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Abstract
Repair of damaged cartilage usually requires replacement tissue or substitute material. Tissue
engineering is a promising means to produce replacement cartilage from autologous or allogeneic
cell sources. Scaffolds provide a three-dimensional (3D) structure that is essential for chondrocyte
function and synthesis of cartilage-specific matrix proteins (collagen type II, aggrecan) and sulfated
proteoglycans. In this study, we assessed porous, 3D collagen sponges for in vitro engineering of
cartilage in both standard and serum-free culture conditions. Bovine articular chondrocytes (bACs)
cultured in 3D sponges accumulated and maintained cartilage matrix over 4 weeks, as assessed by
quantitative measures of matrix content, synthesis, and gene expression. Chondrogenesis by bACs
cultured with Nutridoma as a serum replacement was equivalent or better than control cultures in
serum. In contrast, chondrogenesis in insulin-transferrinselenium (ITS+3) serum replacement
cultures was poor, apparently due to decreased cell survival. These data indicate that porous 3D
collagen sponges maintain chondrocyte viability, shape, and synthetic activity by providing an
environment favorable for high-density chondrogenesis. With quantitative assays for cartilage-
specific gene expression and biochemical measures of chondrogenesis in these studies, we conclude
that the collagen sponges have potential as a scaffold for cartilage tissue engineering.
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ethansulfonic acid; ITS – insulin-transferrin-sodium selenite; Nut – nutridoma; OD – optical density;
RT-PCR – reverse transcriptase-polymerase chain reaction; s-GAG – sulfated glycosaminoglycan

Introduction
Cartilage has a poor capacity for healing and regeneration, and therefore most defects require
replacement tissue or substitute material. In mosaicplasty, cores of healthy tissues from non-
load-bearing surfaces of the joint are transplanted into the defect (Hangody and Fules 2003).
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In another procedure, cells are isolated from healthy cartilage, expanded in vitro, and
transplanted as a suspension into the defect under a periosteal flap (Brittberg et al. 1994,
2003).

Tissue engineering holds promise as an alternative for cartilage repair. Central issues for this
approach are the type and quantity of cells needed to generate sufficient tissue. Both
chondrocytes and cells with chondrogenic potential, such as bone marrow mesenchymal cells,
have been used for experimentally engineered cartilage. One hypothesis is that articular
chondrocytes will be superior for tissue engineering because the appropriate genetic program
has been fully activated. Because of the small number of chondrocytes in cartilage, however,
isolated cells must be expanded in vitro. The chondrocyte phenotype in vitro is cell shape-
dependent (Glowacki et al. 1983). Growth in monolayers results in dedifferentiation, i.e.
decreased synthesis of cartilage-specific matrix components such as collagen type II, aggrecan,
and proteoglycans (Horwitz and Dorfman 1970; Hering et al. 1994) and increased synthesis
of non-cartilage-specific collagen type I (Benya et al. 1978). Chondrocytes recover their ability
to synthesize cartilage matrix if they are returned to a three-dimensional (3D) environment,
such as agarose gels (Benya and Shaffer 1982), alginate beads (Hauselmann et al. 1994), or
high-density culture (Hering et al. 1994).

Scaffolds are used in tissue engineering as a carrier to deliver cells to a defect, as a framework
to support in vitro histogenesis, or as both. Previously, we developed porous 3D collagen (type
I) sponges that support in vitro histogenesis (Mizuno and Glowacki 1996). The highly porous
collagen sponges are comprised of a web or lattice of interconnected fibers that support cell
distribution and matrix accumulation (Mizuno and Glowacki 1996). This structure differs from
that of woven polymer lattices (Li et al. 2003; Woodfield et al. 2004) or collagen hydrogels.
Our previous work demonstrated that these constructs meet several criteria that are desirable
for tissue engineering of cartilage: they are biologically compatible (demonstrated in mice,
with osteoblasts) (Gerstenfeld et al. 1996); they are adherent to cartilage (Zaleske et al.
2003); and they support chondrogenesis in vitro (Mizuno and Glowacki 1996) and in vivo
(Warden et al. 2004).

