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E-08003 Barcelona, Spain
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Abstract: A technique for producing controlled intercon-
nected porous structures for application as a tissue engi-
neering scaffold is presented in this article. The technique
is based on the fabrication of a template of interconnected
poly(ethyl methacrylate) (PEMA) microspheres, the intro-
duction of a biodegradable polymer, poly-e-caprolactone
(PCL), and the elimination of the template by a selective
solvent. A series of PCL scaffolds with a porosity of 70%
and pore sizes up to 200 lm were produced and character-
ized (both thermally and mechanically). Human chondro-
cytes were cultured in monolayer on bulk PCL disks or
seeded into porous PCL scaffolds. Cell adhesion, viability,
proliferation, and proteoglycan (PG) synthesis were tested
and compared with monolayer cultures on tissue-treated
polystyrene or pellet cultures as reference controls. Cells

cultured on PCL disks showed an adhesion similar to that
of the polystyrene control (which allowed high levels of pro-
liferation). Stained scaffold sections showed round-shaped
chondrocyte aggregates embedded into porous PCL. PG pro-
duction was similar to that of the pellet cultures and higher
than that obtained with monolayer postconfluence cultures.
This shows that the cells are capable of attaching themselves
to PCL. Furthermore, in porous PCL, cells maintain the same
phenotype as the chondrocytes within the native cartilage.
These results suggest that PCL scaffolds may be a suitable
candidate for chondrocyte culture. � 2007 Wiley Periodicals,
Inc. J BiomedMater Res 85A: 25–35, 2008
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INTRODUCTION

Tissue engineering is a promising field that aims
at fabricating biological alternatives referring to
harvested tissues and organs for transplantation.1–10

In one approach, cells are seeded and cultured to de-
velop into tissues on a biodegradable scaffold, which
eventually disappears over time.

In this technique, the scaffolding should perform a
number of critical functions: they must be as similar
as possible to the in vivo environment5,8,11 and they
have to show a high surface/volume ratio3,4; in

other words, they should have a highly porous
structure,3,4,12,13 with uniform pore size, distribution,
and interconnectivity.3,10 This allows for a cell distri-
bution throughout the whole material with a high
population density,4,13 as well as facilitating the
arrival of nutrients to, and the disposal of metabolic
waste from, cells. Above all, they must have an
appropriate surface chemistry to allow cell adhesion
and growth3,12,14–16 and, thus, compatibility with the
culture medium.

Because of these requirements, biodegradable
polymers (via hydrolytic or enzymatic degradation)
are good candidates to produce tissue engineering
scaffolds and a number of methods of obtaining
macroporous polymeric materials have been
reported.1–4,10,13,17–22

The purpose of this work is to use one of these
polymeric materials, more specifically, polycaprolac-
tone, a biodegradable material23; in the development
of an appropriate three-dimensional porous substrate
capable of supporting cellular culture.
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In this work, a method to produce polycaprolac-
tone (PCL) macroporous scaffolds is described. The
three-dimensional pore structure is obtained by melt
processing with porogen leaching. Morphological,
thermal, and mechanical characterizations of the
scaffolds are also determined. Here, we will describe
the preparation process and the resulting porous
structure, in addition to characterizing it according
to its thermal and mechanical behavior.

Finally, the cell adhesion, viability, and prolifera-
tion of human chondrocytes on PCL scaffolds will
be characterized, being these parameters essential in
evaluating the performance of a biomaterial in tissue
engineering applications.

Aggrecan is a core protein of large aggregating
proteoglycans (PGs) and the main component of
cartilage matrix; the detection of its presence can
thus be used as a marker of chondrocyte differentia-
tion. Therefore, the second step in the biological
characterization was to examine the adhesion capa-
city, distribution, morphology, and aggrecan produc-
tion of cells seeded in these new scaffolds. This
study of the biological response of chondrocytes
seeded on PCL is intended to be a preliminary study
in order to elucidate the ability of the biomaterial to
support chondrocyte activities and to regenerate the
native cartilage.

MATERIALS AND METHODS

Polymeric materials

Poly(e-caprolactone) (PCL) (MW: 10,000–20,000, rPCL ¼
1.145 g/cm3; Polysciences) was employed to develop the
porous materials. Poly(ethyl methacrylate) (PEMA) beads
(Elvacite 2043; DuPont), having a size of around 200 6 25
lm, were used as the porogen material.

Besides, ethanol (EtOH) (þ99.5%; Scharlau) was used to
leach out the filler material from the PCL. Each of these
materials was employed as received.

Fabrication of scaffolds

Glass tubes with diameters ranging between 5 and 7 mm
were sealed with porous stoppers and filled with PEMA
beads. A sintering treatment was then applied, at 1308C
for 60 min. Once the beads have been sintered, PCL was
placed over them and fused at 808C for 45 min. After that,
the bottom of the tube was connected to a vacuum pump
(Fig. 1), while keeping the whole system at 808C until the
end of the infiltration.

Once this operation finished, the sample was taken out
of the glass tube and the filler removed by placing it in
EtOH (which was changed daily) for 96 h, the result being
porous polymeric scaffolds.

Bulk (i.e. nonporous) PCL samples, were also prepared,
by placing the polymer into a sealed tube and following
the same process (PCL melting, cooling, and washing) as
followed in the preparation of porous PCL scaffolds.

Cylinders of about 6 mm diameter and 4 mm height
were prepared, both for porous and nonporous samples.

