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Abstract

Fibrosis is a complication of tendon injury where excessive scar tissue accumulates in and around 

the injured tissue, leading to painful and restricted joint motion. Unfortunately, fibrosis tends to 

recur after surgery, creating a need for alternative approaches to disrupt scar tissue. We posited a 

strategy founded on mechanobiological principles that collagen under tension generated by 

fibroblasts are resistant to degradation by collagenases. In this study, we tested the hypothesis that 

blebbistatin, a drug that inhibits cellular contractile forces, would increase the susceptibility of 

scar tissue to collagenase degradation.

Decellularized tendon scaffolds (DTS) were treated with bacterial collagenase with or without 

external or cell-mediated internal tension. External tension producing strains of 2–4% significantly 

reduced collagen degradation compared with non-tensioned controls. Internal tension exerted by 

human fibroblasts seeded on DTS significantly reduced the area of the scaffolds compared to 

acellular controls and inhibited collagen degradation compared to free-floating DTS. Treatment of 

cell-seeded DTS with 50 mM blebbistatin restored susceptibility to collagenase degradation, 

which was significantly greater than in untreated controls (p < 0.01). These findings suggest that 

therapies combining collagenases with drugs that reduce cell force generation should be 

considered in cases of tendon fibrosis that do not respond to physiotherapy.
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INTRODUCTION

Tendon fibrosis results from an aberrant wound healing response to tissue injury that is 

characterized by excessive collagen synthesis and contracture.21 Fibrotic tendons can be 

successfully treated by physical therapy, but surgical interventions are often required to fully 
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restore range of motion. For example, in Dupuytren’s contracture, a fibroproliferative 

condition of the palmar fascia, collagen is formed into dense contractile cords.4 Treatment 

involves removing or disrupting the cords via the manipulation of a needle inserted through 

the skin.16 Unfortunately, fibrosis tends to recur after this procedure, creating a need for 

non-surgical options. One solution that is being explored is to degrade extracellular matrix 

proteins, such as the collagens, using matrix metalloproteinases (MMPs). The U.S. Food and 

Drug Administration (FDA) has approved the administration of Clostridium histolyticum 
collagenase (CHC) for physiological cleavage of collagen to soften and weaken the fibrils in 

Dupuytren’s contracture.32 Exogenous injection of collagenase is also being investigated for 

its potential to treat other fibrotic diseases, such as oral submucous fibrosis19, capsular 

fibrosis following silicone implantation, and urethral fibrosis.29 However, repeated 

injections of collagenase are required, which can lead to several complications including 

flexor tendon rupture, upper limb pain, edema, bruising, and skin perforation.7,25,30,33,36

Another factor that might reduce the effectiveness of collagenase is the local mechanical 

environment. Several studies indicate that stretched collagen can be strain-protected from 

degradation by collagenases.3,6,9,11,24,39 This strain can originate externally from 

surrounding tissue forces that are transmitted to the fibrotic tissue, or internally from cell 

traction forces applied to collagen fibers by resident cells, such as myofibroblasts. By 

attaching and pulling on the extracellular matrix (ECM), cells can actively sense changes in 

ECM rigidity, which in turn influences cell spreading, migration, proliferation, gene 

expression, and differentiation.20,34 Cells can also change the local ECM stiffness by 

pulling on local matrix fibers and removing “slack” in the matrix. These traction forces, 

usually in the nanoNewton (nN) range, are produced via actin-myosin engagement within 

the cytoskeleton and transmitted to ECM via focal adhesion complexes.15 As such, we 

hypothesize that elevated cell traction forces can protect collagen fibers from protease 

degradation. As a corollary, the effectiveness of collagenase injections can be significantly 

improved by simultaneously injecting biomolecules that can inhibit/reduce cell traction force 

generation. Thus, biomolecule-based force inhibition/reduction should allow collagen fibers 

to relax and become susceptible to enzymatic degradation.

