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Abstract
Poly(ethylene glycol) (PEG) hydrogels offer numerous advantages in designing controlled 3D
environments for cartilage regeneration, but offer little biorecognition for the cells. Incorporating
molecules that more closely mimic the native tissue may provide key signals for matrix synthesis
and may also help in the retention of neotissue, particularly when mechanical stimulation is
employed. Therefore, this research tested the hypothesis that exogenous hyaluronan encapsulated
within PEG hydrogels improves tissue deposition by chondrocytes, while the incorporation of
Link-N(DHLSDNYTLDHDRAIH), a fragment of link protein which is involved in stabilizing
hyaluronan and aggrecan in cartilage, aids in the retention of the entrapped hyaluronan as well as
cell-secreted glycosaminoglycans, particularly when dynamic loading is employed. The
incorporation of Link-N as covalent tethers resulted in a significant reduction, ~60%, in the loss of
entrapped exogenous hyaluronan under dynamic stimulation. When chondrocytes were
encapsulated in PEG hydrogels containing exogenous hyaluronan and/or Link-N, the ECM
analogs aided in the retention of cell-secreted glycosaminoglycans under loading. The presence of
hyaluronan led to enhanced deposition of collagen type II and aggrecan. In conclusion, our results
highlight the importance of ECM analogs, specifically hyaluronan and Link-N, in matrix retention
and matrix development and offer new strategies for designing scaffolds for cartilage regeneration.
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INTRODUCTION
Due to the lack of self-repair of articular cartilage within the body, tissue engineering offers
a promising strategy, combining cells, scaffolds, and/or stimuli, to support cell and tissue
growth.1–3 The scaffold is intended to provide a 3D framework for the localization of cells
and for their newly deposited matrix molecules to organize into a macroscopic tissue. While
synthetic based scaffolds allow for tight control of the 3D framework, the incorporation of
molecules that more closely mimic the native tissue may provide key signals for matrix
synthesis and may also help in the retention and assembly of neotissue.

Towards designing biomimetic environments that more closely mimic native cartilage,
hyaluronan-based scaffolds have been explored. Hyaluronan, a variable length
polysaccharide consisting of disaccharide repeating units, is particularly attractive because it
is one of the main building blocks of aggrecan, a major cartilage macromolecule, and
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chondrocytes are known to express cell surface receptors specific for hyaluronan.4–6 When
chondrocytes were encapsulated in crosslinked hyalyuronan hydrogels and placed in vivo
subcutaneously, cartilage-like matrix was deposited after 12 weeks and comprised of
sulfated glycosaminoglycans and type II collagen with minimal type I collagen indicating
that chondrocytes maintained their phenotype within hyaluronan hydrogels.7 More recently,
several studies have shown that hyaluronan-based hydrogels enhance chondrogenesis of
mesenchymal stem cells in vitro8,9 and in vivo.10–12 For example, the delivery of
mesenchymal stem cells within a hyaluronan hydrogel led to robust cartilage regeneration in
an osteochondral defect model in rabbit.13 Together, these and other studies demonstrate
that hyaluronan is a promising macromolecule to consider when designing biomimetic
environments for cartilage tissue engineering.

In an effort to simulate cues which are thought to be important in functional cartilage
growth, a number of studies have incorporated physical stimuli into their tissue engineering
strategies14–17 (e.g., dynamic compressive loading), showing enhanced matrix
synthesis18–22 and in some studies increased scaffold mechanical properties.23–26 However,
several studies have reported loss of matrix molecules from their scaffold and that this loss
is accelerated by applications of dynamic loading. For example, a large fraction (~40%) of
the glycosaminoglycans (GAGs) synthesized by chondrocytes cultured in agarose27,28 or
self-assembled peptide hydrogels24 were released into the surrounding medium. Kisiday et
al.24 reported that intermittent cyclic compressive loading applied to self-assembled peptide
hydrogels resulted in 50–100% higher GAG loss over free-swelling constructs. Recent
studies from our group have shown that for adult bovine chondrocytes cultured in
poly(ethylene glycol) (PEG) hydrogels up to 50% of the newly synthesized GAG is lost to
the medium under free-swelling cultures.29 When the PEG hydrogels were cultured in a
rotating wall vessel, intended to enhance nutrient transport, this dynamic environment
further facilitated the loss of matrix from the hydrogels.29 The majority of these studies have
examined the loss of matrix based on glycosaminoglycans, which are building blocks of
larger proteoglycans like aggrecan. This loss may be a result of simple diffusion of smaller
extracellular matrix (ECM) molecules or ECM fragments from the scaffold whereby loading
enhances their transport. These findings suggest that, at least during the early stages of
neotissue development, many scaffolds are not capable of retaining a significant fraction of
the newly synthesized ECM. The significant loss of GAGs may create a critical delay in
neo-tissue growth within the hydrogel constructs.

