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ABSTRACT

The extracellular matrix (ECM) functions hierarchically: macroscopically, it
supports the tissue under physiologic loading and microscopically, it acts as a physical
cue for the native cell population. Combining these perspectives of an orthopedic tissue,
like cartilage, provides comprehensive knowledge of the tissue as a whole. In this
dissertation, PA gels were adapted to study cartilage ECM to understand its function at
the tissue level and as a physical cue in the cellular microenvironment. Layered PA gels
were used to emulate the stratified material properties of articular cartilage and develop a
mathematical model of the loading behavior of intact stratified materials. This model,
when applied to articular cartilage, led to the finding that osteoarthritis results in a loss of
stratified architecture and an increase in the homogeneity of cartilage ECM.
Homogeneous PA gels were used in cellular mechanosensing studies as a physical cue to
determine the effect of ECM stiffness on chondrocyte differentiation. Chondrocyte gene
expression in ATDC5S cells, murine chondrocytes, and mesenchymal stem cells were
specifically induced on substrates that mimicked the stiffness of articular cartilage ECM.
Addition of exogenous TGFp to cartilage-like substrates induced a synergistic induction
in chondrocyte specific gene expression. Chondroinduction on cartilage-like substrates
requires autocrine TGFB1 expression. Smad3 phosphorylation, nuclear localization, and
transcriptional activity are also induced on cartilage-like substrates. When TGFf is
added exogenously, synergistic induction of chondrocyte gene expression becomes
Smad3 independent, acting instead through the p38 MAPK pathway. Combining
macroscopic and microscopic perspectives of cartilage ECM from this dissertation may

be parlayed into novel therapies and tissue engineering strategies.
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CHAPTER 1

Introduction

Osteoarthritis (OA) is a detrimental disease currently affects over 27 million
Americans (Lawrence et al., 2008). The disease is marked by cartilage degradation,
synovial fibrosis, and osteophyte formation in the subchondral bone (Goldring and
Goldring, 2007). As cartilage degrades, the material properties of cartilage are
diminished, including the stiffness, viscoelastic properties, and overall thickness (Knecht
et al., 2006). While the true cause of the disease is unknown, OA has both physical and
genetic risk factors. Conditions that generate unnatural loading, including obesity, joint
injury, muscle weakness, and joint malalignment, have been identified as risk factors for
OA (Aigner and Dudhia, 2003; Goldring and Goldring, 2007; Li et al., 2007a). Genome
studies and animal models have also identified specific polymorphisms and mutations
that increase susceptibility to OA. Regardless of the impetus, the disease progresses
similarly, suggesting a common mechanism underlying the development of OA from
physical or biochemical cues.

The difficulty in identifying the mechanism of OA is further compounded by the
strong relationship between the physical and biochemical components of this tissue.
Cartilage mechanical function correlates strongly with the biochemical structure of the
extracellular matrix (ECM), composed of a dense mesh of collagen Il enclosing large
proteoglycans, like aggrecan (Knecht et al., 2006). Negatively charged groups on the

proteoglycans attract cations, creating a positive osmotic pressure which causes the tissue



to swell (Hu and Athanasiou, 2003). In selective degradation experiments, the two main
components of cartilage ECM, collagen Il and proteoglycans, were found directly
responsible for the tissue’s dynamic instantaneous and static equilibrium properties,
respectively (Knecht et al., 2006). Therefore, the biochemical structure of cartilage
matrix is tied directly to the mechanical function of the tissue.

Chondrocytes themselves are also tightly controlled by physical and biochemical
cues. Numerous studies have shown that externally applied physical cues, like cyclic
loading, intermittent hydrostatic pressure, shear and low intensity ultrasound, increase
chondrocyte proteoglycan production in vitro (Grad et al., 2011; McCormack and
Mansour, 1998; Nishikori et al., 2002; Parkkinen et al., 1992; Parvizi et al., 1999).
These physical cues mimic the external forces found in joints under physiological
loading. However, even though the mechanical properties of cartilage ECM are known
to be so important to the tissue’s function under applied load, little is known about how
these intrinsic physical cues affect chondrocyte behavior.

In comparison to intrinsic physical cues, far more is understood about
biochemical regulation of chondrocyte phenotype within the microenvironment. Among
the biochemical factors important in cartilage maintenance, TGF plays an important role
in all stages of articular cartilage development (van der Kraan et al., 2009). TGFp is the
earliest signal in chondrogenesis, inducing recruitment, proliferation and condensation of
chondroprogenitor MSCs (Goldring et al., 2006). Upon initiation of chondrogenesis,
TGFp stimulates anabolic production of cartilage ECM components, like collagen Il and
aggrecan in combination with Sox9, the key transcription factor in chondrogenesis.

TGFp induces Col2al mRNA by activating Sox9 through CBP/p300 recruitment in a



Smad3 dependent manner (Furumatsu et al., 2005). Aggrecan mRNA expression
requires Smad?2 activation at earlier time points and ERK1/2 and p38 MAPK activation at
late timepoints, both regulated by TGFp (Watanabe et al., 2001).

In late stages of chondrocyte differentiation, TGFp inhibits progression of
hypertrophy. In the growth plate progression of hypertrophy is controlled indirectly by
TGFB produced by perichondrium in response to Ihh and Shh, which slows the
progression of hypertrophy by stimulating production of PTHrP (Alvarez et al., 2002,
Serra et al., 1999). Hypertrophy is also directly inhibited by TGFf directly, through
Smad2/3 and HDAC4 repression of the Runx2 promoter (Ferguson et al., 2000). TGFp
also negatively regulates hypertrophic genes induced by Runx2, including Collagen X
and MMP13 (Chen et al., 2012; Zhang et al., 2004).

The role of TGFB in OA is complex. Injection of TGFp into the knee space
results in an increase in proteoglycan production and cartilage repair, but also an increase
in osteophyte formation and synovial thickening. Studies of osteoarthritic cartilage
suggest a dramatic reduction in expression of the TGFp ligand and TGFp type Il receptor
with disease (Blaney Davidson et al., 2007; Pujol et al., 2008). Mice lacking Smad3 or
expressing a dominant negative TGFp type Il receptor develop OA-like symptoms. (Serra
et al., 1997; Yang et al., 2001). Moreover, a newly identified syndrome in humans
caused by mutations in Smad3 leads to early-onset OA, underlining this signaling
pathway’s importance in healthy cartilage maintenance (van de Laar et al., 2011). While
the importance of biochemical cues like TGFp in chondrocyte differentiation and disease
has been extensively studied, the role of intrinsic physical cues presented by the cartilage

ECM in maintenance of healthy cartilage remains elusive.



Recently, intrinsic physical cues from the microenvironment, like ECM stiffness,
have been identified as powerful drivers of cell behavior. The cellular
mechanotransduction pathway hinges on a balance of forces between the external stimuli
in the microenvironment and internal cytoskeletal tension. Cellular connection to the
physical microenvironment is mediated through integrin attachment to the ECM. Upon
the application of force, integrins cluster to form focal adhesions, which activate actin
stress fiber formation and other downstream signaling molecules, like FAK, Rho
GTPases and MAPKs (Geiger et al., 2009; Kanchanawong et al., 2010; Miranti and
Brugge, 2002). These signaling molecules convert the physical signal into a biochemical
response, altering cellular behavior as a result of the external environment. Cell motility
is directed toward stiffer substrates in a phenomenon called durotaxis (Lo et al., 2000).
Cell cycle, proliferation and apoptosis were found to be directed not only by the
compliance of the extracellular matrix, but also size of attachment area (Assoian and
Klein, 2008; Chen et al.,, 1997; Huang and Ingber, 2005; Wang et al., 2000).
Interestingly, many studies have found that the stiffness of the physical
microenvironment can direct mesenchymal stem cell differentiation in to several lineages
(Engler et al., 2006; Leipzig and Shoichet, 2009; Park et al., 2011). Differentiation can
be driven toward a particular lineage by presenting a substrate that matches the stiffness
of physiological microenvironment for that lineage. For example, neurogenesis is
promoted on extremely compliant substrates that mimic the stiffness of brain tissue
(Engler et al., 2006). This phenomenon is also present in several diseases, including
cancer and liver fibrosis, in which the disease state is perpetuated by a physical cue in the

microenvironment (Butcher et al., 2009; Li et al., 2007b; Paszek et al., 2005).



Given these observations, it seems likely that the physical microenvironment of
chondrocytes acts as a signal to maintain the chondrocyte phenotype, and aberrant
physical cues could result in a development of OA. Remarkably, chondrocyte
differentiation in vitro seems to be activated by specific physical conditions.
Chondrogenesis in MSCs requires 3D culture and a rounded morphology (Guilak et al.,
2009). Chondrocyte differentiation is activated by culture in agarose, alginate, pellet
culture, and collagen gels, which induce a rounded morphology and present a stiffness
that is far more compliant than tissue culture plastic (Benya and Shaffer, 1982;
Hauselmann et al., 1994; Schulze-Tanzil et al., 2002; Takahashi et al., 2007). It seems
likely that a component of the success of these culture methods lies in presenting a better
representation of the microenvironment, and possibly the physiological stiffness,
normally found in cartilage ECM.

Polyacrylamide (PA) gels represent a classical method for simple
mechanosensing assays across an easily tunable range of stiffnesses (Wang and Pelham,
1998). Compared to the culture methods described above, PA gels would easily allow
application of molecular assays to determining the mechanisms through which stiffness
might regulate chondrocyte behavior. However, currently the range of stiffnesses
afforded by PA gels is overly compliant to properly model the stiffness of cartilage.
Chapter 3 will delve into the development of novel PA substrates that appropriately
model the stiffness of articular cartilage ECM.

Previous research has given hints as to how chondrocyte differentiation may be
regulated by ECM stiffness. Many of the same pathways involved in mechanosensing

have been identified as regulators of chondrocyte differentiation. ERK1/2 and p83



MAPK signaling plays a central role in the induction of chondrogenesis and the
regulation of aggrecan expression in chondrocyte differentiation (Stanton et al., 2003).
Inhibition of integrin, actin, FAK, and Rho colocaliztion with nitric oxide inhibits
proteoglycan synthesis in bovine chondrocytes (Clancy et al., 1997). Moreover, ROCK,
the downstream mediator of Rho GTPase, directly phosphorylates Sox9 in chondrocytes
(Haudenschild et al., 2010). On overly stiff tissue culture plastic, inhibition of the actin
cytoskeleton in vitro rescues dedifferentiating chondrocytes, indicated by an increase in
collagen Il and proteoglycan expression (Woods et al., 2007). However, in alginate bead
or explant culture, disruption of the actin cytoskeleton reduced pericellular matrix
production and proteoglycan expression, suggesting that the role of actin changes with
culture conditions (Nofal and Knudson, 2002). Woods, et al demonstrated that
Rho/ROCK signaling, which directly mediates actin stress fiber formation, regulates
chondrogenesis. However, the effect of Rho inhibition is again dependent on the culture
condition, increasing chondrocyte-specific gene expression when Rho is inhibited in
monolayer culture on plastic, but decreasing with Rho inhibition in micromass culture
(Woods and Beier, 2006). The array of responses to the loss of these mediators of focal
adhesions suggests that the chondrocyte phenotype may be tightly regulated by the
mechanosensing pathway.

Interestingly, these mechanosensing pathways also intersect with TGFp, an
important biochemical cue in articular cartilage. Integrins and internal cellular tension
can regulate TGFp ligand activation (Munger et al., 1999; Wipff et al., 2007). Once
activated, the ligand signals through a heterotetrameric complex consisting of two type |

and two type Il serine/threonine kinase receptors, that relay the signal through several



pathways. ‘Canonical’ TGFp signaling is mediated by R-Smads 2 and 3 and the common
mediator Smad4 (Wrana, 2000), but TGFp can also act through many non-Smad
pathways, including Rho/ROCK and the MAPK pathway, (Derynck and Zhang, 2003).
The overlapping pathways for TGF3 and mechanosensing mirror the complex interplay
between physical and biochemical cues in both healthy and osteoarthritic cartilage. A
further investigation into the integration of TGFB with intrinsic physical cues can be
found in chapters 5 and 6.

Therefore, in order to understand the integration between ECM stiffness and
biochemical cues, like TGFp, in the regulations of chondrocyte differentiation, we sought
to (1) determine the mechanisms involved in ECM stiffness regulation of chondrocyte
differentiation, (2) determine the mechanisms through which ECM stiffness interacts
with the TGFp pathway to regulate chondrocyte differentiation, (3) Determine the extent

to which these interactions differ through development and disease.



CHAPTER 2

Materials and Methods

Gel Substrate Preparation: The elastic modulus of polyacrylamide gel substrates was
controlled by varying the concentration of the crosslinker, piperazine diacrylamide
(PDA) (Bio-Rad, 161-0202), from 1% to 3% (w/v), while maintaining a constant 30%
(w/v) concentration of the monomer, acrylamide (Bio-Rad, 161, 0140), in a solution of
0.01M Hepes buffer. Polymerization was initiated by 10% (w/v) ammonium persulfate
(APS) added at a 1:200 dilution and enhanced by TEMED (Bio-Rad, 161-0801), added at
a 1:2000 dilution. Before adding APS, the acrylamide mixture was vortexed and
degassed for one hour. Gels were polymerized in a 1 mm thick vertical glass mold and
then stored in phosphate buffered saline at 4°C. The gels prepared in the studies
described in this dissertation spanned the stiffness range reported for articular cartilage

(Table 4.1 and 5.1).

Stratified gel preparation: To construct a stratified elastic modulus gel, a pre-
polymerized “underlying” PA gel was placed in a mold that allowed for the
polymerization of a thin “superficial” layer of PA. Compositions of the stratified gels

can be found in Table 4.2.



Measuring stratified material properties by reference point microindentation:

Reference point microindentation was performed using the Tissue Diagnostic Instrument
(TDI), an indenter previously validated against established mechanical testing methods
(Hansma et al., 2009). The TDI concurrently measures force and displacement of a
magnetically attached probe. The force generator oscillates at a set frequency of 2 Hz,
with maximum displacement of 600 um. In this study, a type V probe assembly was
used, which consisted of a flat reference probe and a flat 1 mm diameter cylindrical
indenter (Supplemental Figure 4.1) (Hansma et al., 2009; Tang et al., 2010). The
mechanical tests were performed with the PA gels fully immersed in 0.01M HEPES at
room temperature. At least 5 cyclic loading curves were sampled at 3 different sites on
each composite gel. Proprietary software, included with the indenter, was used to
determine the elastic modulus using a formula previously derived for indentation with a
flat-ended cylindrical punch (Hansma et al., 2009; Sneddon, 1965; Tang et al., 2010).
Measurements at each site were averaged and are represented graphically by a single
point. Stratified elastic moduli were compared to moduli of homogeneous gel standards
using a 95% confidence interval. Spearman rank correlation test was performed to
identify a correlation between crosslinker concentration and elastic modulus. Regression
analysis and model-fit was performed using Table Curve (Jandal Scientific Software, San

Rafael, CA).

Specimen Preparation: Human articular cartilage samples were obtained from patients in
accordance with protocols approved by the Committee on Human Research at the

University of California, San Francisco. Tibial plateaus and femoral condyles with the



subchondral bone intact were harvested and fresh frozen from a human cadaver (19yo)
and from human total knee arthroplasty with severe clinically confirmed osteoarthritis (>
60y0). Using the type V probe assembly, non-destructive indentation loads were applied
to cartilage in situ at 2 Hz within a PBS bath. Three sites each were tested on the
cadaveric sample and across two osteoarthritic samples. At least five measurements were
taken at each site. Loading curves were obtained from these measurements, and analyzed
with the software included with the indenter. For statistical analysis of the cadaveric and
osteoarthritic tissue, the average moduli and standard error of the mean were calculated
from measurements at multiple sites, each of which is an average of five measurements.
Student t-tests were used to identify statistical significance between cadaveric and

osteoarthritic cartilage samples.

Preparing PA Gels for Cell Culture Studies: Cell attachment was facilitated by
covalently attaching collagen Il (Sigma, C9301) to the polyacrylamide gel as described
previously (Reinhart-King et al.,, 2005), modified to use acrylic acid n-
hydroxysuccinimide ester (N2, Sigma, A8060). A 1.8% (w/v) solution of N2 in 50%
ethanol was diluted 1:6 into a solution containing 0.01% (w/v) bisacrylamide (Bio-Rad,
161-0142), 0.17% (w/v) Irgacure 2959 (BASF, 55047962), and 0.05 M Hepes NaOH (pH
6). Polyacrylamide gel slabs were cut into 3 cm diameter disks with a stainless steel
biscuit cutter. The gel disks were covered with 200 ul of N2 solution and sandwiched
horizontally between two large glass slides prior to exposure to UV light (306 nm) for 10
mins, followed by rinsing with PBS. Collagen Il was dissolved in 0.1 M acetic acid at a

concentration of 1 mg/ml and then diluted 1:100 in 1 M HEPES (pH 8). Each gel was
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incubated with 1 ml of the collagen Il solution at 4°C overnight in ultra-low attachment 6
well plates (Costar, 3471) with constant agitation. Gel substrates were washed once more
with PBS and allowed to equilibrate for at least 3 hours in media (50/50 DMEM/F12) at
4°C before seeding cells. Plastic controls were coated with 1 mg/ml collagen Il in acetic
acid, diluted 1:100 in sterile water for a minimum of 4 hours at room temperature. The
remaining solution was then removed and the plates were left to dry overnight at 4°C
followed by a rinse with PBS before seeding cells.

The composition of PA gels polymerized with 3% (w/v) 2-acrylamido-2-
methylpropane sulfonic acid (AMPSA) (Sigma, 282731) was adjusted to 29.3%
acrylamide and 2% PDA. AMPSA is negatively charged and therefore should
electrostatically attract proteins to the gel surface to facilitate cell attachment. 300 pl of
collagen 11 (0.5 mg/ml) dissolved in water was pooled on the top of the AMPSA gel for 1
hour before cell seeding.

To prepare PA gels for protein conjugation with hydrazine hydrate (Sigma,
225819), gels were cut into 6.5 x 9 cm slabs and placed in a glass container. PA gels
were fully immersed in hydrazine hydrate for 4 hours on an orbital shaker and then
washed with 5% glacial acetic acid. To remove any trace of hydrazine hydrate, gels were
washed in sterile water 4 times for 15 mins each on an orbital shaker. Hydrazine-treated
gels were stored for up to two months in sterile PBS at 4°C. Prior to the addition of
collagen 11, hydrazine-treated gel slabs were cut with a 3 cm diameter biscuit cutter.
Collagen 1l was dissolved in 0.1 M acetic acid at a concentration of 1mg/ml and then
diluted 1:10 in 50 mM sodium acetate buffer (pH 4.5). To oxidize the collagen, Sodium

periodate was added at a concentration of 3.6 mg/ml. The oxidized collagen solution was

11



diluted 1:5 0.1 M sodium acetate. 305 pl of the oxidized collagen solution was pooled on
the surface of each gel and incubated at room temperature for 1 hour. Gels were then
rinsed with PBS 3 times for 10 mins each, and stored in DMEM/F12 without FBS at 4°C
overnight before cell seeding. Poly-I-lysine (Sigma, P4707) was added to hydrazine-
treated gels at a concentration that matched that normally used for collagen Il protein
conjugation.

To determine the collagen Il ligand density for each substrate, an indirect ELISA
assay was performed on collagen Il coated gels and plastic using an primary mouse
antibody raised against collagen Il (C11C1, Development Studies Hybridoma Bank,
lowa) and an Alexa Fluor 488 goat-anti-mouse secondary (Invitrogen, A11029). A
dilution series of collagen Il coated on plastic, prepared as for the experimental
conditions, served as a standard curve. Fluorescence was measured in a SpectraMax M5
plate reader (Molecular Devices) and normalized to the standard curve. The given values
are averages of four replicates. Collagen densities between substrates were found to be

statistically indistinguishable through ANOVA analysis (Table 5.1).

Cell Culture: A majority of the studies used ATDCS5 cells, a murine chondroprogenitor
cell line (RIKEN, RCB0565). Growth media for ATDC5 cells consisted of 50/50
DMEM/F12 with 5% FBS and was also used for experiments lasting less than 48 hours.
Experiments lasting 7 days were performed in differentiation media consisting of growth
media supplemented with 10 ug/ml insulin (Sigma, 19278), 10 ug/ml transferrin (Gibco,

02-0124SA), 3 x 10® M sodium selenite (Sigma, S5261), and 1% penicillin/streptomycin.

12



For Alcian blue staining, differentiation media was supplemented with 25 ug/ml of
ascorbic acid (Sigma, A8960).

Primary chondrocytes were isolated from 5 day old mice, as described previously
(Thirion and Berenbaum, 2004). Briefly, cartilage from the femoral heads, tibial
plateaus, and femoral condyles were removed, cleaned of all extraneous tissue through a
serial digestion in cell culture medium, consisting of DMEM supplemented with 2 mM
L-glutamine, and 0.5% penicillin/streptomycin, with 3 mg/mL collagenase D (Roche, 11
088 858 001) twice for 45 mins, and finally overnight in cell culture medium with 0.5
mg/ml collagenase D. The remaining cell suspension was passed through a sterile 48-um
mesh and then plated directly on to experimental substrates at a density similar to that of
ATDCS cells (6000 cells/cm?). Differentiation experiments were performed in media
consisting of 50/50 DMEM/F12 supplemented with 10% FBS, 0.5%
penicillin/streptomycin, 10 pg/ml insulin, 10 pg/ml transferrin, 3 x 10® M sodium
selenite.

Mouse mesenchymal stem cells (mMMSCs) were isolated from the bone marrow of
two month old mice. Differentiation experiments were conducted in chondrogenic media
consisting of high glucose DMEM supplemented with 1% penicillin/streptomycin, 10
ug/ml insulin, 10 pg/ml transferrin, 3 x 10 M sodium selenite, 50 pg/ml ascorbic acid,
40 ug/ml L-proline, 0.1 uM dexamethasone, and 110 ug/ml pyruvate.

Growth media for human mesenchymal stem cells (hMSCs) (Lonza, PT-2501)
consisted of low glucose DMEM supplemented with 10% FBS, and 1%
penicillin/streptomycin. Experiments lasting less than 48 hours were conducted in this

media formulation.  For chondrogenesis experiments hMSCs were cultured in

13



chondrogenic media consisting of high glucose DMEM supplemented with 10% FBS, 1%
non-essential amino acids, 1% penicillin/streptomycin, 0.01 M Hepes, 10 pg/ml insulin,
10 pg/ml transferrin, 3 x 10® M sodium selenite, 160 uM L-proline, 200 M ascorbic
acid, 0.1 uM dexamethasone.

