 10 μm) also
support MSC chondrogenesis induced by TGF-β1. Additionally, we demonstrate that PCL/
ECM composite scaffolds, containing cartilaginous matrix generated by chondrocytes, are also
capable of supporting the chondrogenic differentiation of MSCs in vitro.

While the presence of cartilaginous matrix did not seem to enhance chondrogenic gene
expression beyond the levels seen with TGF-β1 exposure, it did however promote an up-
regulation in aggrecan expression sooner than plain scaffolds without cartilaginous matrix.
Furthermore, cells cultured on composite scaffolds containing cartilaginous matrix exhibited
significantly lower collagen type I expression comparable to the minimal levels seen with TGF-
β1 treatment. Therefore, the presence of cartilaginous matrix alone without the addition of
growth factors may provide biological signals to reduce the fibroblastic phenotype of
differentiating MSCs as marked in the collagen type I expression levels observed for cells
cultured on PCL/ECM composite scaffolds.

The up-regulation in aggrecan gene expression in response to TGF-β1 treatment did not
translate to an increase in glycosaminoglycan content in the constructs. Given that both GAG
content and GAG/DNA levels remained constant over time, it is likely that the soluble
proteoglycans produced by differentiating cells were not incorporated into the constructs but
rather released into the medium, which has been reported in other studies with both
chondrocytes and stem cells cultured on polymer scaffolds [30,31]. Thus, the absence of
glycosaminoglycan accumulation may be attributed to the controlled in vitro culture conditions
and regular medium changes. Although different outcomes may be likely under physiological
conditions in vivo, assessment of chondrogenesis in vivo was beyond the scope of this present
study.

PCL/ECM composite scaffolds contained an initial cartilaginous matrix deposited by
chondrocytes in flow perfusion culture. Since the cartilaginous matrix was not crosslinked or
physically conjugated to the polymer scaffolds, we observed a reduction in GAG content
particularly within the first two weeks of culture, where proteoglycans may be leaching into
the aqueous environment; similar to what has been observed with cartilage explants in culture
[32,33]. Interestingly, we found that PCL/ECM constructs cultured with TGF-β1 retained a
higher amount of GAG in the first week of culture than those cultured without TGF-β1. Thus,
the combination of cartilaginous matrix and growth factor treatment promotes the retention of
GAG either originally present in PCL/ECM composite scaffolds or produced by the cultured
cells. Furthermore, we discovered that only when cells where cultured in the presence of
cartilaginous matrix in PCL/ECM composite scaffolds, did TGF-β1 treatment result in higher
GAG/DNA. Therefore, it appears that cartilaginous matrix facilitates chondrogenesis by
enhancing the effects of TGF-β1 in vitro.

The cartilaginous matrix deposited by chondrocytes in fabricating PCL/ECM composite
scaffolds proved to be too dense for MSCs to remodel and penetrate under static culture
conditions, as confirmed through histology (data not shown). While specific cell-matrix
interactions are important in regulating the initial attachment of MSCs, the lack of cell
penetration through the dense layer of cartilaginous matrix at the surface of PCL/ECM
composite scaffolds limits their spatial contact with extracellular matrix proteins to essentially
two-dimensions. Thus in this study, although a complex set of matrix molecules were
presented, the full potential of these biological signals to guide chondrogenic differentiation
might not be experienced by cells in three-dimensions.
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Though the porous nature of sponge-like scaffolds fabricated using native cartilage components
facilitate cell seeding, hence promoting three-dimensional interactions [5,6], the precise
mechanisms leading to chondrogenesis are unclear. That is, since the entire scaffold structure
is comprised of matrix proteins, it is difficult to distinguish whether MSC chondrogenic
differentiation is simply due to maintaining cells in a three-dimensional geometry, or whether
chondrogenesis is particularly attributed to specific cell-matrix interactions with biological
signals in the matrix. Alternatively, the composite nature of our PCL/ECM scaffolds, with a
porous fiber mesh structure as the base material, makes it possible to examine the underlying
mechanisms of chondrogenesis; as in this study where we observed that the presence of
cartilaginous matrix in PCL/ECM composite scaffolds in fact augmented the effect of growth
factor treatment otherwise not seen for plain PCL controls. By tailoring scaffold properties
through controllable electrospinning parameters, together with adjusting the morphology and
composition of cartilaginous matrix in varying the conditions of chondrocyte seeding and
culture, we may be able to engineer PCL/ECM composite scaffolds with sufficient porosity to
support chondrogenesis. Maintaining adequate porosity to facilitate subsequent cell seeding
and infiltration would allow us to investigate MSC chondrogenic differentiation in a purely
structural three-dimensional environment (PCL), or in an instructive cartilaginous
microenvironment containing complex arrays of biological signals (PCL/ECM), to gain a better
understanding of the mechanisms regulating chondrogenesis.

