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Abstract

Mechanical conditioning of engineered tissue constructs is widely recognized as one of the most 

relevant methods to enhance tissue accretion and microstructure, leading to improved mechanical 

behaviors. The understanding of the underlying mechanisms remains rather limited, restricting the 

development of in silico models of these phenomena, and the translation of engineered tissues into 

clinical application. In the present study, we examined the role of large strip-biaxial strains (up to 

50%) on ECM synthesis by vascular smooth muscle cells (VSMCs) micro-integrated into 

electrospun polyester urethane urea (PEUU) constructs over the course of 3 weeks. Experimental 

results indicated that VSMC biosynthetic behavior was quite sensitive to tissue strain maximum 

level, and that collagen was the primary ECM component synthesized. Moreover, we found that 

while a 30% peak strain level achieved maximum ECM synthesis rate, further increases in strain 

level lead to a reduction in ECM biosynthesis. Subsequent mechanical analysis of the formed 

collagen fiber network was performed by removing the scaffold mechanical responses using a 

strain-energy based approach, showing that the de-novo collagen also demonstrated mechanical 

behaviors substantially better than previously obtained with small strain training and comparable 

to mature collagenous tissues. We conclude that the application of large deformations can play a 

critical role not only in the quantity of ECM synthesis (i.e. the rate of mass production), but also 
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on the modulation of the stiffness of the newly formed ECM constituents. The improved 

understanding of the process of growth and development of ECM in these mechano-sensitive cell-

scaffold systems will lead to more rational design and manufacturing of engineered tissues 

operating under highly demanding mechanical environments.
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 1. INTRODUCTION

To date, the understanding of how various forms of biophysical stimulation promote the 

formation of ECM, enhance its mechanical properties, and ultimately facilitate tissue growth 

and development remains limited. Different forms of physical cues include ultrasound waves 

(Duarte 1983), electromagnetic fields (Bassett et al. 1974), or physiologic pulsatile flow 

patterns (Hahn et al. 2007). Collectively, these have led to mechanical conditioning as a 

widely recognized a highly relevant factor influencing tissue accretion, micro-structure, all 

affecting the bulk mechanical response (de Jonge et al. 2013a; Engelmayr et al. 2005; 

Engelmayr and Sacks 2008; Engelmayr et al. 2006; Hasaneen et al. 2005; Haseneen et al. 

2003; Huey and Athanasiou 2011; Kim et al. 1999; Merryman et al. 2007; Nerurkar et al. 

2011c; Rubbens et al. 2009; Syedain and Tranquillo 2009; von Offenberg Sweeney et al. 

2004).

However, the complexity of the underlying strain transfer mechanisms from the tissue to 

cellular levels remains poorly understood. Initial studies have focused on the macroscopic 

scale (>1 mm) and aimed to describe the effects of stimulating strains on cell-seeded 

engineered tissue constructs (Mol et al. 2005; Seliktar et al. 2000; Stella et al. 2010; Syedain 

and Tranquillo 2009; Syedain et al. 2008). In an effort to elucidate the chain of events 

involved in transferring strain from the organ level down to tissue and cellular levels, a 

second generation of in vitro studies shifted their focus towards the effects of mechanical 

strain at the mesoscopic level (>10 µm and < 1mm) (de Jonge et al. 2013a; Engelmayr et al. 

2005; Engelmayr and Sacks 2008; Lee et al. 2005; Stella et al. 2010). Focusing on the 

biochemical pathways of mechanical transduction at the meso-scale, Baker et al. proved the 

correlation between mechanical forces, transforming growth factor β (TGF-β) signaling, and 

the subsequent hypertrophy of vascular cells (Baker et al. 2008). In parallel, multi-scale 

models (Aghvami et al. 2013; Breuls et al. 2002; Stylianopoulos and Barocas 2007b) have 

grown in sophistication bridging the organ-tissue-cellular scales and providing powerful 

tools to predict the deformation of fibers and cells resulting from global mechanical strains 

(Sander et al. 2009). Specifically, structural deterministic approaches have the ability to 

model idealized (Stylianopoulos and Barocas 2007a) or realistic (D’Amore et al. 2014) 

ECM structural components and to relate these to the macroscopic forces acting on the 

tissue construct (e.g. (Soares and Sacks 2015)).

Overall, there is a trend from empirically-based trial-and-error prototypes towards a rational 

approach based on engineering principles and critical reasoning with idealized in vitro 
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models at the tissue/cellular level. Since these in vitro models cannot fully mimic the in vivo 

milieu, they are more suitable to understand the mechanisms of ECM development resulting 

from their high level of controllability and reproducibility. One can describe these goals 

generally as: (i) means to improve the general understanding of the interplay between 

mechanics and cellular biosynthesis, and (ii) achieve the goal of obtaining functional and 

designed engineered constructs at the organ level. Yet, despite these efforts, developing a 

thorough understanding of the underlying structural and mechanical factors responsible for 

the formation and maturation of functional ECM structures remains elusive (Amoroso et al. 

2012; Amoroso et al. 2011; Courtney et al. 2006; Soares and Sacks 2015). Several 

limitations affect the capacity of existing in silico and in vitro models and hamper critical 

development of the in vivo objective. The most relevant limiting factors include: (i) the 

relatively limited strain range imposed by current bioreactor and scaffolds technologies; (ii) 

the complexity of experimentally accessible quantitative metrics for scaffold-cell mechanical 

interactions (e.g. nuclear or cell aspect ratio, single ECM fibers stretch, and de novo ECM 

mass in vivo); and (iii) the lack of experimental and numerical techniques able to de-couple 

intrinsic scaffold mechanical behaviors from the newly formed ECM mechanical behaviors.

In the current study, we sought to begin to address these limitations by investigating the role 

of large strains on seeded elastomeric scaffolds. We hypothesized optimal dynamic 

conditioning regimes with large deformations (within the physiologic ranges of up to 50% 

strain at 1 Hz) exist, and that these can be exploited to augment ECM production and 

improve matrix mechanical behavior, i.e. large deformation stimuli improves produced ECM 

quantity and quality. By utilizing cell integrated (Courtney et al. 2006) electrospun scaffolds 

(Guan et al. 2004; Stankus et al. 2004) we were able to investigate the effect of tissue level 

finite deformation on ECM synthesis. VSMCs micro-integrated into electrospun PEUU 

scaffolds were selected as a suitable fabrication technique for cell seeding (Courtney et al. 

2006), to be subjected to large strains, and to possess elastic moduli of interest for soft tissue 

engineering applications (D’Amore et al. 2014), and most importantly, are a mechano-

sensitive cell-scaffold system (Stella et al. 2008). Mechanical evaluation experimental 

evaluation coupled to a ECM structural modeling approach were adopted to predict and de-

couple scaffold and de novo ECM mechanics.

