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Abstract
While designing poly(ethylene glycol) hydrogels with high moduli suitable for in situ placement is
attractive for cartilage regeneration, the impact of a tighter crosslinked structure on the
organization and deposition of matrix is not fully understood. The objectives for this study were to
characterize the composition and spatial organization of neo-matrix as a function of gel
crosslinking and study its impact on chondrocytes via anabolic and catabolic gene expressions and
catabolic activity. Bovine articular chondrocytes were encapsulated in hydrogels of three
crosslinking densities (compressive moduli were 60, 320 and 590 kPa) and cultured for 25 days.
Glycosaminoglycan production increased with culture time and was greatest in gels with lowest
crosslinking. Collagens II and VI, aggrecan, link protein, and decorin were localized to
pericellular regions in all gels, but their presence decreased with increases in gel crosslinking.
Collagen II and aggrecan expressions were initially up-regulated in gels with higher crosslinking,
but increased similarly up to day 15. Matrix metalloproteinases (MMP)-1 and -13 expressions
were elevated (~25-fold) in gels with higher crosslinking throughout the study, while MMP-3 was
not affected by gel crosslinking. The presence of aggecan and collagen degradation products
confirmed MMP activity. These findings indicate that chondrocytes synthesize the major cartilage
components within PEG hydrogels, however, gel structure strongly impacts the composition and
spatial organization of the neo-tissue and impacts how chondrocytes respond to their environment,
particularly with respect to their catabolic expressions.
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Introduction
The complex structure and organization of cartilage gives the tissue its unique ability to
withstand large forces. Articular cartilage is a complex fibrillar mesh of interacting
collagens, proteoglycan aggregates, and other non-collagenous proteins, which all reside in a
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highly aqueous environment. Proteoglycans contain large amounts of negatively charged,
sulfated glycosaminoglycans (sGAG), predominantly that of chondroitin sulfate, resulting in
an osmotic environment with high swelling pressures that are counteracted by the collagen
fiber network [1,2]. These aggregates, along with the collagen type II mesh, form the bulk of
the extracellular matrix (ECM) [3].

The pericellular matrix (PCM), which has a distinctly different composition from the ECM,
serves to protect the chondrocyte from mechanical stresses and is thought to regulate both
biochemical and biophysical cues presented to the cells, thus influencing their biological
function [4,5]. The PCM is characterized by the presence of a collagen VI mesh network,
although aggrecan and collagen II are also present in the PCM. Collagen VI fibrils, found
exclusively in the PCM [6,7], contain multiple globular units with binding motifs that can
assemble with smaller proteoglycans, such as decorin and biglycan [8–10]. These
assemblies, which are unique to the PCM, help to bridge the surrounding ECM with the
cells, and may also participate in the assembly of aggregates prior to their release into the
ECM [11,12]. The composition and structure of the PCM also serves to regulate the passage
of soluble factors that can interact with the cell (i.e. cytokines, growth factors, matrix
catabolites) [13]. Therefore, extracellular cues that affect the development and/or
maintenance of the PCM may in turn directly impact the signals perceived by the cells and
subsequently affect the long-term formation and/or maintenance of the ECM.

One of the major goals in designing scaffolds for cartilage tissue engineering is to provide
cells with an environment in which they can synthesize and deposit a neotissue that
recapitulates the native tissue’s composition, structure, and mechanics towards restoring
joint function. A variety of natural and synthetic hydrogels have been examined as
chondrocyte carriers due to their ability to maintain the chondrocyte phenotype and the
highly swollen network that supports nutrient and cell waste diffusion [14–16]. For example,
isolated chondrocytes encapsulated in agarose have been shown to support the development
of a distinct PCM region [17], rich in collagen VI, followed by the maturation of a cartilage-
like ECM composed of collagen II and full-length aggrecan [18]. In some cases, these
constructs have resulted in physiologic concentrations of glycosaminoglycans and have
approached the compressive moduli of cartilage [19–22] even though collagen content and
dynamic mechanical properties remained inferior to that of native articular cartilage [23].
Chondrocytes cultured in alginate gels developed a mechanically stiff PCM, composed of
collagen and proteoglycans, as early as day 7 of culture [24]. Recent developments of
peptides that self-assemble into hydrogels have also shown to support the deposition of
neotissue by encapsulated chondrocytes, exhibiting an ECM rich in collagen type II and
glycosaminoglycans [25,26]. However, one of the limitations with many of the
aforementioned hydrogel systems is that their mechanical properties are often much lower
than that of the native tissue limiting their ability to withstand the high stresses seen in the
native environment, at least initially, until sufficient matrix has been deposited.

In an effort to design synthetic hydrogels capable of matching the high compressive moduli
of articular cartilage, photopolymerizable poly(ethylene glycol) (PEG) based hydrogels have
been studied [27–31]. The mild polymerization allows for in situ formation and the
encapsulation of cells, while the synthetic chemistry may be modified to introduce
degradable linkages [32–35] and/or biomimetic moieties [36–39]. The mechanical properties
of the hydrogel may be finely tuned through manipulations in gel crosslinking density (ρx),
which can be controlled through simple changes in the gel formulation. High moduli PEG
hydrogels (~900 kPa) have been used to successfully encapsulate chondrocytes, maintaining
cell viability and matrix synthesis [27,40]. However, changes in ρx will impact other
properties such as water content and diffusion of molecules [41], including newly deposited
matrix molecules, throughout the network [27,42]. These properties will have a significant
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impact on how the encapsulated chondrocytes sense their environment, which can in turn
affect their proliferation, metabolism, and the ECM synthesis and deposition [28,30,40,43–
45].

