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I. Summary
Objective—To determine whether the functional properties of tissue-engineered constructs
cultured in a chemically-defined medium supplemented briefly with TGF-β3 can be enhanced with
the application of dynamic deformational loading.

Methods—Primary immature bovine cells (2–3 months old) were encapsulated in agarose hydrogel
(2%, 30×106 cells/ml) and cultured in chemically-defined medium supplemented for the first 2 weeks
with transforming growth factor beta 3 (TGF-β3) (10 ug/mL). Physiologic deformational loading
(1Hz, 3hrs/day, 10% unconfined deformation initially and tapering to 2% peak-to-peak deformation
by day 42) was applied either concurrent with or after the period of TGF-β3 supplementation.
Mechanical and biochemical properties were evaluated up to day 56.

Results—Dynamic deformational loading applied concurrently with TGF-β3 supplementation
yielded significantly lower (−90%) overall mechanical properties when compared to free-swelling
controls. In contrast, the same loading protocol applied after the discontinuation of the growth factor
resulted in significantly increased (+10%) overall mechanical properties relative to free-swelling
controls. Equilibrium modulus values reach 1,306±79 kPa and glycosaminoglycan levels reach 8.7
±1.6 %ww during this 8 week period and are similar to host cartilage properties (994±280kPa, 6.3
±0.9 %w.w.).

Conclusions—An optimal strategy for the functional tissue engineering of articular cartilage,
particularly to accelerate construct development, may incorporate sequential application of different
growth factors and applied deformational loading.

I. Introduction
The application of dynamic compressive loading (DL) within appropriate ranges of magnitude
and frequency can be a beneficial tool for the functional tissue engineering of articular cartilage.
It has been shown to increase synthesis of cartilage extracellular matrix components such as
proteoglycans, collagens and other matrix elements using a variety of loading apparatuses and
culture systems when compared to control constructs maintained in free-swelling (FS) culture
[1–6]. Although significant efforts have gone into optimizing loading parameters to maximize
tissue development in culture, the effect of dynamic loading is strongly influenced by other
factors in the tissue-engineering system such as the choice of scaffold, the formulation of feed
media, and cellular factors such as species, age, and seeding density [7–10]. Therefore it
appears that a universally efficacious culturing protocol that involves physical loading may be
elusive, and such protocols must be optimized for a given set of specific experimental
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conditions adopted. Once established, these parameters do not need to be changed unless new
experimental conditions deviate greatly from the conditions on which the loading parameters
were originally based.

In our previous studies we optimized a loading protocol for juvenile bovine chondrocytes
seeded in agarose hydrogels and cultured in media containing 20% fetal bovine serum.
Constructs cultured using this protocol developed Young’s Modulus (EY) values over twice
that of FS controls, however the goal of reaching native cartilage values remained elusive
[11]. In addition, fetal bovine serum is not a well-characterized culture supplement that can
possess batch-to-batch compositional variations [12,13]. This raises quality control concerns
for the clinical application of tissue engineered articular cartilage.

Recent work, using the temporal supplementation of transforming growth factor β3 (TGF-β3)
in free-swelling, serum-free cultures of chondrocyte-laden agarose hydrogel constructs has
shown great promise. In those studies, a 2-week exposure to TGF-β3 followed by six additional
weeks of culture in its absence resulted in the development of constructs possessing cartilage-
like compressive mechanical properties (EY>800 kPa) [14]. These values are significantly
higher than modulus values obtained for engineered cartilage using any other culture system
over the same culture duration; the only comparable outcome previously required over 7
months of continuous cultivation to develop similar properties [15]. Currently, however, there
is no data showing how chondrocyte-seeded constructs will respond to the application of
dynamic loading under these media conditions - a tissue-engineering strategy that has been
shown in other media formulations to significantly increase the mechanical properties of
developing tissue over free-swelling culture alone [16]. It is the aim of the present study to
extend our earlier work on the mechanical preconditioning of engineered cartilage constructs
to include transient supplementation with TGF-β3 in a clinically-relevant, chemically-defined,
serum-free media formulation.

II. Materials and Methods
A. Experimental Design

Three consecutive studies are reported here. Study 1 examined the effect of temporal
supplementation of TGF- β3 to the basal media; Study 2 examined the effect of dynamic
deformational loading applied concurrently with TGF- β3 supplementation; and Study 3
examined the effect of dynamic deformational loading applied non-concurrently with TGF-
β3 supplementation (when initiated only after TGF-β3 supplementation was discontinued).
Each study was performed independently, using individual cell isolations pooled from different
animals. To ensure consistency, Study 3 was repeated twice and results have been pooled.