TGFB3 (Peprotech, 100-36E) was used at 5 ng/ml. Cells were treated as indicated
with the ROCKI inhibitor Y27632 (10 uM, Sigma, Y0503), the TGFp receptor type |
kinase inhibitor SB431542 (5 uM, Sigma, S4317), and the p38 inhibitor SB203580 (10

uM, Calbiochem, 559389).

Cell Characterization: Images of ATDC5 cells and MSCs attached to each gel substrate
and plastic were taken with a Zeiss Axiovert 40CFL microscope 24 hrs after seeding.
Using ImageJ, the outline of each cell was drawn and analyzed for cell area and
roundness (4 x cell_area / = x major_axis?). Each image contained approximately 100
cells. Cell confluency in each image was calculated to be less that 35%. Average
roundness and cell area were calculated for each image and found to be statistically
indistinguishable through ANOVA analysis. Values given in Table 5.1 are the averages
and standard deviations for all cells analyzed across 3 biological replicates for each

substrate.

14



Gene Sequence
Forward | TCGCCTTCCCCGGGTTTAGAGC
Sox9
Reverse GGCGGCGGGCACTTAGCAGA
Forward | ACGAAGCGGCTGGCAACCTCA
Col2al
Reverse CCCTCGGCCCTCATCTCTACATCA
Forward GTGAGGACCTGGTAGTGCGAGTGA
Aggrecan
Reverse GAGCCTGGGCGATAGTGGAATATA
Forward | AGCCCGAAGCGGACTACTAT
TGFp1
Reverse TCCCGAATGTCTGACGTATTG
Forward | ACCAAGTGCATTACCATCC
Smad3
Reverse CAGTAGATAACGTGAGGGAGCCC
Forward ACGGCTTGCTGCCTTCGCAT
L19
Reverse AGGAACCTTCTCTCGTCTTCCGGG
Forward GCGGCTTGGTGACTCTAGATA
18S
Reverse GAATCGAACCCTGATTCCC

Table 2.1: Primers for SYBR-green detection of mouse

sequences by quantitative RT-PCR analysis.

QPCR: RNA was
isolated using RNeasy
column purification
(Qiagen, 74104).
RNeasy lysis buffer was
added to both gel and
plastic conditions and
RNA  was isolated
according to

manufacturer’s
instructions, including an
on-column DNase
treatment. The
concentration and purity
of RNA was determined
using a Nanodrop ND-

1000 Spectrophotometer

(Thermo Scientific). Approximately 1 ug of RNA was converted to cDNA in a reverse

transcription (RT) reaction using the iScript cDNA Synthesis Kit (Bio-Rad, 170-8891).

Quantitative PCR analysis of each sample was performed in a C1000 Thermal Cycler

with CFX96 Real-Time System (Bio-Rad). Forward and reverse intron-spanning primers

(Table 2.1) and iQ SYBR-Green Supermix (Bio-Rad, 170-8882) were used to amplify

each cDNA of interest. Each sample was run in duplicate and all results were normalized
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to the housekeeping genes 18S or L19. Fold changes in gene expression were calculated
using the delta-delta Ct method (Livak and Schmittgen, 2001). Figures show the mean
and standard deviation for a representative experiment, each of which was repeated
independently at least three times. For statistical analysis, average expression and
standard error of the mean were calculated for each condition from multiple biological
replicates, each of which is an average of two technical replicates. ANOVA analysis

followed by Student Newman Keuls test was used to evaluate statistical significance.

Alcian Blue Assay: ATDCS5 cells cultured on plastic and gel substrates for 7 days were
analyzed for proteoglycan production using an Alcian blue assay. Collagen Il-coated
plastic and gel substrates without seeded ATDC5s were used as negative controls. All
substrates were rinsed with cold PBS, fixed for 30 minutes in 4% formalin, rinsed with
deionized water, equilibrated in 3% glacial acetic acid for 30 minutes, stained with 0.1 %
Alcian blue dissolved in 3% glacial acetic acid (pH 2.5) for 30 minutes with constant
agitation, and rinsed with 3% glacial acetic acid 3 times for 30 minutes each. Images
show the area on each substrate with the greatest concentration of staining and are
representative of 3 or more biological replicates. Because gel substrates interfered with
the traditional spectrophotometric analysis of Alcian blue staining, quantitative analysis
was performed by thresholding across all substrates to select stained regions, from which
pixel area was calculated. Values reflect mean fold change in stained area relative to
cells grown on plastic. ANOVA analysis followed by the Student Newman Keuls test

was used to evaluate statistical significance.
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ELISA: Media was harvested from ATDC5 cells cultured on either gel or plastic
substrates for 48 hours as indicated. TGFB1 levels were analyzed using an ELISA kit
(R&D Systems, MB100B) according to the manufacturer’s instructions. The kit detects
total TGFB1 levels and does not distinguish between active and inactive ligands. All data
was normalized to cell number and compared to a blank sample containing only media.
Figures represent the average and standard deviation for three or more biological
replicates. Spearman rank analysis was used to evaluate the significance of the observed

trend.

Transfection and Luciferase Assay: For transient transfection and luciferase assays, cells
were seeded into 6 well dishes and transfected at approximately 80% confluency with a
total of 1 nug of a (SBE)4-luc reporter plasmid (Zawel et al., 1998) in 100 pul of pre-
warmed OptiMEM with 5 ul of FUGENE 6 Transfection Reagent (Roche, 11 814 443
001). All cells were cotransfected with an equivalent amount of total DNA including 0.5
ug of pRK5-BGal reporter construct, which constitutively expresses [-galactosidase
(Feng et al., 1995). The next day, media was changed prior to commencement of the
indicated experimental conditions. At the completion of the experiment, cells were
washed twice with PBS and lysed using 300 ul of Reporter Lysis Buffer (Promega,
E397A). Lysates were cleared by centrifugation and assayed for luciferase and B-gal
activity according to the manufacturers’ protocols (Promega and Tropix, respectively).
Luciferase is expressed relative to B—galactosidase expression to normalize for technical
variability. Figures represent averages and standard deviations of three biological

replicates. Student’s t test was used to evaluate statistical significance.
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Smad3 Ablation: ATDCS cells plated in T75 flasks were infected by adding media
containing lentivirus constructs that express either a pLKO.1 puro Smad3 shRNA
(Sigma, NM_016769.2-1430s1c1) or a non-targeting ShRNA sequence (Sigma, SHC002),
which was used as a negative control. Lentivirus was produced in the UCSF Lentiviral
RNAI Core. The day after infection, cells were seeded on to either plastic or gel
substrates for 8 h prior to addition of selection media containing 2 pug/ml of puromycin.

Following selection, TGF was added as indicated.

Western Blot Analysis: ATDCS5 cells were serum starved (50/50 DMEM/F12, 0.2% FBS)
for 4 hours prior to treatment with TGFJ for 45 minutes. Whole cell lysates were
collected in 1x RIPA buffer (10 mM Tris pH 8, 1 mM EDTA, 1 mM EGTA, 140 mM
sodium chloride, 1% Triton X100, 0.1% sodium deoxycholate, 0.1% SDS) supplemented
with, 5mM NazVO,, 10mM NaPP;, 100mM NaF, 500uM PMSF, and 5mg/ml eComplete
Mini protease inhibitor tablet (Roche 11 836 153 001). Lysates were sonicated three
times for 5 seconds each, clarified by centrifugation, and assessed for protein
concentration using a Bradford assay. Protein was separated on 8.5% SDS-PAGE gels
and transferred to nitrocellulose membranes. Blots were probed with the following
primary and secondary antibodies: p-actin (Abcam, ab8226), Smad2/3 (Santa Cruz,
sc8332), pSmad3 (a gift from Dr. E. Leof), p38 (Cell Signaling, 9218), pp38 (Cell
Signaling, 9211), and anti-mouse and anti-rabbit secondary antibodies that were
conjugated to 680 or 800CW IRDye fluorophores detected using a Licor infrared imaging
system (Licor, 926-68020 and 926-32211). Blots shown are representative of multiple

technical replicates of at least 2 independent experiments for each condition.
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Immunofluorescence: Cells were cultured as indicated on collagen Il-coated gel or glass
substrates in 8 well Lab-Tek chamber slides (Nunc, 177402), with and without TGF( for
45 mins prior to harvest. Cells were washed in PBS twice, followed by fixation in 4%
paraformaldehyde in PBS for 15 min at room temperature. After three PBS washes, cells
were permeabilized in PBS with 0.5% Triton X-100 for 5 mins and washed again
(3xPBS). Cells were blocked for 1 hour (PBS, 10% goat serum, and 0.5% Triton X-100)
prior to overnight incubation with Smad2/3 antibody (Santa Cruz, sc8332) diluted 1:400
in PBS, 2% goat serum, and 3% Triton X-100 at 4°C in a humidifying chamber. After
three PBS washes, cells were incubated with the secondary goat anti-rabbit Alexa Fluor
488 (Invitrogen, A11034) diluted 1:400 in PBS with 2% goat serum and 1.5% Triton X-
100 for 1 hour at room temperature, followed by another three washes with PBS.
Rhodamine phalloidin (Invitrogen, R415) was diluted to 1:800 in PBS and incubated with
fixed cells for 20 min at room temperature. Finally, cells were washed with PBS three
times and the well walls removed. For cells cultured on glass, the gasket was removed
before adding Slowfade Gold mounting medium with DAPI (Invitrogen, S36939) and
covering it with a coverslip. For cells cultured on gels, the gasket was left attached and
mounting medium was added to each gel before applying the coverslip. Cells were
visualized using an Olympus IX Widefield Microscope. Images were processed in Image
J. The averages and standard deviations shown in the figure represent the percentage of
cells with nuclear localized Smad2/3 in several images taken across 3 biological
replicates for each substrate. ANOVA analysis followed by the Student Newman Keuls

test was used to evaluate statistical significance.
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CHAPTER 3

Development of Cell Culture Substrates that Mimic the Stiffness Articular Cartilage

Introduction

Physical cues are powerful drivers of cell behavior. Fluid flow, cyclic stretch, cell
shape, topography, and ECM stiffness can direct cellular behavior in a manner that
mirrors biochemical regulation (Assoian and Klein, 2008; Chen et al., 2001; Engler et al.,
2006; Geiger et al., 2009; Wang and Thampatty, 2006). Specifically, the physical cue of
stiffness has been shown to regulate migration, through durotaxis, cell proliferation,
differentiation, and disease state (Assoian and Klein, 2008; Engler et al., 2006; Paszek et
al., 2005; Wells, 2008). Notably, the ECM stiffness of several tissues activates the
differentiation of its native cell type (Engler et al., 2006; Flanagan et al., 2002; Georges
and Janmey, 2005). For example, myocyte differentiation is induced by culture on a ~10
kPa substrate, which mimics the stiffness of muscle tissue (Georges and Janmey, 2005).
Cartilage ECM stiffness is highly specified, affording it resilience under a variety of
loads in the articulating joints. As with other tissues, cartilage ECM stiffness likely acts
as a physical regulator to influence chondrocyte differentiation.

In studying a cellular mechanosensing mechanism, it is of the utmost importance
to understand the mechanics of the tissue to be modeled. Refined understanding of the
physical cue and the mechanics of the tissue to be studied is important to correctly
interpret the results of cellular mechanosensing studies. Cartilage is a relatively simple
tissue, its matrix composed of only a few major components lacking blood vessels or

other complex architecture, and housing a single cell type (Hu and Athanasiou, 2003).
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However, the mechanics of cartilage ECM are complex. It is viscoelastic and highly
strain rate dependent; therefore it’s dynamic elastic modulus is 10-20 fold higher than its
static equilibrium modulus (Kiviranta et al., 2008; Knecht et al., 2006; Setton et al.,
1999). As we wish to study the mechanisms involved in passive regulation of
chondrogenic differentiation by the ECM in the absence of loading, the stiffness under
static loading is the more appropriate parameter to model. Moreover, the stiffness is also
affected by the length scale of the testing regimen. The stiffness measured at the
micrometer scale is 10-fold greater than at the nanometer scale (Stolz et al., 2009). The
length scale at which a cell sense stiffness, while still under debate, is believed to be 10-
100 um (Buxboim et al., 2010; Lin et al., 2010). Therefore, we believe measurements of
the mechanical properties of cartilage ECM at the microscale may represent the best
representation of the forces felt by chondrocytes in vivo under static conditions. When
the work described in this dissertation began, there were no studies of how substrate
stiffness affected chondrocyte differentiation. The substrates normally used to study
mechanosensing mechanisms were far too compliant to model the stiffness of articular
cartilage. Therefore, a substrate was needed that spanned the stiffness range of cartilage
(~0.5 MPa)(Kiviranta et al., 2008).

In this chapter, I will describe the development of polyacrylamide (PA) substrates
with stiffnesses in the MPa range in order to model the mechanical behavior of cartilage
ECM and study the mechanisms through which stiffness primes the TGFf pathway to

regulate chondrocyte differentiation.
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Results

Piperazine diacrylamide PA gel properties

PA gels are an established substrate used in cellular mechanosensing studies. Normally,
PA gels are crosslinked with bisacrylamide, but this gel composition can only reach a
stiffness of 10 kPa (Griffith and Swartz, 2006), well below the MPa range required for
modeling cartilage ECM (Kiviranta et al., 2008). In order to model the stiffness of
articular cartilage, gels that can obtain stiffnesses into the MPa range are required.

Piperazine diacrylamide (PDA) is a crosslinker normally used in SDS-PAGE gels
to reduce pore size and increase the gel’s mechanical strength without significantly
affecting polymerization protocols (Wiersma et al., 1994). Gels polymerized with PDA
have been used to make gels with stiffnesses of up to 20 MPa (Wiersma et al., 1994).
PDA was therefore incorporated into the PA gels used in this study to achieve stiffnesses
in the MPa range.

The common protocol for preparing PA gels for cellular mechanosensing studies
calls for the gels to be polymerized as a very thin layer attached to a coverslip activated
by aminopropyl trimethoxysilane (Damljanovic et al., 2005). However, gels
polymerized with PDA swell considerably after polymerization and will completely
detach from their coverslip backing within a few hours. Coverslips aid in the
manipulation of very compliant gels, but the gels produced with PDA are of such a robust
stiffness that there is no need for a rigid support. Therefore, PDA gels were polymerized
as a slab in Imm thick vertical glass mold and cut to fit 6 well plates with a 3 cm biscuit
cutter. PDA gels prepared in this manner were robust and easily manipulated with

tweezers without a coverslip backing.
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Identifying the stiffness of PDA polyacrylamide gels

The stiffnesses of PDA gels of various compositions were tested using several
mechanical testing regimens. As expected the elastic moduli of the PDA gels increased
with increasing crosslinker concentration (Figure 3.1). Similar results were obtained for
both static (nanoindentation, AFM, unconfined compression) and dynamic
(microindentation) loading on PDA gels suggesting that the gels were extremely elastic
and strain rate had very little effect on its mechanical properties. This is in stark contrast

with cartilage, which varies with the stain rate (Kiviranta et al., 2008; Knecht et al.,
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Figure 3.1: PA gel stiffness determined by several mechanical testing methods.
PA gel stiffness was measured using microindentation, unconfined compression,
atomic force microscopy, and nanoindentation. Increasing the crosslinker
concentration increased PA gel stiffness.

2006). As all cellular differentiation studies will be done under static conditions the PA
gel stiffness measured by a static testing regimen will be matched to the same property in
articular cartilage.

Several testing regimens at different length scales were used to identify the
stiffness of PDA gels. The stiffness measured by nanoindentation was selected as the

most relevant because it is measured at the microscale, similar to the length scale at
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which cells mechanosense their microenvironment (Buxboim et al., 2010; Lin et al.,
2010). PDA gels with stiffnesses that fell within the range reported for articular cartilage
as measured by nanoindentation were selected for cellular mechanosensing studies. It is
important to note that PDA gel stiffness is affected by temperature and osmolarity of the

surrounding solution (Damljanovic et al., 2005).

Preparing PA gels for ligand attachment

PA gels, originally used to separate protein samples for western blots, are resistant
to protein attachment. To facilitate cellular attachment, ligands must be covalently
bonded to the surface of a PA gel. There are currently several methods to chemically
bond ligands to the surface of PA gels. For a list of the most common methods see
(Kandow et al., 2007). Only a few were investigated in this dissertation. First, gels were
polymerized with 2-acrylamido-2-methylpropane sulfonic acid (AMPSA), which is
negatively charged. Incorporation of AMPSA should electrostatically attract proteins to
the gel surface without requiring a conjugation reaction (de Rooij et al., 2005; Kandow et
al., 2007). However, in our hands, cell attachment using this approach was poor (Figure
3.2).

A second method of protein conjugation investigated for this dissertation was the
hydrazine method (Damljanovic et al., 2005; Kandow et al., 2007). Hydrazine converts
acrylamide within the gel into hydrazide groups that react with aldehydes and ketones on
oxidized collagen, forming a chemical bond. This method is relatively simple, requiring
submersion of a prepolymerized gel slab in hydrazine for 4 hours. While the acrylamide

groups on the surface of the gel were expected to convert to hydrazide groups, gels that
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Plastic AMPSA Hydrazine - PLL Hydrazine - Collagen IT

R
0

Figure 3.2: PA gel protein conjugation method comparison. Protein conjugation methods
were compared to plastic controls. PA gels polymerized with AMPSA and PA gels treated with
hydrazine and poly-L lysine had poor cell attachment compared to gels treated with hydrazine
and collagen I1.

were broken or cut after the hydrazine treatment revealed that the conversion occurred
through the entire thickness of the gel. Although this method was robust and simple, it
proved to be unreliable. Successful protein conjugation required several chemical
reactions: conversion of acrylamide into hydrazide groups with hydrazine, oxidation of
the ligand to form aldehydes and ketones, and reaction of the hydrazide groups with the
oxidized ligand to form a covalent bond. If protein conjugation was unsuccessful, and
cellular attachment was poor, there was no indication as to which of these reactions had
failed, making the protocol difficult to troubleshoot. Moreover, hydrazine is highly
flammable and toxic, requiring thorough rinsing to remove any trace of hydrazine before
cell seeding.

The protein conjugation protocol we ultimately selected to facilitate cellular
attachment is based on a method using N-succinimidyl ester of acrylaminohexanoic acid
(N6) described in Reinhart-King et al. and adapted by the Weaver lab (Kandow et al.,
2007; Reinhart-King et al., 2005). The selected protocol substituted acrylic acid n-
hydroxysuccinimide ester (N2) for N6, as N2 is similar to N6 and commercially
available. N2 polymerizes to the surface of the gel when combined with bisacrylamide

and Irgacure and exposed to UV light. To improve reaction efficiency the concentrations

25



of N2 and Irgacure were increased to improve ligand binding and increase the speed of
the reaction. The n-hydroxysuccinimide ester (NHS) group of N2 reacts with amine
groups on proteins forming a covalent bond between the ligand and the gel under basic
conditions. Therefore, this method requires no pretreatment of the ligand to prepare it for
the conjugation reaction. With fewer reactions, this protocol is easier to troubleshoot and
far more reliable. Moreover, as only a small amount of N2 solution is used on the surface

of the gel, less rinsing is required to clean the gel before cell seeding.

Ligand Selection

As the N2 method allows almost any protein to be covalently bonded to the surface of the
PDA gel, the attachment ligand had to be carefully selected to provide good attachment
and optimize chondroinduction on the substrate. The most common protein used in
mechanosensing studies is collagen I. However, collagen | has been shown to promote
dedifferentiation in chondrocytes (Nehrer et al., 1997; Veilleux et al., 2004). Therefore,
even though collagen | may be a common choice among mechanosensing studies, it was
excluded for this study. Poly-L-lysine (PLL) is also a common cell attachment ligand,;
however, PA gels conjugated with (PLL) resulted in poor attachment (Figure 3.2).
Because of its chondroinductive properties, collagen Il was selected as the gel ligand.
Collagen 11 is similar to collagen I, making it an easy substitute for many ligation
reactions that call for collagen 1. Exceptional cell attachment was achieved on gels
conjugated with collagen Il, comparable to that on tissue culture plastic (Figure 3.2).
Although cells will not attach to PA gels without a ligand present, we have found

cells will adhere, although weakly, to gels that have been coated with collagen in the
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Figure 3.3: Passive protein coating allows weak and first and gradually detached

transient cell attachment to PA gels. Hydrazine-treated PA ) )

gels were coated with either oxidized collagen Il (which over time (Figure 3.3). A

allows formation of a covalent bond) or untreated collagen 1l

(passively coated). ATDCS cells adhered to both gels on day similar result was seen on PA

1, but cells attached to the passively coated gel gradually

detached by day 5. gels treated with FBS in the

absence of ligand coating or protein conjugation (data not shown). Therefore, it seems

that ECM proteins in the FBS will weakly adhere to the PA gel and allow transient cell

attachment. This also suggests that even with proper protein conjugation, treating gels

with FBS prior to cell seeding may weaken cell attachment because of the availability of

non-covalently linked proteins. Moreover, an overabundance of collagen II, that

overwhelms the available N2 groups leaving excess weakly-adhered collagen, would

have a similar negative effect on cellular attachment. Therefore, care should be taken in

adjusting collagen Il concentration for cell mechanosensing studies. It is important to

note that along with inaccurate measurement, dissolving lyophilized proteins, especially
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collagen, in solutions at room temperature can lead to loss of protein to the container and
therefore inaccurate concentrations. To ensure accuracy of prepared solutions, add

lyophilized collagen to solvents kept at 4°C.

Molecular biology methods applied to PDA gels

As a result of several noted complications in working with PDA gels, a few adjustments
were made to adapt molecular biology methods to this cell culture system. PDA gels will
absorb and retain cell culture media during culture. Even after thorough rinsing, PDA
gels retain excess media, which leaches out during RNA or protein harvest. Media
contamination is known to adversely affect RNA isolation, therefore, while RNA was
successfully isolated from PDA gels using both QIAGEN RNeasy and Trizol Purelink
protocols, care should be taken to rapidly harvest cells from gel substrates to minimize
media contamination. For protein isolation, media contamination is not as detrimental,
but lysate volume does increase on gel substrates from media leaching if cells are not
isolated rapidly.