The purpose of this study was to more fully evaluate the porous, 3D collagen sponges for
engineering of cartilage. One objective was to compare maintenance of the chondrocyte pheno-
type during time in 2D monolayer and 3D culture. A current limitation of tissue engineering
is that fetal bovine serum (FBS) is used commonly. Therefore, the second objective of this
study was to assess the chondrocyte phenotype in defined media.

Materials and methods
Collagen sponge fabrication

Collagen sponges were prepared according to the protocol of Mizuno et al. (Mizuno and
Glowacki 1996). In brief, a 0.5% (w/v) bovine pepsin-digested, acid-soluble type I collagen
(CellagenTM solution PC-5, ICN Biomedicals, CostaMesa, CA) was neutralized with 1/100
volumes of both 1 M HEPES buffer (pH 7.4) and 1 M NaHCO3 (pH 7.4). A 250 μl volume of
the solution was cast in an 8 mm diameter mold and was frozen at −20 °C. After lyophilization,
the sponges were removed from the mold and were exposed to UV-irradiation in a laminar-
flow safety cabinet for 3 h on each side. Scanning electron microscopy showed that the pores
were interconnected through the whole sponge and the collagen fibers resembled a 3D web or
lattice (Mizuno and Glowacki 1996). The diameter of the pores ranged between 120 and 200
μm (Mizuno and Glowacki 1996).
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Cells and culture conditions
Bovine articular chondrocytes (bACs) were prepared from fresh shoulders of neonatal calves
from a local abattoir as previously described (Mizuno and Glowacki 1996). The joints were
exposed under aseptic conditions and the cartilage was sliced and minced with a scalpel blade.
The fragments were rinsed with cold PBS three times and digested with 0.15% collagenase CI
(Worthington Biochemical Corp, Lakewood, NJ) in Ham’s F12 medium (Invitrogen, Carlsbad,
CA) at 37 °C overnight on a rocking platform. Following filtration with 70 μm cell strainers
(Becton Dickinson Labware, Franklin Lakes, NJ), the cell suspensions were centrifuged for
10 min at 1500 × g. The cells were washed and suspended in medium consisting of Ham’s F12,
10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 μg/ml streptomycin
(Irvine Scientific, Santa Ana, CA).

High-density monolayer cultures were established by seeding 1 × 106 cells/cm2 in 60 mm
dishes. On day 7, some dishes were harvested for DNA, s-GAG, or 35S-sulfate incorporation
assays; the remaining cells were replated in dishes at a density of 2 × 105 cells/cm2. Medium
was changed every 2–3 days and the cells were replated 2–4 days before each additional
timepoint. Sponge cultures were established by injecting cell suspensions (5 × 106 cells/50 μl
medium per sponge) onto dry sponges that were positioned in seeding chambers (Mizuno and
Glowacki 1996). After 1 h in a humidified incubator at 37 °C and 5% CO2 in air, 100 μl of
complete medium was deposited onto the sponges. After an additional 3 h of incubation, each
seeding device was transferred to 8 ml of medium and turned sideways in deep sixwell plates
(Corning Inc., Corning, NY) for efficient nutrient exchange. After 18 h, each sponge was
transferred to 35 mm wells with 4 ml medium. For experiments that used defined media, bACs
were precultured in collagen sponges in medium containing 5% FBS for 7 days. The culture
dishes were rinsed three times in PBS before addition of medium containing 2% Nutridoma-
CS media supplement (Roche Applied Science, Indianapolis, IN) or 1% insulin-transferrin-
sodium selenite liquid media supplement with linoleic and oleic acids (ITS+3, Sigma-Aldrich
Co., St. Louis, MO). Culture medium was changed every 2–3 days. Samples were collected
for biochemical and molecular analyses on 1, 2, or 4 weeks after seeding.

Histology
After designated times in culture, sponges (n = 3 per group) were fixed in 2%
paraformaldehyde, 0.1 M cacodylate buffer (pH 7.4) for 24 h at 4 °C. After rinses in 0.1 M
cacodylate buffer (pH 7.4), specimens were infiltrated with glycolmethacrylate catalyst (JB-4,
Polysciences Inc., Warrington, PA) with vacuum for 48 h. Samples were embedded in
glycolmethacrylate. The polymerized blocks were cut in cross-section (12.5 μm thick) and
were stained with 0.5% toluidine blue-O at pH 4.0 (Fisher Scientific, Pittsburgh, PA).

