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Abstract

Myofibroblasts are critical for connective tissue remodeling and wound healing since they can 

close wound beds and shape tissues rapidly by generating high traction forces and secreting 

abundant extracellular matrix proteins and matrix metalloproteinases. However, their presence in 

excessive numbers is associated with fibrotic and calcific diseases and tissue thickening in 

engineered tissues. While activation of the myofibroblast phenotype has been studied extensively, 

whether myofibroblasts are “cleared” by phenotypic reversal or by apoptosis remains 

controversial. The goal of this work is to test the hypothesis that mechanical inhibition of 

myofibroblast force generation leads to de-differentiation or apoptosis depending upon the 

magnitude of the decrease in tension. To test this hypothesis, we cultured valvular interstitial cells 

(VICs) in fibrin micro-tissues suspended between flexible posts and dynamically altered the 

ability of the cells to generate tension by altering boundary stiffness via magnetic forces applied to 

posts. The flexible posts capped with magnetic beads enable the measurement and modulation of 

tension generated by the cells within the tissue. As expected, the cell-generated forces were 

elevated with dynamically increased boundary (post) stiffness, yet surprisingly, the forces 

continued to increase following dynamic reduction of boundary stiffness back to baseline levels. 

Increased apoptosis and reduced α-SMA staining were observed with complete freeing of the 

tissues from the posts but not upon removal of the magnet, resulting in a two-fold decrease in post 

stiffness. Together, these data indicate that an increase in myofibroblast force generation, even if 

modest and temporary (1 day), can have lasting effects on myofibroblast persistence in tissues, 

and that a significant reduction in the ability of the cells to generate tension is required to trigger 

dedifferentiation and/or apoptosis. The ability to dedifferentiate myofibroblasts to a quiescent 

phenotype and to control the percentage of apoptosis would be of great benefit for therapeutic and 

tissue engineering applications.
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1. Introduction

Myofibroblasts play a key role in tissue remodeling and wound healing [1, 2]. Being able to 

generate high traction forces and secrete abundant extracellular matrix (ECM) proteins, 

myofibroblasts can reorganize their surrounding matrix, rapidly close wounds and repair 

matrix damage [3]. However, prolonged presence of myofibroblasts due to excessive 

activation of fibroblasts and/or insufficient myofibroblast apoptosis leads to fibrocontractive 

remodeling and scar tissue [3-5]. By compacting the surrounding matrix, digesting native 

ECM and secreting excessive amounts of stiff collagen under high residual tension, 

myofibroblasts contribute to diseas states of many different organs [6-8].

In heart valves, activation of a large proportion of valvular interstitial cells (VICs) to the 

myofibroblast phenotype is associated with valve fibrosis which may cause regurgitation, 

valve failure [9]. Moreover, in over 80% of calcified aortic valves, myofibroblasts are 

colocalized with the calcified regions and apoptotic cells [9]. In addition to being associated 

with disease of native heart valves, myofibroblasts are responsible for tissue thickening and 

retraction in engineered heart valves [10, 11]. Thus, being able to reverse the myofibroblast 

phenotype (i.e., dedifferentiate VICs back to the quiescent state) and/or control the rate of 

clearing of myofibroblasts from the tissue via apoptosis would be of great benefit for 

therapeutic applications.

High substrate modulus and transforming growth factor-beta1 (TGF-β1) have been shown to 

be key activators of fibroblasts and VICs to the myofibroblast phenotype [12-14]. 

Specifically, on high modulus substrates in the presence of TGF-β1, fibroblastic cells form 

α-SMA-rich stress fibers – the defining visual hallmark of the myofibroblast phenotype – 

and generate high intracellular tension. We recently demonstrated quantitatively that this 

synergistic relationship between stiffness and TGF-β1 in modulating VIC-generated forces 

also applies to three-dimensional (3D) tissue models [15].

