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Abstract
Efficient ex vivo methods for expanding primary human chondrocytes while maintaining
phenotype is critical to advancing autologous cell sourcing efforts for tissue engineering
applications. While there is significant activity in the literature, systematic approaches are
necessary to determine and optimize the chemical and mechanical scaffold properties for hyaline
cartilage generation using limited cell numbers. Functionalized hydrogels possessing continuous
variations in physico-chemical properties are therefore an efficient three-dimensional platform for
studying several properties simultaneously. Herein, we describe a polyethylene glycol
dimethacrylate (PEGDM) hydrogel system possessing a gradient in modulus (~27,000 Pa to 3,800
Pa) containing a uniform concentration of arginine–glycine–aspartic acid peptide (RGD) to
enhance cellular adhesion for the correlation of primary human osteoarthritic chondrocyte
proliferation, phenotype maintenance, and ECM production to the hydrogel properties. Cell
number and chondrogenic phenotype (CD14:CD90 ratios) were found to decline in regions with
higher storage modulus (>13,100 Pa), while regions with lower storage modulus maintained cell
number and phenotype. Over three weeks of culture, hydrogel regions possessing lower storage
modulus experience an increase in ECM content (~200%) compared to regions with higher storage
modulus. Variations in the amount and organization of cytoskeletal markers actin and vinculin
were observed within the modulus gradient which are indicative of the differences in
chondrogenic phenotype maintenance and ECM expression. Thus scaffold mechanical properties
significantly impact on modulating human osteoarthritic chondrocyte behavior and tissue
formation.
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1. Introduction
The Osteoarthritis Research Society International Disease State working group with the
United States Food and Drug Administration has determined that future OA treatments
should focus on preserving the joint and addressing the underlying mechanical changes in
cartilage during OA progression.[1] While stem cell technology holds great promise for the
future, utilizing autologous cell sources sidesteps many of the issues related to ethics in
sourcing, safety and compatibility faced by researchers in the near term. Significant
limitations in using OA chondrocytes for regenerative medicine applications are their low
numbers and metabolic imbalance between expression of catabolic matrix cytokines and
synthesis of extracellular matrix (ECM), which is exacerbated by increasing degradation of
the ECM.[2-4] For autologously-sourced OA chondrocytes to be a viable option for tissue
engineering applications, optimal ex vivo conditions must be developed to expand the
number and bioactivity of these cells while preserving the narrow cellular phenotype
necessary for implantation.

Tissue engineering offers the potential to meet these requirements and lead to the generation
biomimetic hyaline cartilage with mechanical properties identical to native materials.
However, this ideal scaffold has yet to be developed. To expedite scaffold development,
combinatorial methods, long used in the pharmaceutical industry, have been adapted for
biomaterials and tissue engineering.[5, 6] Many combinatorial methods have been developed
for two dimension culture (2D) instead of three-dimensional (3D) culture which is more
similar to the native tissue environment.[7] One strategy, which can be adapted easily to 3D
culture, while maximizing the number of material conditions tested, is a continuous
hydrogel gradient.[8-10] The combinatorial approach minimizes variability in cell sourcing,
seeding density and chemical heterogeneity. As such, a continuous hydrogel gradients
system will be used to systematically screen the effect of hydrogel mechanical properties on
OA chondrocyte behavior.

Cartilage is a mechanically complex and heterogeneous tissue which exhibits changes in
mechanical properties during development,[11] in a zonal manner through its depth,[12, 13]

and spatially around chondrocytes.[14-16] The local stiffness of the pericellular matrix, the
ECM closest to chondrocytes, is at least an order of magnitude lower than that of the bulk
cartilage ECM in adult tissue.[14-16] The locally lower stiffness near the chondrocytes
coupled with recent studies indicating that culturing stem cells on materials with reduced
stiffness enhance chondrogenic differentiation compared to that of stem cells cultured on
stiffer materials[17, 18] indicates that scaffolds of lower modulus than those reported
previously should be examined for cartilage tissue engineering.[19-21] However it remains
highly unlikely that a single modulus material will provide a solution to the challenges we
have outlined. Previous studies on the effect of matrix mechanical properties on
chondrogenesis have not utilized gradient approaches allowing them to only examine a few
discrete samples providing limited data.[20-23]