Alcian blue stains are also adversely affected by media retention in PDA gels,
specifically because the phenyl red creates a background on gels substrates that makes
comparisons with plastic controls difficult. Using a phenyl red-free media avoids this
background issue, but a cell-free gel substrate should still be used as negative controls to
identify the level of background staining. Moreover, Alcian blue is a pH sensitive dye
that requires a pH of 2.5 to effectively stain proteoglycans. During the fixation in
preparation for Alcian blue staining, gels will absorb and retain formaldehyde, which,

with its high pH, will shield proteoglycans on the gel surface from being stained
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effectively. Soaking gel substrates in glacial acetic acid (pH 2.5) for 30 mins after
fixation but before Alcian blue staining will reduce the pH and eliminate the shielding
effect, allowing accurate staining.

Spinfection, the process of using centrifugation to speed viral infection, has failed
on gel substrates several times, possibly because the viral particles are absorbed into the
gel without successful infection. It is advised that cells should be pre-infected on tissue
culture plastic before seeding on gel substrates to achieve more efficient infection.

Due to the thickness of the PA gels, mounting for immunofluorescence imaging is
cumbersome. Using a chamberslide with a 1mm thick gasket allows the gels to be
mounted between a coverslip and glass slide, creating a compartment that securely
mounts the gels and shields against drying. It is also important to note that the gels
fluoresce when exposed to certain excitation wavelengths (particularly 540-560 nm).
Therefore, an 1gG control must be set up for each condition to allow comparison between

gel substrates and plastic controls.
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Discussion

In summary, we have developed a cell culture substrate that closely mimics the
stiffness of articular cartilage by substituting piperazine diacrylamide for the normal
crosslinker, bisacrylamide. Several ligation methods were explored and the N2 method
was determined to be the most reliable. Collagen Il was selected as the most appropriate
ligand for cell mechanosensing studies in chondrocytes.

The PA gels developed in this chapter are versatile and mechanically robust,
allowing mechanistic studies in the range reported for articular cartilage. However, there
are several limitations to this culture system. First off, as PA gels resist protein coating,
culture on these substrates hinges on successful protein conjugation methods which, as
described previously can be very cumbersome. Moreover, PA gels require that cells be
cultured in monolayer. The toxicity of unpolymerized acrylamide and the heat generated
during polymerization makes embedding cells in PA gels impossible. 2D culture, while
ideal for many molecular biology assays, is not necessarily representative of the 3D
environment present in vivo (Baker and Chen, 2012; Janmey and Miller, 2011).

The following chapters will use these newly developed PA gels to study the
mechanical properties and cellular mechanosensing mechanisms of articular cartilage. In
Chapter 4, layered PA gels are used to model the stratified moduli of articular cartilage.
In Chapters 5 and 6, ATDC5s, primary murine chondrocytes, and hMSCs are cultured on
homogeneous PA gels to identify the mechanisms through which substrate stiffness and

TGFp interact to direct chondrocyte differentiation and chondrogenesis.
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CHAPTER 4

Depth-Dependent Modulus of Articular Cartilage Approaches Homogeneity with

Osteoarthritis

Introduction

The unique structure and composition of articular cartilage affords it resilience
under the multifaceted loads in the articulating joints. Negatively charged proteoglycans,
enmeshed in a collagen network maintain positive fluid pressure by attracting solutes,
affording cartilage resilience even after prolonged loading (Kwan et al., 1984). This
highly specified extracellular matrix is also inhomogeneous, consisting of layered
variations in its composition and microstructure through its depth from the surface of
articular cartilage to the bone cartilage interface (Matukas et al., 1967). The mechanical
behavior of cartilage is determined by its matrix composition and organization, and
therefore these stratified microstructural zones provide the tissue with varying elastic
moduli which increase through the depth of the tissue (Broom, 1984; Kempson et al.,
1970; Wilson et al., 2007). Each zone affords cartilage resistance to a particular kind of
loading, from shear stress by the collagen-rich superficial zone to sustained loads by the
proteoglycan-rich deep zone (Kempson et al., 1970; Klein et al., 2003; Roth and Mow,
1980; Woo et al., 1980). Therefore, stratification, in matrix composition and in elastic
modulus, allows articular cartilage to function under variety of loads.

Osteoarthritis (OA), a disease that currently afflicts 50 million Americans, is

characterized by pronounced structural change in articulating joints, including an
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increased subchondral plate thickness and marked degradation of articular cartilage
(Blaney Davidson et al., 2007; Goldring and Goldring, 2007; Kleemann et al., 2005;
Wang et al., 2011a). In studies of either osteoarthritic or enzymatically digested
cartilage, the material properties, both elastic and viscoelastic, strongly correlate with the
progression of the matrix degradation (Knecht et al., 2006). Particularly, the change in
the elastic modulus of cartilage has been reported to coincide with a loss of proteoglycan
content within the extracellular matrix (ECM) (Kiviranta et al., 2008; Kleemann et al.,
2005).

The degradation of cartilage matrix material properties with OA is usually
determined by macroscopic testing or high resolution AFM-based indentation, both of
which fall short of identifying changes in the stratified structure of cartilage ECM
(Darling et al., 2010; Imer et al., 2009; Kleemann et al., 2005; Knecht et al., 2006; Li et
al., 2006; Stolz et al., 2009). A few pioneering studies have successfully assessed the
stratified modulus of healthy articular cartilage, primarily by optically tracking individual
chondrocytes as the tissue is compressed (Chen et al., 2001; Chen et al., 2001; Guilak et
al., 1995; Schinagl et al., 1997; Wang et al., 2002; Wang et al., 2001). Although these
previous studies have shown that cartilage deformation and strain vary with depth, to our
knowledge there is no testing method that allows the direct identification of the modulus
of each layer of articular cartilage in situ. Moreover, the effects of OA on the depth-
dependent moduli of articular cartilage remain to be described.

In order to further understand the stratified depth-dependent behavior of cartilage,
we propose a new constitutive relationship, calibrated using a stratified gel system with

known depth-dependent mechanical properties, to determine the modulus changes in situ
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in multilayered materials. This approach will allow us to test our hypothesis that

osteoarthritis diminishes the stratified material properties of cartilage ECM.
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Results

Identifying the elastic m odulus of intact stratified gels.

In order to model the elastic modulus of articular cartilage, polyacrylamide gels

were developed that spanned a range of moduli from 0.2 to 1 MPa (Table

4.1). Homogeneous PA gels with this range of
compositions have been used previously as
standards for cartilage material properties (Hansma
et al., 2009; Li et al., 2011). In order to determine
if the elastic modulus of an underlying layer could
be accurately measured by microindentation, four
stratified gels were prepared; their composition is

described in Table 4.2. The superficial layer was

Crosslinker Conc. (w/v)
Top Layer Bottom Layer

Gel A 0.5% 0.5%

Gel B 0.5% 1%

Gel C 0.5% 2%

Gel D 0.5% 4%
Table 4.2: Composition of stratified
polyacrylamide gels. Stratified

polyacrylamide gels were assembled from gels
with  identical compositions to  the
homogenous gel standards.

Crosslinker Conc. (w/v) | Elastic Modulus (MPa)

0.5% 0.21 (+-0.004)

1% 0.42 (+-0.01)

2% 0.89 (+-0.01)

4%

Table 4.1: Elastic moduli of
homogeneous polyacrylamide gels.
The elastic moduli of homogeneous
polyacrylamide gels were determined
by the TDI to be used as standards in
stratified gel measurements.

2.00 (+-0.03)

always prepared with a crosslinker
concentration at or below that of the
underlying layer, producing a compliant
superficial layer over a stiffer underlying
layer (Figure 4.1A). A typical force
displacement curve of a stratified gel is
represented in Figure 4.1B, whereas a

representative force displacement curve of a

homogeneous gel is shown in the inset. The stratified gels appear to behave like two

springs in series, with the apparent modulus (proportional to the slope of the loading

curve) shifting from that of the compliant superficial gel to that of the stiffer underlying
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Figure 4.1: Superficial and underlying moduli of stratified gels. Stratified gels were
assembled from two homogenous polyacrylamide gels, polymerized in series, with a thin
superficial layer (~ 260 um) and a thick underlying layer (~ 1050 um) (A). In a representative
force deformation curve of a stratified gel, two distinct slopes can be identified that correlate with
the expected modulus of the superficial (Esyperficiar) and underlying (Eungeriying) 9€l (B). This pattern
of loading is distinct from that of a homogeneous gel (inset graph).  Analyzing the four gels
described in Table 4.2, the superficial (C) and underlying (D) moduli were statistically
indistinguishable from the modulus of a similarly composed homogenous gel (predicted
modulus). The stiffness of the underlying gel increased with increasing crosslinker concentration
as expected (p < 0.001, Spearman rank correlation test). Each data point represents the average
of five measurements taken at one site. Error bars demonstrate the standard deviation among
those five measurements.
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gel with increasing displacement. Therefore, within the loading curve, the slopes at
initial contact and at peak force should correspond to the elastic moduli of the superficial
and underlying gels, respectively.

Analysis of the loading curves of stratified gels revealed that the moduli
calculated from the two distinct slopes corresponded to the expected moduli for each gel
layer. In Figure 4.1C, the moduli of stratified gel superficial layers (0.2 MPa) closely
matched the modulus of a corresponding homogenous gel (0.21 MPa) (Table 4.1),
independent of the modulus of the underlying gel. We next tested if the modulus of the
underlying layer could be accurately measured by microindentation. The measured
moduli of the underlying gels increased, as expected with increasing crosslinker
concentration. Moduli acquired for the underlying gel were statistically indistinguishable
from the moduli of similarly composed homogeneous gels (Figure 4.1D, Table 4.1 &
4.2). Gel 1, assembled as a negative control from a superficial and underlying gel with
identical crosslinker concentrations (0.5% w/v), behaved as a homogeneous gel with
statistically indistinguishable superficial and underlying moduli (0.2 and 0.21 MPa,
respectively). The ability to accurately derive the superficial and underlying moduli of a
stratified material from its loading curve suggests the loading behavior can be described

mathematically.

Developing a model for the loading of stratified moduli.

As the indenter is a flat-ended cylindrical punch, the relationship between load

and displacement (F — x) for a homogenous material is given by
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2Eax
F = >
1-0o (Equation 1)

where E is the elastic modulus, a is the radius of the indenter, and p is Poisson’s ratio,
assumed to be 0.5 for this study (Sneddon, 1965). If stratified gels behave as two springs
in series, the modulus in Eg. (1) can be replaced with an apparent modulus, as with two
springs in series, given by
1 1 -1

Barp = (E_l ¥ E_Z) ’ (Equation 2)
where E; and E; are the individual moduli of the superficial and underlying gels,
respectively (Oyen et al., 2004). As seen from the example loading curves, however, the
apparent modulus is not a constant, but changes with displacement. By applying a depth
fraction X; (Herakovich, 1997; Oyen et al., 2004) to weight the moduli with displacement
from initial loading through the depth of the superficial gel (t), we can define the function

Eapp @S

X, Xz)_l_ [1t—x 1 x77*

Eapp(x) = <_ + - + =
By B Bt Et (Equation 3)

With Eq. (3), at a depth of initial contact (x = 0), Eqpyp is defined only by E;, the modulus
of the superficial gel. When displacement reaches the thickness of the superficial gel (x =
t) Eqpp is defined only by E;, the modulus of the underlying gel. At displacements greater
than the thickness of the superficial gel, the function is no longer valid, and Eap, is
defined solely by the modulus of the underlying gel (E;). This equation therefore agrees
with our earlier observations that the slope of the loading curve defines the superficial
and underlying moduli at initial contact (x = 0) and at peak force (x > t), respectively.

Eq. (3) simplifies to Eq. (4) given by
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E(E,t
E,t + (E; — Ey)x

Eqpp(x) = for x <t,

E =F, f >t. .
app () = Bz for x (Equation 4)

It should be noted that if E1 = E2, for x <t, Eq. (4) will reduce to a single modulus as
expected for a homogenous material. Eq. (4) should describe the slope of Eq. (1) such

that

F(x) = a [ Egpy(x), where

(Equation 5)

Therefore the loading curve of a stratified material can be described by the function

Fi(x) = O;ElEzt (In(Eat + (E1 — E2)x) —In(E2t)),

1752
Fy(x) = aEyx for x > t.
2(%) 2 (Equation 6)
F1(x) of Eq. (6) remains valid from initial contact through the thickness of the superficial
layer. As E, approaches E;, F1(x) approaches a linear function representing an almost

homogenous material. However, when E; = E,, because of the denominator in the first

term of the equation, F1(x) of Eq. (6) is no longer valid.

Comparing the model to experimental data for stratified gels.

If the stratified gels behave as two springs in series weighted by depth, Eg. (6)
should describe the loading curves of each of the experimental gels. A representative
loading curve from each of the four stratified gels was compared to the model generated

by Eq. (6) (Figure 4.2). The parameters E; and E, were set to the moduli determined in
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Gel B 0.5% 1% 0214 | 0.591 349 240 0.998
Gel C 0.5% 2% 0.163 | 0.995 316 320 0991
GelD 0.5% 4% 0.185 | 2.200 174 180 0.961

Figure 4.2: Model describes loading curves of experimental gel data. Model-generated
loading curves, derived using Eqg. (6) and the elastic moduli of each layer determined in
Figure 4.1, are graphed with representative loading curves for Gel A (A) and Gel D (B) for
comparison. All model-generated loading curves significantly predicted loading behavior of
stratified gels (C) (R®* > 0.961). The model generated an apparent thickness of the
superficial gel, t', which agreed well with the experimentally measured thickness of the
superficial gel, t.

Figure 4.1 from the slope of the loading curves. Two example loading curves graphed

with model generated data are shown in Figure 4.2A and B. The apparent thickness of the

superficial gel, t', was generated within the model to produce a line of best-fit with the

experimental data (Figure 4.2C). The apparent thickness for each gel approximated the

actual superficial gel thicknesses measured experimentally with a caliper.  Under
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regression analysis, all experimental data closely matched that of the model, with all R?

values at or above 0.961 (Figure 4.2C).
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Figure 4.3: The stratified moduli of articular cartilage approach
homogeneity with OA. Force displacement curves of human articular
cartilage are bimodal, resembling that of a stratified gel (A). Both the
superficial and underlying moduli of articular cartilage are significantly
decreased with osteoarthritis (B, C). The difference in moduli between the
superficial and underlying layers of cartilage decreases on average from 6
to 0.8 MPa with osteoarthritis indicating that the diseased tissue approaches
homogeneity (D) (* p < 0.05). Each point represents the average of five
measurements taken at one site.
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Stratified moduli of articular cartilage approach homogeneity with OA.

To determine the effect of osteoarthritis on the stratified material properties of
intact articular cartilage, the methods developed to assess stratified gels were applied to
human tissue. In applying this model, we focus on the stratified elastic moduli of
cartilage while assuming all other depth-dependent material properties are constant.
Several measurements were taken on the articular cartilage from the tibial plateau and
femoral condyles of young healthy or older osteoarthritic donors. Representative force
displacement curves of young and osteoarthritic cartilage can be seen in Figure 4.3A.
Osteoarthritis dramatically reduces the moduli of articular cartilage at each layer. The
average moduli of the superficial and underlying layers decrease from 3 to 0.4 MPa, and
9to0 1.2 MPa, respectively (Figure 4.3B, 4.3C). Interestingly, these changes in superficial
and underlying modulus result in a more homogeneous architecture in the osteoarthritic
tissue. With the disease, the difference between superficial and underlying moduli of
cartilage decreases an order of magnitude from a 6 MPa average difference between the
stratified moduli in healthy cartilage to a 0.8 MPa average difference in OA cartilage

(Figure 4.3D).

The model generated from stratified gels predicts the loading behavior of articular

cartilage.

Using the experimentally derived moduli for the superficial and underlying layers,
the model generated from stratified gels was applied to articular cartilage. Curve-fitting
software was used to fit the model to a single loading curve for each articular cartilage
sample. Example experimental loading curves with model generated data for both

healthy and osteoarthritic cartilage are graphed in Figure 4.4A and 4.4B. As all
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measurements were nondestructive, the thickness of the superficial layer could not be

determined experimentally. Therefore the curve-fitting software generated an apparent

thickness, t’, that generated the best fit with the experimental data given the superficial

and underlying moduli. All model generated curves fit the experimental data with an R?

greater than 0.977 (Figure 4.4C).
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3 2.42 5.51 98.0 0.979
1 0.772 1.92 259 0.977
OA 2 0.275 0.846 92.4 0.993
3 0.276 0.832 154.8 0.994

Figure 4.4: Applying the stratified gel model to articular cartilage. Using Eq.
(6) and the experimentally derived superficial and underlying modulus,
curve-fitting software was able to generate a curve that closely
approximated the loading curve for healthy (A) and osteoarthritic (B)
All model-generated loading curves significantly predicted
loading behavior of cartilage samples (C) (R* > 0.977). The loading sites
presented in A and B are bolded in the chart.

cartilage.
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Discussion

We have developed a novel analytical model that allows quantification of
stratified material properties in an intact sample. Using reference point microindentation,
we were able to detect the distinct modulus of each layer of an intact stratified
polyacrylamide gel. Modeling the stratified gel as two springs in series weighted by
depth, we accurately predicted the experimental loading behavior of stratified gels.
Applying this model to intact human cartilage samples in situ, superficial and underlying
moduli were determined. Although others have successfully measured depth-dependent
mechanical properties of articular cartilage in osteochondral cores (Chen et al., 2001,
Chen et al., 2001; Guilak et al., 1995; Klein et al., 2007; Schinagl et al., 1997; Schinagl
et al., 1996; Wang et al., 2002; Wang et al., 2001), to our knowledge, this is the first
measurement of the stratified moduli of articular cartilage in an intact sample. Moreover,
comparison between young cadaveric cartilage and severely degraded cartilage suggests
that osteoarthritis has marked effects on the stratified material properties of articular
cartilage. ~ An overall reduction in modulus with disease is observed in both the
superficial and underlying layers. This softening also dramatically diminishes the
difference between the moduli of the superficial and underlying layers, which results in a
homogeneous tissue lacking in the characteristic depth-dependent material properties of
healthy cartilage.

While it is well known that the depth-dependent material properties of cartilage
are integral to its function (Broom, 1984; Klein et al., 2003; Roth and Mow, 1980; Woo
et al., 1980), compared to other mechanical assessments, relatively few studies have

explored the depth-dependent material properties of articular cartilage (Chen et al., 2001,
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Chen et al., 2001; Guilak et al., 1995; Klein et al., 2007; Schinagl et al., 1997; Wang et
al., 2002; Wang et al., 2001). The most common method requires microscopic imaging
to track the displacement of fluorescently labeled chondrocytes in osteochondral cores
under confined compression (Chen et al., 2001; Klein et al., 2007; Schinagl et al., 1997,
Wang et al., 2002). This method, while allowing direct measurement of displacement
under load through the entire depth of the sample, has drawbacks in requiring machining
of samples and the introduction of non-physiologic boundary conditions at the imaging
site. Our method demonstrates that microindentation can successfully assess stratified
material properties in situ, preserving the architecture of the sample for further studies.

Our two layer model is just an approximation of the gradual change in modulus
through the depth of the tissue. In order to apply this simple model, we assume that
cartilage is composed of two layers of otherwise homogeneous, isotropic matrix. This
ignores the inhomogeneity of the matrix and contributions from viscoelastic properties,
fluid flow, time and shear rate dependency among other properties that add to the
complexity of cartilage matrix (Huang et al., 2003; Mak et al., 1987; Mow et al., 1989;
Wu and Herzog, 2002). Indeed while we focus here on the modulus of cartilage matrix,
the permeability, fixed charge density, and bulk modulus have all been shown to vary
with depth (Chen et al., 2001; Wang et al., 2001). Nevertheless, our model clearly reveals
a novel effect of OA on cartilage ECM: its loss of depth-dependent differences in
modulus with disease.

Our results agree with previous studies that the stratified moduli of articular
cartilage increases with tissue depth (Chen et al., 2001; Klein et al., 2007; Schinagl et al.,

1997; Wang et al., 2001). Many of these studies used bovine articular cartilage and
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reported more compliant superficial and underlying moduli than those reported here.
Among the studies of depth dependent material properties, only one, to our knowledge,
has reported the stratified moduli of human articular cartilage. Chen et al. reported the
moduli of the superficial and underlying layers of human femoral head articular cartilage
to be 1.16 and 7.75 MPa, respectively (Chen et al.,, 2001), which closely match the
moduli determined in our study (2.98 and 9.22 MPa, respectively). The differences may
be attributed to the differences in loading regimen and variation between hip and knee
cartilage (Hu and Athanasiou, 2003).

Our observation that osteoarthritis dramatically affects the stratified moduli and
architecture of articular cartilage appears novel. These results suggest the need for
additional research into this area to fully explore how the progression of osteoarthritis
damages not only the macroscopic properties of cartilage, but the discreet properties of
each layer. Clinically, the most recognizable marker of early OA is fibrillation of the
superficial layer of cartilage. Nevertheless, in a composition-based finite element model,
Saarakkala et al. demonstrated that in early OA, along with changes the superficial layer,
the composition of the underlying layers of cartilage is also significantly affected
(Saarakkala et al., 2010). A significant loss of proteoglycans in the normally
proteoglycan-rich underlying layers of articular cartilage accompanies early OA. This
loss in proteoglycan content may be the cause of the dramatic loss in underlying layer
modulus of osteoarthritic cartilage, ultimately driving the tissue toward homogeneity. In
their analysis of the depth-dependent moduli, Wang et al. found that stratified moduli
produce more stable strains in the deep zone of articular cartilage (compared with a

homogeneous model) (Wang et al., 2001). Therefore, in approaching homogeneity,
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osteoarthritic cartilage may be exacerbating damage to the underlying layer. In its ability

to assess intact cartilage, the reference point microindentation may represent a new

method to non-destructively assess the material properties of articular cartilage for early

diagnosis of OA.

test
probe

o

Supplemental Figure 4.1: Type V Probe
Assembly. The 1 mm diameter test probe is
surrounded by a reference probe which rests
on the surface of the material to be tested
while the test probe indents.
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CHAPTERS

ECM Stiffness Primes the TGFp Pathway to Promote Chondrocyte Differentiation

Introduction

The extracellular microenvironment is rich in physical cues that, like biochemical
cues, are powerful regulators of cell behavior. Cells respond to physical cues, such as
topography, mechanical stimulation, and extracellular matrix (ECM) stiffness, with
changes in cell proliferation, migration, apoptosis and differentiation (Assoian and Klein,
2008; Chen et al., 1997; Engler et al., 2006; Geiger et al., 2009; Wang and Thampatty,
2006). The importance of ECM stiffness in cell fate selection is apparent in
mesenchymal stem cells, which select a neural lineage when cultured on a compliant
matrix (1 kPa), but differentiate into myotubes on a stiffer matrix (10 kPa) (Engler et al.,
2006). Therefore, just as morphogen gradients define boundaries and prime cells for
lineage selection and differentiation, ECM stiffness refines cellular behavior to match the
physical microenvironment. Though cells encounter biochemical and physical cues
simultaneously, the mechanisms by which this information is assimilated to direct
cellular responses remain unclear.