One target for reducing traction force generation is the actin-myosin force generating 

apparatus of the cytoskeleton. The small, cell permeable molecule blebbistatin reversibly 

inhibits non-muscle myosin II (NMII) engagement with actin in a dose dependent manner, 

inhibiting internal force generation.18 Blebbistatin prevents the myosin head from releasing 

ADP, a critical step required to continue the power cycle that causes force generation.13

To test the hypothesis that cell contractile forces can inhibit the activity of CHC, we 

conducted a series of in vitro studies in which we measured the degradation rate of 

decellularized tendon scaffolds (DTS) re-cellularized with human fibroblasts immortalized 

by TERT transduction. We used DTS because it is largely composed of collagen and the 

collagen fibers are relatively aligned, which makes it easier to ensure that stretching the DTS 

along one direction means that a high percentage of collagen fibers are also stretched in that 

direction.
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MATERIALS & METHODS

Decellularized Tendon Scaffolds (DTS)

Unused rabbit patellar tendons from a companion study1 were harvested and subjected to 

two freeze thaw cycles in 1X phosphate buffered saline (PBS) and 1% (v/v) penicillin, 

streptavidin, amphotericin (PSA) with 3 h of freezing at −80 °C followed by 3 h of thawing 

at room temperature. The tendons were then decellularized using 500 mL of 0.5% (w/v) 

sodium dodecyl sulfate (SDS), 0.5% (v/v) Triton X-100, and 1% (v/v) PSA in 1X PBS 

adjusted to pH 7.4 for 3 to 4 days with a daily solution change. The tendons were then stored 

in 500 mL of ultrapure water adjusted to pH 7.4 using 1N NaOH for 7 to 10 days. The 

tendons were then frozen sectioned with a cryotome into 50 μm thick sections. The sections 

were then washed for 48 to 72 h in 100 mL of 1X PBS with a solution change every 12 

h.5,10,35,37

The sections were then sterilized with 50 mL of 0.1% v/v peracetic acid and 10% v/v PSA in 

1X PBS for 24 h and then rinsed twice over 24 h in 100 mL of serum free DMEM, or until 

no changes in DMEM color was observed. Each section, referred to as a DTS, was cut to a 

uniform size (~ 1 cm × 0.5 cm) and the wet weight was recorded. Each DTS was imaged to 

ensure that no visible defects were present. The extent of decellularization was also 

estimated by staining the sections before and after decellularization using ethidium bromide 

(528/617 nm) (LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells; 

ThermoFisher Scientific; L3224) for dead cells. (Fig. 1)

Stretching Device

DTS were subjected to uniaxial tensile stretch using a custom-built device (Fig. 1). The 

stretching device consisted of a two-piece stage with one fixed and one movable part. The 

pieces were connected with a stainless-steel rod that allowed adjustable, uniaxial translation 

via the adjustment of a connected, overhead screw. Before use, the devices were submerged 

overnight in 70% ethanol and exposed to UV light for at least 2 h on each side. Two grips 

clamped each end of the DTS to the stage using stainless steel miniature screws. The 

distance between the grips, and thus the tension applied to the DTS, was controlled by 

adjusting the miniature screw gauge.

To ensure that similar stretch/tension was exerted on all the samples, digital images of each 

DTS were taken before and after their placement on the stretching device and before fixing 

the grips. The lengths of the DTS were measured using ImageJ software. The lengths of the 

DTS present on the stage were subtracted from the initial length of the DTS to determine the 

actual DTS length that was subjected to stretch. Furthermore, DTS were stretched until there 

was no sag and this point was considered as the baseline. Using micrometer screw gauge, the 

amount of stretch applied was controlled.

Calibration Curve for DTS Degradation Assessment

Several wet DTS obtained from different rabbit patellar tendons were pooled together and 

cut into pieces ~2 mm × 2 mm. Wet weights ranging from 0.5 mg to 15 mg were analyzed 

for hydroxyproline content to obtain a calibration curve. Hydroxyproline assay was 
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performed as described below. The percent degradation of collagen was then calculated 

using the calibration curve to transform wet weight vs collagen content (data not shown).