Although, the mechanical environment is clearly critical for triggering myofibroblast 

activation, little is known about the mechanical reversibility of this phenotype. Early in vivo 

Kural and Billiar Page 2

Acta Biomater. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data indicated that myofibroblasts are cleared following wound closure by apoptosis (i.e., 

programmed cell death) rather than by dedifferentiation [16]. Externally reducing the 

resistance to cell contraction has also been shown to trigger apoptosis; for example, 

releasing a stiff splint holding the edges of an excisional wound caused apoptosis in 8% of 

the total cell population [17]. In an analogous in vitro 3D system in which collagen gels 

seeded with dermal myofibroblasts were detached from rigid boundaries, apoptosis was 

triggered in 15% of the cells [18]. A similar study utilizing fibroblasts isolated from scar 

tissue [19] reported 40% apoptosis following the release of anchored collagen gels.

More recently, however, there is evidence that myofibroblasts may dedifferentiate without 

apoptosis in response to changes in the mechanical environment. Hinz and colleagues 

showed that α-SMA expression in dermal fibroblasts decreases without apoptosis when a 

splinted wound bed is released [20]. Anseth and her group seeded VICs on light-responsive 

gel substrates for three days, then dynamically decreased the Young's modulus of the gel 

[21, 22]. They observed a significant decrease in the number of cells expressing α-SMA 

without inducing apoptosis above the level of stiffness-matched controls, thus indicating 

phenotypic reversion after two additional days of culture at the lower modulus. However, 

when they cultured VICs on stiff gels for a longer time period (seven days), reduction of 

substrate modulus did not result in dedifferentiation [22]. In the aforementioned 2D and 3D 

studies, the experimental manipulations reduce the mechanical restraints to cell-generated 

tension, but in none of the studies is the tension quantified; thus it is unclear if the 

magnitude of tension is a key parameter for differentially regulating dedifferentiation and/or 

apoptosis.

The goal of this work is to test the hypothesis that mechanical inhibition of myofibroblast 

force generation leads to either dedifferentiation or apoptosis, depending upon the 

magnitude of the decrease in intracellular tension. To test this hypothesis, we cultured VICs 

in 3D fibrin micro-tissues suspended between flexible posts, the deflection of which can be 

used to quantify the tissue tension. To determine the effect of mechanical tension drop on 

the myofibroblast phenotype, we stimulated cell-generated forces by doubling the boundary 

stiffness in real time by holding one of the micro-posts rigid via magnetic force applied to a 

nickel bead glued onto the post; the post was then released by removing the permanent 

magnet. To create a more severe tension drop, we released tissues completely from one of 

the micro-posts and cultured the tissues without constraining contraction towards the 

remaining micro-post. The findings of the present study provide insight for future studies 

aimed at directing myofibroblast fate in in both diseased and engineered tissues.

2. Methods

2.1 Cell Culture

Pig hearts were obtained from a local slaughterhouse (Blood Farm, Groton, MA). Aortic 

valves were excised within two hours after animals were killed. VICs were isolated 

according to a previously published protocol [23]. Aortic valve leaflets were rinsed with 

cold 1× Dulbecco's phosphate buffered saline (DPBS, Cellgro, Manassas, VA), and 

submerged in a 600 U/mL solution of type II collagenase (Worthington Biochemical, 

Lakewood, NJ) in 1× Dulbecco's Modified Eagle's Medium (DMEM, ThermoFisher, Grand 
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Island, New York) with 1% penicillin / streptomycin / amphotericin B (PSA, Life 

Technologies, Grand Island, New York) and 10% fetal bovine serum (FBS, Life 

Technologies, Grand Island, New York). Both surfaces of the leaflets were rubbed by a 

sterile cotton swab to remove the valvular endothelial cells in a collagenase solution. Next, 

the leaflets were rinsed and incubated in 12 ml of collagenase solution at 37°C for 12 hours 

for enzymatic digestion. Finally, VICs were plated on tissue culture plastic flasks in DMEM 

with 1% PSA and 10% FBS. Cell passage numbers 3 to 8 were used. Two types of pre-

treatments were utilized in the current study as follows: the first group was pre-treated with 

low serum media containing 1% FBS without TGF-β1 for four days to have a more 

quiescent population with lower tissue tension (low tension group), and the second group 

was pre-treated with 10% FBS and 5 ng/ml TGF-β1 for four days to activate all cells to a 

myofibroblast phenotype (high tension group) as per [18].

