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ABSTRACT

A goal of cartilage tissue engineering is the production of cell-laden constructs possessing sufficient me-
chanical and biochemical features to enable native tissue function. This study details a systematic char-
acterization of a serum-free (SF) culture methodology employing transient growth factor supplementation
to promote robust maturation of tissue-engineered cartilage. Bovine chondrocyte agarose hydrogel con-
structs were cultured under free-swelling conditions in serum-containing or SF medium supplemented
continuously or transiently with varying doses of transforming growth factor beta 3 (TGF-p3). Constructs
were harvested weekly or bi-weekly and assessed for mechanical and biochemical properties. Transient
exposure (2 weeks) to low concentrations (2.5-5 ng/mL) of TGF-B3 in chemically defined medium facili-
tated robust and highly reproducible construct maturation. Constructs receiving transient TGF-f3 ex-
posure achieved native tissue levels of compressive modulus (0.8 MPa) and proteoglycan content (6 -7 % of
wet weight) after less than 2 months of in vitro culture. This maturation response was far superior to that
observed after continuous growth factor supplementation or transient TGF-B3 treatment in the presence of
serum. These findings represent a significant advance in developing an ex vivo culture methodology to
promote production of clinically relevant and mechanically competent tissue-engineered cartilage con-
structs for implantation to repair damaged articular surfaces.

INTRODUCTION

ARTICULAR CARTILAGE LINES the bony surfaces of diar-
throdial joints and transmits the high stresses generated
with movement.! This dense, avascular tissue consists of a
proteoglycan and collagen-rich matrix maintained and con-
tinually remodeled by the chondrocytes embedded within.
Although this tissue normally functions well over a lifetime
of use, damage resulting from disease processes or trauma
interrupts tissue structure and function, precipitating a de-
generative cascade resulting in cartilage erosion. Because of
its dense composition and scant vascularity after skeletal

maturation, articular cartilage has a limited intrinsic repair
capacity. To address this poor healing ability, a number of
surgical and cell-based regenerative strategies have been
proposed to enhance cartilage repair, including the tissue
engineering of cartilage equivalents.

In the most common cartilage tissue-engineering ap-
proach, constructs for implantation are fabricated and cul-
tured ex vivo, with their resulting functional properties
and composition monitored and compared with that of native
tissue. Significant progress has been made in these efforts,
with some studies reporting near-native tissue properties
(composition and mechanics) after long culture durations.>*
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We and others have previously shown that chondrocytes
suspended in agarose culture produce a cartilaginous ma-
trix that resembles native tissue.””’ As with other three-
dimensional (3D) culture environments, a number of factors,
including cell-seeding density and medium formulations,
regulate the rate of growth and ultimate properties of these
hydrogel-based engineered constructs.” > Additional anabolic
factors, including growth factor supplementation,'®™"? de-
formation loading, 14-17 and dynamic bioreactor culture,4’ 18,19
can further enhance the growth and maturation of tissue-
engineered cartilage.

To translate these in vitro findings into clinical applica-
tions, it is of particular interest to develop serum-free (SF)
culture formulations that foster construct development. Such
SF formulations would overcome the regulatory barriers
associated with the use of medium supplemented with serum
from nonhuman sources. These defined media would also
reduce variability commonly observed when studies are
conducted with different serum lots. Recently, several SF
medium formulations have been shown to support chondro-
cyte proliferation and matrix production in vitro in mono-
layer and 3D culture.’*>* Typically, these formulations
consist of a base glucose-rich medium (Dulbecco’s modified
Eagle medium (DMEM) or DMEM/F12) supplemented with
commercially available formulations of insulin, transferrin,
and selenium (ITS). In a recent study, we demonstrated
maturation of chondrocyte-seeded agarose hydrogels®* after
transforming growth factor beta 3 (TGF-B3) supplementa-
tion of a chemically defined formulation commonly used to
induce chondrogenesis in mesenchymal stem cells (MSCs).”
Cartilaginous growth in this SF medium was superior to that
observed using common cartilage growth medium formu-
lations containing fetal bovine serum (FBS).

To further this area of inquiry, the current work details
the use of this novel SF culture methodology that employs
transient supplementation of TGF-3 to facilitate construct
maturation and enhance biochemical and mechanical prop-
erties of chondrocyte-laden agarose hydrogel constructs.
Using a well-characterized juvenile chondrocyte-seeded
agarose system, we monitored the change in mechanical
properties and biochemical content of constructs over an
8-week period. The goals of this study were to compare the
effectiveness of continuous or transient TGF-f3 supple-
mentation in a chemically defined growth medium with that
of an FBS-containing medium, to determine the minimum
required growth factor concentration to foster this pro-
cartilaginous growth, and to determine the most effective
time course over which the growth factor should be present
to achieve maximal tissue growth. Findings from this study
demonstrate that 2-week transient exposure to low doses
(2.5-5.0ng/mL) of TGF-B3 in a chemically defined me-
dium elicits a robust and reproducible maturation response
far superior to that observed after continuous growth fac-
tor supplementation or growth factor delivered in combi-
nation with serum. The biosynthetic enhancement after
transient growth factor treatment was observed only in
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chemically defined medium formulations, because addi-
tion of serum appears to block the phenomenon. These
findings represent a significant development in cartilage
tissue engineering: promoting the maturation of constructs
that achieve native tissue levels of equilibrium stiffness
and proteoglycan content using a reproducible, economical,
and chemically defined protocol and a short in vitro culture
period.