DTS Degradation Assessment

Pre-weighed DTS were immersed in 5 mL of phenol red free and serum free DMEM 

containing 0.3 mg/mL collagenase and 5 mM CaCl2 and subjected to either 0, 2, 4, or 8% 

engineering strain. DTS were maintained in an incubator at 37 °C with 5%/95% CO2/air. 

After respective time points supernatant medium samples were collected for hydroxyproline 

assay for collagen degradation assessment of DTS (Fig. 2) and the remnants of treated DTS 

samples were subjected to scanning electron microscopic imaging (SEM) (Fig. 3). The 

collagenase concentration to be used was determined based on the previous experiments in 

which a wide range of collagenase concentrations ranging from 0.05 mg/mL to 2 mg/mL 

were assessed. The minimum concentration at which DTS got completely degraded was 

selected.

Medium samples of 5 mL volume were collected at 1, 3, 5, 7, 24 and 48 h (Fig. 2) and were 

dried using rotary vapor evaporator and analyzed for collagen content using a 

hydroxyproline assay as described in detail previously.2 Briefly, phenol red free DMEM was 

used to prevent any interference with colorimetric hydroxyproline detection. The remnants 

of supernatant samples after collagenase treatment were hydrolyzed in 0.1M NaOH at 98°C 

for one hour. Samples were centrifuged, the supernatant containing collagen was separated 

from the pellet containing elastin and was dried, then hydrolyzed in 6N HCl at 110°C for 2 

h, and finally re-dried in a speed vacuum for 1.5 h. Absorbance of the standard and samples 

were measured at 570 nm with a microplate reader (Glomax, Multi-detection system, 

Promega, Madison, WI). The amount of hydroxyproline was measured as an estimation of 

the amount of collagen in response to treatment by assuming 1 μg of 4-hydroxyproline per 

7.46 μg of collagen.8,28 Statistical analysis was performed using a one-way ANOVA and 

Tukey post hoc test with n=6.

Recellularized Tendon Scaffolds (RTS)

Pre-weighed DTS were transferred into individual glass vials and then sterilized using 0.1% 

v/v peracetic acid and 1% (v/v) PSA in 1X PBS and sterilized for 24 h. DTS were then 

transferred to serum free DMEM with 1% PSA that was replaced twice over 24 h. DTS were 

incubated in 100% FBS for 1 h and then transferred to 100 mm petri plates and allowed to 

dry for 10 min. DTS were seeded with 5 million human telomerase reverse transcriptase 

(TERT) fibroblasts suspended in 80 μL DMEM with 10% FBS. The suspension was added 

in 20 μL increments, twice on each side with a 30-minute gap between each addition, to 

ensure complete cell coverage of the scaffold. Control tendon scaffolds (CTS) were treated 

in the same manner using DMEM with 10% FBS but no cells. After 30 min, the RTS were 

rinsed twice with DMEM to remove unattached cells and then incubated in serum containing 

DMEM. RTS were then incubated for 6 h to ensure cell attachment. After 6 h, cell viability 

was assessed with live/dead stain and with 3 μg/mL Hoechst 3,33,4,2. RTS were imaged 

using a confocal microscope (Olympus FLUOVIEW FV1000, PA, USA) (Fig. 4A) and SEM 

(Fig. 4B). RTS and CTS were immersed in serum-free DMEM with 5 mM Ca2+ (CaCl2) and 

0.3 mg/mL collagenase to assess susceptibility to degradation.
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RTS Cell Number

RTS cell number was assessed with an MTS assay (n=3) (Fig. 4C). Cell concentrations 

ranging from 5,000 to 100,000 cells per well were seeded in a 24 well plate for 24 h to 

obtain a standard curve. After 24 h, RTS were placed into the wells of 24 well plate 

containing fresh 500 μL of DMEM with 10% FBS. 100 μL of MTS assay reagent (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was 

added to each well. The plates were then incubated for 2 h at 37 °C and 5% CO2. After 2 h, 

120 μL of the solution from each well was transferred to the wells of a 96 well plate and the 

cell viability was determined by assessing the relative levels of soluble formazan formed 

using a SpectraMax Plus384 (Molecular Devices, Sunnyvale, CA, USA) microplate reader 

at an absorbance of 490 nm. Statistical analysis was performed using unpaired two tailed t-

test with n = 3.