Gross examination of neotissue development within PEG hydrogels has demonstrated that
the ECM matrix is composed of sGAGs and collagen type II [27,46]. Short-term studies
have indicated that a PCM develops, based on deposition of chondroitin sulfate, within a
few days in the PEG hydrogel constructs [44], followed by the deposition of sGAGs into the
ECM. The extent of PCM and ECM development has been shown to be dependent on the
gel ρx, illustrating that a higher ρx resulted in a thinner, denser PCM with decreased GAG
deposition in the extracellular regions of the hydrogel. These previous studies illustrate that
the crosslinked structure impacts the developing tissue, at least by gross examination of
GAGs and collagen. However, the structure and composition of cartilage, which gives rise
to its unique functional properties, is much more complex. Therefore, in designing hydrogels
with high moduli suitable for in situ placement, it is equally important to understand how the
crosslinked structure impacts the structural organization of the developing tissue.

Therefore, the objectives for this study were two-fold. First, we assessed the role of gel
crosslinked structure on the composition and distribution of newly deposited cartilage matrix
molecules, particularly matrix molecules which give rise to the PCM (e.g., collagen VI),
play an important role in the organization of the tissue (e.g., link protein, and decorin), and
contribute to the PCM, but also more importantly make up most of the native ECM (i.e.,
chondroitin sulfate a building block of aggrecan, aggrecan and collagen type II). Because the
PCM is thought to be a critical mechanism by which cells receive external cues, any
differences in the PCM composition and structure may impact the function of the
chondrocyte. Therefore, in the second part of this study, we assessed the role of the
crosslinked structure in mediating anabolic and catabolic functions of chondrocytes through
gene expression analysis and by assaying for catabolic activity through the detection of
degraded matrix. Overall, our findings illustrate that PEG hydrogels are supportive of
cartilage-matrix molecule deposition, but that the crosslinked structure largely impacts the
type of tissue deposited, the spatial deposition of the tissue, and the anabolic and catabolic
activity by the chondrocytes. This information should aid in the design of high moduli
hydrogels for cartilage tissue engineering applications.

Materials and Methods
Materials

Collagenase type II and papain were from Worthington Biochemical (Lakeshore, NJ). Fetal
bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), 100× penicillin-
streptomycin (P/S), fungizone, HEPES-buffer, gentamicin, and MEM-nonessential amino
acids (NEAA), goat anti-rabbit IgG Alexa Fluor 488, goat anti-mouse IgG Alexa Fluor 546,
DAPI and all D-LUX PCR primers were from Invitrogen (Carlsbad, CA). L-proline,
ascorbic acid, bovine serum albumin (BSA), 1,9-dimethylmethylene blue (DMMB),
protease-free chondroitinase ABC, hyaluronidase, methylene chloride, methacryloyl
chloride, ethyl ether, triethylamine, dithiothreiotol (DTT), and iodoacetamide were from
Sigma-Aldrich (St. Louis, MO). Irgacure 2959 was from Ciba Specialty Chemicals
(Newport, DE). E.Z.N.A.-Total RNA Mini-kit was from Omega-Biotek (Norcross, GA).
High Capacity cDNA kit and Taqman® Fast Universal PCR Master Mix were from Applied
Biosystems (Foster City, CA).

The aggrecan (A1059-53F) and collagen II (C5710-20F) antibodies were from US
Biologicals (Swampscott, MA). Chondroitin-6-sulfate antibody (MAB2035) was from
Chemicon (Billerica, MA). The anti-collagen VI antibody (ab6588) was from Abcam
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(Cambridge, UK). Decorin (7b1), and link protein (9/30/8-A-4) antibodies were from the
University of Iowa Developmental Studies Hybridoma Bank (Iowa City, IA). The C1,2C
ELISA kit was from IBEX Pharmaceuticals (Quebec, Canada). BCA Protein Assay kit was
from Thermo Scientific Pierce (Rockford, IL). For western blot analysis, primary antibodies
for mouse monoclonal to aggrecan and N- terminal neoepitope FFG4 were acquired from
MD Biosciences (St. Paul, MN). Western blot gels, membranes, buffers, Tween-20, and blot
equipment were from Bio-Rad Labs (Hercules, CA).

Chondrocyte Isolation
Full depth articular cartilage was harvested from the patellar-femoral groove of 1–3 week
old calves (n=2, Research 87, Marlborough, MA) within 24 hours of slaughter and digested
in 500 units/mL collagenase II in DMEM supplemented with 5% FBS for 16 hours at 37°C
on an orbital shaker (40 rpm). The digest was passed through a 100 μm cell-strainer, pelleted
and rinsed 3× with PBS containing 1% P/S, 0.5 μg/mL fungizone, and 20 μg/mL gentamicin
(PBS-Antis). Isolated cells were counted using trypan blue exclusion assay and resuspended
in chondrocyte medium (DMEM supplemented with 10% FBS (v/v), 0.04 mM L-proline, 50
mg/L L-ascorbic acid, 10 mM HEPES, 0.1 M MEM-NEAA, 1% P/S, 0.5 μg/mL fungizone,
and 20 μg/mL gentamicin) prior to encapsulation.