MATERIALS AND METHODS

Cell isolation and construct fabrication

Engineered cartilage hydrogels were prepared as previ-
ously described.®'* Briefly, cartilage was isolated from six to
eight forelimb carpometacarpal joints from three to four
young (4-6 months old) calves for each replicate study.
Cartilage fragments were pooled and sequentially digested
with stirring at 37°C in 2.5 mg/mL Pronase (Calbiochem,
San Diego, CA) in high-glucose DMEM (hgDMEM, 8 mL/g
of tissue) for 1h followed by treatment with 0.5 mg/mL
of collagenase type II (Sigma, St. Louis, MO) in hgDMEM
for 6h. Cell suspensions were filtered, sedimented at
1000x g for 10 min, resuspended in cell culture medium,
and counted using a hemacytometer. Cell suspensions were
then combined with an equivalent volume of 4% Type VII
low-gelling-temperature agarose (Sigma) to produce a fi-
nal cell concentration of 30x10° cells/mL in 2% agarose.
After room-temperature gelation between two glass plates,
chondrocyte-laden disks (Smm diameterx2.25 mm thick)
were created using a tissue biopsy punch (Miltex, York, PA)
and separated into 6-well plates (5-6 disks per well) in 6 mL
of culture medium. Disks were subsequently cultured under
free-swelling conditions in (i) a serum-containing cartilage
growth medium (CM) consisting of hgDMEM supple-
mented with 10% FBS, amino acids (0.5x essential amino
acids, 1x nonessential amino acids), buffering agents (10
mM 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid,
10mM bicarbonate of soda, 10 mM N-[tristhydroxymethyl)
methyl]-2-aminoethanesulfonic acid, and 10mM N,N-bis
(2-hydroxyethyl)-2-aminoethanesulfonic acid), 50 pg/mL
L-ascorbic acid 2- phosphate (AA), and 1% penicillin-
streptomycin-Fungizone or (ii) a SF chemically defined
medium (CDM) consisting of hgDMEM supplemented with
ITS+ Premix (BD Biosciences, San Jose, CA), 50 ng/mL
AA, 40 pg/mL L-proline, 0.1 uM dexamethasone, 110 pg/
mL pyruvate, and 1% penicillin-streptomycin-Fungizone.

Construct culture and analysis

Construct maturation with transient exposure to TGF-3
in CDM conditions was examined in a series of three related
studies. In Study I, chondrocyte-laden hydrogels were
cultured in the two medium formulations without growth
factor supplementation (CM— or CDM—), with continuous
rhTGF-B3 (R & D Systems, Minneapolis, MN) treatment at
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FIG. 1. Mechanical properties
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of cultured chondrocyte-laden
constructs as a function of tran-
1 sient transforming growth factor
beta 3 (TGF-B3) treatment.
Constructs were cultured up to
56 days in serum-containing
growth medium (CM) or a
chemically defined medium
(CDM) without TGF-B3 supple-
mentation (CM- and CDM-),
with continuous TGF-B3 (10ng/
mL) exposure (CM + and
CDM+), or transient TGF-B3
exposure for the first 2 weeks of
culture (CM +2WT and

CDM + 2WT). The (A) equilibrium Young’s modulus (Ey) and (B) dynamic modulus (G*, 1 Hz) demonstrated robust time-dependent
increases after transient TGF-33 treatment under serum-free conditions (CDM + 2WT), whereas a similar response was not observed in
serum-containing medium (CM + 2WT). Data represent means =+ standard deviations of 8 to 22 samples from two to five replicate
studies, depending on treatment. Statistical differences (p < 0.05) based on pairwise comparisons are depicted within treatment over
time and between treatments within time: *between time points within treatment; #versus CDM-— within time point; Tversus CM-,
CM +, and CDM- within time point; *versus all other treatments within time point; *versus CM— and CM + within time point.

10ng/mL (CM+ and CDM+), or with transient TGF-B3
supplementation at 10 ng/mL for only the first 2 weeks of
culture (CM+2WT and CDM +2WT) with subsequent
medium changes in CM— or CDM—, respectively. In Study
11, growth factor potency was examined under SF conditions
in cultures treated continuously and transiently at growth
factor concentrations of 1.0, 2.5, 5.0, and 10.0 ng/mL TGF-
B3 in CDM. Finally, in Study I1I, TGF-B3 exposure duration
in SF conditions was examined through transient culture for
2 (CDM +2WT) or 4 weeks (CDM +4WT) in 10 ng/mL
TGF-B3 before culture in CDM— for the duration of the
time course. In all studies and conditions, medium was ex-
changed every 3 days. Depending upon the study, constructs
were harvested weekly or bi-weekly (every other week)
over an 8-week time course for mechanical and biochemical
analyses.

Mechanical testing

Mechanical testing was performed as previously de-
scribed in unconfined compression between impermeable
platens using a custom mechanical testing device.®?® Ini-
tially, disks were equilibrated in creep (~0.02 N tare load
for 300 s) and then exposed to compressive deformation to
10% strain at a rate of 1 pum/s and allowed to stress relax
to equilibrium (1200s). All stress relaxation curves were
fit to an exponential decay approaching infinity (SigmaPlot,
Systat Software Inc., Richmond, CA) to determine the
equilibrium force. The equilibrium compressive Young’s
modulus (Ey) was calculated by normalizing this equilib-
rium force according to the original disk cross-sectional
area and dividing by the equilibrium compressive strain.
Dynamic testing was performed at equilibrium by applying
a sinusoidal displacement equivalent to an additional 1%

strain at frequencies of 0.1, 0.5, and 1.0 Hz. Dynamic moduli
(G*) were determined according to the slope of the com-
pressive stress as a function of the compressive strain at each
frequency.”’ After testing, specimens were stored at —80°C
until they were processed for biochemical content.

Biochemical analyses

Biochemical assays were performed to assess proteo-
glycan, bulk collagen, and total DNA content. Samples
were thawed, weighed wet, lyophilized, re-weighed dry,
and digested for 16 h in sodium phosphate-buffered papain
at 60°C. Aliquots were analyzed for sulfated glycosami-
noglycan (sGAG) content using the 1,9-dimethylmethylene
blue dye-binding assay and quantified using a chondroitin-
6-sulfate standard.”® After acid hydrolysis (6N hydro-
chloric acid at 110°C for 18h), hydroxyproline content
was determined according to reaction with chloramine
T and dimethylaminobenzaldehyde.***° Hydroxyproline
was converted to total collagen content at a ratio of 7.14 g
collagen per g hydroxyproline (10:1 molar ratio of collagen
to hydroxyproline).'®3!*? Total DNA content was assessed
using the Quant-iT PicoGreen dsDNA Reagent (Invitrogen,
Eugene, OR) according to the manufacturer’s recommended
protocol.