Scanning electron microscopy analysis

Scanning electron microscopy (SEM) (Jeol JSM 6300)
was used to examine the morphology of the scaffolds. To
observe their inner structure, the porous PCL samples
were cryogenically fractured with liquid nitrogen, and
then analyzed. Views of the (circular) top surface were
also obtained. In this case, the material was cut with a hot
blade and planed with a microtome (Microm HM 350 S
rotation microtome).

In both cases, the surface to be observed was finally pre-
pared by deposition of a gold coating (using a Baltec SCD
005 sputtering machine).

Porosity determination analysis

Porosity was characterized in two ways. First, the pore
size was measured from different SEM images by means

Figure 1. Porous scaffold manufacturing system. PEMA
template is placed inside a glass tube and PCL is infiltrated
because of the depression created with a vacuum pump.
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of an image analysis process. Second, the overall porosity
was determined from apparent density measurements of
the scaffolds (immersion approach). In that way, samples
were weighed in air and into distilled water, and their
apparent density is calculated by means of the following
expression:

qapp ¼
wA

wA � wLð Þ qL � qAð Þ
� �

þ qA ð1Þ

being wA the weight of the samples in air, wL their weight
when immersed in distilled water, rL the density of dis-
tilled water (at the temperature conditions of measure-
ment), and rA the density of air (considered as a constant
value of 0.0012 g/cm3).

Then, porosity of scaffolds is determined from their
apparent density and the density of bulk PCL, using the
following expression:

e ð%Þ ¼ 1� qapp
qPCL

� �
3 100 ð2Þ

These results were also compared with those that can be
obtained from apparent density measurements (dimen-
sional approach), and from the difference in weight
between equal-dimensioned samples, porous and nonpo-
rous. All the samples used were cylinders of about 6 mm
diameter (d) and 4 mm height (h).

In the dimensional approach, an apparent density is
calculated from the exact dimensional values for each
measured sample and their weight in air:

qapp ¼
4 wA

pd2h
ð3Þ

and porosity is calculated using those values of apparent
density and the density of bulk PCL, with the same
expression that has been presented before.

Finally, the difference in weight between porous (wp)
and nonporous (wnp) samples (mean values), all of them
having the same dimensions, permits obtaining directly a
value of porosity:

e ð%Þ ¼ wnp � wp

wnp

� �
3 100 ð4Þ

Thermal characterization

Differential scanning calorimetry (DSC) (Perkin–Elmer
DSC 7) was carried out on three types of samples: com-
mercial PCL (as received), porous PCL scaffolds, and bulk
PCL samples. Runs were performed from �100 to 1008C at
a rate of 108C/min in an inert atmosphere of nitrogen with
an inflow of 20 cm3/min.

Mechanical testing

Both porous PCL scaffolds and bulk PCL samples were
tested mechanically. Cylinder-shaped samples of about
6 mm diameter and 4 mm height were subjected to a
dynamic-mechanical thermal analysis (Seiko DMS 210).
The samples were submitted to cyclic loadings at a

frequency of 1 Hz in compression mode, within the range
from �100 to 508C at a heating rate of 108C/min.

Chondrocyte isolation

Human articular cartilage was obtained from osteoar-
thritic knee joints after prosthesis replacement. The study
was conducted in accordance with the 1975 Declaration of
Helsinki, as revised in 1983, and approved by our local
Ethics Committee. All patients submitted written informed
consent before their inclusion in the study.

Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies), hyaluronidase, collagenase-IA, and dimethyl
sulphoxide (DMSO) (Sigma-Aldrich), pronase (Merck,
VWR International SL), fetal bovine serum (FBS) (Invi-
trogen SA) were used for chondrocyte isolation and pres-
ervation.

The cartilage was dissected from subchondral bone,
diced finely, and washed with supplemented DMEM. For
chondrocyte isolation, the diced cartilage was incubated
for 30 min with 0.5 mg/mL hyaluronidase in a shaking
water bath at 378C. The hyaluronidase was subsequently
removed and 1 mg/mL pronase was added. After 60 min
incubation in a shaking water bath at 378C, the cartilage
pieces were washed with supplemented DMEM. After
removal of the medium, digestion was continued by addi-
tion of 0.5 mg/mL of collagenase-IA in a shaking water
bath kept at 378C overnight. The resulting cell suspension
was filtered through a 70-lm pore size nylon filter (BD
Biosciences) to remove tissue debris. Cells were centri-
fuged and washed with DMEM supplemented with 10%
FBS. Finally, the cells were counted and cryopreserved in
liquid nitrogen with DMEM containing 20% FBS and 10%
DMSO, or plated in tissue culture flasks for chondrocyte
culture.

Cell culture on the materials

After isolating or thawing, cells were plated in culture
flasks at a high density in DMEM supplemented with 10%
FBS and 50 lg/mL ascorbic acid (Sigma-Aldrich) at 378C
in a 5% CO2 humidified atmosphere. The medium was
changed every 3 days. After 7–14 days, adherent cells
were harvested by incubation with trypsin/EDTA (Biologi-
cal Industries, Israel) and seeded onto the bulk PCL disks
previously moistened with Hank’s balanced salt solution
(Sigma-Aldrich) for 24 h in the incubator. In the case of
porous PCL scaffolds, the cells were seeded into the pre-
moistened material using an insulin syringe.

All the PCL samples (both bulk and porous ones) were
placed on a 96-well polystyrene culture plate (Nunc A/S,
Denmark). In every experiment, cells cultured onto the
polystyrene of a 96-well plate (without biomaterial) were
used as a control (CPS; tissue culture polystyrene). These
monolayer cultures (CPS) were used to normalize the
values from aggrecan quantification both in PCL bulk cul-
tures and in PCL scaffold and pellet cultures. Monolayer
cultures (both on bulk PCL disks and on polystyrene)
were initiated at a density of 10,000 cells per disk and
porous scaffolds were injected with 500,000 cells in 50 lL
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of culture medium. After 2–3 days, the biomaterials were
changed to a new well to test only the cells attached onto
the sample material. First or second passage cultures were
used in our experiments.

