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Our laboratory has developed a tensile culture bioreactor as a system for understanding mesenchymal stem cell
(MSC) differentiation toward a tendon/ligament fibroblast phenotype in response to cyclic tensile strain. In this
study, we investigated whether increased degradability of the biomaterial carrier would induce changes in MSC
morphology and subsequent upregulation of tendon/fibroblast markers under tensile strain. Degradability of a
synthetic poly(ethylene glycol) hydrogel was introduced by incorporating either fast- or slow-degrading matrix
metalloproteinase (MMP)–sensitive peptide sequences into the polymer backbone. Although a decline in cel-
lularity was observed over culture in all sample groups, at 14 days, MSCs were significantly more spread in fast-
cleaving gels (84% – 8%) compared with slow-cleaving gels (59% – 4%). Cyclic tensile strain upregulated tendon/
ligament fibroblast-related genes, such as collagen III (3.8-fold vs. 2.1-fold in fast-degrading gels) and tenascin-C
(2.5-fold vs. 1.7-fold in fast-degrading gels). However, few differences were observed in gene expression be-
tween different gel types. Immunostaining demonstrated increased collagen III deposition in dynamically
strained gels at day 14, as well as increased collagen I and tenascin-C deposition at day 14 in all groups. Results
suggest that cell spreading may not be a major factor controlling MSC response to cyclic strain in this system
over 14 days. However, these findings provide key parameters for the design of future biomaterial carriers and
strain regimens to prime stem cells to a tendon/ligament phenotype prior to release and use in vivo.

Introduction

It has been estimated that at least 200,000 people in the
United States receive treatment for injuries to tendon or lig-

ament tissue each year.1 In response, a multitude of tissue en-
gineering approaches have been employed to engineer
replacement fibrous tissues.2 Typically, either tendon/ligament
fibroblasts or multipotent mesenchymal stem cells (MSCs) have
been explored as cell sources for these constructs.3 MSCs offer
an advantage in that they can be easily isolated and expanded
to sufficient numbers for therapeutic use.4 For those utilizing
MSCs as a cell source, a number of approaches employing
culture under tensile strain to induce differentiation toward a
fibroblastic lineage have been investigated.4–6 However, better
model systems are needed to clarify the role that the biomaterial
scaffold may play in affecting MSC response to external loading
during the preculture (differentiation) period in order to opti-
mize the preculture conditions for maximal cell differentiation.

In response, our laboratory has designed a well-controlled
model system to better understand how changing the de-
gradability of the extracellular environment will affect
changes in cell morphology and subsequent differentiation
under tensile loading. A previous study has shown that, in
addition to tensile strain, substrate stiffness and cell geom-
etry can affect cell fate.7 The regulation of cell shape and area
has been implicated in driving MSC differentiation into ei-
ther osteoblast or adipocyte lineages.8,9 For chondrogenic
differentiation, a rounded shape has been shown to be highly
linked with gene upregulation indicative of chondrogen-
esis.10 In engineering tendon/ligament tissues, changes in
cell shape have been shown to affect collagen I and collagen
III expression in anterior cruciate ligament cells seeded on
blends of poly(caprolactone)/chitosan.11 However, by using
a primarily synthetic biomaterial with targeted degradation
sites, such as that employed in this study, the local extra-
cellular environment can be precisely tailored to enable cell
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spreading in a highly controlled manner, facilitating exami-
nation of the interplay between cell shape and response to
tensile strain.

To create this model system, poly(ethylene glycol) (PEG)–
based synthetic hydrogels were chosen due to their cyto-
compatibility and the relative ease of tailoring these systems
with specific functionalities.12 In a previous work, PEG-
based hydrogels were coupled with the adhesive peptide
RGD and tensile strain to direct differentiation of MSCs
toward a tendon/ligament fibroblast phenotype.5 MSCs
demonstrated increased gene expression of collagen I, col-
lagen III, and tenascin-C, as well as deposition of collagen I
and tenascin-C after 21 days of culture. However, it is known
that in traditional PEG-based gels, cells are unable to re-
model their environment unless the polymer is specifically
rendered degradable.13 Thus, to engineer susceptibility to
cell-mediated degradation in these synthetic scaffolds, matrix
metalloproteinase (MMP) cleavable sequences have been
integrated into PEG-based hydrogels.14,15 MMPs are a family
of endopeptidases that degrade extracellular matrix (ECM)
components. These may be secreted by MSCs to cleave sur-
rounding ECM and enable cell-initiated spreading, migra-
tion, and matrix deposition.12,16

In this work, two different MMP-sensitive peptide se-
quences with comparatively slow or fast cleavage kinetics
were incorporated into PEG hydrogels. These include the
peptide sequence LGPA, derived from the collagen I a1(I)
peptide chain (slower degrading), and VPMSMRGG, de-
rived from a combinatorial approach using a completely
randomized dodecapeptide library and demonstrating en-
hanced susceptibility to MMP-1 and MMP-2 (faster degrad-
ing).14,15 In these studies, it was hypothesized that increasing
enzyme susceptibility of the scaffolds would facilitate cell-
mediated degradation of the local matrix, enabling changes
in cell shape from spherical (round) to spread morphologies,
while still maintaining the overall integrity of the cell–
hydrogel construct, allowing for tensile loading over several
weeks. Therefore, the objective of these studies was to
characterize cell morphology in fast- and slow-degrading
MMP-cleavable hydrogels, as well as use this model system
to examine the effects of the resulting changes in cell mor-
phology on MSC response to cyclic tensile strain in a custom-
designed tensile culture bioreactor.