Histology

Constructs prepared for histological analysis were fixed
overnight at 4°C in phosphate-buffered formalin, dehydrated
in a graded series of ethanol, and embedded in paraffin.
Samples were sectioned to 5pum and stained with Alcian
blue or Picrosirius red to assess the distribution of proteo-
glycan and collagen, respectively.
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FIG.2. Biochemical and histological analyses of cultured chondrocyte-laden hydrogel constructs as a function of transient transforming
growth factor beta 3 (TGF-B3) treatment. Constructs were cultured up to 56 days in serum-containing growth medium (CM) or a
chemically defined medium (CDM) without TGF-B3 supplementation (CM- and CDM-), with continuous TGF-f3 (10 ng/mL) exposure
(CM + and CDM+), or transient TGF-B3 exposure for the first 2 weeks of culture (CM +2WT and CDM + 2WT). (A) Sulfated gly-
cosaminoglycan (sGAG) content. Substantial increases were seen in all serum-free (SF) cultures (CDM—, CDM +, and CDM + 2WT)
over time. The most pronounced enhancement was observed in CDM + 2WT cultures, correlating to the observed increase in mechanical
properties. (B, C) Histology—Alcian blue. Enhanced staining was seen over time in culture under SF culture conditions. Representative
micrographs are depicted at (B) 14 days and (C) 56 days (bar = 500 um). (D) Collagen content. Time-dependent increases were seen in all
culture conditions, although to a much lesser extent than observed for sSGAG and at levels well below those of native cartilage. (E, F)
Histology—Picrosirius red. Accumulation of a collagenous matrix was detected at (E) 14 days and (F) 56 days (bar = 500 pm). In (A) and
(D), data represent the means =+ standard deviations of 8 to 22 samples from two to five replicate studies, depending on treatment.
Statistical differences (p < 0.05) based on pairwise comparisons are depicted within treatment over time and between treatments within
time: *between time points within treatment; "versus CM—, CM 4, and CM +2WT within time point; Sversus CM—, CM +,
CM + 2WT, and CDM- within time point; *yersus all other treatments within time point; *versus CDM- within time point. Color images
available online at www.liebertonline.com/ten.

Statistical analyses with exposure to TGF-B3 in serum-containing (CM) or
chemically defined medium (CDM) formulations. Con-
structs increased in properties over the first 14 days of cul-
ture in CM and CDM independent of growth factor
supplementation. On day 14, constructs had an Ey of 40 to
50kPa, a G* of 0.2 to 0.4 MPa, sGAG content of 1.5% wet
weight (ww), and collagen content of 1.25% ww. Each pa-
rameter was significantly higher (p <0.05) than values
observed at the initiation of 3D culture (on day 0 Ey =6.5
+2.4kPa, G*=0.06 £0.01 MPa, and sGAG and collagen
contents were less than 0.1% ww), and histological staining
confirmed deposition of cartilaginous matrix in all treat-
ments at this time point (Fig. 2B, E). With longer culture
durations, constructs maintained in the absence of TGF-33

In this first series of experiments, we assessed the time- (CM— and CDM— groups) or with continuous exposure to
dependent maturation of chondrocyte-seeded constructs TGF-B3 (CM+ and CDM+ groups) exhibited continued yet

Data are reported as the mean and standard deviation
from experiments repeated two to five times with four or
five replicates per treatment group per time point per ex-
periment. Statistical analyses were performed using anal-
ysis of variance and Tukey’s post hoc tests with p < 0.05
considered significant.

RESULTS

Study I: Transient exposure to TGF-f3
in a chemically defined medium



ROBUST CARTILAGINOUS GROWTH IN A CHEMICALLY DEFINED MEDIUM 1825
TABLE 1. PHYSICAL AND BIOCHEMICAL PROPERTIES OF CULTURED CHONDROCYTE-AGAROSE CONSTRUCTS AS A FUNCTION
OF TRANSIENT TGF-$3 EXPOSURE*
Day 0 Day 14 Day 56
CM— CM+ CM— CM+ CM +2WT
Thickness (mm) 2.30£0.04 247+0.04 + 2.38+0.05 + 2.52+0.07 2.64+0.09 2.58 £0.06
Diameter (mm) 4.99 £0.06 5.134+0.24 5.09+0.07 5.30+0.14 § 5464+0.08 1 5404+0.09 t
Wet Weight (mg) 41.34+3.8 572+8.4 F 50.3+3.9 59.24+28 1§ 65.5+38 1§ 63.8+19 71§
Dry Weight (mg) 1.6+0.3 38+04 7 3.6t£02 T 48403 7 5.0+0.5 53+03 7
Water Content (%) 96.24+0.6 93.3+0.7 929+0.5 t 91.8+0.7 t 923+0.7 91.7+0.6
SGAG (mg/disk) 0.1+£0.0 09403 0.7+0.1 F 09+0.1 71 % 0.8+0.1 7§ 09+02 7%
Collagen (mg/disk) 0.0+0.0 0.7+0.3 F 0.6+0.3 F 1.54+0.5 1.5+0.5 7 20+0.6 T §
DNA (ng/disk) 29409 39+1.1 42415 46+1.6 6.4+2.1 6.4+3.7
Day 14 Day 56

CDM— CDM+ CDM— CDM+ CDM +2WT
Thickness (mm) 2.37+£0.04 § 2.37+0.06 T 248 +£0.05 2.87+0.06 T I + 2724+0.05  § +
Diameter (mm) 5.07£0.10 5.09+0.11 5.19+£0.10 5.68+0.12 1 1 + 5.60+0.13 ¥ § +
Wet Weight (mg) 482+32 F 477+55 F 51.9+38 F 67.6t4571 @ 69.2+38 11 @
Dry Weight (mg) 29404 1 344+0.6 7 48+1.2 7 78+14 71+ 97+1.6 11 +#
Water Content (%) 94.0+£0.7 92.8+0.6 90.7£2.5 884+23 11+ 85542511 +#
SGAG (mg/disk) 0.7+0.2 F 09+0.2 F 1.5+03 7 28+07 11+ 46+07F1+#
Collagen (mg/disk) 04+0.17 0.6+0.2 F 1.1+£02 7 22406 T i 23+03 1%
DNA (ng/disk) 22406 32+1.0 33£1.6 43+14 34+1.2

