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INTRODUCTION

ARTICULAR CARTILAGE DEFECTS have been shown to
have limited capacity for self-repair.1,2 Clinically,

most of these defects are found contained within the layer
of cartilage, although there are also indications in which
the damage penetrates deeper and into the subchondral
bone. Among the techniques for repairing damaged artic-
ular cartilage is the transplantation of chondrocytes, or car-
tilaginous tissue that has been grown in vitro, to fill defect
sites. This may be done by taking a tissue biopsy from the
patient and isolating chondrocytes from their extracellular
matrix (ECM), followed by proliferation in vitro before

seeding onto scaffolds. Depending on the length of culture
and cultivation conditions, cartilage-like tissue may be
grown to varying degrees within the carrier scaffolds,
which may then be implanted to fill the defect sites in car-
tilage.1,3 The cartilage ECM consists predominantly of
complex proteoglycan macromolecules with highly nega-
tively charged sulfated glycosaminoglycan (GAG) side
chains, as well as type II collagen fibrils. The collagenous
network, together with the water-bound GAG, enables ar-
ticular cartilage to withstand the large compressive loads
that occur during its functional loading.4

A key issue in cartilage tissue engineering is the abil-
ity of the tissue-engineered construct to integrate with the
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surrounding tissue in the defect site. One approach cur-
rently being explored is to transplant constructs with less
mature tissue, with the reasoning that most tissue forma-
tion should occur in situ and thus enable better integra-
tion with the surrounding matrix.5 Several materials and
matrices have been evaluated as carriers for chondrocyte
transplantation toward the repair of articular cartilage de-
fects (reviewed by Woodfield et al.3 and Hunziker1).
However, there are considerable issues associated with the
choice of carrier matrix, among which are the ability of
the matrix to withstand mechanical loads and the poten-
tially deleterious effects of material degradation products.

Although they have been shown to be able to support
chondrogenesis in vitro, most natural matrices such as
collagen, hyaluronan, chitosan, and fibrin are unable to
endure normal loading conditions.1,3 This is also the case
for several polymer hydrogels and other extensively
tested porous polymer matrices such as those made of
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and
their copolymers (PLGA), although reports show that
some PGA fiber-reinforced PLGA scaffolds exhibited
considerably improved mechanical properties and suc-
cess in preclinical studies.6,7 However, these polymers
biodegrade to produce acidic degradation products that
may have adverse biological effects.8,9

Poly(ethylene glycol) terephthalate:poly(butylene tere-
phthalate) (PEGT:PBT) copolymers have been shown to
be biodegradable and biocompatible in biocompatibility
studies performed both in vitro10 and in vivo.11,12 Over-
all, the copolymer properties are determined by its two
components—the PEG segment is hydrophilic and pro-
vides hydrogel-like elastomeric properties, whereas PBT
imparts stiffness to the system. During polymer synthe-
sis, the molecular weight of PEG and weight ratio of the
PEGT:PBT components can be defined to allow the
copolymer to be tailored for desired mechanical and sur-
face properties. We selected a composition with PEG at
300 g/mole and a PEGT:PBT ratio of 55:45, which has
been previously shown to sustain chondrocyte cultures
under monolayer conditions.13 The aggregate compres-
sion modulus of porous scaffolds made of this composi-
tion has been tested to be 0.93 MPa,14 which is close to
that of normal adult articular cartilage (0.6 MPa).15

PEGT:PBT copolymers have also been evaluated for der-
mal10,11,16,17 and bone repair18,19 applications. Further-
more, a product made from PEGT:PBT polymers has
been approved for clinical use by the U.S. Food and Drug
Administration.20

In this study, we evaluated two separate polymer-pro-
cessing techniques for producing porous scaffolds from
PEG:PBT. The compression-molding (CM) process uti-
lizes the thermoplastic properties of the polymer and al-
lows the polymer resin to melt around salt crystals inside
a mold to form a porous structure.14 On the other hand,
pores are formed during the paraffin-templating (PT) pro-
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cess by the leaching out of paraffin porogen dissolved in
a secondary solvent (hexane), during the precipitation of
the polymer phase.21 Previously, porous PLA foam-like
scaffolds made by PT have been shown to support in vitro
chondrogenesis.21

The objective of this study was to evaluate and com-
pare the ability of porous PEGT:PBT scaffolds produced
by different methods to form cartilaginous tissue in vitro.