Methods

Oligo[poly(ethylene glycol)] fumarate
and poly(ethylene glycol)-diacrylate polymer synthesis

Oligo[poly(ethylene glycol)] fumarate (OPF) (nominal
molecular weight 10,000 Da) was synthesized as reported
previously.5 Poly(ethylene glycol)-diacrylate (PEG-DA) was
also synthesized according to published protocols17 using PEG
with nominal molecular weight 3400 Da (Sigma-Aldrich). All
polymers were stored at - 20�C until further use. Gel per-
meation chromatography (GPC) was used to characterize
the products (Styragel HR4E, Waters, LC-20AD; Shimadzu).

PEG-peptide synthesis

MMP-sensitive PEG products were synthesized according
to published protocols.18 Slow-degrading (GGGLGPAGGK)
and fast-degrading (GGVPMSMRGGGK) peptide sequences

(Aapptec) were dissolved in 50 mM sodium bicarbonate
buffer at pH 8.5. Acrl-PEG-succinimidyl valerate (Acrl-PEG-
SVA; Mn *3400; Laysan Bio) was added at a molar ratio of
1:2.2 peptide:Acrl-PEG-SVA. After reacting for 3 h with
gentle stirring, the mixed solution was transferred into 3500–
5000 Da-molecular-weight cutoff dialysis tubing (Spectrum
Labs) and dialyzed against distilled H2O for 2 days to re-
move unreacted reagents. Similarly, GRGDS (PeproTech)
was conjugated to Acrl-PEG-SVA as a cell-adhesive peptide
targeting integrin binding. All three products, Acrl-PEG-
GGGLGPAGGK-PEG-Acrl, Acrl-PEG-GGVPMSMRGGGK-
PEG-Acrl, and Acrl-PEG-GRGDS were lyophilized (Labconco)
and stored at - 20�C.

Hydrogel degradation study

To test MMP-sensitive PEG hydrogel sensitivity to exog-
enous enzyme, hydrogels were fabricated and degraded as
follows. Three polymers were tested: fast-degrading MMP-
sensitive PEG, slow-degrading MMP-sensitive PEG, and a
50:50 wt% mixture of OPF 10K and PEG-DA (non-MMP-
sensitive). Each polymer was dissolved in phosphate-buff-
ered saline (PBS; pH 7.4) to create a 90 wt% water solution,
and then sterile filtered using a 0.2-mm glass prefilter (Nal-
gene). About 0.07 wt% Irgacure 2959 (D2959; Ciba) in PBS/
dimethyl sulfoxide was added to enable photopolymeriza-
tion using UV light. Liquid prepolymer was deposited in
autoclaved Teflon molds and exposed to UV light (10.5 mW/
cm2; 365 nm; UVP) for 10 min to fabricate 6 mm diame-
ter · 1 mm–thick gels. Gels were swollen in PBS at 37�C
overnight and then deposited in sterile-filtered PBS with
4 mg/mL collagenase type II (Invitrogen). Gels in collage-
nase were then placed on a shaker plate shaking at *1 Hz at
37�C and monitored for degradation through the first 2 h,
and then once every day thereafter. Collagenase solution was
refreshed every 2 days. To characterize gels (n = 4), fold
swelling was calculated as previously described19 by Ww/
Wd, where Ww is the wet weight of the hydrogel and Wd is
the dry weight of the hydrogel.

Cell culture

Human MSCs were obtained from the Texas A&M Health
Science Center College of Medicine Institute for Regenerative
Medicine at Scott & White at passage 1. Cells were first
thawed and plated in a single T-150 (Corning) for 24 h and
then trypsinized and seeded in T-500 triple flasks (Nunc) at
50 cells/cm2. The growth medium used was alpha minimum
essential medium (a-MEM) with 16.3% fetal bovine serum
(FBS), 1% antibiotic/antimycotic (Mediatech), and 4 mM l-
glutamine (Mediatech). (Note: The FBS lot used was pre-
screened for MSC growth while maintaining collagen I, col-
lagen III, and tenascin-C gene expression). Following
expansion, cells were frozen at passage 2 in liquid nitrogen
until further use. For these studies, cells from three separate
donors were thawed, expanded as described, and combined
prior to encapsulation at passage 3.