The chondrocytic phenotype was assessed in terms of
the synthesis of aggrecan by means of immunoassay
(Human aggrecan ELISA Kit). Data were normalized to
CPS values within the experiment and means were calcu-
lated using these normalized values.

Pellet preparation

After cell harvesting from culture flasks, resuspended
cells were transferred to a 30-mL polystyrene centrifuge
tube (1,500,000 cells per tube) and culture medium was
added up to 1 mL. Cell suspension was centrifuged for
4 min at 1200 rpm. The resulting pellet was still cultured
with DMEM supplemented with 10% FBS and 50 lg/mL
ascorbic acid at 378C in a 5% CO2 humidified atmosphere.
The medium was changed every 3 days.

Cell viability and proliferation assay
on bulk PCL disks

Human aggrecan ELISA Kit (Biosource), Mayer’s hae-
matoxylin (Sigma-Aldrich), MTT assay (Roche Diagnostics
GmbH), colorimetric BrdU immunoassay (Roche Diagnos-
tics GmbH), and bovine serum albumin (BSA) (Sigma-
Aldrich) were used for the study of chondrocyte integrity,
viability, and proliferation in the cultures.

Cell viability and proliferation were monitored at 7 and
14 days from the seeding. The cell viability was evaluated
by MTT assay, based on the cleavage of the yellow tetrazo-
lium salt MTT to purple formazan crystals by metabolic
active cells. The resulting colored solution was quantified
using a ELISA reader (A550).

Proliferation was determined using a colorimetric im-
munoassay based on the measurement of BrdU incorpora-
tion during DNA synthesis. In this case, cells were
synchronized by incubation in serum-free medium with
0.1% BSA for 2 days. Serum-containing medium was
added 24 h before the proliferation assay.

Cell adhesion was evaluated by cell staining using
Mayer’s haematoxylin and analyzed with optical micros-
copy: 2 days after seeding, the disks were changed to a
new culture well, to ensure not taking into account nonat-
tached cells. Moreover, the disk staining and mounting
was done only over the material and only the cells
adhered on disk were microscopically observed.

Cell viability and proliferation were monitored by cell
staining, the MTT test and BrdU assay at 7 and 14 days
from the seeding: cell staining was performed with
Mayer’s haematoxylin and analyzed with optical micros-
copy. Cell viability was evaluated by MTT assay and
proliferation was determined using a colorimetric immu-
noassay based on the measurement of BrdU incorporation
during DNA synthesis. In this case, cells were synchron-
ized by incubation in serum-free medium with 0.1% BSA
for 2 days. Serum-containing medium was added 24 h
before the proliferation assay.

Data from each independent experiment were normal-
ized to CPS values within the experiment. Each experi-
ment was performed in triplicate and repeated at least
three times using different chondrocyte populations.

PCL scaffold histology

The capacity for chondrocyte adhesion in the porous
PCL scaffold was monitored by cell staining at 7, 14, and
28 days’ culture using Mayer’s haematoxylin and analyzed
by optical microscopy. Briefly, scaffolds were embedded in
optimum cutting temperature (OCT) compound, cryosec-
tioned (8 lm thick), and stored at �208C until use. Cryo-
sections were air-dried and fixed in acetone for 10 min
before haematoxylin staining. Alcian blue was used to
stain the glycosaminoglycan.

RESULTS AND DISCUSSION

A variety of tissue engineering approaches are
motivated by the clinical need for cartilage tissue
repair. Among them, growing isolated chondrocytes
on polymeric scaffolds for making a three-dimen-
sional cartilage tissue suitable for implantation is a
primary approach in tissue engineering involving
the regeneration of tissue. It is considered that the
concept of tissue engineering is widely based on a
cell–polymer system in which a biodegradable poly-
mer functions for a certain period of time as a sub-
strate or scaffold to promote tissue formation.24

The process described in this study produced a
three-dimensional porous PCL structure, which
ensured connectivity of the pores throughout the
foam structure after leaching out the filler material,
as shown in Figure 2. As all filler beads are bonded
together in the early stages of the scaffold process-
ing, an open-pore structure is left after their re-
moval.

The well-connected porous structure obtained con-
sisted in spherical cavities, which retained the
shapes of the original filler beads, linked to each
other with circular communicating troughs with a
mean size of 130 6 25 lm. This macroporous net-
work was the negative of the template formed by
the sintered PEMA beads.

The SEM microphotographs of the scaffolds
obtained for their surface and cross sections were
similar, thus indicating that the entire polymer skele-
ton of the foam had a uniform morphology.