We hypothesize through emulating the mechanical properties of softer immature cartilage
bulk ECM approaching the stiffness of the pericellular matrix with poly (ethylene glycol)
dimethacrylate (PEGDM) gels will enhance cartilage formation from OA chondrocytes.
PEGDM hydrogel matrices are relatively bio-inert, providing structural support to cells
without direct biological signaling. To enhance the chondrocytes ability to detect changes in
mechanical properties over the gradient, an arginine– glycine–aspartic acid peptide (RGD),
an integrin binding sequence found in several ECM proteins,[24, 25] will be incorporated into
the PEGDM hydrogels at a constant concentration. In these studies, primary human
chondrocytes from middle age patients undergoing total knee replacement were cultured in
RGD-functionalized PEGDM hydrogels possessing a gradient in storage modulus created
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through mass fraction variations. Chondrocyte proliferation, phenotype maintenance, and
ECM production were systematically screened over 3 weeks of in vitro culture

2. Experimental Methods
2.1 Cell Isolation

All studies involving human tissue were IRB-approved at each of the institutions involved.
Chondrocytes were isolated from the tibial plateaus and femoral condyles of patients
undergoing total knee arthoplasty (average age: 52.2 yrs, range: 46-55 yrs, total knees
(female): 9(6)). Isolated tissue was placed in 4 mg/mL collagenase in Hank’s buffered salt
solution for at least 4 h and washed twice with phosphate buffered saline (Invitrogen,
Carlsbad, CA). Human chondrocytes were then passed through a 22 mm diameter stainless
steel syringe filter (~80μm) to remove cellular debris and encapsulated in hydrogels
immediately after isolation.

2.2 RGD Synthesis
GRGDS (RGD) was synthesized using standard solid-phase FMOC chemistry on Wang’s
resin. A photopolymerizable acrylate group was coupled to the N-terminus of each peptide
during synthesis. Peptides were cleaved from the resin using standard conditions (45 m, 95%
trifluoroacetic acid, 2.5% triisopropylsilane, 2.5% water (all vol.%)) and precipitated in
diethyl ether. Following two trituration cycles, the peptides were dialyzed in deionized water
(molecular mass (MW) cutoff 100-500 Da, cellulose ester, Spectrum, Rancho Domingo,
CA), and the formal weight was verified with matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF). (FW (acrylic acid-GRGDS) = 545.3 g mol−1).

2.3 Hydrogel Fabrication
Solutions (5%, 15% and 50%) of PEGDM (~8000 g/mol) (Monomer-Polymer & Dajac
Labs, Trevose, PA) in Opti-MEM were prepared containing 0.1% Irgacure 2959 (Ciba
Specialty Chemicals, Basel, Switzerland). Solutions were loaded into 1 mL syringes and
placed in a computer driven syringe pump system (Figure 1A & 1B) to create gradient
hydrogels (Figure 1C). Computer controlled syringe pumps were used to dispense 15% and
50% PEGDM solutions in inverse ramping profiles ranging from 53 mL/hr to 0 mL/hr over
90 s into a custom mold while 5% PEGDM solution was dispensed at a constant rate of 10
mL/hr (Figure 1D). The mold possessed a depth profile (1 mm) to minimize diffusional
mixing during gradient formation. Hydrogels were photopolymerized using ~2.3 mJ/cm2

UVA light for 5 min and then placed in Opti-MEM I reduced-serum medium for storage.
Unless otherwise noted, all samples for analysis were 5 mm by 10 mm by 1 mm. For cellular
experiments, 5% PEGDM solution contained 2.52 mM RGD and 3.85×106 cells/mL leading
to a final RGD concentration of 400μM and cell content of 777,700 cells per gradient. The
profiles were designed to ensure uniform cell density within the gradient specimen. Cellular
samples were cultured up to 3 weeks in Opti-MEM I reduced-serum medium containing 50
μg/mL ascorbate and 100 μg/mL primocin at 37 °C in a 5% CO2 incubator. Then media was
exchanged every other day.