Cell encapsulation

Constructs for tensile culture were fabricated using slow-
degrading and fast-degrading MMP-sensitive PEG using
the formulation described previously. Acrl-PEG-GRGDS/
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(1 mmol/g swollen hydrogel) was added to enable cell ad-
hesion. After solutions were filter sterilized, MSCs were ad-
ded at 10 · 106 cells/mL and the hydrogel solution was
deposited into Teflon molds as previously described to form
gels 12.5 · 9.5 · 1.6 mm.5 Following photo-crosslinking as
described previously, tensile constructs were placed into six-
well plates containing a-MEM with 10% FBS, 1% antibiotic/
antimycotic, 4 mM l-glutamine, and 50mg/mL ascorbic acid
(Sigma). Constructs were allowed to swell overnight to reach
equilibrium swelling prior to culture as described below.

Tensile culture

Swollen fast-degrading and slow-degrading constructs
with encapsulated MSCs were loaded into the tensile culture
bioreactor and a loading regimen was applied for the dura-
tion of the experiment as reported previously.5 Specifically,
constructs were maintained using 10% sinusoidal cyclic
strain (5% offset, 5% amplitude) at 1 Hz for 3 h, followed by
3 h at 0% strain. Control hydrogels, both fast-degrading and
slow-degrading constructs, were placed into a similar culture
system and held at 0% strain. Culture medium was replaced
every 2–3 days.

Cell viability and confocal imaging

At 1, 7, and 14 days, constructs (n = 3–4) were removed
from the bioreactor and incubated in LIVE/DEAD fluores-
cent staining solution (1mM calcein AM and 1mM ethidium
homodimer-1 in PBS; Invitrogen) for 1 h and then imaged in
PBS on a confocal microscope (Zeiss LSM 510). Images were
taken every 10 mm through the entire thickness of the gel
from three separate regions in each sample.

Image processing and particle analysis

Image files were processed using ImageJ 1.45h.20 For cir-
cularity analysis, each image stack was smoothed using
ImageJ’s nearest neighbor function, and the green channel
was isolated and thresholded using a cutoff of 60 (out of 255;
threshold arbitrarily set). For each image, a particle analysis
was performed to identify particles greater than 60 square
pixels, and area (in mm2), circularity, and a best fit ellipse
were calculated for each particle in each image slice. Circu-
larity is defined as 4pA/P2, where A and P are the area and
perimeter of the particle. A perfect circle would have a cir-
cularity of 1; circularity decreases toward 0 in more elon-
gated (spread) cells. To evaluate cells encapsulated within
the interior of the gel, and to prevent single particles from
being counted multiple times, five images—each 50mm
apart—were isolated from the middle portion of each image
stack (defined as 200 mm away from the first and last image
slices). This was performed in an automated fashion by au-
tomatically calculating a best-fit line in MATLAB (Math-
Works) using a least squares regression and the average
circularity of each slice within a stack. Five images were
selected based on the best-fit line having a near-flat slope and
a high goodness of fit. Particles were combined from multi-
ple stacks ( ‡ 3 stacks per gel). To calculate particle align-
ment, the angle of the major axis of each best-fit ellipse was
calculated relative to the x-axis of the image; 90� describes a
particle oriented perpendicular to the x-axis. Histograms
describing the distributions of particle circularity and angle

were normalized to the total number of particles in each
sample (relative frequency) before plotting, so that the area
under each curve is 1.

Cell number

At 1, 7, and 14 days, constructs (n = 7) were removed from
the tensile culture bioreactor and the wet weight of the hy-
drogel was measured. Gels were mechanically disrupted
using a pellet grinder (VWR) and 500mL distilled deionized
water was added. To release DNA from encapsulated cells,
samples were subjected to three repetitions of freeze-thaw
cycles followed by sonication (Ultrasonik 28X; NEY). DNA
content, representative of cell number, was determined by
assaying the supernatant with PicoGreen reagents and in-
cluded DNA standards (Invitrogen). Results were normal-
ized against the hydrogel wet weight.

Gene expression

At 1, 7, and 14 days, constructs (n = 7) were removed from
the tensile culture bioreactor and processed using a pellet
grinder as previously described. RNA was isolated from the
disrupted hydrogels using QIAshredder columns (Qiagen),
and RNA was purified using an RNeasy mini kit (Qiagen).
cDNA was synthesized using SuperScript III reverse tran-
scriptase (Invitrogen) and nucleotide mix (Promega). Real-
time polymerase chain reaction (PCR) was performed using
custom-designed primers, SYBR Green (Applied Biosys-
tems), and a StepOnePlus� Real-Time PCR System (Applied
Biosystems). To analyze PCR amplification data, the raw
fluorescence data were processed using LinRegPCR (v12.11;
www.hartfaalcentrum.nl21). Genes examined included
scleraxis, collagen I, collagen III, tenascin-C (days 1, 7, and
14), as well as tenomodulin, biglycan, and decorin (days 1
and 14), as markers for tendon/ligament fibroblast gene
expression.4,22–25 Starting concentrations of each target gene
were normalized to a geometric mean of three housekeeping
genes—glyceraldehyde phosphate dehydrogenase, b-actin,
and 18S ribosomal RNA.26 Sequences for the forward and
reverse primers used are listed in Table 1.

