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Abstract
Treatments for patients suffering from severe temporomandibular joint (TMJ) dysfunction are
limited, motivating the development of strategies for tissue regeneration. In this study, co-cultures
of fibrochondrocytes (FC) and articular chondrocytes (AC) were seeded in agarose wells, and
supplemented with growth factors, to engineer tissue with biomechanical properties and ECM
composition similar to native TMJ fibrocartilage. In the first phase, growth factors were applied
alone and in combination, in the presence or absence of serum, while in the second phase, the best
overall treatment was applied at intermittent dosing. Continuous treatment of AC/FC co-cultures
with TGF-β1 in serum-free medium resulted in constructs with GAG/WW (12.2%), instantaneous
compressive moduli (790 kPa), relaxed compressive moduli (120 kPa), and Young’s moduli (1.87
MPa) that overlap with native TMJ disc values. Among co-culture groups, TGF-β1 treatment
increased collagen deposition ~20%, compressive stiffness ~130%, and Young’s modulus ~170%
relative to no growth factor controls. Serum supplementation, though generally detrimental to
functional properties, was identified as a powerful mediator of FC construct morphology. Finally,
both intermittent and continuous TGF-β1 treatment showed positive effects, though continuous
treatment resulted in greater enhancement of construct functional properties. This work proposes a
strategy for regeneration of TMJ fibrocartilage and its future application will be realized through
translation of these findings to clinically viable cell sources.
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1. INTRODUCTION
Disorders of the temporomandibular joint (TMJ) affect millions in the United States.[1,2]
Many cases of temporomandibular dysfunction (TMD) are associated with malformations or
displacements of the TMJ disc, a fibrocartilaginous tissue that assists in normal function of
the joint, and/or injuries to the fibrous cartilage that covers the surface of the mandibular
condyle.[3,4] Sufferers experience pain and difficulty performing routine activities such as
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eating and talking. The majority of cases are best managed through conservative treatments
and pain mitigation, though the most severe cases of joint degeneration require surgical
intervention.[5] While current surgical methods, such as arthrocentesis, arthroscopic
repositioning, discectomy, and joint replacement, can restore some function, these
treatments do not fully address severe TMD.[6] Efforts to engineer tissues for repair or
replacement are essential to provide the next generation of treatments and an ideal long-term
solution.[4,5]

An appropriate cell source for tissue engineering must be abundant, accessible, and
functionally appropriate for the target tissue. Primary TMJ disc cells[7–9] and condylar
cartilage cells[10,11] have been examined for TMJ engineering, however, clinical success
using these sources is improbable due to cell scarcity and their inability to produce sufficient
matrix in vitro. Additionally, the availability of TMJ cells for in vitro studies is limited;
therefore the pressing problems of TMD need to be addressed using alternative cell types.

The meniscus, the TMJ disc, and condylar cartilage are comprised of heterogeneous
matrices containing predominantly collagen type I with lower levels of collagen type II, as
well as glycosaminoglycans (GAGs), [12–15] and exhibit regional variation and anisotropy
in material properties.[16–20] The cells of the knee meniscus, referred to as
fibrochondrocytes (FCs), are a mixed population of rounded, chondrocyte-like cells and
elongated, fibroblast-like cells similar to those found in the disc and condylar cartilage.
[4,21] While knee meniscus cells are not abundant or easily accessible, efforts are underway
to differentiate stem cells toward this fibrocartilage phenotype.[10,22,23] When combined
with articular chondrocytes (ACs) in a scaffoldless culture system, [24] these cells are
capable of forming constructs comprised of collagen types I and II, and levels of GAGs
similar to native fibrocartilage.[25–27] Importantly, by modulating the ratio of FCs to ACs,
the composition of the resulting matrix could feasibly be tailored to more closely
recapitulate the target tissue mechanical properties and ECM. As with fibrochondrocytes,
abundant efforts are also underway in differentiating embryonic stem cells, [28,29] bone
marrow-derived mesenchymal stem cells, [30,31] adipose-derived stem cells, [32,33] and
other cells[34,35] toward a chondrocyte phenotype. Given the similarities in function,
current progress in fibrocartilage tissue engineering, and the rapidly advancing field of stem
cell differentiation, a co-culture of FCs and ACs is an attractive culture model for TMJ
tissue engineering.