In the extracellular regions of cartilage, there are a number of matrix-matrix interactions that
aid in the retention and organization of the ECM components.30 Hyaluronan interacts non-
covalently with the G1 domain of aggrecan to form large macromolecules in the
extracellular space reaching molecular weights upwards of 100–400 MDa. This complex
interaction is stabilized by link protein,31 as shown in Fig. 1. A smaller peptide fragment of
link protein, which is produced by MMP-3 cleavage of link protein, has also been shown to
facilitate assembly of aggrecan monomers with hyaluronan in articular cartilage explants
when delivered exogeneously in solution.32 This small peptide fragment represents the N-
terminus of link protein containing the amino acid sequence, DHLSDNYTLDHDRAIH
(Link-N). Although the mechanisms are not well understood, it appears Link-N is capable of
facilitating matrix-matrix interactions.

Synthetic hydrogels based on poly(ethylene glycol) (PEG) were chosen for this study
because they have been successfully used to encapsulate chondrocytes, providing a 3D
environment that maintains the chondrocyte phenotype and supports the deposition of
cartilaginous matrix components33,34 and biological molecules can be incorporated into the
hydrogel with relative ease.35 Specifically, this research tested the hypothesis that
hyaluronan encapsulated within PEG hydrogels improves tissue deposition by chondrocytes,
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while the incorporation of small molecules derived from link protein (i.e., Link-N) aid in the
retention of the entrapped hyaluronan as well as cell secreted glycosaminoglycans,
particularly when dynamic loading is employed. To test this hypothesis, this study is divided
into three aims. In the first aim, we examined the release of entrapped hyaluronan in the
absence and presence of dynamic compressive loading and assessed whether tethering Link-
N to the PEG hydrogels would aid in the retention of hyaluronan. To test for Link-N's
specificity, chondroitin sulfate, another one of the main building blocks of aggrecan but
which is not known to interact with link protein, was encapsulated and its release evaluated.
Because hyaluronan and link protein are involved in the assembly of aggrecan, the second
aim assessed the ability of hyaluronan and Link-N to retain cell secreted sulfated
glycosaminoglycans. Finally, in the third aim we examined whether the encapsulated
hyaluronan under free swelling or dynamic loading conditions would lead to improved
cartilage-like matrix deposition and whether the presence of Link-N with its retention
capabilities for hyaluronan was an important component.

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,
and DAPI were from Invitrogen (Carlsbad, CA). L-proline, ascorbic acid, bovine serum
albumin (BSA), protease-free chondroitinase ABC, dichloromethane, methacryloyl chloride,
diethyl ether, triethylamine (TEA), ammonium persulfate (APS),
tetramethylethylenediamine (TEMED), 5-aminofluorescein, 3-(3-dimthylaminopropyl)-1-
ethyl-carboiimide (EDC), pyridine, dimethylmethylene blue, and all buffer reagents were
from Sigma-Aldrich (St. Louis, MO). Irgacure 2959 was from Ciba Specialty Chemicals
(Newport, DE). All amino acids and reagents for peptide synthesis were from Applied
Biosystems (Foster City, CA). Acrylate-poly(ethylene glycol)-N-hydroxy succinamide ester
(Acrylate-PEG-NHS) was acquired from Nektar Therapeutics Inc. (San Carlos, CA).
Medical-grade hyaluronan sodium salt (HA) was from LifeCore Biomedicals (Chaska, MN).
Aggrecan antibody (A1059-53F) and collagen II antibody (C5710-20F) were from US
Biologicals (Swampscott, MA).

Macromer Synthesis and Hydrogel Formation
Poly(ethylene glycol) dimethacrylate (PEGDM) macromer was synthesized as described
elsewhere.36 Briefly, PEG (Fluka, MW~4600) was reacted with 6 molar excess
methacryloyl chloride in the presence of TEA in dichloromethane for 24 hrs at 4°C.
PEGDM was brought to room temperature and purified by precipitations in chilled diethyl
ether. The vacuum dried product was >90% methacrylated as confirmed by 1H NMR
(Varian YVR-500S). Hydrogel constructs (5 × 5 mm cylinders) were formed either by
redox-initiated polymerization or by photopolymerization. For redox-initiated
polymerization, APS (0.05 M) and TEMED (0.05 M) were mixed with 10% PEGDM (w/w)
and the solution was allowed to polymerize at room temperature for 15 min. Hydrogels were
also formed via photopolymerization by mixing 10% PEGDM (w/w) with 0.05%
photoinitiator Irgacure 2959 and exposing to 365 nm light (6 mW/cm2) for 10 min.