*Constructs were examined at days 0, 14, or 56 following culture in serum-containing growth medium (CM) or a chemically defined medium (CDM)
without TGF-B3 (CM— and CDM—), with continuous TGF-B3 (10 ng/mL) exposure (CM+ and CDM+), or transient TGF-B3 (10 ng/mL) exposure for
the first two weeks of culture (CM+2WT and CDM+2WT). Data represent the mean £ S.D. of 8-22 samples from 2-5 replicate studies depending on
treatment. Pairwise comparisons (statistical significance set at p < 0.05) are reported for all groups versus Day O and between treatments within the
Day 14 and Day 56 timepoints: T versus Day 0; § versus Day 56 CDM—; + versus Day 56 CM—, CM+, and CM+2WT; @ versus Day 56 CM—; # versus

Day 56 CDM+.

moderate maturation by 56 days (Fig. 1 and 2). Growth was
generally more robust under CM+ and CDM+ conditions
over time; on day 56, Ey and G* were higher for the CM+
and CDM+ than for the CM— and CDM— groups, respec-
tively (p < 0.05, Fig. 1). After 56 days, these constructs had
an Ey of 100 to 200 kPa, a G* (1Hz) of 0.5 to 1.7 MPa, and
sGAG and collagen contents of 2% to 3% and 2% to 3.5%
ww, respectively (Fig. 1 and 2). Although the relative dif-
ference in maturation between the CM+ and CDM+- groups
at day 56 was modest, higher values were observed in
chemically defined medium (CDM+-) for Ey, G*, and sGAG
content (p < 0.05 versus CM+ on day 56).

Although these findings with continuous TGF-B3 expo-
sure were robust relative to our previous studies using this
culture system,® still greater differences were observed after
transient exposure to TGF-33. Those groups treated initially
with TGF-B3 in CDM for 2 weeks and subsequently cultured
in CDM— (CDM +2WT) showed a markedly enhanced
maturation response. These effects were dependent on
serum content in the underlying medium formulation (CM
vs CDM). For example, CDM + 2WT constructs exhibited
a dramatic culture duration—dependent increase in Ey to
approximately 800kPa and sGAG content to approxi-
mately 7% ww by day 56 (Fig. 1A and 2A). G* (1 Hz) of
CDM + 2WT constructs approached 3 MPa, versus approx-

imately 1 MPa for other groups at 56 days (Fig. 1B). Al-
though collagen content of CDM + 2WT disks increased
over time (3.0% ww at 56 days, p < 0.05 vs day 0, Fig. 2D,
Table 1), overall collagen content in these constructs re-
mained low and was less than that observed in CM +2WT
disks, suggesting other factors in serum modulate collagen
deposition. No differences in Ey or sGAG content were
observed between CM+ and CM + 2WT, suggesting that
serum components abrogate the effects of transient TGF-33
exposure observed under SF conditions. Overall, exposure
to TGF-33 appeared to increase cellularity as determined
according to total DNA content (Table 1), although signifi-
cant differences were not apparent because of the variability
observed across study groups. Although DNA content ap-
peared consistently higher in CM-cultured disks, histological
analyses of CM—, CM+-, and CM + 2WT disks revealed that
multilayered cell sheets encapsulated these disks after ex-
tended culture (data not shown), which probably contributed
to the observed increase in DNA content. The presence of
serum proteins and adhesion molecules may have promoted
cell outgrowth and subsequent proliferation at the construct
periphery in the CM cultured disks, because this phenome-
non was not observed for any disks maintained under SF
culture conditions, independent of the TGF-B3 supplemen-
tation profile.
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Study II: Dose-response of transient
TGF-p3 exposure

Based on the effect of transient TGF-B3 exposure ob-
served under SF conditions, additional experiments were
performed to evaluate the effect of varying growth factor
doses in combination with transient exposure on construct
maturation. For these studies, a range of TGF-B3 concen-
trations were applied in CDM— continuously (CDM+) and
transiently (CDM + 2WT). Physical and biochemical prop-
erties are presented in Table 2 and Figures 3 and 4. Con-
tinuous treatment with TGF-f33 resulted in comparable but
moderate enhancement of disk maturation at any of the
doses examined (1-10 ng/mL), suggesting that TGF-[33 has
a broad effective dose range under SF conditions. Notably,
a dose-dependent effect on the maturation characteristics
after transient exposure was observed. All CDM +2WT
groups cultured in more than 2.5 ng/mL of TGF-3 achieved
maximal biochemical growth (Fig. 4 and Table 2), whereas
groups treated with more than 5ng/mL attained maxi-
mal biomechanical properties (Fig. 3A, B). At 1ng/mL, a
slightly diminished response was observed; however, un-
derscoring the potency of this phenomenon, an order of
magnitude reduction in growth factor dose (from 10 to 1 ng/
mL) supplied during the transient exposure period only re-
duced the Ey by a factor of two (from ~ 800 to ~350kPa,
p <0.05) at 56 days (Fig. 3A). Similar dose-dependent
reductions were observed for G* (Fig. 3B) and sGAG con-
tent (Fig. 4A) in this concentration range. As in Study I,
transient supplementation did not alter collagen accu-
mulation in these constructs (Fig. 4C). Histological stain-
ing confirmed the persistent deposition of high levels of
sGAG and collagen even at lower TGF-B3 concentrations
(Fig. 4B, D).

