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Abstract

Hyaluronic acid (HA) hydrogels formed via photocrosslinking provide stable 3D hydrogel
environments that support the chondrogenesis of mesenchymal stem cells (MSCs). Crosslinking
density has a significant impact on the physical properties of hydrogels, including their
mechanical stiffness and macromolecular diffusivity. Variations in the HA hydrogel crosslinking
density can be obtained by either changes in the HA macromer concentration (1, 3, or 5% w/v at
15 min exposure) or the extent of reaction through light exposure time (5% w/v at 5, 10, or 15
min). In this work, increased crosslinking by either method resulted in an overall decrease in
cartilage matrix content and more restricted matrix distribution. Increased crosslinking also
promoted hypertrophic differentiation of the chondrogenically induced MSCs, resulting in more
matrix calcification /n vitro. For example, type X collagen expression in the high crosslinking
density 5% 15 min group was ~156 and 285% higher when compared to the low crosslinking
density 1% 15 min and 5% 5 min groups on day 42, respectively. Supplementation with inhibitors
of the small GTPase pathway involved in cytoskeletal tension or myosin Il had no effect on
hypertrophic differentiation and matrix calcification, indicating that the differential response is
unlikely to be related to force-sensing mechanotransduction mechanisms. When implanted
subcutaneously in nude mice, higher crosslinking density again resulted in reduced cartilage
matrix content, restricted matrix distribution, and increased matrix calcification. This study
demonstrates that hydrogel properties mediated through alterations in crosslinking density must be
considered in the context of the hypertrophic differentiation of chondrogenically induced MSCs.
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1. Introduction

Mesenchymal stem cells (MSCs) are being explored as a clinically relevant cell source for
regenerative medicine, especially for cartilage repair. These cells have been combined with
a number of materials that support chondrogenic differentiation, including the natural
polymer hyaluronic acid (HA) [1]. HA can be modified to support photocrosslinking into 3D
hydrogels that support the chondrogenesis of MSCs [2]. The physical properties of
hydrogels, including mechanical stiffness [3] and network porosity and permeability [4-6],
have been shown to have a significant impact on the differentiation of encapsulated MSCs
and localization of newly synthesized cartilage matrix [7,8]. Previously, we showed that
changing the crosslinking density of HA hydrogels, by varying the HA macromer
concentration alone, influences neocartilage formation and matrix distribution by
encapsulated chondrocytes and bovine MSCs [8,9]. Alternatively, another way of
modulating crosslinking density is by changing the ultraviolet light (UV) exposure time
during gelation while keeping the HA macromer concentration constant. Importantly, this
method decouples the effects of macromer concentration (i.e., HA content) from that of the
crosslinking density. This is particularly important as HA is itself a biologic material, and
cells, including human MSCs, possess CD44 and other receptors that interact with HA and
initiate signaling cascades [10-12].

In addition to their ability to undergo chondrogenesis, MSCs also exhibit the tendency to
undergo hypertrophic phenotype changes under chondrogenic induction, similar to that
which is observed in the terminal differentiation of hypertrophic chondrocytes in the growth
plate. This results in extensive calcification of the neocartilage matrix after ectopic
transplantation in subcutaneous mouse models or with chemically defined hypertrophic
challenge /n vitro[13-15]. It is known that the components and structure of the extracellular
and pericellular matrix play an important role in the regulation of chondrocyte hypertrophy
and matrix calcification [16-18]. Chondrocytes entering terminal differentiation also
substantially remodel their surrounding cartilage matrix to produce a template that facilitates
mineralization [19]. Therefore, the physical properties of the hydrogel scaffold, such as
crosslinking density, which control the quality and distribution of the newly formed cartilage
matrix, may influence hypertrophic differentiation of the chondrogenically induced MSCs
and consequently calcification of the neocartilage matrix. In addition, hypertrophic
differentiation of chondrocytes is regulated by a plethora of large and small molecules,
whose transport to encapsulated MSCs is regulated by the macromolecular diffusivity within
and biochemical composition of the scaffold and newly formed cartilage matrix.