MATERIALS AND METHODS

Scaffold preparation

PEGT:PBT polymer nomenclature: The different for-
mulations of this copolymer system are indicated as: a-
PEGT b:c, where a is the molecular weight of PEG
(grams per mole), b is the weight percentage of PEGT,
and c is the weight percentage of PBT. In this study, 300-
PEGT 55:45 was used.

Porous scaffolds were produced using either a compres-
sion-molding (CM) or paraffin-templating (PT) technique.
CM scaffolds were made by sintering PEGT:PBT polymer
resin together with salt crystals at 220°C for 10 min at
20,000 lb/in2 pressure. Scaffolds were air cooled for up to
20 min after processing and pores in the range of 400–600
�m were created by leaching out the salt crystals in H2O.

PT scaffolds were produced as described earlier.21

Briefly, the polymer was dissolved in methylene chloride
and mixed with spherical particles (1 mm in diameter)
and irregular paraffin particles of (425–500 �m in mean
diameter) to yield a putty. Based on the amount of paraf-
fin particles of each size, the theoretical average pore size
was 613 �m. This putty was then packed in a Teflon
mold and then extracted in hexane to yield a porous foam
1 cm3 in volume.

Cylindrical scaffolds (4 mm in diameter and 4 mm thick)
were cored out from each group, �-sterilized under vac-
uum, and immersed overnight in fully supplemented
medium (see components below) before cell seeding.

Cell isolation and culture

Articular cartilage was harvested from the patellar
grooves of immature bovine calves. Chondrocytes were
isolated by type II collagenase (Worthington Biochemi-
cal, Lakewood, NJ) digestion for 16 h and then trans-
ferred to a well-defined culture medium containing Dul-
becco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), penicillin–streptomycin (GIBCO,
Grand Island, NY), ascorbic acid phosphate, nonessen-
tial amino acids, and L-proline (Sigma, St. Louis, MO).

Once isolated, cells were seeded at a density of 3 mil-
lion cells per scaffold in spinner flasks, as previously de-
scribed by others.22,23 Scaffolds were seeded under these
conditions for 3 days, after which they were transferred
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to six-well plates (Falcon; BD Biosciences Discovery
Labware, Beford, MA) on an orbital shaker for the du-
ration of culture. Samples from each group were har-
vested on day 3 for histology and on days 10 and 24 for
histology, cell morphology, cellularity, collagen and
GAG content, as described below.

Histology

Histological sections were obtained by fixing the poly-
mer–tissue constructs in 2.5% glutaraldehyde and 10%
formalin for 7 days. Constructs were then slowly dehy-
drated over 1 week in a graded ethanol series, followed
by embedding in glycol methacrylate (GMA) and sec-
tioning to a thickness of 5 �m on a standard microtome
(MICROM International, Walldorf, Germany). The sec-
tions were stained with safranin O/fast green for sulfated
glycosaminoglycans (GAG). Nuclei were counterstained
with hematoxylin.

Scanning electron microscopy

To examine tissue-engineered construct morphology in
greater detail, samples harvested on days 10 and 24 were
fixed in Karnovsky’s fixative, critical point dried and
sputter coated with gold to a thickness of 12 nm (Cress-
ington Scientific, Watford, UK), followed by examina-
tion by scanning electron microscopy (SEM) (ESEM;
Philips, Eindhoven, The Netherlands).

