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Abstract
A quantitative understanding of the complex interactions between cells, soluble factors, and the
biological and mechanical properties of biomaterials is required to guide cell remodeling towards
regeneration of healthy tissue rather than fibrocontractive tissue. In the present study, we
characterized the combined effects of boundary stiffness and transforming growth factor-β1 (TGF-
β1) on cell-generated forces and collagen accumulation. We first generated a quantitative map of
cell-generated tension in response to these factors by culturing valvular interstitial cells (VICs)
within micro-scale fibrin gels between compliant posts (0.15–1.05 nN/nm) in chemically-defined
media with TGF-β1 (0–5 ng/mL). The VICs generated 100 to 3000 nN/cell after one week of
culture, and multiple regression modeling demonstrated, for the first time, quantitative interaction
(synergy) between these factors in a three-dimensional culture system. We then isolated passive
and active components of tension within the micro-tissues and found that cells cultured with high
levels of stiffness and TGF-β1 expressed myofibroblast markers and generated substantial residual
tension in the matrix yet, surprisingly, were not able to generate additional tension in response to
membrane depolarization signifying a state of continual maximal contraction. In contrast,
negligible residual tension was stored in the low stiffness and TGF-β1 groups indicating a lower
potential for shrinkage upon release. We then studied if ECM could be generated under the low
tension environment and found that TGF-β1, but not EGF, increased de novo collagen
accumulation in both low and high tension environments roughly equally. Combined, these
findings suggest that isometric cell force, passive retraction, and collagen production can be tuned
by independently altering boundary stiffness and TGF-β1 concentration. The ability to stimulate
matrix production without inducing high active tension will aid in the development of robust
tissue engineered heart valves and other connective tissue replacements where minimizing tissue
shrinkage upon implantation is critical.
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1. INTRODUCTION
Advanced scaffolds for tissue engineering and regenerative medicine have the potential to
be remodeled by cells and thus be adapted to the patient’s local chemomechanical
environment. However, complex interactions between soluble factors, the biological
properties of the biomaterial (such as polymer/protein type and ligand density), and the
mechanical properties of biomaterial [1, 2] govern the cells’ ability to degrade the
biomaterial, synthesize extracellular matrix (ECM), and generate forces. Approaches aimed
at increasing the rate of growth in tissue engineered structures often result in unstable and
uncontrolled fibrocontractive remodeling involving excessive contraction of the resident
cells [3], build-up of residual stress [4], and ECM synthesis (i.e., scarring) [5] rather than
regeneration of normal tissue. To achieve the desired tissue regeneration, there is a need to
understand how biochemical and mechanical signals interact in the regulation of cell-
generated forces and ECM remodeling.

Neo-tissue bulking [6–9] and retraction [10, 11] resulting from fibrocontractive remodeling
are especially detrimental in the development of tissue engineered heart valves (TEHV),
since even a slight shortening or thickening of the leaflets can lead to regurgitation (back
flow) [3, 10, 11]. Leaflet thickening, excessive active cell contraction, and passive residual
tension in the tissue [4, 10, 11] have been attributed to large numbers of myofibroblasts in
TEHV leaflets since they are a highly contractile and synthetic phenotype. Excessive
activation of myofibroblasts and an increase in ECM stiffness are also associated with
fibrosis and calcification of native heart valves [12]. Myofibroblast activation is triggered
when TEHVs are mechanically conditioned in bioreactors and/or treated with growth factors
to accelerate the development of de novo tissue [13]. Activation is also observed in native
heart valves as a result of abrupt changes in pressure loading [14].

Mechanical tension and transforming growth factor-β1 (TGF-β1) are the two main regulators
of myofibroblast activation [5, 15, 16]. Culture conditions involving externally applied
stress or high substrate elastic modulus lead to formation of stress fibers in the cytoplasm
which in turn generate intracellular tension [15–17]. Under high intracellular tension, TGF-
β1 stimulates recruitment of alpha-smooth muscle actin (α-SMA) in the stress fibers [18],
the defining hallmark for the myofibroblast phenotype, which contributes to further
increased intracellular tension [19]. Few studies explicitly quantify the forces involved in
myofibroblast activation, however it has been shown that cell-generated tension and
expression of α-SMA in stress fibers are positively correlated to substrate modulus [20, 21]
over certain modulus thresholds [17, 22, 23] and below saturation limits at high modulus
levels [17]. TGF-β1 also increases fibroblast traction forces in a dose-dependent manner if
the substrate is sufficiently stiff [21]. Analogous to two-dimensional (2D) substrate
modulus, the ability of three-dimensional (3D) scaffolds to resist deformation due to cell-
generated tension also strongly regulates myofibroblast activation. Most strikingly, TGF-β1
induces α-SMA expression in cells in anchored collagen gels but not in floating gels [24,
25]. TGF-β1 acts as an agonist which increases the rate of compaction of free-floating gels
(to smaller diameter) [26–28] and anchored gels (to lower thickness) [29] in a dose-
dependent manner. Further, when cells are pre-treated with TGF-β1 prior to seeding into
collagen gels, they compact the floating gels to a higher extent, which indicates an increased
ability to generate traction [28]. Similarly, TGF-β1 treatment of VICs [30] and fibroblasts
[28] for several days results in higher rate and extent of gel retraction upon release of
anchored gels.