We previously showed that coculture of chondrocytes with MSCs, as well as mechanical
loading influences hypertrophy [20,21]. Yet, there still exists the need to understand and
better control mineralization towards the use of hydrogels as carriers for MSCs in cartilage
repair. With these issues in mind, we hypothesize that the physical properties of hydrogels,
which are dictated by the crosslinking density, will influence the initial chondrogenesis,
neocartilage formation, and subsequent hypertrophy and matrix calcification by the
encapsulated MSCs. Therefore, the objective of this study was to investigate the effect of
variations in HA hydrogel crosslinking on the aforementioned processes in both /n vitro and
in vivo environments.

2. Material and methods

2.1. Macromer synthesis

Methacrylated HA (MeHA) was synthesized as previously reported [22]. Briefly,
methacrylic anhydride (94%, FW: 154.17, Sigma) was added to a solution of 1 wt% HA
(sodium hyaluronate powder, research grade, MW ~74 kDa, Lifecore) in deionized (DI)
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water, adjusted to a pH of 8 with 5 N NaOH, and reacted on ice for 24 h. The macromer
solution was purified via dialysis (MW cutoff 6-8 k) against deionized water for a minimum
of 48 h with repeated changes of water. The final product was obtained by lyophilization
and stored at =20 °C in powder form prior to use. The final macromer products were
confirmed by 'H NMR to have a methacrylation level of ~29%. Lyophilized macromers
were dissolved in phosphate buffered saline (PBS) containing 0.05 wt% of the photoinitiator
2-methyl-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (12959, Ciba) to allow for
UV-mediated polymerization.

2.2. Sample preparation and in vitro culture

Human MSCs (Lonza) were expanded to passage 3 in growth media consisting of a-MEM
with 16.7% FBS and 1% pen/strep. MSCs (20 million/ml) were photo-encapsulated in 1, 3
or 5% w/v MeHA hydrogel disks with 15 min of UV exposure (wavelength: 360 nm;
intensity: 1.2 mW/cm2) or in 5% MeHA with 5, 10 or 15 min of UV exposure (@5 mm, 2.6
mm thickness, Fig. 1A). Formed constructs were cultured in chondrogenic media (DMEM,
1% ITS + Premix, 50 pg/ml L-proline, 0.1 M dexamethasone, 0.9 mM sodium pyruvate,
50 pg/ml ascorbate, antibiotics) supplemented with transforming growth factor-p3 (TGF-p3,
10 ng/ml), which was changed three times per week [23]. To induce hypertrophy, constructs
were first cultured in chondrogenic media for 2 weeks. Media was then switched to
hypertrophic induction media (1 nM dexamethasone, 1 nM triiodothyronine/T3 and 10 mM
B-glycerophosphate/p-gly) from day 15 through day 42 of culture [24]. To decrease
cytoskeletal tension, Y27632 (an inhibitor of the Rho-associated protein kinase/ROCK
pathway) or blebbistatin (an inhibitor of non-muscle myosin Il activity) was added to the
hypertrophy induction media starting on day 15 at a concentration of 10 or 50 uM,
respectively (Fig. 1C) [25], and analyzed on day 28.

2.3. Characterization of HA hydrogels

The Young’s moduli of acellular HA hydrogels were evaluated under unconfined
compression with a dynamic mechanical analyzer (DMA, Q800 TA Instruments) at a strain
rate of 10%/min, and moduli were calculated at a strain from 10 to 20%. The effective
diffusivity of macromolecules in acellular HA hydrogels was determined by adapting a
method described in a previous study [26]. Briefly, HA hydrogel disks were incubated in a
fluorescein labeled dextran solution (10 kDa, 10 pg/ml; Molecular Probes) for 1, 2, 5 or 24
h. At each time point, a central slice of the hydrogel disk (0.39 mm thickness, spanning the
full diameter) was removed and imaged to map the distribution of fluorescent intensity
across the cross section. The average fluorescence intensity at each time point and location
(n=3) was fit to a finite element simulation of diffusion. Briefly, finite element analysis
was implemented using the FEBio open-resource finite element code (FEBIo, http://
mrl.sci.utah.edu/software/febio) to simulate dextran diffusion in a 3D finite element model
of a quarter disk of the same size as our experimental samples [27]. Since randomly selected
samples (7= 3) were sacrificed and measured at each time point to obtain the average
fluorescence intensity, a single estimated value of the effective diffusivity was derived by
fitting the simulation curve to the experimental findings using the least squares method. The
permeability of cell-seeded HA hydrogels was determined from confined compression
testing. Briefly, MeHA disks were tested in confined compression in a PBS bath. After 300 s
of tare loading, a 10% compressive strain (0.05%/s) was applied and samples were allowed
to reach equilibrium (1200 s). Data from the stress relaxation test was extracted and fit to the
Biphasic Theory of Mow and co-workers to determine construct permeability () and
aggregate modulus () [28]. The mesh sizes of the MeHA hydrogels were calculated based
on the Flory—Rehner model and as previously reported [29-31].
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2.4. Subcutaneous implantation in nude mice