Sulfated glycosaminoglycan content
Each sponge or monolayer culture was digested with 1 ml of 125 mg/ml papain (Sigma-
Aldrich) for 16–18 h at 60 °C (Farndale et al. 1982). Twenty microliters of each digested extract
was added to 150 μl of assay solution in a 96-well titer plate at room temperature. The difference
between optical density of the sample at 595 and 540 nm was immediately determined with a
microtiter plate reader. Sulfated GAG content was calculated with a standard curve for shark
chondroitin sulfate (Sigma-Aldrich) and was expressed on the basis of DNA content (Mizuno
and Glowacki 1996).

DNA content
DNA content was measured by the fluorescent dye method (Kim et al. 1988; Rymaszewski et
al. 1990) as described (Mizuno et al. 2002). Twenty microliters of papain extracts was used
for determination of DNA content in each sponge or monolayer culture. Each sample was added
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to 2 ml of 0.1 μg/ml Hoechst 33258 (Polysciences, Warrington, PA) in 0.1 M Tris–NaCl, 10
mM EDTA, pH 7.4 (Kim et al. 1988). The mixture was incubated in the dark for 10 min at
room temperature. Fluorescence was measured with a fluorometer TKO 100 (Hoffer Scientific
Instruments, San Francisco, CA). Calf thymus DNA (Sigma-Aldrich) was used as a standard.

35S-sulfate incorporation
Twenty-five μCi of 35S sodium sulfate (NEN Life Science Products Inc., Boston, MA) in 5 ml
medium was added per sponge (Mizuno et al. 2002) or dish during the last 18 h of the 1, 2, or
4 week culture period (Robbins et al. 1997). Papain extracts were heat-treated at 95 °C for 45
min and desalted with Sephadex G-25 (PD-10TM, Amersham Pharmacia Biotech Inc.,
Piscataway, NJ). 35S sulfate was determined by liquid scintillation counting.

RNA extraction
Total cellular RNA was extracted from monolayers by lysis in 1 ml Trizol reagent (Invitrogen).
Sponges were homogenized in 1 ml Trizol reagent with a Power Gen 125 Tissue Homogenizer
fitted with a 7 mm saw-tooth generator (Fisher Scientific). RNA quality was assessed by the
ratio of absorbance at 260 and 280 nm. The yields of RNA were calculated based on the
absorbance at 260 nm. Total yields of RNA were 6–14 μg per dish and per sponge. The
difference in yield from each group was not statistically significant.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
Five μg of total RNA was treated with 1 μl ribonuclease- free DNase I (Roche Applied Science)
and cDNA synthesis was performed with and without reverse transcriptase to confirm the
absence of genomic DNA. The cDNA synthesis reactions were performed in an 80 μl volume
containing 4 μg DNase treated RNA, 8 μl random hexamers (Invitrogen), and 800 units of
reverse transcriptase (Superscript II, Invitrogen). In a reaction volume of 50 μl, 2 μl of cDNA
was amplified by 1 U Platinum Taq Polymerase (Invitrogen) with primers specific for bovine
type II collagen (COL II), forward 5′-CTGGATGCCATGAAGGTTTT-3′ and reverse 5′-
TAGTCTTGCCCCACTTACCG-3′; bovine aggrecan (AGG), forward 5′-
CACTGTTACCGCCACTTCCC-3′ and reverse 5′-GACATCGTTCCACTCGCCCT-3′;
bovine type I collagen (COL I), forward 5′-TGCTGGCCAACTATGCCTCT-3′ and reverse
(5′-TTGCACAATGCTCTGATC-3′; and mammalian glyceraldehyde-3-phosphate
dehydrogenase (G3PDH), forward 5′-ACCA CAGTCCATGCCATCAC-3′ and reverse 5′-T
CCACCACCCTGTTGCTGTA-3′. Amplification conditions consisted of an initial
denaturation step at 94 °C for 10 min; 35 cycles of 94 °C for 1 min, 53 °C for 2 min, 72 °C for
2 min; and a final 6 min extension at 72 °C.