Histology and immunohistochemistry

At 1 and 14 days, samples (n = 2) were removed from the
tensile culture bioreactor and placed into a solution of 5%
sucrose in PBS under vacuum. Over 2 h, the concentration
was increased to 15% sucrose in three steps. Next, over 4 h,
gels were subjected to 20% sucrose and gradually increasing
concentrations of optimal cutting temperature compound
(OCT; VWR) to achieve a 1:2 20% sucrose in PBS:OCT so-
lution. After vacuum infiltration overnight, samples were
frozen in liquid nitrogen and stored at - 80�C. Infiltrated
hydrogels were cryosectioned at 20mm. Sections were fixed
in acetone, blocked with 0.3% hydrogen peroxide in metha-
nol, and then blocked with 1% bovine serum albumin solu-
tion with 2% goat serum and 0.1% Triton X-100. For primary
antibody binding, sections were incubated overnight in
mouse anti-human collagen I, collagen III, or tenascin-C at a
concentration of 1:500 (Abcam). Sections were then rinsed in
PBS and incubated for 30 min with goat polyclonal biotin-
conjugated anti-mouse immunoglobulin G at 1:200 (Abcam),
followed by signal amplification using an avidin-conjugated
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horseradish peroxidase following manufacturer’s protocols
(Vectastain Elite ABC; Vector Laboratories). Finally, sections
were exposed to diaminobenzidine chromogen (Abcam)
following manufacturer’s protocols for 4 min to generate
color change. Three sections from each gel were examined.
Negative controls were stained as described, but with the
primary antibody omitted.

Statistics

Results are reported as mean – standard deviation. For
statistical analysis, all data were first transformed using a
Box-Cox transformation. Multifactor analysis of variances
with Tukey’s post hoc multiple comparison test was used to
determine statistical significance with p £ 0.05 to indicate
significance between individual groups. For circularity, cell
number, and gene expression analysis, the three factors were
day, strain condition, and gel type. To analyze hydrogel
degradation data, the two factors were day and sample.
To determine possible trends in particle alignment, distri-
butions of particle angles in individual gels were compared
against a uniform angle distribution using chi-squared
goodness-of-fit tests.

Results

Polymer synthesis and hydrogel degradation

From GPC results, the OPF used in the degradation study
had Mn of 18,300 – 90 with a polydispersity index of 4.8 – 0.2.
PEG-DA had Mn of 3700 – 20 and a polydispersity index of
1.1 – 0.0. All three types of hydrogels—nondegradable, slow-
degrading, and fast-degrading—swelled in PBS overnight,
with no differences between gel types after initial swelling
(Fig. 1). Only one difference in fold swelling between non-
degradable and fast-degrading gels in cell culture media was
detected at day 1. No changes in fold swelling were noted at
day 7. Upon gel exposure to collagenase, MMP-sensitive gels
degraded rapidly; slow-degrading gels degraded in 1 h,
while fast-degrading gels degraded in under 10 min (data
not shown). In contrast, nondegradable gels remained un-
changed in collagenase solution over 7 days.

Confocal microscopy and image analysis

As indicated by green staining visible in confocal mi-
croscopy, MSCs remained viable in both slow- and fast-
degrading hydrogels, cultured statically or dynamically,

through 14 days of culture (Fig. 2). At day 1, MSCs were not
visibly spreading in any gel type or strain condition, and this
continued through day 7. However, at day 14, a certain
amount of spreading was visually evident in all gels. No
difference was seen between dynamically and statically
cultured gels. Additionally, cell alignment was not visually
apparent.

To differentiate between ‘‘spread’’ and ‘‘unspread’’ cells
for particle analysis, a circularity < 0.65 was chosen to rep-
resent ‘‘spread’’ cells, based on average circularity values
among all groups at day 1 (0.64 – 0.02). Corroborating the
qualitative examination of confocal microscopy images,
few significant differences in the percentage of spread cells
were found between day 1 and day 7 (Fig. 3a). Static fast-
degrading gels on day 1 and dynamic fast-degrading gels on
day 7 had more spread cells than slow-degrading groups.
However, more cells were spread in fast-degrading gels at
day 14, regardless of strain condition. Almost all day-14
groups also demonstrated significantly higher percentages of
spread cells than their day 1 and 7 counterparts. To closely

Table 1. Primers Used for Real-Time Reverse Transcriptase Polymerase Chain Reaction