MSC-laden (20 million/ml) HA hydrogel constructs of varying crosslinking density (7= 8
for each group) were fabricated as described above and cultured in chondrogenic media for
2 weeks before being implanted (Fig. 1C). Four subcutaneous pockets were prepared on the
backs of male nude mice (NCRNU, age 4 weeks; Taconic) and received implants. 8 samples
of each hydrogel formulation were implanted into two mice. A total of ten mice were used to
accommodate the five hydrogel formulations. Samples were harvested 4 weeks later for
analysis. Guidelines from the Institutional Animal Care and Use Committee at the
University of Pennsylvania were followed during all animal procedures.

2.5. Gene expression analysis

For gene expression analysis, samples were homogenized in Trizol Reagent (Invitrogen)
with a tissue grinder, RNA was extracted according to the manufacturer’s instructions, and
the RNA concentration was determined using an ND-1000 spectrophotometer (Nanodrop
Technologies). One microgram of RNA from each sample was reverse transcribed into
cDNA using reverse transcriptase (Superscript 11, Invitrogen) and oligoDT (Invitrogen).
Polymerase chain reaction (PCR) was performed on an Applied Biosystems 7300 Real-Time
PCR system using Tagman primers and probes specific for GAPDH (housekeeping gene)
and other genes of interest. Sequences of the primers and probes used are listed in Table 1.
The relative gene expression was calculated using the A ACt method, where fold difference
was calculated using the expression 22ACt Each sample was internally normalized to
GAPDH and each group was normalized to the expression levels of MSCs at the time of
encapsulation (i.e., after expansion and before differentiation). Relative expression levels
greater than 1 represent up-regulation with culture, while relative expression levels less than
1 represent down-regulation of that gene compared to that of initially encapsulated MSCs.

2.6. Biochemical analysis

One-half of each construct was weighed wet, lyophilized, reweighed dry, and digested in 0.5
mg/ml Proteinase-K (Fisher Scientific) at 56 °C for 16 h. The Pico-Green assay (Invitrogen,
Molecular Probes) was used to quantify the DNA content of the constructs with Lambda
phage DNA (0-1 mg/ml) as a standard [32]. For each sample, both the mass of the entire gel
and the half gel used for DNA assay were measured. The total amount of DNA per sample
was calculated by scaling the amount of DNA detected in the half gel by a weight ratio (total
weight/half weight). The GAG content was measured using the dimethylmethylene blue
(DMMB, Sigma Chemicals) dye-binding assay with shark chondroitin sulfate (0-50 mg/ml)
as a standard [33]. The overall collagen content was assessed by measuring the
orthohydroxyproline (OHP) content via dimethylaminobenzaldehyde and chloramine T
assay. Collagen content was calculated by assuming a 1:7.5 OHP-to-collagen mass ratio
[34]. The collagen and GAG contents were normalized to the disk wet weight.

2.7. Histological analysis

The remaining halves of the constructs were fixed in 4% formalin for 24 h, embedded in
paraffin, and processed using standard histological procedures. The histological sections (8
pm thick) were stained for targets of interest using the Vectastain ABC kit and the DAB
Substrate kit for peroxidase (Vector Labs). Briefly, sections were predigested in 0.5 mg/ml
hyaluronidase for 30 min at 37 °C and incubated in 0.5 N acetic acid for 4 h at 4 °C to swell
the samples prior to overnight incubation with primary antibodies at dilutions of 1:100,
1:200, and 1:3 for chondroitin sulfate (mouse monoclonal anti-chondroitin sulfate, Sigma),
and type I (mouse monoclonal anti-collagen type 1, Sigma) and type Il collagen antibodies
(mouse monoclonal anti-collagen type 11, Developmental Studies Hybridoma Bank),
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respectively. Non-immune controls underwent the same procedure without primary antibody
incubation.