Table I shows the results from overall porosity
determination of the scaffolds, both by means of
apparent density measurements and from differen-
ces in weight between porous and nonporous sam-
ples. According to these data, an overall porosity of
around 70% can be stated.
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One approach to improve cartilage formation lies
in the design of the substrate, as this has the poten-
tial to affect the quality of the formed tissue. In fact,
the initial success of a bioengineered cartilage–sub-
strate construct depends, in part, on the attachment
of chondrocytes to the substrate, and their adhesion
is going to influence the evolution and the quality of
the in vitro-formed tissue; and porosity is a charac-
teristic of the scaffold that may affect chondrocytes
behavior.25,26

From that point of view, the pore size obtained in
our scaffolds can be suitable for an appropriate
growth of chondrocytes culture, as previous studies
stated that pore sizes ranging from 100 to 300 lm
are favorable size ranges for chondrocytes growth,27

being a pore size from 80 to 200 lm suitable for
chondrocyte attachment, proliferation, aggregation,
and extracellular matrix production28 but preferably
around (or over) 100 lm, which is a pore space that
may provide enough room for growth of chondro-
cytes.29

A series of DSC thermograms were obtained from
the bulk and porous materials in the range of tem-
peratures from �100 to 1008C at a heating rate of
108C/min. The transition temperature values
(�608C) of both types of samples remains constant,
which is an evidence that the manufacturing proce-
dure does not have a significant effect on the amor-
phous structure of PCL. As PCL is a semicrystalline
polymer, there is a second variation in the thermo-
grams, a peak in the heat flow between 50 and 708C
which corresponds to the fusion of polymer crystalli-
tes. The fusion peak for all types of samples can be
seen in Figure 3. The fusion enthalpy (DHf) of a
100% crystalline PCL is 139.5 J/g,30–32 and cal-
culating this enthalpy for the sampled materials
(commercial, bulk, and porous) the percentage of
crystallinity of each type can be also obtained (Table II),
using the equation:

vcð%Þ ¼ DHf

DHf ;100
� 100 ð5Þ

being vc the amount of crystallinity in the material,
DHf the fusion enthalpy of the samples, measured
from DSC thermograms; and DHf,100 the fusion en-
thalpy of the 100% crystalline material, previously
referred. It can be seen how both porous and bulk
PCL samples have lower values of crystallinity and
temperature values of the peaks than the ones corre-
sponding to the commercial material. These varia-
tions can be attributed to thermal treatments (tem-
perature increasing above the fusion point, followed

Figure 2. SEM micrographs of porous PCL scaffolds: (a)
general view at 453; (b) local view at 2003.

TABLE I
Values of Porosity of PCL Scaffolds Determined from Apparent Density Measurements, Immersion, and Dimensional

Approaches (Mean Values of Apparent Densities Given), and from Difference in Weight between
Equal-Dimensioned Porous and Nonporous PCL Samples (Mean Values of Weight of Each Type of Sample Given)

Measurement Technique Apparent Density (g/cm3) Porosity (%)

Immersion in water 0.348 6 0.015 69.59 6 1.33
Dimensional approach 0.347 6 0.015 69.69 6 1.30

Wnonporous (mg) Wporous (mg) Porosity (%)

Difference in weight between porous and nonporous samples 114.13 6 2.74 35.69 6 3.19 68.73 6 4.01
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by a cooling stage back to room temperature) that
can change the proportion between the amorphous
and crystalline parts of the material, as well as the
size of the crystalline microdomains.

Figure 4 shows curves for the loss tangent (tan d)
and the real part of the complex compressive modu-
lus (E’), of the dynamic-mechanical test performed
for both the bulk and the porous materials. The
main dynamic-mechanical (or a) relaxation of amor-
phous or semicrystalline polymers is triggered by
the glass transition of the system. As can be seen,
the temperature of the maximum of the relaxation
thermogram (Ta) displayed no shift towards higher
or lower temperatures when compared with the
bulk material. It can be said that there must not be
any noticeable change in the amorphous part of the
polymer due to the scaffold manufacturing proce-
dure. It can be clearly seen that in the glassy state
(in temperatures below the main mechanical relaxa-
tion) the modulus differences are of one magnitude
order, and these differences are bigger after the relax-
ation. More specifically, at 378C (body temperature)
the modulus of the porous material drops by a factor
of 25 with respect to the modulus of the bulk PCL.

However, in spite of that decrease of modulus val-
ues, the suitability of these porous scaffolds for tis-
sue engineering has to be studied not only referring

to proper cell culture and differentiation processes
(that will be discussed later), but also dealing with
mechanical similarities to cartilage tissues.33

Therefore, the mechanical response, in terms of
compressive moduli, of different cartilage tissues,
both from animal and human sources, are presented
in Table III. Compressive modulus values for porous
PCL scaffolds are also presented there.

In view of these values, the mechanical response
of porous PCL scaffolds could be suitable for carti-
lage development, as they behave in a similar way
than many cartilage types, both from animal and,
above all, human sources.

It has to be noted, however, that compressive
modulus values have been determined from differ-
ent ways (confined and unconfined compression,
indentation, uniaxial compression, dynamic com-
pression, etc.), so they could vary slightly from one
type of measurement to another, but, in general
terms, they can be used to have an overview of the
mechanical range of response of these types of carti-
lage tissues, being the properties of the porous PCL
scaffolds within that range.

Besides, the cells cultured on the bulk PCL disks
were stained with Mayer’s haematoxylin to assess
their adhesive capacity. Observations of the mono-
layer culture by optical microscopy showed the
attachment of cells to the bulk disks. These cells had
a fibroblast-like shape, similar to that shown on the
CPS controls (Fig. 5). It is well known that cell pro-
liferation depends on the capacity of adhesion onto
the biomaterial. In terms of cell adhesion and prolif-
eration, the results obtained at 14 days after seeding
were similar to the results obtained on polystyrene
[Fig. 5(b,d)].

The BrdU assay, the MTT test, and the ELISA
assay were used to assess the proliferative activity,
cellular viability, and PG production, respectively,
on bulk PCL disks at 7 and 14 days after seeding.
The results are shown in Figure 6. The data were
normalized in each experiment with the value
obtained with CPS. Normalization allowed compari-
sons to be made between experiments performed on
different days and with different chondrocyte lines.
The results were expressed as percentages (base one)
with respect to the control (horizontal line corre-
sponding to value 1).