Quantitative, competitive RT-PCR
COL II, AGG, and COL I mRNA transcripts were measured by specific, quantitative
competitive RT-PCR assays. Competitive DNA templates were produced with the competitive
DNA Construction Kit (TaKaRa Biomedicals, Madison, WI). The competitor sizes for COL
II and AGG were 290 and 190 bp, respectively. The competitor sizes for COL I and G3PDH
were both 340 bp. For PCRs, 1 μl of target cDNA was added to each of a series of 10-fold
dilutions of competitor (1 fmol to 0.001 amol). This was followed by PCRs with a 1:2 dilution
series to measure the number of transcripts in each sample. The amount of mRNA transcripts
for each gene was normalized to the amount of G3PDH mRNA in the cDNA samples.

In experiments that compared 2D monolayers to 3D sponges, gene expression of COL II and
AGG were expressed as ratios to COL I. A ratio of <1.0 indicates a phenotype that is more
fibroblastic than chondroblastic. In experiments that compared serum-free to serum-containing
media, COL I mRNA levels were not measured because the histology results did not suggest
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dedifferentiation of bACs in either Nutridoma or ITS3+. Therefore, COL II and AGG
expression levels (normalized to G3PDH) were evaluated directly.

Statistical analysis
Sample size for biochemical and gene expression assays in the collagen sponge system was
determined from empirical data (Mizuno et al. 2001). Five replicate dishes or sponges were
used for measurements of DNA content, total s-GAG content, and sulfate incorporation. Pooled
samples (2 dishes or sponges per group) were used for comparisons of gene expression levels
in 2D and 3D conditions. Gene expression levels were measured in individual sponges (n = 3)
for experiments that used Nutridoma and ITS+3.

Statistical analyses were performed with Sigma-Stat 2.0 and SigmaPlot 5.0 software (SSPS
Inc., Chicago, IL) or InStat software (Advanced Graphics Software, Encinitas, CA). One-way
ANOVA with Bonferroni correction for multiple comparisons (α = 0.05) was used to compare
total s-GAG contents and 35S-sulfate incorporation in monolayers and sponges. The Kruskal–
Wallis test was used to compare levels of mRNA expression for COL II and AGG.

Results
Comparison of bovine chondrocytes cultured in 3D collagen sponges and 2D monolayers

The chondrocyte phenotype was evaluated in monolayer and sponge cultures by quantitative
biochemical and gene expression assays for cartilage matrix components. DNA content was
used to make comparisons on the basis of cellularity in the two types of cultures. In 2D
monolayers, DNA content was similar at 1 and 2 w. Thereafter, DNA content increased 2.6-
fold between 2 w (109 ng/dish ±7) and 4 w (285 ng/dish ±34) (p = 0.008). In 3D sponges, DNA
content was ~2-fold greater than in monolayers and did not change significantly over time (235
ng/sponge ±12.8 at 1 w). Similar results were obtained in a second experiment.

In 2D cultures, there was accumulation and endurance of matrix sulfated glycosaminoglycans
(s-GAG) during 2 w of culture (Figure 1a). Thereafter, between 2 and 4 w, s-GAG decreased
53% (p < 0.001). In 3D sponges, there was also accumulation and endurance of s-GAG during
2 w of culture. Thereafter, between 2 and 4 w, s- GAG decreased 28% (p = 0.001). Sponges
contained significantly more s-GAG than monolayer cultures (p < 0.001) at 2 w (47% greater
in sponges) and at 4 w (125% greater).

Synthesis of s-GAG was measured by 35S-sulfate incorporation (Table 1). In 2D cultures,
sulfate incorporation was not significantly changed between 1 and 2 w or between 2 and 4 w
(p > 0.05). In 3D cultures, sulfate incorporation was similar at 1 and 2 w. Thereafter, there was
a decline in sulfate incorporation (53% less) from 2 to 4 w (p < 0.001). At all time points,
sulfate incorporation was significantly greater in sponges than in monolayer cultures (Table
1).