2.8. Statistical analysis

All data are presented as mean + standard deviation. Statistica (Statsoft, Tulsa, OK) was
used to perform statistical analyses using two-way ANOVA, followed by Tukey’s HSD post
hoc testing to allow comparison between groups (/7= 4 samples per group), with culture
duration and experimental group as independent factors.

3. Results

3.1. Physical properties of HA hydrogels

HA hydrogels were formed by photopolymerization of MeHA solutions that had ~29%
methacrylate modification. The cross-linking density of the HA hydrogels was increased by
increasing the macromer concentration (1, 3, or 5% w/v) with a constant 15 min of UV
exposure time or by photocrosslinking a 5% MeHA solution with increasing duration of UV
exposure (5, 10 or 15 min) (Fig. 1A). In terms of bulk mechanical properties, the Young’s
modulus of the acellular hydrogels increased with increasing crosslinking density using both
approaches (1% 15 min: 3.5 + 0.2 kPa; 3% 15 min: 22.0 + 3.1 kPa; 5% 15 min: 53.6 + 4.5
kPa; 5% 5 min: 3.6 = 1.0 kPa; 5% 10 min: 24.1 + 5.8 kPa; mean + standard deviation; Fig.
1B). Meanwhile, the effective diffusivity of fluorescently labeled dextran (MW: 10 kDa) in
MeHA hydrogels decreased with increasing crosslinking density (Fig. 1B). Acellular 5% 5
min hydrogels swelled by ~40% and 1% 15 min hydrogels contracted by ~6% after 24 h of
incubation in PBS (Fig. S1A). The mesh sizes of the 1% 15 min and 5% 5 min groups were
calculated to be significantly higher than that of the 5% 15 min group (Fig. S1B).

MSC-seeded (20 million cells/ml) MeHA hydrogel constructs were also formed and cultured
for 6 weeks /n vitrowith varying crosslink density (Fig. 1C). At early culture times (Day 1),
a higher aggregate modulus and lower permeability were observed with higher crosslinking
density, either by increasing macromer content or increasing UV exposure time (Fig. 2A and
B). After 42 days of /in vitro culture, a similar trend was still observed in the constructs
fabricated with increasing UV exposure and constant macromer content (5% 5 min, 5% 10
min and 5% 15 min). However, constructs fabricated with lower HA content (1% 15 min
and 3% 15 min) exhibited a significant increase in aggregate modulus and a decrease in
permeability with respect to day 1, reaching similar values as found in constructs of higher
HA content (5% 15 min) (Fig. 2A and B). Additionally, 1% 15 min constructs contracted by
~16% in volume over the culture period, while all other groups swelled significantly, with
the largest swelling observed in the 5% 5 min constructs (an increase of ~73%) (Fig. 2C).

3.2. In vitro neocartilage formation and MSC hypertrophy

To evaluate the chondrogenic and hypertrophic differentiation of MSCs, real time
polymerase chain reaction (QPCR) was performed for selected chondrogenic (type Il
collagen, aggrecan) and hypertrophic markers (type X collagen, matrix metalloproteinase
13/MMP13, and alkaline phosphatase/ALP). MSCs encapsulated in lower density HA
hydrogels (1% 15 min) showed higher aggrecan expression compared to that of the higher
macromer concentration hydrogels (5% 15 min) on day 28, whereas no statistically
significant differences were detected in type Il collagen expression among all the groups
(Fig. 3). Increasing expression levels of type X collagen and ALP, major markers of
hypertrophy, were observed with increasing crosslinking density introduced by either higher
macromer concentration or longer UV exposure times (Fig. 3). For example, the type X
collagen expression of the 5% 15 min group was ~156 and 285% higher compared to the 1%
15 min and 5% 5 min group on day 42, respectively. There was also an increasing trend of

Biomaterials. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bian et al.

Page 6

MMP13 expression, another important hypertrophic marker, in constructs fabricated with
constant HA content and increasing UV exposure time on day 28 (Fig. 3). Conversely,
MMP13 expression was significantly higher in the low crosslinking density 1% 15 min
group (the only group that showed contraction) compared to all other groups at the same
time point (Fig. 3). Viability staining indicated that the majority (>90%) of encapsulated
cells remained viable in all groups after 14 days of culture (Fig. S2).

After 42 days of /n vitro culture, quantification of cartilage specific matrix components
showed that MSC-seeded constructs with low crosslinking density (1% 15 min, 5% 5 min),
fabricated using either a lower macromer concentration or shorter UV exposure time,
possessed higher glycosaminoglycan (GAG) and collagen contents compared to constructs
of high crosslinking density (for example, GAG content: 1% 15 min@0.85 + 0.10% wet
weight, 5% 5 min@0.45 + 0.02% vs. 5% 15 min@0.26 + 0.02%) (Fig. 4A and B). The DNA
contents of all groups were similar on day 42 (Fig. 4C). Immunohistochemistry staining
against chondroitin sulfate and type 11 collagen showed that cartilage matrix in constructs
with low crosslinking was more evenly distributed in the intercellular space, whereas
cartilage matrix was mostly restricted to the pericellular area in constructs with high
crosslinking density (Fig. 4D). Staining against type X collagen increased with increasing
crosslinking density introduced by either higher macromer concentration or longer UV
exposure times (Fig. S3). Interestingly, calcium content increased with increasing macromer
content or UV exposure time in the MSC-seeded constructs on day 28 and 42 (Fig. 5A). The
calcium content of the 5% 15 min group was ~116 and 96% higher compared to the 1% 15
min and 5% 5 min group on day 42, respectively. Von Kossa staining indicated increasing
calcification mostly in the periphery of the constructs with increasing cross-linking density
(Fig. 5B).

3.3. Inhibiting cytoskeletal tension

Inhibitors to Rho-associated protein kinase/ROCK (Y27632) and myosin 1 (blebbistatin)
were supplemented to the media to probe the potential effect of cytoskeletal tension on the
enhanced MSC hypertrophic differentiation in high crosslinking density hydrogels.
Blebbistatin reduced the expression of hypertrophic markers including MMP13, type X
collagen and alkaline phosphatase in high crosslinking density constructs (5% MeHA, 15
min UV exposure) whereas Y27632 had no effect (Fig. 6A). However, no statistically
significant differences were found in the calcium content of the blebbistatin and Y27632
treated constructs compared to the control constructs, as indicated by calcium quantification
and Von Kossa staining (Fig. 6B and C).

3.4. In vivo neocartilage formation

To evaluate the effect of hydrogel crosslinking under /in vivo conditions, HA hydrogels were
implanted in subcutaneous pockets of nude mice for 28 days after 14 days of in vitro culture.
Implants of low crosslinking density (1% 15 min, 3% 15 min, 5% 5 min) were opaque and
white and were palpably stiffer than implants of higher crosslinking density (5% 10 min, 5%
15 min), which were translucent and soft (Fig. 7D). All hydrogel groups were soft and
translucent at the time of implantation (Fig. S4). These low crosslinking density constructs
also had higher GAG and collagen contents but reduced calcium content compared to high
crosslinking density constructs (Fig. 7A, B and C). Immunohistochemistry staining revealed
similar trends of cartilage matrix localization as was observed /in vitro. The low crosslinking
density groups (1% 15 min, 5% 5 min) had intense and distributed staining for type 1l
collagen and chondroitin sulfate (Fig. 7D). Conversely, the staining of these markers in high
crosslink density groups was mostly localized to the pericellular region (Fig. 7D). Unlike /n
vitro results, Von Kossa staining indicated extensive calcification throughout the cross-
sectional areas of the implanted constructs except for the 1% 15 min group, which displayed
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more mineralization in the periphery compared to the interior region (Fig. 7D). Our previous
work shows that acellular implants do not support the infiltration of cells, vascular
structures, or matrix accumulation [14].