Gene Forward primer Reverse primer

Biglycan gccatgtggcccctgtggcg cccgaggtgtcagcgcccga
Collagen I gaaaacatcccagccaagaa gccagtctcctcatccatgt
Collagen III tacggcaatcctgaacttcc gtgtgtttcgtgcaaccatc
Decorin acagagcagcacctaccccctcctcct ggcctagggagggctcgaagtcgcggt
Scleraxis gcgcgagcgagaccgcaccaaca cccgccagcagcacgttgccc
Tenascin-C ccacaatggcagatccttct gttaacgccctgactgtggt
Tenomodulin ccgctattgccgccgcgtctgtgaacc gcgggccacccaccagttacaaggca
GAPDH gagtcaacggatttggtcgt ttgattttggagggatctcg
18S rRNA cgatgggcggcggaaaatagcctttgc cagtggtcttggtgtgctggcctcgg
b Actin gcagtcggttggagcgagcatcccc tcccctgtgtggacttgggagaggac

Primers for collagen I, collagen III, GAPDH, and tenascin-C were developed from Doroski et al.5

FIG. 1. Poly(ethylene glycol)-based hydrogels with colla-
genase-sensitive sequences exhibit similar swelling proper-
ties over time and degrade rapidly upon exposure to
exogenous collagenase. Fold swelling of hydrogels in culture
medium and in phosphate-buffered saline with collagenase
solution at 0, 1, and 7 days. xRelative to nondegradable gel
(n = 4; p £ 0.05).
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examine the differences between circularity distributions,
histograms of circularity values were also calculated (Fig.
3b). At day 1, the circularity distribution trended toward a
circularity of 1 (highly circular shape) in all groups. At day
14, some cells in slow-degrading gels had lower circularities;
however, there was a more dramatic trend in fast-degrading
gels toward low particle circularity.

Finally, particle alignment data were collected to deter-
mine whether cells had oriented in the direction of strain.
There was no difference in average angle between any
sample groups at any time point (data not shown). Angle
distributions were plotted (Fig. 4). Visually, there were no
notable differences in distribution between gel type, strain
condition, or time. Chi-squared goodness-of-fit tests were
used to qualitatively determine whether angle distributions
in individual gels were nonuniform (n = 3–4 per group).
From this analysis, no statistical trends were evident be-
tween gel types or time points, suggesting there was no clear
evidence of cell alignment over this period.

Cell number

DNA content/gel wet weight (indicative of cell number
per gel) did not change between any groups at each time
point (Fig. 5). However, all groups at days 14 and 7 were
significantly lower than day 1 groups, indicating a de-
crease in DNA content (and therefore cell number) over time.

Gene expression

Scleraxis and tenomodulin gene expression were mini-
mally expressed and amplified late as measured by PCR
relative to housekeeping genes (data not shown). Scleraxis
was maintained or downregulated over 14 days; static
samples were downregulated at 14 days relative to day 1
samples, while dynamic samples were not different from day
1 (Fig. 6). Tenomodulin was largely maintained over 14 days,
with only fast-degrading dynamic gels showing statistically
significant downregulation relative to day 1 (Supplementary
Fig. S1; Supplementary Data are available online at
www.liebertpub.com/tea). Overall, collagen I mRNA ex-
pression either remained constant or downregulated over
time; static samples at days 7 and 14 were significantly lower
than day 1 samples, whereas dynamic samples were down-
regulated relative to day 7 but not significantly different
from day 1. Statically cultured samples at day 7 were lower
than their dynamically cultured counterparts.

In contrast, collagen III was upregulated in most sample
types at day 7 relative to day 1 samples, and all collagen III
expression levels in day 14 groups except the slow-degrad-
ing, static group were upregulated relative to their day 7
equivalents. In particular, there were significantly higher
expression levels of collagen III in dynamically strained
groups than statically cultured samples at day 14, regardless
of gel type. Tenascin-C expression levels at day 7 were sig-
nificantly upregulated in all groups relative to day 1 sam-
ples; however, tenascin-C gene expression levels in all day 14
groups except the fast-degrading dynamic group were
downregulated relative to day 7. Nevertheless, expression
levels of tenascin-C in all day 14 groups remained signifi-
cantly upregulated relative to day 1, and there were also
significant differences in tenascin-C expression noted be-
tween hydrogel types for each strain condition (static and
dynamic). In particular, fast-degrading, dynamic groups
at days 7 and 14 showed significantly lower tenascin-C ex-
pression relative to their slow-degrading counterparts.

Biglycan and decorin expression also demonstrated up-
regulation at day 14 (Supplementary Fig. S1). Specifically,
biglycan showed a significant increase in expression between
fast-degrading dynamic and fast-degrading static samples at
day 14. Additionally, only dynamically cultured gels ex-
pressed increased biglycan levels at day 14 compared with
day 1 samples. With decorin expression, all groups at day 14
were significantly higher than their day 1 counterparts;
moreover, decorin expression was significantly higher in
both fast-degrading and slow-degrading gels that had been
dynamically cultured relative to their static controls at day
14. There were no differences at day 14 between gel types.