While high tension resulting from myofibroblast activation is undesired in tissue
engineering, TGF-β1 and mechanical stimulation are potent stimulants of ECM production
and are widely used in tissue engineering to augment growth [31–33]. For example, collagen

Kural and Billiar Page 2

Biomaterials. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



production by nenonatal smooth muscle cells increases 4 fold with 1 ng/mL TGF-β1
treatment [34]. ECM protein expression increases when cells are cyclically stretched [35–
37] and decreases when contraction is inhibited in fibroblasts [38]. These findings
demonstrate that both growth factors and tension modulate ECM production, but how
growth factor stimulation of ECM production is regulated by tension in 3D remains
understudied. It is possible that optimal combinations of these two factors - tension and
growth factors - may be utilized to induce the formation of robust tissue without excessive
active contraction or residual matrix stress

The most direct and functional measure of a cell’s contractile state is the force it generates
against the substrate or scaffold. However, in the majority of collagen gel assays the cell
forces have not been directly measured, thus quantitative relationship between tension and
myofibroblast differentiation have not been determined in 3D gels. Whereas measurement of
the traction exerted by single cells against compliant 2D substrates utilizing traction force
microscopy (TFM) is now commonplace, measuring single-cell traction force in 3D
scaffolds remains challenging [39]. Alternatively, culture force monitors and compliant-
anchored systems have been developed to directly measure cell-generated forces of
populations of cells within biopolymer gels [40, 41]. Compliant-anchored systems have the
additional benefit of allowing one to modulate the cell-generated tension by altering the
resistance to cell-generated forces. Using these systems, we and others [42–44] have shown
that increasing boundary stiffness leads to an increase in the cell contractile force and an
increased sensitivity of fibroblasts to TGF-β1 [42]. In these investigations, a very limited
number of stiffness levels and soluble factor concentrations have been studied (generally
“low” and “high”). Establishment of quantitative relationships between cell behavior and
specific biochemical and mechanical stimuli requires each factor to be tested at multiple
levels in combination.

The goal of the present study is to quantitatively characterize the combined effects of
boundary stiffness and TGF-β1 on VIC-generated forces within a 3D matrix. To this end, we
cultured VICs in fibrin gels under graded levels of boundary stiffness with multiple
concentrations of TGF-β1 in a micro-scale compliant-anchored system and measured cell-
generated isometric force, stimulated contraction and residual matrix tension. We also
investigated the combined effects of boundary stiffness and growth factors on the cells’
ability to accumulate collagen.

2. MATERIALS AND METHODS
2.1. Isolation of valvular interstitial cells

Pig hearts were obtained from a local slaughter house. Aortic VICs were isolated according
to a reported protocol [45] within two hours of death. Briefly, aortic valve leaflets were
removed from the aortic root, and washed with cold sterile Dulbecco’s phosphate buffered
saline (DPBS, Cellgro, Manassas, VA). Leaflets were submerged in cold collagenase
solution made up of 600 U/mL solution of Type II collagenase (Worthington Biochemical,
Lakewood, NJ) in Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies,
Grand Island, New York) with 1% penicillin/ streptomycin/ ampothericin B (PSA, Life
Technologies, Grand Island, New York) and 10% fetal bovine serum (FBS, Life
Technologies, Grand Island, New York). Valvular endothelial cells were removed by
rubbing the leaflet surfaces using sterile cotton swabs, and the valve leaflets were washed
with cold collagenase solution once more and incubated in collagenase solution at 37°C
overnight. After enzymatic digestion of the leaflets, cells were plated on tissue culture flasks
in DMEM with 1% PSA and 10% FBS. VICs at passage 5–8 were used for all experiments.
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2.2. Micro-tissue gauges
To modulate and measure the forces applied by cells in a 3D environment, sub-millimeter-
sized VIC-populated fibrin gels were cultured suspended between flexible posts. To create
the posts and micro-culture wells, the micro-tissue gauge (μTUG) system was used as
described by Legant et al. [46] (molds generously provided by Prof. Chris Chen, University
of Pennsylvania). This system is composed of an array of micro-wells (dimensions of each
well: 800 μm × 400 μm × 250 μm) containing two flexible cantilevered posts made of
poly(dimethylsiloxane) (PDMS, Dow Corning, Midland, MI) (Figure 1). Cells were
suspended in a biopolymer gel solution within the micro-wells. As cells compacted the gel,
3D constructs were formed between the flexible posts (Figure 1C), and the total force
applied by the cells was calculated using post deflections and beam bending equations
(Supplementary Materials Eqn. 1). Force-per-cell values were calculated by dividing the
force exerted on one post by the average number of representative volume elements (RVEs)
spanning a cross-sectional area in the middle of micro-tissues [2]. An RVE contains one cell
and surrounding volume of ECM (see Supplementary Materials for detailed description of
RVEs). The cell number was determined by counting the nuclei in the central region which
are stained with Hoechst (Figure 1D).