Immunofluorescence microscopy

After harvesting on days 10 and 24, samples were fixed
for 10 min in 10% paraformaldehyde at room tempera-
ture, infused with 15% sucrose solution, and frozen in
O.C.T. compound (Tissue-Tek; Sakura Finetek Europe,
Zoeterwoude, The Netherlands). Sections 7 �m thick
were made on a cryotome (Thermo Shandon, Runcorn,
UK) and fixed for 8 min in chilled 100% acetone. Sec-
tions were blocked for nonspecific binding by using 
protein block (Dako Cytomation, Glostrup, Denmark) for
1 h, followed by incubation with chicken anti-human 
collagen type II monoclonal antibody (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) for 1 h. Sections were rinsed with phosphate-buffered
saline (PBS) followed by a 30-min incubation with rab-
bit anti-chicken secondary antibody conjugated with Alex
Fluor-488 fluorescent dye (Molecular Probes, Leiden,
The Netherlands), and coverslipped with Vectashield
mounting medium (Vector Laboratories, Burlingame,
CA). The sections were viewed in a fluorescence micro-
scope (Nikon, Haarlem, The Netherlands).

Quantitative GAG and collagen analyses

Constructs were harvested on days 10 and 24 and di-
gested overnight at 56°C in a solution containing pro-
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teinase K, pepstatin A, and iodoacetamide (Sigma). Di-
gests were evaluated for cell number, GAG, and total col-
lagen as follows.

Cell number. Quantitation of total DNA were per-
formed with a CyQUANT dye kit (Molecular Probes),
using a spectrofluorometer (PerkinElmer, Wellesley,
MA). Cell numbers were calculated from the total DNA
content by normalizing to 7.7 � 10�12 g of DNA per
bovine chondrocyte.24

GAG. GAG was quantitatively determined by label-
ing with dimethylmethylene blue dye (Sigma-Aldrich)
and measuring color intensity with a spectrophotometer
(Bio-Tek Instruments, Neufahrn, Germany).25

Collagen. Total collagen was determined by measur-
ing the amount of hydroxyproline. Aliquots of proteinase
K digests to be evaluated for hydroxyproline were hy-
drolyzed in 6 N HCl at 110°C for 16 h. The hydrolysate
was assayed for hydroxyproline, using methods that have
been described in detail elsewhere; a hydroxyproline con-
tent of 13% of collagen was used to calculate final col-
lagen quantities.26

The data obtained from all quantitative biochemical as-
says were analyzed statistically by Student t test. p �
0.05 was used as a criterion for statistical significance.
All experiments were performed in triplicate.

RESULTS

Scaffold architecture

Differences in pore structure and surface topology of
scaffolds produced by PT and CM are shown in Fig. 1.
The PT process resulted in a rounded and irregular pore
structure (Fig. 1A), with the inner surfaces of these scaf-
folds exhibiting a microtextured topography (Fig. 1C).
In contrast, pores in CM scaffolds were cuboidal (Fig.
1C) with smooth inner surfaces (Fig. 1D). Volumetric
porosity were determined by mass–volume. Overall
void volume of the CM and PT scaffolds was 78 and
80%, respectively (as determined by mass–volume cal-
culation).

Cell distribution and matrix formation

On day 3, cell distribution was evaluated by histolog-
ical observation of the construct cross-sections. Small
cellular aggregates surrounded by positive safranin O
staining for GAG were evident inside the pores of PT
constructs (Fig. 2A). Less uniform cell infiltration was
observed histologically inside CM constructs, with most
safranin O staining occurred toward the outer edges of
the scaffold (Fig. 2B).
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At the 10-day time point, larger regions were stained
positively for safranin O in the PT constructs, as compared
with day 3 (Fig. 3A) and immunofluorescence analysis re-
vealed the presence of type II collagen (Fig. 3B). Fluo-
rescence intensity was observed to be higher around the
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pericellular matrix, as compared with interstitial tissue.
Polymer edges inside the constructs also exhibited some
fluorescence. Scanning electron micrographs showed cells
with rounded morphology embedded within a fibrillar ma-
trix tissue within the scaffold pores (Fig. 3C).
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FIG. 1. Scanning electron micrographs of 300-PEG 55:45 scaffolds produced by PT (A) and CM (B) before cell seeding. PT
surfaces exhibited a rougher microtopography (C), whereas CM surfaces were relatively smooth (D). Scale bars: (A and B) 200
�m; (C and D) 2 �m.