Cells maintain homeostasis between ECM stiffness and cytoskeletal tension
through a tightly controlled hierarchical mechanotransduction pathway. Upon integrin
binding to ECM ligands and the generation of internal cell tension, cells develop focal
adhesions, a highly ordered array of proteins including focal adhesion kinase (FAK),
talin, vinculin, and a-actinin (Geiger et al., 2009; Kanchanawong et al., 2010; Miranti

and Brugge, 2002). These proteins interact with small GTP-ases (i.e. Rho, Rac) and
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other signaling pathways, facilitating changes in cytoskeletal organization, actinomyosin
contractility, and cell shape with even small changes in matrix compliance (Geiger et al.,
2009; Paszek et al., 2005). Accordingly, distortion of normal ECM stiffness has been
implicated in many diseases, including cancer and liver fibrosis (Butcher et al., 2009; Li
et al., 2007b; Paszek et al., 2005).

Cells integrate their response to physical and biochemical cues to guide cellular
decision-making. Physical cues including substrate stiffness, cell shape, or cytoskeletal
tension can radically alter the cellular response to growth factors (Gao et al., 2010; Leight
et al., 2012; Park et al., 2011; Wang et al., 2011b). For example, insufficient cytoskeletal
tension impairs BMP-induced-osteogenesis (Wang et al., 2011b). Wang et al. recently
showed that BMP signaling is sensitive to the activity of Rho, which is an integral part of
mechanotransduction pathways. Among the many effectors shared by biochemical and
mechanotransduction pathways, integrins are a prime example of molecules that
functionally interact with the ECM and the cytoskeleton as well as with growth factors
and their receptors (Miranti and Brugge, 2002; Munger and Sheppard, 2011). ECM
stiffness and TGFp signaling can each direct the localization and activity of the
transcriptional coregulator TAZ (Dupont et al., 2011; Varelas et al., 2008). Nonetheless,
the molecular mechanisms by which cells generate an integrated response to biochemical
and physical cues are not well-defined.

As a tissue with a primarily mechanical function, cushioning joint surfaces,
cartilage is an ideal model for exploring the interaction between physical and biochemical
cues. From development — in which cellular condensations drive mesenchymal precursors

to select a chondrogenic lineage, to disease — in which osteoarthritis (OA) causes the
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coupled degeneration of cartilage physical and biochemical properties, this tissue is
replete with examples of intersecting physical and biochemical cues (Aigner et al., 2002;
Henderson and Carter, 2002; Setton et al., 1999; Shieh and Athanasiou, 2003). Physical
properties of cartilage matrix are carefully defined spatially and temporally, facilitating
the mechanical and biological functions of this tissue. The stiffness of cartilage ECM
varies with development (up to 10-fold increase from fetal to adult cartilage (Williamson
et al., 2001)), location (5-fold increase through tissue depth and up to 3-fold increase
from pericellular to interterritorial matrix (Akizuki et al., 1986; Darling et al., 2010;
Setton et al., 1999)), and disease (2-fold decrease in late stage OA (Kleemann et al.,
2005)). In addition to a mechanical role at the tissue level, we hypothesize that, at a
cellular level, the stiffness of cartilage ECM plays a key role in directing chondrocyte
differentiation and homeostasis, possibly by regulating other signaling pathways that
control chondrogenesis.

The growth factor TGFpB plays a major role in the regulation of chondrogenesis.
TGFB induces chondrocyte lineage selection and cartilage matrix synthesis while
inhibiting terminal chondrocyte differentiation and hypertrophy (Blaney Davidson et al.,
2007; Derynck et al., 2008). The TGFp pathway is regulated at multiple hierarchical
levels, several of which intersect with the mechanotransduction pathway. The conversion
of the TGFp ligand from a latent to an active form can occur by proteolytic cleavage,
integrin-mediated activation, and by cell-generated tension (Annes et al., 2003; Munger
et al., 1999; Wipff et al., 2007). Once activated, the ligands signal through a
heterotetrameric complex consisting of two type | and two type Il serine/threonine kinase

receptors, the availability and clustering of which is also tightly controlled (Massague,
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1998). Signaling within the cell can be relayed through many different pathways,
including Rho/ROCK and MAPK pathways, but the ‘canonical’ effectors of TGFp
signaling are the R-Smads 2 and 3 and the common mediator Smad4 (Wrana, 2000).
Even before phosphorylation by TGFf receptors, localization and stability of Smad2 and
Smad3 are regulated through interactions with multiple proteins, including microtubules,
filamin and, ubiquitin ligases (Dong et al., 2000; Lin et al., 2000; Sasaki et al., 2001,
Zhang et al., 2001). The activated TBRI phosphorylates Smad2 and Smad3 on the C
terminal domain, causing heteromerization with Smad4 and preferential retention in the
nucleus where Smads act as transcription factors. For example in chondrocytes,
phosphorylated Smad3 recruits CBP to activate Sox9-mediated transcription of Col2al
(Furumatsu et al., 2005).

TGFB and mechanotransduction share many effectors and regulate many of the
same cellular processes. However, the mechanisms by which signaling between these
two pathways is integrated are not well-defined in chondrocytes or other cell types.
While a recent study highlights this integration in epithelial mesenchymal transition in
the context of cancer (Leight et al., 2012), these mechanisms may operate in other
diseases where both ECM stiffness and TGFf3 have already been implicated individually,
such as liver fibrosis and cancer (Butcher et al., 2009; Hinz, 2009; Ingber, 2003; Li et al.,
2007Db; Paszek et al., 2005; Tomasek et al., 2002; Wells and Discher, 2008). In cartilage,
understanding the interaction between ECM stiffness and TGFB may elucidate
mechanisms that self-promote chondrocyte differentiation in development, or those that

spiral out of control in OA. Therefore, using chondrocytes as an experimental model, we
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explore the mechanisms by which cells integrate the physical and biochemical cues

provided by ECM stiffness and TGFp respectively.

51



Results

Chondrocyte differentiation is tuned to an optimal ECM stiffness

To determine if chondrocyte differentiation is sensitive to the stiffness of the
extracellular ~ microenvironment, primary murine chondrocytes and ATDC5
chondroprogenitor cells were differentiated for 2 and 7 days on collagen Il-coated
polyacrylamide substrates with stiffnesses that span the range reported for articular
cartilage (0.2 MPa to 1.1 MPa) (Table 5.1) (Hansma et al., 2009; Kiviranta et al., 2008).

Substrate stiffness strongly regulated expression of multiple markers of
chondrocyte differentiation, including the lineage-specific transcription factor Sox9 and
genes encoding the major constituents of cartilage matrix, Col2al and aggrecan.
Specifically, in primary murine chondrocytes cultured on the 0.5 MPa gel substrates with

a stiffness most similar to healthy articular cartilage, Sox9, Col2a1, and aggrecan are

Composition Cell Characterization
Sub Stiffu - : Collagen
Material ubstrate €58 Acrviamide Piperazine Density | Average | Average
Name (MPa) Gy Diacrylamide (ug/em?) Cell Area | Roundness
0 WO (% W) ) | ©-1)
0.190 § 1.34 1062 0.67
0.2 MPa 30 1
+/-0.026 +/-0.72 +-629 +-0.16
i 0.526 § 1.81 1041 0.66
Polyacrylamide 0.5 MPa 30 5
Gels +/-0.033 +/-1.02 +/- 637 +/-0.16
1.107 § 2.05 1137 0.66
1.1 MPa 30 3
+/-0.083 +/-0.57 +-820 +-0.17
1.17 1113 0.63
Tissue Culture | = 51 ;0 106 N/A N/A
Plastic +/-0.12 +/- 637 +/-0.16
Articular N/A 02-11 ¥ Hansma et al., 2009; T Kiviranta ef al., 2008
Cartilage ’

Table 5.1: Physical characteristics of experimental substrates. Polyacrylamide gel substrates
are referred to in the manuscript by their average stiffness, measured previously by
nanoindentation (Hansma et al., 2009). These values span the stiffness range reported for
articular cartilage, also measured by nanoindentation (Kiviranta et al., 2008). Collagen density
between substrates was found to be statistically indistinguishable. ATDCS5 cell morphology was
also found to be statistically indistinguishable, given by average cell area and roundness (1 — 0
where 1 = circular)
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Figure 5.1: Chondrocyte differentiation is stiffness-sensitive. Primary murine chondrocytes
(A) and ATDCS5 cells (B) cultured in differentiation media on plastic or polyacrylamide gels of
the indicated stiffness demonstrate the greatest increase in Sox9, Col2al, and aggrecan gene
expression on 0.5 MPa substrates, similar to the stiffness of articular cartilage. Alcian blue
staining of proteoglycan production, a functional measure of chondrocyte differentiation, reveals
a significant 3.1-fold increase in stained area for ATDC5 cells grown on 0.5 MPa substrates
relative to cells grown on plastic (C). The right panels are high-magnification images of regions
outlined in the left panels. Staining localizes to regions between cells (a single cell perimeter is
marked by a dotted line). The small box to the bottom left of each image shows background
Alcian blue staining of control cell-free substrates (* p < 0.05)

induced 2, 2.5, and 3-fold, respectively, relative to the plastic control (Figure 5.1A).
Moreover, the induction of these genes is much lower on substrates with a stiffness below
0.5 MPa, demonstrating the specificity of stiffness-induced chondrocyte gene expression.

This stiffness-specific induction was even more robust in ATDC5 cells, with
Sox9, Col2al, and aggrecan mRNA expression induced to 6, 19, and 16-fold,

respectively, on 0.5 MPa substrates relative to plastic controls (Figure 5.1B). These
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changes in chondrocyte gene expression are accompanied by a stiffness-sensitive
production of proteoglycan, as detected by Alcian blue staining, which is also maximal
on the 0.5 MPa gel (Figure 5.1C). Therefore, chondrocyte differentiation is carefully
tuned to the stiffness of the extracellular matrix, such that maximal differentiation occurs

on substrates that mimic the stiffness of native healthy articular cartilage.

Potent chondroinductive synergy between ECM stiffness and TGF S

The cellular microenvironment is rich in both biochemical and physical cues that
can potently regulate differentiation and cell behavior. Therefore, we evaluated the effect
of substrate stiffness on chondrogenic differentiation in the presence or absence of TGFp,
a potent biochemical agonist of chondrocyte differentiation (Blaney Davidson et al.,
2007; Derynck et al., 2008). TGFf induces the expression of Col2al and aggrecan in
differentiating ATDC5 cells grown for 7 days on plastic substrates (Figures 5.2A-C).
Interestingly, ATDCS5 cells exhibit an equivalent chondroinductive response to a 0.5 MPa

substrate and to TGFB (Figure 5.2A-C). Even these responses, however, pale in
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Figure 5.2: Substrate stiffness and TGFp synergize to induce chondrogenic differentiation.
Sox9 (A), Col2al (B), and aggrecan (C) mRNA expression is greatly induced by TGFf (5 ng/ml)
in ATDCS cells differentiated for 7 days on 0.5 MPa substrates, relative to cells grown on plastic
or in the absence of TGFP (1 p <0.01).
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comparison to the strong synergistic induction of Sox9, Col2a.1, and aggrecan expression
(9, 140, and 70-fold, respectively) in TGFp-treated ATDCS5 cells differentiated for 7 days
on 0.5 MPa substrates (Figures 5.2A-C). This powerful chondroinductive synergy
demonstrates that the cellular response to TGFp is highly dependent on the physical

microenvironment.

Mechanosensitive chondroinduction is mediated by ROCK signaling

The potent chondroinductive response of ATDC5 cells to substrate stiffness
provides a tractable in vitro model system to explore the mechanisms of stiffness-induced
chondrocyte differentiation. Cells respond to substrate stiffness by increasing internal
cellular tension through stress fiber formation and cell spreading (Discher et al., 2005).
Although ATDC5 morphology and cell spread area do not vary significantly across the
substrate stiffnesses tested (Table 5.1), stress fiber formation in primary murine
chondrocytes and ATDCS5 cells increases with substrate stiffness (Figures 5.3A, 5.3B).
This suggests that 0.5 MPa substrates induce chondrocyte differentiation through an
alteration in internal cell tension. As key components of the cellular mechanosensory
apparatus, Rho and ROCK participate in stiffness sensing in part through stress fiber
formation (Amano et al., 1997; Maekawa et al., 1999). ROCK activity increases with
substrate stiffness, such that cells cultured on stiffer substrates (i.e. plastic) generate
higher ROCK activity than cells cultured on more compliant substrates (Huang and
Ingber, 2005). To determine if the chondroinductive effect of substrate stiffness occurred
through these established mechanisms, primary murine chondrocytes and ATDCS5 cells

were treated with the ROCK inhibitor Y27632. On plastic, inhibition of ROCK enhances
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the expression of chondrocyte differentiation marker genes after 48 hrs of culture (Figure
5.3C). However, on a substrate that mimics the stiffness of articular cartilage, ROCK
inhibition completely represses the induction of Col2al mRNA. Similar results are seen
in Sox9 and Aggrecan expression. This observation affirms the key role for ROCK in the

ability of chondrocytes to sense and respond to ECM stiffness.
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Figure 5.3: Mechanosensitive chondroinduction is mediated by ROCK signaling. Stress
fibers, visualized by rhodamine phalloidin (green), are visible in primary chondrocytes (A) and
ATDCS cells (B) with greater frequency and intensity on substrates with stiffnesses of 1.1 MPa or
greater. Nuclei are stained with DAPI (red). ROCK inhibition with Y27632 (Y, 10 uM) induces
Col2al in primary chondrocytes and ATDCS5 cells differentiated for 24 hrs on plastic, but
represses induction in cells differentiated on 0.5 MPa substrates (C). Similar results are seen for
Sox9 and aggrecan expression (* p < 0.05).
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Mechanosensitive TGF 31 expression promotes chondrogenic differentiation

The effect of ECM stiffness on primary murine chondrocyte and ATDC5 gene
expression is apparent within 24h, when Col2al mRNA levels are increased in cells
grown on 0.5 MPa substrates relative to those grown on plastic (Figure 5.3C). At this
time, TGFB1 mRNA expression is increased by 3-fold in primary murine chondrocytes
and ATDC5 cells cultured on a 0.5 MPa substrate, a finding confirmed by ELISA
analysis of TGFB1 protein levels in ATDC5 conditioned media (Figure 5.4A-C).
Although others have shown that TGFB1 mRNA and protein expression are regulated in
response to exogenous physical stimuli (Li et al., 2010b; Sakai et al., 1998; Streuli et al.,
1993); to our knowledge, this is the first report that substrate stiffness can regulate
expression of a TGFf ligand.
ssessed the stiffness-specificity of the induction of TGFB1 mRNA and protein. Levels of
both TGFB1 mRNA and protein increased with substrate compliance (Figure 5.4C and
data not shown). The ROCK inhibitor Y27632 increased TGFB1 expression in cells
cultured on plastic but had no effect on cells grown on 0.5 MPa substrates (Figure 5.4D),
suggesting that TGFB1 expression is induced on compliant substrates due to reduced
ROCK activity. This stiffness-dependent pattern of TGFB1 gene expression is distinct
from that of chondrocyte differentiation genes that is induced specifically on 0.5 MPa
substrates.

To determine if the stiffness-sensitive increase in autocrine TGFB1 expression is
required for the chondroinductive effects of the 0.5 MPa substrate, ATDC5 cells were
treated with a TBRI-inhibitor (SB431542), which acts downstream of the TGFB1 ligand.

While baseline levels of Col2al in ATDCS cells cultured on plastic were not sensitive to
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Figure 5.4: Mechanosensitive, ROCK-dependent induction of TGFp1 is required
for chondroinduction. Within 48 hrs, TGFBl mRNA is induced in primary
chondrocytes (A) and ATDCS5 cells (B) in a stiffness-dependent manner. TGFf1
protein produced by ATDCS5 cells, as assessed in media by an ELISA assay, increases
with decreasing substrate stiffness (C). The expression of TGFB1 mRNA in ATDCS
cells is increased by ROCK inhibition with Y27632 (10 uM) on plastic but is
unaffected on 0.5 MPa substrates (D). Induction of Col2al mRNA in ATDC5 cells
cultured on a 0.5 MPa gel is impaired by 24 hr exposure to SB431542 (5 uM), a
chemical antagonist of the TGFp type I receptor (E), (* p <0.05, ¥ p <0.01).
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the inhibitor, the induction of Col2al on 0.5 MPa substrates was diminished by the
TBRI-inhibitor (Figure 5.4E). Therefore, the chondroinductive response to substrate
stiffness requires a mechanosensitive induction of autocrine TGFB1. However, this
mechanism alone does not fully explain why chondrocyte gene expression is optimal on
the 0.5 MPa stiffness since, on more compliant substrates, TGF-B1 is induced but

chondrogenic genes are not.

Mechanosensitive requlation of Smad3 stability, phosphorylation, and translocation

We next examined the effect of substrate stiffness on Smad3, a key effector of
TGFp signaling that is phosphorylated upon ligand activation of the TGFJ receptor
complex (Wrana, 2000). Although no significant stiffness-dependent changes in Smad3
MRNA levels were detected (Supplemental Figure 5.1), Smad3 protein levels were
consistently elevated in ATDC5 cells grown on 0.5 MPa substrates (Figure 5.5A).
Furthermore, even in the absence of exogenously-added TGF3, Smad3 phosphorylation
on the C-terminal SSXS domain was increased on 0.5 MPa substrates relative to that
observed on either stiffer or more compliant substrates (Figure 5.5A). In ATDC5
chondroprogenitor cells, this stiffness-specific increase in Smad3 phosphorylation
mirrored the maximal increases in chondrogenic gene expression on 0.5 MPa substrates
(Figure 5.1A). From this result, it appears that on overly compliant substrates, even in
the presence of increased autocrine TGFB1 expression (Figure 5.4C), the lack of
chondroinduction, may be due to other mechanisms, such as those limiting ligand-

mediated activation of the downstream effector Smad3.
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Figure 5.5: Smad3 phosphorylation, localization and transcriptional activity are sensitive to
ECM stiffness. Western analysis of whole cell lysates from ATDCS5 cells cultured as indicated
for 24 hrs reveals that C-terminal Smad3 phosphorylation (top panel) and total protein (middle
panel) are increased specifically on a 0.5 MPa substrate, whereas B-actin levels (lower panel)
remain unchanged (A). Immunofluorescence microscopy allows visualization of stiffness and
TGFp-sensitive Smad2/3 localization (green) relative to DAPI-stained nuclei (red) (B). Relative
to cells grown on plastic, a greater percentage of primary chondrocytes and ATDCS5 cells have
nuclear Smad2/3 when grown on 0.5 MPa substrates, particularly in the absence added TGFp (C).
In transiently transfected ATDCS cells grown for 48hrs on 0.5 MPa substrates, the activity of the
TGFp-responsive SBE-luciferase promoter reporter construct is increased relative to cells grown
on plastic (D). Luciferase activity is normalized to expression of B-galactosidase from a
cotransfected control construct (* p < 0.05, T p < 0.01).
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Consistent with its increased phosphorylation, Smad3 preferentially localizes to
the nucleus of primary murine chondrocytes and ATDC5 cells grown on 0.5 MPa
substrates. Nuclear Smad3 localization is as frequent in cells grown on 0.5 MPa
substrates in the absence of exogenously-added TGFf as in TGFp-treated cells grown on
plastic (Figures 5.5B, 5.5C). To determine if this stiffness-dependent increase in nuclear
Smad3 is sufficient to induce transactivation, we assessed the effect of substrate stiffness
on the activation of a classical Smad3-responsive promoter-reporter construct, SBE-
luciferase (Figure 5.5D). Transactivation of SBE-luciferase is increased in ATDCS5 cells
grown on 0.5 MPa substrates relative to those grown on plastic. Together these findings
suggest that the TGF pathway exhibits stiffness-sensitive regulation at multiple levels,
including post-transcriptional control of Smad3 levels, phosphorylation, localization, and
transactivation - all of which are maximal in chondroprogenitor cells grown on 0.5 MPa

substrates that mimic the stiffness of healthy articular cartilage.

Synerqistic response to TGF A and substrate stiffness requires p38 MAPK, but not Smad3

The potent synergistic response of ATDC5 cells to substrate stiffness and
exogenously-added TGFp seen in Figure 5.2 provides an ideal model system in which to
study the molecular mechanisms by which cells integrate signaling from physical and
biochemical cues. Therefore, we sought to determine which of the downstream effectors
of TGFp participate in the chondroinductive synergy between exogenously-added TGFf
and substrate stiffness. As in Figure 5.5A, Smad3 and phospho-Smad3 levels are

increased in ATDCS5 cells grown on 0.5 MPa substrates relative to those grown on plastic
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Figure 5.6: Synergy between TGFp and ECM stiffness requires p38 MAPK, but
not Smad3. Western analysis reveals no substrate stiffness-dependent effect on TGFj3-
inducible Smad3 phosphorylation (top panel, A). Smad3 shRNA treatment achieves
70% reduction of Smad3 mRNA, relative to ATDC5 cells expressing a scrambled
ShRNA (B). shSmad3 impairs the stiffness-sensitive induction of Col2al mRNA, but
not the synergistic induction of Col2al by TGFB (5 ng/ml, 24 hrs) and a 0.5 MPa
stubstrate (C). Western analysis of phospho-p38 and p38 total protein reveals increased
p38 phosphorylation in ATDCs cultured for 24 hrs on a 0.5 MPa substrate or in the
presence of TGFp (5 ng/ml, 45 mins) (D). Synergistic induction of Col20.1 mRNA by a
0.5 MPa substrate and TGFp is greatly reduced upon inhibition of p38 activity by
SB203580 (10 uM) prior to a 1 hr TGF treatment (E), (1 p <0.01).
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(Figure 5.6A). The addition of TGFp to cells grown on 0.5 MPa substrates increased the
level of Smad3 phosphorylation to a similar level regardless of substrate stiffness,
suggesting that factors in addition to elevated TGFB1, as in Figure 5.4C, are required for
synergy. In Smad3 shRNA expressing cells (Figure 5.6B), induction of Col2al by
stiffness alone is impaired (Figure 5.6C). However, even with a 70% reduction in Smad3
levels, Col2al expression in ATDC5 cells is still synergistically induced by
exogenously-added TGFf in ATDCS cells grown on a 0.5 MPa substrate (Figure 6C). In
these conditions, Smad2 mRNA expression is not increased to compensate for the
decreased expression of Smad3 (data not shown). Synergy was also unaffected in
Smad3"™ primary articular chondrocytes infected with CRE adenovirus (data not shown).
Therefore, the cooperative induction of chondrogenic gene expression between TGF[3
and 0.5 MPa substrates occurs through a Smad3-independent pathway.