To obtain different boundary stiffness values, the PDMS post elastic modulus was
modulated by the monomer-to-curing agent ratios and heat treatments (Supplementary
Materials, Table 1). PDMS moduli were measured by uniaxial tensile testing (EP1000,
Instron, Norwood, MA).

2.3. Fabrication of VIC-seeded fibrin gel micro-tissues
Empty μTUG wells were treated with 1% Pluronic F-127 (Invitrogen, Eugene, Oregon) for 8
minutes to create a hydrophobic surface and prevent cell attachment to the PDMS. VICs
(300,000 cells/mL final concentration) were re-suspended in a fibrin gel solution consisting
of fibrinogen from bovine plasma (Sigma, St. Louis, MO, 3.25 mg/mL final concentration)
and 1 U/mL thrombin (Sigma, St. Louis, MO), and this suspension was centrifuged into the
μTUGs. After centrifugation, excess gel solution was aspirated and the micro-tissues were
incubated at 37°C for 1 hour to allow for polymerization of the fibrinogen. Following the
polymerization period, chemically defined media with different growth factor concentrations
were added into μTUG dishes. A defined medium previously reported by our group [47] was
selected over serum-containing media to avoid masking the effects of exogenous growth
factors while allowing robust cell contraction and matrix production. The defined medium
consists of a 3:1 ratio of DMEM (high glucose; 4.5 g/L) and Ham’s F12 with the addition of
5 μg/ml insulin, 5 ng/ml selenious acid, 10−4 M ethanolamine, 250 μg/ml L-ascorbic acid
phosphate magnesium salt n-hydrate, 2×10−10 M L-3,3′,5-triiodothyronine, 4×10−3 M of
Glutamax™ (Life Technologies, Grand Island, New York), and 1% penicillin/ streptomycin/
amphotericin B. To prevent premature fibrin degradation, 20 μg/mL Aprotinin (Sigma, St.
Louis, MO) was added to the media. The lowest PDMS stiffness utilized was 600 kPa since
softer posts collapse, and the highest stiffness value was kept under 5000 kPa to allow
visually detectable deflection of the posts. TGF-β1 concentrations were chosen between zero
and 5 ng/mL, a concentration range reported in tissue engineering applications [31, 33, 48].
Epidermal growth factor (EGF, Sigma, St. Louis, MO) supplementation was utilized as an
alternative supplement to stimulate matrix production without myofibroblast activation [26,
49, 50]. We previously demonstrated that the concentration of EGF chosen for this study (5
ng/mL) stimulates maximal ECM production from dermal fibroblasts [49, 50].

2.4. VIC-generated force measurements
VIC-populated gels were cultured under four different post stiffness levels (0.15, 0.33, 0.56
and 1.05 nN/nm) and with four different TGF-β1 concentrations (zero, 0.05, 0.5 and 5 ng/
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mL). Homeostatic tissue tension was measured every 24 hours for seven days by monitoring
the post deflections as previously described [46]. In a separate set of experiments, micro-
tissues were cultured with two levels of post stiffness (0.15 and 1.05 nN/nm) and two levels
of TGF-β1 (zero and 5 ng/mL) for four days. On day 4, micro-tissues were stimulated with
90 mM potassium chloride (KCl) for 10 minutes to measure the maximal cell contraction.
KCl depolarizes the cell membrane and activates contraction in muscle or muscle-like cells
[51, 52]. Following the stimulated contraction measurements, the micro-tissues were treated
with 6 mM Cytochalasin-D (Cyto-D) for two hours to inhibit F-actin polymerization and
eliminate active cell tension to determine the residual matrix tension. The residual tension is
a functional metric for cell-mediated matrix remodeling [53, 54]. In the present study we
defined stimulated contraction as the increase in force-per-cell above the homeostatic
tension in response to KCl (FSTIMULATED). The passive and active components of
homeostatic tissue tension were defined as active-isometric cell force (FCELL) and residual
tension. Active-isometric cell force is equal to the difference between the homeostatic tissue
tension at a certain remodeling time (FSTATIC) and residual tension (FRESIDUAL); i.e., FCELL
= FSTATIC − FRESIDUAL.

In an additional set of experiments aimed at comparing the effects of TGF-β1 and EGF on
cell-generated forces and collagen synthesis, micro-tissues were cultured with either soft (k
= 0.15 nN/nm) or stiff (k = 1.05 nN/nm) posts. TGF-β1+ groups were supplemented with 5
ng/mL TGF-β1, and EGF+ groups were supplemented with 5 ng/mL EGF. Homeostatic
tissue tension was measured on day 4.