2.4 Hydrogel Characterization
For swelling studies, samples were weighed and measured dimensionally immediately after
photopolymerization. The hydrogels were then placed in Opti-MEM at 37 °C in a 5% CO2
incubator for 24 h. Following incubation, the samples were blotted dry before being weighed
and measured again. The samples were then placed on a freeze dryer and thoroughly dried
before being weighed again. Swelling ratio, q, was determined by taking the ratio of the
swollen mass of the hydrogel by the mass of the hydrogel after lyophillization. The mesh
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size was determined as described by Canal and Peppas[26] using the equation 
with the alteration proposed by Anseth[27] and Hubbel.[28] V2,s is the equilibrium polymer
volume fraction in the gel, l is the bond length (1.50Å),[28] Cn is the characteristic ratio of
PEG,[29] and n is the number of bonds between crosslinks.

To determine the storage modulus, 8 mm diameter samples were punched from gradients
every 10 mm with a gasket punch and tested on a ARES-G2 rheometer (TA Instruments,
Newcastle, DE) using 8 mm serrated parallel plates with a strain amplitude of 1% and 30N
constant normal force to prevent slippage over an angular frequency sweep from 100 to 1
rad/s with 10 points per decade. Modulus data are reported at an angular frequency of 1 rad/s
as the gels did not show frequency dependent response.

To determine the Young’s and shear modulus, 5 mm gradient sections were tested on a
TA.XTplus texture analyzer (Stable Micro Systems, Surrey, England) with a ¼ in spherical
probe. The probe penetrated the gels at a constant velocity of 0.01 mm/s. Force (N), depth
(mm), time (s) and strain data were collected. The contact radius (equation 1),[30]

indentation stress (equation 2),[30] Young’s modulus(equation 3)[30] and shear modulus
(equations 4)[31] were calculated using the following equations.

(Equation

1)

(Equation 2)

(Equation

3)

(Equation

4)

The bioavailability of RGD was determined in a manner similar to one previously described
using a peptide designed to mimic the natural integrin receptor (CWDDGWLC-biotin)
(American Peptide, Sunnyvale, CA) and Alexaflour 488 streptavidin colloidal gold
(Invitrogen).[32] Briefly, samples were blocked for 1 h with bovine serum albumin in RGD
blocking buffer, washed for 5 min in RGD wash buffer 5 times, and incubated overnight at
ambient temperature on an orbital shaker at ~75 rpm in 0.1 mg/mL integrin mimicking
peptide in RGD wash buffer. Samples were washed 5 more times for 5 min each in RGD
wash buffer to remove unbound peptide and incubated in 3 ng/mL Alexaflour 488
streptavidin colloidal gold overnight at ambient temperature on an orbital shaker at ~75 rpm.
Samples were washed 5 times for 5 min each in RGD wash buffer to remove unbound
Alexaflour 488 streptavidin colloidal gold and then viewed on a IX81 microscope
(Olympus, Center Valley, PA).

2.5 Histological Staining and Immunohistochemistry
All samples were fixed overnight in 4% paraformaldhyde (Sigma). Whole mount
histological staining samples were transferred to PBS and stained with 0.5% Alcian blue
(Sigma) for 3 h at room temperature. Samples were then washed with PBS and water and
imaged on a CKX41 microscope (Olympus). Whole mount samples for CD14
(SC9150,Santa Cruz, 1:100) and CD90 (SC6071, Santa Cruz, 1:100) were washed in PBS
thrice for 5 min each and once in .1% donkey serum with 0.01% sodium azide in PBS for 30
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min at room temperature. Donkey serum (10%) was used to block for 1 h. Samples were
incubated in primary antibodies overnight then stained with appropriate alexaflour
secondary antibodies and DAPI for 1 h, washed and then viewed. J Image (downloaded
from the National Institute of Health, Bethesda, MD, USA, free download available at http://
rsb.info.nih.gov/ij/) was used to determine the frequency of CD14 and CD90 in the cell
population for at least 90 cells from 3 separate gradients at each position. The fraction of
cells in the total cell population expressing CD14 and CD90 was determined. The CD14/
CD90 ratio was obtained by then dividing the fraction of cells in the total poplulation
expressing CD14 by the faction of cells in the total cell population expressing CD90. These
values were then normalized to the day 10 45mm gradient position.