Expression of signature cartilage genes was used as an indicator of changes in the chondrocyte
phenotype in vitro. Gene expression of type II collagen (COL II) and aggrecan (AGG)
transcripts were expressed as ratios to type I collagen (COL I). Baseline ratios of COL II: COL
I and AGG:COL I transcripts in freshly isolated bACs were 5759 and 2833, respectively. After
chondrocytes were cultured in monolayer for 1 w, the COL II ratio was 1.7% of baseline and
decreased (to 0.4% of the ratio at 1 w) between 1 to 2 w (Figure 1B). Between 2 and 4 w in
culture, COL II decreased further (0.5%). Similarly, the AGG ratio was 14.1% of baseline at
1 w, decreased between 1 and 2 w (0.5%), and decreased further between 2 and 4 w (0.02%)
(Figure 1C). Both the increased COL I expression and the decreased COL II expression
contributed to the change in gene expression ratios in monolayer cultures with time in culture.

Yates et al. Page 5

Cell Tissue Bank. Author manuscript; available in PMC 2005 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Expression of COL I was similar between 1 and 2 w, but increased 2000-fold between 2 and
4 w. COL II expression decreased between 1 and 2 w (2%).

In contrast to the monolayer cultures, greater COL II and AGG ratios were maintained in 3D
sponges. After chondrocytes were cultured in sponges for 1 w, the COL II ratio was 10.9% of
baseline. The COL II ratio decreased between 1 and 2 w (25.0%), and was maintained at 4 w
(Figure 1B). The AGG ratio was 88.2% of baseline at 1 w, decreased between 1 and 2 w
(12.5%), and again between 2 and 4 w (51.1%) (Figure 1C). COL I expression levels were low
in 3D sponges at all timepoints: at 1 and 2 w, COL I mRNA level was 2 orders of magnitude
lower than monolayers, and increased only 3-fold between 2 and 4 w.

Effects of serum substitutes on bovine chondrocytes cultured in 3D collagen sponges
The effect of serum substitutes on the chondrocyte phenotype was evaluated in 3D collagen
sponges. Sponges were precultured for 1 week in medium containing 5% FBS to allow bACs
to attach to the scaffold and synthesize matrix. Thereupon (day 0), the sponges were transferred
to defined media containing Nutridoma (Nut) or ITS+3 or control medium containing 5% FBS.

As expected, histologic evaluation showed that sponges maintained in FBS were populated
with round cells that were surrounded by abundant metachromatic matrix on day 0 (Figure 2a),
and more so on day 7 (Figure 2b). The majority of cells within the lattice were associated with
cartilage matrix production, and there was no histological evidence of dedifferentiation of cells
adjacent to the collagen fibers of the lattice. Chondrocytes at the surface of the porous sponges
(not shown) tended to have a spindle shape without metachromatic extracellular matrix.
Sponges that were cultured for 7 days in medium containing Nutridoma showed the most
extensive metachromatic matrix (Figure 2c). Individual cells in lacunae were frequently seen.
In contrast, sponges cultured in medium containing ITS+3 for 7 days showed little matrix
(Figure 2d). Small clusters of cells were surrounded by weakly metachromatic matrix. The
amount of the matrix was less than after the preculture period. The presence of pycnotic cells
was notable only in the ITS+3 group.

Expression of cartilage signature genes was also measured in 3D sponges after 7 days culture
with different supplements (Figure 3). Although p values did not achieve significance, trends
in gene expression were clear. Compared with FBS control, the COL II mRNA levels were
170% greater in Nutridoma and 110% greater in ITS+3. AGG mRNA levels were also elevated
in Nutridoma (300% greater than control) and ITS (360% of control).

Discussion
Potential sources for replacement cartilage include allograft, autograft, and engineered tissue.
Tissue banking of allograft cartilage is limited by the detrimental effects of cryopreservation
on chondrocyte viability (Ohlendorf et al. 1996; Jomha et al. 2002) and biomechanical
properties (Kubo et al. 2001). Extended cold storage (>2 weeks) also reduces chondrocyte
viability (Williams et al. 2003). Therefore, fresh tissue is recommended for osteochondral and
cartilage allografts (Sammarco et al. 1997). Inspired by studies on the pathophysiology of the
cauliflower ear, Skoog championed the use of autogenous perichondrial grafts for cartilage
repair (Skoog et al. 1972), but results are often highly variable (Upton et al. 1981).