In this study we utilized a xenogenic source of chondrocytes to generate cartilaginous matrix
in fabricating PCL/ECM composite scaffolds. While limited research has been done to explore
the potential inductive properties of xenogenic cartilaginous matrix, xenogenic osteochondral
grafts decellularized through a photooxidation technique have been shown to repair cartilage
defects with no adverse immune response [34]. Also, acellular bovine cartilage matrix molded
through freeze-drying and crosslinked via ultraviolet irradiation, showed good
biocompatibility with rabbit MSCs and no cytotoxic effects in both direct contact and extraction
assays [35]. Chondrocytes can be stimulated to deposit large amounts of cartilaginous matrix
under engineered culture conditions as demonstrated with the fabrication of PCL/ECM
composite scaffolds in this study. Due to the limitations and drawbacks with autogenic or
allogenic chondrocyte harvest, xenogenic chondrocytes are a potentially clinically applicable
cell source in generating acellular cartilaginous scaffolds to guide cartilage repair, provided
that the decellularization procedure effectively removes cellular components [36].

Conclusions
In this work, we fabricated PCL/ECM composite scaffolds consisting of electrospun
microfibers coated with cartilaginous extracellular matrix, and evaluated their ability to support
the chondrogenic differentiation of MSCs in vitro. PCL/ECM composite scaffolds supported
chondrogenic differentiation induced by TGF-β1 exposure, as evidenced in the up-regulation
of aggrecan and collagen type II gene expression. The presence of xenogenic cartilaginous
matrix alone reduced collagen type I gene expression to levels comparable to those observed
with TGF-β1 treatment. Cartilaginous matrix further enhanced the effects of growth factor
treatment as evidenced in the higher glycosaminoglycan synthetic activity for cells cultured
on PCL/ECM composite scaffolds with TGF-β1, whereas TGF-β1 treatment alone did not
translate to higher GAG/DNA levels for cells cultured on plain PCL scaffolds. The present
study demonstrated the fabrication of polymer/extracellular matrix composite scaffolds using
a flow perfusion bioreactor to incorporate biological signals in a synthetic scaffolding system
for cartilage tissue engineering applications.
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Figure 1.
Schematic representation of the overall experimental design. PCL/ECM constructs were
generated through flow perfusion culture of bovine chondrocytes, then decellularized and
characterized for matrix morphology and composition in response to the decellularization
procedure. PCL/ECM composite scaffolds along with plain PCL polymer scaffolds were
seeded with rabbit MSCs and evaluated for their ability to support chondrogenic differentiation
in static culture with or without the addition of TGF-β1.
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Figure 2.
Morphology of PCL/ECM constructs generated through flow perfusion culture of bovine
chondrocytes (A–C) and PCL/ECM composite scaffolds obtained following decellularization
(D–F). Images show scanning electron micrographs illustrating surface characteristics (A &
D), histological sections stained with hematoxylin to visualize cells (B & E), and histological
sections stained with Safranin O to visualize cartilaginous matrix (C & F). The scale bar
represents 100 μm for all images.
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Figure 3.
Composition of PCL/ECM constructs generated through flow perfusion culture of bovine
chondrocytes and PCL/ECM composite scaffolds obtained following decellularization. Plots
show glycosaminoglycan and collagen contents as mean ± standard deviation for n = 3 from