Whole mount cytoskeletal staining samples were transferred to 0.5% Triton x-100 in
cytoskeleton stabilization (CS) buffer (0.1 M PIPES, 1 mM EGTA, and 4% (w/v) 8000 MW
polyethylene glycol) at 37 °C for 10 min, rinsed thrice for 5 min each in CS buffer, and
incubated in 0.05% sodium borohydride in PBS at ambient temperature for 10 min. Whole
mount samples were then blocked in 5% donkey serum for 20 min at 37 °C and incubated
overnight at 4 °C with vinculin antibody (V4505, Sigma, 1:100) and rhodamine phalloidin
(1:200). Samples were then washed thrice with 1% donkey serum for 5 min, followed by
appropriate secondary antibodies conjugated to FITC. DAPI was used to stain the cell
nuclei. Samples for histological sectioning were transferred to 70% ETOH for at least 1 h,
80% ETOH for 1.5 h, 95% ETOH for 12 h, ETOH for 1.5 h twice and xylene for 1 h.
Samples were then placed in a 60 °C paraffin bath for 12 h and embedded in a paraffin block
for sectioning.[33] Blocks were removed from a −20 °C freezer and cut into 7 μm sections.
After 2 days of drying in a 37 °C oven, samples were stained with picro-sirius red solution
with Mayer’s haematoxylin (Fisher Biological, Pittsburgh, PA) after paraffin removal with
xylene and rehydration through an ethanol gradient. After rehydration, immunochemistry
samples were incubated in 0.5% pepsin for 10 min at 30 °C for antigen retrieval.
Nonspecific antibody binding was blocked by incubating in 10% goat serum, then samples
were exposed to collagen type 2 (Col 2) (1:200) and collagen type 1A (Col 1A) (1:100)
antibodies or matrix metalloprotease 13 (MMP-13) (1:50) and matrix metalloprotease 3
(MMP-3) (1:30), followed by appropriate secondary antibodies conjugated to alexaflour 488
(Col 2, MMP-13) or alexaflour 546 (Col 1A, MMP 3). . DAPI was used to stain the cell
nuclei. The Col 2 antibody (II-II6B3) developed by Thomas F. Linsenmayer was obtained
from the Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA
52242. The Col 1A (sc-25974), MMP 13 (sc-12363), and MMP 3 (sc-21732) antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and DAPI was obtained
from Sigma. J Image was used to determine the mean gray scale intensity for col 2, col 1A,
MMP 13, and MMP 3 surrounding the cell population for at least 20 cells from 3 separate
gradients at each position. The average number of cells per μm2 in histological sections was
determined from nuclear staining in at least 30 images from 3 separate gradients at each
position..

2.6 Biochemistry
Samples were homogenized with a Tissue-Tearor (BioSpec Products, Inc., Bartlesville,
Oklahoma). DNA content was determined with a fluorescence assay from Sigma according
to manufacture protocol. Sulfated gylcosaminoglycans (sGAGs) were quantified with
dimethylmethlene blue (DMB) or Alcian blue extraction, while collagen content was
quantified using dimethylaminobenzaldehyde (DAB) to observe chloramines T-oxidized
hydroxyproline as previously described.[34-37] Briefly, homogenized sampleswere digested
with proteinase K overnight at 60 °C. Samples for sGAGs detection were added to DMB
solution at ratio of 1:10, mixed and read at 535 nm. The absorbance was converted to μg of
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GAG based on absorbance reading from a standard curve of chondroitin sulfate. Samples for
hydroxyproline detection were dehydrated, autoclaved at 120 °C with 2N NaOH for 20 min,
oxidized with chloramine T solution for 25 min at room temperature on an orbital shaker at
100 rpm and then incubated with DAB for 20 min at 65 °C. The absorbance was then read at
550 nm and converted to μg of hydroxyproline based on a standard curve of hydroxyproline.
For Alcian Blue quantification of sGAGs from whole mount histological staining samples,
samples were destained in 3% acetic acid twice, washed twice in PBS and the dye extracted
with 8M guanidine HCl overnight at ambient temperature[38, 39]. The supernatant was
centrifuged and the absorbance read at 600 nm. GAG concentrations were determined from
a standard curve of chondroitin sulfate, which was stained according to the Alcian Blue
protocol described above, and centrifuged for 10 minutes at 16000g at 4°C to form a pellet.
The supernant was removed and the pellet was gently washed with PBS and the dye
extracted according to the protocol described above[36].

2.7 Statistics
All experiments were conducted at least 3 times (n ≥ 3). All quantitative data are presented
as the average ± standard deviation. One-way analysis of variance (ANOVA) with Tukey
post hoc analyses and correlation analysis with linear regression were performed where
applicable. Significance was set at a p-value of less than 0.05.