Successful, cell-based tissue engineering of cartilage requires the maintenance of the
chondrocyte’s highly differentiated phenotype and its ability to produce cartilage-specific
matrix. In this study, we evaluated the chondrocyte signature of cells cultured in a
biocompatible porous collagen sponge scaffold. Articular chondrocytes isolated from
shoulders of young calves (bovine articular chondrocytes; bACs) were used for these
experiments because cells could be obtained from many samples at similar ages.
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Chondrogenesis by bACs was maintained significantly better in 3D sponges than in
monolayers, as assessed by sulfated GAG content, 35S-sulfate incorporation, and expression
of chondrocyte phenotypic genes. The maximum magnitude of cartilage matrix synthesis
occurred in 3D sponges during the first 2 w of culture. In experiments to compare serum-free
culture conditions with serum-containing medium, a preculture period was performed in
serum-containing media so that effects of serum replacement on chondrogenesis could be
specifically measured with sponges of equal cell density. Chondrogenesis in medium
containing Nutridoma was as good or better than in medium containing serum, as assessed by
histologic analysis and chondrocyte phenotypic gene expression. In this system, ITS+3 is a
poor serum substitute (Glowacki et al. 2005). There was marked loss of viable cells and of
matrix that had accumulated during the preculture period.

Several investigators have used different forms of type I collagen-based matrices for tissue
engineering of cartilage. Human chondrocytes produce cartilage matrix when cultured on
collagen microcarrier beads (Frondoza et al. 1996), and periosteal and bone marrow-derived
cells differentiate into chondrocytes when cultured in a collagen hydrogel (Wakitani et al.
1994). It is difficult to directly compare results with the porous collagen sponges used herein,
however, because the microarchitecture of some matrices is not well described, with some
possibly being hydrogels. We directly compared collagen hydrogels with the porous collagen
fiber lattices used in this study, and found that fibroblasts failed to migrate into and thrive in
the hydrogel (Mizuno and Glowacki 1996). The polymerized collagen fiber lattice that provides
a scaffold for cell adhesion and migration is not present in amorphous collagen hydrogels.

Woven lattices of synthetic polymers, such as poly(lactide-co-glycolide), poly(lactic acid)
(Vacanti et al. 1991), poly(ɛ-caprolactone), and polyactide (Grande et al. 1997) have been used
as scaffolds for cartilage tissue engineering. Biological materials used for scaffolds include
alginate beads (Lee et al. 2003) and collagen hydrogels (Wakitani et al. 1994; Chaipinyo et al.
2002, 2004). Our results with 35S-sulfate incorporation by bACs cultured in porous 3D collagen
scaffolds were consistent with matrix accumulation in other 3D scaffolds. Polylactic porous
scaffolds allow cell migration and cartilage-specific matrix accumulation (Vacanti et al.
1991). Further, resorbable synthetic polymers such as polyglycolic acid enhance proteoglycan
synthesis by chondrocytes (Grande et al. 1997). A drawback of polymer constructs, however,
is the potentially large cell number and extended culture time necessary to seed the scaffolds
in vitro (Nuttelman et al. 2001; Lee et al. 2004; Woodfield et al. 2004).

Our analyses did not show significant changes in DNA content in 3D cultures. That result is
consistent with the understanding that chondrocytes are engaged either in cell cycle/
proliferation processes or in activities related to differentiated function (Solursh and Meier
1974). Morphology of chondrocytes reflects to a great extent cellular activity. We previously
reported that chondrocytes that were constrained to have a round shape were more active in
matrix synthesis and less active in DNA synthesis (Glowacki et al. 1983). A scaffold’s
characteristics can determine whether cells will maintain their native morphology (Boyan et
al. 1996). Culture systems that use hydrogels such as collagen (Chaipinyo et al. 2002, 2004)
and alginate beads (Lee et al. 2003) may permit proliferation of chondrocytes. Chondrocytes
may retain their original spherical morphology within porous collagen sponges because of the
high volumetric cell density and cell aggregation possible with in the pores of the lattice.

