
Processes 2014, 2, 345-360; doi:10.3390/pr2020345 
 

processes 
ISSN 2227-9717 

www.mdpi.com/journal/processes 

Article 

Design and Validation of a Cyclic Strain Bioreactor to 
Condition Spatially-Selective Scaffolds in Dual Strain Regimes 

J. Matthew Goodhart, Jared O. Cooper, Richard A. Smith, John L. Williams,  

Warren O. Haggard and Joel D. Bumgardner * 

Joint Biomedical Engineering Graduate Program, University of Memphis-University of Tennessee 

Health Science Center, University of Memphis, ET 330, Memphis, TN 38152, USA;  

E-Mails: matt.goodhart@gmail.com (J.M.G.); jaredocooper@gmail.com (J.O.C.);  

rsmith@uthsc.edu (R.A.S.); jlwllm17@memphis.edu (J.L.W.); whaggrd1@memphis.edu (W.O.H.) 

* Author to whom correspondence should be addressed; E-Mail: jbmgrdnr@memphis.edu;  

Tel.: +1-901-678-5243; Fax: +1-901-678-5281 

Received: 22 November 2013; in revised form: 31 January 2014 / Accepted: 21 February 2014 /  

Published: 31 March 2014 

 

Abstract: The objective of this study was to design and validate a unique bioreactor design 

for applying spatially selective, linear, cyclic strain to degradable and non-degradable 

polymeric fabric scaffolds. This system uses a novel three-clamp design to apply cyclic 

strain via a computer controlled linear actuator to a specified zone of a scaffold while 

isolating the remainder of the scaffold from strain. Image analysis of polyethylene 

terephthalate (PET) woven scaffolds subjected to a 3% mechanical stretch demonstrated 

that the stretched portion of the scaffold experienced 2.97% ± 0.13% strain  

(mean ± standard deviation) while the unstretched portion experienced 0.02% ± 0.18% 

strain. NIH-3T3 fibroblast cells were cultured on the PET scaffolds and half of each 

scaffold was stretched 5% at 0.5 Hz for one hour per day for 14 days in the bioreactor. 

Cells were checked for viability and proliferation at the end of the 14 day period and levels 

of glycosaminoglycan (GAG) and collagen (hydroxyproline) were measured as indicators 

of extracellular matrix production. Scaffolds in the bioreactor showed a seven-fold increase 

in cell number over scaffolds cultured statically in tissue culture plastic petri dishes 

(control). Bioreactor scaffolds showed a lower concentration of GAG deposition per cell as 

compared to the control scaffolds largely due to the great increase in cell number. A 75% 

increase in hydroxyproline concentration per cell was seen in the bioreactor stretched 

scaffolds as compared to the control scaffolds. Surprisingly, little differences were 

experienced between the stretched and unstretched portions of the scaffolds for this study. 
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This was largely attributed to the conditioned and shared media effect. Results indicate that 

the bioreactor system is capable of applying spatially-selective, linear, cyclic strain to cells 

growing on polymeric fabric scaffolds and evaluating the cellular and matrix responses to 

the applied strains.  

Keywords: bioreactor; cyclic strain; fibroblast; tendon; cell-culture 

 

1. Introduction 

Tissue engineering strategies have shown promise in aiding the repair of damaged  

tendons [1–4]. Studies have shown that the addition of cells on scaffold-based constructs has greatly 

improved the constructs’ elastic moduli, tensile strength, and biological response of native tissue as 

compared to synthetic/non-cell materials [5–7].  

Because tendons are mechanically responsive, studies have examined the effects of mechanical 

stretch on engineered tendon tissues by a variety of mechanisms such as linear actuators, perfusion 

chambers, electric motors, vacuum systems, and audio speakers [5,8–10]. In general, cell-scaffold 

constructs subjected to mechanical strain showed increased stiffness and tensile strength over statically 

cultured constructs [8,9]. The addition of cyclic strain showed increased collagen type I production as 

well as cytoskeletal rearrangement [8,9]. Intermittent cyclic strain caused increased cell proliferation 

while constant cyclic strain led to cell-mediated apoptosis [3,9].  