3. Results
The Young’s Modulus increases from 2050 Pa ± 420 Pa (average ± std) to 6110 Pa ± 1140
Pa (average ± std), the shear modulus increases from 87,700 Pa ± 17,600 Pa to 243,900 Pa ±
45,700 Pa and the storage modulus increases from 3,770 Pa ± 800 Pa Pa to 27,200 Pa ±
1170 Pa (Figure 2) down the length of the gradient. Based on the correlation of storage
modulus to known PEGDM concentration (Figure 1) the gradient hydrogel samples range in
composition from 9.5% ± 6.4% (average ± std) in the 0 mm position to 30.4% ± 6.4% at the
40 mm position indicating that the gradient spans the commonly reported PEGDM
concentrations for cartilage tissue engineering.[18, 20, 23, 40, 41] This decrease in PEGDM
content leads to increased swelling and mesh size down the gradient (Figure 2C). However,
after 10 days of culture containing encapsulated chondrocytes the swelling ratio was reduced
to 7.0 ± 0.5 with a water content of 84.5% ± 1.0% across all gradient positions. The pre-
encapsulation water content of the gradient ranged from 92.5% ± 0.9% to 87.3% ± 0.3%.
The reduction in swelling ratio and water content after 10 days of chondrocyte culture across
the entire gradient has brought every position regardless of PEGDM content much closer to
that of normal human cartilage, which are 5% and 80% respectively.[42] The bioavailability
of RGD peptide within the gradient was detected using an integrin mimicking peptide. A
constant level of bioavailable RGD was measured throughout gradient (Data not shown).

Over the course of 10 days of in vitro culture, chondrocytes encapsulated at the 6500 Pa
Young’s Modulus gradient position, which has the highest modulus, experienced a
significant decrease in total DNA content indicating cell death compared to areas with lower
modulus which experienced a significant increase or no change in DNA content (Figure
3A). Over the same time course, the ratio the surface marker CD14 (a lipopolysaccharide
receptor found on freshly isolated chondrocytes[43, 44]), expression to that of surface
marker CD90 expression (glycosylphosphatidylinositol-anchored glycoprotein associate
cellular proliferation[43, 45], which is present at low amounts on freshly isolated
chondrocytes[44]) was used to quantify chondrocyte phenotype maintenance.[43, 46, 47] The
CD14/CD90 ratio decreased over the time course at all gradient positions (Figure 3B). This
reduction in phenotype is mainly due to the reduced expression of CD14 across the gradient
(Figure 3C), since CD90 is expressed at a fairly constant level over the examined time
course (Figure 3D). As cytoskeletal organization has been shown to play a role in
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chondrocyte behavior,[48-50] the organization of actin and vinculin were examined. After 5
days of encapsulation, the actin and vinculin organization varied depending on Young’s
modulus (Figure 4). Changes in cytoskeletal organization have previously been linked to
alterations in ECM synthesis.[48, 49, 51] After 10 days of encapsulation, lower Young’s
modulus regions with chondrocytes contained more sGAGs than higher storage modulus
containing regions (Figure 5). After 3 weeks of culture, this trend continues with lower
Young’s modulus regions containing more sGAGs than higher storage modulus regions
(Figure 6A, 6D & 7A). Higher collagen content was found in regions with lower Young’s
modulus compared to regions with higher storage modulus (Figure 6B, 6C, 6D, 7B, & 7D).
Increased Col 2, the principle collagen in the cartilage ECM, was found in regions with
lower Young’s modulus compared to regions with higher Young’s modulus (Figure 6C &
7D). However, Col 1A, a marker of dedifferentiation, increased in a similar manner (Figure
6D & 7D). MMP 13 and MMP 3, which primarily degrade col 2 and proteoglycans
respectively, exhibited decreased staining in regions with lower Young’s modulus compared
to regions with higher Young’s modulus (Figure 6E, 6F, & 7D). Cellular number was also
examined at the 3 week time point and was found to be similar for most gradient positions
(Figure 7B). The 1700 Pa Young’s modulus gradient position, with the lowest storage
modulus, was found to contain significantly more cells than the 30 mm and 40 mm gradient
positions.