RTS Area Measurements

A decrease in RTS area is an indicator of fibroblast force generation. RTS were treated with 

50 μM blebbistatin in dimethyl sulfoxide (DMSO) was considered as a treatment group and 

the RTS without blebbistatin treatment and treated with 0.5% (v/v) DMSO was considered 

as a control group. DTS were seeded with cells as described previously and imaged at 0 h 

and 24 h. Images were analyzed in ImageJ (NIH, Bethesda, MD) using the wand tracing tool 

to select and measure DTS area at each time point (Fig. 5). Statistical analysis was 

performed using a one-way ANOVA and Tukey post hoc test with n=3. The amount of 

blebbistatin used (50 μM) was based on our previous study in which various concentrations 

of blebbistatin ranging from 5 μM to 200 μM was assessed on cell viability using MTS 

assay. Based on the cell viability data, we have chosen 50 μM as the maximum 

concentration, as it didn’t affect the cell viability significantly.

RTS Force Measurements

Contractile force measurements generated in the RTS were measured by monitoring the 

amount of deflection in a calibrated Nitinol (NiTi) wire. Wire deflections were converted to 

force with the wire calibration curve (Fig. 6A–B). The NiTi wire system consisted of a 

stretching device mounted to a 100 mm × 20 mm tissue culture dish (Fig. 6C–D). A rigid 

capillary tube of 1 mm diameter was attached to the stationary end and a 60 mm long NiTi 

wire (0.0075-inch diameter; Confluent P/N – WSE000750000SG) was attached to the 

adjustable end of the device. RTS were attached both the tube and the wire. The device was 

then adjusted to remove RTS slack. In order to allow isometric tension to develop, a 0.5 mm 

diameter stainless-steel needle was place through the end of capillary tube. A groove at the 

end of the needle held the NiTi wire in place and prevented it from deflecting. After 24 h, 

the needle was removed carefully using forceps. Images were acquired before and after 

removing the needle in order to measure the force generated within the RTS. To confirm that 

the displacement of the wire was solely due to contractile forces from the cells, DTS were 

placed in the system as a control.
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RTS Collagen Degradation

Six hours after cell seeding, RTS were mechanically constrained in the stretching devices 

and the cells were allowed to exert contractile forces for 24 h. The RTS were elongated to 

remove sag by adjusting the distance between grips in the stretching device in order to allow 

the cells to generate isometric tension in the scaffold. In parallel, 50 μM blebbistatin in 0.5% 

(v/v) DMSO was added immediately after securing the RTS to the stretching devices. Free 

floating RTS, free floating RTS treated with blebbistatin, and mechanically constrained RTS 

without blebbistatin served as controls. After 24 h, the RTSs were treated with serum-free 

and phenol red free DMEM containing 0.3 mg/mL collagenase/5 mM Ca++ (CaCl2) for 1, 3, 

5, 7, and 24 h. Medium was collected and processed as described above. After drying, 

sample remnants were subjected to a hydroxyproline assay as described above (Fig. 7). 

Statistical analysis was performed using a one-way ANOVA and Tukey post hoc test with 

n=6.

Scanning Electron Microscopic (SEM) Imaging

DTS and RTS were fixed with 4% paraformaldehyde in 0.1 M sodium cacodylate for 1 h 

followed by 2% (v/v) osmium tetroxide in 0.1 M sodium cacodylate treatment for 30 

minutes. The sections were then subjected to sequential dehydration using percentages of 

ethanol ranging from 25% to 100% (v/v) for 4 minutes each. DTS were treated with 

hexamethyldisilazane (HMDS) for 10 min before mounting the sections on aluminum stubs 

with carbon tape. The sections on the stubs were sputter coated with a 5 nm thick layer of 

gold–palladium by an argon beam K550 sputter coater (Emitech Ltd., Kent, England) and 

imaged with a Hitachi S-4800 Field-Emission SEM (Hitachi Ltd., Tokyo, Japan). Images 

were captured at 4 kV accelerating voltage under an argon atmosphere.