2.2 Force Calculations with Micro-tissue Gauges (μ-TUGs)

We utilized fibrin gels as our 3D scaffold (rather than collagen) due to the high efficiency of 

creating micro-tissues that could be cultured for long duration. In addition to its technical 

advantage, fibrin is abundant in damaged heart valve tissue, and it is extensively used in 

tissue engineered heart valve studies since fibrin gels, unlike reconstituted collagen gels, do 

not inhibit collagen production by the resident cells [10, 24]. As we described previously 

[15], to measure and regulate cell-generated forces, fibrin-based micro-tissues were cultured 

in micro-wells containing two flexible posts made of poly(dimethylsiloxane) (PDMS, Dow 

Corning, Midland, MI). As cells compact the fibrin gel and form dog-bone shaped tissues 

around the posts, the forces applied to the posts can be calculated by measuring the posts' 

deflection and using the following beam bending equations: , 

where δ is the post deflection and all the other parameters are dimensional parameters shown 

in Figure 1.

Post deflections were measured at multiple time points and under various boundary 

conditions; in general, they were measured immediately before and after applying the 

magnet, ∼10 hours following applying the magnet, immediately before removing magnet, 

immediately after removing the magnet, 12 hours after removing the magnet, and two days 

after removing the magnet. The post held rigidly by the applied magnetic force acts as an 

infinitely stiff boundary which causes a doubling of the effective boundary stiffness as 

explained in the next sections. The average force per cell was calculated by dividing the 

total force applied to one of the posts by the average number of representative volume 

elements (RVEs) spanning a cross-sectional area in the middle of the micro-tissue [15].

2.3 VIC-Populated Fibrin Micro-Tissues

Empty μ-TUG wells were treated with 3.5% Pluronic F-127 (Invitrogen, Eugene, Oregon) to 

prevent cell attachment to the PDMS. VICs were re-suspended in fibrin gel solution [final 

concentration 160,000 cell/ml, 3.3 mg/ml fibrinogen from bovine plasma (Sigma, St. Louis, 

MO) and 0.22 U/ml thrombin (Sigma, St. Louis, MO)]. The cell−gel mixture was 

centrifuged in the micro wells, and the excess gel solution remaining was aspirated out of 

the wells. Following a one-hour incubation at 37°C to allow gel polymerization, culture 
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medium containing DMEM with 1% PSA, 33.3 μg/ml aprotinin (Sigma, St. Louis, MO) and 

50 μg/ml L-ascorbic acid phosphate magnesium salt N-hydrate was added to μ-TUG wells 

with either 10% FBS and 1 ng/ml TGF-(β1 (high tension group) or 1% FBS with no TGF-

(β1 (low tension group). Supplementation with 1 ng/ml TGF-(β1 and 10% FBS was chosen 

to culture micro-tissues in the high tension group since it gives the maximal tension change 

by softening the boundary as described in the next section. Different micro-post stiffness 

levels were obtained by using different PDMS monomer-to-curing agent ratios and different 

baking temperatures as described previously [15].

2.4 Changing Boundary Stiffness in Real Time

The tension in the micro-tissues created by cell-generated forces is transferred via other cells 

and the ECM to the boundaries (the flexible posts in our system). Reciprocally, the bending 

stiffness of the posts is transduced by the cells as it alters the overall deformation of the 

tissue, which occurs due to a given level of cell-generated tension. When the tissues are 

suspended between two flexible posts, the effective (resultant) boundary stiffness can be 

calculated as  as per two springs in series. To dynamically double the 

boundary stiffness, one of the micro-posts in each well was held rigidly by applying 

magnetic force to a nickel sphere (Alfa Aesar, 200 mesh diameter = 100-150 μm, Ward Hill, 