 2 – Methods

 2.1-Construct fabrication and cell source

Biodegradable, elastomeric tissue constructs micro-integrated with rat VSMCs were 

manufactured by concurrent cell electrospraying and polymer electrospinning as previously 

described (Guan et al. 2004; Stankus et al. 2006). The electrospinning process produces 

continuous fiber scaffolds exhibiting tunable mechanical properties while providing a 

suitable environment for cell proliferation and growth. Control of fiber alignment is obtained 

by variations of the rotational velocity of the mandrel, resulting in scaffolds with a high 

degree of fiber alignment and preferred and cross-preferred fiber directions.

Cellular micro-integration into the polymeric scaffold was obtained with concurrent 

electrospraying. VSMCs were isolated from Lewis rat aortas (conducted at University of 

Pittsburgh in accordance with Institutional Animal Care and Use Committee guidelines), and 
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were expanded on tissue culture polystyrene flasks using Dulbecco’s modified Eagle 

medium (DMEM) (Lonza) with 10% fetal bovine serum and 1% penicillin-streptomycin. 

Electrospraying of rat VSMCs during electrospinning was accomplished by feeding 1×107 

cells/mL into a sterilized capillary charged at +7 kV and located 4 cm from the target 

mandrel (19.05 mm diameter) concurrent with PEUU/1,1,1,3,3,3-hexafluoroisopropanol 

solution (12-wt%, Oakwood Products) electrospinning from a capillary charged at +12 kV 

and located 20 cm from the target mandrel (Figure 1a). Cell concentrations in the 

electrospray solution were determined using a BRIGHT-LINE hemocytometer (Hausser 

Scientific). The collecting mandrel was charged at −4 kV and was rotated at 150 rpm while 

translating 8 cm along the z-axis at 0.15 cm/s. After 30 min of electrospinning and 

electrospraying, the microintegrated tube was cut and removed from the mandrel and placed 

into static culture media (DMEM, 10% fetal bovine serum, 2% anti-anti, 1% HEPES) for 

24–48 h prior to mechanical conditioning. Some degree of fiber alignment in the PEUU is 

induced by the combination of the stage translation speed and the mandrel length to 

diameter ratio, providing more opportunity for fibers to deposit parallel to the mandrel axis 

(Stankus et al. 2006). Thus, the longitudinal mandrel direction is referred to as the preferred 

fiber direction (PD) while the orthogonal or circumferential direction is the cross preferred 

direction (XD) (Figure 1b). The construct was cut in the circumferential direction at several 

points such that approximately four individual ring specimens (Figure 1c) measuring 10 mm 

in width were obtained. Specimen length and thickness was measured by five measurements/

sample performed with a micrometer.

 2.2 - Stretch bioreactor study and conditioning regimes

The bioreactor used in this study was similar to that previously presented by Merryman et al. 

(Figure 2) (Merryman et al. 2007). Modifications were made to update the system enabling 

improved deformation control. Motion control was conducted through custom Labview 

software (National Instruments, NI) with an individual stepper motor controller (NI 

PCI-7334) and integrated stepper driver and power unit (NI MID-7604). The computer 

controlled stepper motor (Haydon Kerk Motion Solutions) drives a linear actuator passing 

through the chamber wall. The actuating arm has two orthogonal crossbars with exiting 

holes into which stainless steel pins are inserted. These pins align directly across from the 

stationary pins to apply uni-directional tension to up to 8 specimens simultaneously. The 8 

separate well arrangement was chosen to limit the risk of cross contamination. The 

microintegrated VSMC-PEUU construct rings were inserted into the stretch bioreactor 

(Figure 2) by sliding the pins of the actuating and stationary posts through the ring annulus 

(Merryman et al. 2007). In each well, 7 mL of complete media was added and changed every 

24 hours. The entire device, including lids, pins, and screws, was cold gas sterilized with 

ethylene oxide prior to specimen loading.

Native soft tissues experience large deformations in vivo, thus and the role of large strains is 

of paramount relevance in engineered tissue design. Both simulations and experimental 

findings have demonstrated that elastomeric scaffolds and bioprosthetic heart valve leaflets 

experience large strains in the range of 10% to 30%. More specifically, physiologic strain 

levels with peak values of ~30% were predicted by Fan et al. (Fan et al. 2013a) via finite 

element simulations of electrospun polyester-urethane-urea heart valve leaflets in the 
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pulmonary position (Fig. 8b). Similarly, Aggarwal et al. (Aggarwal and Sacks 2015a) 

(Aggarwal and Sacks 2015b) applied an inverse modeling approach to capture 

experimentally derived deformations on the Carpentier-Edwards Perimount Mitral Valve, a 

commercially available bioprosthetic valve. In this study a Green-Lagrange strain range of 

5%–12% corresponded to a physiologically relevant 2nd Piola Kirchhoff stress of 500kPa 

(Fig. 6 a). Finally, Aggarwal et al. (Aggarwal et al. 2013) described methods and protocol to 

derive patient specific valve leaflet deformation maps. Results showed that human aortic 

valve leaflet is characterized in vivo by a Jacobian of about 1.2 (invariant of the Green's 

strain tensor representing the change in area upon deformation) (Fig. 4 b).

Hence we utilized strain range of up to 50% that encompasses these values. The biosynthetic 

response of VSMC-PEUU constructs was investigated at 1 Hz cycle for three culture 

durations of 7, 14, 21 day time points and for 3 cyclic strain levels within normal heart valve 

physiology: low (15%), intermediate (30%), and high (50%). For comparison purposes, 0 

day and static cultured groups were also carried out as well as control groups comprised of 

acellular electrospun PEUU. The adoption of control groups establishes a baseline to study 

the specific effects of strain on ECM production (Merryman et al. 2007). Upon completion 

of the mechanical training protocol, specimen rings were removed from the bioreactor, and 

specimen length, width, and thickness were measured for comparison with specimen 

dimensions prior to mechanical training.

 2.3 – Biochemical assays and histology

After dimensional changes were recorded, construct rings were dissected into segments for 

biochemical analysis. Full width cuts were carried out at both locations that came in contact 

with the loading pins resulting in two segments. Due to compressive forces experienced at 

the loading pin regions, the specimen consistently exhibited a compressed morphology and 

this region of the construct was trimmed and discarded from further use. One segment was 

dedicated to collagen assays while the other segment was again bisected in the PD such that 

a small 2 mm segment was obtained and immediately placed in 10% buffered formalin for 

histological analysis. The remaining segments were then bisected in the XD with a portion 

of each being used for GAG and DNA quantification assays respectively.

DNA was quantified by a technique adapted from Kim et al (Kim et al. 1988). For each 

assay, samples were lightly patted dry with paper towel to remove excess fluid and weighed 

prior to extraction. Each sample was placed in a microcentrifuge tube and extracted in 1 ml 

papain solution for 10 h in a 60 °C water bath. The papain solution was made immediately 

prior to use by adding L-cysteine dihydrochloride (Sigma) to a phosphate buffered EDTA 

solution to a concentration of 10 mM, clarifying the solution using a syringe-driven filter 

(0.2 µm Millex®-LG PTFE membrane; Millipore), and adding papain (minimum 10 

units/mg (P4762); Sigma) to a concentration of 0.125 mg/mL. The PBE solution was made 

beforehand by adding sodium phosphate dibasic (Sigma) and ethylenediaminetetraacetic 

acid (EDTA; Sigma) to deionized water at concentrations of 100 mM and 10 mM, 

respectively. The PBE solution was balanced to pH 6.5 with 0.5 N hydrochloric acid (Sigma) 

and sterile filtered. The extracts were assayed using the PicoGreen dsDNA quantitation kit 
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(Molecular Probes) per the manufacturer’s instructions and using the blue channel of a 

TBS-380 Mini-Fluorometer (Turner Biosystems).

Collagen and sulfated glycosaminoglycans (sGAG) were assayed by techniques adapted 

from Brown et al. (Brown et al. 2000). For each assay, samples were lightly patted dry with 

paper towel to remove excess fluid and weighed prior to extraction. Total collagen was 

extracted from samples using a solution of 0.5 M acetic acid (Sigma) and pepsin (1 mg/mL 

Pepsin A (P-7000); Sigma). Each sample was placed in a microcentrifuge tube and 

incubated in 1 mL of extraction solution overnight (~ 16 h) on a rocker (Orbitron Rotator 

I™; Boekel Scientific) in a refrigerator at 2–8°C. Proteoglycans and S-GAG were extracted 

using a solution of 4 M guanidine-HCl (Sigma) and 0.5 M sodium acetate (Sigma). To 

minimize proteolysis during the extraction, 100 µL of protease inhibitor cocktail stock 

solution was added to each extraction solution. The stock solution was prepared according to 

the manufacturer’s recommendations by dissolving one Complete Mini Protease Inhibitor 

Tablet™ (Roche Diagnostics) in 1.5 mL of deionized water. Each sample was incubated in 1 

mL of extraction solution overnight on a rocker table (Boekel Scientific) in a refrigerator at 

2–8°C. Following the extraction steps, the collagen and S-GAG extracts were assayed 

according to the guidelines provided with the Sircol™ and Blyscan™ assay kits, 

respectively (Biocolor) using a Genesys 20 spectrophotometer (Thermo Spectronic).

Histological evaluations were carried out on dedicated specimen segments via paraffin 

embedding. Serial sections (6 µm) were stained with hematoxylin and eosin (H&E) for 

morphology, and with picrosirius red (PSR), a collagen protein specific stain. An image 

analysis based protocol was implemented to analyze digitized histological sections to 

determine ECM area fraction. Representative full thickness images stained with PSR and 

H&E were chosen from the 14 and 21-day time points respectively. The color images were 

converted to greyscale for each channel. The biological phase was most apparent in the 

green channel for both stain types. A threshold was applied to: (i) segment the entire area 

encompassed by the construct, and (ii) segment only the ECM portion of the section. Both 

measurements were necessary to accurately calculate the matrix area fraction while 

accounting for regions of the image that did not contain ECM or polymer (i.e. voids within 

the specimen and areas outside). The collagen area fraction was determined as the ratio of 

the collagen area to the total area. The analysis was carried out for 5 samples.

We note that in pilot studies mature-appearing collagen fibers were the only ECM structural 

protein produced (no elastin was observed) so that in all subsequent analysis we refer to 

collagen when discussing ECM mechanical behaviors. More specifically, our preliminary 

runs consisted of VSMCs-PEUU samples conditioned for 21 day at 30% strain and 1 [Hz] 

frequency (n=4). Verhoeff-Van Gieson (VVG), Picrosirius red and H&E stains were utilized 

to identify elastin, collagen and ECM/polymer components respectively. While collagen 

fibers were identified by Picrosirius and H&E staining confirming the presence and 

elaboration of de novo collagen, VVG and H&E staining comparison showed no trace of 

elastin with VVG positive areas being co-localized with areas occupied by the polymer 

fibers in the H&E processed sections (Supplemental Fig. 1).
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 2.4 – Mechanical evaluation

Testing specimens of microintegrated VSMCs-PEUU engineered tissue constructs 

mechanically conditioned for 21 day at 30% were cut to square dimensions 10 mm × 10 mm 

with specimen edges aligned to the longitudinal (x1 – PD) and (x2 – XD) directions of the 

rings. Thin sections of polypropylene mono-filament suture were cut to form four small 

fiducial markers in the central 3 × 3 mm region of the specimen. Engineered tissue construct 

test specimens (n = 5) were prepared for planar biaxial mechanical testing under stress 

control, and the four sides of each specimen were tethered using nylon suture and small 

stainless steel hooks (Zhang et al. in press). The test specimen was then mounted onto a 

custom made planar biaxial testing device. Each side of the square test specimen was 

connected to the motor carriages via sutures to apply four point loads. The load on each axis 

was constantly monitored using force transducers (with a signal conditioner) and the applied 

load was controlled by adjusting the stepper motors using custom software and a data 

acquisition board installed on a PC. Testing was performed at room temperature, in 

deionized water, under stress control, and starting from a preload of 0.5 g. Standard methods 

were used to determine the in-plane strain and Cauchy stress tensor T and first Piola-

Kirchhoff stress tensor P assuming tissue incompressibility (Zhang et al. 2015).

Engineered-tissue testing specimens (n = 5) were preconditioned for 10 cycles under 

equibiaxial stress, up to the determined maximum testing stress of 300 kPa. In all analyses, 

the post-preconditioned 0.5 g tare configuration was used as the reference state. The testing 

protocol consisted of axial stress ratio controlled paths (P11:P22 = 30:300, 150:300, 225:300, 

300:300, 300:225, 300:150, 300:30) using a half cycle time of 15 s to quantify the quasi-

static response. These ratios were chosen to cover a wide range of stress states. Total testing 

time was approximately 2 h per specimen.

 2.5 – Collagen degradation protocol and subsequent biaxial testing

Probing the mechanical contribution of each phase of the construct (i.e. polymer or matrix) 

necessitated the ability to isolate an individual phase for mechanical characterization. Since 

the polymer phase comprised the majority of the construct in terms of volume fraction and 

stress generation, it was most practical to isolate this phase by removing the biological 

portion of the construct. This was accomplished by placing the specimen in 0.25% Trypsin 

EDTA (Invitrogen) for 24 h at 37 °C. Validation of the success of the degradation protocol 

was carried out by staining adjacent sections before and after degradation with H&E for 

visual comparison. The same biaxial testing protocol outlined above was again used after 

degradation to quantify the PEUU scaffold mechanical behavior. After matrix degradation, 

construct compliance was observed to increase significantly, requiring a subsequent 

reduction of the peak stress at run time to 200 kPa. This approach enables the direct 

comparison of the biaxial mechanical response of the total construct with its subsequent 

degraded mechanical behavior. Lastly, in order to verify that the degradation protocol did not 

affect scaffold mechanical properties per se, the mechanical response of 6 acellular scaffolds 

was compared before and after degradation with the same biaxial testing protocol.
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 2.6 – Modeling the de novo collagen mechanical behavior

The resulting stored energy density can be calculated for each protocol based on the stress 

and strain relationship measured along the loading paths of the biaxial testing protocol. 

Assuming that zero energy is stored at the initial tare configuration (stress free reference 

configuration), the stored energy density ψ can be computed by:

(1)

where Sij are the components of the second Piola-Kirchhoff stress and Eij are the 

components of the Green strain. Values of stress and strain are experimentally derived 

during the biaxial testing protocol. Due to the on-material axis configuration of the biaxial 

experiment, the contribution of the shear component S12 ≈ 0.

The testing protocol was comprised of seven stress-controlled loading paths that defined 

consistently convex surfaces in ψ(E11,E22) space. The resulting ψ(E11,E22)surface was fit to 

a biquintic finite element surface (Fata et al. 2014). The methodology described allows for 

direct subtraction of fitted strain energy-surfaces for each sample individually before 

(ψconstruct) and after trypsin treatment (ψPEUU) as follows. Assuming that no stored energy is 

associated with collagen-scaffold mechanical interactions, the stored energy density surface 

of the collagen phase can be calculated using

(2)

In order to obtain further insight on the structural and mechanical behaviors of the de-novo 

synthesized collagen, the collagen mechanical data was fit to the following structural 

constitutive model (Fan and Sacks 2014; Zhang et al. in press),

(3)

Here ϕc is the mass fraction of the collagen fibers, ηc is the stiffness of the collagen fibers, 

Γ(θ) is the collagen fiber orientation distribution defined on θ∈[−π/2,π/2], D(x) is the 

recruitment distribution function defined on x∈(0,Eens) with the upper bound of integration 

being the fiber ensemble strain, and μm is the matrix stiffness. The fiber orientation 

distribution Γ(θ) is expressed as a linear combination of a Gaussian distribution and uniform 

distribution:

(4)
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where d represents the ratio of aligned fibers (first term) to the randomly oriented fibers, μ is 

the average alignment orientation, and σ denotes the standard deviation of the Gaussian 

distribution function and represents the fiber splay. For curve-fitting, d = 1 was considered 

while μ and σ were allowed to vary. The recruitment function is represented as a Beta 

distribution defined as:

(5)

where α and β are shape factors, related to mean μR and standard deviation σR of the Beta 

distribution B(α,β) defined by

(6)

As in our previous studies (Fata et al. 2014), from the interpolated equibiaxial strain 

response (E11 = E22) the ECM collagen fiber ensemble response were derived using

(7)

Lower and upper bounds of the fiber-ensemble strain response were imposed at Elb = 0 and 

Eub determined from the Sens vs. Eens diagrams. Subsequently, parameters [η,μ,σ,μR,σR] are 

determined from the best fit minimizing the discrepancy between model-predicted and 

experimentally-measured stored energy density surfaces. The minimization procedure was 

applied individually to each sample resulting in a stored energy density function ψcollagen = 

ψcollagen (E11,E22) and a set of structural model parameters [η,μ,σ,μR,σR] characterizing each 

individual sample response, which were then combined as mean ± standard deviation. 

Subsequently, samples were coalesced into an average stored energy density surface 

representing average response of the de novo collagen of all samples (n = 5). The same 

methodology was adopted to obtain the model parameters describing the average response. 

Lastly, experimental results obtained by Sacks and Chuong (Sacks and Chuong 1998) for 

native bovine pericardium (BP) were included for comparison to mature dense collagenous 

membrane tissues

 2.7 – Statistical analysis

Statistical analysis was performed using Sigma plot (Systat Software Inc., Chicago, IL, 

USA). One-way analysis of variance (ANOVA) followed by Turkey multiple comparison 

test was utilized for comparison of multiple groups. Student’s T-test was utilized for 
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comparison of two groups. Results (n>5) are presented as mean ± standard deviation and 

differences were considered to be statistically significant at p<0.05.

 3 – RESULTS

 3.1 – Conformational effects of mechanical training

Mechanical training induced dimensional changes in the engineered tissue constructs and 

acellular scaffolds. Measurable changes occurred in elongation and thickness, whereas 

changes in width were not significant. The duration of the mechanical training and 

magnitude of the imposed cyclic deformation were significant contributors to specimen 

elongation (Figure 3a). Acellular scaffolds exposed to 30% strain cyclic deformation for 21 

day exhibited significantly more (p<0.05) elongation (17.8%) than those that were micro-

integrated, that reported from 6% to 12.4% elongation. Regardless of the time-point 

elongation was significantly impacted by the strain magnitude. Matrix deposition had a 

profound effect on construct thickness, micro-integrated constructs at 21 day of 30% cyclic 

strain had an average thickness increase of 18.8 ± 3.1% while acellular scaffolds subjected 

to similar conditions exhibited a thickness decrease of 25.0 ± 7.6%. Dimensional changes 

were combined into volumetric changes (Figure 3b). No observable change in volume was 

observed in any specimens at 7 day. At 14 day, 30% and 50% strain groups exhibited 

substantial increase in total volume with the 30% being significantly larger than the other 

groups. Based on this result, as well as on the significantly higher collagen deposition 

reported in the 30% strain group (Figure 5b), cellular synthetic behavior and volumetric 

changes were further studied at a later time point of 21 days, and the substantial increase in 

volume when compared with the acellular control group was more pronounced (Figure 3b). 

This change in volume was due to increases both in elongation and thickness, while for the 

acellular control group the increase in elongation was compensated by a decrease in 

thickness. Integrity of constructs subjected to 50% cyclic strain was low, possibly due to 

harsh mechanical stimuli and non-sufficient ECM production, causing delamination non-

reliable measures of thickness in this group.

 3.2 - Collagen synthesis analysis with biochemical composition and histological 
assessment

Histological staining with H&E for general morphological assessment (Figure 4a) and 

picrosirius red (PSR) (Figure 4b) indicated clear modulation of the VSMC activity in terms 

of ECM synthesis due to mechanical conditioning. VSMCs were distributed well throughout 

the construct thickness at the time of manufacturing. After the application of 30% cyclic 

strain for 14 day, collagen and cell rich regions were formed (denoted by dark bans through 

the construct), whereas static and 15% strain groups showed little discernible difference 

from day 0. Cellular viability was good, with lamellar cellularized regions were formed. The 

highest collagen deposition for the 30% strain group quantified in Figure 5 b and observed 

in Figure 4 by H&E and PSR stain, created a more mechanically robust engineered 

constructs that were less prone to delaminate during the samples sectioning process required 

by the histological assessment.
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In order to account for inter-sample variability due to variations in cellular density, collagen 

protein and sGAG quantity were normalized by DNA content on a wet weight basis. 

Biochemical assay results corroborated histological observations. At both 7 and 14 day, 

regardless of strain levels, all the conditioned groups experience a significantly larger sGAG 

deposition when compared with the day zero or the static groups (Figure 5a). However, 

sGAG synthesis seemed to be indifferent to strain level with non-significant differences 

among all the constructs subjected to dynamic training.

Significantly improved collagen synthesis was observed in specimens exposed to 30% strain 

when compared to all the other groups (day 0, static, 15% and 50% strain) at both 7 and 14 

day. In contrast, specimens subjected to 15% at day 7 and 14 showed non-significant 

increase over static and day 0 specimens (Figure 5b). Finally the 50% strain group produced 

a significantly higher amount of collagen at 14 day when compared to the day 0, static and 

15% group, but significantly lower when compared to 30% strain group, yet differences at 

day 7 were not significant.

The collagen area fraction determination was performed from PSR and H&E stained 

histological sections. Sections stained with PSR at 14 day of 30% cyclic strain conditioning 

showed a 5:1 ratio of PEUU to collagen, while sections stained with H&E at 21 day of the 

same regimen suggest 4.2:1 ratio (Table 1). The method was consistent between both 

straining protocols and among all 5 samples tested.

 3.3 – Trypsin degradation

The trypsin degradation protocol removed the vast majority of biological components after 

24 h as was confirmed visually by histological evaluation of adjacent specimen segments 

from the 21 day 30% cyclic strain conditioning group. Comparison of intact and degraded 

H&E stained construct segments clearly showed collagen removal (Figure 6). PEUU 

remained unstained and provided minimal contrast under bright field microscopy, where 

images have been inverted for improved visualization (bright green – collagen; gray – 

PEUU). Furthermore, to ensure that the degradation protocol did not adversely affect 

polymer structure and mechanical behavior, mechanical validation was carried out on five 

acellular specimens. Biaxial testing results showed that there was no discernable change in 

the mechanical response due to the enzymatic degradation protocol, with responses 

remarkably consistent before and after degradation indicating a high level of repeatability 

(Figure 7a). More specifically, interpolated values at the equi-biaxial strain path exhibited 

similar responses (Figure 7b). A consistent mechanical behavior was observed across all 

samples (Figure 7c) with a relative areal difference (before and after degradation) of the 

stress vs. equi-biaxial strain curves in the PD and XD directions being under 7.5%.

 3.4 – Mechanical response of the de novo collagen

Systematic mechanical evaluation of constructs before and after degradation on a per 

specimen basis showed consistent compliance increases and allowed the determination of 

the mechanical contribution of the de novo collagen (Figure 8). Calculation of stored energy 

density at each experimental point (computed with Equation (1) and shown as dots in Figure 

8a) allowed the determination of stored energy density surfaces (surfaces in Figure 8a. 
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Stored energy density surfaces were consistently convex and monotonically increasing, and 

revealed marked anisotropy characteristic of materials with preferred fiber direction.

Stored energy density in the equi-biaxial strain path was obtained with ψ-surface 

interpolation along the E11 = E22 line (Figure 8b). Similarly, membrane tensions t11 and t22 

along the equi-biaxial path were determined by interpolation of surfaces (Figure 8c), showed 

construct anisotropy, with stiffer response along the polymer fiber preferred direction. 

Subtraction of stored energy density surfaces before and after degradation provided the 

stored energy density associated with the collagen phase (obtained with Equation (2) and 

shown as green surface in Figure 8a,). The subtraction was strictly carried out in the 

common strain range of both ψ-surfaces. Membrane tensions response of the collagen 

component determined through the directional derivative of ψcollagen (with tij = hPij, Sc = 

∂ψc/∂Ec, and P = FS) demonstrated both the de novo collagen mechanical nonlinearity and 

anisotropy. The approximately exponential behavior that characterizes connective tissue was 

mildly present and different (Figure 8c). Lastly, the collagen fiber ensemble stress Sc vs. 

ensemble strain Ec (Eqn. 3) allowed the determination of the upper bound for collagen fiber 

recruitment Eub ≈ 0.09 as the strain at which d2Sens/dEens
2 ≈ 0 (Figure 8d and 8e). Sample 

variability was minimal showing not only similar ψcollagen-surfaces, but also consistent 

equibiaxial strain responses (Figure 9). Therefore, a representative stored energy function 

surface of the de novo ECM  can be derived by fitting lattice points (11×11) of each 

sample into a representative surface. The stored energy density of de novo engineered tissue 

compared favorably with BP at lower strains, however failed to carry higher stresses with 

comparable deformations of BP (Figure 9). Regardless, the substantial improvement over the 

stiffness of the ECM obtained by Englemayr et al. under small strain condition with flexure 

of VSMC-seeded needled-non-wovens is remarkable. For reference, an incompressible 

isotropic neo-Hookean model was assumed and  where ESS = 

0.0904 kPa / (µg/g ww) and wECM = 893 µg/g ww (Engelmayr et al. 2005; Engelmayr and 

Sacks 2008).

 3.5 – Modeling the mechanical response of the de novo collagen

The structural model predicted collagen fiber stiffness of 9.94 MPa, which corresponded to 

about half of 21 MPa of BP (Table 2). Comparable fiber orientation distributions were 

observed with splays of about 35 degrees; however, fiber recruitment occurred at minimal or 

at zero strain (about 8% strain in BP). Lack of undulation and mild anisotropy indicated 

immature micro-structural organization and maturation of highly specific dense connective 

tissues. Individual curve-fitting of each sample stored energy density surfaces ψcollagen 

resulted in consistent sets of model parameters (n = 3), whose average and standard 

deviations are comparable with the representative average stored energy density surface 

.
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 4 – DISCUSSION

 4.1 – Key findings

This study is the first known to the authors to quantify the effects of large deformations on 

ECM synthesis and mechanical properties in elastomeric scaffolds. A novel analysis 

framework was presented to de-couple scaffolds from de novo ECM mechanics and to 

predict de novo ECM biaxial response and anisotropy. Overall results indicate that VSMC 

biosynthetic behavior is indeed a function of global strain with markedly improved soluble 

collagen synthesis in specimens exposed to 30% cyclic strain. The elastomeric nature of 

electrospun PEUU is conducive to the synthesis of critical structural matrix proteins, and 

from this perspective the scaffold system is a valid candidate for soft tissue engineering 

applications characterized by highly demanding mechanical environments. Sulfated 

glycosaminoglycan production (Figure 5a) appeared to be driven primarily by the 

application of cyclic deformation regardless of the strain levels as seen by the response for 

all dynamically conditioned specimens (Figure 5b). For this reason no further analysis was 

conducted on sGAG deposition at day 21 and we expected that no substantial differences 

among training levels will develop from 7 and 14 to 21 days.

In quantifying the effects of controlled mechanical cues on collagen matrix synthesis, the 

results indicated that VSMC biosynthetic behavior is indeed a function of global strain 

where the highest quantity of collagen production was observed at 30% strain. When 

specimens were subjected to the largest strain level of 50%, an lower net biosynthetic 

response was observed (Figures 4 and 5), with the 50% strain group producing a smaller 

collagen mass at day 7 and 14 when compared to the 30% group and a not-significantly 

different collagen mass at day 7 when compared to the day 0, static and 15% strain group. 

The 30% cyclic strain level cannot be claimed as the best optimal training for the most ECM 

synthesis, as a multitude of different inherent characteristics of each tissue engineering 

system play a role on dense connective tissue formation (e.g. type of deformation, frequency, 

cellular environment, scaffold-cell interactions, etc.). However, we observed that within our 

system, the 30% cyclic strain did stimulate better outcomes when compared with groups 

trained with other strain levels (15% and 50% strain) and with the static group. Thus, and 

with the objective of better understanding the outcome of finite deformation mechanical 

stimulation, the 30% strain group was further investigated at day 21.

The specific mechanism for this behavior, i.e. the most enhancement occurring with the 30% 

strain group while a subsequent suppression occurs at larger strain levels, is not known. We 

can speculate that large tractions or large cyclic strain amplitude (e.g. 50% cyclic strain) 

may be deleterious for constituent cells, resulting in a lag period of matrix production where 

cells are reorienting or altering their interaction with surrounding PEUU fibers to a more 

favorable stress state. Another plausible explanation could involve up regulation and 

production of matrix metalloproteinases (MMP) resulting in a competing effect, limiting 

new matrix deposition. Cyclic strain has been observed to induce MMP up regulation and 

release and is typically associated with active remodeling responses (Hasaneen et al. 2005; 

Haseneen et al. 2003; von Offenberg Sweeney et al. 2004). Cyclic strain appeared to induce 

sGAG production. However, this was not observed to be dependent on strain magnitude.
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Recent literature shows that there is a wide array of scaffold materials and cell sources being 

actively investigated in efforts to produce functional engineered tissues (Mol et al. 2006; 

Nerurkar et al. 2011c; Sodian et al. 2000b). Related efforts with rapidly degrading scaffolds, 

such as non-woven PGA or fibrin gels, have shown the ability to produce anisotropic 

materials when combined with dynamic mechanical training (Kortsmit et al. 2009; Robinson 

et al. 2008). While encouraging, these approaches generally lack sufficient mechanical 

integrity the amount of de novo matrix proteins that can reasonably be attained within 

electrospun constructs at relatively short time periods represents a fairly small fraction of the 

total construct. In related studies by Nerurkar et al., the percent dry weight of collagen at 3–

10 weeks for mesenchymal stem cells seeded in an electrospun PCL scaffolds was 

approximately 2–8% (Nerurkar et al. 2011a; Nerurkar et al. 2011b).

Biologically active constructs with sufficient mechanical function are critical to facilitate 

host acceptance and integration (Badylak 2007), and to withstand the biomechanical 

environment of heart valve leaflet tissues (Sacks et al. 2009a), not only acutely but also long-

term. The present results indicate, for the first time, that finite deformation training is 

capable of promoting the production of a robust matrix phase that exhibits material 

properties approaching that of clinically relevant tissues for heart valve replacement. 

However, fully recapitulating all biological and mechanical characteristics of healthy native 

tissues is well beyond our current understanding.

 4.2 - Collagen synthesis and the role of mechanical deformations

In our preliminary studies (Supplemental Figure 1) collagen fibers were identified as the 

most relevant structural ECM component for this study. Single collagen fibers are generally 

characterized by elastic moduli orders of magnitude larger than elastin fibers. For example, 

while Wenger et al. (Wenger et al. 2007) reported elastic moduli range of 5 GPa −11.5 GPa 

for individual rat tail tendon type 1 collagen, Aron et. al. (Aaron and Gosline 1981) 

measured an elastic modulus of 0.41 MPa for single elastin fibers derived from bovine 

ligamentum nuchae of mature beef cattle. Therefore, the same given level of mechanical 

strain would result in a limited contribution of elastin to the transmitted force. Previous 

studies by Englemayr et al. (Engelmayr et al. 2005; Engelmayr and Sacks 2008; Engelmayr 

et al. 2006) with VSMCs seeded on needled-non-woven scaffold undergoing cyclic flexure 

(which translate to small strain stimuli and does not impart the substantial enhancement in 

ECM production we report with this finite deformation training) similarly demonstrated that 

elastin was not observed histologically or biochemically after 30h or 3 weeks. Movat 

pentachrome stained sections revealed the ECM to consist of proteoglycans with sparse 

aggregates of collagen (63% increase compared with the static control group), and 

immunohistochemical staining revealed increases in vimentin expression (with respect to the 

static control group) and comparable SMC α-actin. Vimentin is well known for maintaining 

cell shape and stabilizing cytoskeletal interactions, and its expression may corroborate the 

direct effect of dynamic mechanical stimulation on VSMC proliferation, phenotype, and 

synthetic behavior.

In addition, the necessity of undergoing large deformations affects the capacity of an 

engineered construct to recapitulate native mechanics (Sodian et al. 2000a), preserve 
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underlying tissue geometry and functional parameters with a cardiac patch (Fujimoto et al. 

2007) or match bordering tissue compliance (Nieponice et al. 2008; Takanari et al. 2013). 

While flow and pressure have been adopted to augment tissue formation to some extent, 

animal studies have proved that this class of conditioning stimuli still does not provide 

sufficient mechanical strength for mechanically demanding scenarios such as TEHVs in the 

aortic position. This limitation was significantly mitigated by shifting from small (2%) to 

large (15%) strain conditioning modalities (Mol et al. 2003), and these results are in 

agreement with our study which confirms the existence of a strain dependence mechanism 

and identifies 30% strain level as suitable to enhance ECM formation. Furthermore, large 

deformations are generally combined with chemical stimuli and this interplay might induce 

a synergistic increase of collagen mass (Huey and Athanasiou 2011).

However, the scaffolds and bioreactors typically adopted (de Jonge et al. 2013b; Huey and 

Athanasiou 2011; Kim et al. 1999) are limited by strain ranges of about 20% and large 

strains have not been fully investigated due to the lack of appropriate bioreactor and scaffold 

technologies. Materials chosen for tissue engineered pulmonary valve scaffolds (Sacks et al. 

2009b) have often been non-woven fabrics that are remarkably stiff compared to the native 

tissue (Hoerstrup et al. 2000). Similarly, gel-based engineered constructs are relevant to 

investigate tissue remodeling under in vitro conditioning regimens; however, their uniaxial 

or biaxial mechanical response remain substantially more compliant than the native tissue 

(de Jonge et al. 2013a).

The non-affine (Chandran and Barocas 2006; Sander and Barocas 2009) {Carleton, 2015 

#63} and heterogeneous nature (Stella et al. 2010) of the strain transfer mechanism makes 

the adoption of continuum theory intractable and indicates the implementation of either 

structural statistic (Courtney et al. 2006) or structural determinist (Argento et al. 2012; 

Stylianopoulos and Barocas 2007b) approaches. While nuclear aspect ratio (Guilak et al. 

1995; Thomas et al. 2002), cellular aspect ratio (Lee et al. 2015) or single fiber stretch 

(Lanir 2014) have been successfully utilized, a definitive metric for cell-scaffold 

mechanotransduction has not been identified. In addition, organ level strain does not 

translate directly to equivalent deformation at the cellular level as the strain transfer process 

is highly dependent on tissue micro-architecture topology (Stella et al. 2008). Finally, the 

dynamic characteristics of the conditioning regimen loading pattern, specifically the 

frequency of cyclic stimuli, adds another layer of complexity with static (negligible to mild 

effects) and dynamic deformations around 1 Hz (major effects) being significantly different 

(Mol et al. 2006; Rubbens et al. 2009) in terms affecting cross-link densities, mechanics, 

collagen production and organization.

While numerical models have remarkably increased their predictive capacity at different 

scale lengths (Argento et al. 2012; Martinac 2014; Sander et al. 2009; Stylianopoulos and 

Barocas 2007c; Stylianopoulos and Barocas 2007d) only few attempts have successfully 

modeled scaffold fiber networks and non-fibrillar matrix interactions (Aghvami et al. 2013; 

Breuls et al. 2002). More importantly, none of these studies showed the ability to de-couple 

scaffold fiber networks from fibrillar ECM mechanics. In principle, de novo collagen mass 

can be quantified by biological assay (Brown et al. 2000), similarly collagen network 

structure can be studied by imaging techniques such as confocal (Stella et al. 2008) or multi-
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photon microscopy (D'Amore et al. 2014). However, these types of data do not provide any 

information on the mechanical properties. Ultimately, the evolving mechanical 

characteristics of the de novo ECM must be quantifiable, predictable, and designed for.

 4.3 - Evaluation of the de novo collagen mechanical properties

Biaxial tests (Figure 7a and 7b) of engineered tissue constructs before and after trypsin 

degradation allowed elimination of the contribution of the ECM component without 

affecting PEUU scaffold mechanics. The validity of assumptions in Equation (2) has been 

verified with the technique previously employed by Engelmayr et al. (Engelmayr and Sacks 

2008) for polyacrylamide (PAM) gel infiltrated in needled-non-woven 50:50 PGA/PLLA 

scaffolds. PAM gels of known elastic modulus were utilized to simulate ECM elaboration 

inside the PEUU electrospun scaffold at different levels of gel infiltration (specifically with 

20.7% PAM). Removal of the PAM gel component from the gel-infiltrated scaffold resulted 

in an isotropic reduction in the elastic stored energy density of the form ψPAM = C1(I1 

− 3)+C2(I2 − 3) with µPAM = (C1 +C2) / 2 equal to the known PAM gel elastic modulus 

(predicted 53.83 ± 2.45 kPa to 51.1 kPa known). This suggested both lack of gel-scaffold 

mechanical interaction and the additive properties of the stored energy density of each 

component.

Estimation of biaxial material properties from matrix strain energy data (Figure 8a and 8b) 

suggested that the formed matrix elements created a mildly anisotropic phase (Figures 8a 

and 8c). The ECM component was stiffer along the XD (Figure 8c, red lines) whereas the 

PEUU component alone showed isotropic characteristic after 3 weeks of conditioning 

(Figure 8c, blue lines). Overall, this suggested that the main direction of the strain (XD) 

induced higher alignment of not only the scaffold fibers, but also of the de novo collagen 

fibers along the direction of the mechanical conditioning.

This phenomenon has recently been reported in other electrospun fibrous constructs aimed at 

recapitulating intervertebral disk characteristics (Nerurkar et al. 2011c). In that study, 

polycaprolactone (PCL) electrospun scaffolds were seeded with mesenchymal stem cells and 

maintained in static culture up to 10 weeks. Our group has also previously observed de novo 

ECM-fiber alignment on cell seeded non-woven PGA-PLLA scaffold blends (Engelmayr 

and Sacks 2008; Engelmayr et al. 2006) where the gross fiber orientation induced a micro-

patterning effect on matrix elaboration within the construct. Results from the present study 

support that the newly formed matrix phase exhibited anisotropic stress-strain behaviors and 

elastic modulus (Table 2) qualitatively comparable to the response of glutaraldehyde fixed 

BP tissue (Figure 9). Glutaraldehyde fixed pericardial tissues is a clinically relevant material 

used for cardiovascular reconstruction and valve bioprostheses (Barbenel et al. 1987; Billiar 

and Sacks 2000a; Billiar and Sacks 2000b; Crofts and Trowbridge 1988; Langdon et al. 

1999; Liao et al. 1992; Sacks and Chuong 1998), its mechanical response of has been well 

documented (Sacks and Chuong 1998), and serves the purpose of qualitative comparison 

with the de novo ECM mechanical response.

The structural constitutive modeling approach can describe and predict the mechanical 

response characterized by an anisotropic stored energy density function, and most 

importantly, allows for better interpretation and insight of the underlying characteristics of 
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tissues and their mechanistic effects. Application of the structural model to experimental 

data obtained with BP resulted in collagen fiber stiffness of ≈20 MPa per unit collagen 

volume fraction, highly aligned in the PD direction with 38 degree of fiber splay, 20% ± 3% 

ensemble strain recruitment range (cf. Table 2 and Fan and Sacks (Fan and Sacks 2014)), 

and properties comparable to a wide range of collagenous tissues. The mechanical properties 

of the de novo ECM can be compared with the properties of BP at two levels: (i) at the bulk 

level, its ability to store mechanical energy is comparable to BP particularly at lower strains 

(Figure 9), however it fails to show the common functionality of undulated collagenous 

tissues beyond the fiber recruitment range, i.e. steep increases of stress beyond certain strain 

levels; and (ii) microstructurally, although collagen fiber orientation of the engineered tissue 

is seemingly similar to native-like BP (with 34 degrees fiber splay), collagen fibers are 

apparently only half as stiff as the ones present in the untreated BP (Table 2). However, 

collagen fiber undulation of the de novo tissue seems to be minimal or non-existent, as can 

be observed by the mildly linear mechanical response of the de novo ECM and recruitment 

ranges obtained with the structural model fit – apparently collagen fibers are recruited at 0% 

strain (Table 2). Collagen fiber crimping and maturation is achieved with extensive recursive 

remodeling of the ECM in collagenous tissues, a phenomenon known to take place in much 

longer time scales than the 3 weeks considered in the current tissue engineering study (Vogel 

1980). Notwithstanding, while engineered tissue efforts are still far away from the gold 

standard of fixed BP for construction of bioprosthetic heart valves, it was still possible to 

achieve not only a substantially increased production of ECM, but also an appealing 

augmentation of the quality of the ECM produced through strain modulation. Most 

importantly, this study represents an important step towards the ultimate goal of a achieving 

a fully functional and mechanically robust load bearing tissues – the ECM produced under 

large strain conditioning is considerable stiffer than previously obtained with small 

deformations by Englemayr et al. (Engelmayr and Sacks 2008) (Figure 9).

 4.4 – Limitations

Imaging scaffold volume in an effort to quantify both 3D structure and embedded cell 

deformation adds complexity to the study of scaffold – cell interaction. The relative opacity 

of the vast majority of fibrous biomaterials did not allow for successful imaging (e.g. by 

confocal or multi-photon microscopy) at penetration depths > 50 µm (Stella et al. 2008). 

Moreover, while there is strong mechanical evidence that the newly formed collagen phase 

is anisotropic, we were unable to verify the structure visually. This is largely a result of 

practical limitations of preparing specimens for histological evaluation and limitations in 

imaging technology. While GMA and paraffin embedded specimens enabled reliable 

transverse sections, en face sectioning was found to be unsuccessful. Extensive cutting 

artifacts making imaging impossible confounded all efforts. In a similar light, it was 

assumed that matrix area fractions from transverse sections through the specimen are 

representative of overall volume fraction. Furthermore, confocal based imaging techniques 

were also unsuccessful. Two main characteristics prohibited detailed imaging of the matrix 

phase in situ. First, extensive cell proliferation at the specimen surface limited our ability to 

image deep enough into the specimen to investigate cell morphologies and matrix structure 

embedded within the scaffold structure. Also, the strong autofluorescent nature of PEUU 

resulted in substantial scattering of the signal, effectively masking matrix specific signals. 
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After dynamic culture, the constructs were observed to be less distensible without inducing 

damage. As a result, 3 discrete levels of deformation were investigated (15%, 30%, and 

50%) reflecting the strain magnitudes imposed during in vitro dynamic culture. While it was 

possible to quantify the effects of large deformation on ECM elaboration and to model and 

predict de novo ECM mechanical response, the complex biomechanical interactions between 

micro-integrated VSMC and electrospun polymer scaffolds with corresponding biochemical 

effects remain largely unknown.

 5 – CONCLUSIONS

To our knowledge, this is the first report to consider the effects of physiologically relevant 

large deformations (>30% strain) and the corresponding outcomes in terms of ECM 

mechanics. The current work affirmed the assertion that finite deformation plays a critical 

role in ECM production as well as in the stiffness of its constituents. Furthermore, the 

current investigation shows that it is possible to regulate biosynthetic activity and assess the 

production of a collagenous matrix exhibiting robust mechanical properties and anisotropy 

via exogenous mechanical cues even at relatively short experimental time points. We 

conclude that large deformations can play a critical role not only in the quantity of ECM 

synthesis (i.e. the rate of mass production), but also on the quality of the newly formed ECM 

constituents (i.e. their stiffness). The improved understanding of the process of growth and 

development of ECM in these mechano-sensitive cell-scaffold systems will lead to more 

rational design and manufacturing of engineered tissues operating under highly demanding 

mechanical environments.
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Figure 1. 
A) Electrospinning device utilized in the study with related fabrication variables. B) sample 

reference systems adopted. C) SEM image of cell-seeded PEUU scaffold and representative 

cross section H&E staining.
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Figure 2. 
A) Stretch bioreactor loaded with specimen rings under uniaxial tension, conditioning 

regimen variables and sample testing summary

D’more et al. Page 24

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
A) Sample elongation and B) volume changes for different strain levels and time points. 

Differences in elongation resulting from each conditioning regime were statistically 

significant at all time points. Volumetric changes were not noticeable after 7 days, however 

statistical significance was observed for volumetric changes at 14 days with all conditioning 

protocols.
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Figure 4. 
A) H&E and B) picrosirius red staining of specimens conditioned for 14 days under static 

conditions and at 15% and 30% cyclic strain. Specimens at day 0 are included as the control 

group.
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Figure 5. 
A) Collagen and B) GAG synthesis as a function of finite deformation stimulation and time. 

Differences on sGAG deposition with cyclic strain conditioned are significantly different 

from the regime and at day 0. sGAG deposition dynamic condition is not significantly 

different among strain levels, as well as the static regime does not achieve significant 

difference from the day 0 control. Collagen deposition under static an 15% cyclic strain is 

not significantly different from the control group, however significant difference are 

observed in between 30% and 50% cyclic strain at day 7 and day 21.
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Figure 6. 
Polymer and ECM components for 21 day samples before and after the ECM removal 

protocol by trypsin degradation.
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Figure 7. 
Mechanical effects of trypsin degradation on the PEUU component A) seven protocol tests 

before and after degradation on one representative sample, B) membrane tension response 

under equi-strain conditions for a representative sample, C) membrane tension vs. Green’ 

strain areas differences for all of the samples.
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Figure 8. 
Evaluation of the mechanical response of the de novo ECM: A) seven protocol biaxial test 

data before (PEUU+ECM, blue dots) and after (dPEUU black dots) degradation of one 

representative sample (30% strain, 21 days), and fitted ψ-surfaces of construct, scaffold, and 

de novo ECM (blue, red and green respectively); B) stored energy density under equi-strain 

conditions; C) membrane tension response under equi-strain conditions, D) fiber ensemble 

stress vs. strain response; and E) rate of change of ensemble stress vs. ensemble strain 

(recruitment).
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Figure 9. 
Stored energy density under equi-strain conditions of the response of the average engineered 

tissue de novo ECM (21 days, 30% strain, n = 4, black), bovine pericardium (red), and 

previously obtained engineered tissue with small strain conditioning.
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