Histology

Immunohistochemistry revealed the presence of collagen I
in all samples at day 1, with apparent increases in cell-

FIG. 2. hMSCs are viable and appear spread in both slow-
degrading and fast-degrading gel types by day 14, regardless
of culture condition. LIVE/DEAD images of encapsulated
hMSCs (n = 3) at 1, 7, and 14 days, cultured dynamically
(Images taken from gels cultured statically appeared simi-
lar to images from dynamically cultured gels.). Scale bar:
100 mm. hMSC, human mesenchymal stem cell. Color images
available online at www.liebertpub.com/tea
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associated deposition at day 14 (Fig. 7). The presence of colla-
gen I did not appear to be different between static and dynamic
samples. Cell-associated collagen III deposition was observed
only at day 14, with more apparent staining in dynamically
strained samples. Tenascin-C staining was seen at day 1 and
continued through day 14; dynamically strained constructs
seemed to show more prevalent staining overall. No cell-as-
sociated staining was observed in control sections that were not
stained with primary antibody; however, some background
staining was evident, especially in slow-degrading gels.

Discussion

In these experiments, hydrogels were fabricated using
two established MMP-cleavable peptides with different
MMP sensitivities and used to examine how degradability of
the surrounding matrix affects MSC response to tensile
strain.14,15 These sequences were specifically selected to
maintain a similar hydrogel structure while tuning the
overall degradability of the matrix, and have not previously
been compared directly. As expected, all constructs remained

FIG. 3. Cells in slow- and fast-degrading gels spread over time, with significantly higher percentages of cells spread in fast-
degrading gels versus slow-degrading gels at day 14. Strain condition appears to have no effect on cell spreading. (a)
Percentage of spread cells (identified as having a circularity < 0.65) in each gel type and culture condition at 1, 7, and 14 days.
(b) Histograms of cell circularity distribution in representative statically cultured samples; curves are normalized so the area
underneath each curve is 1. *Represents significance versus the same sample type on day 1; {versus the same sample type on
day 7; xversus the other gel type at the same time point ( p < 0.05).

FIG. 4. No alignment was detected in sample groups at day
14. Histogram of particle alignment with x-axis from repre-
sentative image stacks, normalized to total number of par-
ticles in each sample so the area under each curve is 1; 90�
represents oriented perpendicular to the x-axis.

FIG. 5. There was no significant difference in DNA content
between gel types or culture conditions, although DNA
content decreased over time. PicoGreen data from encapsu-
lated hMSCs (n ‡ 5), cultured statically or dynamically, at
days 1, 7, and 14. Data are normalized to gel wet weight.
*Represents significance versus the same sample type at day
1 ( p < 0.05).
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intact over the culture period, allowing continued loading
over 2 weeks in vitro.

Fabricated gels showed no statistically significant differ-
ences in fold swelling, implying that no differences exist in
initial mesh size (and mechanical properties) between the
two hydrogel types.27,28 However, gels rapidly degraded
after exposure to collagenase. Moreover, enzyme-sensitive
gels remained unchanged in culture medium over 1 week,
demonstrating that active collagenase enzyme, and not other
factors in medium, was the main effector of changes in hy-
drogel integrity. The implications of these results are two-
fold: (1) cells should be able to locally degrade the gel by
releasing MMPs, and (2) cells encapsulated within an MMP-
sensitive hydrogel could be recovered, via addition of ex-
ogenous enzyme, for further analysis or implantation into
tissue defects. Thus, this system allows cells to be exposed to
highly controlled 3D environments, with precise biochemical
and mechanical stimulation, to ‘‘prime’’ cells prior to re-
trieval for further therapeutic applications.

Confocal microscopy and image analysis were used in
tandem to verify cell viability within the construct as well as
evaluate changes in MSC morphology during culture. At 14
days, cell spreading was visually noted in both types of
gels, with image analysis revealing that significantly more
cells were spread in fast-degrading gels relative to slow-
degrading gels, regardless of strain condition (Fig. 3). Al-
though the exact proteases secreted by these MSCs were not
characterized, enough active enzyme was produced to cleave
local matrix and allow spreading to occur, as clearly evi-

denced in the LIVE/DEAD images (Fig. 2). The combination
of the degradation and cell morphology results readily
demonstrates that these synthetic hydrogel formulations en-
abled precise presentation of bioactive factors to encapsulated
MSCs to control changes in cell shape over the culture period.