4. Discussion
Rationally optimizing scaffold design remains a major challenge in tissue engineering.[52] A
number of physical properties such as topography,[34, 53] porosity[54] and stiffness[55] have
been found to modulate cell behavior and tissue formation. Three dimensional hydrogel
gradients represent a straightforward way to systematically study many of these properties to
determine optimal conditions for tissue formation. In these studies we have developed and
characterized a gradient hydrogel system for the study of mechanical property changes on
OA chondrocyte behavior.

The Young’s modulus of chondrocytes has been reported as 660 Pa, while the Young’s
modulus of pericellular matrix around healthy chondrocytes has been reported as 1540
Pa.[15] Both reports are significantly lower than the Young’s modulus reported of ~0.699
MPa for fetal human articular cartilage[56] and are near the stiffness regime of our gradients
(Figure 2A). Gels possessing lower mechanical properties were not pursued due to the
inability to transfer the gradients intact for cell culture. Additionally, mature cartilage is
estimated to have a pore size of 60Å,[57] which encompasses the range of mesh sizes
generated within our gradient (Figure 2C) indicating that the gradient should possess mass
transport capabilities sufficient to maintain chondrocyte viability.

The number of chondrocytes within all gradient regions is similar after 1 day of culture
indicating that cells were originally encapsulated at a similar density throughout the
gradient. The low observed proliferation rate in this study was most likely due to the short
culture time. A previous study in PEG hydrogels used a culture period 3 times longer in
order to show increased proliferation of human OA chondrocytes.[41]

As the modulus was modified by increasing polymer mass fraction, reduced mass transport
could contribute to differences in cellular response observed across the gradient (Figure 3A).
However, since the decrease in cellular content occurred at the end of the gradient where
additional surface area is available to facilitate mass transport compared to the adjacent
segment which experienced proliferation, it is unlikely that differences in molecular
diffusion within the segments played a significant role in these results. Previous studies
utilizing similar PEG hydrogel systems report conflicting results on the solute diffusion
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capabilities and the significance of the effect of mass fraction on diffusion in their systems.
[28, 58, 59] However, diffusion of small molecules have been shown to have linear
relationship to water content in PEG hydrogels.[58] As all positions within our gradient
have a similar water content by 10 days of culture, they should have similar diffusion
characteristics by that time point limiting the effect of mass transport on data from that time
point on.

OA chondrocytes have been shown to be more prone to apoptosis than healthy
chondrocytes.[41, 60] The activation of the extrinsic apoptotic pathway was reduced over
time through encapsulating the OA chondrocytes within PEG hydrogels indicating that the
hydrogels were able to provide an environment which promoted maintenance of cell number
and lead to increased expression of chondrogenic phenotype markers.[41] However, the
previous study did not exam the mechanical properties of the hydrogels used, which are
known to effect chondrocyte phenotype and behavior[20-23] Changes in the mechanical
properties of the matrix have been shown to modulate apoptosis in other cell types [61-63],
therefore this mechanically influenced modulation of apoptosis may contribute to the
differences in DNA content, chondrogenic phenotype markers and ECM formation observed
along the gradient in this study. Changes in substrate mechanical properties have been
linked to changes in differentiation in numerous cell types.[64-66] Chondrocyte phenotype
was monitored using the ratio of CD14/CD90, which is a more pronounced and quicker to
decrease temporally (10,000 fold after 1 passage at the protein level and 1,000 fold after 10
days at the mRNA level) than traditions phenotype indicators, such as collagen type II to I
(10 fold after 10 days at the mRNA level) and of aggrecan to versican (5 fold after 10 days
at the mRNA level).[46, 47] The CD14/CD90 indicator has also been confirmed at the protein
expression level,[43, 47] making it an ideal marker to provide quantitative information on
chondrocyte phenotype while maintaining spatial information about cellular location within
the gradient. A reduction in the CD14/CD90 ratio due mainly to decreased CD14
expressionwas observed over the entire modulus gradient after 10 days of culture (Figure
3B). However, this reduction was not significant in chondrocytes encapsulated at the 1700
Pa Young’s Modulus gradient position, , indicating that this region is better able to maintain
phenotype compared to the other regions of the gradient. Additionally, this reduction was
delayed compared to previously reported 2D culture across all gradient positions[47]

indicating that 3D culture regardless of mechanical properties in the regime tested enhance
chondrocyte phenotype maintenance compared to 2D culture.