As a first step in examining the role of another well-known target of TGFf
signaling in the synergistic induction of Col2al, we evaluated the effect of substrate
stiffness and TGFB on p38 MAPK phosphorylation. TGFp rapidly activates the p38
pathway through the MAPKKK TAKZ1 activation of MKK3/6 (Derynck and Zhang,
2003; Moriguchi et al., 1996). Phospho-p38 was increased on 0.5 MPa substrates
relative to plastic (Figure 5.6D). TGFp induced p38-phosphorylation in ATDC5 cells
grown on plastic and on 0.5 MPa substrates, but not in a synergistic manner.
Nonetheless, p38 is critically involved in synergy since the p38 inhibitor, SB203580,
strongly repressed the Col2al induction in response to exogenously-added TGFf in
ATDCS cells grown on a 0.5 MPa substrate. While the p38 inhibitor caused a 2.5-fold

repression of Col2al expression on 0.5 MPa gels alone, it was responsible for a 5-fold
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repression of the synergistic response (Figure 5.6E). This suggests that p38 participates
in the chondroinductive effects of substrate stiffness, and is essential for the integration of
physical and biochemical cues that robustly promotes chondrogenic differentiation on

substrates that mimic the stiffness of healthy articular cartilage.
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Discussion

We elucidate mechanisms by which physical cues provided by a discrete ECM
stiffness specifically increase the efficiency of chondrocyte differentiation by coordinated
multilevel regulation of the TGFJ pathway (Figure 5.7). A cartilage-like substrate
stiffness both enhances chondrocyte gene expression and primes cells for a robust
response to the chondroinductive biochemical cue TGFB. In this way, the convergence
of chondroinductive physical and biochemical cues drives a more potent response than
either cue alone, thereby establishing a microenvironment that the cells interpret as ideal
for chondrocyte differentiation. Through ROCK signaling, ECM stiffness regulates
chondrocyte differentiation by promoting autocrine TGFB1 expression on compliant
substrates.  Stiffness-sensitive chondrocyte differentiation requires Smad3, the
phosphorylation of which is maximal on the same discrete stiffness that optimally
induces chondrocyte gene expression. In addition to regulating TGFf ligand expression
and Smad3 phosphorylation, localization, and transactivation, cells respond to
exogenously-added TGFB on a cartilage-like stiffness with a p38 MAPK-dependent
synergistic induction of chondrocyte gene expression. Therefore, by ECM stiffness-
dependent calibration of the TGFB pathway, chondrocytes integrate physical and
biochemical cues to efficiently promote cell differentiation.

We find that the cellular response to ECM stiffness targets the TGF3 pathway at
several hierarchical levels. Cellular mechanosensing of ECM stiffness requires the
development of cytoskeletal tension and focal adhesions and the activation of Rho/ROCK
(Assoian and Klein, 2008; Geiger et al., 2009; Kanchanawong et al., 2010; Miranti and

Brugge, 2002), a pathway previously implicated in chondrocyte differentiation (Wang et
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Figure 5.7: Schematic of the mechanism of chondrocyte integration of cues provided by
ECM stiffness and TGFp. (1) Chondrocyte differentiation is specifically induced on 0.5 MPa
substrates. (2) This response is mediated through the ROCK pathway. (3) Autocrine TGFB1
expression is required for chondroinduction , the expression of which is inhibited on stiffner
substrates through a ROCK dependent mechanism. (4) While Smad3 phosphorylation and
nuclear localization is increased on 0.5 MPa substrates, softer substrates that express autocrine
TGEp fail to activate this downstream effector. (5) Exogenously-added TGFP elicits a synergistic
response in combination with 0.5 MPa substrates. (6) This synergistic interaction acts through a
p38-MAPK dependent mechanism, possibly through TGFp actiavation of TAK1.

al., 2004; Woods and Beier, 2006). The role of Rho/ROCK signaling in chondrogenesis
is complex, such that the effect of ROCK inhibition on chondrogenic differentiation is
influenced by the cell type and the dimensionality of culture, amoung other factors
(Clancy et al., 1997; Kumar and Lassar, 2009; Nofal and Knudson, 2002; Woods and

Beier, 2006; Woods et al., 2005). Like Woods et al. we find that chondrocyte
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differentiation is ROCK-dependent, such that inhibition of ROCK signaling enhances
differentiation of cells grown on plastic but inhibits differentiation in cells grown on
more compliant substrates (Figure 5.3C). Our results suggest that there is an optimal level
of ROCK activity on 0.5 MPa substrates that activates chondroinduction, in part, through
the induction of TGFB1 expression on compliant substrates. To our knowledge, this is
the first report to show that expression of a component of the TGF3 pathway occurs in a
stiffness-dependent manner. Although the transcriptional mechanisms by which ECM
stiffness regulates TGFP1 expression remain to be explored, other physical stimuli have
been shown to regulate TGFB1 expression and activity. TGFB1 mRNA expression is
induced by shear fluid flow, in vitro compressive loading, or culture on floating
substrates (Li et al., 2010b; Sakai et al., 1998; Streuli et al., 1993). Myocyte stretch
induces the release of activated TGFB1 from the latency associated peptide on stiff
substrate (Hinz, 2009; Wells and Discher, 2008). Future studies will test the hypothesis
that this combination of regulatory mechanisms - ECM stiffness-sensitive induction of
TGF1 transcription on compliant substrates and post-translational TGFB1 activation on
stiff substrates - contributes to the potent stiffness-specific chondroinduction in ATDC5
cells and primary chondrocytes (0.5 MPa).

This hierarchical regulation continues inside the cell, where ECM stiffness targets
the key TGFp effector, Smad3. ATDCS cells grown on the chondroinductive 0.5 MPa
substrates exhibit a specific increase in Smad3 phosphorylation. Phosphorylated Smad3
translocates to the nucleus where it can bind to Sox9 and enhance CBP recruitment to the
Col2a1 promoter, where they cooperatively induce Col2al transcription (Furumatsu et

al., 2005). We found that the stiffness-specific phosphorylation and nuclear localization
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of Smad3 correlates with and is required for the increased Col2a.1 expression on 0.5 MPa
substrates. Although several mechanisms may contribute to these observations, our data
strongly suggests that autocrine TGFB1 activity is significantly responsible for the
stiffness-specific increase in Smad3 phosphorylation and the resulting induction of
Col2al. Treatment with either a TGFf receptor inhibitor or shSmad3 completely ablates
the induction of Col2al gene expression on 0.5 MPa substrates. Though collagen Il has
also been shown to induce phosphorylation of Smad2/3 in the absence of exogenous
TGFp (Garamszegi et al., 2010), collagen Il density did not vary greatly with substrate
stiffness in our experiments.

Numerous links between Smad signaling and effectors of the mechanosensing
pathway have been identified. Cytoskeletal tension, generated by either ECM stiffness or
cell spreading, is sufficient to control the localization of YAP/TAZ (Dupont et al., 2011),
transcriptional coregulators that can direct nuclear localization of Smad2/3 (Varelas et
al., 2008). Whether tension-inducible YAP/TAZ translocation contributes to the
stiffness-sensitive nuclear localization of Smad3 observed here remains unknown. More
recently, Wang et al showed that BMP-inducible nuclear translocation of Smadl/5/8
requires sufficient ROCK-dependent cytoskeletal tension (Wang et al., 2011b). ROCK
can also enhance the activity of both Smad3 and Sox9 by phosphorylation of the Smad3
linker region or Sox9 on serine 181 (Haudenschild et al., 2010; Kamaraju and Roberts,
2005). Though the role of ROCK-inducible Sox9 phosphorylation in the
chondroinductive synergy between ECM stiffness and TGFB remains unclear, this
synergistic response does require p38 MAPK and functions even with very little Smad3.

This is consistent with prior studies showing that TAK1, the upstream activator of p38
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MAPK, regulates collagen Il synthesis in chondrocytes independently of Smad3
signaling (Qiao et al., 2005). ECM stiffness may also cause differential utilization of
downstream TGFp receptors or effectors (Blaney Davidson et al., 2009; van der Kraan et
al., 2009), or it may prime chromatin for a more potent TGFB-inducible transactivation
(Mullen et al.), mechanisms shown to calibrate the cellular response to TGFf in
osteoarthritic chondrocytes or in differentiating stem cells, respectively. Additional
studies are needed to further investigate the synergistic response of chondrocytes to ECM
stiffness and TGFp, work that will elucidate new mechanisms by which cells integrate
physical and biochemical cues to refine and coordinate cell behavior, a paradigm that has
relevance for cartilage and many other tissues. Nonetheless, the current work illustrates
that cells respond to a chondroinductive physical cue (a cartilage-like substrate stiffness)
by strategically targeting the activity of a powerful chondroinductive biochemical
pathway (TGFp) at multiple hierarchical levels.

The range of stiffnesses present in cartilage varies spatially and temporally, such
that each may have unique instructive roles. Consistent with the stiffness of adult
articular cartilage, precommitted chondrocytes (ATDC5 chondroprogenitors or primary
chondrocytes) showed maximal chondrocyte gene expression on 0.5 MPa substrates.
More compliant matrices may be more chondroinductive during lineage selection as
induction of chondrogenic gene expression in MSCs occurs on compliant 1 kPa
substrates (Park et al., 2011). Indeed, osteogenic differentiation in MSCs has been
reported on a 25 kPa substrate, which is much softer than fully mineralized bone matrix
(Engler et al.,, 2006). This relationship between ECM stiffness and chondrocyte

differentiation may be particularly important for understanding osteoarthritis, in which
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the degradation of cartilage ECM stiffness coincides with the loss of chondrocyte
homeostasis through mechanisms that are coupled but unclear. Since TGF signaling
through the p38 MAPK pathway is important in vitro and in vivo for chondrocyte
maturation, proliferation and survival (Gunnell et al., 2010; Li et al., 2010a; Seto et al.,
2004), our finding that p38 MAPK is important for of synergy between TGFp and
substrate stiffness suggests that coordinated signaling between biochemical and physical
cues may be important for the maintenance of chondrocyte homeostasis. The ability of
ECM stiffness to modulate the cellular response to TGF, in particular, may elucidate the
differential effects of this growth factor on chondrocytes, such that it can either promote
or deter this degenerative cascade in a way that is highly sensitive to the cellular
microenvironment (Blaney Davidson et al., 2007).

Within and beyond cartilage, the interaction between TGF and ECM stiffness
may form a feedback loop to promote and maintain cellular homeostasis and ECM
composition. TGFp plays a primary role in regulating ECM composition and stiffness in
several tissues including bone, dentin, and skin (Arany et al., 2006; Balooch et al., 2005;
Chang et al., 2010; Saeki et al., 2007). Therefore, disruption of TGF( signaling impairs
ECM stiffness, and, as we show here, disruption of ECM stiffness alters the level of and
cellular response to TGFp signaling. Indeed, in several other diseases, including breast
cancer and liver fibrosis, the pathological phenotype is accompanied and perpetuated by
non-physiologic stiffnesses and abnormal TGFp signaling (Butcher et al., 2009; Hinz,
2009; Ingber, 2003; Li et al., 2007b; Paszek et al., 2005; Tomasek et al., 2002; Wells and
Discher, 2008). A deeper understanding of the interactions between physical and

biochemical cues, particularly the mechanisms by which cells integrate cues provided by
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ECM stiffness and TGFB, may elucidate mechanisms of disease and reveal novel

therapeutic targets.
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CHAPTER 6

ECM Stiffness Regulates Chondrogenesis in Mesenchymal Stem Cells

Introduction

The previous chapter demonstrates that substrate stiffness primes the TGFp
pathway to induce chondrocyte differentiation in mature chondrocytes. A discrete
stiffness, similar to that reported for articular cartilage, induces chondrocyte specific gene
expression and synergizes with exogenously added TGFB. Chondroinduction on a
discrete, cartilage-like stiffness requires autocrine induction of TGFB1, and in the
absence of exogenously added TGFp, specifically induces Smad3 phosphorylation,
nuclear localization, and transcriptional activity. However, it is still unknown whether
these mechanisms, identified in a mature phenotype, are also present in MSCs
undergoing chondroinduction.

Both TGFB and mechanical cues have been identified as powerful regulators of
chondrogenesis in MSCs. TGF is required for chondroinduction of MSCs (Bian et al.,
2011; Tuli et al., 2003). In vivo, TGFp induces ectopic Sox9 expression and chondrocyte
lineage selection (Kawakami et al., 2006) most likely through Smad3-enhanced Sox9
transcriptional activity (Furumatsu et al., 2005). Culture in compliant 3D formats
activates chondrogenesis, marked by a loss of actin stress fibers and the generation of a
rounded morphology (Benya et al., 1988; Benya and Shaffer, 1982; Brown and Benya,
1988; von der Mark et al., 1977). Moreover, Sox9 expression in MSC is regulated by the

actin cytoskeleton and Rho/ROCK signaling (Woods et al., 2005). Mechanical load-
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induced chondrogenesis in hMSCs requires autocrine TGFf expression (Li et al., 2010b),
mirroring the autocrine TGFf expression induced by cartilage-like substrates in Chapter
5. Therefore, mechanisms similar to those described for mature chondrocytes may
regulate stiffness-sensitive chondrogenesis in MSCs.

When work for this dissertation began, there was little known about the specific
stiffness required to induce chondrogenesis in MSCs. In other tissues, both precursor and
mature cell types are induced by a similar stiffness. Substrates of the same stiffness (~10
kPa) induce myotube formation in myoblasts and myogenic gene expression in both
MSCs (Engler et al., 2006; Georges and Janmey, 2005). Similar results were seen in
neurite branching and MSC neurogenesis on extremely compliant substrates (~1 kPa)
(Engler et al., 2006; Flanagan et al., 2002). Therefore, the 0.5 MPa substrates used in
Chapter 5 may similarly induce chondrogenesis in MSCs. In this chapter we will
determine whether substrate stiffness primes the TGFp pathway to induce

chondrogenesis in MSCs.
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Results

ECM Stiffness Requlates Chondrogenic Gene Expression

As demonstrated in Chapter 5, ECM stiffness regulates chondrocyte-specific gene

expression in ATDC5s and primary chondrocytes. To determine whether ECM stiffness
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Figure 6.1: Chondrogenic gene
expression in  murine MSCs is
stiffness-sensitive. Murine  MSCs
were cultured for 7 days in

chondrogenic media supplemented
with  5ng/ml TGFB. On a 0.5 MPa
substrate, hMSCs induce  Sox9,
Col2al, and Aggrecan gene expression
4, 110, and 37-fold above plastic
controls. Chondroinduction in MSCs
also exceeds levels in ATDC5s treated
with TGFp for 8 days.

regulates chondrogenic gene expression, MSCs
were cultured on several substrates with a stiffness
range that spanned that reported for cartilage. First,
mouse MSCs (mMSCs) cultured on a 0.5 MPa
substrate for 7 days in chondrogenic media
supplemented with TGFB induced Sox9, Col2al,
and Aggrecan expression 4, 110, and 37-fold
above plastic controls, respectively (Figure 6.1).
While this induction in chondrogenic gene
expression on 0.5 MPa substrates seems high, it is
compared to the induction levels of mMSCs
cultured on plastic that may be expressing little to
no chondrocyte specific

gene  expression.

Comparing Sox9, Col2al, and Aggrecan

expression levels in mMSCs to those in ATDCS cells cultured in the presence of TGFB

for 8 days we find culture on a 0.5 MPa gel induces comparable expression levels for

these chondrogenic genes (Figure 6.1).

Human MSCs (hMSCs) also exhibit stiffness sensitive expression of Sox9.

Compared to expression levels on plastic or overly compliant substrates, Sox9 expression
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Figure 6.2: hMSC gene expression is stiffness-sensitive. hMSCs cultured in
chondrogenic media for 7 days demonstrate the greatest increase in Sox9 gene
expression on 0.5 MPa substrates, similar to the stiffness of articular cartilage (A).
Collagen | gene expression in hMSCs is markedly knocked down specifically on
0.5 MPa substrates (B).

is induced 6-fold on 0.5 MPa substrates in hMSCs culture in chondrogenic media for 5
days (Figure 6.2A). Moreover, in hMSCs cultured on 0.5 MPa substrates there is a 65%
knockdown in Collagen 1 expression, consistent with chondroinduction (Benya and
Shaffer, 1982; von der Mark et al., 1977)(Figure 6.2B). While this data is preliminary, it
indicates that hMSCs are driven toward chondrocyte lineage selection on cartilage-like
substrates.

Although hMSCs on 0.5 MPa gels induce Sox9 gene expression, Col2al and
Aggrecan expression remains low. Aggrecan expression in hMSCs is repressed to the
greatest extent on the 0.5 MPa substrate and appears to decrease with TGF[ exposure
time on all substrates (Figure 6.3A and B). This is surprising as mMSCs up regulated all
three chondrocyte specific genes when cultured on a 0.5 MPa gel in the presence of
TGFB. Mwale, et al demonstrated that Aggrecan may be constitutively active in hMSCs

before induction of chondrogenesis (Mwale et al., 2006). Therefore, the knockdown
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Figure 6.3: Aggrecan gene expression is repressed in hMSCs by cartilage-like substrates
and TGFp. In hMSCs cultured for 7 days in chondrogenic media, aggrecan gene expression is
repressed more than 70% on 0.5 MPa substrates (A). At short time points, aggrecan gene
expression is also repressed by TGFp treatment, regardless of stiffness (B).

observed in hMSCs here could indicate an initial reprogramming event before
commitment to the chondrocyte lineage.

Col2al expression was low in hMSCs regardless of substrate stiffness. Analysis
of the melt curves after QPCR revealed that none of the hMSC RNA samples were
producing any PCR products for Colal, even though PCR products for the housekeeping
gene 18S was generated as normal (Figure 6.4). This is surprising since Sox9 is induced
in hMSCs on 0.5 MPa substrates and mMSCs induce both Sox9 and Col2a1 on 0.5 MPa
substrates at such high levels. In all hMSC experiments cultured for longer than 24 hours,
chondrogenic media was supplemented with 200 uM ascorbic acid. Ascorbic acid
inhibits Col2al mRNA expression (Sabatini et al., 2004), therefore the lack of Col2al
expression in hMSCs may be a result of media formulation. Alternatively, a cartilage-
like stiffness may be sufficient to promote selection of a chondrocyte lineage, but not

sufficient to support induction of Col2al and Aggrecan mRNA expression. Analysis of
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Figure 6.4: hMSCs fail to produce Col2al PCR product. Melt curves reveal
that hMSCs fail to produce a PCR product from Col2al primers (A). A Col2al
RNA sample is used as a postive control for comparison. PCR products for the
housekeeping gene 18S were generated as normal (B).

other lineage markers and expression at several time points may be required to

troubleshoot lack of hMSC Col2al expression on cartilage-like substrates.
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ECM Stiffness and TGF S Synerqistic Induction of Sox9 Expression in hMSCs

As demonstrated in Chapter 5, TGFp treatment synergistically enhances chondrocyte

specific gene expression in ATDCb5s cultured on cartilage-like substrates. To determine

the effect of TGFp treatment on stiffness sensitive chondrogenic gene expression, hMSCs

were cultured on plastic and 0.5 MPa substrates for 7 days in chondrogenic media in the
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Figure 6.5: Substrate stiffness
and TGFp synergize to induce
Sox9 expression. hMSCs cultured
for 7 days on 0.5 MPa greatly
induce Sox9 gene expression in
response to TGFB (5 ng/ml),
relative to cells cultured on plastic
in the absense of TGFp.

presence or absence of TGFB. Again, Sox9 gene
expression is induced in hMSCs cultured on 0.5 MPa
substrates 4.5-fold over plastic controls (Figure 6.5).
Moreover, treatment with TGFB enhances Sox9
expression in hMSCs, specifically on 0.5 MPa
substrates. While Sox9 expression is driven to an 8.5-
fold induction with TGFB treatment on 0.5 MPa
substrates, it has little effect on hMSCs cultured on
plastic (Figure 6.5). Therefore, while in ATDC5s,
TGFB treatment induces chondrocyte specific gene
expression regardless of the stiffness of the ECM,

hMSCs in monolayer require culture on a 0.5 MPa

substrate for TGFp-induced Sox9 expression.

Rounded, Chondrocyte-like Morphology is Rapidly Induced by Culture on a Gel

Undifferentiated MSCs have a fibroblastic morphology; but as they undergo

chondrogenesis, they adopt the rounded morphology normally found in mature

chondrocytes (Daniels and Solursh, 1991). Culture on a cartilage-like stiffness (0.5 MPa)
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Figure 6.6: hMSCs adopt a rounded morphology on 0.5 MPa substrates. hMSCs cultured for
3 days on 0.5 MPa substrates in the presence of chondrogenic media adopt a more rounded
morphology compared to cells cultured on softer or stiffer substrates (A). hMSCs fail to round on
0.5 MPa substrates in growth media. Quantification of hMSC cells shape at day 4 reveals a higher
percentage of hMSCs are rounded compared to hMSCs on overly compliant substrates (B).

induces MSC rounding. In Figure 6.6A, after 3 days of culture, MSCs in chondrogenic
media are noticeably more rounded on a 0.5 MPa substrate than on either softer or stiffer
substrates. This pattern of rounding mirrors the preferential induction of Sox9 expression
in hMSCs grown on 0.5 MPa substrates. Quantification of MSC morphology after 4 days
of culture demonstrates that a higher percentage of cells adopt a rounded morphology on
a 0.5 MPa substrate than on overly compliant substrates (Figure 6.6B). This stiffness-
induced change in morphology is chondrogenic media dependent, as MSCs cultured in

growth media on a 0.5 MPa substrate do not round by day 3 (Figure 6.6A, lower panel).
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Stiffness-sensitive Chondrogenesis in hMSCs May Require Autocrine TGFA and ROCK

Signaling

As seen in Chapter 5, chondrocyte specific gene expression in ATDCS5 is induced on 0.5
MPa substrates in response to autocrine TGFB1 expression. To determine whether a
similar mechanism regulates stiffness-sensitive Sox9 expression in hMSCs, PAIl
expression, a classical TGF responsive gene, was analyzed after 7 days of culture in the
presence of chondrogenic media. In Figure 6.7A, on plastic in the presence of TGFp,
PAILl expression in hMSCs in induced 4-fold. However, even in the absence of
exogenous TGF treatment, PAIL mRNA expression in hMSCs cultured on 0.5 MPa
substrates is induced 6-fold over plastic controls, indicating activation of the TGFf
pathway in this

condition. Addition of TGFB on 0.5 MPa substrates provides no further induction,
suggesting that PAIL expression is at a maximal level on 0.5 MPa substrates even before

addition of exogenous TGFB. These results indicate that hMSCs may be producing
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Figure 6.7: Stiffness-sensitive Sox9 expression may require ROCK-regulated activation of
the TGFp pathway. PAIl, a classic TGFB-responsive gene, is up-regulated in hMSCs cultured
on 0.5 MPa substrates for 7 days, even in the absense of TGFB (A). ROCK inhibiton with
Y27632 (10 uM) represses PAI1 (B) and Sox9 (C) induction in hMSCs on 0.5 MPa substrates.
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autocrine TGFB1 in response to culture on a 0.5 MPa substrate similar to ATDC5s and
primary murine chondrocytes.