FIG. 2. Light microscopy evaluation of cross-sections of PT (A) and CM (B) constructs stained with safranin O for GAG af-
ter 3 days of dynamic seeding and culture. Scale bar: 2 mm (both images are at the same magnification). Arrows point to re-
gions exhibiting early onset of chondrogenesis (positive safranin O staining). Polymer was not visible after histology process-
ing, although the regions that previously contained polymer (labeled p) are evident because they do not contain the embedding
agent GMA, and can be seen intercalating between the pores. Pore voids can be seen due to infiltration by GMA (labeled v).
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At the same time point, however, CM constructs dem-
onstrated positive staining for GAG mainly at the scaf-
fold periphery, and few regions of chondrogenesis in the
scaffold interior (Fig. 3D). Accordingly, there was little
type II collagen present and sparse matrix formation de-
tected within the interior pores of CM scaffolds (Fig. 3E).
SEM examination of tissue formation, which occurred
mainly toward the scaffold periphery, often revealed cells
with a spread morphology (Fig. 3F).
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On day 24, safranin O staining for GAG in PT scaffolds
demonstrated positively stained regions throughout the con-
struct (Fig. 4A). Qualitatively, there was considerably
higher fluorescence intensity for type II collagen in the PT
constructs, as compared with the 10-day time point (Fig.
4B), and SEM examination within interior pores revealed
rounded cells embedded within a fibrillar matrix (Fig. 4C).

CM scaffolds on day 24 showed limited regions
within the scaffold pores staining positively for GAG
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FIG. 3. Cross-sections of PT (A–C) and CM (D–F) constructs cultivated for 10 days. Sections correspond to safranin O stain-
ing (A and D), immunofluorescence labeling for type II collagen (B and E), and scanning electron micrographs (C and F). Dif-
ficulty in sectioning constructs with little tissue often necessitated taking the section toward the outer edge of the block, rather
than through the construct center as in (A). Hence, smaller cross-sections (D) were obtained. Scale bars: (A and D) 2 mm; (B
and E) 400 �m; (C and F) 10 �m. (B) p, fragments of polymer scaffold; arrows point to regions of positive type II collagen sig-
nal in tissue. (E) p, fragments of polymer scaffold; v, unfilled pore void; arrows point to regions of positive type II collagen sig-
nal in tissue. (C) Arrows point to rounded cells embedded in a fibrillar matrix (labeled m) within scaffold pores. (F) Arrow points
to cell with a spread morphology. m, fibrillar matrix.
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with safranin O (Fig. 4D). There was little positive im-
munofluorescence labeling for type II collagen within
the CM constructs (Fig. 4E). SEM examination showed
a thick fibrous capsule around the polymer scaffold
(Fig. 4F).

For some histology sections, artifacts such as folds and
gaps can be seen (e.g., in Fig. 4). The folds are a conse-
quence of sectioning polymer sections with little tissue.
After repeated experiments, we have found the clear gaps
to be areas where tissue used to be but was separated
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from the polymer scaffold and embedding material dur-
ing sectioning.

Quantitative analyses

DNA assay for cell number. On day 10, PT and CM
constructs contained an average of 11.6 million and 14.1
million cells per construct, respectively (Fig. 5). From 10
to 24 days, both scaffold groups displayed significant in-
creases in cellularity (PT, p � 0.01; CM, p � 0.001). On
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FIG. 4. Cross-sections of PT (A–C) and CM (D–F) constructs cultivated for 24 days. Sections correspond to safranin O stain-
ing (A and D), immunofluorescence labeling for type II collagen (B and E), and scanning electron micrographs (C and F). Scale
bars: (A and D) 2 mm; (B and E) 400 �m; (C and F) 50 �m. (B) p, fragments of polymer scaffold; arrows point to regions of
positive type II collagen signal in tissue. (E) p, fragments of polymer scaffold; v, unfilled pore void. (C) Arrows point to rounded
cells embedded in a fibrillar matrix (labeled m) inside a scaffold pore. (F) m, tissue matrix that encapsulated scaffolds around
the periphery; p, polymer scaffold.
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day 24, PT and CM constructs contained 20.4 million and
24.3 million cells, respectively. These values were sig-
nificantly different (p � 0.04).