Figure 3. DSC heat flow thermograms of commercial
PCL (n), bulk PCL disks (~), and porous PCL scaffolds
(l) showing the melting peak between 50 and 708C.

TABLE II
Values of Fusion Enthalpy (DHf), Onset Temperature of Fusion Peak (Tonset), Temperature of the Maximum of the

Fusion Peak (Tp), and Percentage of Crystallinity (Xc) of Bulk and Porous PCL

Commercial PCL (as received) Bulk PCL Samples Porous PCL Scaffolds

DHf (J/g) 93.84 6 0.75 88.81 6 1.85 88.88 6 1.82
Tonset (8C) 59.18 6 2.77 59.02 6 1.36 58.06 6 2.05
Tp (8C) 71.30 6 0.44 67.50 6 0.87 64.90 6 0.26
Xc (%) 67.3 6 0.5 63.7 6 1.3 63.7 6 1.3
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The different assays (MTT, BrdU, and PG ELISA)
showed complementary results, which are consistent
with cellular adhesion on the material and the cell
number (Fig. 5). In all cases, PCL results at 14 days
after seeding were comparable to the results on CPS,
which is coherent with the microphotography results
[Fig. 5(b,d)]. At 7 days’ culture, the proliferation
results were better in the control because there was
a slight reduction in the number of cells on PCL
[Fig. 5(a,c)]. One explanation could be that adhesion
might be faster in the CPS culture. Another possibil-
ity would be that the material did not fit perfectly
into the well and some cells could have fallen into
the surrounding area and would therefore not be
attached to the sample. However, the results on PCL
were similar to CPS at 14 days after seeding because
both cultures reached confluence.

Similar results in terms of chondrocyte prolifera-
tion were found in a study performed by Tsai
et al.37 In this case, chondrocytes from pig were
seeded on PCL-coated glass dishes and the adherent

Figure 4. Temperature dependence of the dynamic-me-
chanical loss tangent (tan d) (. . ., bulk PCL; ---, porous
PCL) and compressive storage modulus (E’) (&, bulk PCL;
*, porous PCL).

TABLE III
Mechanical Responses (Compressive Moduli)

of Different Cartilage Tissues, Both from Animal
and Human Sources, and Compressive Modulus

Values for Porous PCL Scaffolds

Cartilage Tissue Compressive Modulus (MPa)

Meniscal tissue Bovine knee: 0.41–0.7934,35

Femoropatellar calf neocartilage:
0.15–0.2036

Human: 0.2234

Temporomandibular
joint disc

Canine: 16–3134

Porcine: 0.02–0.0334

Human: 2–3034

Articular cartilage Porcine neonatal: 0.78–0.8135

Human: 0.51–15.334

Porous PCL scaffolds At 378C: 6.85 6 1.83

Figure 5. Optical microscope pictures of Mayer’s haema-
toxylin-stained monolayer chondrocytes seeded onto: (a)
bulk PCL after 7 days’ culture, (b) bulk PCL after 14 days’ cul-
ture, (c) CPS control after 7 days’ culture, and (d) CPS control
after 14 days’ culture. The length of the black bar represents
100 lm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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cells were quantified. At day 7, the adhered cells
number onto CPS was higher than that onto PCL,
but this difference was reduced at day 14.

Expansion of chondrocytes in two-dimensional
culture systems results in their dedifferentiation.38,39

Accordingly, expression of specific hyaline cartilage
markers such as aggrecan decreases. In the present
study, aggrecan synthesis was quantified at 7 and 14
days after seeding. A first subculture was used to
seed bulk PCL disks and aggrecan production was
tested to control the chondrocyte phenotype. The
ELISA results revealed the presence of aggrecan in
the medium supernatants and synthesis levels were
similar to those achieved on CPS (Fig. 6). The differ-
ences in aggrecan values between the 2 days of mea-
surement are consistent with the differences in the
amount of cells with respect to the control and the
results are not a proof of differences in cell differen-
tiation. Thus, the amount of aggrecan expression
would be equivalent to the values obtained in the
MTT and BrdU assays.

Once the human chondrocyte cytocompatibility of
the bulk PCL had been established, a second step was
to evaluate the applicability of a porous PCL scaffold
in a three-dimensional culture. Architectural and sur-
face properties of the scaffold can affect adhesion, pro-
liferation, and differentiation of cells.9,25,40,41

Chondrocytes were injected into the porous PCL
scaffolds to test their adhesion and PG synthesis.
The scaffold sections were stained with Mayer’s hae-
matoxylin to allow analysis of the cell arrangement
within the material. Chondrocyte aggregates embed-
ded in porous PCL are shown in Figures 7 and 8(a).
Chondrocytes were able to attach to the PCL scaffold
and acquired a round shape, very similar to that
observed in native cartilage or in a pellet culture

Figure 6. Viability (MTT), proliferation (BrdU), and pro-
teoglycan (PG) synthesis measurements at 7 and 14 days
after seeding of human chondrocytes cultured on PCL
disks. The optical density (OD) of the MTT assay was
determined at 550 nm, the BrdU test at 450 nm, and PG
quantification at 450 nm. Data represent the mean 6
standard deviation, and are expressed as a percentage
(base one) with respect to the CPS values (threshold 1).