Chondrocyte phenotype can be effected by changes in cytoskeletal organization and
shape.[67] There are zonal differences in actin amount and arrangement in both healthy and
OA cartilage[68, 69] which may occur in response to zonal differences in mechanical
properties.[12, 13] Specifically, as the mechanical properties of cartilage increase from the
superficial to the deep zone, the actin expression within the chondrocytes reduces.[69]

Similar to cartilage, chondrocytes in gradient regions with the highest modulus had reduced
actin expression compared to chondrocytes in all but the lowest modulus regions within our
gradient (Figure 4). Reduced actin intensity in the regions of the lowest modulus could be
due to a number of factors such as increased transmittance of shear force to the cells or
increased expression of growth factors or ECM proteins due to the effect of reduced
mechanical properties on the cells compared to the other gradient regions.[70-73] However,
the elucidation of the exact cause is beyond the scope of this study.

Although generally round in shape throughout our gel, which is typical for chondrocytes in
3D culture, differences in actin organization were observed. It is these differences in actin
organization, not simply the round shape which modulate chondrocyte phenotype.[51] Actin
organization tends to be more localized toward one side cell in regions with reduced
stiffness (Figure 4) perhaps reminiscent of the apical organization of actin in healthy
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chondrocytes,[74] while in regions with increased storage modulus the cytoskeletal
organization of chondrocytes appears less organized cortically (Figure 4) similar to previous
reports of OA chondrocytes.[74] As pericellular matrix synthesized and retention of the
proteoglycans within cartilage has been linked to actin organization,[75] the variation in actin
intensity and organization observed in the Young’s modulus gradient (Figure 4) could
contribute to the changes in ECM content observed throughout the gradient (Figure 4, 5, 6,
7).

Chondrocytes in 3D culture are often thought to lack focal adhesions. However, the round
chondrocyte cytoskeletal structure merely reduces vinculin expression compared to the
fibroblastic chondrocyte cytoskeletal structure.[76] Vinculin has been found to be expressed
in a punctuated manner co-localized with actin in cartilage and freshly isolated chondrocytes
culture on hyaline cartilage.[77, 78] We found a similar punctuated expression primarily in
gradient regions with lower Young’s modulus (Figure 4), while gradient regions of the
higher Young’s modulus primarily exhibited a more densely clustered vinculin expression
(Figure 4). As reduced vinculin has been observed with increased ECM expression in
chondrocytes,[76] the variations in vinculin expression in regions of varying moduli within
the gradient could contribute the variations in ECM content in regions of different moduli in
the gradient.

Previous studies examining the effect of varying material stiffness on chondrocytes have
showed conflicting results. One study found stiffer materials contained increased GAG
content compared to softer regions[20] Other studies, which possessed results similar to ours
showed softer hydrogels contain more sGAG and collagen than stiffer hydrogels.[79, 80]

MMP-13 has been shown to increase in stiffer materials compared to softer ones, similar to
our results; while MMP-3 was shown to be unaffected by material properties after 20 days
of culture, which is inconsistent with our study.[80] The inconsistency of results indicates
that the factors effecting chondrocyte phenotype, and ECM synthesis and degradation are
complex and warrant further study. With varying culture conditions, biomaterials, and cell
sources, these factors are difficult to elucidate from existing studies. Additional systematic
studies, like the one conducted here, are necessary to understand the causes of these effects
variations and develop the optimal scaffold for cartilage formation.