In addition to varying co-culture ratios, the use of anabolic agents can modulate matrix
synthesis and subsequently affect biomechanical properties. Studies of several growth
factors (GF) on fibrochondrocytes showed increases in collagen and GAG precursor uptake
using TGF-β1 compared to IGF-1, bFGF, and PDGF, though IGF-1 also significantly
increased collagen precursor uptake.[36,37] In addition, previous studies using both IGF-1
and TGF-β1 on fibrochondrocytes led to significant increases in collagen and GAG
synthesis over other GFs.[7,38] Synergy between IGF-1 and TGF-β1 has been demonstrated
in ACs in terms of aggrecan production, [39] and recent work suggests that intermittent
dosing of GFs may enhance their efficacy relative to continuous treatment, likely the result
of reduced receptor desensitization.[40] Though recent work has shown increases in
functional properties using a serum-free medium in FC:AC co-cultures, [27] the use of fetal
bovine serum (FBS) in conjunction with IGF-1 and TGF-β1 may be capable of accentuating
functional differences between the resulting tissue. For meniscus tissue engineering,
previous work in our laboratory has determined serum-free methods using a 50:50 FC:AC
co-culture. Whether this can be achieved for other FC:AC ratios has yet to be determined.

The purpose of this study is two-fold. First, a ratio of FCs to ACs must be determined for
engineering the TMJ disc and condylar cartilage. Second, a protocol for the use of bioactive
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factors in culturing these cells must be identified. Specifically, GF type, the contribution of
serum to its effectiveness, whether different GFs need to be combined, and whether
saturation occurs in their dosing are all variables that must be examined. To achieve these
goals, two phases were employed. In the first phase of this study, the effects of TGF-β1,
IGF-1, and serum, alone and in combination, on scaffoldless constructs of FCs and two co-
cultures of FCs and ACs, were examined. In the second phase, the best overall treatments, as
determined by quantitative assessments of matrix composition and biomechanical integrity,
were applied continuously or intermittently. Based on previous experience, it was
hypothesized that a spectrum of fibrocartilages displaying heterogeneous function and
matrix composition would result from different co-culture combinations and GF/serum
treatments, and that modulating the type and manner of application of anabolic agents would
result in near recapitulation of native tissue material properties and matrix content.

2. MATERIALS AND METHODS
2.1. Cell isolation and seeding

Chondrocytes were harvested from the distal femoral condyle, and fibrochondrocytes were
harvested from knee menisci of one-wk-old calves (Research 87, Boylston, MA) within 36 h
of slaughter. Tissue was digested overnight in medium containing 0.2% collagenase type II
(Worthington, Lakewood, NJ). Base medium consisted of DMEM with 4.5 g/L glucose and
L-glutamine (Gibco, Grand Island, NY), 1% penicillin/streptomycin/fungizone, 1% non-
essential amino acids, 0.4 mM L-proline, 5 mM ascorbate-2-phosphate, and 10 mM sodium
pyruvate. Cells from multiple animals were pooled and frozen to obtain sufficient numbers
for the experiments. Cylindrical agarose molds of 5 mm diameter were prepared as
previously described.[41] Frozen ACs and FCs were thawed, resuspended in culture
medium, and seeded at 5.5 × 106 cells/well in 150 μl of appropriate culture medium at
specified FC:AC ratios. Cells maintained a spherical morphology throughout the isolation
and seeding procedures as observed in our previous work.[24] Culture medium consisted of
base medium with the addition of 1% ITS+ (BD Biosciences, San Jose, CA) and 100 nM
dexamethasone. Constructs were given complete media changes of 500 μl on alternating
days. After 10 days, constructs were excised from molds and placed in agarose coated 48
well plates and given 500 μl media changes on alternating days. Constructs were collected
after 4 wks for gross measurements and partitioned to perform further analyses.

2.2. Phases I and II: GF/serum treatments and intermittent vs. continuous treatment
Constructs created from three combinations of FCs to ACs were examined (FC%:AC%):
100:0, 75:25, and 50:50. A full-factorial design was employed to test four levels of GF
treatment (10 ng/ml TGF-β1, 5 ng/ml IGF-1, the combination of these, and no GF) and two
levels of serum treatment (10% and none). The best overall GF/serum treatment for each
culture ratio (that which resulted in the greatest mechanical integrity and matrix content)
was carried forward to phase II to examine the effect of intermittent dosing. Intermittent
groups were given GFs during the first and third wks, while continuous groups were
supplemented throughout the 4 wk culture period.