Figure 7. Histological sections of human chondrocytes
seeded on porous PCL scaffolds at: (a) 7 days, (b) 14 days,
(c) 21 days, and (d) 28 days of culture with Mayer’s hae-
matoxylin staining. The scale bars indicate 50 lm. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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(Figs. 7 and 8). This suggests that the cells keep the
same phenotype as the chondrocytes within native
cartilage, as a round morphology is known to be in-
dicative of characteristics of differentiated chondro-
cytes.27,42

Similar results have been obtained throughout dif-
ferent studies, where mesenchymal stem cells are
able to express a chondrogenic phenotype, during
chondrogenic induction, when cultured within three-
dimensional biomaterials,43 or chondrocytes isolated
from rabbit articular cartilage grow acquiring a pre-
dominantly spherical shape when cultured into poly-
hydroxyalkanoate scaffolds.24

No obvious increase in cell number could be
appreciated and we could only see differences in the
long term (from 21 days after seeding). The prolifer-
ative capacity was decreased, but they were capable
of synthesizing new extracellular matrix (Fig. 7).

The results from the aggrecan ELISA assay
showed that the porous PCL scaffolds enhance PG

production compared to monolayer cultures (CPS)
for 14 days (Fig. 9). These monolayer cultures (CPS)
were used to normalize experiments performed at
different days and with different primary chondro-
cyte lines (value 1 in Fig. 9). In addition, the CPS
allowed comparing the cell differentiation status in
PCL and pellet cultures respect to monolayer cultures.

This confirms the possibility of being these porous
structures a good substrate for developing chondro-
cytes in a differentiated state, as aggrecan (large PG)
is one of the major components of articular cartilage,
and the production of these macromolecules is used
as a marker to indicate maintenance of the articular
chondrocyte phenotype, as chondrocytes shape influ-
ence the synthesis of these extracellular matrix com-
ponents.25,44

PCL results were also compared to pellet cultures
as a positive control of differentiation. The pellet cul-
tures are formed by centrifugation, which allows the
cells to achieve a high density environment to pro-
mote cell–cell interactions.

The chondrocyte pellets cultured in vitro are capa-
ble of forming aggregates with round-shaped cells
like in native cartilage. These cells are functional
and express specific markers of the chondrocyte
phenotype. Other authors45,46 have proved that high-
density culture pellets maintain the differentiated
phenotype and favor the formation of extracellular
cartilage matrix.

In addition, previous studies have reported that
mesenchymal stem cells exhibited chondrogenic
properties when maintained as cell aggregates or
pellets.47,48 However, the pellet culture system has
several inherent disadvantages (small size and weak
mechanical properties), whereas the biomaterial

Figure 8. Histological sections of human chondrocytes
seeded on (a) porous PCL scaffold and (b) high density
pellet culture at 28 days’ culture. PG was detected by
Alcian blue staining. The scale bars indicate 50 lm. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 9. Comparisons of proteoglycan (PG) synthesis
between PCL scaffolds and pellet three-dimensional cul-
tures at 7, 14, and 28 days after seeding. Data represent
the mean 6 standard deviation, from normalized values
with CPS. Threshold 1 corresponds to the monolayer cul-
ture (CPS) value.
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scaffolds are able to provide three-dimensional envi-
ronments and predesigned mechanical properties.

The behavior of chondrocytes seeded on a porous
PCL scaffold was similar to the case of pellet culture.
In both 28 days’ culture, the presence of aggrecan in
the supernatant was diminished with respect to
monolayer culture. One hypothesis would be the in-
hibition of PG production due to accumulation
within the porous scaffold. Another possibility
would be the formation of an extracellular matrix
that could retain the aggrecan and hence there
would be no flow into the medium. This can be
proved when analyzing histological slices, where
both PCL and pellet cultures showed a new matrix
synthesized around the chondrocytes with the pres-
ence of PG (Fig. 8).

Similar results were obtained in others studies
using PCL scaffolds.41,45,49,50 Li et al. fabricated
fibrous three-dimensional scaffolds polymer using
PCL polymer. They demonstrated that the scaffolds
were biocompatible and supported cell differentia-
tion, showing the normal rounded phenotype of
chondrocytes, as well as good proliferation patterns,
although they found reduced proliferation on PCL
compared to CPS culture. These results agree with
the reduced proliferation detected in our bulk PCL
samples at 7 days’ culture and, in particular, into
PCL scaffolds.

Anyway, this is a logical response, as fast ex-
pansion of chondrocytes is usually carried out on
monolayer cultures, but cells tend to dedifferentiate
during that fast multiplication stage. After, if chon-
drocytes are to redifferentiate (or are already differ-
entiated), they show a drastic drop in multiplication
speed.43,51

Therefore, cell attachment, proliferation, and/or
differentiation on a material are the indication of cel-
lular compatibility of that material and its suitability
for tissue engineering applications.27 It has also been
proved that scaffolds where the cultured chondro-
cytes remain spherical and produce extracellular ma-
trix components could be potential candidates for
cartilage tissue-engineering applications.35,51

Then, the viability of the culture of chondrocytes
in a new type of PCL scaffold has been demon-
strated in this study. Moreover, our results show
that chondrocytes are able to maintain their differen-
tiated phenotype, in terms of cell shape and glicosa-
minoglycan synthesis; although, more studies are
needed to evaluate whether they are able to regener-
ate cartilage in vitro and, finally, in vivo.

CONCLUSIONS

In this study, new polycaprolactone scaffolds with
interconnected spherical pores and 70% porosity

have been produced successfully. The morphological
study shows that there is an open pore structure and
a good interconnectivity between pores. The porous
structure, and the pore size that has been obtained,
fulfills the morphological criteria for chondrocytes
development.

Furthermore, compressive modulus of scaffolds is
in the range of cartilage tissue responses.