The timeline of the studies are detailed in Figure 1. There are two variables in the experiments:
1) the day in which TGF- β3 supplementation is discontinued, and 2) the day in which dynamic
deformational loading is initiated to the constructs.

Specifically, in Study 1 (n=4 per group), TGF- β3 was supplemented to the media either for
the first 14 days only (discontinuous) or it was supplemented throughout the duration of the
study (continuous). There was no loading introduced to these developing constructs at any
time. Based on the results of Study 1, a protocol of discontinuous TGF-β3 supplementation
was adopted for both Study 2 and Study 3.

In Study 2 (n=5 per group), dynamic deformational loading was initiated on day 0 and was
continued throughout the culture period. In Study 3 (n=8 per group), dynamic deformational
loading was initiated on day 14 (delayed until the day TGF- β3 was discontinued). In all studies
dynamic deformational loading is abbreviated CDL when initiated at day 0, and DDL when
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delayed until after the discontinuation of TGF- β3. A follow up study (n=5 per group) was also
performed with loading initiated on day 0 on the basal media without TGF-β3.

Cell Isolation
Articular cartilage was harvested from bovine carpo-metacarpal (CMC) joints of freshly
slaughtered 4–6 month old calves. Three to five joints were used for each study and cells were
pooled from all joints. Cartilage was rinsed in high-glucose Dulbecco’s Modified Essential
Medium (hgDMEM) supplemented with 5% fetal bovine serum (FBS), amino acids (0.5X
minimal essential amino acids, 1X non-essential amino acids), buffering agents (10 mM
HEPES, 10 mM sodium bicarbonate, 10 mM TES, 10 mM BES), and antibiotics (100 U/ml
penicillin, 100 μg/ml streptomycin). The cartilage chunks were then combined and digested in
DMEM with 390 U/ml collagenase type VI (Sigma Chemicals, St. Louis, MO) for 11 hours at
37°C with stirring. The resulting cell suspension was then filtered through a 70 μm pore size
mesh and sedimented in a bench top centrifuge for 10 minutes at 1000 × g. Viable cells were
counted using a hemacytometer and trypan blue. One volume of chondrocyte suspension (at
60 × 106 cells/ml) was then mixed with an equal volume of 4% low-melt agarose (Type VII,
Sigma) at 37°C to yield a final cell concentration of 30 × 106 cells/mL in 2% agarose. The
chondrocyte/agarose mixture was cast into slabs and cored using a sterile disposable punch
(Miltex, York, PA) to final dimensions of 0.3cm diameter and 0.23 cm thickness (0.016
cm3). Constructs were maintained in culture in a chemically defined serum-free growth
medium for 42 or up to 56 days depending on the study (Figure 1). Growth medium consisted
of hgDMEM supplemented with 1X PSF, 0.1 μM dexamethasone, 50 μg/mL ascorbate 2-
phosphate, 40 μg/mL L-proline, 100 μg/mL sodium pyruvate, and 1X ITS+ (Becton Dickinson,
Franklin Lakes, NJ). Growth medium was changed every three days and maintained at a cell/
media volume ratio of less than 1 million cells/ml media. In some experiments growth medium
was further supplemented with 10 ng/mL TGF-β3 (R&D Systems, Minneapolis, MN) for either
the first 14 days of culture or the entire culture period as described in Figure 1.

B. Loading Protocol
The prescribed loading protocol consisted of a nominal 5% dynamic strain (10% peak-to-peak
deformation) above a 10% tare strain in unconfined compression with impermeable platens
loading at 1 Hz frequency, for 3 hrs/day, 5 days/week (as had been previously found to be
optimal for media formulations containing FBS [17]). The duty cycle consisted of 3 hrs of
continuous loading followed by 21 hrs of rest. Deformational loading was carried out at 37°C
and 5% CO2 in a humidified incubator. FS controls were positioned adjacent to the loading
device. The load and displacement profiles delivered by the bioreactor were analyzed in a small
sample of specimens at the completion of all the experiments. In practice, the applied sinusoidal
displacement had a consistent frequency of 1.05 Hz, with a total harmonic distortion of 6.03
±.95%. Due to inherent compliance of the loading bioreactors, the applied strain amplitude
decreased over the culture period, as tissue elaboration produced specimens with increasing
stiffness; the dynamic strain amplitude started at 5% and tapered to 2% by day 42 in culture
(4% peak-to-peak). This compliance, coupled with the increasing tare strain resulting from
growing construct thickness, had the beneficial effect of compensating passively for the
increasing construct stiffness to prevent any loading platen lift-off through the entire culture
period (Figure 2).