2.5. Inhibition of contraction by Blebbistatin
In one set of experiments, cell-generated forces were inhibited by adding 5 μM Blebbistatin
(Myosin II inhibitor, Sigma, St Louis, MO) to the culture media on the second day of
culture. Micro-tissues were then cultured with either 0 or 5 ng/mL TGF-β1 and either 0 or 5
μM Blebbistatin for five days. De novo collagen accumulation was assessed as described
below.

2.7. Immunofluorescent staining
Micro-tissues were fixed in 4% paraformaldehyde for 15 minutes and permeabilized with
0.25% Triton X-100 (Sigma) for 20 minutes. To visualize α-SMA or collagen, tissues were
blocked with 1.5% normal goat serum in PBS for 30 min, and incubated with primary anti-
α-SMA (Sigma, St. Louis, MO) or anti-collagen (Abcam, Cambridge, MA) antibody,
respectively, for one hour. Fluorescently labeled secondary antibody (Alexa-546, Invitrogen,
Carlsbad, CA) was then applied and imaged with Leica SP5 point scanning confocal/
DMI6000 inverted microscope. In a subset of experiments, the de novo collagen
accumulation was semi-quantitatively measured by calculating the mean intensity in region
of interests (ROI) in the central region of micro-tissue with equal area using the Leica
Application Suit software. The mean intensity was divided by the total number of cells in
the ROI to calculate collagen intensity per cell. F-actin was labeled by Phalloidin
(Alexa-488, Life Technologies, Grand Island, New York).

2.8. Statistical analysis
All values are reported as mean ± standard deviation. Statistical comparisons were made
using two-way analysis of variance (ANOVA) with p < 0.05 considered significant. When a
significant difference was found, experimental groups were compared with Tukey’s HSD
(Honestly Significant Difference) post-hoc test (Sigmaplot 11.0, Systat Software).

The entire force data set from the 16-group stiffness/TGF-β1 experiment was fit with a 2-
factor interaction model to quantitatively describe the effects of stiffness and TGF-β1
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concentration (and their interactions) on the force generated per cell (Eqn. 1). A log
transformation was applied to the TGF-β1 concentration levels normalized to the maximum
concentration level (5 ng/mL). Design of experiment (DOE) software was utilized to design
the study and to model and plot the data (Design-Expert 8.0.7.1, Stat-Ease, Inc., MN). The
model with the minimum number of parameters which fit the data with lowest p-value and
highest R2 value was determined by the analysis to be:

(1)

where F is force per cell (nN), [TGFβ] is TGF-β1 concentration (ng/mL), k is post stiffness
(nN/nm), and c1..c4 are model parameters (fitting constants).

3. RESULTS
3.1 Micro-tissue generation

VICs compact the fibrin gels and form dense dog bone-shaped micro-tissues between the
cantilevered posts within 20–30 hours (Figure 1C). Due to compositional differences in our
micro-tissues from those in previous studies [43, 46, 55] (pure fibrin, VICs, and chemically-
defined media (without serum)), the μTUG system methodology was substantially modified.
For direct comparisons between the groups, the seeding conditions were kept constant
despite wide ranges of stiffness and growth factors; this constraint lead to large differences
in force and ECM generation between the treatment groups and, consequently, the rate of
success in forming tissues was lower than previously reported. The success rate of micro-
tissues lasting more than four days was as low as 10% in groups with high TGF-β1
concentration and 20–30% in other groups.

3.2 Tension generation by VICs within micro-tissues
Posts are visibly deflected by the tension within the tissue during gel compaction as a
function of both TGF-β1 concentration and post stiffness. Under soft boundaries, force-per-
cell values reach a maximum after 24–36 hours then start to decrease slightly on the 2nd day
without TGF-β1 (Figure 2). Under stiff boundaries with less than 0.5 ng/mL TGF-β1,
tension decreases after 24 hours, but with TGF-β1 concentrations of 0.5 and 5 ng/mL,
tension increases dramatically and keeps increasing until the end of the experiment at seven
days. Under the stiffest boundary (k=1.05 nN/nm), 5 ng/mL TGF-β1 increases force per cell
8.6 fold compared to the no-TGF-β1 group under the same boundary stiffness. Boundary
stiffness has no significant effect on cell forces in the absence of TGF-β1 (Figure 3, please
see Supplementary Material for ANOVA results). Similarly, TGF-β1 does not alter cell-
generated forces significantly under soft boundaries (k < 0.33 mN/mm, Figure 3).

3.3. TGF-β1 and stiffness interaction model
The optimal form of the regression model determined utilizing DOE software fit the
complete stiffness-TGF-β1-force data set with high correlation with only four parameters.
The statistical analysis indicates that each parameter has significant impact with little
interaction between parameters (Table 1). Strong interaction between TGF-β1 and boundary
stiffness is quantitatively demonstrated by the model (p < 0.0001), and the interaction term
provided substantially higher correlation with the data (r2= 0.92 with the interaction term
compared to r2= 0.69 without the interaction term). A surface plot of the data predicted by
the model is provided in the Supplementary Materials.