In Chapter 5, stiffness-sensitive induction of autocrine TGFB1 in ATDC5s on 0.5
MPa substrates is regulated by ROCK signaling. PAI1 expression in hMSCs cultured for
7 days on a 0.5 MPa substrate is knocked down by 40% in the presence of the ROCK
inhibitor, indicating that a similar mechanism may be regulating the activation of the
TGFp pathway (Figure 6.7B). Moreover, in hMSCs cultured on 0.5 MPa substrates,
treatment with a chemical ROCK inhibitor (Y27632) for 7 days results in a loss of Sox9
induction (Figure 6.7C). Therefore, similar to ATDC5 and primary murine chondrocytes
(Chapter 5), ROCK signaling is required for stiffness-sensitive induction of the TGFp

pathway and induction of Sox9 in hMSCs.
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Discussion

In summary, similar to the results found in Chapter 5, we have identified that
MSCs up regulate chondrocyte specific genes in response to culture on a cartilage-like
stiffness. However, induction of chondrogenic genes is isolated to Sox9 expression in
hMSCs. This stiffness-induced Sox9 expression is accompanied by a rapid change in cell
shape to a more rounded morphology on cartilage-like substrates. Sox9 gene expression
is synergistically enhanced by addition of exogenous TGF3. An up-regulation in PAIL
expression on 0.5MPa gels indicates that autocrine TGFp may also be induced in hMSCs
in response to a cartilage-like stiffness. Moreover, Sox9 and PAIL induction in response
a cartilage-like substrate are ROCK sensitive.

While several chondrocyte specific genes were up regulated in murine MSCs and
mature chondrocytes in Chapter 5, induction of chondrogenic gene expression was
isolated to Sox9 for hMSCs. This difference could be a result of differences in the
species of the cells. Possibly human chondrogenesis requires a stiffness that is distinct
from the stiffness that induces murine chondrogenesis. The shape change observed in
hMSCs is also distinct from the trend observed in Chapter 5. ATDC5s demonstrate no
significant change in shape with a change in substrate stiffness. Primary murine
chondrocytes retain a rounded morphology on substrates of 0.5 MPa or less. Indeed in
experiments that lacked chondrogenic media, hMSCs exhibited no shape change but there
was still an induction in Sox9 expression, although the induction was not as substantial as
it was in chondrogenic media conditions. Moreover, in a short time course Sox9 is
rapidly induced on 0.5 MPa substrates much earlier than noticeable rounding occurs.

These two observations taken together suggest that chondrogenesis in response to

82



substrate stiffness may act independently of shape change, or a rounded morphology may
be secondary to Sox9 induction in hMSCs.

Interestingly, exogenously added TGFf produces no significant induction in Sox9
expression in hMSCs culture on plastic. Only when hMSCs are cultured on a gel is there
a marked induction in Sox9 expression with exogenously added TGFB. This response
does not seem to indicate a lack of responsiveness to TGFf, as PAIL gene expression is
still induced on plastic, but rather an inability of TGF( to specifically induce Sox9 gene
expression in this particular cell culture context. This is of course in sharp contrast to our
results in Chapter 5, in which Sox9 and other chondrocyte specific genes are up-regulated
in response to TGFP regardless of the substrate stiffness. It is well known that, in
contrast to monolayer culture, 3D culture, or chemical inhibition of cytoskeletal tension,
acts as a permissive signal upon which biochemical factors can be applied to induce
chondrogenesis in hMSCs (Benya et al., 1988; Benya and Shaffer, 1982; Brown and
Benya, 1988; von der Mark et al., 1977; Woods et al., 2005). As seen in Chapter 5 in
ATDCS5 cells and primary murine chondrocytes, culture on a cartilage-like substrate
reduces internal cellular tension and stress fiber formation. As with a 3D environment,
culture on cartilage-like substrates may act as a permissive signal by reducing internal
cellular tension in hMSCs to allow Sox9 induction in response to TGF.

Recent research into stiffness-induced chondrogenesis in MSCs at first glance
appears to disagree with the findings described in this chapter. Park et al. demonstrates
that hMSCs induce Col2al mRNA expression when cultured on substrate far more
compliant than cartilage ECM stiffness (~1 kPa)(Park et al., 2011). In a study by

Williamson et al., the stiffness of bovine articular cartilage increases 3-fold with
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development (Williamson et al., 2001), therefore the optimal stiffness for
chondroinduction may change with chondrocyte maturation. Indeed, Engler et al found
that osteogenesis in hMSCs was activated on a stiffness (~25 kPa) far softer than bone
matrix, hypothesizing that this stiffness may mimic unmineralized osteoid
microenvironment encountered by hMSCs in early osteogenesis (Engler et al., 2006). As
the stiffnesses investigated in this dissertation are several orders of magnitude stiffer than
those used in other studies, directly comparing hMSCs cultured on 1MPa and 1kPa may
further reveal the mechanisms behind stiffness-induced chondrogenesis.

Future work should focus on identifying whether the TGF pathway is similarly
impacted by culture of hMSCs on a cartilage-like substrate. The results in this chapter
suggest that a similar autocrine TGF mechanism has a role in stiffness-induced
chondrogenesis. Moreover, it would be interesting to explore the mechanisms that allow
chondrogenesis on a cartilage-like substrate, but block induction on plastic even in the
presence of TGFB. This phenomenon suggests that stiffness, in addition to regulating
autocrine TGFp, relaxes additional barriers to chondrogenesis that have yet to be
identified. A more in depth understanding of the mechanisms that regulate the initiation
of chondrogenesis will add in the development of tissue engineering strategies for

articular cartilage.
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CHAPTER 7

Summary and Future Directions

In summary, we have adapted polyacrylamide (PA) gel substrates to facilitate
innovative studies into the complex physical and biochemical properties of articular
cartilage. These PA gel substrates were layered to act as mechanical models of the
stratified material properties of articular cartilage. Development of a mathematical model
from the loading behavior of stratified PA gels led to the novel observation that
osteoarthritis (OA) drives the material properties of the cartilage extracellular matrix
(ECM) towards homogeneity. Homogeneous PA gels in the stiffness range reported for
articular cartilage were used as cell culture substrates to identify the cellular mechanisms
that integrate physical and biochemical cues in the control of chondrocyte differentiation.
Specifically, substrate stiffness primes the TGFf pathway to induce chondrocyte
differentiation through both Smad and non-Smad mediated pathways. We have found
that chondrocyte differentiation is specifically induced by culture on a cartilage-like
substrate (0.5 MPa). Treatment with exogenous TGFf on a cartilage-like substrate
induces a synergistic effect that drives chondrocyte gene expression far above that of
either cue alone. Culture of both ATDCS5 cells and primary murine chondrocytes on 0.5
MPa substrates reveals that autocrine TGF is required for stiffness-induced chondrocyte
differentiation. Substrate stiffness also hierarchically regulates Smad3 phosphorylation,
nuclear localization, and transcription. When TGF is added exogenously, synergistic

induction of chondrocyte gene expression becomes Smad3 independent, acting instead
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through the p38 MAPK pathway. We have identified similar mechanisms in human
mesenchymal stem cells (hMSCs), although isolated to Sox9 gene expression. The
differences in gene inducibility between hMSCs and mature chondrocytes indicates that
the interaction between substrate stiffness and TGFf, highly tuned to a specific stiffness
in mature chondrocytes, may require another as yet unidentified mechanism in the
regulation of chondrogenesis.

Although this dissertation describes several novel mechanisms through which
cells integrate signaling from ECM stiffness and TGFf, our understanding of the
mechanisms by which cells integrate physical and biochemical cues remain incomplete.
Future work should focus on the questions left unanswered by the work in this
dissertation. For example, the mechanisms that specify the induction of chondrocyte
differentiation only on a cartilage-like stiffness remain to be explored. In Chapter 5,
chondroinduction on a 0.5 MPa substrate requires autocrine TGFf. While TGF3 mRNA
expression and ligand production increases with compliance reaching a maximum on the
softest gel (Figure 5.4C), there is not a concurrent increase in Smad3 phosphorylation on
overly compliant substrates (Figure 5.5A). While the lack of Smad3 phosphorylation on
overly stiff substrates is most likely a result of low autocrine TGFB production, Smad3
phosphorylation is expected on overly compliant substrates where cells are expressing
autocrine TGFB. The mechanism that prevents TGFB-inducible Smad3 phosphorylation
on overly compliant substrates is unknown, but must lie between production of the ligand
and effector activation, narrowing the possibilities (Figure 5.7). Post-translational

modification of TGFf activation may be involved, as myocyte stretch-activated release of

TGFB1 from the latency associated peptide occurs on stiff, but not compliant, substrates

86



(Hinz, 2009; Wells and Discher, 2008). Moreover, as crosstalk between integrins and
growth factor receptors is important in the regulation of cell behavior (Eliceiri, 2001), it
is possible that stiffness, in regulating integrin clustering, also affects growth factor
receptor clustering or availability.

Cell shape and substrate stiffness are strongly linked (Yeung et al., 2005),
therefore it is difficult to separate these two cues from one another. The work of Chris
Chen has elegantly demonstrated that cell shape itself can regulate apoptosis and stem
cell lineage selection independent of substrate stiffness (Chen et al., 1997; Gao et al.,
2010; McBeath et al., 2004; Shao et al., 2012). There are several observations about cell
shape in Chapters 5 and 6: ATDCS5 cells do not exhibit a cell shape change with
stiffness; primary chondrocytes lose their rounded phenotype with increasing substrates
stiffness; and hMSCs obtain a rounded morphology specifically on 0.5 MPa substrates,
but only in the presence of chondrogenic media. As ATDC5 cells, unlike primary
chondrocytes, do not require rounded morphology for chondrocyte differentiation, they
may provide insight into the relationship between substrate stiffness and cell shape. As
the mechanisms involved in the interaction between substrates stiffness and TGFf can be
observed in ATDC5 without any shape change, it would seem that a change in cell shape
may be secondary to stiffness in regulation of chondrocyte differentiation. However,
substrate stiffness does have such a strong effect on cell morphology in non-transformed
cells (murine primary chondrocytes and hMSCs) and therefore it is difficult to interpret
the importance of cell morphology as a physical cue in chondroinduction. Indeed,
numerous studies have indicated the importance of a rounded morphology in inducing

both chondrogenesis and maintenance of chondrocyte phenotype (Benya and Shaffer,
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1982; Gao et al., 2010; Glowacki et al., 1983; Shao et al., 2012; Takahashi et al., 2007).
In Chapter 6, hMSCs cultured on plastic adopt an elongated shape and in the presence of
TGFB will not induce Sox9 expression. hMSCs cultured on a 0.5 MPa gel exhibit a
rounded morphology and synergistically induce of Sox9 expression with TGFp treatment
(Figure 6.5). It is possible that, in addition to an interaction between substrate stiffness
and TGFpB, a change in cell shape may be required for the proper induction of
chondrogenesis.

It is well known that dimensionality is a factor in cellular mechanosensing
studies. Several studies have found that similar stiffnesses induces cellular differentiation
in 2D and 3D (Janmey and Miller, 2011). However, other studies have demonstrated that
dimensionality can affect integrin ligation, cell contraction, and intercellular signals
(Griffith and Swartz, 2006). Further studies should focus on whether the cellular
mechanisms that integrate physical and biochemical cues identified here in 2D are
maintained in a 3D environment. Though murine chondrocytes adopt a rounded
morphology on cartilage-like substrate, they are cultured in monolayer and therefore may
best represent chondrocytes from the thin superficial layer of articular cartilage. It
would be interesting to determine, just as the moduli of articular cartilage vary with
depth, whether chondrocytes harvested from different zones of cartilage have different
optimal substrate stiffnesses and whether the mechanisms combining physical and
biochemical cues vary as well.

As it appears that substrate stiffness affects chondrocyte differentiation, it would
follow that this physical cue plays a role in the development of osteoarthritis. Indeed, the

shear stress and physical manipulation by ultrasound have been shown affect the
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osteoarthritic phenotype. Shear stress from fluid flow induces expression of matrix
metalloprotease 9 and nitric oxide and decreases Col2al and aggrecan mRNA production
in osteoarthritic chondrocytes (Lee et al., 2002; Smith et al., 1995). In a rat OA model,
low-intensity pulsed ultrasound increased collagen Il production and decreased
histologically-assessed cartilage matrix damage (Naito et al., 2010). Moreover, as
osteoarthritis can arise from both a physical and biochemical impetus, studying the
complex interactions between these two types of cues in the context of the disease may
lead to innovative ideas about the true cause of osteoarthritis. Future work into the
response of osteoarthritic chondrocytes to a range of substrate stiffnesses and TGFp
treatment may elucidate new therapeutic targets.

While the work here describes an interaction between one physical and one
biochemical cue, there are numerous others that may be important in differentiation of
chondrocytes or other cells types. The ECM, while providing numerous physical cues,
also binds soluble growth factors and controls diffusion rates, creating concentration
gradients (Griffith and Swartz, 2006). Interstitial fluid flow, in addition to its role as a
mechanical cue, functions to transport soluble factors through the ECM. Studies have
found that interstitial flow can regulate the distribution of proteoglycans and proteases
and can even synergize with VEGF in angiogenesis (Griffith and Swartz, 2006).

While exploring interaction between physical and biochemical cues is
challenging, this strategy has proven relevant for tissue engineering applications. Many
factors have to be considered to recapitulate the properties of the original healthy tissue.
In this vein, synthetic gels have been developed that control growth factor binding sites,

and restrict internalization while providing an tunable physical environment (Griffith and
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Swartz, 2006). Aligned nanofibers synergize with bFGF in wound healing (Patel et al.,
2007). High shear stress combined with endothelial growth factor synergistically induces
differentiation of Placenta-derived multipotent cells (Wu et al., 2008). The cellular
microenvironment is so complex, that the success of tissue engineering therapies may
bank on a better understanding of how disparate cues work together to regulate tissue

maintenance and function.
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ABSTRACT

This study investigates polyacrylamide (PA) gel as a calibration material to measure
the nanomechanical compressive modulus of cartilage using nancindentation. Both
nanoindentation and unconfined compression testing were performed on PA gel and
porcine tib cartilape. The equilibrium moduli measured by the two methods were
discermable. Manoindentation has the advantage of distinguishing between spatially
dependent constituent properties that affect tissue mechanical function in heterogeneous
and hierarchically structured tissues such as cartilage, Both sets of measurements
exhibited similar positive comrelation with increasing gel crosslinker concentration. The
compressive modulus measurements from compression in the PA gels ranged from
300 kPa-1.4 MPa, whereas those from naneindentation ranged from 100 kPa-1.1MPa.
Using this data, a method for relating nancindentation measurements to conventional
mechanical property measurements is presented for porcine rib cartilage. It is shown that
based on this relationship, the local tissue modulus as measured from nancindentation
(1.1-1.4 MPa) was able to predict the overall global modulus of the same sample of
rib cartilage (2.2 MFa), as confirrned by experimental measurements from unconfined
compression. This study supports the use of nanoindentation for the local characterization
of cartilage tissues and may be applied to other soft tissues and constructs.

Published by Elsevier Ltd

1. Introduction

The complex structures and

heterogeneity of cartilage

and unconfined compression, at best treat the tissue as a
poroelastic, multi-phasic, isotropic material {Armstrong and
Mow, 1982; Athanasiou et al, 1994; Kempson et al, 1971;

presents challenges to characterizing its material properties. Sokoloff, 1966; Hayes and Mockros, 1971). These methods

Commonly employed mechanical tests, such as confined give information about the global behavior of the tissue as

* Corresponding address: UCST and UC Berkeley Joint Graduate Program in Bicengineering, 2121 Etcheverry Hall, University of California,
Berkeley, CA 94720, United States. Tel.: +1 510 457 5683, +1 650 587 1513,
E-mail address: limeow@gmail.com (C. Li).
1751-6161/5 - see front matter. Published by Elsevier Ltd

doi:10.1016/j.jmbbm.2011.02.004
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described by, for example, the equilibrium aggregate modulus
and the time constant (Mow et al, 1980). Further, these
experiments are limited in revealing and characterizing a
micrometer length scale (a few pm to hundreds of pm)
structure-property relationships key to cartilage function.
There is a strong need for more in-depth knowledge of the in-
situ local tissue properties in a spatially-dependent manner.
This would help resolve the mechanical contributions from
the spatially varied structural and constituent units to the
overall behavior and function of cartilage.

Local mechanical characterization of articular cartilage ex
ploring multi-scale stiucture-property relationships has been
limited due to a number of factors. Such factors include the
paucity of mechanical tools that facilitate these measure
ments, the development of appropriate testing and analy-
sis technigues, as well as the identification of materials that
can serve as baseline measures for such systems. In the last
decade nancindentation has evolved as a promising tool for
structure-property characterization of tissues and soft bio
materials (Kaufman et al., 2007; Ebenstein et al., 2004; Franke
et al,, 2007; Gupta et al, 2005; Ferguson et al.,, 2003; Gupta
et al,, 2007; Li et al,, 2006; Akhtar et al., 2009; Chaudhry et al,,
2009). Studies have addressed a number of important factors
in nanomechanical testing methodology including large de
formations, surface detection, adhesion, hydration, surface
roughness and time-dependent behavior (Ebenstein et al,
2004; Gupta et al,, 2007; Li et al,, 2006; Ebenstein and Pruitt,
2006; Ebenstein and Wahl, 2006; Hansma et al,, 2009; Kesari
et al., 2010; Donnelly et al.,, 2006). Nanoindentation analysis
typically relies on applying Hertz contact theory to a mate-
rial volume under the probe with the assumptions of material
homogeneity, isotropy, and linearly elastic or elastic-plastic
material response. Application of the appropriate indenter tip
size and geometry, as well as the indentation protocol can be
used to target localized material volumes of interest, and iso-
late steady state material matrix properties. For example, a
100 pm ideal conospherical tip can effectively target a region
with a contact dilameter of 30-50 pm at 1-3 pm of penetra-
tion depth. This may be appropriate for probing, for exam
ple, particular cellular regions within cartilage zones, or of
the extracellular matrix of cartilage. It is important to note
that in indenting, soft tissues like cartilage have inherent sur-
face roughness due to natural grooves, protrusions, and pock-
ets from protein components and cellular regions (tens of
micrometers in wavelength and several micrometers in am
plitude) (Mow et al, 1997). These micro- and nano-scale
roughness features deform and release pockets of fluid to
provide lubrication {Walker et al., 1968; Hou et al., 1990) or
to support other essential tissue functions. In indentation
of soft tissues, these surface roughness features yield eas-
ily during initial loading (and conform to the rigid indenter
with contact diameters of 40-50 pm) as fluid is pushed out
and before the tissue volume can sustain significant load.
Therefore the “roughness” of hydrated soft materials under
indentation does not contribute significantly to the differ
ences in contact area and load-displacement data, but rather
can be considered as another aspect of tissue heterogene-
ity that contributes to variation in the measurement. Simi-
lar to creep and stress relaxation experiments described by
Mow et al. (1980), the nanoindentation technique can be

controlled to rid the fluid flux-driven time-dependent be

havior and capture solid matrix properties in a solid-fluid
biphasic material. However, cartilage, like most soft bio-
materials, has more complex behavior than can be fully
described by current material models, particularly at the mi-
crometer and smaller length scales where conventional con-
tinuum mechanics assumptions do not necessarily apply.
Moreover, the complex stress field in the cartilage under the
indenter tip is not fully understood. Given these limitations
associated with applying the nanoindentation technique to
soft biomaterials, the measurements are not true material
properties, but rather are relative measures for making com

parisons and discoveries. The measured modulus may be in-
terpreted as an in-situ tissue modulus distinct from the global
elastic modulus of the entire tissue structure as measured by
conventional large-scale mechanical testing.

A challenge in developing a protocol for nanomechanical
characterization of cartilage is the availability of a control ma-
terial. An appropriate reference material is one whose phys
ical and mechanical properties resemble that of cartilage but
are controllable and predictable, and hence can be more con-
sistently characterized. Previous investigators have utilized
agarose gels to serve as a reference material for soft bio-
materials and biological tissues (Ebenstein and Pruitt, 2006;
Scandiucci de Freitas et al., 2006; Li, 2008). However, not only
are the microstructures of agarose gels variable depending
on the natural source of the agarose powder and method
of gel preparation, they are also unstable and susceptible to
degradation within a few days owing to disentanglement of
its physical chain network (Scandiucci de Freitas et al., 2006;
Stolz et al., 2004; Normand et al., 2000). An alternative ma-
terial, polyacrylamide (PA) gel used commonly in biological
research (Hansma et al., 2009) is a synthetic chemical com-
pound that solidifies to form one large chemically crosslinked
molecule that is more stable compared to agarose gel and
from our experience is able to retain its mechanical integrity
for well over a week. PA gels can also be tailored to span the
elastic moduli range of 0.2 MPa to over 1 MPa, which is within
the modulus range of cartilage tissue (Mow et al., 1980; Klee
mann et al., 2005; Kiviranta et al., 2008). This study proposes
to use PA gels as a reference material for the mechanical char
acterization of cartilage and other soft biomaterials. We hy-
pothesize that there is a link between the material and its
structural and compositional units and that there is a rela
tionship relating the global elastic modulus and the nanoin-
dentation derived tissue modulus. The goal of this pilot study
is to propose a method using mechanically graded polyacry-
lamide gels against which nanoindentation of cartilage and
other complex soft biomaterials can be calibrated.