Hydrogel Formation
Poly(ethylene glycol) dimethacrylate (PEGDM) was synthesized by reacting PEG (3 kDa)
with methacryloyl chloride in the presence of triethylamine for 24 hrs at 4°C. PEGDM was
purified using a series of precipitations in chilled ethyl ether and analyzed by 1H NMR
(Varian YVR-500S), which indicated 90% methacrylation. PEGDM was dissolved in
chondrocyte medium at 10, 15, or 20% (w/w) and mixed with 0.05, 0.022, or 0.0125 (w/w)
photoinitiator Irgacure 2959, respectively. Sterile macromer solution was added to pelleted
chondrocytes at 50 million cells/mL, mixed thoroughly, and immediately photopolymerized
using 365 nm light (6 mW/cm2) for 10 minutes. Hydrogel constructs (5 mm diameter ×
5mm height cylinders) were rinsed in PBS+Antis and individually placed into wells of a 24-
well tissue culture plate. Gels were cultured at 37°C in 5% CO2 and allowed to equilibrate
for 24 hrs prior to the start of the experiment. Medium was changed every 2–3 days and
saved at −20°C for GAG analysis.

Hydrogel Characterization
At day 0, equilibrated acellular hydrogels (n=3) were weighed to obtain wet weight
measurements. Hydrated hydrogels were subsequently compressed to 15% strain at 0.5 mm/
min to obtain stress-strain curves (MTS Synergie 100, 10N). Hydrogels were then
lyophilized for 48 hrs and their dry mass determined. Equilibrium volumetric swelling ratio
(Q) was calculated from the mass swelling ratio (q). Crosslinking densities (ρx) and mesh
sizes (ζ) were estimated from Q as described elsewhere [28].

Biochemical Analysis
At days 0, 5, 10, 15, and 20, hydrogels were removed from culture and cut in half. One half
(n=3) was weighed to obtain wet weight, lyophilized for 48 hours and subsequently
homogenized and enzymatically digested by papain for 16 hrs at 60°C. Gel samples and
collected media samples were assessed for sulfated GAG content by the DMMB dye method
[47]. GAG content within hydrogels were normalized to gel wet weights.

Histological Visualization
At 25 days of culture, constructs (n=3) were fixed for 24 hours in 4% paraformaldehyde,
dehydrated, paraffin-embedded, and sectioned (10 μm). Negatively charged
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glycosaminoglycans (GAGs) were detected using Safranin-O/Fast Green while collagen
deposition was analyzed by Masson’s Trichrome. Cell nuclei were counterstained by
hematoxylin. For immunohistochemistry, sections were analyzed for collagen type II and
VI, aggrecan, link protein, chondroitin-6-sulfate, and decorin. Samples were treated with
chondroitinase ABC (10 mU) and hyaluronidase (200 U) for 1 hr at 37°C. For antigen
retrieval of the hyaluronan binding region and link protein, samples were also reduced and
alkylated. All samples were blocked using 1% BSA for 30 minutes. Sections were then
incubated overnight at 4°C with primary antibodies for collagen II (1:100), collagen VI
(1:100), aggrecan (1:10), chondroitin-6-sulfate (1:100), hyaluronan (1:5), link protein (1:5),
or decorin (1:5). Fluorescent detection of each protein was achieved using either secondary
goat anti-rabbit IgG Alexa Fluor 488 or goat anti-mouse IgG Alexa Fluor 546 antibodies
(1:200) and counterstained using DAPI (1:1000). Sections were mounted and preserved
using VectaMount, and a laser scanning confocal microscope (Zeiss LSM 5 Pascal) was
used to acquire images. All antibodies were validated to ensure their specificity. Negative
controls were performed on sections from cell-laden hydrogels that did not receive primary
antibody showing no positive staining. Positive controls were performed on hyaline cartilage
and the data are shown in Figures 2–4.

Gene Expression
Construct halves at 0, 5, 10, 15, and 20 days (n=3) were immediately snap-frozen under
liquid nitrogen and processed using E.Z.N.A-Total RNA Mini-Kit columns; total RNA was
obtained with a A260/A280 ratio > 1.8 (Nanodrop, ND-1000, Thermo-Fisher). 100 ng of
RNA was transcribed to cDNA using the High Capacity cDNA Kit. Real-time RT-PCR
(ABI 7500 Fast) was performed for collagen type II (COL2), aggrecan (AGC) and matrix
metalloproteinases (MMP) -1, -3, and -13 using the Taqman® Fast Universal PCR Master
Mix [48]. Gene expression was measured relative to the expression of the mitochondrial
ribosomal protein L30 (housekeeping gene) and normalized to 10% gels at each time point
(calibrator) as described elsewhere [44].