Study Il1: Duration of transient exposure
to TGF-3

As a final characterization of this novel culture system, we
explored the influence of transient exposure duration on the
maturation response. For this study, constructs were cultured
in the presence of 10 ng/mL of TGF-$3 in CDM medium for
2 (CDM + 2WT) or 4 (CDM + 4WT) weeks before culture
in CDM— for the duration of the time course. After transient
growth factor treatment, constructs were cultured through
day 56, with weekly determination of physical character-
istics, biochemical content, and mechanical properties
(Table 3, Fig. 5 and 6). As detailed in Study I, CDM + 2WT
conditions led to a 20-fold increase in compressive stiffness
(from ~40 to ~800kPa, Fig. 5A), an approximately 10-
fold increase in dynamic modulus (from 0.3 to 3.0 MPa,
Figure 5B), an approximately 3.5-fold increase in sSGAG con-
tent (from ~ 2 to 7% ww, Fig. 6A), and little effect on col-
lagen content (Fig. 6C) during the 6 weeks of culture after
2 weeks of transient TGF-B3 treatment. The weekly time
course in the CDM + 2WT group revealed an approximate
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FIG. 3. Mechanical properties of cultured chondrocyte-laden
constructs as a function of transforming growth factor beta 3 (TGF-
B3) dose. Constructs were cultured up to 56 days in chemically de-
fined medium (CDM) without TGF-33 supplementation (CDM-) or
with continuous (CDM+) or 2-week transient (CDM + 2WT) ex-
posure to varying doses of TGF-B3 (1.0, 2.5, 5.0, and 10.0 ng/mL).
All groups receiving continuous doses of TGF-B3 demonstrated
comparable enhancement of (A) equilibrium Young’s moduli (Ey)
and (B) dynamic moduli (G*, 1 Hz) with time in culture; however, a
robust dose-dependence was observed in groups receiving transient
TGF-B3 exposure. Maximal response in Ey and G* were achieved
with a transient dose of at least 5.0ng/mL. Data represent the
means =+ standard deviations of 8 to 22 samples from two to five
replicate studies, depending on treatment. Statistical differences
(p<0.05) based on pairwise comparisons are depicted within
treatment over time and between treatments within time: “between
time points within treatment; *versus CDM- within time point;
*versus all other treatments within time point; Tversus CDM- and all
doses of CDM + within time point; Sversus CDM-, all doses of
CDM +, and 1ng/mL of CDM + 2WT within time point; *versus
CDM-, all doses of CDM +, and 1.0 and 2.5 ng/mL of CDM + 2WT
within time point.

2-week delay after growth factor removal before indications
of robust growth (relative to CDM+) were apparent. When
TGF-3 was delivered transiently for 4 weeks (CDM + 4WT),
the ultimate modulus, dynamic stiffness, and SGAG content
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FIG.4. Biochemical and histological analyses of cultured chondrocyte-laden constructs as a function of transforming growth factor beta 3
(TGF-B3) dose. Constructs were cultured up to 56 days in chemically defined medium (CDM) without TGF-3 supplementation (CDM—)
or with continuous (CDM+) or 2-week transient (CDM + 2WT) exposure to varying doses of TGF-f3 (1.0, 2.5, 5.0, and 10.0 ng/mL).
(A) Sulfated glycosaminoglycan (sGAG) content. Transient TGF-3 exposure resulted in a dose-dependent increase in sSGAG content, with
peak levels attained at 2.5 ng/mL of CDM + 2WT at 56 days. (B) Histology—Alcian blue. Robust staining indicating SGAG accumulation
was seen across all doses of constant and transient TGF-33 treatment after 56 days of culture (bar = 500 pm). (C) Collagen content. Unlike
with sGAG, collagen content increased only moderately over time, with the highest dose providing the most-significant collagen accu-
mulation. (D) Histology—Picrosirius red. Staining at 56 days confirmed accumulation of a collagenous matrix (bar = 500 pm). In (A) and
(C), data represent the means =+ standard deviations of 8 to 22 samples from two to five replicate studies, depending on treatment. Statistical
differences (p < 0.05) based on pairwise comparisons are depicted within treatment over time and between treatments within time:
“between time points within treatment; *versus CDM— within time point; Tversus CDM — and all doses of CDM + within time point; Sversus
CDM-—, all doses of CDM+, and 1 ng/mL of CDM + 2WT within time point; *versus CDM—, 1ng/mL of CDM +, and 1ng/mL of
CDM + 2WT within time point. Color images available online at www .liebertonline.com/ten.



1828

TABLE 2. PHYSICAL AND BIOCHEMICAL PROPERTIES OF CULTURED CHONDRYOCYTE-AGAROSE

ConsTRUCTS AS A FuNcTION OF TGF-B3 TREATMENT DOSE*

BYERS ET AL.

1ng/mL TGF-f33

2.5ng/mL TGF-f33

CDM— CDM+ CDM + 2WT CDM+ CDM +2WT
Thickness (mm) 2.48 +£0.05 289+0.16 T 1 2.61+0.05 1 * 295+0.13 7 £ 2.67+0.06 T *
Diameter (mm) 5.194+0.10 5.59+0.09 ¥ 534+0.17 * + 5724+0.14 } 550+0.15 1
Wet Weight (mg) 51.9+38 67.1£33 F 59.94£22 F % 4 69.6+3.6 1 6344143+
Dry Weight (mg) 48+1.2 6.7+04 1 + 6.1+0.6 @ # + 7.0+0.6 T + 8.0+0.5 1+
Water Content (%) 90.7+2.5 90.0+0.4 + 89.8+0.7 + 89.9+0.8 + 87.4+09 t
sGAG (mg/disk) 1.5+0.3 27404 1 25404 1 % 25402 1 39+06 T *
Collagen (mg/disk) 1.1+0.2 1.44+03 # + 1.2+02 # + 1.74£02 1 1.6+04 7
DNA (pg/disk) 334+1.6 54+1.8 49+2.7 55+25 47+22

Sng/mL TGF-f3

10ng/mL TGF-B3

CDM+ CDM + 2WT CDM+ CDM + 2WT
Thickness (mm) 2854012 1 2.69+0.06 T * 2.874+0.06 F 1 2724005 F *
Diameter (mm) 570+£0.15 1 550+£0.12 1 5.68+£0.12 1 5.60+0.13
Wet Weight (mg) 67.8+£5.11 66.6 4.4 1 67.6£4.5 1 69.2+£3.8 1
Dry Weight (mg) 6.7+£0.8 1 + 8.6+0.5 1 78414+ + 97416
Water Content (%) 902+ 1.0 + 87.1+£0.8 % 88.4+£23 1 + 855425 %
sGAG (mg/disk) 23£0.6 41£05 1 * 28407 1 46+£0.7 1 *
Collagen (mg/disk) 1.84£0.7 1.6+£0.3 22406+ 234031
DNA (ng/disk) 52423 47+2.1 43414 34+12