2.3. Compressive and tensile biomechanics
Compression samples were prepared by removing a cylindrical portion from the center of
the construct using a 2 mm biopsy punch. The sample was submerged in PBS and loaded
into an Enduratec 3200 testing machine (Electroforce, Eden Prairie, MN). After determining
initial sample thickness by applying a 0.02 N tare load, samples were preconditioned with
15 cycles of 5% strain at 1 Hz. A 10% step strain was applied for 20 min and stress
relaxation data were recorded. Viscoelastic material properties were determined by fitting
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data to a Kelvin solid model in Matlab (MathWorks, Natick, MA). Equation 1 is a solution
that describes stress relaxation in response to incremental strain application:[42]

(1)

where ui represents tissue deformation at the ith strain level, z represents tissue height, E r is
the relaxation modulus, τσ and τε are time constants, and n represents the maximum strain
level.

Tensile samples were dog-bone shaped pieces created using a biopsy punch. Samples were
glued into paper frames and placed in grips of the Enduratec. Tension was applied at 1%
strain/s until failure, and Young’s modulus was determined from the linear region of the
stress vs. strain curve.

2.4. Quantitative biochemistry
Portions used for biochemical assessments were weighed, lyophilized, and digested in 1 ml
papain at 65°C overnight. Total DNA content was determined in a fluorescence plate reader
using Picogreen® Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR). Total
sulfated GAG content was determined using a dimethylmethylene blue (DMMB) dye-
binding assay kit (Biocolor, Newtownabbey, Northern Ireland). Total collagen content was
determined with a hydroxyproline assay using Sircol™ standards (Biocolor).[43]

2.5. Histology
Histology samples were frozen in tissue embedding medium and sectioned at 14 μm.
Sections were fixed in 10% phosphate buffered formalin and stained with safranin-O/fast
green to examine GAG distribution, and picrosirius red to examine collagen.

2.6. Statistical analyses
In phase I, a three-factor ANOVA (cell ratio, serum treatment, and GF treatment) was used
to analyze quantitative data. For serum treatment, a Student’s t-test was performed post-hoc
to determine significance between treatments, and a Tukey’s HSD was used for cell ratio
and GF treatment assessments. In phase II, a two-factor ANOVA (cell ratio and GF
treatment) was used, with a Student’s t-test or Tukey’s HSD test performed post-hoc for cell
ratio and GF treatments, respectively. In both phases, a one-way blocked ANOVA was also
performed to determine the best overall treatment for each of the cell ratios tested. Five
samples were used for each experimental group, and all data are presented as mean ± S.D.

3. RESULTS
TGF-β1 in serum-free medium was determined to be best overall treatment for the 75:25 and
50:50 co-culture ratios and was therefore carried forward to phase II. Since GFs had little
discernable effect on the 100:0 groups, this cell ratio was not examined in phase II.

3.1. Gross characteristics
Construct gross morphology is shown in Figures 1 and 2. All constructs were disc-shaped,
with the exception of serum treated 100% FC groups, which formed spherical constructs. In
phase I, 100% FC groups had smaller diameters and wet weights (WW) than the co-culture
groups, as demonstrated in Table 1, and 75:25 and 50:50 groups had similar WWs,
diameters, and thicknesses for the respective GF and serum treatments. TGF-β1 and
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combined GF treatment led to 38% and 45% decreases in WW and 16% and 15% decreases
in diameter relative to controls, respectively, while IGF-1 treatment did not have a
significant effect. The presence of serum in culture medium led to a 12% decrease in WW
and an 8% decrease in diameter relative to serum-free medium. In phase II, 75:25 and 50:50
groups had similar WWs, though 75:25 constructs were 5% smaller in diameter (Table 2).
Continuous TGF-β1 supplementation caused more contraction and lower WW relative to
intermittent and no TGF-β1, and intermittently treated constructs were also smaller and
lighter than controls.

3.2. Histology
All groups stained positively for collagen (Figs. 3a and 4a). In phase I, staining was more
intense in TGF-β1 and GF combination groups relative to IGF-1 and control groups for both
co-culture ratios and base media. In phase II, continuous and intermittent groups stained
more intensely than controls. The 75:25 and 50:50 groups stained positively for GAGs in
both phases, while the 100:0 groups showed no GAG staining.