Massachusetts) glued on top of the post as shown in Figure 2. As shown in Figure 2-B, for 

two identical posts, holding one of the posts rigidly (i.e., infinite stiffness) doubles the 

effective boundary stiffness. We performed initial studies to optimize the conditions to 

obtain a maximal tension drop upon removal of the magnetic force (reduction of boundary 

stiffness in real time). To determine the experimental conditions that would provide the 

maximum cell response to a change in boundary stiffness, we used our previously generated 

response surface of cell-generated forces as a function of boundary stiffness and TGF-β1 

concentration to choose regions with high gradients in force with respect to stiffness [15]. 

Micro-posts with individual stiffness of 0.33 nN/nm (keff = kpost /2 = 0.165 nN/nm) were 

chosen as the low boundary stiffness level since, at this level, cell-generated forces remain 

constant after two days, whereas at 0.56 nN/nm stiffness (keff = 0.28 nN/nm), the forces 

continue to increase for seven days when cultured in the presence of TGF-β1 

(Supplementary Fig.1) [15]. Therefore, dynamically increasing the effective boundary 

stiffness in real time from keff = 0.165 nN/nm to keff = 0.33 nN/nm by holding one post 

rigidly (Figure 2-B) was expected to provide a transition between the two phenotypic states 

(Supplementary Fig. 1). Data regarding the optimization trials necessary to maximize the 

change in tension with dynamically altered boundary stiffness are provided as supplemental 

data (Supplementary Fig. 2 and 3). Following one day of fibrin compaction into micro-

tissues, the micro-tissues were cultured with one post held for one day to increase the 

effective stiffness, after which the magnet was removed to decrease the effective stiffness in 

real time (Supplementary Video-1).

To create a more drastic reduction in the ability of the cells to generate forces, we fully 

released the micro-tissues from one of the posts, as shown in Figure 3, after two days of 

culture while suspended between two posts. VICs were pretreated either with 10% FBS and 

5 ng/mL TGF-β-1 or with 1% FBS and no TGF-β1 for four days and then cast in fibrin gels. 
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The micro-tissues were cultured for two days in their respective media before complete 

release of the boundaries.

2.5 Evaluating α-SMA and Apoptosis

To visualize α-SMA, tissues were blocked with 1.5% normal goat serum in PBS for 30 

minutes, and then incubated with primary anti-α-SMA (Sigma, St. Louis, MO) antibody for 

1 h. Fluorescently labeled secondary antibody (AlexaFluor-546, Invitrogen, Carlsbad, CA) 

was then applied, followed by imaging with a Leica SP5 point scanning confocal/DMI6000 

inverted microscope. Fixed mouse brain and rat carotid tissues were stained in parallel as 

negative and positive controls, respectively.

To detect apoptotic cells, 5μM NucView 488 Caspase-3 assay substrate (Biotium, Hayward, 

CA) was applied to micro-tissues for 30 minutes prior to fixing the tissues. This assay 

substrate consists of a fluorogenic DNA dye coupled to the caspase-3/7 DEVD recognition 

sequence, which is initially non-fluorescent; when caspase-3/7 cleaves the substrate in 

apoptotic cells, a high-affinity DNA dye with bright green fluorescence is released. As a 

positive control for caspase-3 expression, 5 μM staurosporin was applied to micro-tissues for 

5 hours in a separate dish. Micro-tissues were fixed in 4% paraformaldehyde and 

permeabilized with 0.25% Triton X-100 (Sigma, St. Louis, MO), stained, and analyzed 

using imaging microscopy. The total number of nuclei and the total number of apoptotic 

cells were counted in each micro-tissue.

2.6 Statistical Analysis

All data points are reported as mean ± standard deviation. Statistical comparisons were 

made using either t-test or two-way analysis of variance (ANOVA) depending upon the 

number of groups, with p < 0.05 considered significant. When a significant difference was 

found with two-way ANOVA, pairwise comparisons were completed with the Holm-Sidak 

method (Sigmaplot 11.0, Systat Software, San Jose, CA).

3. Results

3.1 Effects of Changing Boundary Stiffness in Real Time on Cell-Generated Forces

Based on our previous findings utilizing multiple combinations of boundary (post) stiffness 

and TGF-β1 concentrations [15], we chose a post stiffness level for which we predicted a 

two-fold change in stiffness that would have a substantial effect on cell-generated forces. 

With medium soft boundaries (keff = 0.165 nN/nm), the cell-generated forces increase for 

approximately two days, then level off at a homeostatic level of tension. In contrast, when 

one post is held rigidly by placing the magnet close to the culture dish (keff = 0.33 nN/nm), 

the stretch upon application of the magnet has a small magnitude (∼4%) and results in only 

a small initial increase in force <1 μN), yet cell-generated forces start to increase rapidly and 

continue to increase until the magnet is removed. When the magnet is removed, the tissue 

tension drops abruptly to 65-87% of the peak force value, but then begins to steadily 

increase. In the stiffened/softened group (stiffened to keff = 0.33 nN/nm and softened back to 

keff = 0.165 nN/nm in real time), the cell-generated forces rebound to the peak values within 

two days of additional culture (Figure 4A). While the force-per-cell values were different in 
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individual tissues, which caused high deviations, each individual tissue tension kept 

increasing following the reduction in boundary stiffness (Figure 4B).

3.2 Effect of Boundary Stiffness Reduction on α-SMA Distribution

No change in the α-SMA distribution was observed as a result of changing the boundary 

stiffness in real time by removing the magnetic force (Figure 5), unless the micro-tissue was 

entirely released from one post. All of the cells incorporate α-SMA into stress fibers, both 

on the outer surface and inner regions of dog bone-shaped tissues (Supplementary Videos 3 

and 4). In contrast, no α-SMA-positive cells were observed in the core of the balled-up 

tissues that were completely released from one post (Figure 6). The cells on the outer 

surface of these retracted tissues stained positive for α-SMA, indicating the persistence of 

the myofibroblast phenotype in the cells covering the micro-tissues.

3.3 Effect of Boundary Stiffness Reduction on Apoptosis

Apoptosis was observed only when VICs were pretreated with 5 ng/ml TGF-β1 before 

seeding into the micro-tissues. The proportion of apoptotic cells is relatively low (<6%) and 

does not increase significantly when the effective boundary stiffness is reduced by releasing 

the rigidly held post (5.7% ± 2.04% caspase-positive cells in real-time stiffened/softened 

group vs. 4.07% ± 2.67% in the continuously soft group, p>0.05) (Figure 7). The tension 

drop was relatively small upon release of the magnet (from ∼0.9 μN/cell to 0.7 μN/cell). 

Releasing micro-tissues from posts completely and letting them contract into a ball increases 

the proportion of apoptotic cells significantly (31.4 ± 21.1%). Apoptosis did not 

significantly increase either when tissues were not released completely (Figure 6 C and D) 

or when cells were pre-treated and cultured with low serum prior to release (1% FBS) 

(Figure 6 and 8).

4. Discussion

This study is the first quantitative investigation of the effects of dynamic changes in stiffness 

on cell behavior within extracellular matrix. As expected based on our previous work, higher 

boundary stiffness resulted in increased cell-generated forces indicating a more highly 

activated myofibroblastic phenotype, which was not reversed upon removal of the magnet as 

evidenced by persistent α-SMA positive stress fibers and increasing cell-generated forces. 

As myofibroblasts are known to aggressively remodel ECM, we hypothesize that the 

continued rise in forces, even upon removal of the magnet, is due to the enhanced 

organization of the ECM and to concomitant local stiffening. Our preliminary matrix 

modulus measurements suggest that local stiffening does occur, but the analysis is not 

conclusive at this time. In contrast, when tissues were entirely released from one post to 

minimize the ability of the cells to generate tension, the proportion of apoptotic cells 

increased more than five-fold, and α-SMA staining was abrogated in the central region. 