Peptide Synthesis and Conjugation
The Link-N peptide (DHLSDNYTLDHDRAIH) was synthesized (Applied Biosystem 433A
Peptide Synthesizer) using solid phase Fmoc chemistry on a MHBA Rink Amide Resin
(<0.7 mmol/g resin substitution). Peptides were cleaved from their solid support using
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trifluoroacetic acid/triisopropylsilane/water (95/2.5/2.5%v/v) and allowed to react at room
temperature for 2 hrs. The reaction was filtered and the filtrate precipitated and washed (3×)
in chilled diethyl ether. Peptides were purified by semipreparative reversed phase HPLC
(Waters Delta Prep 4000) using a 70 min linear (5–95%) gradient of acetonitrile in 0.1%
trifluoroacetic acid. Peptide purity was confirmed by analytical reversed phase HPLC C18
column and matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF, Applied Biosystem DE Voyager). Acrylate-PEG-NHS (3400 Da) was
reacted to the N-terminal amine of the Link-N peptide in 0.1 M sodium phosphate buffer pH
8.0 for 4 hrs protected from light. Peptide conjugation was assessed by the fluorescamine
free amine assay37 and indicated >70% efficiency. The desired product, Acrylate-PEG-
HIARDHDLTYNDSLHD (PEGMA-Link-N), was dialzyed and lyohphilized, resulting in a
dry powder (MW~5321 Da).

Model ECM Molecules and Their Release
Fluorescently-labeled hyaluronan (f-HA) was synthesized by methods described by Nagata
et al.38,39 Briefly, hyaluronan (Mn~130 kDa, 200 mg sodium salt) was dissolved in 50 mL of
a solution containing 75% (v/v) 1 M HCl and 25% (v/v) pyridine and mixed with 10 mL of
5-aminofluorescein (268 mg, 1.6 mole equivalent per disaccharide unit) dissolved in a
solution containing 50% (v/v) 1 M HCl and 50% (v/v) pyridine. The pH was adjusted to
4.75 with 37% HCl and EDC (4.52 g, 49 mol equiv. per disaccharide unit) was added to the
solution for 2 hrs under agitation at room temperature to facilitate conjugation of 5-
aminofluorescein to hyaluronan. The product was purified by dialysis (8 kDa MWCO)
overnight and recovered by precipitation in chilled ethanol with 1.25% sodium acetate
followed by centrifugation at 1,500× g with additional rinses in chilled ethanol. The pellet
was re-dissolved in 20 mL NaOH (0.1 M) for 20 hrs at 37°C, and then neutralized prior to
re-precipitating in chilled ethanol with 1.25% sodium acetate followed by centrifugation
(2,000× g, 10°C, 10 min). The pellet was dissolved in 100 mL distilled water and dialyzed
(8 kDa MWCO) overnight. The final purified product was recovered by lyophilization and
stored at −20°C protected from light. The macromer solutions were mixed with PEGMA-
Link-N (1 mg/g macromer solution) and either chondroitin sulfate (Mn~36 kDa, 10 mg/g) or
f-HA (1 mg/g) prior to redox-initiated polymerization. The redox-initiator system was
necessary to permit polymerization and encapsulation of the f-HA due to the presence of
fluorescein. Gels were cultured in a shaker bath (40 rpm) at 37°C in 2 mL DI-H2O, which
was collected and replenished at each time point. Release of f-HA was measured by
spectrophotometric analysis (Ex, 492 nm; Em, 525 nm) against a standard curve (0 μg/mL to
50 μg/mL, R2=0.999). Chondroitin sulfate release was measured by the dimethylmethylene
blue (DMMB) assay.40 Cumulative ECM release values are reported as % of total
encapsulated and are represented as a mean and standard deviation (n=4).