Statistical Analysis

Statistical analysis was performed using either one-way ANOVA followed by Tukey post 

hoc test or unpaired t-test with GraphPad PRISM (GraphPad, San Diego CA). Data are 

expressed as mean ± standard deviation (*p<0.05; **p<0.01; ***p<0.001).

RESULTS

DTS

DTS were stained with EtBr and CNA35 in order to visualize dead cells and collagen, 

respectively. Confocal images revealed that prior to decellularization, dead cells were 

abundant in DTS (Fig. 1D). After decellularization, no sign of cells remained (Fig. 1E), 

confirming that the decellularization process was successful. To assess whether the 

decellularization process grossly impacted DTS fiber structure, DTS were imaged via SEM. 

Fibril diameters appeared unaffected by decellularization and remained highly aligned (Fig. 

1F, G). Therefore, it can be concluded that the decellularization process did not appreciably 

alter collagen fiber alignment.
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Effect of external tension on the degradation rate of DTS

DTS were subjected to strains ranging from 0% to 8% as described earlier. After 24 h of 

collagenase treatment, DTS subjected to 8% strain had degraded 75.3% ± 12.5% (Fig. 2A), 

significantly more so than DTS subjected to 2% strain (23.7±19.8%, **p<0.01) and 4% 

(35.1% ± 33.8%, *p<0.05). Though not significant the degradation of DTS at 8% strain was 

higher than DTS subjected to 0% strain (68.5% ± 14.8%) and free-floating DTS (61.1% ± 

24.3%).

DTS degradation rates in the presence of collagenase (Fig. 2B) were lowest for strains of 2% 

(0.76%/h) and 4% (0.87%/h). At 8% strain the degradation rate (1.8%/h) greatly increased; 

it was even higher than the rate for free floating DTS (1.35%/h) and DTS under 0% strain 

(1.59%/h).

SEM images (Fig. 3) also demonstrate that there was no significant impact on DTS fibril 

diameter, fibril microstructure, and fibril orientation under 2% and 4% strain after 7 h of 

collagenase treatment compared to the untreated DTS. In contrast, fibril diameter decreased, 

and fibril orientation was disrupted in free floating, 0%, and 8% strain. These data indicate 

that DTS subjected to between 2% and 4% strain do not degrade as quickly in the presence 

of collagenase. Statistical analysis was performed using a one-way ANOVA and Tukey post 

hoc test with n=6.

RTS

Approximately 10% of the cells added to the DTS attached (Fig. 4). Confocal and SEM 

images revealed that the cells attached to the RTS aligned and oriented along the axes of the 

fibrils (Fig. 5 A, B left). Blebbistatin treated cells remained attached but became more 

rounded in morphology (Fig. 5 A, B right). No significant differences in cell number per unit 

area (~30,000 cells/cm2) were observed between RTS treated with or without blebbistatin 

(Fig. 5C), which indicates that blebbistatin did not affect cell viability and proliferation over 

the duration of the experiment. Statistical analysis was performed using unpaired two tailed 

t-test with n = 3.

As we know that cells exert contractile forces and pull the matrix, a reduction in RTS area 

was used as an indicator of cell force generation.1,2 After 24 h, RTS experienced a reduction 

in area of approximately 30%. Addition of 50 μM blebbistatin in DMSO prevented a 

reduction in RTS area and did not differ significantly from the DTS controls (Fig. 5). 

Statistical analysis was performed using a one-way ANOVA and Tukey post hoc test with 

n=3. Direct cell force measurements with the NiTi wire system (Fig. 6) were found to be 72 

nN after 24 h. No wire deflection was observed in control DTS.