3.4. Active isometric cell force, stimulated contraction and residual tension
Active isometric cell force (FCELL), stimulated contraction by activation of VICs with 90
mM KCl (FSTIMULATED), and residual tension per cell in the matrix after Cyto-D treatment
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(FRESIDUAL) are shown in Figure 4. The active isometric cell force is significantly higher
under stiff boundaries with TGF-β1 than any other group. Stimulated contraction as a
response to KCl, on the other hand, is significantly lower in TGF-β1+ groups, either under
soft or stiff boundaries, and it is the highest under stiff boundary without TGF-β1. Increasing
boundary stiffness increases FSTIMULATED significantly without TGF-β1 treatment. Videos
showing response to stimulation and inhibition with and without TGF-β1 are provided in the
Supplementary Materials, Movie S1 and Movie S2, respectively).

3.5. α-SMA expression
TGF-β1 and boundary stiffness do not alter the total amount of staining or brightness of α-
SMA staining. However, the distribution is dramatically different between TGF-β1- and
TGF-β1+ groups. In TGF-β1+ groups, α-SMA is incorporated in stress fibers, while in TGF-
β1+ groups α-SMA staining is punctate and in a short rod-like shape (Figure 5).

3.6. Effect of tension on collagen accumulation stimulated by TGF-β1 and EGF
Figure 6A shows representative images of collagen staining in micro-tissues. TGF-β1
increases the mean collagen intensity per cell significantly for both soft and stiff boundaries.
EGF causes a significant increase in mean collagen intensity only for the soft boundary
(Figure 6B). TGF-β1 increases force-per-cell in the case of stiff boundaries, but not soft
boundaries; whereas EGF does not significantly affect force-per-cell values at any
concentration tested regardless of boundary stiffness (Figure 6C). When cell-generated
forces are inhibited with 5 μM Blebbistatin, TGF-β1 still increases total de novo collagen
intensity in micro-tissues; however, enhancement of collagen production with TGF-β1 is
attenuated (Figure 7A).

4. DISCUSSION
This study represents the first quantitative characterization of the combined effects of
stiffness and TGF-β1 on myofibroblast activation in a 3D tissue model. Our regression
analysis indicates that TGF-β1 and boundary stiffness increase the homeostatic level of
tension in VIC-populated fibrin gels both independently and synergistically. However,
increasing only one of these factors with minimal levels of the other does not increase the
cell-generated forces significantly. We also found that when cultured with a high
concentration of TGF-β1 against stiff boundaries, VICs are in a state of nearly maximal
contraction and impart significant residual tension on the matrix during remodeling. Finally,
we observed that collagen production is stimulated by TGF-β1 treatment in a tension-
dependent manner, yet collagen accumulation is significant even under low tension with
TGF-β1 but not EGF supplementation. Taken together, the results indicate the possibility of
generating collagen-rich engineered tissues under a low tension environment to produce
TEHV leaflets with minimal retraction.

4.1. Interaction between TGF-β1 and stiffness
Although it is clear from the literature that both TGF-β1 and resistance to cell-generated
tension (i.e., stiffness) of the 2D substrate or 3D matrix are necessary factors for
myofibroblast activation [5, 15, 16], quantitative relationships between these parameters
have not been developed. It is generally accepted that with increasing TGF-β1 concentration
(4 levels), α-SMA protein levels increase in VICs cultured on rigid tissue culture plastic or
glass [30, 56]. In our previous study utilizing compliant 2D substrates (15 different moduli
spanning a large range), we observed a sigmoidal relationship between substrate modulus
and α-SMA-positive stress fibers, and we also observed synergy with TGF-β1 (0 or 5 ng/
mL) [17]. It appears that α-SMA-positive stress fibers are formed only over a threshold
substrate modulus (5–9 kPa for VICs [17] and 20 kPa for dermal fibroblasts [22]). Further,

Kural and Billiar Page 7

Biomaterials. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Anseth et al. found that dynamically decreasing substrate modulus decreases the number of
α-SMA positive VICs, which implies that myofibroblast differentiation is reversible under a
threshold of stiffness [23]. In anchored collagen gels that are released from their rigid
boundaries, TGF-β1 significantly increases both gel compaction rate and α-SMA expression
in a dose dependent manner [24, 28, 30]. In contrast, in free floating gels (not cultured
against rigid anchors then released) where high tension cannot be generated by the cells, α-
SMA is not expressed. Combined these findings clearly demonstrate an interaction between
stiffness and TGF-β1 in terms of myofibroblast activation, yet it is not possible to identify
the functional relationship between these factors since only one stimulus was tested at
multiple levels in each study and cell forces have not been directly measured.