*Constructs were examined at day 56 following culture in chemically defined medium without growth factor supplementation (CDM—) or with
continuous (CDM+) or two-week transient (CDM +2WT) TGF-B3 exposure at varying doses of TGF-B3 (1, 2.5, 5, and 10 ng/mL). Data represent the
mean + S.D. of 8-22 samples from 2-5 replicate studies depending on treatment. Pairwise comparisons (statistical significance set at p < 0.05):  versus
CDM-—; * versus all doses of CDM+; § versus all doses of CDM—2WT; # versus 10 ng/mL CDM+; @ versus 5 ng/mL CDM+2WT; + versus 10 ng/mL

CDM +2WT.

attained by day 56 were comparable with those of CDM +
2WT disks (Fig. 5A, B, 6A, C). Histological analysis con-
firmed these findings (Fig. 6B, D). Similar to the CDM +
2WT group, a 2-week delay was observed before robust
biochemical and biomechanical maturation in CDM 4 4WT
cultured disks. The CDM + 2WT disks required 5 weeks of
culture after growth factor removal on day 14 to attain max-
imal biomechanical values; however, the maturation phase
proceeded faster in the CDM + 4WT specimens, with similar
peak biomechanical properties attained by day 49, or just
3 weeks after TGF-B3 removal from the culture medium.
Biomechanical data from this study were further analyzed by
plotting Ey and G* from the CDM + 2WT group for each
time point as a function of SGAG and collagen content. In
agreement with the robust increase in sSGAG content observed
after “removal of TGF-B3,” linear correlations of this data
suggest that SGAG content is a better predictor of compres-
sive stiffness (SGAG coefficient of determination (R2) =0.90
versus collagen R* = 0.72, Fig. 7A, B) and dynamic modulus
(sGAG R?=0.96 versus collagen R*=0.82, Fig. 7C, D). This
observation appeared to be unique to groups experiencing
transient TGF-B3 exposure, because CDM + disks revealed
comparable correlation coefficients for Ey (R2 =0.86) and G*
(R*=0.89) as a function of sGAG or collagen content (data
not shown).

DISCUSSION

This study details a novel culture methodology that pro-
motes robust maturation of tissue-engineered cartilage con-
structs under free-swelling conditions. With short-term,
transient exposure to TGF-f3 in a CDM, constructs achieved
native tissue levels of compressive modulus (0.8 MPa) and
proteoglycan content (6—7% ww) in less than 2 months of
in vitro culture. Under these SF culture conditions, short-term
exposure (2 weeks) to low doses (2.5-5.0 ng/mL) of TGF-$3
resulted in a reproducible and robust maturation response
after growth factor was removed from the culture medium
(or growth factor “release”), and constructs matured to
levels far greater than were achieved with continuous ex-
posure to the same dose of TGF-B3 (Fig. 1 and 2). Me-
chanical and biochemical properties achieved in constructs
receiving transient growth factor exposure were significantly
higher than we have previously reported using this juvenile
bovine chondrocyte-agarose hydrogel culture system under
SF** and high-serum conditions.® This growth factor “re-
lease” phenomenon was observed only under SF culture
conditions, because no such response was observed with
temporal TGF-B3 exposure in standard serum-containing
medium formulations. This finding represents a significant
step forward in the production of clinically relevant and
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FIG. 5. Mechanical properties of cultured chondrocyte-laden
constructs as a function of transforming growth factor beta 3
(TGF-B3) treatment duration. Constructs were harvested weekly
up to 56 days after culture in chemically defined medium (CDM)
without TGF-B3 supplementation (CDM-) or with continuous
(CDM+) or transient TGF-B3 exposure for the first 2 weeks
(CDM + 2WT) or 4 weeks (CDM + 4WT) of culture. Both groups
receiving transient growth factor treatment exhibited robust time-
dependent increases in (A) equilibrium Young’s moduli (Ey) and
(B) dynamic moduli (G*, 1Hz) and achieved comparable equi-
librium values at 56 days. Data represent the means =+ standard
deviations of 10 to 22 samples from two to five replicate studies
depending on treatment. Statistical differences (p <0.05) based
on pairwise comparisons are depicted within treatment over time
and between treatments within time: “between treatments within
time point; Tversus day 14 and all prior time points within treat-
ment; Sversus day 21 and all prior time points within treatment;
tversus day 28 and all prior time points within treatment; *versus
day 35 and all prior time points within treatment; *versus day 42
and all prior time points within treatment.

mechanically competent tissue-engineered cartilage con-
structs for implantation to repair damaged articular surfaces.

The current study employing transient growth factor ex-
posure aligns with the reports by Gray and coworkers, who
studied the effect of transient mechanical compression on
matrix biosynthesis in cartilage explants.*® In their studies,
proline incorporation, an indicator of collagen production,
rebounded from diminished levels with static compression
to levels greater than free-swelling controls soon after the
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removal of the static load. In our system, transient growth
factor supplementation similarly resulted in higher levels of
matrix production than in controls. The kinetics of the tran-
sient physical compression were observed in hours, whereas
the response to transient TGF-B3 exposure became distin-
guishable from constant TGF-B3 supplementation only after
weeks of subsequent culture in growth factor—free condi-
tions. Furthermore, 2- or 4-week transient exposure resulted
in a comparable 2-week delay before the profound matura-
tion phase was observed, suggesting that internal cell pro-
cesses and perhaps signaling cascades elicited upon growth
factor removal require substantial time to cause functionally
detectable outcomes.

It remains undetermined whether matrix components
existing before growth factor removal are merely supple-
mented by newly synthesized moieties or are turned over
during the observed lag phase in favor of species providing
more-robust biomechanical integrity, such as larger pro-
teoglycan molecules. The origin of the rapidly accumulated
proteoglycan (which leads to the improved compressive
properties observed in this study) does not appear to result
from increased cellularity, because DNA content was not
markedly different between CDM+ and CDM + 2WT con-
ditions (Tables 1-3). Our findings show that inclusion of
serum in the culture medium abrogates the robust matura-
tion response, suggesting that biologic factors in serum
block the mechanism of the response. It is unclear whether
this results from modulation of TGF-B3-mediated signaling
during the initial exposure period or whether serum factors
during culture after growth factor removal from the medium
attenuate the effects.