Effect of cell traction forces on the degradation rate of RTS

To determine whether cell contractile forces can protect RTS from degradation by 

collagenases, RTS that had been allowed to generate isometric tension while secured in the 

stretching device for 24 h (i.e., fixed-boundary RTS) were treated with collagenase. 

Degradation rates were compared with unconstrained, free-floating RTS that were either 

treated or untreated with blebbistatin.
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Degradation rate profiling showed that fixed-boundary RTS degraded at a much lower rate 

(1.6%/h) than any other group (Fig. 7). Treatment of fixed boundary RTS with blebbistatin 

resulted in a degradation rate of 2.7%/h, which was comparable to free-floating DTS 

cultures with or without blebbistatin treatment (2.8%/h and 2.4%/h respectively).

Free floating RTS treated or untreated with blebbistatin degraded to greater extent, 68.7% 

±14.7% (**p<0.01) and 57.7% ± 10.6%, respectively, compared to the RTS with fixed 

boundaries (39.2% ± 8.9%) (Fig. 7). Fixed-boundary RTS treated with blebbistatin degraded 

more (*p<0.05) than untreated fixed-boundary RTS, and they degraded similarly to 

untreated free-floating RTS, indicating that cell tractions reduced collagenase activity in a 

manner similar to the effect of applying 2%–4% strain on DTS. SEM images (Fig. 8) 

revealed that fixed-boundary RTS degraded less and retained more fibril organization in the 

presence of collagenase than for the other conditions tested. Statistical analysis was 

performed using a one-way ANOVA and Tukey post hoc test with n=6.

DISCUSSION

Fibrosis is a condition where excess collagen accumulates, and it is associated with an 

impaired degradative environment.22 The triple helix is highly resistant to proteolysis and 

thus collagen degradation requires a specialized class of proteases called matrix 

metalloproteinases. Most of the research was based on the regulation of biochemical 

pathways such as MMP/TIMP balance, myofibroblast phenotypic conversion by TGF-β etc. 

on the rate of collagen synthesis and degradation. A few studies have indicated the influence 

of matrix mechanical properties on the phenotypic behavior of fibroblasts, effect of external 

load on collagen protection and their implications on fibrosis. However, no work has been 

done to account for the importance of mechanical strain exerted by cell contractile forces in 

inhibiting collagen degradation by MMPs in tissue fibrosis.

MMP activity is regulated by mechanical stress on fibrillary collagen that inhibits 

proteolysis through an unknown mechanism. Conformational change in triple helix is 

necessary for inhibition. Intermolecular triple helical forces as the macromolecular forces 

are transferred to α-chains of triple helix through intermolecular kinks and the cross links 

between triple helices produces conformational change. This study highlights the importance 

of cell contractile forces in stabilizing collagen from collagenase induced enzymatic 

degradation.

Thus, in this study, we hypothesize that the cell contractile forces can protect collagen fibers 

from enzymatic degradation and the effectiveness of enzymatic treatment can be 

significantly improved by treating cells with biomolecules that are capable of inhibiting/

reducing cell traction force generation such as blebbistatin.

Before showing the effect of mechanical forces exerted by cell contractile action, we 

demonstrated the influence of external strain on collagen protection action on DTS. Previous 

studies have shown that the external strain could protect collagen from collagenase induced 

degradation. For example, Flynn et al showed that the degradation time of reconstituted type 

I collagen micronetworks subjected to mechanical strain were significantly enhanced 
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compared to the unstrained collagen fibrils in the presence of active matrix 

metalloproteinase 8 (MMP-8).9 Sato et al, demonstrated that when lung tissue strips were 

subjected to a 20% strain, the tissue strips were protected against collagenase induced 

degradation compared to the strips at higher and lower strains.38 Huang et al., showed that a 

strain level of 4% was enough to protect insoluble collagen fibers where a minimum 

degradation was observed.14 Our results show that the external strains of 2% and 4% can 

protect ECM from degradation up to 48 h and only about 30% degradation was noticed at 

the end of 48 h, which agrees with previous studies.