Due to the complexity of the bone-tendon enthesis, one challenge that still remains is the integration 

of engineered tendon into bone because these constructs lack the normal transition zones in the  

bone-tendon enthesis [5,8–10]. To address this problem, researchers have co-cultured tenocytes or 

fibroblasts, and osteoblasts [11–14]. Wang et al. showed the ability to create an unstrained construct 

divided into three zones: primarily fibroblastic, primarily osteoblastic, and a third zone that was a mix 

of fibroblasts and osteoblasts [14]. 

While bone is also a mechanically responsive tissue, if subjected to the same large strains as tendon, 

it tends to form fibrocartilagenous tissue instead of bone [14]. To engineer tendon that mimics the 

bone-tendon enthesis, it would be ideal to be able to use large mechanical stretch to stimulate tendon 

formation on one end of the scaffold while minimizing tensile stretch on the other end to favor bone 

formation. Therefore, this study aimed to design a bioreactor capable of providing spatially differential 

strain conditions to be able to support the engineering of scaffolds with differentiated osseous and 

fibroblastic attachment zones.  

This design was initially validated using fibroblast culture to investigate the difference in cellular 

and matrix response to the different strain zones on the scaffold. Responses were characterized by cell 

proliferation, and deposition of glycosaminoglycan (GAG), and collagen, key extracellular matrix 

components, onto the scaffold [14,15]. 
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2. Materials and Methods  

2.1. Bioreactor System  

The bioreactor system design was modified from a commercially available bioreactor (BOSE 

Electroforce 3200; Eden Prairie, MN, USA) to provide differential stretch to portions of the scaffolds. 

The overall system is composed of two major sections: a baseplate (composed of 6061 aluminum 

alloy) and a removable polycarbonate chamber (Figure 1). The chamber is removable from the base 

and replaced with another chamber so concurrent tests may be performed. This system uses a linear 

actuator to apply linear, uniaxial strain to a group of parallel scaffolds fixed inside the chamber. The 

overall dimensions of the system are 17.8 cm × 44.5 cm. which allows it to fit inside a standard  

cell incubator.  

Figure 1. Bioreactor chamber in stretching base. 

 

The bioreactor chamber is constructed of 0.64 cm plates of polycarbonate fitted together using 316L 

stainless steel socket head cap screws and then sealed with silicone (100% Clear Aquarium Silicone, 

Marineland, Blacksburg, VA, USA) along both the outside and inside edges to make the chamber 

watertight. The clamps, screws, and actuator inside the chamber are also made of 316L stainless steel. 

A single compartment chamber was used in this initial reactor design to explore enthesis generation  

in vitro based on the idea that bone and tendon tissue interfaces share similar extracellular fluids  

in vivo and may participate in paracrine signaling that is important to tissue development.  

The novel three-clamp design involves three clamps: an actuating, fixed, and adjustable clamp  

(Figure 2). This design allows scaffolds of different materials and sizes, as well as portions of scaffold 

subjected to mechanical perturbation. The actuating clamp is connected to the linear actuator and is 

used to mechanically stretch the scaffold by pulling on one end of the scaffold. The fixed clamp is 

used to hold the opposite end of the scaffold in a fixed position. The adjustable clamp may be used to 

create two distinct zones of mechanical stretch (a non-stretched zone (A) and a stretched zone (B)) by 

creating a fixed section in the central region of the scaffold. The adjustable clamp may be moved to 

other positions designated by the extra holes visible in Figure 2. This adjustability allows for varying 

scaffold lengths and larger/smaller percentages of the scaffold to be stretched. In addition, different 
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cell types may be seeded in zones A and B allowing for spatially segregated co-cultures as well as 

intermixed co-cultures. After stretching begins, the fixed clamp and actuating clamp are intended to 

remain in place; but, the adjustable clamp may be removed for non-segregated co-culture when two 

cell types are used.  

Figure 2. Bioreactor chamber clamp design. (A) Portion of the scaffold experiencing 

strain; (B) Portion of the scaffold that remains under 0% strain conditions. 

 

Medium is pumped with a Masterflex pump through the bioreactor chamber at 60–70 mL/min 

through an inlet to the side of the scaffolds and an outlet at the opposite corner. Gas permeable tubing 

(Cole-Parmer, Vernon Hills, IL, USA) allows for CO2 and O2 gas exchange as the medium circulates. 

The bioreactor chamber and tubing are sterilized using steam autoclave at 121 °C and 15 psi for  

20 min.  

A LabVIEW program (v. 8.0 National Instruments, Austin, TX, USA) was created to control the  

5 cm stroke 667 N force linear actuator, with potentiometer feedback (FA-PO-150-12-2,  

Firgelli Automations, Surrey, BC, Canada), that is used to mechanically stretch the scaffolds. The 

program is used to control frequency, magnitude, and duration of mechanical stretch to meet 

experimental conditions.  

2.2. Mechanical Characterization  

To characterize the mechanical performance of the bioreactor, four Polyethylene Terephthalate 

(PET) (Biomedical Structures, Warwick, RI, USA) fabric samples (10 mm × 80 mm) were clamped in 

the bioreactor and marked with small graphite dots (Figure 3). The LabVIEW program was set up to 

apply a 3% stretch chosen as an expected applied stretch to be used with this bioreactor. Three percent 

is also large enough to measure a noticeable strain but small enough that the accuracy/repeatability of 

the system can be tested. The LabVIEW program was run through 24 strain cycles and pictures were 

taken at each step in the cycle. Observed strain was recorded from the measurements taken.  
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Figure 3. Two schematics of the strain characterization. Schematic 1 represents the photo 

of an unstretched scaffold. Schematic 2 represents a picture of the same scaffold under a 

specified stretch. Comparing to Figure 4, d1 and d2 are markers inside of zone A while d3 

and d4 are markers inside of zone B. 

 

Figure 4. Relative position of each section of scaffold for assays. Positions 1, 2, and 3 

refer to position on the scaffold and proximity to clamps. L/D refers to sections of the 

scaffolds designated for Live/Dead imaging. 

 

2.3. Cellular Characterization  

Six large PET scaffolds (8 mm × 87.5 mm) and seven small PET scaffolds (8 mm × 25 mm) were 

cut from a large spool and their cut ends lightly melted by touching them to a heated steel bar to 

prevent fraying. Scaffolds were sterilized by sonicating in each of the following solutions for 30 min: 

1% Ivory dish soap solution, deionized (DI) water, and a second time in DI water. Samples were 

placed in 70% ethanol for 30 min and finally sterilized by exposure to UV light for at least 30 min  

per side.  

After sterilization, but before seeding, scaffolds were rinsed with sterile 1× PBS and then  

pre-exposed to culture medium, Dulbecco’s Modified Eagle Medium High Glucose (HyQ® DMEM, 

HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS, Cat. No. 30-2020, 

American Type Culture Collections (ATCC), Manassas, VA, USA) and 1% antibiotic/antimycotic 

(AB/AM, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B) by soaking the 
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scaffolds in sterile 50 mL centrifuge tubes for at least 30 min to allow the medium to penetrate the 

scaffold and proteins to start attaching.  

NIH-3T3 mouse fibroblast cells (ATCC® CRL-1658TM, Manassas, VA, USA) were cultured in 

DMEM-High Glucose + 10% FBS + 1% AB/AM at 37 °C with 5% CO2. Cells were seeded at a 

density of 1 × 105 cells/cm2 in four spots along the length of six large (8 mm × 87.5 mm) and seven 

small (8 mm × 25 mm) scaffolds, and kept in three 8.9 cm diameter TCP petri dishes and seven 

individual 3.8 cm TCP petri dishes, respectively, overnight to allow attachment.  

Two groups were tested in this experiment: a control group (static culture) and an experimental 

group (bioreactor). The experimental group was divided into two subgroups. Subgroup 1 of the 

experimental group was cultured in the bioreactor, but experienced no stretch. Subgroup 2 of the 

experimental group was also cultured in the bioreactor, but was subjected to 5% mechanical stretch at 

0.5 Hz for one hour per day for 14 consecutive days. Table 1 lists the characteristics for each 

experimental group.  

Table 1. Test and control group experimental conditions. 

Group  Location  Stretch Schedule  

Control  TCP Petri Dish  No stretch  
Unstretched  Bioreactor  No stretch  

Stretched  Bioreactor  5%, 0.5 Hz, 1 h daily, 14 days  

After seeding and incubation overnight, scaffolds were divided into their respective groups. On  

day 1, the six scaffolds were clamped in the bioreactor and 250 mL of DMEM-High Glucose medium 

(Fisher Scientific, St. Louis, MO, USA) supplemented with 1 mM beta-glycerophosphate (β-GP) and 

10 μg/mL of ascorbic acid [16] was added. The six smaller scaffolds, sized such to represent the same 

surface area as the other groups, remained in their petri dishes and 2 mL of medium was added to each. 

The remaining small scaffold selected for determining initial cell attachment was removed, rinsed with 

sterile 1× PBS, and then stored at −20 °C. Stretching on day 1 began 2 h after clamping to allow any 

cells that may have become dislodged or perturbed to reattach to the scaffold.  

Over the 14-day period, the reservoir of medium for the bioreactor was changed every 6 days. On 

day 3 between reservoir changes, fresh ascorbic acid was added sterilely to a final 10 μg/mL 

concentration to account for loss due to decomposition. The medium of the control scaffolds was 

changed every 3 days with fresh medium.  

Experimental parameters were chosen based on their use in the literature. The stretching protocol is 

similar to that used by other groups such as Garvin et al. and Riboh et al. [6,9] Daily intermittent 

straining was chosen as it has been shown that intermittent straining increases collagen I production 

and cell proliferation [9]. Fourteen days is also a common timeframe for tendon tissue engineering  

bioreactors [9,10]. Concentrations of β-GP and ascorbic acid were chosen as having the most positive 

effect on cell proliferation and collagen I production in tests performed by Wang et al. [14]. Mechanical 

stretching of the scaffolds took place in a cell incubator (37 °C, 5% CO2, 95% humidity).  

Scaffolds were removed from the bioreactor and petri dishes 2 h following the final stretch of  

day 14. All scaffolds were cut into three approximately equal sized sections (8 mm × 8 mm) and their 

surface area recorded (Figure 4). By sectioning the scaffolds, we are able to determine if the matrix on 
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the scaffolds is uniform over the whole scaffold as well as across all of the scaffolds. If any  

non-uniformity is noted, it may be possible to determine if effects are caused by proximity of the 

clamps (section 1, 2, or 3) or by position of the scaffold (scaffold A–F).  

To remove the cells for analysis, each scaffold section was rinsed with sterile 1× PBS and placed 

into labeled Erlenmeyer tubes with 1 mL of 50 μg/mL Proteinase K (Pro-K, Promega Corporation, 

Madison, WI, USA) solution (50 μg/mL Pro-K, 50 mM Tris-HCL, 50 mM CaCl2 buffer, pH 7.5)  

and placed overnight in an oven at 60 °C. The following day, 50 μL of proteinase inhibitor 

(phenylmethylsulfonyl fluoride (PMSF), MP Biomedicals, Solon, OH, USA) was added and a sonic 

dismembraner (Fisher Scientific Sonic Dismembraner 550, Fisher Scientific, Pittsburg, PA, USA, 

Setting 2) was used to disrupt any remaining cells and matrix. This cell lysate was used to estimate cell 

number. One scaffold was not digested in the Pro-K solution and used instead to view cells on scaffold 

using a Live/Dead® assay (Invitrogen, Grand Island, NY, USA). From the assay protocol, viable cells 

will fluoresce green and dead cells will fluoresce red.  

The PicoGreen assay (Invitrogen, Grand Island, NY, USA) was to measure DNA as an indicator of 

the number of cells on scaffolds. For the assay, the 100 μL of PicoGreen reagent (Life Technologies 

Corp, Grand Island, NY, USA) was added to 20 μL of the cell/matrix lysate in 80 μL of  

tris-HCL-EDTA buffer in a 96 well opaque microplate. The plates were read at 485 nm excitation and 

528 nm emission using a spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA, USA). A 

linear standard curve (2 μg/mL serial dilution) was prepared from a DNA standard (100 μg/mL). DNA 

was normalized to surface area, ngDNA/mm2, for each scaffold section.  

Glycosaminoglycans are polysaccharides that are a major component of tendon extracellular  

matrix [17]. To quantify the concentration of GAG, the Alcian blue assay (Kamiya Biomedical Co., 

Seattle, WA, USA) was used. 250 μL of each prepared sample (cell lysate with Alcian blue) and  

100 μL of each prepared chondroitin sulfate standard (400 μg/mL serial dilution) was transferred to a  

96-well plate and the absorbance read at 620 nm. Sample concentrations of GAG were then 

normalized by DNA to ngGAG/ngDNA.  

Elaboration of collagen by cells is an indicator of cellular matrix production. The hydroxyproline 

assay was used to measure collagen. According to Stegemann and Salter, hydroxyproline can be 

linearly translated to collagen by multiplying by a factor of 7.46, i.e., 1 μg/mL hydroxyproline is equal 

to 7.46 μg/mL collagen [18]. First, 25 μL of prepared hydroxyproline (HP) standard (Sigma-Aldrich, 

St. Louis, MO, USA) (100 μg/mL serial dilution) and 25 μL of 16× concentrated prepared sample were 

added to each well of a 96-well plate. Prepared chloramine-T solution (112.5 μL) was added and 

incubated at room temperature for 20 min. Immediately following, 125 μL of prepared Ehrlich’s 

reagent were added to each well, incubated for 20 min at 65 °C in an oven, and the absorbance read at 

550 nm. Sample concentrations of collagen were then normalized by DNA to ngHP/ngDNA.  

2.4. Statistical Analysis  

Means among section position and scaffold location were calculated and a two-factor ANOVA was 

performed; one factor was the individual scaffolds (A–E) and the other factor was scaffold section  

(1–3) to one another. This was done for each of the three groups. Differences were considered 

significant at p < 0.05. Differences were determined using Tukey’s post-hoc testing. When no 



Processes 2014, 2 352 

 

significant differences were determined, results were pooled and one-way ANOVA was performed to 

test differences between test groups (n = 5) for the GAG and hydroxyproline data. Differences were 

determined using Tukey’s post hoc testing and were considered significant at p < 0.05.  

3. Results 

3.1. Mechanical Characterization 

Figure 5 shows the LabVIEW waveform for the actuator to apply mechanical stretch to test 

scaffolds in the bioreactor. The large spikes at the end of each plateau are an artifact caused by the 

sampling and recording and are not representative of stretched applied to the scaffolds.  

Figure 5. Sample waveform for controlling actuator to apply mechanical stretch to 

scaffolds in bioreactor. The parameters set were 5% stretch at 0.2 Hz. 

 

Results of the video analysis of the reference dots on the four PET scaffolds subjected to the 

programmed 3% stretch at 0.1 Hz for 24 cycles are shown in Figure 6. The figure shows the 

mechanical stretch of the stretched portion and the non-stretched portion of the scaffolds. The average 

strain experienced by the stretched scaffolds was 2.97% ± 0.13%. The average strain experienced by 

the unstretched scaffolds was 0.02% ± 0.18%.  

Figure 6. Stretch cycles of the PET scaffolds in the bioreactor. Each bar represents the 

average strain across all four scaffolds for that stretch cycle. Error bars represent one 

standard deviation. n = 4. 
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Due to camera resolution limitations, visual representation of 0% strain was very difficult to obtain. 

However, the resolution of the pictures taken was 1 pixel ~0.5% strain, so values less than 0.5% were 

assumed to be 0%. Because the LabVIEW program was designed as an open loop control system, 

errors from one stretch cycle do not translate to the following stretch cycle as evidenced by the 

positive and negative differences of cycles 10–15.  

3.2. Cellular Characterization  

Images of the experimental and control scaffolds stained with the Live/Dead reagent at the end of 

the 14-day culture period are shown in Figure 7. Images were taken of each of the three assayed 

sections in each group at magnifications of 10× and 20×. The images showed that there were many 

live/viable cells on all scaffold groups and scaffold sections. The cells uniformly covered the majority 

of the surface area of the scaffolds and cells were observed growing on fabric fibers within  

the scaffold.  

Using measured cell DNA data, two-way ANOVA was performed on test samples to determine if 

there were any effects based on proximity of cells on scaffolds to the clamps or on position of 

scaffolds in the bioreactor. No statistical differences were found between zones or proximity of cells to 

clamps with in each experimental group (p > 0.18) nor were differences detected for position of 

scaffolds in bioreactor for each experimental group. Since there were no effects of position on the 

scaffold or position within the bioreactor based on DNA data, scaffolds were then treated as a single 

test unit in subsequent analyses.  

Figure 7. Live/Dead images of section 2 of each scaffold magnified at 10×. Green 

represents those cells that are alive/viable and red represents those cells that are  

dead/non-viable. (A) Control; (B) Unstretched; (C) Stretched. Arrows signify cells 

aligning along scaffold fibers. 

 

Figure 8 shows the results of total DNA on scaffolds in each experimental group after 14 days. 

One-way ANOVA revealed that the DNA concentration in all groups was not equal (p < 1 × 10−6).  

A large increase was found in the DNA concentration of the bioreactor unstretched group as compared 

to the control group (p < 1 × 10−6) as well as the bioreactor stretched group as compared to the control 

group (p < 1 × 10−6). However, no difference was found between the DNA concentration of the 

bioreactor unstretched group and bioreactor stretched group (p > 0.90).  
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Figure 8. DNA concentration of each experimental group. Data from all three sections of 

each scaffold were combined to compare the effect had over the whole scaffold. n = 5. 

Error bars represent one standard deviation. # Statistically different than control (p < 1 × 10−6). 

 

3.3. Matrix Characterization 

To investigate the effect of mechanical stretch on levels of extracellular matrix, GAG was measured 

via the Alcian Blue assay and then normalized to DNA. One-way ANOVA with post-hoc Tukey tests 

showed that the amount of GAG per DNA was statistically lower in the bioreactor as compared to the 

static culture (p < 0.001), but there was no difference between strained and unstrained sections of 

scaffolds in the bioreactor (Figure 9) (p > 0.99).  

Figure 9. GAG deposition normalized to DNA (ngGAG/ngDNA). n = 5. * Statistically 

different than control (p < 0.001). 

 

Hydroxyproline (HYP), like GAG, was normalized to DNA and showed a difference between 

experimental groups (Figure 10) (p < 0.01). The bioreactor unstretched group showed an increase in 

hydroxyproline per DNA as compared to the control group (p < 0.05) as did the bioreactor stretched 

group (p < 0.01). The bioreactor unstretched and stretched groups still showed no significant 

differences in hydroxyproline deposition when normalized to DNA (p > 0.25).  
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Figure 10. Hydroxyproline deposition normalized to DNA (ngHYP/ngDNA). n = 5.  

@, Statistically different than control (p < 0.05); $, Statistically different than control (p < 0.01). 

 

4. Discussion 

This study presented an enhanced bioreactor design that is able to cyclically strain preferential 

zones of multiple, fabric, cell-seeded scaffolds in a controlled in vitro setting. This system has 

potential to develop degradable and non-degradable fabric scaffolds with improved matrix deposition 

over basic statically cultured scaffolds. Analysis with photographic video demonstrated that the system 

is able to deliver accurate and repeatable cyclic stretch to a designated portion of each scaffold while 

isolating the remainder of the scaffold from stretch. In addition, the system may accommodate 

numerous variables including, scaffold length, width, and material as well as stretch zone, magnitude, 

frequency, and schedule. Furthermore, each bioreactor chamber could interchange with a second 

identical bioreactor chamber for concurrent studies using similar or differing experimental conditions.  

Minor variations of less than 10% of the desired strain magnitude were noticed between stretch 

cycles, which were attributed mostly to the process of the marking for the video analysis. The method 

used to mark the scaffolds for analysis was sufficient for initial validation purposes, but lacked fine 

resolution. Many methods were used to mark the scaffolds and measure the distance between  

marks—graphite providing the most accurate method. The camera used also had a limited resolution. 

For more exact values, a camera or microscope with higher resolution would give decreased error to 

the measurements taken. However, the system did prove that it could consistently stretch as low as 1% 

and at least as high as 10% for a 1-inch scaffold (data not shown). Unfortunately, over a 14-day period, 

there was some laxity noticed in the scaffolds likely due to viscoelastic properties of the PET material. 

This laxity may have decreased strain on the cells and thereby altered the cellular response over the 

time period studied. Based on a study on single PET fibers with a creep rate at 0.15% strain per decade 

of time at 50% relative humidity and 20 °C, an approximate 0.7% strain may be anticipated over the 14 

days of culture at 1 hour per day loading [19]. Since the woven membranes are not single fibers and 

the membranes were not subjected to constant loads and were submerged in a saline environment at  

37 °C, we cannot say more than that we estimate a possible decrease of peak strain in the scaffolds 

from 5% to 4%. It is unclear at this time if cells in these types of studies are able to distinguish and, 

hence, respond differently to a 1% change in strain. Additional studies will be needed to determine the 

effects, if any, of this laxity of the scaffold on the cells.  
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Investigating the effect of location within the bioreactor and the proximity to a clamp revealed that 

the scaffolds were statistically equivalent and could be treated as uniform. Live/Dead staining 

demonstrated that cells remained viable on the scaffolds in both the bioreactor and in control cultures 

over the 14-day experimental timeframe. The viable cells on the scaffolds in the bioreactor were still at 

a much greater density based on visual examination than the viable cells on the control scaffolds. Also, 

the cells in the bioreactor, especially the stretched cells, began to show alignment along the scaffold 

fibers. Riboh et al. also noticed this phenomenon with cytoskeletal and nuclear rearrangement due to 

uniaxial cyclic stress [9]. 

Quantitative analysis of the DNA concentration on the scaffolds supported our qualitative findings. 

Intermittent cyclic strain increased DNA concentration seven times on the scaffolds in the bioreactor 

as compared to the control scaffolds. This agreed with other studies investigating the effects of varying 

schedules of intermittent cyclic strain over static culture [9,20]. Application of mechanical strain to 

these cells activates the mitogen-activated protein kinase pathway as well as mechanosensitive calcium 

channels initiating the proliferative response [9]. However, our findings did not agree with Screen et al. 

who did not see any change in cell proliferation on a cyclically strained tendon [15]. However, their 

studies were only performed for 24 h, and grafted tendon was used as their scaffold material [10,15].  

In addition to the mechanical perturbations, fluid flow of the medium may have also contributed to 

increased cell proliferation in the bioreactor as compared to the controls. Fluid shear forces are known 

to effect fibroblast morphology, proliferation, migration, and matrix remodeling [21]. For example, 

studies have shown that at low flow rates, 1.67–3.34 µL/min, proliferation of fibroblasts increased 

significantly as compared to static conditions [12,22]. In a microfluidic device, Park et al. also 

reported that fibroblastic cell proliferation was significantly increased at low flow rates  

(0.14–0.52 µL/min) with the maximal increase observed at flow rates approximating interstitial fluid 

flow (0.14 µL/min) [23]. Wang et al., using a spinner flask, noted increased fibroblast matrix 

production and proliferation at 13–40 rpm stirring speeds [24]. These fluid flow effects are attributed 

to increased nutrient exchange, conformational changes in membrane proteins (e.g., integrins) that 

affect binding properties to extracellular matrix, membrane deformations activating cytoskeletal 

elements, and or activating membrane signaling proteins (e.g., G proteins) [21]. In this study, the pump 

flow rate was set at 60–70 mL/min, but the actual flow rate in the chamber is likely to be substantially 

lower due to its larger volume than the pump tubing. The actual flow rate in the chamber was not 

determined in this initial evaluation, due to the complexity of the chamber components, and limits 

direct comparison to previous studies. Nevertheless, it may be speculated that fluid flow in the 

chamber may also have had an effect on cell growth in addition to the cyclic mechanical effects. 

Characterization of fluid flow in the chamber will be a focus of future studies.  

Initially, it was surprising that there were no differences detected in DNA and elaboration of 

extracellular matrix components between strained and non-strained scaffold sections since cyclic strain 

has been shown to have a large effect over the static control petri dish scaffolds. It was expected that 

the proliferation increase of the strained scaffolds over the unstrained scaffolds would be much greater 

than the unstrained scaffolds over the control scaffolds. We attributed the lack of difference in part to a 

concept known as conditioned media since the media was recycled by the pump system. Multiple 

groups have shown that instead of directly or mechanically stimulating cells, replacing the culture 

medium with a conditioned culture medium can induce a response from the cells based on chemical 
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signals present in the medium [25–27]. For example, by using medium that was used to stretch 

osteoblast cells, Soma et al. was able to induce osteoclast proliferation by using the discarded medium 

as a conditioned medium [27]. Their results suggest that cellular signals, generated from the 

mechanically perturbed and growing osteoblasts, in the culture medium caused the osteoclast cells to 

initiate homeostatic tendencies by proliferating [27]. This same phenomenon may be occurring inside 

the bioreactor as the unstretched scaffolds shared medium with the strained scaffolds. The lack of 

difference in cell proliferation on strained vs. non-strained scaffolds may also have been be due in part 

to the effects of fluid flow in the chamber as already discussed. Studies have suggested that cells may 

be more responsive to fluid shear flow forces than mechanical forces, though some questions still 

remain [28–30]. Thus, both the shared conditioned medium and fluid flow effects may have 

confounded effects of mechanical stretch on cell proliferation.  

The tendon reconstruction schedule, proposed by Rust et al., shows that cell proliferation peaks 

around day 5, followed by a large increase in unorganized collagen deposition (days 5–28) [31]. The 

collagen deposition overlaps slightly with an increase in GAG deposition beginning around day 21 and 

increasing through day 28 and beyond [31]. Our analysis occurred in the middle of the collagen growth 

peak based on data from Rust et al., which would ideally show us if cyclic strain increased the 

concentration of collagen as well as the rate of production. We found a 44% increase in 

hydroxyproline concentration on the unstrained scaffolds in the bioreactor as well as a 75% increase in 

hydroxyproline concentration on the strained scaffolds in the bioreactor as compared to the control 

scaffolds. A similar trend has been previously reported by Riboh et al. as intermittent cyclic strain was 

shown to increase type I collagen production using fibroblastic cells [9]. The strained scaffolds 

cultured by Screen et al. showed no significant increase in hydroxyproline concentration over the 

unstrained control scaffolds [15]. Interestingly though, there was a large increase in hydroxyproline 

concentration present in the medium of the strained scaffolds over the unstrained scaffolds [15]. 

Analysis of GAG concentration on the scaffolds in the bioreactor shows an interesting trend. 

Overall, there was a greater mass of GAG on the bioreactor scaffolds than on the control scaffolds, but 

the static control petri dish scaffolds deposited four times more GAG per cell on the scaffolds as the 

bioreactor scaffolds. It would appear that cyclic strain had a negative effect on GAG deposition; but 

the trend is misleading because of the drastically large increase in DNA concentration on the 

bioreactor scaffolds. At day 14, when these scaffolds were assayed, the large increase in GAG 

deposition proposed by Rust et al. would not have begun [31]. Therefore, it is not surprising to have a 

lower concentration of GAG per cell on the bioreactor scaffolds due to the large increase in bioreactor 

cell proliferation. Sampling around day 28 may provide a better investigative time point to analyze the 

bioreactor’s effect on the elaboration of GAG. While these results seem surprising, our findings do 

agree with Screen et al. where they saw a statistically significant decrease in GAG concentration on 

their strained scaffolds as compared to their unstrained scaffolds [15].  

In this study, medium was supplemented with ascorbic acid, an important factor for both 

stimulating proliferation and extracellular matrix production [16,32]. Since ascorbic acid degrades 

overtime, the medium used in the bioreactor was supplemented in-between medium exchanges in an 

attempt to keep ascorbic acid levels similar to the control cultures. It has been reported that ascorbic 

acid in conjunction with cyclic strain had a synergistic effect on both fibroblast proliferation and gene 

expression of extracellular matrix proteins such as elastin and collagen as compared to static 
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conditions [33]. Additional studies are warranted to further explore the synergistic effects of ascorbic 

acid and mechanical forces.  

In this bioreactor design, the effects of paracrine signaling between mechanically strained and 

unstrained sections of the constructs were not explored separately from mechanical factors. This is 

because in vivo, the bone-tendon interface shares similar environments and may participate in 

paracrine signaling that is important to tissue development. However, a simple barrier and a second 

medium reservoir-pump system may be added to the chamber to separate the strained and unstrained 

compartments to prevent medium exchange and to enable exploration of applied mechanical forces 

separate from signaling phenomena. The bioreactor design also did not separate out the effects of fluid 

flow in the chamber from that of scaffold mechanical strain. This is a challenge for most bioreactor 

designs intended for load bearing tissues like bones and tendons [29]. Nevertheless, study designs 

involving comparing scaffolds subjected only to medium flow in the chamber to those subjected to 

both medium flow and mechanical strain are planned in order to better explore their contributions to 

the engineered tissue. 

5. Conclusions 

A unique bioreactor system was designed, developed, and shown to apply a known, user-specified, 

cyclic strain to cells growing on polymeric fabric scaffolds. The strain environment experienced by the 

cells was quantified and reproducible. Strain was able to be isolated from a specified portion of each 

scaffold while stretching the remainder. Differences in cellular proliferation, GAG concentration, and 

hydroxyproline concentration were measured based on static and dynamic culture conditions 

experienced by the cells. The bioreactor system may be used to evaluate the effects of mechanical 

stretch on degradable and non-degradable fabric scaffolds.  
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