Chondrocyte Encapsulation
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 hrs of slaughter and digested in
500 units/mL collagenase II in DMEM supplemented with 5% FBS for 16 hrs 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 (Penicillin/Streptomyocin), 0.5 μg/mL fungizone,
and 20 μg/mL gentamicin (PBS with antibiotics). Isolated cells were counted using trypan
blue exclusion assay. Chondrocytes (50 million cells/mL) were mixed with 10% (w/w)
PEGDM and 0.05% (w/w) photoinitiator Irgacure I2959 in PBS and photopolymerized as
described above and then placed 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). Gels were formed under
one of four conditions: 1) with PEGMA-Link-N (1 mg/g macromer solution), 2) with
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hyaluronan (0.5 mg/g), 3) with hyaluronan (0.5 mg/g) and PEGMA-Link-N (1 mg/g or 0.18
mM), or 4) with Acrylate-PEG-NHS (0.6 mg/g or 0.18 mM), which served as a control. It is
important to note that the NHS group is readily hydrolyzed in aqueous environments,
resulting in a PEG hydrogel with PEG tethers in the control. The concentration of
hyaluronan was selected based on proximity to native articular cartilage.22 The Link-N
concentration selected was based on the aggregation of aggrecan in cartilage. When
hyaluronan is saturated with bound aggrecan, there is approximately one aggrecan (1
aggrecan:1 Link-N) per 32 repeat units on the hyaluronan.30

Mechanical Loading
Following encapsulation, gels were rinsed in PBS with antibiotics, and cultured under free-
swelling conditions for 24 hrs, and either removed from culture and analyzed (referred to as
time = 0 days), or subjected to dynamic unconfined deformational loading using custom-
designed bioreactors described elsewhere.41 All loading studies were performed between
permeable platens and bases (Porex 40–70 μm). ECM release studies were performed on
acellular gels subjected to a sinusoidal dynamic compression at 1 Hz, 15% peak-to-peak
strain (5% tare strain) continuously. Cell-laden gels were subject to intermittent type loading
(8 cycles/day with each cycle containing 30 min loading and 90 min rest) using 0.3 Hz and
15% peak-to-peak strain (5% tare strain). Precise displacement control was verified using
the on-board linear variable displacement transducer sensor, which showed less than 0.01%
deviation. Gels were also cultured under free-swelling conditions (referred to as controls), in
which the plates were placed on an orbital shaker rotating at 50 rpm. Cell viability prior to
loading and after 2 weeks of loading was qualitatively assessed using a LIVE/DEAD® assay
(Invitrogen) per manufacturer. Medium was changed during sampling and stored at −20°C
until further analysis. At specified time points, gels were removed from culture and
immediately processed.

Characterization of Cell-Laden Hydrogels
At specified time points, constructs were removed from culture and their tangent modulus
determined (Bose TestBench 10N) by applying a constant strain rate under unconfined
compression (0.5 mm/min). Gels were halved and subsequently processed. To determine the
water content in the cell-laden hydrogels, constructs were weighed, lyophilized for 48 hrs
and their mass swelling ratio determined by the ratio of the wet mass over the dry mass.
Hydrogels were homogenized and enzymatically digested by papain for 16 hrs at 60°C. Gel
samples and collected media were assessed for sulfated GAG content by the DMMB dye
method40. GAG content within hydrogels were normalized to their corresponding gel wet
weight. Data are represented as the mean and standard deviation (n=4).

Histological Analysis
The remaining construct halves were fixed for 24 hrs in 4% paraformaldehyde, dehydrated,
paraffin-embedded, and sectioned (10 μm) for immunohistochemistry (IHC). Sections were
tested against anti-aggrecan (1:10) and anti-collagen II (1:100). All samples were blocked
using 1% BSA for 30 minutes. 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 (1:100) and counterstained using DAPI (1:1000). The antibodies were
validated using positive controls (articular cartilage) and negative controls (articular
cartilage without the application of primary antibody). Sections were mounted and preserved
using VectaMount, and a laser scanning confocal microscope (Zeiss LSM 5 Pascal) was
used to acquire images. Semi-quantitative analysis of IHC images obtained at 400× was
performed by determining the percentage of cells stained positive for aggrecan or collagen II
across the entire image. In brief, the cells stained positive for aggrecan or collagen type II
were manually selected. ImageJ software with the cell counting add-on was used to
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determine the number of positive cells. The total number of cells was determined by
counting nuclei in the corresponding field of view. Approximately 40–70 cells were counted
from three separate images taken in random locations within the hydrogel of three
independent samples.