4. Discussion

HA hydrogels are promising materials for application as cell carriers in the repair of
cartilage defects. Recent /n vitro studies demonstrated successful chondrogenesis of MSCs
photo-encapsulated in HA hydrogels formed through the crosslinking of HA modified with
methacrylate groups [2,8,35]. One important parameter in construct formation is the
resultant crosslinking density, which has been shown to alter matrix elaboration and
distribution [8,9]. In this study, using human MSCs, we demonstrated that the crosslinking
density, controlled using two different approaches, dictates the physical properties of the HA
hydrogel scaffold including mechanical stiffness, solute diffusivity and permeability.
Consequently, this changing crosslink density had a substantial impact on initial
chondrogenic events, neocartilage formation, and eventual hypertrophic differentiation and
calcification by encapsulated human MSCs.

The crosslinking density was tuned by adjusting only one of the two parameters (i.e., HA
macromer content or UV exposure time), while keeping the other constant during
photocrosslinking. The range of HA macromer concentrations from 1% to 5% w/v was
chosen to ensure stable hydrogel formation and viability of the encapsulated cells.
Meanwhile, 15 min of UV exposure time was used to allow thorough reaction of the
methacrylate groups as indicated by plateauing gel stiffness with prolonged exposure after
15 min (data not shown). At a high HA precursor concentration of 5%, a minimum of 5 min
UV exposure time was required to form stable hydrogels. Therefore a 5% HA solution was
exposed to 5,10 or 15 min of UV exposure to achieve graded crosslinking density.
Importantly, this method allows for the presentation of similar densities of HA chains,
removing the biologic differences inherent to gels with different HA concentrations.

Low crosslinking density hydrogels fabricated with both methods (1% 15 min, 5% 5 min)
not only favored the production of cartilage matrix, but also promoted its spatial distribution
compared to the high crosslinking constructs. This was likely due to higher initial
permeability in low crosslinking density hydrogels, which facilitates nutrient diffusion and
distribution of newly synthesized cartilage matrix. However, there were some differences in
the hydrogel structure created by these two methods. This was evidenced by the differential
evolution of the two low cross-linking density groups, 1% 15 min and 5% 5 min, over 42
days of in vitro culture. These two groups developed higher cartilage matrix contents
compared to the high crosslinking density groups, despite their initially more permeable
network and therefore less capacity for retention of synthesized cartilage matrix molecules.
However, constructs fabricated with 1% HA with 15 min of UV exposure were the only
ones that experienced a volumetric contraction. It is known that MSCs exert a contractile
traction force on the micro-environment under chondrogenic induction [36,37]. As a
consequence, 1% HA hydrogels, which possessed low mechanical strength, decreased in
size and resulted in a cell concentrating effect that promoted chondrogenesis [6,37]. On the
other hand, even with a similarly low bulk stiffness as the 1% 15 min group, the significant
swelling of 5% 5 min hydrogels indicated a different structure from that of the 1% HA
hydrogels. The short UV exposure time allowed only partial consumption of the
methacrylate groups, leaving some of methacrylates unreacted.

The quality of chondrogenic induction of MSCs and the resulting neocartilage matrix
produced was closely associated with subsequent hypertrophic differentiation and matrix
calcification. Previous studies showed that a hypertrophic cartilaginous template is required
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for endochondral bone formation in vivo[15,38]. Gene expression profiling showed that
MSCs encapsulated in high crosslinking density scaffolds expressed higher levels of
hypertrophic markers, including type X collagen and alkaline phosphatase, resulting in more
matrix calcification compared to MSCs in low crosslinking density scaffolds. One likely
reason is that low crosslinking constructs contained higher levels of proteoglycans and type
Il collagen, both of which are known to promote chondrogenesis [39], inhibit hypertrophic
differentiation [40] and matrix mineralization [18,41]. Furthermore, proteoglycans are also
known to bind and stabilize various growth factors via the anionic domains, leading to
enhanced bioactivity [42,43]. Some of the hypertrophy inhibitory growth factors such as
TGF-Bs, either synthesized by the encapsulated cells or endogenously supplemented, were
likely concentrated in the GAG rich low crosslinking density constructs than in the high
crosslinking density ones. The higher overall content and more uniform spatial distribution
of GAG in the low crosslinking density constructs possess a potentially larger capacity than
high crosslinking density constructs to stabilize these anti-hypertrophy growth factors,
which could become available to encapsulated MSCs. In addition, the higher initial
permeability in low crosslinking density groups (1% 15 min, 5% 5 min) likely promoted
diffusion of the hypertrophy inhibitory TGF-B3 into the hydrogels during the chondrogenic
induction (the first two weeks of culture), resulting in reduced hypertrophic differentiation in
these constructs.