Although cells were able to spread in these scaffolds, no
alignment was visually detected over time in dynamically or
statically strained samples in any hydrogel type (Figs. 2 and
4). Previously, fibroblastic differentiation of stem cells was
primarily examined in gels made of collagen (or other fibrous
materials with comparatively large pore sizes), in which cells
align in the direction of strain.22 In our studies, the presence
of a covalently crosslinked, nonaligned scaffold may have
deterred cell reorientation over this time period. However, it
is possible that a PEG-based gel with larger pore sizes and
sufficient proteolytic degradation will enable cell reorienta-
tion in response to strain.

PicoGreen data indicated that cell number in all groups
decreased over time (Fig. 5). However, these results correlate
with earlier work in our laboratory showing similar effects
with MSCs encapsulated in nondegradable hydrogels.5 Im-
portantly, no differences were noted in DNA content be-
tween gel types or strain conditions in this study, and
confocal microscopy images demonstrated that cells were
viable at all time points. Thus, cell number is likely not a
driving factor behind differences seen among different gel
types or strain conditions. Nevertheless, a decreasing cell
number suggests that proliferation continues to be limited by
a small hydrogel mesh size.29 Future tailoring of these gels

FIG. 6. Collagen III and tenascin-C,
genes representative of tendon fibroblast
differentiation, are significantly upregulated
in dynamically cultured gels independent
of gel type. Real-time polymerase chain
reaction data of encapsulated hMSCs (n ‡ 5),
cultured statically or dynamically, at days 1,
7, and 14. Data are normalized to their
respective day 1 groups. *Represents
significance versus the same sample type at
day 1; {versus the same sample type at day 7;
#versus the other strain condition at the same
time point; xversus the other gel type at the
same time point ( p < 0.05) (Note different
y-axis scale for each graph).
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may include increasing pore size to provide space for cell
proliferation in these materials while using other crosslinkers
or reinforcement to maintain sufficient mechanical properties
to allow for tensile loading of the constructs.

After loading for up to 14 days, MSCs embedded in both
gel types were evaluated for expression of genes related to
the tendon/ligament fibroblast phenotype (Fig. 6 and Sup-
plementary Fig. S1). Time points in this study were selected
based on previous work in our laboratory, and others, in-
dicating that changes in gene expression and matrix depo-
sition in response to tensile culture were observed after 7–14

days of tensile loading.5,30 Scleraxis, a transcription factor
expressed by tendon progenitor cells in developing mesen-
chymal tissues, is often considered a tendon fibroblast
marker.6,22 In this study, both scleraxis and tenomodulin,
another tendon fibroblast marker,23 was minimally ex-
pressed and was maintained or downregulated in all groups.
In contrast, scleraxis expression was upregulated in a study
using rat MSCs in a collagen gel using the same strain am-
plitude and rate, but with no rest period over 7 days.22

Another study utilizing primary human MSCs in collagen
gels showed maintenance of scleraxis expression under 1%

FIG. 7. MSCs encapsulated in both slow- and fast-degrading hydrogels demonstrate cell-associated collagen I, collagen III,
and tenascin-C at 14 days, regardless of gel or culture type (n = 2). Scale bar: 100 mm. Color images available online at
www.liebertpub.com/tea
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strain at 1 Hz for 30 min/day over 7 days.6 Also, in a recent
study, cells from a C3H10T1/2 MSC line in collagen
gels upregulated scleraxis expression under 10% strain at
0.1 Hz with 10 s rest periods.31 Other work suggests that the
binding substrate (in a 2D system) may affect differentia-
tion as indicated by increases in scleraxis, tenomodulin, te-
nascin C, and collagen III expression by human MSCs on
collagen-containing substrates over fibronectin-containing
substrates.32 Tenomodulin expression appears to be also
dependent on scleraxis expression.33 Variations in scleraxis
and tenomodulin expression from what was observed in this
study may thus be attributable to differences in type of
scaffold (collagen), cells, or strain regimen employed by
other groups.

Contrary to some previously published reports,6,22 colla-
gen I gene expression was downregulated over time in all
gels, and although minor differences were shown between
static and dynamic gels at day 7, this difference was not
evident at day 14. These results differ from previous results
in our laboratory using the same strain regimen, although
those experiments used a scaffold that was not enzyme-
degradable and MSCs from a different cell bank. The reason
for the downregulation is unclear, although one report sug-
gests that some changes in gene expression are dependent on
scaffold and cell orientation.34 Since no orientation was ob-
served in these gels, the lack of directional bias may have
inhibited potential changes to collagen I expression. How-
ever, other results using bone-marrow-derived MSCs in a
collagen scaffold have indicated that collagen I remains rel-
atively unchanged under strain.6 From immunostained sec-
tions, collagen I deposition was detected at day 1 and more
intense staining was observed at day 14, regardless of gel
and strain parameters. The deposition observed may simply
be a reflection of a high resident level of gene expression
observed at day 1 relative to other tested genes (data not
shown); therefore, additional gene upregulation might not be
expected in this system.