C. Material Testing
Cylindrical constructs were tested in unconfined compression using a custom computer-
controlled testing system [18]. Initially, a series of stress-relaxation tests were conducted for
each sample to 5%, 10%, 15%, and 20% strain and the Young’s modulus (EY) of the construct
was calculated from the equilibrium stress at each strain value and from the initial cross-
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sectional area. Since the resulting EY was found to remain invariant across the strain amplitudes
tested (not shown), the remaining samples were tested at 10% strain only and at a strain rate
of 0.05% strain/sec after an initial 0.02 N tare load. The unconfined dynamic modulus was also
measured, after reaching stress-relaxation equilibrium to 10% strain, by superimposing 2%
strain at 1 Hz. Tests of static and dynamic compressive properties were selected since the
normal physiological loading mode of cartilage is compressive. More specifically, the most
functionally relevant mechanical property is the dynamic modulus in compression, since joint
loading is typically intermittent [19].

D. Biochemical Content
The biochemical content of each sample was assessed by first measuring sample wet weight,
lyophilizing for 72 hours, and then measuring the sample dry weight. Gross water content was
determined from the difference. Once dry, the samples were digested in proteinase-K overnight
at 56°C, as described previously [17]. Aliquots of digest were analyzed for glycosaminoglycan
(GAG) content using the 1,9-dimethylmethylene blue dye-binding assay [20]. A further aliquot
was acid hydrolyzed in 12 N HCl at 110°C for 16 hours, dried over NaOH, and resuspended
in assay buffer[17]. Ortho-hydroxyproline (OHP) content was then determined via a
colorimetric assay by reaction with chloramine T and dimethylaminobenzaldehyde [21], scaled
for microplates. OHP content was converted to total collagen content using the conversion of
1:7.64 ratio of OHP:Collagen [22]. DNA content was determined using PicoGreen (Molecular
Probes, Carlsbad, CA) assay following the manufacturer’s standard protocols. Each
biochemical constituent (GAG and collagen) was normalized to tissue wet weight.

E. Histological Analysis
Samples were fixed in acid formalin ethanol [23], paraffin embedded, sectioned (8 μm thick),
and stained with either Safranin O (1% in dH2O, pH 6.7) to view proteoglycan distribution,
Picrosirius Red to view collagen distribution, or hematoxylin and eosin to view cell and tissue
morphology. Samples were also stained for Type II collagen as follows [24]: sections were
digested in 0.5 mg/ml of testicular hyaluronidase, swollen in 0.5 M of acetic acid, blocked in
10% normal goat serum (NGS) and labeled with 10% NGS containing monoclonal primary
antibody for types I, and II collagens (Developmental Studies Hybridoma Bank, Iowa City,
IA). Non-immune controls were incubated in 10% NGS alone. Alexa 488-conjugated goat anti-
mouse secondary antibody labeling (Molecular Probes, Eugene, OR) and propidium iodide
nuclear counterstaining (Molecular Probes) were performed to visualize the ECM and cells,
respectively. After staining, the slides were coverslipped and sections were analyzed using an
inverted microscope with an Olympus Fluoview confocal system (New York/New Jersey
Scientific, Middlebush, NJ) with dual wavelengths excitation at 488 and 568 nm (20× to 100×-
oil objective lens).

F. Statistics
Statistics were performed with the Statistica (Statsoft,Tulsa, OK) software package. Each data
point represents the mean and standard deviation of four or five samples. Groups were
examined for significant differences by two-way analysis of variance (ANOVA), with EY, G*,
GAG, DNA, or OHP as the dependent variable, and time in culture and loading condition as
the independent variables. Tukey’s Honest Significant Difference Test (HSD) post-hoc tests
were carried out with a statistical significance set at α =0.05.

III. Results
Constructs developed significantly different mechanical properties and biochemical
composition depending on culture condition and time. In Study 1, performed in free-swelling
cultures, constructs that were transiently exposed to TGF-β3 elaborated significantly stiffer
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tissue (EY=528±122 kPa, G*=2.9±0.3 MPa) than constructs that were exposed to TGF-β3
continuously (EY=165±42 kPa, G*=2.2±0.1 MPa) (Figure 3a,b, day 56). However, no
differences were observed in GAG (TGF discontinued=6.0±0.6% w.w, TGF continued=5.1
±0.3% w.w) or collagen (TGF discontinued=1.3±0.3% w.w, TGF continued=1.4±0.3% w.w)
content between these groups (Figures 3c,d).