Statistical Analysis
Data are presented as a mean ± standard deviation. One-way or two-way analysis of
variance (ANOVA) was performed where stated and analyzed post-hoc using Tukey's HSD.
Student t-tests were also performed to determine significance among individual samples. An
α=0.05 was considered significant.

RESULTS
Link-N Peptide Synthesis and Characterization

A 16-mer oligopeptide that represents the N-terminal region of the cleaved link protein,
shown in Fig. 1, was successfully synthesized. The resulting product was purified by HPLC
and MALDI-TOF confirming that the desired peptide (MW 1921 g/mol) (see supplemental
figure) and had a purity >99%.

Release of Model Extracelluar Matrix Molecules from Biomimetic Hydrogels
The release of hyaluronan was impacted by dynamic loading (Fig. 2a). Approximately 40%
of hyaluronan was released from the hydrogels subjected to dynamic loading and was
significantly higher (p < 0.0001) than the hyaluronan released under free swelling conditions
(~3%) after 6 days. Tethering Link-N peptide to the hydrogel network affected the release
profile of hyaluronan, leading to increased release of hyaluronan from the hydrogels within
the first 24 hrs under free swelling cultures (Fig. 2a). However, greater than 95% of the
encapsulated hyaluronan was retained within the hydrogel after 6 days of culture in the free
swelling cultures. Hydrogels containing Link-N peptide and subjected to dynamic loading
resulted in a ~60% reduction in the release of hyaluronan after 6 days of loading (p
<0.0001). Chondroitin sulfate was used as a control for specificity (Fig. 2b). The addition of
Link-N peptide increased the release rate of chondroitin sulfate similar to that observed with
hyaluronan, but dynamic loading had no effect on the release profile of chondroitin sulfate
(p > 0.21) regardless of the presence of Link-N peptide.

Properties of Chondrocyte-Laden Hydrogels
Initial properties of the chondrocyte-laden hydrogels were examined by their modulus in
compression mode (Table 1) and mass swelling ratio (Table 2) 24 hours post encapsulation
(referred to as day 0). Although the average modulus of the hydrogels containing Link-N
was 10–20% lower than that of remaining formulations, this apparent difference was not
statistically significant (p=0.12). The mass swelling ratio was statistically similar for all
hydrogel formulations.

The modulus measured in compression mode was evaluated over the course of the culture
period (Table 1). Overall, gel formulation (p<0.01) and culture time (p<0.01), but not
loading (p=0.07) were factors affecting the compressive modulus. By day 25, the modulus
was similar among all gel formulations under free swelling conditions, but under loading
conditions PEG hydrogels containing Link-N remained the lowest. Hyaluronan did not
affect the mechanical properties of the cell-laden constructs over the course of the study
regardless of loading. The water content of the cell-laden constructs was measured
throughout the study and no significant differences were observed as a function of gel
formulation, culture time, or loading (data not shown).
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Chondrocyte Response to Biomimetic Hydrogels
Chondrocyte viability, based on a qualitative membrane integrity assay, was high 24 hrs
post-encapsulation and after 14 days of culture within the hydrogels (supplementary figure).
Tissue production was assessed in hydrogels prepared from PEG-only and PEG containing
entrapped hyaluronan, tethered Link-N peptide, or a combination of Link-N peptide and
entrapped hyaluronan. After 24 hours post-encapsulation (i.e. day 0), there was minimal
sGAG production within the constructs regardless of their formulation (Fig. 3a). sGAG
content reached approximately 500 μg per construct by day 25 and was unaffected by either
Link-N peptide, hyaluronan, or by dynamic loading (Fig. 3a). At 25 days of culture there
was detectable cumulative sGAG release for all hydrogel formulations approximating 6% of
the total sGAG production (Fig. 3b). To assess the impact of gel formulation on sGAG
release, cumulative sGAG released for each gel formulation was normalized to their free
swelling counterparts (Fig. 3c). The results show that dynamic loading significantly
enhanced the amount of sGAG released from the PEG-only hydrogels reaching values that
were 60–80% greater than the free swelling hydrogels. Hydrogels containing Link-N,
hyaluronan, or both had statistically similar sGAG release in the loaded constructs as their
free swelling counterparts. For hydrogels containing hyaluronan, the sGAG released was
significantly lower compared to the PEG-only hydrogels (p<0.005).