2, Materials and methods
2:1% Polyacrylamide gels

Materials for making polyacrylamide (PA) gels were obtained
from Bio-Rad (Hercules, CA). For this study, the monomer
acrylamide concentration of each gel was held constant (at
20% or 30% w/v) while the Piperazine diacrylamide (PDA)
crosslinker concentration was varied from 0.5% to 3% w/v.
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Table 1 - Gel composition and test scheme of polyacrylamide gel specimens.

Gel type %w/v Acrylamide Sow/v PDA Nanoindentation Compression
2005 20 05 p x
20:15 20 15 x x
20:2 20 2 % x
20:25 20 25 p n/a
30:1 20 1 ¢ %
30:2 30 2 x ®
30:3 30 3 * x

The unit w/v is measured in grams of solute per mL of
solution, and is commonly used in chemistry to represent
the concentration of a solution. A summary of the PA gels
and the test schemes is provided in Table 1. The desired
acrylamide and piperazine diacrylamide volumes were added
to a solution containing a 0.01 M Hepes Buffer (pH 8.5)
and TEMED (1/2000 dilution) in deionized water. The Hepes
solution was vortexed for 30 s and degassed in a vacuum
chamber for 1 h. To initiate the polymerization reaction,
10% {w/v) ammonium persulfate solution was added to the
degassed mixture at a 1/200 dilution (Ainal conc. 0.05% {(w/v)).
The solution was carefully mixed with a pipette and then
poured into a wvertical mold that was 7 cm by 8 cm in
width and height respectively and approximately 1 mm in
thickness. Gels were stored in the 0.01 M Hepes solution
overnight at 4 °C before testing. For each gel formulation, 3-5
specimens were cut from the gel slab with a 6 mm cylindrical
punch and then subjected to unconfined compression. In
addition, each gel fonmulation was subjected to 7 or more
indents using nanoindentation (described below).

2.2. Porcine cartilage

Fresh rib cartilage was obtained from a local abattoir and
immediately dissected. Cylindrical specimens of porcine
cartilage (n = 4) were obtained with biopsy punches.
These specimens were 6.8 mm in diameter and 4-6 mm in
thickness and were taken from porcine rib cartilage slices
in the sagittal plane and subsequently stored in phosphate
buffered saline (PBS) at 4°C until use. The rib cartilage disks
excluded the bone. The disks were tested as soon as they
were dissected; however, storage times varied from one to
three days due to schedule constraints around completing
unconfined compression and nanoindentation tests on the
same specimens. Four specimens were tested in unconfined
compression, and on one of these specimens, 17 indents were
performed using nanoindentation. Only one specimen was
tested using nancindentation because it was decided a prioni
that the nanoindentation data should be collected within
24 h of bulk testing. This takes into consideration accelerated
tissue degradation ex vive.

2.3. Unconfined compression tests

The compression loading protocols were fine-tuned for either
the gel or cartilage in order to minimize testing time and
to span the relevant linear stress-strain regions. The Bose
Electroforce 3200 mechanical test system (Bose Corporation,
Eden Prairie, MN) was used for unconfined compression. A
10 M load cell and two custom compression platens 2 cm

in diameter were used to test the delicate gel samples. Each
PA gel was immersed in Hepes buffer (0.01 M, pH 8.5} and
loaded between the two metal platens at room temperature.
Contact was established at 0.1-0.2 N of preload. Each gel
sample was ramp loaded at (.02 mmy/s at each of the 1%
strain steps (~0.01 mm in displacement) up to a total strain
of 8%, and allowed to relax at each step for up to 360 s.
The gel samples were more delicate and prone to fracture
compared to the harvested cartilage samples. Therefore, the
loading protocol—pre-load, strain rate, total strain, and time
of relaxation, were optimized specifically to measure the
equilibrium stresses for the gel and cartilage samples in their
respective linear loading regimes. To accommodate testing
of the cartilage samples, a higher 450 N load cell and larger
platens 5 cm in diameter were used. Initial sample contact
with platens was established at 0.7-0.8 N of preload. Each
cartilage specimen was ramp loaded at 0.008 mimy/s through
three 5% strain steps (~0.25 mmin displacement) up to a total
strain of 15%, and allowed to relax at each step for up to 600s.
The loading schemes and relaxation responses are illustrated
in Fig. 1, and the load relaxation response at each step was
verified to reach a load decay rate of at least 0.03 N/s. Stresses
and strains at the end of the relaxation periods were captured
and graphed on a stress-strain plot. The equilibrium modulus
was defined as the best-fit linear slope of the stress versus
strain data. The R squared values of the curve fit ranged from
0.97 to .99,

2.4, Nanoindentation tests

Naneoindentation was performed using a Hysitron Triboln
denter (Hysitron Inc., Minneapolis, MN) with a 100 pm cono
spherical diamond fluid tip. The indenter tip is connected
to the transducer, which was displacement-controlled, and
data is presented as load versus displacement plots for load
ing, hold, and unleading. For all samples, indentation started
with the nanoindenter tip approaching the sample from off-
contact. The sample surface was clearly evident as seen by
the rapid increase in load with displacement (Li, 2008). Typi-
cal nanoindentation load and displacement data for gel and
cartilage are shown in Fig. 2.

The total displacements into the sample ranged from 2000
to 2000 nm with relaxation times of at least 30 s at maximurm
displacement. The loading rates ranging from 500 nmy/s and
2000 nmy's was found to not affect the relaxation behavior.
Hence data from all loading curves were used to calculate the
quasi-equilibrium modulus. The Hertz equilibrium modulus
is defined as:

3f‘eq

Ey m

2
4VRRZ,
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Displacement

Time

Fig. 1 — Representation of a loading scheme consisting of
three sequential loading steps {top) and their
corresponding load relaxation response over time (bottom)
during unconfined compression. The loading schemes for
PA gel and cartilage samples were each tailored to their
properties and geometry. Gel sample: linear loading
range = 8% strain, loading step = 1% strain increments,
ramp rate = 0.02 mm/s, hold time = 360 s. Cartilage
sample: linear loading range = 15% strain, loading

step = 5% strain, ramp rate = 0.008 mmy's, hold

time = 600 s.

where Peq is the quasi-equilibrium load, heq is the
cotresponding displacement, and R is the radius of curvature
of the spherical indenter (Hertz, 1881). The elastic modulus is
related to Ey as

E=Eyl %) @

where v is the Poisson’s ratio of the specimen and is assumed
avalue of 0.499, that of an incompressible material. The stress
relaxation segment of load versus time data was fitted with
a power law function and the theoretical equilibrium load
was determined from the curve fit. The goodness-of-fit was
calculated as the R squared value and ranged from 0.62 to
0.98. The load decay rate for gel at the end of the hold step
was on the order of 0.1 uN, whereas that for cartilage ranged
from orders of 0.1 to 1 pN/s.

3. Results and discussion
3.1 Polyacrylamide gel data

The equilibrium compressive modulus for the seven gel
types spanning a range of crosslinker content were measured
using unconfined compression and nanoindentation. These
results are plotted in Fig. 3 and also summarized in Table II.
The results demonstrate controllable mechanical properties

1 — 303 PAgel
= = Porgine rib cartiage

200 250

Load (uN)
100 150

T T T
o 20 40 80 80

Time (s}

Fig. 2 - Representative load vs. displacement data (top) and
load vs. time data (bottom) for PA gel and cartilage during
nanoindentation.

within the linear range of stress-strain behavior for the PA
gels with the range of crosslinker concentrations. The range
of elastic modulus from unconfined compression for the
gels was 0.3-1.4 MPa while that from nanoindentation was
0.1-1.1 MPa (Table 2). These values are comparable to both
engineered cartilage constructs (Martinez-Diaz et al,, 2010;
Katakai et al., 2009) and native cartilage tissues (Kempson
et al,, 1971, Mow et al., 1980; Kleemann et al., 2005; Kiviranta
et al.,, 2008).

The equilibrium modulus values of the PA gels were
found to be stable over the two-week time frame without
any degradation in the modulus (Li, 2008). The results of
these modulus measurements support the premise that PA
gels can be prepared with homogeneous microstiuctures that
are reproducible (Normand et al.,, 2000; Peyton and Putnam,
2005). Moreover, the chemically crosslinked microstructure
(Peyton and Putnamn, 2005) offers a much greater consistency
and stability than was found in agarose gels. These results
suggest that PA gel would be an excellent control material for
characterization of cartilage tissue modulus as in evaluating
diseased cartilage or tissue engineering constructs.

As shown in Fig. 3, the trend of increasing equilibrium
modulus with greater crosslinker concentration is consistent
in unconfined compression and nancindentation data. The
modulus values measured by unconfined compression are
higher than those from nanoindentation tests. However at
the higher crosslinker concentration, the modulus values
from the two methods appear to deviate from the linear
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Table 2 - Summary of mean (SD) of equilibrium modulus of PA gel and porcine cartilage measured from unconfined

compression and nanoindentation.

Unconfined compression modulus (MPa)

Gel sample Mean (SD},n=3
20105 0.3(007)
20:15 0.5(0.16)

20:2 0.8(0.16)
20025 N/A
30:1 0.5 {0.07)
20:2 1.2(0.1)
20:3 1.4 (0.06)

Porcine rib cartilage sample Mean (SD), n =4

Manoindentation modulus (MPa)
Mean (SD), k=7

0.1 {0.08)
0.3 {(0.03)
0.3 (0.03)
0.5 {0.02)
0.2 (0.03)
0.5(0.03)
1.1 (0.08)

Mean (SD), k=17

A 2.2(0.3)
n = number of samples of gel or cartilage, k = number of indents.

o Compression o
* Nangindentation )
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o ]
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PA Gel Composition (w'v Acrylamide : %w/v Crosslinkar)

Fig. 3 - Comparison of equilibrium modulus values for the
polyacrylamide gel types from unconfined compression
and from nanoindentation. The vertical line helps to
visually separate the 20% PA gel data on the left and the
30% PA gel data on the right.

comelation, possibly due to the saturation of crosslinks
within the polymer network. Also, over the range of
crosslinking, there is a smaller variation in nancindentation
measurements of the equilibrium modulus than for the bulk
compression tests. However this is not consistent in all PA
gel formulations. This could point to the relatively greater
homogeneous material properties at the local level of an
area of tens of squared micrometers due to a locally uniform
microstructure, compared to the global propeities of an area
of tens of squared millimeters. However, the difference in
the variation is also likely due to the variations intrinsic
to the selected test method and its execution. Since the
relaxation states of samples in this study are comparable
based on load decay measurement at the assumed steady
state, the authors do not believe that the relaxation states
of the tissue are responsible for the higher mean values for
unconfined compression compared to nanoindentation. The
data from unconfined compression equilibrium reached a

2.7 (1.0)

lower decay rate (0.03 N/s) following relaxation from peak
loads of several Newtons in PA gels (tens of Newtons in
cartilage samples) than the decay rate (0.1 uN/s) reached by
data from nanoindentation following stress relaxation from
peak loads of tens of pN in PA gels (hundreds of uN in cartilage
samples).

Based on the mean values of quasi-equilibrium modulus
measured by nanoindentation and unconfined compression,
a calibration curve, as shown in Fig. 4, was plotted which
converts the local modulus to the global modulus of the
material. Fitting this data to a log function produced
a quantitative relationship with a Pearson’s correlation
coefficient R of 0.94 for the PA gel measurements. This
suggests that the local and global properties of the gels
are distinguishable, with the local measurements collectively
contributing to the overall tissue modulus. This also validates
that the assumptions of material isotropy, homogeneity,
and elasticity are satisfied in the case of PA gels for
both nanoindentation and unconfined compression. This
calibration curve is unique in that it can relate measures of
local heterogeneities to an averaged global measure of the
material as a whole.

It should be noted that for the 20:1.5 PA gel, the unconfined
compression data deviated further from the curve fit than
other data points. Nanoindentation did not discriminate the
local compressive modulus of this gel formulation from that
of the next higher crosslinker concentration. This suggests
that fundamental differences in the local vs. global properties
can perhaps be further clarified by using both of these
complimentary measurement techniques. However, as noted
above, overall trends in both unconfined and nanoindentation
modulus measuremnents of the 20% w/v PA gel formulations
indicate a plateau in the equilibrium modulus at higher
crosslinker concentrations. Further studies with higher
concentrations of the acrylamide gel formulations with
various crosslinker concentrations will elucidate material
property changes at crosslinker saturation levels.

3.2 Porcine cartilage data
The quasi-equilibriumm modulus  values of porcine rib
cartilage were measured using the unconfined compression

and nanoindentation test protocols described above. Four
specimens of porcine rb cartilage were measured by
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Fig. 4 - Mean (SD) equilibrium modulus values measured
by nancindentation vs. Mean (SD) equilibrium modulus
values from unconfined compression fit to a log function.
The equation for the fit is determined to be:

y = 1.3119 + 1.125 log(x), where y is the equilibrium
modulus measured by unconfined compression, and x is
that measured by nanoindentation.

unconfined compression, and one of these specimens, with a
measured modulus of 2.2 MPa using unconfined compression,
was further subjected to nanoindentation testing. The resulis
of the unconfined compression and nanoindentation tests
are provided in Tig. 5. The average equilibrium modulus
for the unconfined compression tests was 2.2 MPa (ranging
from 1.8-2.6 MPa) while for the nanoindentation tests it was
2.7 MPa {ranging from 1.1-4.4 MPa).

Unlike articular cartilage, porcine rib cartilage is known
to be a generally more homogeneous tissue with random
collagen orientation throughout the hyaline cartilage (Mattice
et al, 2006; Forman and Kent, 2010); thus it was expected
that its material behavior would be more similar to that of
PA gels compared to articular cartilage. In fact, the mean
equilibrium modulus values of porcine rib cartilage, 1.4 MPa
and 1.1 MPa corresponding to unconfined compression and
nanoindentation respectively, are on the same order of
magnitude as the stiffest 30:3 (% w/v acrylamide:% w/v
crosslinker) gel formulation (Table 2). However, in contrast to
PA gels, the variation within the nancindentation data for
cartilage was greater than varation within the unconfined
compression data—a standard deviation of 1.0 vs. 0.3. This is
consistent with the larger range of data on relaxation states
observed under nanoindentation compared to compression.
This would slightly overestimate the tme equilibrinm value
of cartilage taken with the naocindentation technigue. The
relatively large variation in the cartilage nanocindentation
data however is also related to the greater heterogeneity
that exists within the cartilage tissue - chondrocytes and
extracellular matrix structures over an area of tens of squared
micrometers — that are not present in the PA gels. This data
also supports the notion that the nanoindentation modulus

a5
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o a a o—-o-o--%

2.7 +/= 1.0 MPa

Comprasaive Modulus {MPa)
25
1
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1
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o 22 +~03MPa
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Nanonindentation Unconfined
(17 Indents) (4 samples)

Fig. 5 - Unconfined compression and nancindentation
measurements for quasi-equilibrium modulus of porcine
rib cartilage. Note the mean (SD) reported for four samples
of cartilage measured with unconfined compression, and
one sample (17 indents) measured with nanoindentation.

measurement can be a good indicator for evaluating local
property variations within the tissue. Such spatial property
information can be very useful for mapping cartilage quality
for particular cellular and structural units over a given tissue
area that appears homogeneous at the global tissue level.

Despite this difference, and considering the overall
similarity in physical properties and in mean equilibrium
modulus between the PA gels and the cartilage tissue, the
measurements obtained from nanoindentation for cartilage
were converted to their equivalent global value using the
relationship shown in Fig. 4 {developed for the PA gels). The
equivalent average modulus using this conversion is 1.8 MPa
and this is within 1 standard deviation of the actual values
measured by unconfined compression (Fig. 5). A summary of
the porcine cartilage measurements is included in Table II for
ease of comparison to the PA gels. These findings reveal the
extent to which the PA gel calibration curve can be applied
over the specified modulus property range and extrapolated
to predict local and global material property relationships for
rib cartilage.

4. Conclusions

This work demonstrates that polyacrylamide gels can serve
as effective calibration materials for nanoindentation of
cartilage and likely other soft hydrated biomaterials. The
results of unconfined compression and nanoindentation
tests indicate the modulus of the PA gels can be tailored
with crosslinking to match approximate modulus values of
the cartilage tissue. A method for relating nanoindentation
measurements to conventional global mechanical property
measurements has been suggested for both PA gels
and porcine 1ib carntilage; the potential application of
this relationship to more heterogeneous tissues with
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predominant preferred microstructural orientation such as
articular cartilage requires further study. Nanoindentation
can be used to measure the local properties of interest. In
homogeneous and isotropic materials, it can be interpreted
at the macroscale level to give a sense of its functionality
as a whole structure. This pilot study supports the use
of nanoindentation for the localized characterization of
cartilage tissues and engineered cartilage constructs.

Bulk mechanical testing of healthy articular cartilage
reveals that the equilibrium compressive elastic modulus
is on the order of 1 MPa (Armstrong and Mow, 1982;
Athanasiou et al., 1994; Kempson et al., 1971; Sokoloff, 1968);
however, this global modulus of the tissue may not provide
insight into local property changes that occur in disease
progression, nor constituent contributions to the structural
behavior of this complex tissue. A quantifiable measurement
of spatially varying elastic modulus values at the constituent
length scales can offer valuable information about the local
biochemical and biomechanical transformations at work in
the progression of osteoarthritis or in tissue remodeling (Tang
et al, in press). The knowledge gained from nancindentation
experiments of tissues and biomaterials can then be
extended to efforts in disease prevention and tissue repair.
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Tissue mechanical properties reflect extracellular matrix composition and organization, and as such,
their changes can be a signature of disease. Examples of such diseases include intervertebral disk
degeneration, cancer, atherosclerosis, osteoarthritis, osteoporosis, and tooth decay. Here we
introduce the tissue diagnostic instrument (TDI), a device designed to probe the mechanical
properties of normal and diseased soft and hard tissues not only in the laboratory but also in patients.
The TDI can distinguish between the nucleus and the annulus of spinal disks, between young and
degenerated cartilage, and between normal and cancerous mammary glands. It can quantify the
elastic modulus and hardness of the wet dentin left in a cavity after excavation. It can perform an
indentation test of bone tissue, quantifying the indentation depth increase and other mechanical
parameters. With local anesthesia and disposable, sterile, probe assemblies, there has been neither
pain nor complications in fests on patients. We anticipate that this unique device will facilitate
research on many tissue systems in living organisms, including plants, leading to new insights into
disease mechanisms and methods for their early detection. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3127602]

I. INTRODUCTION

The tissue diagnostic instrument (TDI) was redesigned
from the bone diagnostic instrument so as to measure tis-
sue mechanical properties subcutanecusly and in vive with
additional probe assemblies and an adjustable compliance
(Fig. 1). It consists of a thin probe assembly that can pen-
efrate skin and soft tissue to reach deep tissues. The dispos-
able, sterilizable probe assembly consists of an outer refer-
ence probe made from a 23 gauge hypodermic needle and an
inner test probe made from stainless steel wire ranging from
175 to 300 gum in diameter and from 2 to 90 mm in length.
Since friction between the test probe and the reference probe
increases with length, it is desirable to use only the length
needed to access the desired tissue location. The test probe is
held in a nickel tube that couples to a magnet, which in turn
is linked to a force generator. During operation the force
generator oscillates the probe within the tissue of interest and

0034-6748/2009/80(5)/054303/6/$25.00

80, 05430341

concurrently measures the force and displacement. The
maximum values for force and displacement are 12 N and
600 pm. The probe is typically operated at a frequency of 4
Hz because this is rapid enough to allow hand holding yet
sufficiently slow to allow easy decoupling of the elastic and
viscous response of the tissue (see supplementary material®
for more details including force and displacement ranges. )

1. MEASUREMENTS

We first illustrate T use in human spinal disks that are
composed of a thick outer ligament (annulus fibrosus) and a
central swelling hydrogel (nucleus pulposus). Spinal disk de-
generation can be the underlying cause of back pain leading
to significant morbidity and societal expense. Intervertebral
disks are one of the most highly loaded tissues in the body,
and consequently material property insufficiency can lead to
damage accumulation, inflammation, and pain. Disk degen-

© 2009 American Institute of Physics
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FIG. 1. (Color) The TDL {a) The TDI can measure mechanical properties of
tissnes under test even if they are covered with skin and other soft tissues
because it has a probe assembly that can be inserted subcutanecusly into the
tissue under test. (b) It can be handheld and is connected to a computer for
data generation, acquisition, and processing. In this photo it is being used to
measure differences in the mechanical properties of fruit and gel in a snack
food. (¢} A probe assembly for the TDI consists of a test probe, which moves
displacements of the order of 200 gm relative to the reference probe. The
reference probe serves Lo shield the test probe from the influence of the skin
and soft tissue that must be penetrated to reach the tissue under test. Type D
probes are good for very sofl Ussue, such as the murine breast Ussue in Fig,
3. Type N probes are good for stiffer tissue, such as the spinal disk tissue in
Fig. 2. The screw at the top of the TDI (a) can adjust the compliance of the
TDI, as discussed in the supplementary material.

eration is currently diagnosed using imaging techniques,
such as magnetic resonance.” Unfortunately, these methods
can only indirectly suggest disk mechanical properties,
which currently cannot be measured in vivo.

Using image-guided, percutaneous placement [Figs. 2(a)
and 2(b)], disk material properties can now be measured
safely in vivo using a type N probe assembly [IFig. 1(c)]. The
novel sharpening of the reference probe for type N probe
assembly decreases the problem of tissue being caught be-
tween the test probe and the reference probe during insertion
and thus decreases the friction between the test probe and the
relerence probe. The friction between the test and reference
probes is typically ~0.02 N. The specific value is recorded
by the software before testing a sample and is removed from
the samples” force versus distance plot before analysis. The
force versus displacement data are plotted in real time and
recorded digitally [Figs. 2(c) and 2(d)]. The slope of the
force versus displacement curve provides a measure of disk
elasticity: in the case of a simple spring, the slope would be
the spring constant. The energy dissipation in the force ver-
sus displacement curve is the area inside the curve and is a
measure of the viscous behavior. Viscosity is absent from a
simple spring yet is large for a purely viscous material such

Rev. Sci. Instrum. 80, 054303 (2009)
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FIG. 2. Demonstration of the ability of the TDI to distinguish between the
annulus and nucleus of a human intervertebral disk. (a) X-ray image of
ransverse view of a cadaver lumbar maotion segment 112 with test probe
located in annulus. (h) Similar view with probe centered in the nucleus. (c}
TForce vs displacement curve measured by the TDI during a cyclic load cycle
(4 1z} in the annulus. (d} Porce vs displacement curve measured in the
nucleus. Note that the annulus is much stiffer (higher slope) and dissipates
more energy (higher area enclosed by the curve). (e} Histogram comparing
the average least-squares slope for ten cycles in the annulus vs in the
nucleus. (f) Histogram comparing the average energy dissipation for ten
measurements in the annulus vs in the nucleus (3181 11 ] vs
97206 wl; p<0.01). The error bars indicate standard deviation for the
ten measurements within the annulus and within the nucleus in the disk.

as petroleum jelly, which has an elasticity near zero.

There are significant differences (p values of <0.01} in
slope (N/m} and energy dissipation (gJ) between the annulus
Sibrosus and the nucleus pulposus (Fig. 2). The annulus fi-
brosus has both higher slope and energy dissipation. These
results are representative of our measurements on 11 disks:
the slope and energy dissipation are always greater in the
annulus than the nucleus. This observation of higher slope or
stiffness in the annulus is consistent with previous experi-
ments measuring the compressive properties of both annulus
and nucleus.™® However, a precise comparison with estab-
lished mechanical data is not readily available because me-
chanical testing in this manner at high spatial resolution has
not been possible previously. Because these properties are
known to change with age and degeneration, an eventual
goal would be to determine whether in vive measures of
annulus and nucleus material properties provide novel data
that improve back pain diagnosis and treatment. We note that
the 23 gauge needle is consistent with the recent
recommendation’ that a spinal needle smaller than or equal
to 22 gauge should be used to prevent postsurgery leakage.

An epithelial tissue such as the mammary gland is an
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FIG. 3. (Color) Demonstration of the ability of the TDI to distinguish be-
tween normal mammary glands and tumors, Hematoxylin and eosin (H&E)
staining of {a) the representative normal FVB murine mammary gland and
(b} the matched malignant MMTV-PyMT+ /-murine mammary gland that
were tested in this experiment. (¢) The mammary tumors have significantly
(7 <20.001} higher slopes, a measure of elasticity, for both the thoracie # 2/3
and the inguinal #4 tissues. (d) The mammary tumors have significantly
higher energy dissipation for the thoracic # 2/3 tissue (£ <0.001), but the
difference for the inguinal # 4 wmor was not significant. Histogram com-
paring (e} the elastic modulus and (f) the loss modulus, as measured by
rheology, for the normal mammary glands and mammary tumors after the
TDI measur (two subregions for each y gland, ten measure-
ments for each region). Note that the results for elasticity and loss modulus
for the two techniques reproduce the same general trends. The error bars in
the measurements indicate standard deviation for all the measurements.

example of the softest tissue that can be probed with the
current TDI. TFigure 3 shows a paired-comparison of the
mammary glands #2/3 and #4 from normal Friend Virus B,
mice and tumors arising in the matched mammary glands of
their MMTV-PyMT+/- (Mouse Mammery Tumor Virus-
Polyoma Middle T Antigen) littermates. These data are rep-
resentative of the data in an ongoing study of various tumors.
‘The results of that study are beyond the scope of this paper,
but we can report that all 30 tumors are stiffer (have higher
slope) than all 15 normal mammary glands in tissue site-
matched and age-matched mice. Normal murine mammary
glands have elastic modulus below 1 kPa as measured with a
conventional rheometer and with the TDI device. This value
is comparable with our calibration curves on polyacrylamide
(PA) gels (see supplementary material) that demonstrate TDI
sensitivity below 1 kPa. Normal and transtormed human
breast tissue is considerably stiffer than mouse tissue® and is
therefore well within the range of the TDL Tissue stiffness

Rev. Sci. Instrum. 80, 054303 (2009)

increases in many breast cancers. To quantify stiffness and
improve breast tumor detection, imaging modalities such as
sonoelastography and Magnetic Resonance elastography
have been used.”'” The TDI offers a tractable and economi-
cal approach o measure breast stiffness in situ with millime-
ter resolution. Our preliminary trials on human breast tissue
from cadavers showed detectable variations in mechanical
properties between different locations in the same specimen
with a spatial resolution of 2 mm (data not shown}. Based on
these observations an eventual goal would be to use the TDI
for localization of human breast cancer in situ. A [oresceable
clinical application includes using the device to define mar-
gins of affected tissue and sites for biopsy. The TDI measure-
ment could easily be combined with biopsy; the test probe
could be withdrawn into the reference probe to collect a bi-
opsy sample after mechanical testing. We are currently inves-
tigating the molecular mechanism of how the mechanical
properties contribute to breast cancer; the TDI can be applied
to clarify the molecular link between matrix materials prop-
erties of tissues and tumor risk (i.e., breast cancer in women
with mammographically dense breasts'''%),

Prior to clinically apparent symptoms of osteoarthrilis,
the material quality and mechanical function ol cartilage ma-
rix are cmnprmniscd.l?' ‘The ability to noninvasively probe
the material quality of this stratified tissue will complement
and extend current diagnostic capabilitics.n Furthermore, de-
tection of cartilage degeneration early in osteoarthritis may
increase the success of therapeutic intervention. To that end,
the ability of the TDI to distinguish the elastic modulus of
synthetic materials with moduli comparable to cartilage was
validated against well-established methods including atomic
force microscopy, nanoindentation, and bulk stress relaxation
(Fig. 4). In addition to accurately measuring the elastic
modulus of PA gels with a range of moduli from 0.2 1o |
MPa, the TIDI could measure the elastic modulus of a stiff
gel that was inferior to a compliant gel, demonstrating its
ability to noninvasively evaluate a stratified material [Fig.
4(d)]. When applied to cartilage, the TDI readily discrimi-
nated between a young healthy cadaveric specimen and an
old degenerated surgical specimen that were probed in sitn
[Fig. 4(1)].

Human dentin is an example of the hard tissue that can
be probed with our current device (Fig. 5). One unsolved
problem for practicing dentists is deciding when a sufficient
depth has been reached when drilling to remove carious den-
tin from a cavity. One proposed solution has been the devel-
opment of a new experimental polymer bur (from SS White
Burs, Inc., Lakewood, NJI), which is designed 1o remove soft
decaying dentin but blunt on harder healthy dentin and thus
self-limit the tissue amount removed. Here we show the
properties of the remaining dentin after a first excavation by
such a bur and then aller a second excavation with a second
polymer bur of the same type (Fig. 5). Next was a third
excavation with a #4 round carbide bur and finally a cavity
preparation into presumably sound dentin using a #330 car-
bide bur. Note that even after the cavity preparation, the den-
tin did not have the full elastic modulus of the healthy den-
tin. Our primary focus was on relative values as excavation
proceeded. The elastic modulus, as calculated from force

Downloaded 30 Sep 2009 to 128.111.18.117. Redistribution subject to AIP license or copyright; see http:/frsi.aip.org/rsi/copyright.jsp

112



054303-4 Hansma et al. Rev. Sci. Instrum. 80, 054303 (2009)
a b s
-
Flat = /
Test &, ? Tissue Di
Prabe =) ’V “&= Tnstrument
7
-] DUncsafiiied
3 14 = Compression
= 1.4 Atomic Force
- Microscopy
é - —=— Nanoindentation
=
lamide G 0 -
Polyacrylamide Gel % 2% %
Percentage Crosslinker
c d 1
—— 0.5%72% composite gel
- 2% homogencous gel
z 15| === 05% homogeneous gel
< a5
=
e
z a0
=
0
05
b
0]
0 200 400 600
Displacement (um)
e f
o e [l el thy
23
i —— Degenerated
Z a0 "
<
o
g s
Cartilage (] ——Callagen Fibily o
betodral ) icial — A
- =05 T v T

50 100 150 200 250

Displacement (pun)

FIG. 4. (Color) Demonstration of the ability of the TDI to distinguish differences in moduli of stratified materials such as cartilage. (a) The elastic modulus
can be determined with the type V probe assembly that indents soft materials rather than penetrating them, as above. (b) PA gels with elastic moduli in the
range previously reported for cartilage (0.2—1 MPa) were used to validate the TDI relative to other established methods, including atomic force microscopy,
nanoindentation, and bulk stress relaxation. PA gel moduli increased dose-dependently with cross-linker concentration (p=0.012). (c) To construct a stratified
elastic modulus gel, a 0.2 mm thick layer of “compliant” PA gel was poured over a prepolymerized | mm thick “stiff* PA gel. (d) The force vs displacement
curve produced by the TDI revealed two distinct slopes on the loading curve for the stratified gels. Each slope of the composite gel matches the corresponding
slopes for homogeneous 0.5% and 2% PA gel, demonstrating the capability to analyze stratified materials, such as cartilage. (e) A schematic of the indentation
tests performed on cartilage, which were performed in hydrated conditions with phosphate buffered saline. (f) Using similar test conditions, the TDI easily
distinguished between young cadaveric cartilage and aged degenerated cartilage measured in situ.

versus displacement curves generated by the TDI and ana-
lyzed using a modified Oliver and Pharr'® method, for the
dentin left in the cavity by the polymer bur was below that
for healthy dentin far from the cavity [Fig. 5(c)]. Please see
the appendix for the details of the modified method. The
hardness, as calculated from force versus displacement
curves generated by the TDI and analyzed using a modified
Oliver and Pharr'* method, for the dentin left in the cavity by
the polymer bur was below that for healthy dentin far from
the cavity [Fig. 5(c)]. One-way analysis of variance gives
values of P<<0.0001 for the elastic modulus and P=0.0008
for the hardness, indicating that the variation among means
is significantly greater than expected by chance. Thus the
TDI has the potential to quantify the properties of dentin left
in a cavity and could be used to study the outcome of various
treatment strategies for how much degenerated dentin is re-
moved before filling the cavity.

The absolute value for the elastic modulus of our
“healthy dentin™ is well within the range of existing mea-
surements but below the value of 20-25 GPa recommended
in a recent critical reevaluation of the literature.'” The reason
is probably the storage of the teeth in water for weeks before
measurement.'® To our knowledge, the TDI is the first instru-

ment that can measure elastic modulus and hardness inside
irregularly shaped, fully hydrated dentin cavities. It could be
used for research projects without further modification. For
individual clinical use, a smaller, less expensive version with
an angled probe would be desirable. The experiments on
dentin reported here build on a rich history of measuring
mechanical properties with indentation methods.'*!™¥ of
special interest is recent work modeling size effects with
finite element analysis19 because extensions of work such as
this may lead to a more quantitative understanding of TDI
measurements on soft tissue as well as hard tissue.

The hard tissue, bone, is of particular interest medically
because of the growing incidence of debilitating bone frac-
ture as our population z:lgcs.20 Changes in bone malterial
properties are believed to play a role in fracture risk. 2
With the top screw backed off, as discussed in the supple-
mentary materials,’ the TDI functions as a Bone Diagnostic
Ins.lrurm:,nl,l’2 which may, after clinical tests, prove useful in
quantifying the component of bone fragility due to degraded
material properties. Figure 6 shows tests of the TDI, working
as a bone diagnostic instrument, on a living patient to deter-
mine if the procedure is painful or results in complications.
Neither this patient nor the others tested to date experienced
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FIG. 5. (Color) Demonstration of the ability of the TDI to measure the
elastic modulus and hardness of human dentin to quantify the properties of
the dentin left in a tooth cavity after each of multiple excavations and finally
preparation. (a) The probe assembly for these measurements was designed
to indent the hard tissue. The reference probe was a hypodermic needle that
rested on the surface under test. The test probe was sharpened into a 907
cone with a 30 gm radivs at the end (drawing by Haykaz Mkitchyan). (b)
The teeth after the various excavations and finally preparation. At each
successive stage of excavation and preparation more dentin was removed
from the cavity. [(¢) and (d)] The elastic modulus and hardness of the dentin
remaining in the cavity was significantly {p=.01} less than that of healthy
dentin. The error bars indicate standard deviation of the ten measurements
that were taken on each of the five teeth (a total of 50 measurements). Note
that the elastic modulus of the healthy dentin is over 10 GPa, over seven
orders of magnitude greater than the normal mammary glands (Fig. 3),
demonstrating the range of the TDL

any pain beyond the initial “stick™ when the local anesthesia
was injected. There have been no complications.

lll. DISCUSSION OF NEW POSSIBILITIES

It might, in the future, be possible for the TDI 1o mea-
sure the interaction forces between antibody coated test
probes and tissues. This would allow measurements of single
molecule interactions as is currently achieved with an atomic
force min:mscnpc:.24 Rupture forces in the range of 20-140
pN have been measured for many rcoeptur—?lgigzlnd interac-
tions with single-cell force spectroscopy.”™ With these
interaction forces, we can make order of magnitude estimates
of forces we might find when (rying to rotate or translate a
test probe that had bound to a tissue with many molecular
bonds in parallel. Assuming a molecular density of
1 molecule/ 10 nm?, an interaction force per molecule of 50
pN, a coated region of arca of 4 X 107 m? (the exposed arca
of the type D probe), and a fractional binding of 1%, we
would get a force of 50 pN/molecule X410 m?
% 1 molecule/10 nm? X .01=200 mN. The present lower
limits of sensitivity of the TDI for forces come from the
friction between the test probe and the reference probe, of
the order of 10 mN, and from the force noise in our force
ransducer, of the order of 5 mN in a | kllz bandwidth. Thus
forces of the magnitude that could be expected from molecu-
lar interactions with coated tips should be measurable. A big
problem could be nonspecific interaction masking specific
interactions, A proof of concept experimental approach to

Rev. Sci. Instrum. 80, 054303 (2009}
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——Final Cycle

0 10 150 w00

Distance(pm)

FIG. 6. (Color) Demonstration of the ability of the TDI to do measurements
on a living patient. (a) The probe assembly of the TDI is lowered by a
physician (A.D.P) to penetrate the skin and soft tissue covering the tibia of
the patient (D.B.} after the test site has been sterilized and locally anesthe-
tized. (b} Close up of the physician’s hand on the probe assembly as he
lowers il o the bone surface. (¢) Representative force vs distance curves
measured on the bone of the patient. This patient and the other patients
tested to date experienced neither pain nor complications with the proce-
dure. The most important parameter is the indentation distance increase
(IDT) defined in the image as the increase in indentation distance from the
first eyele to the last, In model systems the IDI is greater for more easily
fractured bone. Other parameters such as the creep atl nearly constant force
(the plateau on the top of the curves), the elastic modulus, the energy dis-
sipation, and the hardness can also be determined from analysis of the force
vs distance curves.

overcoming this masking effect would be to use a test probe
coated on just one side that was exposed Lo the lissue under
test through a window in the wall of a closed-end reference
probe. The difference in the forces between the test probe
and the tissue under test for the coated versus uncoated side
could be measured. This could naturally be extended with
multiple coatings on multiple strips on the test probe, cach
exposed one by one through a slit in the wall of the closed-
end reference probe. We emphasize, however, that proof of
concepl experiments will be necessary to evaluate this poten-
tial application of the TDI.

It is important to note that though the present instrument
is able to make basic measurements in a wide range of (is-
sues (almost all tissues in the human body from very soft
breast tissue to hard, mineralized tissues), it is in a very carly
stage of development. More versatile instruments with more
measurement modalities, such as mentioned above, and more
user convenience [ealures, such as wireless operation, are
possible. Specialized instruments for specific measurements
in specific tissues could be developed at a small fraction of
the cost of the fully versatile instrument. The device could
also be modified to assess materials properties of various
bioengineered artificial three dimensional tissues. 6%

ACKNOWLEDGMENTS

We thank the NIH for support of this work under Grant
Nos. RO1 GM 065354 and RO1 AR 049770 and NIII Grant

Downloaded 30 Sep 2009 to 128.111.18.117. Redistribution subject to AIP license or copyright; see http:/frsi.aip.org/rsi/copyright.jsp

114



054303-6 Hansma et al.

No. AR049770, the DOD under Grant No. W81 XWH-05-1-
330, and the Fondo de Investigaciones Sanitarias (FIS) under
Grant No. PI07/90912. We thank Angus Scrimgeour for ask-
ing us to do indentation measurements on bone, Robert
Recker for encouraging us to plan for clinical trials even
when the BDI was at an early stage of development, Paul
Zaslansky for pointing us toward dental applications, and
Georg Fantner, Jonathan Adams, Patricia Turner, Doug Rhen,
Jason Lelujian, and Ralf Jungman for helping develop pro-
totype BDIs, which then stimulated development of the more
general TDI.

'p K. Hansma, P J. Tumer, and G. E. Fantner, Rev. Sc¢i. Instrum. 77,
075105 (2006).

p Hansma, P. Turner, B. Drake, E. Yurtsev, A. Proctor, P. Mathews, J.
Lelujian, C. Randall, J. Adams, K. Jungmann, F. Garza-de-Leon, G. Fant
ner, H. Mknchyan, M. Pontin, A. Weaver, M. B. Brown, N. Sahar, R.
Rossello, and . Kohn, Rev. Sci. Instrum. 79, 064303 (2008).

¥8ee FPAPS Document No. E-RSINAK-80-032905 for details regarding
the measurements and test methods of the T2 on varions biomaterials.
For more information on EPAPS, see http:/fwww.aip.org/pubservs/
epaps.html.

iC. WA Pficrmann, A. Metzdodf, M. Zanetti, J. Hodler, and N. Boos,
Spine 26, 1873 (2001).

S M. Klisch and I. C. Lotz, I. Biomech. 32, 1027 (1999},

51 M. Clovd, N. R Malhotra, L. Weng, W. Chen, R. L. Mauck, and D. M.
Elliott, Eur. Spine 1. 16, 1892 (2007).

J. 1. Wang, Y. C. Tsai, and Y. H. Wang, Spine 32, 1809 (2007).

G, D. A Sarvazyan, E. Maevsky, and G. Oranskaja, Proceedings of the
International Workshop on Interaction of Ultrasound with Biological Me-
dia, 1994, Valenciennes, France, p. 6981.

“A. Samani, I. Zubovits, and D. Plewes, Phys. Med. Biol. 52, 1565 (2007).

Rev. Sci. Instrum. 80, 054303 (2009)

1A, Samani and D. Plewes, Phys. Med. Biol. 52, 1247 (2007).

'M. 1. Paszek, N. Zahir, K. R. Johnson, J. N. Lakins, G. I. Rozenberg, A.
Gefen, C. A. Reinhart-King, 8. 8. Margulies, M. Dembo, D. Boettiger, D.
A. Hammer, and V. M. Weaver, Cancer Cells 8, 241 (2005).

N, F Boyd, H. Guo, L. 1. Martin, L. M. Sun, J. Stone, E. Fishell, R. A.
Jong, G. Hislop, A. Chaarelli, 5. Minkin, and M. J. Yaffe, N. Engl. J. Med.
356, 227 (2007).

PR, U. Kleemann, D. Krocker, A. Cedraro, J. Tuischer, and G. N. Duda,
Osteoarthritis Cartilage 13, 958 (2005).

W, C. Oliver and G. M. Pharr, J. Mater. Res. 19, 3 (2004).

I H. Kinney, S. J. Marshall, and G. W. Marshall, Crit. Rev. Oral Biol.
Med. 14, 13 (2003).

183, Habelitz, G. W. Marshall, M. Balooch, and . J. Marshall, I. Biomech.
35, 995 (2002).

""W. D. Nix and H. I. Gao, I. Mech. Phys. Solids 46, 411 {1998).

"W, C. Oliver and G. M. Pharr, I. Mater. Res. 7, 1564 {1992).

'Y Huang, F. Zhang, K. C. Hwang, W. D. Nix, G. M. Pharr, and G. Feng,
1. Mech. Phys. Solids 54, 1668 (2006).

*Z. A. Cole, E. M. Dennison, and C. Cooper, Osteoporosis Epidemiology
Update, Curr. Rheumatol. Rep. 10, 92 (2008).

“'E. Durchschlag, E. P. Paschalis, R. Zochrer, P. Roschger, P. Fratzl, R.
Recker, R. Phipps, and K. Klaushofer, J. Bone Miner. Res. 21, 1581
{2006).

“H. S. Gupta, P. Fratzl, M. Kerschnitzki, G. Benecke, W. Wagermaier, and
H. O. K. Kirchner, J. R. Soc., Interface 4, 277 (2007).

R, K. Nalla, J. I. Kruzic, J. H. Kinney, and R, O. Ritchie, Bone 35, 1240
(2004).

“'M. Rief, F. Oesterhelt, B. Heymann, and H. E. Gaub, Science 275, 1295
(1997).

*]. Helenius, C. P. Heisenberg, H. E. Gaub, and D. J. Muller, J. Cell Sci.
121, 1785 (2008).

1., G. Griffith and M. A. Swartz, Nat. Rev. Mol. Cell Biol. 7, 211 (2006).

1. G. Jacat, S. Dianis, J. Schnall, and J. Y. Wong, J. Biomed. Mater. Res.
Part A 79A, 485 (20086).

Downloaded 30 Sep 2009 to 128.111.18.117. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp

115



Publishing Agreement

1t is the policy of the University to encourage the distribution of all theses, dissertations,
and manuscripts. Copies of all UCSF theses, dissertations, and manuscripts will be
routed to the library via the Graduate Division. The library will make all theses,
dissertations, and manuscripts accessible to the public and will preserve these to the best

of their abilities, in perpetuity.

Please sign the following statement:

I hereby grant permission to the Graduate Division of the University of California, San
Francisco to release copies of my thesis, dissertation, or manuscript to the Campus
Library to provide access and preservation, in whole or in part, in perpetuity.

Y 0/12
Wignam% Date

116



	Disseration Prelim Pages
	Acknowledgements
	Abstract
	Table of Contents
	List of Tables
	List of Figures

	Disseration Text Final
	Chapter 1
	Introduction
	Chapter 2
	Materials and Methods
	Chapter 3
	Development of Cell Culture Substrates that Mimic the Stiffness Articular Cartilage
	Chapter 4
	Depth-Dependent Modulus of Articular Cartilage Approaches Homogeneity with Osteoarthritis
	Chapter 5
	ECM Stiffness Primes the TGFβ Pathway to Promote Chondrocyte Differentiation
	Chapter 6
	ECM Stiffness Regulates Chondrogenesis in Mesenchymal Stem Cells
	Chapter 7
	Summary and Future Directions
	References
	Appendix A
	Appendix B

	Signed Library Release Form