Western Blot Analysis
Whole constructs at 0 and 20 days (n=2) were immediately snap-frozen in liquid nitrogen
and stored at −80°C. These constructs were later thawed and homogenized in assay buffer
(0.05 M Tris HCl (pH 7.5), 0.2 M NaCl, 0.01 M CaCl2, 0.02% NaN3, and 0.05% Triton-X).
Constructs and conditioned medium samples (n=2) were assayed for aggrecan and its
degradation products by Western blot analysis. Samples were measured for protein content
using the BCA Protein kit, deglycosylated, mixed with reducing loading buffer, and loaded
into wells of a 10% Criterion Tris-HCl gel (Bio-Rad). Each lane contained 10 μg of protein
from the construct samples or 30 μg of protein from the media samples. After separation by
electrophoresis (40 min, 200V), proteins were transferred to Immun-Blot PVDF membranes
for 1 hour at 100V. The membranes were blocked with 5% BSA in phosphate buffered
saline with 0.1% Tween-20 (PBS-T) for 2–4 hr, and probed with 1 μg/mL primary
antibodies for epitopes FFGV (BC-14) and the linear IGD domain of aggrecan (bovine-
EPEEPFTFVPEV, 6B4) overnight at 4°C. Secondary detection was performed using a goat
anti-mouse Alexa Fluor 546 antibody (1:400) and imaged using a Bio-Rad Versadoc 4000
MP imaging system (3.5 AP/Exp. 30 s).

ELISA for Collagen Degradation Products
Constructs and conditioned medium samples (n=2) were assayed for the MMP-cleaved
collagen degradation product. Equal volumes of media and of assay buffer from the
homogenized constructs (described above for western blot analysis) were assayed for the
carboxy terminus of the 3/4 peptide (C1,2C or Col 2 3/4C Short) generated by cleavage of
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types I and II collagens by collagenases using the competitive immunoassay C1,2C ELISA
per the manufacturer.

Statistical Analysis
Data are represented as a mean ± standard deviation. Accumulated GAG release into the
media is reported using the cumulative average ± standard deviation for each sampling
(hydrogel and time point). Gene expression values as a function of culture time and gel
crosslinking density were analyzed by two-way analysis of variance (ANOVA) and
significant differences due to ρx at each time point were analyzed post-hoc using Tukey’s
HSD with a statistical significance of α=0.05.

Results
Hydrogels of three different crosslinking densities were fabricated from 10, 15 and 20%
PEGDM macromer, referred to as 10, 15, and 20% PEG gels, respectively, which spanned a
range of macroscopic properties, described in Table 1. All hydrogels imbibed high
equilibrium water contents, greater than 86%. The compressive moduli of the hydrogels
ranged over an order of magnitude from 60 to 590 kPa with increasing crosslinking density.
The mesh size or average distanced between crosslinks was estimated, decreasing from 195
to 65 Å with increasing crosslinking density.

Matrix Deposition
Proteoglycan deposition and accumulation was measured by sGAG content (Fig. 1a, b).
There was a significant increase in sGAG content with culture time for all three crosslinked
hydrogels (p<0.0001). Crosslinking density was a significant factor affecting sGAG content
(p<0.0001). After day 0, sGAG content was significantly higher in the 10% and 15% PEG
gels compared to the 20% PEG gels. The mean sGAG content was generally higher in the
10% PEG gels when compared to the 15% PEG gels, which was significant at days 15 and
20, but by day 25 similar contents were reported. The presence of sGAGs in the culture
medium (Fig. 1b) revealed significant loss from the construct and accumulation in the
medium with culture time. The percentage of sGAG lost was 36%, 34% and 49% of the total
sGAG deposited (i.e., sGAGs in the construct + sGAG in medium) after 25 days for the
10%, 15%, and 20% PEG gels, respectively.

The relative size of the aggrecan molecules, after deglycosylation, present within the
constructs was also probed at days 0 and 20 by western blot analysis (Fig. 1c). While the
same amount of protein was loaded into each well for analysis, the total protein extracted
from the hydrogels differed and was highest in the 10% PEG gels and lowest in the 20%
PEG gels. The amounts were 265±9, 229±3, and 204±3 μg at day 0 and 304±20, 254±14 and
219±13 μg at day 20 for the 10%, 15% and 20% gels, respectively. Several sizes of aggrecan
molecules were detected, which were consistent across crosslinking densities, but differed
between days 0 and 20. At day 0, the majority of aggrecan was ~75 kDa and ~15–20 kDa.
By day 20, aggrecan was much larger with sizes in the range of 275 kDa with few of the
intermediate sizes, but a similar presence of the smaller molecules (~15–20kDa).

To determine the influence of crosslinked structure on matrix formation, deposition, and
distribution, sulfated glycosaminoglycans were initially evaluated by Safranin-O staining
and immunofluorescence (Fig. 2). After 25 days of culture, sGAGs distribution in the 10%
PEG gels was present throughout the extracellular regions, mimicking to a certain degree the
spatial distribution of sGAGs in native cartilage. However, a sharp contrast in sGAG
deposition was observed in gels with higher crosslinking. The higher gel crosslinking
resulted in decreased sGAG diffusion throughout the hydrogel, to the extent that sGAGs
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were solely localized to the immediate pericellular region in the 20% PEG gels. Detection of
the major sGAG, chondroitin-6-sulfate, and major proteoglycan, aggrecan, also showed
significant differences with gel crosslinking. The decreased presence of chondroitin sulfate
deposition in the extracellular regions as crosslinking increased mirrored that of the general
sGAG stain. Chondroitin sulfate staining in the ECM regions was greatest in the 10% PEG
gels, but in the PCM region, it was greater in the 15% PEG gels compared to the 10% PEG
gels. Further increases in gel crosslinking from 15% to 20% PEG gels resulted in decreased
chondroitin sulfate presence where not all cells showed the same level of deposition.
Aggrecan was detected only in the PCM for all three crosslinked gels. Staining for aggrecan
also decreased with increasing crosslinking density, but did not match the observed
chondroitin sulfate or general sGAG distributions. It should be noted that the interpretation
of the PCM encompasses matrix excreted and deposited adjacent to the cell and matrix that
has been synthesized by the cell, but which has not yet been excreted. In cartilage and to a
certain extent in the 10% PEG gels, the PCM deposited extracellularly is more evident,
while in the higher crosslinked gels the distinction between extracellular and intracellular
matrix is less clear.