3.3. Quantitative biochemistry
The 100% FC constructs contained more cells than co-culture constructs (Table 1), and the
presence of serum in base medium coincided with a significant drop in cellularity relative to
serum-free medium co-culture constructs. In phase I, collagen/WW was greatest in serum-
free TGF-β1 and GF combination co-culture groups, with values ranging from 9.9 ± 1.1% to
11.0 ± 0.5%, while IGF-1 and no GF, serum-free co-culture groups ranged from 7.8 ± 0.4%
to 9.0 ± 0.5% (Fig. 5a). Serum treated constructs yielded significantly less collagen relative
to serum-free constructs, and similar collagen/WW values were obtained for 75:25 and
50:50 groups. Neither serum presence nor GF treatment had an effect on collagen content in
100% FC groups. In phase II, continuous TGF-β1 constructs had greater collagen/WW than
intermittent and no GF groups (Fig 5b). GAG/WW was greatest in the 50:50 constructs,
with values ranging from 10.8 ± 2.4% to 12.2 ± 1.6% for serum-free groups (Fig. 5b), while
all 100:0 groups contained less than 1% GAG/WW. Serum treatment resulted in lowered
GAG/WW for both co-culture ratios. In phase II, GF treatment did not significantly affect
GAG/WW (Fig. 6b).

3.4. Biomechanics
The serum-treated 100% FC groups were not mechanically testable. In phase I, treatment
with TGF-β1 without serum increased instantaneous modulus two-fold relative to IGF-1 and
no GF treatment in both co-culture groups (Fig. 5c). The greatest instantaneous modulus was
785 ± 88 kPa from the 75:25 TGF-β1 treated, serum-free group. The 100% FC groups were
softer, with values between 133 ± 34 and 242 ± 43 kPa. Serum reduced compressive moduli
relative to serum-free medium, and GF did not affect compressive moduli in the presence of
serum. Overall, relaxed moduli trends across GF and serum treatments were similar to
instantaneous moduli (Figs. 5c and 5d). In phase II, continuous and intermittent treatment
increased compressive moduli relative to controls, and continuous groups were similar to
intermittent groups, except for the 75:25 constructs upon instantaneous compression (Fig 6c
and 6d).

TGF-β1 treatment dramatically increased Young’s modulus over IGF-1 and no GF controls
(Fig. 5e). Young’s modulus values for co-culture groups treated with TGF-β1 in serum-free
medium ranged from 1.49 ± 0.58 to 1.86 ± 0.27 MPa, while IGF-1 and no GF controls had
values from 0.56 ± 0.08 to 0.75 ± 0.23 MPa. Overall, serum treatment reduced tensile
stiffness 51% in the co-culture groups. In phase II, tensile stiffness was not significantly
different among continuous and intermittent treatment groups within the 75:25 (p = 0.080)
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or 50:50 (p = 0.074) cell ratio groups, though the effect was significant (p = 0.009) for the
combined groups (Fig 6e).

4. DISCUSSION
The overall aim of this work was to employ anabolic treatments to AC/FC co-cultures to
develop an in vitro culturing regimen for regeneration of TMJ fibrocartilages. This study
utilized a two-phased approach to elucidate 1) the effects of TGF-β1 and IGF-1 alone and in
combination, and in serum-based and serum-free media, on the resulting construct functional
properties, and 2) the effects of varying the supplementation regimen for the most effective
anabolic treatments. Wide variation in morphological, biochemical, and biomechanical
properties was found as a result of GF and serum treatments, and the results support the
hypothesis that modulation of anabolic treatments would result in near recapitulation of
native tissue functional properties.

Direct comparison of construct properties to native values provides validation of the
methodologies explored in this study. Values for instantaneous modulus ranged from 130–
790 kPa, while relaxed modulus ranged from 3–120 kPa, both of which approach or equal
the native values. Under unconfined compression, a investigation of the porcine disc
reported instantaneous moduli of 80–420 kPa and relaxed moduli of 17–38 kPa.[42] A
similar investigation of porcine condylar cartilage reported elastic moduli from 800–1500
kPa and equilibrium moduli from 10–23 kPa.[16] Under tension, values of Young’s
modulus from this study ranged from 0.3–1.9 MPa, significantly lower than native tissue
values, which are between 9–28 MPa for the disc and 9–29 MPa for condylar cartilage.[20]
Collagen/WW of constructs in this study (4–11%) were low compared with the native TMJ
disc (~24%), [44] though GAG/WW values in this study (0.6-12%) actually exceeded those
in the native disc (0.3–1.6%).[13,44] The observation that constructs with a wide range of
functional properties can be obtained by modulating anabolic treatments to FC/AC co-
cultures, and that several properties overlap those seen in native values, are exciting
findings. However, further optimization should be aimed at increasing collagen production
and directing collagen organization to recapitulate higher end tensile values.