High force generation is a powerful functional measure of the myofibroblast phenotype [18].
Traction force microscopy studies demonstrate that increasing stiffness increases traction
forces applied to the substrate by fibroblasts [20–22]. Hinz and colleagues report that a
minimum force per focal adhesion (125 nN) is required for recruitment of α-SMA into stress
fibers [22], implying a minimum stiffness for myofibroblast differentiation. Tschumperlin
and colleagues [21] found that TGF-β1 does not affect lung fibroblast-generated forces when
substrate modulus is less than 13 kPa, while it causes a dramatic stiffness-dependent
increase over this stiffness. Here we observed a similar trend in cell-generated forces in our
3D culture system in that TGF-β1 has no significant effect under soft boundaries (k < 0.33
N/m) but has a strong dose-dependent effect for higher stiffness posts. For the first time, by
using graded levels of both stiffness and TGF-β1 simultaneously, we obtained complete
force response surface as a function of these factors in 3D which can be used to determine
scaffold and culture parameters to obtain a desired level of tension.

4.2 Effect of stiffness in the absence of exogenous TGF-β1
Previous studies utilizing the micro-tissue system report increases in the forces generated by
fibroblasts [42, 46] and cardiomyocytes [43] with increasing post stiffness in the absence of
exogenous TGF-β1. In contrast, our findings indicate that stiffness only has a strong dose-
dependent effect at concentrations of TGF-β1 higher than 0.05 ng/mL. Further, in the
absence of TGF-β1, the α-SMA distribution is diffuse in the cytoplasm of ours cells, even
under the stiffest boundary where the force per cell is approximately 300 nN. The sensitivity
to stiffness observed in previous investigations without explicit growth factor
supplementation may be due to the presence of growth factors in serum [57]. In this study,
we utilize chemically defined medium to avoid growth factors contained in serum without
“starving” the cells of other essential components in serum.

4.3 VIC-generated forces and micro-tissue failure
The force-per-cell values obtained in the present study (130–2500 nN) are significantly
higher than values reported in previous studies using μTUG system (15–25 nN for per 3T3
fibroblast) [46, 55] and culture force monitors (50–200 nN per fibroblast) [20]. This
discrepancy is mainly due to differences in how the force-per-cell is calculated. In previous
studies, the force per cell is generally determined by dividing the force by the total number
of cells in the gel (i.e., assuming all cells act in parallel), which is an oversimplification.
Alternatively, as we have previously described [2, 42] we divide the total tension applied to
one post by the average number of representative volume elements (RVEs) parallel to each
other in the central portion of the tissue which assumes that the representative number of
cells in a given cross-section of the tissue act in parallel [2] (Figure S2, see Supplementary
Materials for details). When calculated using the standard method of dividing the force by
the total number of cells in the gel, the force-per-cell values in the present study range from
19–422 nN. These values similar to previously reported, but are slightly higher possibly due
to the contractility of the VIC cell type, a soluble factor in the chemically defined medium
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(especially the high concentration of TGF-β1), and/or our use of higher boundary stiffness
than previous μTUG systems (but lower than the isometric CFM systems).

The high force per cell relative to the amount of ECM production by the cells was one of the
main reasons for tissue failures in the device, especially with high post stiffness and TGF-β1
concentration. Many tissues slipped of the soft posts under high tension conditions
(Supplementary Materials Figure S3A), and tissue thinning due to fibrinolysis and/or low
ECM production in the absence of growth factors lead to ripping of the tissues (Figure S3B).
To prevent micro-tissues from slipping off of the posts, the cell density was decreased to
reduce tension, and in turn, post deflection; however, lower cell numbers limit the maximum
stiffness of posts that can be utilized. To minimize tissue thinning and breaking,
aminocaproic acid was added to culture media, but it did not prevent tissue breaking.
Adding aprotinin decreased tissue breaking significantly. Tissues also stuck to the PDMS
walls due to the adhesive nature of fibrin and lead to failure (Figure S3C). Increasing
Pluronic concentration was utilized to prevent fibrin from sticking to the PDMS, but too
high concentration led to tissues popping out from the wells. Due to this limitation, Pluronic
concentration was kept under 2% for all groups.

4.4. Effect of TGF-β1 on active isometric and KCl-stimulated cell force
To separate the cells’ ability to generate and hold isometric force against the posts from their
ability to actively contract in response to an agonist (i.e., contractility), we stimulated the
cells with KCl following four days of culture. One of the most striking findings of this
analysis is that the cells cultured against stiff posts with TGF-β1, identified as
myofibroblasts by their α-SMA-positive stress fibers (Figure 5), are the least contractile of
all groups (3.3 % increase in force over homeostatic tension with KCl stimulation, Figure 4).
In the absence of TGF-β1, the cells generated lower total forces against stiff posts than with
the growth factor but were significantly more contractile than all other groups (54 %
increase in force over homeostatic tension with KCl stimulation), even greater than TGF-β1-
treated cells cultured against soft posts. Recently, it was reported that cyclic distension of
fibroblast-populated fibrin constructs does not alter the effect of TGF-β1 on KCl-stimulated
contraction or number of α-SMA positive cells [39]. We speculate that cells are already able
generate substantial tension against stiff boundaries and differentiate into myofibroblasts,
thus additional mechanical conditioning has little additional effect on their contractile
ability. Grinnell and colleagues [28] have also found that, in anchored fibroblast-populated
collagen gels, cells pretreated with TGF-β1 for five days appear to be unable to contract in
response to agonists (lysophosphatidic acid (LPA) or additional TGF-β1) when released
from the rigid boundary. Taken together, myofibroblasts appear to exist in a nearly
maximally contracted state - they apply high isometric force to the matrix yet have little
additional ability to contract in response to external stimulation.