5. Conclusion
This work presents the development and characterization of a gradient hydrogel system for
the systematic study of mechanical property changes on OA chondrocyte proliferation,
phenotype maintenance, and ECM production. After 10 days of culture, the 6500 Pa
Young’s Modulus gradient position contained significantly less DNA than most of the other
gradient positions. A significant decrease in phenotype markers was also observed at the
6500 Pa Young’s Modulus gradient position, while the 1700 Pa Young’s Modulus gradient
position did not experience a significant drop in phenotype markers. Over three weeks of
culture, gradient regions with lower Young’s modulus experience an increase in ECM
content compared to gradient regions with higher Young’s modulus. Variations in actin and
vinculin amounts and organization where observed within the modulus gradient which could
contribute to the differences in chondrogenic phenotype maintenance and ECM expression.
Overall, our data indicates that softer tissue engineering scaffolds will stimulate OA
chondrocytes ability to secrete more ECM to repair defects and potentially improve
integration in autologus chondrocyte transfer. These data are critical in that improving the
activation and proliferative activity of autologously harvested cells while maintaining
phenotype is necessary for OA chondrocytes to serve as a viable cell source for tissue
engineering.
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Figure 1.
Depicts the overall framework and assembly of the gradient fabrication system. Schematic
of the controlled variation in syringe pump rates coupled with a constant rate of cell infusion
which ensures uniform cell density throughout the gradient A); a schematic for the three
component (expandable to five) gradient fabrication system B); and an example of the
gradient profile that can be generated depicted with a colorimetric gradient for visualization
purposes C). The storage modulus can be controlled systematically enabling facile
correlations of mechanical properties via position D). The positional values correlate well
with values obtained from discrete hydrogel standards of known composition and mass
fraction E). Mass fraction, pore size, transitional dimensions are controlled by defined
solution mixtures pre-loaded in syringe pumps.
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Figure 2.
Characterization of all hydrogel physical properties can be correlated to position within the
gradient via the highly reproducible fabrication process A) Shear Modulus B) Young’s
Modulus and C) Table of swelling volume and calculated mesh size after 24 h of swelling.
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Figure 3.
Chondrocyte A) DNA content , phenotype maintenance indicator B) CD14/CD90 ratio, C)
cellular fraction expressing CD14 and D) cellular fraction expressing CD90 over 10 days of
culture. * indicates a p-value ≤ 0.05 compared to the value at day 10 within the same
gradient position, # indicates a p-value ≤ 0.05 compared to the value at day 5 within the
same gradient position, ^ indicates a p-value ≤ 0.05 compared to the value at day 1 within
the same gradient position, % indicates a p-value ≤ 0.05 compared to 6500 Pa Young’s
Modulus gradient position at day 10, and & indicates a p-value ≤ 0.05 compared to 4400 Pa
Young’s Modulus gradient position at day 10.
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Figure 4.
Specific staining for the cytoskeletal elements actin (Red), vinculin (Green) and nuclear
(blue) after 5 days of culture show distinct morphometric changes as the modulus changes
from a low modulus (0 mm) to a high modulus (45 mm) position. Scale bar = 25 μM
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Figure 5.
Extracellular matrix production by human chondrocytes after 10 days of culture. Images
were taken at 10 mm intervals along the length of the modulus gradient. A) Whole mount
Alcian blue and B) Sulfated gylcosaminoglycan quantification based on Alcian blue
extraction show distinct changes with position in the modulus profile at both 10 day and 21
days. Scale bar = 200 μm. # indicates a p-value ≤ 0.05 compared to 1700 Pa Young’s
Modulus gradient position, and * indicates a p-value ≤ 0.05 compared to 2300 Pa Young’s
Modulus gradient position
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Figure 6.
Extracellular matrix production by human chondrocytes after 3 weeks of culture. Images
where taken every 5mm down the length of the gradient A) Whole mount Alcian Blue
staining. Scale bar = 200 μm. B) Sirius red staining of histological sections. Scale bar = 50
μm. C) Type 2 Collagen (green) and nuclear (blue) immunofluorescence of histological
sections. Scale bar = 25 μm. D) Type 1 Collagen (red) and nuclear (blue)
immunofluorescence of histological sections. Scale bar = 25 μm. E) matrix metalloprotease
13 (green) and nuclear (blue) immunofluorescence of histological sections. Scale bar = 25
μm. F) matrix metalloprotease 3 (red) and nuclear (blue) immunofluorescence of
histological sections. Scale bar = 25 μm.
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Figure 7.
Quantification of extracellular matrix after 3 weeks of culture A) Sulfated
gylcosaminoglycan dimethylmethlene blue biochemical quantification. B) Hydroxyproline
biochemical quantification. C) quantification of cellular number present in histological
samples D) mean gray scale intensity for immunoflorescence staining of collagen type 1 &
2, matrix metalloprotease 3 & 13 for chondrocytes in histological samples. # indicates a p-
value ≤ 0.05 compared to 1700 Pa Young’s Modulus gradient position, * indicates a p-value
≤ 0.05 compared to 2300 Pa Young’s Modulus gradient position, % indicates a p-value ≤
0.05 compared to 2800 Pa Young’s Modulus gradient position, & indicates a p-value ≤ 0.05
compared to 3400 Pa Young’s Modulus gradient position, and ^ indicate a a p-value ≤ 0.05
compared to 5500 Pa Young’s Modulus gradient position.
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