Spatial Deposition of Cartilage-Specific ECM Molecules in Biomimetic Hydrogels
The spatial deposition of the neotissue was analyzed by immunohistochemistry to assess
cartilage specific matrix molecules, namely collagen II and aggrecan (Fig. 4). Collagen II
and aggrecan were localized to the pericellular matrix (PCM) for all hydrogel formulations,
but the degree of staining was dependent on the formulation. Semi-quantitative analysis of
the immunohistochemistry (Fig. 5) indicated that approximately 60% and 35% of
chondrocytes stained positive for collagen II and aggrecan, respectively, in their pericellular
regions in the PEG-only hydrogels when cultured under free swelling conditions. The
addition of hyaluronan resulted in 80–90% of the cells staining positive for aggrecan and
collagen II in their PCMs, which was maintained with dynamic loading. Incorporation of
Link-N peptide showed no significant difference in collagen II or aggrecan from the PEG-
only hydrogels (p>0.10). With the application of mechanical loading, the fraction of
chondrocytes staining positive for collagen II and aggrecan in Link-N only hydrogels
increased by ~25–40%, although not significantly (p=0.07), compared to free swelling
constructs.

DISCUSSION
While synthetic scaffolds offer numerous advantages in designing a 3D environment with
controlled structures, mechanical properties, and degradation behaviors, they offer little
biorecognition for the cells. Cells are known to interact with their extracellular matrix
receiving numerous insoluble cues, which are likely critical to engineering a functional
neotissue. Several studies have reported that incorporating matrix analogs to simulate the
native cartilage environment, such as a collagen mimetic protein,42 decorin binding
region,43 or chondroitin sulfate,44,45 into PEG hydrogels promoted matrix synthesis. This
research tested the hypothesis that exogenous hyaluronan entrapped within PEG hydrogels
improves cartilage neotissue deposition, while the incorporation of Link-N aided in the
retention of the exogenous hyaluronan and cell secreted glycosaminoglycans, particularly
when dynamic loading is employed.

We acknowledge several limitations of our study. First, the release of model ECM
molecules were investigated at a loading frequency of 1 Hz, because this frequency is
commonly used in studies employing mechanical stimulation for cartilage tissue

Roberts et al. Page 7

J Biomed Mater Res A. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



engineering.16 For the cell-laden experiments, a lower frequency of 0.3 Hz was selected
because we have shown more recently that chondrocytes encapsulated in PEG hydrogels are
more responsive to loading at 0.3 Hz over 1 Hz.36,46 As a result, the release studies are not
able to predict release rates of hyaluronan from cell-laden chondrocytes.47 However, the
presence of chondrocytes, which have the ability to bind to hyaluronan through cell surface
receptors, may further affect its release making a direct comparison between acellular and
cellular experiments not possible. A second limitation is one concentration of Link-N and
hyaluronan were investigated. While concentrations were selected to represent physiological
levels, optimal concentrations that maximize their function as matrix enhancing and
retaining molecules in a tissue engineering model may differ and differ based on chemistry
(i.e., hyaluronan versus Link-N). Findings from this study, therefore serve to demonstrate
that matrix molecules incorporated into a tissue engineering system are capable of matrix
retention and enhancement of cartilage-specific matrix deposition. However, additional
studies are necessary to determine optimal concentrations for hyaluronan and Link-N.

One of the primary objectives for this study was to incorporate exogenous hyaluronan within
PEG hydrogels to create a biomimetic environment that was more similar to the native
environment of chondrocytes. While hyaluronan remained entrapped within PEG hydrogels
under free swelling conditions, the application of dynamic loading led to its release and in
significant amounts. In an effort to retain hyaluronan and other matrix molecules secreted by
the cells, Link-N a derivative of link protein was tethered into the PEG hydrogel. Our
findings demonstrate that Link-N is capable of retaining entrapped hyaluronan under
dynamic loading suggesting that Link-N maintains some of the functional properties of link
protein. This observation is further supported by the fact that Link-N did not aid in the
retention of chondroitin sulfate, one of the main glycosaminoglycans in aggrecan monomers,
and with which link protein does not natively interact. However, it should be noted that the
release kinetics of hyaluronan were significantly slower than that of chondroitin sulfate as a
result of the disparate amounts of each matrix molecule encapsulated and their different
molecular weights, which may have impacted the findings. Dynamic loading did not affect
the release of chondroitin sulfate, although it did affect hyaluronan release. This disparate
finding may be due to the smaller size of chondroitin sulfate where diffusion was
sufficiently high so that increased fluid transport induced by loading had less of an
affect.47,48 It is also important to note that the release kinetics for both hyaluronan and
chondroitin sulfate were enhanced in the presence of Link-N, which is attributed to a lower
crosslinking density that resulted when Link-N was incorporated into the hydrogel during
polymerization (as indicated by the lower modulus of the cell-laden constructs containing
Link-N when compared to PEG-only). The reduced crosslinking density may be due to
reacting a mono-functional monomer, the presence of a relatively large oligopeptide, Link-N
acting as a chain transfer agent thus reducing crosslinking efficiency,49 or slight differences
in the manufacturing of the hydrogels.