Together, these data indicate that an increase in boundary stiffness, even if modest and 

temporary, can have lasting effects on myofibroblast persistence in tissues, and that a large 

decrease in the ability of the cells to generate tension is required to trigger dedifferentiation 

and apoptosis.
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4.1 Increased boundary stiffness induces sustained increases in cell-generated force

In contrast to the continued rise in tension observed in our 3D micro-tissues, when single 

isolated cells cultured on a micro-post array are stretched, the traction forces increase for 

only approximately 20 minutes, then decrease to baseline over the next 40 minutes [25]. 

Similarly, when single isolated cells are cultured on collagen gels and stretched, the cell 

traction force increases but then returns to baseline within eight minutes of release for 5.5% 

substrate strain and decreases below baseline for 11% strain [26]. Further, upon release from 

relatively short duration stretch (4- or 30-second hold time), Fredberg and colleagues [27] 

observed a precipitous decrease in cell tension for cells cultured on polyacrylamide gels, 

after which the cell traction recovered over approximately 30 minutes (for homogeneous 

stretch).

Application of the magnetic force caused only a slight increase in tissue tension (quantified 

by deflection on the post without the magnetic beads), due to the small strain applied and the 

low modulus of the micro-tissues after only one day of culture. The average tissue stiffness 

before application of the magnet was ∼0.08 N/m, which indicates that the tissues are very 

soft at this early time point. Thus, we attribute the change in force following application of 

the magnet to increased cell-generated forces acting against the increased boundary 

stiffness. Positive feedback due to local stiffening may also, in part, promote sustained 

increases in contractile forces in the 3D micro-tissues. Recently, using the same μ-TUG 

system, Zhao et al. [29] showed that the modulus of the micro-tissues correlates positively 

with the stiffness of the posts that support the tissues, and this trend was observed for our 

tissues as well (Supplementary Fig. 6 and Video 2). In the aforementioned 2D systems, this 

dynamic reciprocity between the cells and matrix does not exist, which may explain the 

relatively rapid attenuation of force.

4.2 Persistence of α-SMA incorporation in stress fibers

Anseth and colleagues observed a decrease in α-SMA-positive staining of VICs upon 

reduction of a 2D substrate modulus from 32 kPa to 7 kPa after three days of culture and 

interpreted this finding as mechanically induced dedifferentiation [33]. We did not observe 

any change in α-SMA incorporation into stress fibers in the micro-tissues upon release of 

the magnetic force (see Supplemental Videos 3 and 4), possibly due to a shorter culture 

period at the high stiffness level (24 hrs) and/or insufficient change in tension (effectively by 

half). To decrease the boundary stiffness more drastically, we completely released micro-

tissues from one post after 2 days of culture and found no α-SMA+ cells in the inner regions 

of the balled-up tissues where the tension is likely to be very low. We did observe 

substantial α-SMA incorporation in stress fibers on the tissue surface on which the tension is 

relatively high due to the geometric constraints. These data may indicate that there is a dose-

dependent limit of lineage plasticity for the myofibroblast-to-fibroblast transition. There also 

may be a time limit of plasticity, as in a more recent study, Anseth and colleagues did not 

observed a phenotypic shift upon a decrease in substrate modulus after seven days of culture 

of VICs on a stiff substrate [22].

In contrast to findings from previous studies of micro-tissues cultured between compliant 

posts [15, 29], we observed α-SMA incorporation in the stress fibers of the cells both on the 
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surface and within the dog bone-shaped tissues (Supplementary Videos 3 and 4). In our 

previous study in which cells were not treated with TGF-β1 prior to seeding into micro-

tissues, only the cells on the surface of the micro-tissues expressed α-SMA+ stress fibers 

(Supplementary Videos 5 and 6). Cells pretreated with TGF-β1 during 2D culture appear to 

preserve α-SMA in their stress fibers even after seeding into fibrin micro-tissues, in 

agreement with previous findings on myofibroblast memory [28].

4.3 Mechanical induction of apoptosis

Several studies have reported that apoptosis is induced by releasing rigidly anchored 

myofibroblast-populated collagen gels and letting them freely contract and by removing 

rigid splints holding wound edges [17-19]. Mathematical analysis by Humphrey and 

colleagues indicates that the stress in the center regions of free-floating fibroblast-populated 

collagen gels is very low, yet substantial stresses can remain at the edges after active 

contractile remodeling [34]. A rough correlation between the severity of the tension drop 

and the proportion of apoptotic cells appears to be emergent. In order of increasing severity 

of tension drop (estimated but not quantified), releasing a splinted wound likely reduces the 

tension from a high level to a moderate level and results in 8% apoptosis [17], completely 

releasing myofibroblast-populated collagen gels from high tension to very low (zero 

boundary stiffness) results in 15% apoptosis [18], and completely releasing scar 

myofibroblast-populated collagen gels from very high tension to low (zero boundary 

stiffness) results in 40% apoptosis [19]. In good agreement with these studies, we found that 

a large drop in tension (from 13 μN to zero) with complete release of TGF-β-pretreated cells 

results in substantial apoptosis (39%), whereas small changes (from 4 μN to zero) in tension 

upon complete release of non-TGF-β-pretreated tissues and with the halving of boundary 

stiffness do not induce apoptosis.

5. Conclusion

The results of this study demonstrate that with only a temporary increase in boundary 

stiffness, cell-generated forces continue to increase as if the stiffness had not been reduced 

back to its relatively soft baseline value. The reasons for the continued high generation of 

force-per-cell are unclear at this time. The lack of phenotypic reversion upon decrease in 

stiffness could be due to increased cell density or cell-cell contact with increased 

compaction while the posts were being held, or possibly due to an increase in intrinsic 

stiffness of the ECM due to enhanced remodeling during the time that the post was held 

magnetically. Extensive experiments are planned to induce contractile pathways, inhibit 

cell-cell communication, and block ECM secretion and crosslinking to further investigate 

these potential mechanisms.

Here, we also demonstrate that the extend of tension reduction plays an important role in 

myofibroblast persistence and apoptosis. The myofibroblast phenotype was shown to be 

persistent (at least on the outer surface of the micro-tissues) regardless of the drop in 

tension, and apoptosis was observed only with TGF-β1 pretreatment, which resulted in a 

high initial force and thus a large drop in tension. These findings imply that it is very 

difficult to de-activate the myofibroblast phenotype by mechanical means once it reaches a 

certain severity, without fully collapsing the tissue engineered structures. To prevent the 
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development of this irreversible situation, cell-generated forces and cell phenotype may 

need to be regulated throughout the entire in vitro culture period during development of 

engineered connective tissue substitutes by careful control of the mechanical environment 

and selection of media components. Preventing excessive myofibroblast activation and 

tissue stiffening could be an important strategy in the creation of functional tissue 

equivalents without fibrocontractive remodeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Micro-tissue gauges (μ-TUGs). A: Side and top views of an empty μ-TUG well. B: Side and 

top views of a micro-tissue with magnetic beads glued on top of one of the micro-posts.
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Figure 2. 
A: Nickel particle glued onto the micro-post is held rigidly by a permanent magnet for one 

or two days. Stiffness is reduced in real time by removing the magnet. B: Calculation of 

estimated effective boundary stiffness as a result of holding one of the posts. C: A μ-TUG 

dish with permanent magnet in the incubator. D: Phase images of micro-tissue before and 

after removing the magnet.
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Figure 3. 
Phase images of attached and fully-released micro-tissues. A: Before release (two days of 

culture). B: Immediately after releasing the tissue. C: 24 hours after release.
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Figure 4. 
Cell-generated force response to real-time changes in boundary stiffness. A: Average force 

per cell over time for keff = 0.165 nN/nm for both groups initially; in the real-time stiffened/

softened group, keff increases to 0.33 nN/nm by application of magnetic force (grey region) 

at hour 26 and decreases back to 0.165 nN/nm upon removal of the magnet at hour 50 (blue 

region on the right). For all samples, cells were pretreated with 10% FBS and 5 ng/mL TGF-

β1 before forming micro-tissues, and 10% FBS and 1 ng/ml TGF-β1 were used during the 

micro-tissue culture period. Holding one post rigidly increased cell-generated forces. 

Removal of the magnet caused an abrupt drop in tissue tension, but the tension rebounded 

and continued to increase following removal of the magnet for all of the dynamically 

stiffened samples. (T-test: * p<0.05, **: p=0.001). B: Change in force per cell in each 

individual micro-tissue after removal of the magnet demonstrates a continuous increase in 

tension for all dynamically stiffened micro-tissues.

Kural and Billiar Page 15

Acta Biomater. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A: Immunofluorescent staining in a micro-tissue with one post held rigidly (higher boundary 

stiffness) after 48 hours of culture (24 hours after introducing the magnet) (α-SMA (red) and 

cell nuclei (blue)). B: The same staining for a micro-tissue held in a continuously soft (lower 

boundary stiffness) configuration after 48 hours of culture. The sequestration of α-SMA into 

the stress fibers in these images indicates that the VICs in both groups are myofibroblasts. 

No consistent trends in cell alignment or nuclear aspect ratio were observed. In each group, 

cells were pretreated with 10% FBS and 5 ng/mL TGF-β1 for four days before forming 

micro-tissues, and 10% FBS and 1 ng/ml TGF-β1 were used during culture of the micro-

tissues. The individual post stiffness = 0.33 nN/nm. Scale bar: 100 μm.
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Figure 6. 
A: Maximum projections of confocal images of a fully released micro-tissue two days after 

release (α-SMA (red); caspase-3 (green)). VICs were pretreated either with 10% FBS and 5 

ng/mL TGF-β1 or with 1% FBS and no TGF-β1 for four days and then seeded into micro-

tissues. The micro-tissues were cultured for two days in their respective media before 

complete release of the boundaries. The samples were probed for caspase-3 (apoptosis 

marker) two days after release. B: Z-stack slices at different levels of the micro-tissues. Only 

cells on the surface of the (balled-up) tissues completely released from one post stained 

positive for α-SMA, while only the cells in the inner regions of TGF-β1 pretreated group 

stained positive for the apoptotic marker. Maximum projections of confocal images of 

micro-tissues that are not released C: TGF-β1 pretreated and D: 1% FBS pretreated (scale 

bars: 100 μm).
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Figure 7. 
Effect of dynamic softening by removal of the magnet on cell-generated tension and 

apoptosis. A: Tissue tension after 24 hours of culture decreases following removal of the 

magnet (n.s.). B: The % apoptosis (measured by caspase-3 staining) in the Real-time 

Stiffened/Softened group two days following reduction in the boundary stiffness back to the 

baseline level was not significantly higher than in the Continuously Soft group. For both 

groups, cells were pre-treated for four days with 10% FBS and 5 ng/mL TGF-β1 before 

seeding into the fibrin gels and cultured in the same media for culture of the micro-tissues; 

the individual post stiffness = 0.33 nN/nm. For the Real-time Stiffened/Softened group, a 

magnet was applied for 24 hours then removed, whereas no magnet was applied for the 

Continuously Soft group.
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Figure 8. 
A: There was significantly higher tension in the TGF-β–pretreated group than in the low 

FBS-pretreated group after two days of culture. B: The proportion of cells that stained 

positive for apoptosis in the fully-released tissues was significantly higher with TGF-β1 pre-

treatment than with low FBS two days after release (n=3, *: p<0.05, t-test). These micro-

tissues were cultured for two days then released, and caspase-3 levels were measured after 

an additional two days of culture in the released state. Cells were either pre-treated with 1% 

FBS without TGF-β1 or 10% FBS with 5 ng/mL TGF-β1 for four days before seeding into 

the fibrin gels.
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