However, at 8% strain the degradation was significantly higher compared to the 2% and 4% 

strains and was higher even when compared to the free floating or 0% strain DTS. This 

result can probably be explained by the breakage of collagen fibrils resulting in the exposure 

of more enzymatic cleavage sites to collagenase activity. The study done by Rigby et al. 

explained this phenomenon well. They showed that the tendon became progressively weaker 

with each extension at strains beyond 4% suggesting the rupturing of secondary bonds 

adjoining the adjacent molecular units. The extension involves unwinding of loops or folds 

during which the secondary bonds are irreversibly broken resulting in the permanent 

separation of groups on the amino acid residues responsible for the bond.26 The enhanced 

degradation of DTS at 8% external strain may have been due to covalent linkage fracture of 

the collagen molecular chains and slippages between the unit molecular chains.17 The 

exposed fibrils might have made it easier for collagenase to access the binding sites resulting 

in enhanced degradation of the matrix even when compared to the unstretched and free-

floating matrices.

Orientation, realignment and synthesis of collagen fibers in the ECM is dictated by cellular 

orientation and contractile force exertion.12,23,31 The exertion of cell contractile forces on 

DTS in this study was confirmed by decrease in area and NiTi wire displacement. Results 

from NiTi wire displacement showed that approximately 70 pN of force was exerted by the 

cells present on RTS. As there were approximately 30,000 cells per RTS, the average force 

per cell can be estimated at 2.4 pN. Jansen et al. demonstrated that human CCL-224 

fibroblasts by exerting an average force between 2 and 10 pN on each fibrin fiber depending 

on the cell density and fibrin concentration can produce stiffening equivalent to an external 

stress of 14 Pa. by shearing actin networks. From this we can assume that the cells by 

exerting 70 pN of force (as measured by NiTi wire displacement) will be able to induce 

active stiffening of matrices.15

Matrix degradation by collagenase was a related factor affecting tension. The least 

degradation was in cell-seeded DTS under external tension, whilst the most degradation was 

in acellular DTS in the absence of external tension. Blebbistatin treatment increased 

degradation in cell-seeded DTS, confirming that cellular contractile forces can play a role in 

collagenase vulnerability. Though not significant, the DTS with cells and fixed boundaries 

were shown to have less degradation compared to free floating DTS with cells. When this 

cell generated strain on DTS with fixed boundaries is compared to the external strain, the 

DTS with cell generated strain have shown to produce the same effect on collagen 

stabilization as with the 2% external strain where the degradation was only about approx. 

30% after 24 h of collagenase treatment. Thus, it can be concluded that 70 pN of force was 
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sufficient to provide resistance to collagen degradation and is comparable to 2% externally 

exerted strain. These results agree with other studies. For example, a study by Chang et al, 

demonstrated that approximately 100 pN of applied force on heterotrimer collagen chains 

can stabilize the cleavage sites resulting in force induced stabilization. However, a small 

force of 10 pN can be enough to stabilize the system.6 Ruberti et al. showed that when 15–

30 pN of force was applied on individual type I/V collagen monomers will not only reduce 

the configurational entropy of monomers in the fibril but is also capable of producing axial 

deformation of monomers making enzyme binding and cleavage more difficult.27

From the above data we can conclude that because cellular contractile forces can 

significantly inhibit the degradative activity of collagenases, blebbistatin may enhance the 

effectiveness of collagenase-based therapies for Dupuytren’s contracture and other forms of 

fibrosis.
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Figure 1: 
Schematic of DTS stretching device: A) side view B) top view C) image showing the 

process of stretching DTS gripped in position on a stretching device using a micrometer 

screw gauge to achieve a certain displacement for accurate strain exertion. Confocal images 

of DTS stained with ethidium bromide (red) D) before decellularization and E) after 

decellularization. SEM images of DTS F) before decellularization and G) after 

decellularization

Atluri et al. Page 13

Ann Biomed Eng. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Top – A) Graph showing percent degradation time profile of ECMs subjected to various 

strain conditions and at time points 1, 3, 5, 7, 24 and 48 h. Bottom – B) For the sake of 

clarity, the same 24 h data point as shown in Figure 2 A was represented in a bar graph 

showing percent degradation of DTS at various strains applied using a stretching device. 