In agreement with our hypothesis, TGF-β1 supplementation significantly increased
functional properties of co-culture constructs. In serum-free medium, collagen/WW
increased 18% and 24% over no GF controls for 75:25 and 50:50 co-cultures, respectively.
The effect of TGF-β1 on biomechanical properties was more robust, increasing
instantaneous compressive modulus 140% and 120%, and increasing Young’s modulus
130% and 223% for 75:25 and 50:50 co-cultures, respectively. These findings reflect those
of previous studies that show enhancement of cartilage construct properties using TGF-β1.
[41,45,46] For example, in scaffoldless cultures of articular chondrocytes, 30 ng/ml TGF-β1
increased collagen/WW by 55%, compressive modulus by 73%, and tensile modulus by
58%.[41] In contrast to its effects on FC:AC co-cultures, the effects of TGF-β1 were not as
evident on the 100% FC constructs. There were no differences in collagen/WW between GF
treatments. While instantaneous compressive modulus was significantly higher than no GF
controls (p = 0.0018), increases in relaxed modulus (p = 0.099) and Young’s modulus (p =
0.13) were not significant in TGF-β1 treated groups. These results were consistent with a
recent study by Wilson et al.[46] that showed dramatic increases in dynamic compressive
modulus in scaffoldless chondrocyte constructs with TGF-β1 supplementation compared
with more modest increases in fibrochondrocyte constructs. As a result of its positive effects
on construct functional properties, TGF-β1 treatment was selected for use in phase II on
FC:AC co-cultures. The results showed benefits for both intermittent and continuous TGF-
β1 treatment, although continuous treatment resulted in greater enhancement of construct
functional properties. It is likely that the saturation threshold for TGF-β1 in this system was
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not met by the 10 ng/ml concentration. Further experimentation with higher concentrations
and duty cycles of TGF-β1 treatment could yield further gains in functional properties.

IGF-1 did not appear to have an effect on construct properties in this study. In fact, groups
supplemented with IGF-1 were not statistically different from controls in any functional
assessment, either in the presence or absence of serum, and in addition, the combination of
IGF-1 and TGF-β1 had statistically similar effects on constructs as TGF-β1 treatment alone
for all functional assessments. This finding was surprising in light of previous work that
shows increases in matrix synthesis in fibrochondrocyte constructs, [37] and increases in
matrix synthesis and compressive properties in fibrochondrocyte and chondrocyte constructs
with IGF-1 treatment.[7,41] One explanation for this result is the presence of insulin in the
base media. Insulin is considered an essential component of serum-free media due to its role
in regulating glucose metabolism, though it also acts as a signaling molecule through
receptor tyrosine kinases similar to those for IGF-1.[47,48] A study by Bohme et al.[49] on
chondrocytes in serum-free culture noted similar regulation of cell proliferation and collagen
synthesis at identical insulin and IGF-1 concentrations. Considering that insulin is
supplemented at 6.25 μg/ml in this study, compared with IGF-1 supplementation at 5 ng/ml,
the effects of IGF-1 may be overshadowed by those of insulin.

Consistent with previous findings, [26,27] 100% FC constructs contracted greatly from
seeded dimensions, and it is therefore likely that a certain percentage of ACs is required to
aid in maintenance of shape in cylindrical molds. However, when a nonadherent center post
is incorporated into the mold, 100% FC constructs are better able to maintain their shape.
[25] It is believed that cell-derived contraction forces, directed towards the center in
cylindrical molds, are deflected circumferentially upon contact with the post, causing hoop
stresses, which are likely responsible for the resultant circumferential fiber alignment.[25]
The observed contraction could therefore be useful for TMJ fibrocartilage engineering
assuming appropriate molds, capable of directing collagen into biomimetic orientations, can
be designed for the TMJ.

For the co-cultures, the presence of serum had a detrimental effect shown by a decrease in
all functional properties. For co-cultures of FCs and ACs on PLLA scaffolds, serum is
necessary for maintenance of cellularity, [50] though in this study serum application actually
reduced cellularity in the co-cultures by 57%. In addition, the combination of serum and
TGF-β1 inhibited GAG production relative to either treatment alone. It is possible that
serum application, in addition to the myriad of nutrients and signaling molecules in the
serum-free medium, may have led to overstimulation of the chondrocytes. In the 100% FC
groups, normalized matrix production was not affected by serum treatment, but obvious
morphological differences were evident. This response suggests a role for serum in future
engineering efforts in line with the above argument outlining the utility of contraction.
Temporal application of serum could be used to induce desired morphological changes at
appropriate stages in a tissue engineering process.

This study utilized a unique scaffoldless approach in which tissue develops from a high-
density cell suspension.[24] Initial construct formation is facilitated by non-adherent agarose
molds, which promote spherical cell morphology and cell-to-cell interactions.[51] However,
within days of seeding the developing matrix is sufficiently robust to support the construct
without the aid of the agarose, allowing constructs to be removed from the mold to grow in
well plates while submerged in culture medium. This approach avoids a number of scaffold-
related issues, including toxic degradation products and stress shielding.[24] In addition,
there is evidence suggesting the progression of tissue maturation in this approach more
closely follows known developmental processes for native cartilaginous tissue.[51] Though
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agarose was utilized in this study, similar results could be expected using other gels so long
as they do not allow cell attachment.

As discussed in the introduction, this is a model system for translational use with clinically
viable cells sources. Though it is possible that stem cells may respond differently to the
combinatory treatments explored in this study, our expectation is that cells, differentiated
along chondrocytic and fibrochondrocytic lineages, will respond in an analogous manner.
Supporting this hypothesis is early results with differentiated human embryonic stem cells
that suggest a serum-free, TGF-β1-containing medium best promotes fibrocartilaginous
construct formation.[52] Further obstacles, such as attachment and integration in the TMJ,
must also be addressed, and overcoming these remains a primary focus among the
community of researchers involved with TMJ regeneration.[6]

In conclusion, this study assessed the effects of TGF-β1 and IGF-1, alone and in
combination, in the presence or absence of serum, on three ratios of FCs and ACs, leading to
construct functional properties approaching those of native TMJ fibrocartilages. Continuous
treatment with TGF-β1 in the absence of serum was found to promote the greatest
enhancement of ECM synthesis and biomechanical properties in FC/AC co-cultures. Future
studies should use this treatment, in combination with mechanical stimulation such as
hydrostatic pressure and direct compression, to further enhance collagen synthesis and
tensile properties in fibrocartilage constructs. Direct translation of these findings towards the
development of treatments for TMD will be realized through application of these strategies
to clinically viable cells sources.
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Figure 1.
Top and side views of phase I constructs after 4 wks of culture; scale markings are in mm.
The 100:0 constructs contracted significantly from the original 5 mm diameter, while serum
supplementation led to a spherical morphology. The 75:25 and 50:50 constructs were of
similar size. TGF-β1 supplementation led to smaller constructs than IGF-1 supplementation
alone or no GF treatment in co-culture constructs.
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Figure 2.
Top and side views of phase II constructs after 4 wks of culture; scale markings are in mm.
Progressively greater contraction was observed with increased TGF-β1 supplementation.
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Figure 3.
Histological analysis of constructs from phase I. Picrosirius red stain for collagen (a) and
safranin-o/fast green stain for GAG (b). IGF-1 and GF combination images were not shown
due to their similarity to no-GF and TGF-β1 images. Bar represents 250 μm.
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Figure 4.
Histological analysis of constructs from phase II. Collagen (a) and GAGs (b) were present
throughout the constructs. Collagen staining was more intense in TGF-β1 treated constructs
than in no GF constructs. Bar represents 250 μm.
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Figure 5.
Biochemical and biomechanical properties of constructs from phase I. Quantity of Collagen/
wet weight (a) and GAG/weight (b) were higher for the co-culture groups than for the 100%
FC groups. TGF-β1 treatment significantly increased instantaneous (c), relaxed (d), and
Young’s moduli (e) relative to IGF-1 and no GF treatment. Dashed lines represent native
human TMJ disc values obtained using similar equipment and testing and analysis methods.
[53] Columns and error bars represent means and standard deviations. Letters denote
significance among treatments within each cell ratio. Groups denoted by different letters are
significantly different (p < 0.05).
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Figure 6.
Biochemical and biomechanical properties of constructs from phase II. Collagen/WW (a)
was greater with increasing TGF-β1 treatment, though GAG/WW (b) was not affected by
TGF-β1 supplementation. Instantaneous (c), relaxed (d), and Young’s moduli (e) were
higher with continuous and intermittent TGF-β1 supplementation than without GF
treatment, and intermittent treatment led to increased biomechanical properties relative to no
GF treatment. Letters denote significance within each cell ratio. Groups denoted by different
letters are significantly different (p < 0.05).
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