A decrease in the presence of other matrix proteins was also observed with higher ρx gels.
Collagen II deposition was restricted to the pericellular regions, which correlated with the
collagen staining seen with Masson’s Trichrome (Fig. 3). Pericellular staining for collagen
VI revealed inhomogeneities in the staining where not all cells showed the same level of
deposition regardless of crosslinking. Cells in the 10% PEG gels exhibiting collagen VI
deposition showed thick, spherical staining, whereas higher crosslinked gels resulted in
more diffuse, non-uniform collagen VI distribution. Similar trends were observed for link
protein and decorin (Fig. 4). Link protein was densest in the pericellular region and showed
little to no deposition in the 20% PEG gels. The pattern of decorin deposition followed
closely with collagen type II distribution, showing uniform densities in the PCM and
greatest accumulation in the 10% PEG gels.

Chondrocyte Matrix Expression
The effects of hydrogel crosslinking on the gene regulation of structural proteins, collagen II
(COL2) and aggrecan (AGG), as well as catabolic enzymes, matrix metalloproteinases-1, -3,
and -13, were assessed. Analysis by two-way ANOVA revealed that COL2 and AGC were
significantly regulated by culture time (p<0.001), whereas culture time, gel crosslinking, and
their interactions, affected all MMP expressions (p<0.001). Specifically, differences in gel
crosslinking affected initial expression levels of COL2 and AGC but these differences
diminished by day 20 (Fig. 5). Regardless of crosslinking and culture time, COL2
expression was approximately 10-fold higher than AGC expression, which is consistent with
greater collagen II accumulation seen by immunohistochemistry. A strong positive
correlation (r=0.86) was observed between COL2 and AGC expressions regardless of
culture time and gel structure. Analysis of MMPs-1, 3, and 13 showed opposite expression
profiles from the anabolic trends, exhibiting an overall decrease in expressions compared to
day 0. MMP-3 was expressed at the highest levels of the three MMPs. Interestingly, 15%
and 20% PEG gels exhibited sharp increases in MMP-1 and -13 expression between 5–15
days of culture, whereas 10% PEG gels exhibited a continual decrease in all MMP levels
over the 20 day culture period. Following day 5 of culture, a positive correlation between
MMP-3 and AGC expression was observed (r=0.73) as well as between MMP-1 and -13
(r=0.78).

To investigate differences in gene expression levels due to hydrogel crosslinking, relative
expression levels were normalized to the 10% PEG gel values at their respective time points
(Fig. 6). Initially, increasing crosslinking from the 10% to 15% PEG gels promoted both
COL2 and AGC expression (1.4×), which was further enhanced in the 20% PEG gels by 2×.
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However, by 20 days of culture, expression of these genes reached similar levels regardless
of crosslinking. Analysis of MMP-1 revealed that 20% PEG gels expressed higher levels at
all time points compared to 10% PEG gels (as high as 25× at day 15). MMP-13 expressions
were highly dependent on ρx showing similar characteristics to MMP-1 for 20% PEG gels
(as high as 35× at day 15 when compared to 10% PEG gels). Crosslinking density did not
affect MMP-3 levels at any of the observed time points.

Presence of Matrix Degradation Products
The activity of catabolic enzymes MMP-1, MMP-13, and MMP-3 was assessed by assaying
for their respective matrix degraded products using two different methods. First, the amount
of C1,2C fragment, which results from MMP-1 and MMP-13 cleavage of collagen I or II,
was measured by ELISA in the constructs (Fig. 7a) and in the media (Fig. 7b). There were
no significant changes in content of C1,2C fragments in the gel as a function of culture time
or as a function of gel crosslinking. Although, the mean levels dropped around days 10 and
15 for all crosslinked gels, but returned to levels that were similar to day 0. There were no
significant changes in the amount of C1,2C fragment present in the culture medium as a
function of culture time or gel crosslinking.

Presence of the N-terminal FFGV fragment, which is generated by MMP-3 cleavage of
aggrecan, was determined for the constructs (Fig. 7c) and for the media (Fig. 7d) using
western blot analysis. In the constructs, FFGV fragments were detected at ~75 kDa, which
appeared to be more abundant in the 10% gels at both days 0 and 20; although the total
amount of protein extracted from the 10% gels was highest. Total protein amounts extracted
from the culture medium were much higher due to the fact that the majority of the proteins
were from the serum and were generally similar for all crosslinked gels. There were several
FFGV fragments present in the media at day 0 with two distinct bands between 15 and 20
kDa and a band ~75 kDa along with several faint bands visible at higher MWs. By day 20,
all of these same bands were visible but much fainter, with the most intense band occurring
~75 kDa in the 10% gels.