Collagen III and tenascin-C are frequently used as markers
of tendon/ligament fibroblast differentiation.4,5,35,36 Dyna-
mically strained samples, regardless of gel type, demon-
strated an increase in collagen III expression, both over time
and relative to static samples. Correspondingly, im-
munostaining revealed collagen III staining only in dynam-
ically strained gels. This correlates well with data from our
laboratory and other studies, where collagen III has been
identified as part of the native tendon repair process.5,37,38

Tenascin-C levels in all gels at days 7 and 14 were upregu-
lated relative to day 1, with generally higher expression at
day 7 relative to day 14. Importantly, however, dynamic
samples exhibited significantly higher expression levels of
tenascin-C relative to static samples on day 14. Tenascin-C
has been previously shown to be regulated by mechanical
strain39 but has also been speculated to play an ‘‘inhibitory
for spreading’’ role that allows cells to modify adhesion
contacts to avoid overstretching.40 Thus, restricting the
ability to alter cell shape under strain may have triggered
increased tenascin-C expression in slow-degrading dynamic
gels relative to fast-degrading dynamic gels on days 7 and
14. Differences in gene expression levels, however, were not
readily correlated with immunostaining. Tenascin-C was
detected at days 1 and 14, with visually increased staining in
all samples at day 14. The lack of differences between groups

at day 14 may have been related to the consistent expression
levels between groups on day 7. Longer culture times might
provide tensile-strain-related upregulation of gene expres-
sion more time to emerge in the form of increased staining at
time points beyond day 14.

Biglycan and decorin are also used as markers of tendon/
ligament fibroblast differentiation and are constitutively
found in tendon tissues.24,25,41 In our studies, decorin
showed significant upregulation of all samples at day 14,
with significantly higher expression in dynamic than in static
samples at day 14 (Supplementary Fig. S1). Biglycan also
demonstrated significantly higher expression in the dynamic
than static samples at day 14 only in fast-degrading samples.
These results indicate expression of other tendon-related
markers and further support the ability of this system to
induce differentiation toward a tendon/ligament fibroblast
phenotype.

In this work, synthetic, ‘‘blank slate’’ materials were used
to present bioactive factors and modulate degradability and
hydrogel properties in a precisely controlled manner to in-
vestigate the specific role of biomaterial degradation on
changes in cell morphology and response to applied cyclic
tensile strain. In particular, the responses of cells to tensile
strain when encapsulated in gels of different MMP sensitiv-
ities have not been previously examined. Together, the re-
sults of this study suggest that, within the range of scaffold
degradability that could be engineered into this system and
still allow for long-term loading, hydrogel susceptibility to
MMP degradation, with corresponding changes in mor-
phology of embedded cells, did not affect MSC response to
cyclic tensile strain over 14 days. While this result was un-
expected, it should be noted that, in these experiments, sig-
nificant cell spreading was seen only at 14 days, so a longer
culture period may be needed to allow changes in spreading
to affect gene expression levels accordingly. It is also possible
that the inclusion of RGD peptides, which interact with in-
tegrins on MSCs in both gel types, might facilitate cytoskel-
etal interactions with the synthetic scaffold and enable
sensing of mechanical strain.42 In addition, the specific in-
tegrin ligands bound may also play a role in the differenti-
ation response,32 so future work may explore the role of
engaging specific integrins in combination with changes in
morphology on response to strain in this system. Finally,
other aspects of the local mechanical environment, including
changes in fluid flow, may change due to strain, the extent of
local degradation, and possible pericellular matrix deposited
by cells over time, subsequently affecting cytoskeletal orga-
nization and enabling MSCs in slow-degrading gels to re-
spond to tensile strain even if their ability to spread is
limited.43

Conclusions

The experiments described here demonstrate that incor-
poration of differentially degradable peptide sequences in a
synthetic hydrogel impacted the morphology of embedded
MSCs while maintaining sufficient mechanical integrity to
allow long-term mechanical loading of cell–hydrogel con-
structs. Moreover, MSCs encapsulated in MMP-sensitive
PEG-based gels reacted to tensile strain through upregula-
tion of collagen III, tenascin C, and decorin, which are ECM
molecules associated with the tendon/ligament fibroblast
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phenotype. However, little difference in response to tensile
strain from cells embedded in either slow- or fast-degrading
gels was observed. Such results suggests that in these de-
gradable, synthetic hydrogel systems spreading may not be a
major factor controlling MSC response to cyclic strain, at
least over this time period. However, these findings further
support this system as a well-controlled platform that allows
exploration of the effects of material formulation on resulting
cell response to exogenous cues, such as mechanical loading,
without confounding effects from the use of a material with
other inherent bioactivity. As such, these experiments con-
tribute key parameters toward the design of future bioma-
terial carriers and strain regimens to prime stem cells to a
tendon/ligament phenotype prior to release and use in vivo.
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