The incorporation of hyaluronan, and to a lesser extent Link-N, led to a reduction in the loss
of cell secreted sulfated glycosaminoglycans under dynamic loading. While the mechanisms
are not known, both hyaluronan and link protein natively interact with aggrecan monomers
(Fig. 1). In cartilage, sGAGs including chondroitin sulfate are synthesized intracellularly,
attach to serine residues on a protein core, and then are glycosylated prior to secretion. Once
secreted, the proteoglycan molecules, and specifically aggrecan monomers are assembled in
the extracellular space with link protein and hyaluronan to form large aggrecan aggregates.
Our findings suggest that hyaluronan is better at retaining sGAGs over Link-N, at least at
the concentrations employed in this study. More specifically, exogenous hyaluronan may
interact with the hyaluronan binding region within cell-secreted aggrecan monomers.50 In
contrast, Link-N represents a small region of the link protein and therefore may have
decreased specificity for retention of aggrecan monomers. Nonetheless, these findings
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demonstrate that incorporating native ECM analogs into the hydrogel aids in the retention of
cell secreted matrix under dynamic loading.

The entrapment of exogenous hyaluronan was beneficial to cartilage extracellular matrix
formation, evidenced by increased deposition of aggrecan and collagen II. Chondrocytes are
known to express cell surface receptors for hyaluronan (e.g, CD44),4–6 which have been
shown to be involved in anabolic and catabolic activities of chondrocytes51 and influence
the structural organization around chondrocytes.4–6 Therefore, chondrocytes may receive
“outside-in” signals from the exogenous hyaluronan, thus stimulating ECM synthesis. In
addition to possible receptor-mediated signaling events, the interaction between CD44 and
hyaluronan is believed to create cross-bridging that tethers the hyaluronan/proteoglycan-rich
pericellular matrix to the cell,4,52 thus contributing to the formation of the PCM. Therefore,
it is possible that the exogenous hyaluronan may aid in creating an anchor for secreted
proteoglycans to bind and organize. However, the role of Link-N is less clear. Our findings
suggest that hyaluronan, when simply entrapped in the hydrogel in the presence of cells, is
retained sufficiently under loading to maintain its positive effect on cells. While the
incorporation of Link-N clearly led to retention of hyaluronan in the absence of cells, its
presence with cells may not be as critical. The incorporation of Link-N with or without
hyaluronan did not appear to negatively impact aggrecan nor collagen II deposition.

While findings from the cell-laden studies are largely attributed to biochemical effects of
hyaluronan, it is important to recognize that changes in hydrogel formulation can impact the
properties of the hydrogel and subsequently affect cellular response. For example, it has
been shown that substrate stiffness can affect cellular differentiation.53 and crosslinking
density can alter tissue synthesis and deposition.54 However, the initial modulus and
swelling of the cell-laden hydrogels with and without hyaluronan were similar suggesting
that the improved matrix deposition was likely due to biochemical effects of hyaluronan.
The positive effects of hyaluronan may be due to chondrocytes interacting directly with
hyaluronan through cell surface receptors or may be due to indirect interactions, such as
extracellular signaling molecules (e.g. cytokines, growth factors) interacting with
hyaluronan. Since hyaluronan carries a net negative charge, albeit ~105 times lower than that
of native cartilage, the presence of negative charges may sequester other signaling molecules
leading to improved tissue deposition.55 While the incorporation of Link-N did lead to a
reduced modulus, the presence of Link-N had little effect on the encapsulated chondrocytes.
Link-N similarly carries a net negative charge (~106 times lower than that of native
cartilage), but this charge was not likely sufficient to have any effects on encapsulated
chondrocytes.