The results of Study 2 demonstrate that the effectiveness of dynamic deformational loading in
the continuous presence of TGF-β3 (Figure 4): when loading was applied to constructs in basal
media with TGF-β3, the CDL group achieved significantly lower mechanical properties
(EY=78±22 kPa, G*=0.88±0.08 MPa) compared to the FS control (E Y=780±8 kPa, G*=2.3
±0.1 MPa) (Figure 4a,b, day 56). The GAG content and collagen content also showed
significantly lower values in CDL versus FS (GAG: CDL=3.7±0.8% w.w., FS=8.0±0.8% w.w.;
collagen: CDL=1.75±0.1%w.w., FS=3.16±1.0%w.w.; Figures 4c,d, day 56).

The results of Study 3 show that when loading was applied after the discontinuation of TGF-
β3, the DDL group achieved mechanical properties (EY=1,306±79 kPa, G*=4.1±0.1 MPa)
significantly higher than FS (EY=1,178±40 kPa, G*=3.5±0.2 MPa) (Figures 5a,b, day 42).
However, no differences were observed in GAG (DDL=8.6±1.7% w.w, FS=8.1±1.8% w.w)
or collagen (DDL=2.4±0.4% w.w, FS=2.3±0.1% w.w) content (Figures 5,c,d).

Histological analysis confirmed abundant deposition of GAG throughout the constructs and a
uniform distribution of type II collagen (Figure 6) with little or no staining for type I collagen
(not shown). Staining indicated that cells multiplied in localized pockets throughout the
constructs (Figure 5). Cell proliferated with time, increasing on average 3 fold from day 0
concentrations, but did not differ significantly between any groups reported here.

For comparison, the mechanical and biochemical properties of juvenile CMC articular cartilage
were also measured (n=5) and were found to be EY = 994±280kPa, G*(at 1 Hz) = 13±2.5MPa,
GAG = 6.3±0.9 (%w.w.), 24±3.5 (%d.w.), Collagen = 16±0.5 (%w.w.), 66±5.5 (%d.w.). While
EY for DDL and FS for Study 3 equaled or exceeded that of native cartilage by day 28 (Figure
5a), G* was at most 32% that of native values at day 42 (Figure 5b). Similarly GAG values
equaled or exceeded those of native cartilage in DDL and FS groups (Figure 5c), but collagen
content was only 15% that of native tissue (Figure 5d).

IV. Discussion
In this investigation we adopted a protocol of transient supplementation of serum-free media
with TGF-β3 and applied a regimen of dynamic deformational loading whose timing was
adjusted towards achieving the most robust mechanical properties. Studies by our group [25]
and by others [26] have previously demonstrated that mechanical stimulus (physiologic
deformational loading) can act synergistically with chemical stimuli (growth factors) to
amplify the benefits conferred by either stimulus alone. Furthermore, it has been previously
shown that the timing of the application of the growth factor can be critical; free-swelling
cultures supplemented transiently with TGF-β3 consistently yielded cartilage-like tissue with
higher mechanical properties than those derived from cultures with continuous (or no) growth
factor supplementation [14]. Similarly, work has been done demonstrating the utility of
sequential growth factor protocols (e.g., TGF-β1/FGF-2 followed by IGF-1) [26]

The findings of this study indicate that coordination of the timing (introduction and duration)
of the application of an appropriate chemical stimulus as well as the timing of the introduction
of mechanical stimuli represents a strategy to optimize engineered tissue growth (i.e. a
sequential loading protocol). In Study 1, we have confirmed the earlier results of Byers et al.
[14] who found that discontinuation of TGF-β3 supplementation after two weeks in culture
yields much better material properties than under continuous supplementation (Figure 3). In
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Study 2, we have found that dynamic loading initiated at the same time as TGF-β3
supplementation yields significantly poorer properties than the free-swelling control group,
after discontinuation of supplementation (Figure 4). However, the application of deformational
loading initiated after culturing with growth factor TGF-β3 for 2 weeks (Study 3) yields
significantly stiffer chondrocyte-seeded agarose constructs than free-swelling controls. Using
this sequential loading protocol, engineered constructs continued to display the dramatic
improvement in properties associated with the removal of the growth factor (Studies 1 and 2)
while benefiting from the deformational loading protocol. These constructs achieved the most
favorable values for tissue-engineered cartilage constructs reported in the literature to date for
the culture period prescribed. Young’s modulus and GAG levels achieved values similar to
those of native cartilage after as little as 28 days in culture (Figure 5a). Dynamic modulus
values, which are more representative of the functional tissue properties, however, remain at
32% of those manifested by native cartilage, after 42 days in culture (Figure 5b). As has been
shown both theoretically [27–29], and in vivo [30], dynamic modulus values are largely
influenced by collagen content and organization as well as construct permeability whereas the
equilibrium modulus is influenced to a greater degree by GAG content.