Previous studies have employed sequential growth factor
addition with the goal of first increasing construct cellularity
(fibroblast growth factor-2/TGF-B1) followed by enhancing
cartilaginous growth (with insulinlike growth factor-1).**
Unlike the hydrogel used in our work, this previous study
was carried out on a fibrous scaffold, and growth factors
were added in the context of a serum-containing medium,
making direct comparisons challenging. It has also been
reported that chemically defined formulations containing
TGF-B1 are able to enhance the re-expression of the carti-
lage phenotype in pellet cultures of aged human chondro-
cytes that have de-differentiated during culture expansion.”
Other studies report better matrix deposition in pellet cul-
tures of juvenile human chondrocytes in SF medium for-
mulations than in serum-containing medium.>* In 3D culture
using agarose and self-assembling peptide gels, low-serum
formulations typically result in better maturation than serum-
containing medium.?'*?

Together, the present results and previous studies suggest
that TGF-B3 treatment may have two divergent effects on
fully differentiated chondrocytes. First, this factor enhances
retention or assumption of the chondrocyte phenotype by
activating the cellular machinery for rapid production of
SGAGs and sulfated proteoglycan. This activity is likely to
be critical in the chondroinductive effects of TGF-B3 on



1830

7 14 21 28 35 42 49 56

Culture Time (days)
C
> Qoom pees 103
40 O com rooa i
U @ come2wt @ttt s
E I com+awT v
&30 @
€ ala
g'z.n
° :
o @
1.0 ﬂ
0.0
T W W s W W
Culture Time (days)

BYERS ET AL.

FIG. 6. Biochemical and histological analyses of cultured chondrocyte-laden constructs as a function of transforming growth factor beta
3 (TGF-B3) treatment duration. Constructs were harvested weekly up to 56 days after culture in chemically defined medium (CDM)
without TGF-B3 supplementation (CDM-) or with continuous (CDM+) or transient TGF-B3 exposure for the first 2 weeks
(CDM + 2WT) or 4 weeks of culture (CDM +4WT). (A) Sulfated glycosaminoglycan (sGAG) content. All treatment groups exhibited
time-dependent increases in SGAG content, with the transient exposure groups attaining the highest levels in correlation to the observed
mechanical properties for these culture conditions. (B) Histology—Alcian blue. Robust staining indicating accumulation of sulfated
proteoglycan-rich extracellular matrix was seen in all treatments at 56 days (bar =500 um). (C) Collagen content. Similar to sGAG
content, collagen content demonstrated time-dependent increases for all treatment groups, although transient TGF-B3 exposure did not
enhance collagen deposition more than continuous growth factor supplementation. (D) Histology—Picrosirius red. Staining at 56 days
demonstrated accumulation of a collagenous matrix (bar = 500 pm). In (A) and (C), data represent the means =+ standard deviations of 10
to 22 samples from two to five replicate studies depending on treatment. Statistical differences (p < 0.05) based on pairwise comparisons
are depicted within treatment over time and between treatments within time: “between treatments within time point; ©versus day 7 within
treatment; "versus day 14 and all prior time points within treatment; *versus day 21 and all prior time points within treatment; versus
day 28 and all prior time points within treatment; *versus day 35 and all prior time points within treatment; "versus day 42 and all prior time

points within treatment. Color images available online at www .liebertonline.com/ten.

MSCs.? However, a muted anabolic response is seen with
constant TGF-B3 exposure, suggesting that TGF-B3 may act
to “prime the pump”” and thereby enable the robust and rapid
accumulation of these molecules after its effects have dis-
sipated. Such a temporal profile of TGF-3 is reminiscent of
the spatiotemporally specific pattern of TGF-B3 regulation
of chondrogenesis in the developing embryonic limb.*®
Whether such a prochondrogenic response is an intrinsic
feature of cellular response to transient TGF-$3 exposure
or is dependent upon the involvement of other secondary
factors remains to be determined. Based on this highly
regulated, spatiotemporal expression pattern during devel-
opment, it is likely that sustained exposure of a single growth
factor, such as TGF-f33, or a combination of factors, such as
those present in serum, significantly affects the homeostasis
of ex vivo—cultured constructs. Continuous treatment for
prolonged time periods could attenuate cellular anabolic

response or even elicit more-aggressive matrix turnover by
triggering catabolic pathways that promote release of matrix
components to the culture media. Either mechanism could
severely restrict peak equilibrium levels of accumulated
extracellular matrix, as observed in this study for the CM +-,
CM + 2WT, and CDM + groups but not in the CDM + 2WT
specimens. As a result, further studies are required to assess
matrix synthesis, accumulation, and release after continuous
and transient growth factor exposure to elucidate the mech-
anism of this robust maturation phenomenon. Additionally,
it is plausible that this maturation response is not unique to
TGF-B3, because other TGF-B isoforms, members of the
TGF-f superfamily, or even unrelated growth factor fami-
lies may exhibit a comparable response after transient ex-
posure under SF culture conditions.

The culture methodology and prochondrogenic medium
formulation provides significant advantages to cartilage tis-
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TABLE 3. PHYSICAL AND BIOCHEMICAL PROPERTIES OF CULTURED CHONDROCYTE-AGAROSE CONSTRUCTS AS A FUNCTION
ofF TGF-3 TREATMENT DURATION*
CDM + 2WT
Day 14 (CDM+) Day 28 Day 42 Day 56
Thickness (mm) 2.374+0.06 2.59+0.107 2.65 +0.067 2.72 +£0.05*
Diameter (mm) 5.094+0.11 5.29+0.127 5.43+0.08F 5.60+0.13*
Wet Weight (mg) 477155 54.1+44 62.0£4.7* 69.2+3.8%
Dry Weight (mg) 34406 5.34+0.8F 8.14+1.3* 9.7+ 1.6%
Water Content (%) 92.8+0.6 90.1 £ 1.57 86.8 £ 2.4% 85.5+£2.5%
sGAG (mg/disk) 09+0.2 2.14+04% 3.7+0.4% 4.6+0.7%
Collagen (mg/disk) 0.6+0.2 1.24+0.3F 2.0+0.3* 2.34+0.3*
DNA (pg/disk) 324+1.0 3.8+1.0 3.5+0.6 344+1.2
CDM +4WT

Day 14 (CDM+) Day 28 (CDM+) Day 42 Day 56
Thickness (mm) 2.37+£0.06 2.63 £0.07F 2.70 £ 0.067F 2.87+0.111+
Diameter (mm) 5.094+0.11 5.35£0.14% 5.50£0.097 5.724+0.14%
Wet Weight (mg) 477455 51.64+4.2 59.3+43 73.3+£5.7%
Dry Weight (mg) 3.4+0.6 4.6+0.6 8.14+0.9* 124+2.4%
Water Content (%) 92.84+0.6 91.14+1.3 86.2 £2.2% 83.2 £2.3%
SGAG (mg/disk) 09+0.2 1.5+0.3% 3.64+0.5% 5.8+ 0.55+
Collagen (mg/disk) 0.6+0.2 1.4+0.1% 1.9+0.1* 2.54+0.3*
DNA (ng/disk) 324+1.0 40+1.1 49413 424+1.8

*Constructs were examined at days 14, 28, 42, and 56 following culture in a chemically defined medium with transient TGF-B3 (10ng/mL)
supplementation for the first two (CDM + 2WT) or four (CDM + 4WT) weeks of culture. Time points with all prior medium changes containing TGF-$3
are also labeled (CDM+) in the table. Data represent the mean £ S.D. of 10-22 samples from 2-5 replicate studies depending on treatment. Pairwise
comparisons (statistical significance set at p < 0.05):1 versus all Day 14 treatment groups; * versus all Day 14 and 28 treatment groups; I versus all

Day 14, 28, and 42 treatment groups; + versus Day 56 CDM +2WT.

sue engineering ex vivo. First, this new formulation is SF and
chemically defined, obviating concerns over contaminating
protein byproducts and facilitating passage through regula-
tory barriers. Furthermore, the chemically defined nature of
this medium allows for better quality control of the constit-
uent components to enhance consistency and reproducibility,
as is demonstrated by the findings of this study, which used
multiple donors and experimental replicates. If adopted as a
positive control or included as a reference standard, this
culture methodology should permit direct comparison of
findings from different laboratories. For example, our col-
laborators have already independently reproduced these
findings and have initiated studies on the role of mechanical
preconditioning in this response.”’ Finally, that low levels of
TGF-f3 applied for only a short period of time are sufficient
to elicit a robust chondrogenic maturation response resulting
in native tissue properties improves the cost-effectiveness of
the medium formulation. In the present study, the shortest
duration of TGF-33 exposure was 2 weeks, and whether even
shorter exposure is sufficient to direct comparable chondro-
genic maturation remains to be investigated.

In future studies, several issues should be addressed. First,
the mechanism or pathways of this phenomenon should be
elucidated to further optimize culture conditions or tailor the
outcome and identify any adverse changes in phenotype that
might occur. Next, the response of chondrocytes attained

in other 3D substrates should be examined. Recent studies
have shown a dependence on small levels of serum in self-
assembling peptide gels that was not apparent in agarose.*>
The dependence of this response on the age of the target cells
also deserves analysis. The present study was performed
using juvenile chondrocytes, yet it has been clearly dem-
onstrated that chondrocytes lose matrix-forming potency
with age.*® As a result, they may well be limited in their
reversion to phenotype and responsiveness to this type of
transient growth factor culture methodology if derived
from aged or diseased human tissues. Finally, although the
compressive equilibrium and sSGAG contents achieved
in this study were as high as or higher than native levels, the
collagen content and the corresponding dynamic compres-
sive modulus remained well below those of native tissue
(~25% of native levels). This deficiency was unrelated
to time in culture, because most parameters appeared to
approach equilibrium by day 56. Further modes of stimu-
lation, such as mechanical preconditioning or alternative
growth factor supplementation, may be required to over-
come this limitation.

The findings of this study may be useful in combination
with other tissue engineering modalities. For example, TGF-
B3 may modulate the maturation of engineered constructs
produced with MSCs in a similar manner. Indeed, recent
studies in our laboratory suggest that a single high dose of
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FIG. 7. Correlation of equilibrium Young’s moduli (Ey) and dynamic moduli (G*) with sulfated glycosaminoglycan (sGAG) or
collagen contents of cultured chondrocyte-laden constructs. (A) Ey with sGAG, (B) Ey with collagen, (C) G* with sGAG, and (D) G*
with collagen. A linear correlation was seen with all parameters in constructs examined from day 7 to day 56 after culture in a
chemically defined medium containing transiently supplemented transforming growth factor beta 3 (10ng/mL) for the first 2 weeks of
culture. Coefficient of determination values ranged from 0.72 to 0.96.

TGF-B1 delivered to an alginate/poly-L-lactide acid foam
amalgam seeded with human MSCs is sufficient to induce and
maintain the chondrocyte phenotype over a 21-day culture
period.* Similar studies in agarose gels have noted continu-
ing chondrogenic phenotype and a limited response to tran-
sient growth factor treatment in bovine MSCs seeded in
agarose culture.** Additional delivery modalities for explo-
ration include controlled-release, cell-gel implants that
transiently deliver TGF-B3 to co-implanted chondrocytes
to enhance maturation post-implantation. Alternatively, gene
transduction of cells to express TGF-B3 or comparable pro-
chondrogenic morphogen(s) may also be considered to tailor
transient growth factor delivery in an autocrine fashion.*'

CONCLUSIONS

This work describes a chemically defined, reproducible,
and cost-effective culture protocol to promote the maturation

of chondrocyte-based, tissue-engineered cartilage with me-
chanical and biochemical properties comparable with those
of native tissue. The mechanical properties achieved using
this free-swelling, static culture system are three to four times
as high as previously attained in an optimized deformational
loading study using the same cell source and hydrogel car-
rier.® In addition, the timed treatment with growth factors
addresses current limitations of cartilage tissue engineering
using a clinically relevant, SF culture system. Our findings
are directly applicable to cartilage tissue engineering for the
fabrication of mechanically robust constructs suitable for
cartilage repair.
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