For future considerations, there are several important observations worth noting. To further
investigate the interaction of hyaluronan and Link-N, a scrambled peptide sequence of Link-
N would help to elucidate if the mechanism is indeed sequence specific thus capturing the
native function of link protein or is due to non-native interactions. A second observation
from this study is that many of the large cartilage-specific matrix molecules deposited by the
cells remain localized to the pericellular regions in the non-degrading PEG hydrogels. This
observation suggests that the gel crosslinked structure limits diffusion and organization of
the large proteoglycan aggregates, which can reach upwards of ~1–4 million Da, and
collagen II matrix molecules in the extracellular space. Previous studies by Bryant et al.56–58

demonstrated the importance of hydrogel degradation in matrix elaboration and the
development of a macroscopic engineered tissue, particularly with respect to collagen
secretion. Therefore, the incorporation of Link-N may have more pronounced effects in a
degradable system where its ability to capture and interact with both exogenous hyaluronan
as well as larger cell-secreted aggrecan monomers may lead to enhanced matrix content.
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Future studies will combine matrix retaining ECM analogs with degradable hydrogels which
are currently being explored in our laboratory.

CONCLUSIONS
The incorporation of hyaluronan positively impacted matrix retention and matrix synthesis
in PEG hydrogels. Hyaluronan and Link-N were capable of reducing load-induced cell-
secreted sGAG loss suggesting that the incorporation of these ECM analogs may help to
retain matrix molecules and aid in macroscopic tissue evolution particularly when loading is
applied. These findings support the idea that cells receive insoluble biochemical cues from
their extracellular matrix and that these cues may be important for not only tissue
homeostasis, but also in supporting neo-tissue secretion and deposition.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representing a) the macromolecular organization of hyaluronan (HA), aggrecan
and link protein (LP); b) the involvement of link protein in the interaction between the G1
domain of the aggrecan core protein with a hyaluronan binding region; and c) the triple
hairpin structure of link protein, held together by disulfide bonds, and the N-terminal
cleavage product Link-N peptide.
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Figure 2.
Influence of dynamic loading and the covalent incorporation of Link-N on the release of
representative ECM molecules. Constructs with (∎,◻) and without (●,◯) Link-N cultured
under either free-swelling (∎,●) or dynamic loading at 1 Hz and 15% strain (◻,◯)
conditions. a) Release (%) of encapsulated hyaluronan (HA) into the surrounding medium
based on the original amount of entrapped hyaluronan; b) Release (%) of encapsulated
chondroitin sulfate (ChS) into the surrounding medium based on the original amount of
entrapped chondroitin sulfate. Data are reported as mean ± standard deviation.
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Figure 3.
Quantification of accumulated sulfated glycosaminoglcyan (sGAG) content a) within cell-
laden PEG hydrogels and b) which was released into the culture medium for free-swelling
(FS) and dynamically loaded conditions. In c), the % change in sGAG release due to loading
is presented (i.e., % change is defined as the difference in sGAG released between the
loaded constructs and the free swelling constructs relative to the free swelling constructs).
PEG hydrogels contained no additives (◻), hyaluronan (∎), Link-N (∎), or hyaluronan and
Link-N (∎). Data are represented as mean ± standard deviation. ND indicates none detected,
* indicates difference from free-swelling controls p<0.05, † indicates significant difference
from PEG-only gels containing no additives p<0.05.
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Figure 4.
Gross examination of cartilage-matrix deposition by immunohistochemical evaluation for
chondrocytes encapsulated in PEG hydrogels and cultured for 25 days under free-swelling
(a,c,e,g) or dynamic loading conditions (b,d,f,h). PEG hydrogels contained no additives
(a,b), hyaluronan (c,d), Link-N (e,f), or hyaluronan and Link-N (g,h). Sections were stained
using antibodies against collagen type II (green) and aggrecan (red) and nuclei (blue) were
counterstained by DAPI. Images were acquired by laser scanning confocal microscopy.
Scale bars represent 50 μm.
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Figure 5.
Semi-quantitative analysis of cartilage-matrix deposition by immunohistochemical
evaluation for chondrocytes encapsulated in PEG hydrogels and cultured for 25 days under
free-swelling or dynamic loading conditions. The fraction of cells staining positive for
collagen type II (a) and aggrecan (b) found in the pericellular region was normalized to the
total number of cells as quantified using DAPI. PEG hydrogels contained no additives (◻),
hyaluronan (∎), Link-N (∎), or hyaluronan and Link-N (∎). Data are represented as mean ±
standard deviation. * indicates difference p<0.05.
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Table 2

Initial mass swelling ratio of PEG hydrogels containing:

No additives Hyaluronan Link-N Hyaluronan and Link-N

10 ± 1 10 ± 1 10 ± 0.2 10 ± 0.2
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