GAG content. At day 10, constructs were found to
have an average total GAG content of 2.8 � 103�g per
construct (PT) and 1.9 � 103�g per construct (CM),
numbers that were significantly different (p � 0.004)
(Fig. 6). Mean GAG content decreased for both scaffold
types between 10 and 24 days, although this decrease was
not significant for either group. On day 24, average GAG
content within PT and CM constructs was 2.3 � 103 and
1.6 � 103 �g, respectively. These means were signifi-
cantly different (p � 0.003).

Collagen content. On day 10, there was, on average,
24 � 103 �g of total collagen in PT constructs and
19.8 � 103 �g in CM constructs. There was a significant
increase from day 10 to 24 for each scaffold group (PT,
CM: p � 0.0008). On day 24, PT constructs contained
significantly more collagen (66.5 � 103 �g) than did CM
constructs (39.1 � 103 �g) (p � 0.007).
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DISCUSSION

Using PT and CM techniques to process PEGT:PBT
polymers resulted in scaffolds with distinct pore struc-
tures. Pores were generally rounded with PT and cuboidal
with CM, because of the shapes of the porogens used in
each process. However, there was inhomogeneity in pore
distribution within scaffolds, as seen in the histological
sections reported in this study. Comparing pore structure
and void space from histologic specimens is not straight-
forward, however, because of technical issues inherent in
the preparation of polymer–tissue constructs for histol-
ogy. Void volumes for polymer scaffolds used in this
study were determined by mass–volume, and are close
(�3%) to values obtained by mercury porosimetry21 and
microcomputed tomography.27

PT scaffolds allowed a more uniform distribution of
infiltrated cells than did CM scaffolds. PT scaffolds also
contained greater amounts of GAG and collagen than did
CM scaffolds; histology showed these compounds to be
more uniformly distributed throughout the PT constructs
than the CM constructs. Generally uniform cell distribu-
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FIG. 5. Cells (millions) per construct in PT (shaded columns) and CM (solid columns) scaffolds at 10 and 24 days. Both scaf-
fold groups exhibited a significant increase in cellularity from 10 to 24 days. The number of cells on day 24 was significantly
different between scaffold types.

FIG. 6. GAG content (micrograms) per PT (patterned columns) and CM construct (solid columns) on days 10 and 24. GAG
content in PT constructs was significantly higher than in CM groups. There was no significant change in GAG content in either
scaffold type from 10 to 24 days of culture. Error bars correspond to standard deviation over the mean.
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tion within PT scaffolds after 3 days of seeding indicated
that seeding conditions and pore geometry were suitable
for cell infiltration. For CM scaffolds, however, nonuni-
form cell distribution suggested that CM scaffolds require
further optimization in either, or both, scaffold process-
ing and cell seeding. Even though theoretical overall vol-
umetric porosity was similar in both scaffolds (CM, 78%;
PT, 80%), different cell distribution during infiltration
may partially explain the results at later time points.

In addition to the distinct pore structures, another ef-
fect of the different processing techniques was the no-
tably different micron scale surface morphology (Fig. 1).
The microtextured surfaces of PT scaffolds were likely
due to efficient hexane diffusion through the polymer. It
was similar to surfaces reported by others that were pro-
duced by freeze-drying in liquid nitrogen,28 and suggests
that the solvent (hexane) induced a phase-separated struc-
ture. Surface topography has been reported to influence
cell function and, specifically, increased roughness re-
duced chondrocyte attachment, collagen production, and
sulfate incorporation on two-dimensional substrates.29,30

The fewer number of cells in the rougher-surface PT scaf-
folds matched this observation, because quantitative data
indicated an inverse correlation between proliferation and
GAG production. However, we observed increased col-
lagen and proteoglycan production in the PT scaffolds
with rougher pore surfaces than on the smooth CM scaf-
folds. This was likely a result of the three-dimensional
scaffold environment that enhanced chondrogenic matrix
production, including on rougher surfaces.