one experiment, although similar trends were observed in two independent experiments.
Significant difference (p < 0.05) between treatments is noted with (*).
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Figure 4.
Biochemical results for MSCs cultured on plain polymer scaffolds (PCL) and composite
scaffolds (PCL/ECM) either with (+) or without (−) the addition of TGF-β1. Plots show
cellularity (A), glycosaminoglycan content (B), and glycosaminoglycan synthetic activity (C),
as mean ± standard deviation for n = 3 from one experiment, although similar trends were
observed in two independent experiments. Within a specific treatment group, significant
difference (p < 0.05) between time points is noted with (#). At a specific time point for each
scaffold group, significant difference (p < 0.05) compared to −TGF-β1 controls is noted with
(*). At a specific time point for each growth factor treatment group, significant difference (p
< 0.05) compared to PCL controls is noted with (**).
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Figure 5.
Representative scanning electron micrographs of the top surface of plain polymer scaffolds
(PCL) and composite scaffolds (PCL/ECM) seeded with MSCs and cultured either with (+) or
without (−) the addition of TGF-β1. Three rows of images are shown for constructs after 9
days of culture, 15 days of culture, and 21 days of culture. The scale bar represents 100 μm for
all images.
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Figure 6.
Quantitative gene expression results for MSCs cultured on plain polymer scaffolds (PCL) and
composite scaffolds (PCL/ECM) either with (+) or without (−) the addition of TGF-β1. Plots
show aggrecan expression (A), collagen type II expression with the inset on a rescaled axis
(B), and collagen type I expression (C). Data are presented as fold ratio after being normalized
to the expression of GAPDH. Fold ratios are shown as mean ± standard deviation for n = 4
from one experiment, although similar trends were observed in two independent experiments.
Significant difference (p < 0.05) compared to the gene expression of MSCs at day 0 is noted
with (†). Within a specific treatment group, significant difference (p < 0.05) between time
points is noted with (#). At a specific time point for each scaffold group, significant difference
(p < 0.05) compared to −TGF-β1 controls is noted with (*). At a specific time point for each
growth factor treatment group, significant difference (p < 0.05) compared to PCL controls is
noted with (**).
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Table 1

Global effect of experimental factors on biochemical results

Factor Comparison Cellularity GAG GAG/DNA

−TGF-β1 vs. +TGF-β1 NS NS p < 0.05

PCL vs. PCL/ECM p < 0.05 p < 0.05 p < 0.05

Day 9 vs. Day 15 p < 0.05 p < 0.05 NS

Day 9 vs. Day 21 p < 0.05 p < 0.05 NS

Day 15 vs. Day 21 p < 0.05 NS NS

Significance levels were determined using a three-factor ANOVA and the Tukey procedure. Not significant is abbreviated as NS.
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Table 2

Global effect of experimental factors on quantitative gene expression results

Factor Comparison Aggrecan Collagen Type II Collagen Type I

−TGF-β1 vs. +TGF-β1 p < 0.05 p < 0.05 p < 0.05

PCL vs. PCL/ECM NS NS p < 0.05

Day 0 vs. Day 9 p < 0.05 NS p < 0.05

Day 0 vs. Day 15 p < 0.05 p < 0.05 p < 0.05

Day 0 vs. Day 21 p < 0.05 p < 0.05 p < 0.05

Day 9 vs. Day 15 NS p < 0.05 p < 0.05

Day 9 vs. Day 21 p < 0.05 p < 0.05 p < 0.05

Day 15 vs. Day 21 p < 0.05 p < 0.05 NS

Significance levels were determined using a three-factor ANOVA and the Tukey procedure. Not significant is abbreviated as NS.
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