4.5 Combined effect of TGF-β1 and boundary stiffness on residual tension
The other striking result from our analysis of the components of the total force applied to the
posts is that the residual tension in the matrix is much higher under stiff boundaries with
TGF-β1 than other groups (7–15 fold over other groups). This result indicates that
myofibroblasts remodel the tissue much more extensively than non-activated fibroblasts.
The effect of residual tension on tissue retraction has been investigated in previous studies
utilizing fibroblast-populated protein gels [50] and polymer scaffolds [4] by eliminating
active cell contraction with Cyto-D or Rho-associated protein kinase (ROCK) inhibitors
prior to release of anchored matrices. When active cell force is inhibited, total retraction
upon release is decreased by 75% in fibrin gels [50], 80% in collagen gels [58] and 40% in
PGA/P4HB scaffolds [4]. To decrease retraction of fibrin-based TE heart valve leaflets,
Tranquillo and colleagues treated the engineered tissues with Blebbistatin (Myosin II
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inhibitor) 2–4 days prior to implantation at the end of a 3-week static culture period [3]. The
treatment provided a transient retraction and the valves were functional initially; however,
after four weeks in vivo regurgitation due to tissue shrinkage caused valve failure. More
recently, the cells have been removed from TEHVs altogether in an attempt to eliminate
retraction, and decellularized TEHVs have been repopulated with non-contractile cells [59,
60], but these valves also retracted after in vivo remodeling [60].

Taken together, these results imply that cell-generated forces must be reduced throughout
the remodeling period to eliminate residual tension (and thus passive retraction) rather than
simply blocking cell contractile activity immediately prior to implant. Yet it remains unclear
whether robust TE constructs rich in organized collagen can be created under low tension
since tension is needed to stabilize collagen against enzymatic degradation [61, 62] and the
effect of tension on collagen production of VICs is not known. To explore the feasibility of
generating collagenous tissues under low tension, we investigated the effects of boundary
stiffness and growth factors on collagen accumulation in our fibrin gel micro-tissues.

4.6. Combined effect of TGF-β1 and tension on collagen accumulation
Our data indicate that boundary stiffness alone, in the absence of growth factors (and
serum), does not significantly affect collagen accumulation (Figure 6A, B). This result
parallels the lack of difference in homeostatic tension between stiffness groups in the
absence of TGF-β1 (Figure 6 C). These data are consistent with previous studies which
show that cyclic stretching alone, in the absence of serum or growth factors, does not affect
procollagen synthesis in fibroblasts [36]. With the addition of 5 ng/mL TGF-β1, however,
we observed a similar (approximately 2.5-fold) increase in collagen staining under both stiff
and soft boundaries even though the growth factor does not stimulate a significant increase
in tension against soft posts. This lack of mechanical effect is in contrast to studies which
show that dynamic stretch enhances the stimulation of procollagen synthesis by serum or
TGF-β1 [36, 63]. When we decreased the cell-generated tension with a low concentration of
Blebbistatin, as an alternative to utilizing low boundary stiffness, the augmentation of
collagen production with TGF-β1 was significantly attenuated. Taken together, these
findings indicate that both mechanical forces and growth factors are necessary for
stimulation of collagen production, but there may be particular combinations (e.g., TGF-β1
stimulation under low mechanical loading) which stimulate sufficient collagen accumulation
without inducing unwanted tension in the tissue. Although our results are promising, our
collagen accumulation measurements were based on optical evaluations after only five days
in culture, an early stage for tissue remodeling. The effects of cell generated forces on ECM
synthesis and de novo tissue integrity must be elucidated in long-term studies.

EGF also increases collagen accumulation under our experimental conditions, but the
increase is significantly less than for TGF-β1 supplementation. Surprisingly, EGF has less of
an effect on collagen accumulation for cells cultured against stiff posts (1.4-fold) than soft
posts (1.6-fold). Previously, we showed that EGF increases collagen accumulation in
fibroblast-populated fibrin gels cultured against rigid boundaries to the same extent as an
equivalent concentration of TGF-β1 (5 ng/mL) [49, 50]. In the aforementioned study, the
EGF-treated samples retracted significantly less than both TGF-treated and serum-fed
control samples suggesting lower cell-generated forces in the EGF group. However, in the
retraction assay, the isometric force is not measured prior to release and the total retraction
is affected by residual matrix stress, stiffness of matrix, and cell contractility. Data from the
current study indicate that EGF likely stimulated lower cell-generated force than TGF-β1 in
the rigidly anchored fibrin gels. Assuming that the tension was lower throughout the culture
duration, it is unclear why collagen accumulation was equivalent with EGF and TGF-β1
supplementation in the previous study whereas it is much lower in this study. It is possible
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that the balance between collagen production and degradation changes in its tension
dependency over long-term culture (21 days in the previous study compared to five days in
this study).