Blebbistatin and Y27632 are known to lower the activity of myosin 1l and ROCK,
respectively, which are involved in the generation of cell actomyosin tension. No obvious
effect on MSC hypertrophy and matrix calcification was observed with the supplementation
of these two inhibitors. Similar results were obtained when integrin binding RGD peptides
were also incorporated into the HA hydrogels (data not shown). This indicates that the
greater hypertrophic differentiation in the higher crosslinking density, and therefore stiffer,
hydrogels was unlikely related to a mechanotransduction mechanism. In fact, RhoA/ROCK
signaling, which is generally upregulated on stiff substrates, is known to suppress
chondrocyte hypertrophy [44]. However, the influence of these factors on cells encapsulated
with 3D hydrogels is less understood.

A surprising finding in this study was that the 1% 15 min group, which had a lower
expression of hypertrophic markers including type X collagen and alkaline phosphatase and
less calcification, expressed higher levels of MMP13, a hypertrophic marker, than higher
crosslinking density groups (3% 15 min, 5% 15 min). It was noted that the 1% 15 min
constructs were the only group that contracted during culture. Meanwhile, a previous study
also reported that MMP13 expression by chondrocytes increased in contracting collagen
gels, and that blocking contraction abolished this effect, suggesting a possible role of cell-
matrix interactions [45]. Furthermore, the growth plate chondrocytes of MMP13-null mice
undergo normal hypertrophy, but invasion of the ossification front is delayed, indicating that
MMP13 facilitates the invasion of blood vessels and osteogenic cells but is not required for
hypertrophic differentiation [46]. Therefore, under /n vitro conditions the level of MMP13
was, to a lesser extent, related to the degree of hypertrophy. In addition, the capacity of
MMP13 in promoting matrix calcification by degrading cartilaginous matrix and facilitating
blood vessel ingression is likely limited in the covalently crosslinked MeHA hydrogels,
which are generally impenetrable to blood vessel infiltration. This may explain the relatively
low calcification in 1% 15 min implants /n vivo despite the higher level of MMP13
expression compared to other groups.

MSC-seeded constructs were implanted in nude mice subcutaneously for an additional 4
weeks after 2 weeks of chondrogenic induction /in vitroto evaluate neocartilage formation
and hypertrophic calcification under in vivo conditions. Here, correlations between hydrogel
crosslinking density and cartilage matrix production, distribution and calcification mirrored
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that seen /n vitro. Intriguingly, calcification was mostly localized in the peripheral region of
the constructs during /n vitro analysis, whereas it was much more extensive and distributed
in vivo. The complex environment of /n7 vivo implantation site involved several confounding
factors such as vascularization, macrophages, fibrous capsule formation, all of which could
have modulated the behavior of implanted MSCs.

Although the findings of this study are quite interesting towards the development of
constructs for cartilage tissue engineering, there are several limitations to be noted. With
regards to the diffusion study, a relatively small sized dextran (MW: 10 kDa) was used in
experiments, which may not be representative of all molecules that may be present
throughout the hydrogels. Another limitation of this study is that the /n vivo neocartilage
formation and hypertrophic calcification was evaluated in the subcutaneous space of the
nude mice, which is only a preliminary assessment of the 7 vivo response of the hydrogel
implants. It is recognized that a more clinically relevant /n vivolocation, such as in an
articulating joint surface in large animals, will be needed to clearly assess chondrogenesis
and hypertrophic calcification.

5. Conclusions

Our findings demonstrate that HA hydrogel crosslinking density regulates chondrogenesis,
neocartilage matrix deposition, hypertrophic differentiation and matrix calcification by
encapsulated human MSCs. Specifically, increased hydrogel crosslink density decreased
cartilage matrix development and distribution, and promoted hypertrophic conversion and
mineralization of encapsulated human MSCs, both /n vitroand in vivo. Importantly, by
varying the initial crosslink density, independent of HA macromer concentration, our
approach decouples the biologic activity of HA from its role in hydrogel mechanics and
diffusivity. Knowledge obtained from this study will be important in the design and
optimization of hydrogels that maximize chondrogenesis and neocartilage development by
encapsulated MSCs, while limiting their propensity to form mineralized constructs upon
implantation. However, additional work is required to elucidate the precise mechanisms
underlying the observed correlation between scaffold properties and hypertrophic
differentiation.
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Fig. 1.