Related to this observation, collagen levels for constructs in all the studies presented here
remained relatively low (Figures 3d, 4d, 5d) and were not different from levels achieved
previously with optimal conditions using serum-supplemented media [25]. This suggests that
application of dynamic loading as well as the temporary supplementation of TGF-β3 has a
much greater effect on GAG production compared to collagen production. In fact, the increase
in the equilibrium compressive modulus over time of developing constructs can be attributed
almost entirely to the increase in GAG levels.

While the average content of GAG and collagen were not statistically different between DDL
versus FS constructs in Study 3, the compressive moduli were significantly stiffer (~15%) for
DDL constructs (Figures 5a,b). We have previously reported that loaded and free-swelling
constructs possess differences in levels of other extracellular matrix molecules (such as
cartilage oligomeric matrix protein-COMP [31], type IX collagen [24]) and structural
organization [17] that may contribute to the disparate material properties observed, and
ultimately influence chondrocyte mechanotransduction and the level of cartilage repair after
implantation.

The delayed applied loading protocol found to be efficacious in the current studies is in direct
contrast to that which we have previously reported to be optimal for constructs cultured with
serum supplemented media, where the highest mechanical properties (E Y=185 kPa on day 56
[32]) were obtained when dynamic deformational loading was applied at the earliest possible
time (i.e., day 0). One way to explain these results may be to consider the much greater
contribution of the growth factor to the observed tissue growth relative to that induced by the
application of dynamic loading. The mechanisms behind the drastic increases in growth
associated with transient supplementation of TGF-β3 is not yet well understood, however these
results suggest that the TGF-β3 preconditions cells toward high anabolic activity that is
manifest once the growth factor is removed (Study 1). Continuous loading with or without
growth factors in the presence of FBS does not have this same suppressive result [25] and may
be due to the presence of other growth factors such as IGF-I or other proteins that can regulate
TGF-β growth factors in serum [33,34].

The mechanism behind the detrimental effect of applied dynamic loading in the presence of
TGF-β3 (Study 2) is a new finding that warrants further discussion. One clue may lie in the
concentration of the growth factor within the construct. Theoretical models performed by our
laboratory for molecules of similar size to TGF-β3 (~25 kDa, R&D Systems) indicate that the
concentration of the molecule within the tissue construct under dynamic loading conditions
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can be elevated ~2–3 fold compared to free diffusion conditions [35]. The presence of TGF-
β3 binding proteins in the elaborated matrix [36,37], such as reported for insulin-like growth
factor I (IGF-I) in native cartilage [38,39], can also result in a greater concentration of growth
factor retained in the construct compared to the culture media. Therefore, dynamic loading in
combination with binding protein and proteoglycan interactions may increase the concentration
of TGF-β3 localized in the construct into the range where the growth factor can begin to elicit
a negative response. This threshold concentration where catabolic effects have been observed
has been reported to occur at culture media concentrations of approximately 20–50 ng/mL
[40,41]. To test this hypothesized mechanism, a study of the dose response to TGF-β3 with
and without dynamic loading is planned for future research. This hypothesis would be
supported if doses of TGF-β3 lower than used here were to combine with dynamic loading to
yield better properties than free-swelling controls; and if doses of TGF-β3 above a certain
threshold were to produce poorer properties than lower doses, under free-swelling conditions.