Overall, when comparing the force and collagen per cell, it is clear that the level of tension
in the gel modulates collagen accumulation, but that these parameters can be uncoupled with
the use of different growth factors. For example, the average force per cell in the EGF/stiff
group is approximately the same as for the TGF-β1/soft group (Figures 6B, C), yet the
collagen accumulation is dramatically lower for the EFG/stiff group.

5. Conclusions
In the present study, we quantified the interaction between the boundary stiffness and TGF-
β1 on VIC-generated forces in a 3D tissue model. We showed that higher active isometric-
cell force leads to larger residual tension in the tissues, which implies that to prevent built-
up of large residual tension, cell contractility must be regulated through entire culture
period. We also observed that collagen accumulation per cell can be stimulated in similar
rates under significantly different tension levels. The ability to increase collagen production
under low tension is promising for TE applications; since increasing ECM production
without inducing myofibroblast activation will likely decrease retraction. Obtaining robust
tissues without excessive tissue tension might be possible by augmenting ECM synthesis by
growth factors together with regulation of cell-generated forces by drugs. More research is
needed to determine optimum tension levels in the tissue, suitable drugs to regulate cell-
generated forces and collagen degradation through entire culture period, and optimum
growth factor concentrations. High throughput experiments by using micro-tissue systems
can be used to determine these optimum conditions, and, these conditions can be tried for
organ-size constructs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) micro-tissue gauge (μTUG) well shown A) from the side without cells and gel, B) from
the top filled with a cell-populated gel at t=1 hours and C & D) at t=72 hours. In (D) the
nuclei are stained by Hoechst to facilitate cell counting utilizing fluorescent microscopy. All
panels imaged at 20X.
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Figure 2.
Average force-per-cell values over seven days of culture (n=8–12 per group). Under soft
boundary homeostatic tissue tension reaches a plateau after second day at any TGF-β1
concentration. Under stiff boundary, tension increases day by day in a dose-dependent
manner. See Supplementary Material for the results of the ANOVA.
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Figure 3.
Response surface of force-per-cell values on 7th day for all groups (n=8–12 per group).
Under the softest boundary (k = 0.15 nN/nm), increasing TGF-β1 concentration does not
significantly affect homeostatic tension. Similarly, in the absence of TGF-β1, increasing
boundary stiffness does not alter force-per-cell values. At higher levels, these factors
interacted synergistically.
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Figure 4.
Active isometric cell force, KCl-stimulated contraction, and residual tension in micro-tissues
cultured against soft (0.15 nN/nm) or stiff (1.05 nN/m) posts with or without TGF-β1 (5 ng/
mL) after four days of culture (n ≥ 3). Against the stiff boundary with TGF-β1, cells are in a
state of high static contraction and produce negligible additional force in response to KCl
stimulation but generate large residual tension in the matrix compared to other groups. Cells
cultured against stiff boundaries without TGF-β1 provide a stronger response to KCl than
the other groups. Two-way ANOVA p<0.05: *: significantly higher KCl-stimulated
contraction from all other groups, **: significantly higher active isometric cell force from all
other groups. ***: Significantly higher residual tension from all other groups.
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Figure 5.
In fibrin gels cultured between stiff posts in chemically defined media for four days, α-SMA
staining is punctate and not localized on stress fibers in the absence of TGF-β1 (left),
whereas, α-SMA staining is bright and co-localized with stress fibers in the presence of 5
ng/ml TGF-β1 (right) indicating the myofibroblast phenotype.
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Figure 6.
A) De novo collagen stained in micro-tissues after five days in culture against soft (0.15 nN/
nm) and stiff (1.05 nN/nm) boundaries. B) TGF-β1 increases collagen production per cell
equally under soft and stiff boundaries. EGF increases collagen intensity significantly only
under soft boundary. Two-way ANOVA, p<0.05: *: Significantly higher than control groups
(p<0.05) (n=3). C) Force-per-cell values after four days of culture. EGF does not alter
isometric cell force significantly. *: Significantly higher force per cell than all other groups
(n=4).
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Figure 7.
A) Mean collagen intensity in equal ROIs on day 6 and B) mean homeostatic tissue tension
in micro-tissues cultured with either 0 or 5 ng/mL TGF-β1 and either 0 or 5 μM Blebbistatin
against stiff boundaries (1.05 nN/nm). Enhancement of tension and collagen production with
TGF-β1 are attenuated by Blebbistatin. One-way ANOVA, p<0.005: *: Significantly higher
from all other groups, #: Significantly higher from control (no-TGF-β1/no-Blebbistatin)
group.
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TABLE 1

Model parameters for the regression model (Eqn 1); ANOVA results indicate that each parameter has
significant impact on the fit to the dataset.

c1 2140 (nN)

c2 780 (nN)

c3 1660 (nm)

c4 710 (nm)

F value P value

Model 48 <0.0001

k 73 0.0001

TGFβ1 64 <0.0001

Interaction 36 <0.0001
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