Fabrication of methacrylated HA (MeHA) hydrogels with varying crosslinking density by

changing either the macromer concentration or the exposure time (A); MeHA hydrogel
Young’s modulus and effective diffusivity of dextran (MW: 10 kDa) with varying
crosslinking density (B); timeline and media supplements of the various studies to
investigate crosslink density effects on cartilage formation and hypertrophy (C).
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Biphasic parameters of aggregate modulus (H,) (A), permeability (A) (B), and construct
volume (normalized to the initial day 0 volume) (C) Of MSC-laden HA hydrogel constructs
after 1 or 42 days of /in vitro culture. *p < 0.05 vs. 5% 15 min group at the same culture

time; (n=4).
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Gene expression (fold change, normalized to GAPDH and to monolayer cells prior to
encapsulation) of selected chondrogenic and hypertrophic markers in MSC-laden HA
hydrogel constructs after 28 or 42 days of /n vitro culture. *p < 0.05 vs. 5% 15 min group at
the same culture time; (n7=4).
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GAG and total collagen content normalized by sample wet weight (A, B) and DNA content
per sample (C) of MSC-laden HA hydrogel constructs after 42 days of /in vitro culture.
Immunohistochemical staining for chondroitin sulfate (CS) and type Il collagen (Col 2) of
MSC-laden HA hydrogel constructs after 42 days of /n vitro culture (D), scale bar = 50 wm.
*p < 0.05 vs. 5% 15 min group at the same culture time; (n= 4).
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Calcium content of MSC-seeded HA hydrogel constructs after 28 or 42 days of /n vitro
culture (A). Von Kossa staining of HA hydrogel constructs after 42 days of /n vitro culture

(B), bar =500 pm. *p < 0.05 vs. 5% 15 min group at the same culture time; (7= 4).
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Gene expression (fold change) of selected hypertrophic markers in MSC-laden HA hydrogel
constructs (1% or 5% MeHA with 15 min of UV exposure were selected due to the biggest
differences observed in the /n vitro study) after 28 days of /n vitro culture in the presence of
either blebbistatin (10 wM) or Y27632 (50 M) or without drugs (Control) (A). Calcium
content of the 1% and 5% (w/v) constructs on day 28 (B). Von Kossa staining of constructs
on day 28 (C), bar = 500 pm. *p < 0.05 vs. 5% 15 min group at the same culture time; (n=

4).
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Fig. 7.

GAG and total collagen content normalized by sample wet weight (A, B) and calcium
content normalized by sample dry weight (C) of MSC-laden HA hydrogel constructs after
14 days of in vitro culture followed by 28 days of subcutaneous implantation in nude mice
(42 days in total). Images of the harvested MSC-laden HA hydrogel implants (scale bar = 2
mm), immunohistochemical staining for chondroitin sulfate (CS) and type Il collagen (Col
2) (scale bar = 50 um) and Von Kossa staining of MSC-laden HA hydrogel constructs on
day 42 (scale bar = 500 um) (D). *p < 0.05 vs. 5% 15 min group at the same culture time; (n
=4).
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Sequences of primers and probes used for real-time PCR. Sequences related to gene type X collagen, alkaline

phosphatase, and MMP13 are proprietary to applied Bio-systems Inc. and not disclosed.

Gene Forward primer Reverse primer Probe

GAPDH AGGGCTGCTTTTA GAATTTGCCATG CCTCAACTACAT
ACTCTGGTAAA GGTGGAAT GGTTTAC

coLl AGGACAAGAGGCA GGACATCAGGCG TTCCAGTTCGAG
TGTCTGGTT CAGGAA TATGGC

coL GGCAATAGCAGGT CGATAACAGTCTT CTGCACGAAAC
TCACGTACA GCCCCACTT ATAC

Aggrecan  TCGAGGACAGCGA TCGAGGGTGTAGC ATGGAACACGATG

GGCC

GTGTAGAGA CCTTTCACCACGA
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