The results of this study address a number of important issues related to functional tissue
engineering of articular cartilage. The most positive outcome is the finding that temporary
supplementation of TGF-β3 followed by dynamic loading can produce an equilibrium modulus
and GAG content which match those of native tissue over a culture period of 4 to 6 weeks only;
the dynamic modulus and collagen content remain lower than in native tissue, but are as good
as, or better than reported in previous studies. However, there are a number of practical issues
that remain to be addressed. First, the modest improvement observed in the mechanical
properties with dynamic loading in Study 3 (~11% for EY and ~17% for G*) suggests that free-
swelling culture may be a less costly alternative, precluding the need to load constructs on a
daily basis. While this may be true for the culture conditions employed in this study, our
previous studies demonstrate that dynamic loading can be far more beneficial than free swelling
under other culture conditions[11,16,25,32]. Since the production of higher levels of collagen
remains a challenge, it may well be that the elusive culture conditions which can promote rapid
protein synthesis might also benefit significantly from dynamic loading, possibly by increasing
the expression of cell receptors to growth factors and signaling proteins.

Second, it may be argued than any beneficial outcomes observed with immature chondrocytes
are of limited value for current clinical strategies, which rely on mature autologous cells.
Indeed, although immature bovine cells respond favorably to supplementation of TGF-β3,
preliminary work from our lab (not shown) suggests that, in fact, mature primary chondrocytes
do not respond as robustly. This is likely due to known decreases in the expression of TGF-β
receptor and signaling proteins that occurs with age [42,43], and additional strategies are thus
required to supplement the successful techniques achieved in this study when using mature
cells. It may also be noted that the strategies employed in this study might be successful on
alternative sources of immature cells, such as embryonic stem cells.

It appears that, as in bone [44], the structure and function of cartilage reflects the physical
demands to which it is subjected. Cartilage from weight-bearing and non-weight bearing
regions (the source for autologous grafts) have been reported to be distinct in structural
organization as well as cells, with chondrocytes from loaded regions exhibiting greater
expression of intermediate filaments than their counterparts in less loading regions [45]. This
disparity in chondrocyte populations appears to be an adaptation to their physical environment.
Our contention is that chondrocytes subjected to loading during pre-culture (i.e.,
preconditioning) may better acclimate to the physiologic loading environment that they are
exposed to post-implantation. This concept of cell memory has been described in the bone
remodeling literature, where it has been suggested that acquired long-term memory of a
mechanical loading environment may influence the responsiveness of bone tissue to external
stimuli (e.g.[46]). Similarly, the presence (or absence) of extracellular matrix molecules such
as type II collagen, the presence or absence of focal adhesions, and mechanical and
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morphological changes to the cell membrane in response to preconditioning with growth
factors [47–50] have all been shown to influence the response of chondrocytes to mechanical
loading. Only with in vivo studies, or possibly with the proper in vitro model of cartilage repair
[51], can the efficacy of applied loading bioreactors on functional cartilage repair be assessed.
The findings of the current study suggest that an optimal strategy using well-characterized
conditions for the functional tissue engineering of articular cartilage, particularly to accelerate
construct development, may incorporate sequential application of different growth factors and
applied deformational loading.
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Figure 1.
Schematic of TGF-β3 time-course and loading time-course for each study. Loading was
initiated at days indicated by arrow; TGF- β3 was supplemented during periods indicated by
hatch marks.
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Figure 2.
a) Loading profile adjusted for system compliance delivered by bioreactor over time in culture.
Blue line shows increasing tare strain as a result of increasing tissue thickness with time. Purple
line shows decreasing applied dynamic strain as a result of tissue stiffening over time. b)
Representative load vs. time curve of tissue-engineered constructs on day 42. A load of zero
would have indicated platen lift-off. Inset represents full curve.
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Figure 3.
(Study 1) The effect of temporal application of TGF-β3 to a chemically defined medium: a)
EY, b) G* at 1HZ, c) GAG, and d) collagen. *=p<0.005 for TGF continued vs. TGF
discontinued (n=4).
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Figure 4.
(Study 2) The effect of dynamic deformational loading applied concurrently with exposure to
TGF-β3: a) EY, b) G* at 1HZ, c) GAG, and d) collagen. *=p<0.005 for FS vs. CDL (n=5).
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Figure 5.
(Study 3) The effect of dynamic deformational loading initiated after the discontinuation of
TGF-β3: a) EY, b) G* at 1HZ, c) GAG, and d) collagen. *=p<0.005 for FS vs. DDL (n=8).
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Figure 6.
(1) Safranin O staining for GAG, (2) Picrosirius Red staining for collagen, (3) hematoxylin
and eosin staining for visualization of local multiplication of cell nuclei (Mag. 40x), and (4)
Immunohistochemical staining for type II collagen. All slides taken from study 3 on either day
0 or day 42 with either free-swelling (FS) or dynamically-loaded (DL) groups.
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