Discussion
The ability of the scaffold to promote deposition and organization of an engineered tissue is
critical towards engineering functional cartilage. Initially, cells will ‘see’ cues provided by
the scaffold, but as neotissue is deposited the biochemical cues perceived by the cells will
change and be largely dictated by the matrix molecules comprising the neotissue. This
interplay will likely impact the long-term growth and maturation of the engineered tissue.
Overall, the PEG hydrogels supported the deposition of cartilage-specific matrix molecules
comprised of the two main building blocks of cartilage ECM (aggrecan and collagen II), the
primary matrix molecule found in the PCM of cartilage (collagen VI), and smaller matrix
molecules which are thought to be important in matrix assembly (link protein and decorin).
However, the newly deposited tissue was largely limited to the immediate pericellular
regions within all of the three crosslinked gels. Increasing the gel crosslinking density
resulted in decreased positive staining for collagens II and VI and aggrecan. Together, these
findings illustrate the distinct differences in composition and organization of the neotissue as
a function of the PEG crosslinked structure and that after 25 days the neotissue deposited
remains in an immature state when compared to native cartilage.

Examining both the building blocks of the ECM, such as sGAGs, the large ECM molecules
including collagen type II and aggrecan, and one of the molecules associated with the
aggregation of aggrecan (i.e. link protein) revealed large spatial discrepancies as a result of
the crosslinked structure. For all crosslinked gels, there was limited diffusion observed for
collagen II, which is not surprising as it has characteristic fibril dimensions ranging from
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40–300 nm in length and 1–2 nm in diameter [49]. The average mesh size of the PEG
hydrogels used in this study ranged between 5 and 20 nm. The major proteoglycan in
cartilage, aggrecan, reaches molecular weights between 1–4 MDa depending on the amount
of glycosylation [50]. The N-terminal G1 domain of aggrecan interacts solely with long
chains of hyaluronan [51], which are stabilized by the 45-kDa link protein [52]. The
synthesis of both aggrecan and link protein occurs through the same intracellular pathways
whereas hyaluronan is synthesized on the plasma membrane and is translocated directly into
the extracellular space [53]. Thus both aggrecan and link protein assemble with hyaluronan
through extracellular mechanisms, and can result in aggregates reaching several hundred
million Daltons on the order of 1–2 μm in length [3]. Although proteins upwards of 65 kDa
have been observed to diffuse through similar gels [42], diffusion of aggrecan and the larger
proteoglycan aggregates are hindered by the gels’ smaller mesh sizes. Therefore, it is not
surprising that aggrecan is localized to the PCM region in all crosslinked gels. The
localization of link protein in the PCM region suggests that it is likely binding to aggrecan
and beginning to form an organized matrix. Interestingly, there was a range of aggrecan
sizes (which did not stain positive as a FFGV fragment or to the same degree) detected in
the constructs suggesting that this molecule is in different stages of organization throughout
the culture period. The smaller molecules that are present at both early and late cultures may
indicate that the cells are continuing to produce new, smaller aggregates, which are being
assembled at the cell membrane. In addition, there was positive staining for sGAG and
chondroitin sulfate in the extracellular regions of the hydrogel but only for the 10% PEG
gels, which may suggest the presence of smaller proteoglycans, such as the small leucine-
rich proteoglycans associated with matrix binding or of degraded aggrecan fragments that
are capable of diffusing through the hydrogel (discussed below). Overall, the restricted
deposition of collagen II and aggrecan suggests that the mesh size of the PEG hydrogels is
not sufficient to permit diffusion of these large macromolecules into the extracellular space
of the hydrogel.

Cells receive insoluble biochemical signals by interacting with their surrounding matrix, and
in the case of cartilage by interacting directly with the PCM [4]. Here, we demonstrate that
the pericellular matrix produced by chondrocytes within PEG hydrogels was distinctly
different from the native PCM environments and was drastically affected by changes in
crosslinking density. Findings reported here indicate that the gel structure hinders the
deposition of collagen VI in the PCM. In the native tissue, collagen type VI forms an
organized, multimeric fibrillar network specific to the PCM, which interacts with collagen II
present in the PCM [8,10]. Even though a majority of cells exhibited collagen II and decorin
in their PCM region, a lower fraction (~40%) of chondrocytes stained positive with collagen
VI deposition. Increases in crosslinking caused a decrease in the density and thickness of
collagen VI in the PCM even though the fraction of cells staining positive for collagen VI
remained the same. Chondrocytes cultured in agarose gels also exhibited collagen VI within
their PCM, however, significant structural differences in the orientation and distribution of
the fibrillar mesh were observed compared to native cartilage [17]. This study suggested that
the agarose environment did not provide adequate spatial requirements for the unique
structural organization of collagen VI, which may explain the decreased staining observed in
our hydrogels with higher crosslinking. In addition, the heterogeneity observed in the
collagen VI staining may be due to the fact that chondrocytes encapsulated in the PEG
hydrogels were isolated from full-depth cartilage, where the degree of staining for collagen
VI was noted to vary with depth in our cartilage explants (data not shown). Similarly, the
density and thickness of collagen type II and aggrecan in the PCM regions also decreased
with increasing gel crosslinking. These overall differences in the PCM composition and
structure as a result of gel crosslinking will likely affect how cells interact with their
surrounding environment, respond to external stimuli, and ultimately form tissue.
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In native cartilage, matrix molecules are secreted into the pericellular space, where they are
able to interact and assemble to form large macromolecules. In the PEG hydrogel systems,
we observe that the major cartilage-matrix components are in fact being produced by the
cells and localized to the PCM region. It is thought that enzymatic activity within the PCM
may be necessary to release these molecules from the PCM [18,54], permitting their
diffusion into the surrounding extracellular spaces and forming the ECM. In addition,
chondrocytes are known to maintain cartilage through a balance of anabolic and catabolic
mechanisms, where, for example there is a normal turnover of aggrecan through cell-
secreted proteolytic enzymes [55–57]. Therefore, anabolic and catabolic events may be
important to initiate a remodeling phase for regenerating functional cartilage. For example,
when MMP-inhibitors were delivered to chondrocyte-laden agarose constructs, GAG
content and mechanical properties were negatively impacted, strongly suggesting an
important role of MMPs in matrix formation [18]. Other studies have similarly suggested the
importance of proteolytic activities in tissue remodeling phases [26,48,54,58,59].