Finally, the viability of the culture of chondrocytes
in the PCL scaffold has been demonstrated (obtaining
similar results as in Refs. 40, 41), although, more
studies are needed to evaluate whether they are able
to regenerate cartilage in vitro and, finally, in vivo.
Human primary chondrocytes attached and prolifer-
ated on PCL disks similarly to CPS control. Three-
dimensional culture of chondrocytes within PCL
scaffolds showed similar results as pellet culture in
terms of cellular shape and aggrecan synthesis.

Therefore, this scaffold is suitable to perform fur-
ther studies in order to evaluate its capacity to carti-
lage regeneration.

The authors thank Ms. Eva Romero Sales for her help,
as well as to the Electronic Microscopy Service from Valen-
cia Polytechnic University for their assistance in taking all
SEM images.

References

1. Chen VJ, Ma PX. Nano-fibrous poly(L-lactic acid) scaffolds
with interconnected spherical macropores. Biomaterials 2004;
25:2065–2073.

2. Griffith LG. Polymeric biomaterials. Acta Mater 2000;48:263–
277.

3. Thomson RC, Wake MC, Yaszemski MJ. Biodegradable poly-
mer scaffolds to regenerate organs. Adv Polym Sci 1995;122:
245–274.

4. Mikos AG, Thorsen AJ, Czerwonka LA, Bao Y, Langer R,
Winslow DN, Vacanti JP. Preparation and characterization of
poly(L-lactid acid) foams. Polymer 1994;35:1068–1077.

5. Patrick CW, Mikos AG, McIntire LV, editors. Frontiers in Tis-
sue Engineering. Oxford: Pergamon; 1998.

6. Freed LE, Vunjak-Novakovic G. Culture of organized cell
communities. Adv Drug Deliv Rev 1998;33:15–30.

7. Cao YL, Rodriguez A, Vacanti M. Comparative study of the
use of poly(glycolic acid), calcium alginate and pluronics in
the engineering of autologous porcine cartilage. J Biomater
Sci Polym Ed 1998;9:475–487.

8. Dumitriu S, editor. Polymeric Biomaterials. New York: Mar-
cel Dekker; 1994.

9. Lyndon MJ. Synthetic hydrogels as substrata for cell-adhesion
studies. Br Polym J 1986;18:22–27.

10. Zoppi RA, Contantn S, Duek EAR, Marques FR, Wada MLF,
Nunes SP. Porous poly(L-lactide) films obtained by immer-
sion precipitation process: Morphology, phase separation and
culture of VERO cells. Polymer 1999;40:3275–3289.

11. Stile RA, Burghardt WR, Healy KE. Synthesis and characteri-
zation of injectable poly(N-isopropylacrylamide)-based hy-
drogels that support tissue formation in vitro. Macromole-
cules 1999;32:7370–7379.

12. Whang K, Thomas CH, Healy KE, Nuber G. A novel method
to fabricate bioabsorbable scaffolds. Polymer 1995;36:837–842.

34 IZQUIERDO ET AL.

Journal of Biomedical Materials Research Part A



13. Kang HW, Tabata Y, Ikada Y. Fabriation of porous gelatin
scaffolds for tissue engineering. Biomaterials 1999;20:1339–
1344.

14. Hutmacher DW. Scaffolds in tissue engineering bone and car-
tilage. Biomaterials 2000;21:2529–2543.

15. Han DK, Hubbell JA. Synthesis of polymer network scaffolds
from L-lactide and poly(ethylene glycol) and their interaction
with cells. Macromolecules 1997;30:6077–6083.

16. Jeong B, Choi YK, Bae YH, Zentner G, Kim SW. New biode-
gradable polymers for injectable drug delivery systems.
J Control Release 1999;62:109–114.

17. Thomson RC, Yaszemski MJ, Powers JM. Fabrication of
biodegradable polymer scaffolds to engineer trabecular bone.
J Biomater Sci Polym Ed 1995;7:23–38.

18. Ma PX, Choi JW. Biodegradable polymer scaffolds with well-
defined interconnected spherical pore network. Tissue Eng
2001;7:23–33.

19. Nam YS, Yoon JJ, Park TG. A novel fabrication method of
macroporous biodegradable polymer scaffolds using gas
foaming salt as a porogen additive. J Biomed Mater Res
2000;53:1–7.

20. Yoon JJ, Park TG. Degradation behaviors of biodegradable
macroporous scaffolds prepared by gas foaming of efferves-
cent salts. J Biomed Mater Res 2001;55:401–408.

21. Freyman TM, Yannas IV, Gibson LJ. Cellular materials as po-
rous scaffolds for tissue engineering. Prog Mater Sci 2001;46:
273–282.

22. Luz CTL, Coutinho FMB. The influence of the diluent system
on the porous structure formation of copolymers based on
2-vinylpyridine and divinylbenzene-diluent system. I. n-hep-
tane/diethylphtalate. Eur Polym J 2000;36:547–553.

23. Domb AJ, Kost J, Wiseman DM, editors. Handbook of Biode-
gradable Polymers. Amsterdam: Harwood Academic; 1997.

24. Deng Y, Zhao K, Zhang XF, Hu P, Chen GQ. Study on the
three-dimensional proliferation of rabbit articular cartilage-
derived chondrocytes on polyhydroxyalkanoate scaffolds.
Biomaterials 2002;23:4049–4056.

25. Spiteri CG, Pilliar RM, Kandel RA. Substrate porosity enhan-
ces chondrocyte attachment, spreading, and cartilage tissue
formation in vitro. J Biomed Mater Res A 2006;78:676–683.