We found contrasting effects on chondrogenesis with different formulations of serum
substitutes. ITS+3 supplement with linoleic and oleic acids negatively affected viability and
chondrogenesis by bovine chondrocytes in porous 3D collagen sponges. Loss of matrix that
had accumulated during the preculture period was striking. The apparently high levels of COL
II and AGG expression in ITS+3 cultures indicated that the few remaining viable cells continued
to exhibit the chondrocyte signature. Increased expression of cartilage phenotypic genes,
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without a concomitant increase in cell proliferation, was also found in fetal bovine
chondrocytes that were cultured in ITS+ supplement with linoleic acid in fibrous poly(ɛ-
caprolactone) scaffolds (Li et al. 2003). In contrast, both proliferation and matrix synthesis by
porcine or equine chondrocytes cultured in alginate beads were stimulated by the same ITS
formulation (Loredo et al. 1996). We found that induced chondrogenesis of human bone
marrow mesenchymal cells is supported in medium containing ITS+1, which contains linoleic
but not oleic acid (Zhou et al. 2004).

Repair methods that use autologous chondrocytes aim to transplant cells at high density. If
cells are injected at a density of 30 million per ml (Brittberg et al. 2003), approximately 9
million chondrocytes are needed to treat an average defect of 0.3 cc (Chaipinyo et al. 2004).
In this study, the density of bACs seeded onto porous collagen sponges was ~30 million/ml (5
million cells seeded onto a 150 mm3 sponge). Our results with Nutridoma serum replacement
demonstrate the feasibility of manipulating culture conditions in vitro to enhance
chondrogenesis and possibly decrease the number of cells needed to achieve repair.

The porous 3D collagen sponges maintain chondrocyte viability, shape, and synthetic activity
by providing an environment favorable for high density chondrogenesis. Scaffolds that are
adherent to cartilage would be advantageous when the cartilage defect lacks a peripheral margin
or has other anatomical features that complicate injection of cells (Brittberg et al. 2003). With
quantitative assays for cartilage-specific gene expression and biochemical measures of
chondrogenesis in these studies, we conclude that the porous collagen sponges have potential
as a scaffold for cartilage tissue engineering. Our data show that certain defined supplements
can be effective replacement for serum. Enhanced maintenance of highly differentiated
chondrocytes and their production of matrix may lead to improved cartilage constructs for
potential tissue engineering applications.
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Figure 1.
Effect of 2D (monolayer) or 3D (porous collagen sponge) conditions on phenotype of bovine
articular chondrocytes cultured for 1, 2, and 4 weeks. (a) Total sulfated glycosaminoglycan
content (s-GAG) was measured by DMB assay and normalized to DNA content in each dish
or sponge (n = 5). (b) Ratio of collagen type II (COL II) to collagen type I (COL I) was
calculated from levels of each RNA as measured by quantitative, competitive RT-PCR assays
and normalized to glyceraldehyde 3-phosphate dehydrogenase (G3PDH). (c) Ratio of aggrecan
(AGG) to collagen type I (COL I) was calculated from levels of each RNA as measured by
quantitative, competitive RT-PCR and normalized to G3PDH.
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Figure 2.
Photomicrographs of bovine articular chondrocytes cultured in collagen sponges (Toluidine
blue stain). Matrix that contains sulfated glycosaminoglycans appears pink/purple and cell
nuclei are blue. (a) Collagen sponge was precultured for 1 week in medium containing FBS.
Scale bar is 50 μm. (b) Collagen sponge was cultured in FBS for an additional week. (c) After
preculture, collagen sponge was cultured in media containing 2% Nutridoma for 7 days. (d)
After preculture, collagen sponge was cultured in media containing ITS+3 for 7 days. Arrows
indicate pycnotic cells.
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Figure 3.
Effect of culture media on expression levels of cartilage signature genes in bovine articular
chondrocytes in collagen sponges. Media contained 5% fetal bovine serum (FBS), 2%
Nutridoma (Nut) or 1% ITS+3. Gene expression levels of collagen type II (COL) and aggrecan
(AGG) were measured by competitive RT-PCR and normalized to G3PDH.
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Table 1
Comparison of 35S-sulfate incorporation into glycosaminoglycans by bovine articular chondrocytes cultured in
monolayer or in 3D sponges.

Culture period (weeks) Monolayer (2D) Sponge (3D) p

1 10.2 ± 1.9 96.0 ± 24.4 <0.001
2 14.5 ± 2.1 117.6 ± 11.3 <0.001
4 4.8 ± 1.0 55.2 ± 6.7 <0.001

Mean ± SD (cpm × 10−3/μg DNA); (n = 5).
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