Here, we observed a significant increase in anabolic gene expression for AGC and COL2
during early culture times for all three PEG hydrogels, corresponding with synthesis and
deposition of new matrix. Interestingly, the anabolic response was initially higher in gels
with higher crosslinking. This observation may be partly attributed to differences in gel
stiffness whereby the cells may ‘sense’ higher resistance during matrix deposition, and
hence stress, which may have impacted their function. By day 20, however, AGC and COL2
expression levels decreased significantly suggesting that after the development of a collagen
and GAG-rich PCM, cells may reach homeostatic levels. Additional studies are necessary to
confirm these hypotheses.

MMP-3 catabolic activity was confirmed by the presence of the N-terminal FFGV fragment
in the constructs and in the culture medium. The predominate FFGV fragment appears to be
~75 kDa in the constructs and a second smaller fragment between 15–20 kDa which was
mainly found in the culture medium (both are confirmed to be aggrecan, Fig 1). While
MMP-3 expression decreased with culture time, there was evidence of the FFGV fragment
in the constructs at early and late culture times. Since degradation products can be
metabolized by cells, we cannot confirm whether the FFGV fragments were cleaved early
during the culture period (when expression levels were high) and retained or whether
downstream processes differentially regulated translation of MMP-3 and/or its activation.
More interesting is the decreased presence of two FFGV fragments in the culture medium
after longer culture periods, which more closely agrees with the MMP-3 expression data and
is more representative of temporal changes in catabolic activity. However, some
discrepancies are noted for the low crosslinked gel. While MMP-3 expression was similar
among all gels, there was a greater presence of the FFGV fragment in the low crosslinked
gel. Interestingly, in the low crosslinked gels there was evidence of chondroitin sulfate, but
not aggrecan in the extracellular space of the hydrogels, which may be indicative of an
aggrecan degradation product. In addition, the sGAGs released into the culture medium will
include any degraded aggrecan. However, the amount of sGAG released was similar among
the crosslinked hydrogels, yet there was little detected at least for the higher crosslinked
gels. Since the FFGV fragment encompasses the G1 domain of the aggrecan molecule, and
the other MMP-3 cleaved fragment (not tested) will encompass the glycosylated region of
the aggrecan, it is possible that the other fragment more readily diffuses into the culture
medium and was detected by the sGAG assay and not by western blot. Therefore, it is likely
that some of the sGAGs released are degraded aggrecan, but we cannot confirm to what
degree, all or some. In addition, other enzymes involved in matrix breakdown may be
responsible for sGAG release, specifically that of the aggrecanases (ADAMTS-4/-5).
Nonetheless, the positive correlation between aggrecan and MMP-3 expression supports the
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involvements of MMPs in matrix synthesis and remodeling. Additional studies, however,
are needed to confirm this hypothesis.

Interestingly, increases in crosslinking density resulted in higher expression levels of
MMP-1 and -13, most notably after 5 days of culture, indicating that the structure of the
hydrogel significantly impacted catabolic gene expression. This up-regulation may be in part
due to the fact that gels with higher crosslinking tended to be more restrictive to PCM
formation whereby the cells would need to breakdown this nearby matrix to create space for
new matrix and/or to allow these matrix molecules to diffuse and deposit into the ECM. The
presence of C1,2C fragments indicates that MMP’s were indeed synthesized and activated
within the PEG hydrogels. While there were no significant differences in the total amount of
C1,2C fragments in the construct or the culture medium as a function of gel crosslinking, the
lower collagen content observed in the histology images suggests that there may be a higher
fraction of C1,2C fagment generated in the gels with higher crosslinking. This observation is
supported by the increased expressions in MMP-1 and 13 observed in the higher crosslinked
gels. However, it is important to note that C1,C2 fragments are also generated from MMP
cleavage of type I collagen, which was not evaluated in this study.

While we have limited the scope of our discussion to the role that gel crosslinking has on the
diffusion of matrix molecules and its subsequent effect on cells, changes in the crosslinking
density will alter the mechanical properties of the hydrogel. Therefore, differences in how
chondrocyte’s response to changes in crosslinking density may be a result of not only the
disparate PCM, but also due to mechanotransduction events as the cells ‘sense’ differences
in substrate stiffness [60]. Since hydrogel structure and chemistry dictate the mesh size and
the mechanical properties of the hydrogel [61], it is not possible to de-couple the physical
from the mechanical effects that the hydrogel is having on chondrocyte response. However,
by manipulating the hydrogel chemistry, it would be possible to de-couple these two effects
and gain a better understand of their individual contributions to mediating chondrocyte
response, but is beyond the scope of the current study.

While these findings indicate that encapsulated chondrocytes synthesize the major cartilage
components (aggrecan, collagen II and VI) within PEG hydrogels, the restricted location of
these molecules to the regions of the PCM strongly indicates the need for engineering
degradation into the hydrogels. Previous studies have shown that hydrolytically degradable
PEG hydrogels permit the evolution of a macroscopic cartilage-like tissue composed of
sGAGs and collagen II, which was not possible in non-degrading PEG hydrogels [32,33].
We are currently incorporating degradable linkages, based on poly(lactic acid), into the PEG
hydrogels and our initial unpublished findings confirm the ability for these large
macromolecules of aggrecan and collagen II to diffuse into the extracellular space. One of
the attractive features of designing synthetic biodegradable hydrogels is the ability to tailor
the degradation to control changes in the gel properties with time [35,62] and to match
degradation with tissue evolution.

Conclusions
The ability to design in situ forming scaffolds with high moduli is attractive for creating a
material suitable to withstand the large stresses in vivo. However, our findings illustrate that
the relatively tight mesh network provided by the crosslinked PEG hydrogels dramatically
impacts the type of tissue deposited and the spatial evolution of the tissue. While hydrogels
with high moduli are supportive of cartilage-specific matrix deposition, the use of these high
moduli gels must be coordinated with hydrogel degradation. Our long-term goal is to design
synthetic degradable hydrogels by which the gel itself provides initial stiffness to support the
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loads in situ and as tissue is deposited and the hydrogel matrix erodes, the load is then
transferred to the developing tissue.
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Figure 1.
The total amount of sulfated GAG (a) accumulated in the hydrogel construct per wet weight
hydrogel as a function of crosslinking density and culture time for 10% (□), 15% (■), and
20% (■) (w/w) PEG gels. Accumulated sGAG released from construct (b) into surrounding
media during FS culture time for 10% (solid ●), 15% (dashed ◆), and 20% (dotted ■) gels
at each time point. * indicates significant difference from 10% gels (p<0.05), † indicates a
significant difference from 15% gels (p<0.05). Aggrecan detection by western blot analysis
(c) within 10, 15, and 20% PEG gels at days 0 and 20. Anti-IGD probes were used to detect
the intact IGD region between G1 and G2 domains of aggrecan.
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Figure 2.
Gross examination of proteoglycan matrix deposition by histological and
immunohistochemical (IHC) evaluation for chondrocytes encapsulated in 10, 15, or 20%
PEG gels and cultured for 4 weeks. Sections were stained for negatively charged
glycosaminoglycans (S-GAGs) (red) using Safranin O/Fast green. Cell nuclei (dark purple)
were counterstained using hematoxylin. For IHC, sections were using antibodies against
chondroitin-6-sulfate (red), and aggrecan (red). Cell nuclei (blue) were counterstained using
DAPI. Images were acquired by laser scanning confocal microscopy. Scale bars represent 50
μm.
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Figure 3.
Gross examination of collagen matrix deposition by histological and immunohistochemical
(IHC) evaluation for chondrocytes encapsulated in 10, 15, or 20% PEG gels and cultured for
4 weeks. Sections were stained for collagens (blue) using Masson’s Trichrome. Cell nuclei
(dark purple) were counterstained using hematoxylin. For IHC, sections were stained using
antibodies against collagen type II (green) and collagen type VI (green). Cell nuclei (blue)
were counterstained using DAPI. Images were acquired by laser scanning confocal
microscopy. Scale bars represent 50 μm.
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Figure 4.
Gross examination of matrix deposition of ECM connective proteins by
immunohistochemical (IHC) evaluation for chondrocytes encapsulated in 10, 15, or 20%
PEG gels and cultured for 4 weeks. Sections were stained using antibodies against
hyaluronan (red), link protein (red), and decorin (red). Cell nuclei (blue) were counterstained
using DAPI. Images were acquired by laser scanning confocal microscopy. Scale bars
represent 50 μm.
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Figure 5.
Relative gene expression for collagen II (a), aggrecan (b), matrix metalloproteinase (MMP)
-1 (c), -3 (d), and -13 (e) compared to the housekeeping gene (HKG) L30 for 10% (solid ●),
15% (dashed ◆), and 20% (dotted ■) PEG gels conditioned up to 20 days in culture.
Significant differences (p<0.05) between crosslinking densities at specific time points are
represented as (*) for 10% vs. 15%, (†) 10% vs. 20%, and (#) 15% vs. 20%.
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Figure 6.
The effects of crosslinking density on gene expression at specific time points for collagen
type II (a), aggrecan (b), matrix metalloproteinase (MMP) -1 (c), -3 (d), and -13 (e) 10% (□),
15% (■), and 20% (■) PEG gels. Data are presented as normalized expression relative to
10% gels at each specified time point. * indicates a significant difference from 10% gels
(p<0.05).
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Figure 7.
The total amount of C1,2C accumulated in the hydrogel constructs (a) and total amount of
C1,2C released to the media per day (b) as a function of gel crosslinking density and culture
time for 10% (□), 15% (■), and 20% (■) PEG gels. Detection of MMP-3 cleaved aggecan
degradation product, FFGV fragment, by western blot analysis for 10, 15, and 20% PEG
hydrogels at days 0 and 20 within the construct (c) and in the culture medium (d).
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