The effects of pore size on tissue formation have been
described previously. Cartilaginous tissue formation was
reported in scaffolds with comparatively smaller macro-
pore diameters of 174 and 115–335 �m.31,32 This sug-
gests that although the mean pore sizes of both scaffolds
used in the present study were large enough, it is possi-
ble that differences in pore interconnectivity or subopti-
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mal cell seeding prevented chondrocyte infiltration
within the CM scaffolds. Further analyses are required to
obtain quantitative comparisons of interconnectivity and
more efficient cell-seeding techniques.

The amount of GAG contained within both scaffold
groups remained statistically constant during culture from
day 10 to day 24. Although the average amount of GAG
per scaffold decreased somewhat for each group, this was
not significant. An explanation for GAG levels remain-
ing constant may be that some of the soluble proteogly-
can molecules being secreted by cells were not incorpo-
rated within the ECM, but were instead leached into the
medium, as has been reported elsewhere.33 Interestingly,
the amount of GAG appeared to increase considerably
between day 10 and day 24 when examined histologi-
cally. This apparent discrepancy may be explained by the
location of the presented histology sections in the engi-
neered constructs; both sections (Figs. 3A and 4A) were
obtained from the center of constructs. It is possible that
GAG deposited in the center of the construct was re-
stricted in its ability to diffuse through the construct and
leach out into the medium from the center, as compared
with peripheral regions, because of the longer distance in
all directions for the GAG to diffuse from the center and
the decrease in construct permeability due to compacted
tissue layers.34 This would imply that more mobile GAG
was released from the peripheral regions into the medium.
This is in agreement with a phenomenon has been dis-
cussed previously, where models have demonstrated neg-
ligible GAG transport via diffusion through constructs,
although GAG may be released directly into medium by
cells at the periphery.35

The increase in quantitatively determined collagen
content corresponded with immunohistochemical obser-
vation. The striking difference in collagen content on day
24 between PT and CM scaffolds is likely due to over-
all less cartilaginous tissue formation within CM scaf-
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FIG. 7. Total collagen content (micrograms) per PT (patterned columns) and CM construct (solid columns) on days 10 and 24.
There were significant increases in collagen content in both scaffold types from 10 to 24 days of culture. Collagen in PT con-
structs was also significantly higher than in CM groups on day 24. Error bars correspond to standard deviation over the mean.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.2005.11.1244&iName=master.img-007.jpg&w=290&h=150


folds, as evidenced by GAG formation and immunohis-
tochemistry (Fig. 4B and E). Cells that formed CM poly-
mer–tissue constructs were unable to infiltrate scaffold
interiors, and remained mainly at the periphery. As seen
in Fig. 3F, many of these cells had reverted to a de-
differentiated phenotype, as evidenced by their spread
morphologies. Therefore, cells that were able to infiltrate
into scaffold pores and maintain their phenotype were
able to form cartilaginous matrix proteins, including col-
lagen, whereas the dedifferentiated cells may not have
secreted these proteins to the same extent as the differ-
entiated interior chondrocytes.

It has also been demonstrated that the subcutaneous
implantation of PEGT:PBT scaffolds after 14 days of
seeding in vitro resulted in markedly increased cartilagi-
nous tissue after 4 weeks than in the in vitro controls,14

suggesting that in vivo conditions may support more ef-
ficacious tissue repair. This study demonstrates the im-
proved potential of PEGT:PBT scaffolds produced by PT
to support in vitro chondrogenesis, as compared with CM.
Other challenges remain, however, for the future devel-
opment and potential clinical application of these tech-
nologies, including the use of human chondrocytes that
have been expanded and dedifferentiated before seeding.

CONCLUSIONS

The results presented demonstrate that PEGT:PBT
copolymer scaffolds can be produced by PT and CM
polymer-processing techniques to produce scaffolds with
similar volumetric porosity, but different pore geome-
tries. PT scaffolds allowed better chondrocyte distribu-
tion during cell infiltration into the scaffolds, as com-
pared with CM scaffolds, which resulted in enhanced
cartilaginous tissue formation in PT scaffolds.
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