26. Tsuchiya K, Chen G, Ushida T, Matsuno T, Tateishi T. Effects
of cell adhesion molecules on adhesion of chondrocytes, liga-
ment cells and mesenchymal stem cells. Mater Sci Eng C
2001;17:79–82.

27. Li Z, Zhang M. Chitosan-alginate as scaffolding material for
cartilage tissue engineering. J Biomed Mater Res A 2005;
75:485–493.

28. Lee JE, Kim SE, Kwon IC, Ahn HJ, Cho H, Lee SH, Kim HJ,
Seong SC, Lee MC. Effects of a chitosan scaffold containing
TGF-b1 encapsulated chitosan microspheres on in vitro chon-
drocyte culture. Artif Organs 2004;28:829–839.

29. Hsu SH, Tsai CL, Tang CM. Evaluation of cellular affinity
and compatibility to biodegradable polyesters and type-II
collagen-modified scaffolds using immortalized rat chondro-
cytes. Artif Organs 2002;26:647–658.

30. Brandrup J, Immergut EH, Grulke EA, editors. Polymer
Handbook, 4th ed. New York: Wiley; 1999.

31. Jiang S, Ji X, An L, Jiang B. Crystallization behaviour of PCL
in hybrid confined environment. Polymer 2001;42:3901–3907.

32. Vandamme ThF, Legras R. Physico-mechanical properties of
poly(e-caprolactone) for the construction of rumino-reticulum
devices for grazing animals. Biomaterials 1995;16:1395–1400.

33. Richardson SM, Curran JM, Chen R, Vaughan-Thomas A,
Hunt JA, Freemont AJ, Hoyland JA. The differentiation of
bone marrow mesenchymal stem cells into chondrocyte-like

cells on poly-L-lactic acid (PLLA) scaffolds. Biomaterials
2006;27:4069–4078.

34. Almarza AJ, Athanasiou KA. Design characteristics for the
tissue engineering of cartilaginous tissues. Ann Biomed Eng
2004;32:2–17.

35. Hsu SH, Whu SW, Hsieh SC, Tsai CL, Chen DC, Tan TS.
Evaluation of chitosan-alginate-hyaluronate complexes modi-
fied by an RGD-containing protein as tissue-engineering scaf-
folds for cartilage regeneration. Artif Organs 2004;28:693–703.

36. Ma PX, Langer R. Morphology and mechanical function of
long-term in vitro engineered cartilage. J Biomed Mater Res
1999;44:217–221.

37. Tsai WB, Chen CH, Chen JF, Chang KY. The effects of types
of degradable polymers on porcine chondrocyte adhesion,
proliferation and gene expression. J Mater Sci Mater Med
2006;17:337–343.

38. Benya PD, Padilla SR, Nimni ME. Independent regulation of
collagen types by chondrocytes during the loss of differenti-
ated function in culture. Cell 1978;15:1313–1321.

39. von der Mark K, Gauss V, von der Mark H, Muller P.
Relationship between cell shape and type of collagen synthes-
ised as chondrocytes lose their cartilage phenotype in culture.
Nature 1977;267:531–532.

40. Papadaki M, Mahmood T, Gupta P. The different behaviors
of skeletal muscle cells and chondrocytes on PEGT/PBT
block copolymers are related to the surface properties of the
substrate. J Biomed Mater Res 2001;54:47–58.

41. Li WJ, Danielson KG, Alexander PG. Biological response of
chondrocytes cultured in three-dimensional nanofibrous
poly(e-caprolactone) scaffolds. J Biomed Mater Res A 2003;67:
1105–1114.

42. Caterson EJ, Nesti LJ, Li WJ, Danielson KG, Albert TJ,
Vaccaro AR, Tuan RS. Three-dimensional cartilage formation
by bone marrow-derived cells seeded in polylactide/alginate
amalgam. J Biomed Mater Res 2001;57:394–403.

43. Nishioka K, Dennis JE, Gao J, Goldberg VM, Caplan AI.
Sustained Wnt protein expression in chondral constructs
from mesenchymal stem cells. J Cell Physiol 2005;203:6–14.

44. Bhardwaj T, Pilliar RM, Grynpas MD, Kandel RA. Effect of
material geometry on cartilaginous tissue formation in vitro.
J Biomed Mater Res 2001;57:190–199.

45. Mackay AM, Beck SC, Murphy JM. Chondrogenic differentia-
tion of cultured human mesenchymal stem cells from
marrow. Tissue Eng 1998;4:415–428.

46. Tanaka H, Murphy CL, Murphy C. Chondrogenic differentia-
tion of murine embryonic stem cells: Effects of culture condi-
tions and dexamethasone. J Cell Biochem 2004;93:454–462.

47. Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU.
In vitro chondrogenesis of bone marrow-derived mesenchy-
mal progenitor cells. Exp Cell Res 1998;238:265–272.

48. Yoo JU, Barthel TS, Nishimura K, Solchaga L, Caplan AI,
Goldberg VM, Johnstone B. The chondrogenic potential of
human bone-marrow-derived mesenchymal progenitor cells.
J Bone Joint Surg Am 1998;80:1745–1757.

49. Li WJ, Tuli R, Okafor C, Derfoul A, Danielson KG, Hall DJ,
Tuan RS. A three-dimensional nanofibrous scaffold for carti-
lage tissue engineering using human mesenchymal stem cells.
Biomaterials 2005;26:599–609.

50. Li WJ, Cooper JA Jr, Mauck RL, Tuan RS. Fabrication and
characterization of six electrospun poly(a-hydroxy ester)-
based fibrous scaffolds for tissue engineering applications.
Acta Biomater 2006;2:377–385.
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