Statistical analysis was performed using a one-way ANOVA and Tukey post hoc test with 

n=6. *p<0.05; **p<0.01.
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Figure 3: 
Representative SEM images after 7 h of collagenase treatment A) Free floating DTS; B) 
DTS with 0% strain; C) DTS with 2% strain; D) DTS with 4% strain E) DTS with 8% strain
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Figure 4: 
A) Confocal images B) SEM images of untreated DTS seeded with human TERT fibroblasts 

(left) and 50 μM blebbistatin treated DTS (right) after 6 h of seeding cells. Both were stained 

with calcein AM (green) and ethidium bromide (red). The cells treated with blebbistatin 

changed morphologically from highly branched and spindle shaped (left) to rounded (right). 

C) Graph showing the cell number per cm2 measured using MTS cell proliferation assay 

either treated or untreated with 50 μM blebbistatin. Statistical analysis was performed using 

unpaired two tailed t-test with n = 3.
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Figure 5: 
Top – Brightfield images of DTS that were processed using ImageJ for threshold adjustment 

before (left) and after (right) 24 h of seeding cells. A) No cells B) Cell control C) 50 μM 

blebbistatin treatment. Bottom – D) Chart showing the percent area decrease of ECMs after 

24 h with respect to various treatments. Statistical analysis was performed using a one-way 

ANOVA and Tukey post hoc test with n=3. *p<0.05; **p<0.01
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Figure 6: 
Top A) Figure showing the process of calibration of a NiTi wire using a microbalance. B) 
Graph showing the calibration plot of NiTi wire via measurement of force with respect to 

displacement. Bottom figures showing the process of measuring force exerted by human 

TERT fibroblasts seeded on DTS and transferred onto the rigid rod/NiTi wire system after 6 

h of seeding cells. C) At time 0 h after transferring cell seeded DTS. D) At time 24 h after 

transferring cell seeded DTS. Approximately 1 mm displacement in NiTi wire was observed 

equating to the force exertion of approx. 72 nN/30,000 cells or 2.4 pN per cell.
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Figure 7: 
A) Graph showing the percent degradation of ECMs after cell contractile force exertion with 

fixed boundary conditions and free floating in the presence and absence of blebbistatin at 

time points 1, 3, 5, 7, and 24 h. B) For the sake of clarity, the same 24 h data point as shown 

in Figure 7 A was represented in a bar graph showing the percent degradation of DTS that 

are subjected to free floating and fixed boundary conditions and treated or untreated with 

blebbistatin. Statistical analysis was performed using a one-way ANOVA and Tukey post 

hoc test with n=6. *p<0.05, **p<0.01
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Figure 8: 
Representative SEM images after 7 h of collagenase treatment of A) free floating DTS with 

cells; B) free floating DTS with cells and blebbistatin; C) DTS with cells and fixed 

boundaries; D) DTS with cells, treated with blebbistatin and with fixed boundaries

Atluri et al. Page 20

Ann Biomed Eng. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS & METHODS
	Decellularized Tendon Scaffolds (DTS)
	Stretching Device
	Calibration Curve for DTS Degradation Assessment
	DTS Degradation Assessment
	Recellularized Tendon Scaffolds (RTS)
	RTS Cell Number
	RTS Area Measurements
	RTS Force Measurements
	RTS Collagen Degradation
	Scanning Electron Microscopic (SEM) Imaging
	Statistical Analysis

	RESULTS
	DTS
	Effect of external tension on the degradation rate of DTS
	RTS
	Effect of cell traction forces on the degradation rate of RTS

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:

