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Introduction and Rationale 

The need for regenerative medicine is greater now than ever, as medical advancements allow 

survival of previously fatal conditions or injuries. However, with increased survival rates comes an 

escalation of tissue morbidity accompanied by permanent functional and aesthetic defects. Advances in 

tissue engineering have highlighted the potential of regenerative therapeutics to dramatically improve 

the treatment of these traumatic, genetic or acquired conditions. Even on a national scale, the massive 

potential impact of widespread regenerative medicine technology implementation has been recognized 

with the recent founding of the Advanced Regenerative Manufacturing Institute (ARMI); a 

ManufacturingUSA initiative funded by the Department of Defense, to provide a centralized consortium 

for development of breakthrough approaches to overcome the current hurdles preventing more 

efficient clinical translation of tissue engineering/regenerative medicine technologies. 

Specifically in the realm of skeletal muscle tissue engineering, our lab has developed a tissue-

engineered muscle repair (TEMR) system which has shown great promise in preclinical studies, and is 

rapidly approaching submission of an IND application to support implementation in a “first in man” pilot 

study with our first generation TEMR technology. However, more widespread clinical application of the 

TEMR product will require further optimization of the production process, characterization of the 

various components of the TEMR technology, as well as refinement of the functional evaluation of the 

final product. To this end, this thesis has focused on improvements to the following: 

 Bioreactor design, control and transportation of the engineered product 

 Materials Characterization 

 In situ assessment of functional recovery following implantation in a biologically relevant 

skeletal muscle traumatic injury model. 

We consider the rationale for each of these briefly below, and discuss them in much more detail in the 

body of the thesis. 
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The first hurdle to overcome lies in the optimization of the in vitro development portion of the 

TEMR technology. Efforts within this segment are largely focused on increasing reliability and 

consistency of our tissue bioreactor system. Specifically, we will examine the development of a new 

bioreactor controller system with increased precision and reliability, as well as upgrades to the 

bioreactor protocol and physical design. In addition, we have developed a transportation system 

capable of sustaining viable TEMR constructs from the manufacturing site to the hospital for surgical 

implantation. 

 Second, our tissue repair method is based on a porcine-derived bladder acellular matrix (BAM). 

This material was selected as the basis for our tissue repair due to its biocompatibility for cell 

attachment and bioreactor preconditioning in vitro, as well as its suture-retention capability and 

favorable degradation profile following implantation in vivo. Essentially the BAM serves simply as a cell 

delivery vehicle via its advantageous biomechanical properties. However, to fully optimize our material 

repair strategy, it is essential to possess more detailed understanding of the physical and mechanical 

characteristics of the BAM. These are highly relevant considerations with respect to the interaction of 

cells with the BAM, the interaction of BAM with native tissue, and the reproducibility of the material for 

production scale up and implementation. This thesis will approach materials characterization of the 

BAM via several methods of thickness measurements, stress-strain characterization, and examination of 

physical structure via several microscopic imaging modalities. 

 Finally, in vivo/in situ data would provide more detailed physiological assessment of the 

functional relevance of our tissue engineered muscle repair technology. To this end, we have adapated 

and further refined an in situ method of active force measurement in the rat latissimus dorsi (LD), and 

compared it to the existing in vitro methods of evaluating force recovery.  
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1.1 Introduction 

Skeletal muscle anatomy and physiology 

Skeletal muscle is a fascinating and complex tissue responsible for voluntary body 

movements. Accounting for nearly 40% of the human body mass, skeletal muscle is composed 

of several hierarchical units, beginning with microscopic sarcomeres comprised of actin and 

myosin filaments in register. The sarcomeres are serially organized in large parallel groups to 

form myofibrils. Numerous myofibrils, in turn, are packed in a parallel fashion to form a 

myofiber. The myofiber represents the basic functional unit of skeletal muscle, consisting of the 

physiological and structural mechanisms required for muscle stimulation and contraction (i.e., 

excitation-contraction coupling; EC coupling). Myofibers, in turn, are surrounded by a network 

of extracellular matrix (ECM) proteins composed almost entirely of collagen and hydrated 

proteoglycans, referred to as the endomysium. A large group of myofibers bound together 

forms a fascicle. The fascicle is surrounded by a similar but thicker ECM known as the 

perimysium. Finally, groups of fascicles form the actual muscle body, the epimysium, which is 

covered by an ECM. The net result of such organization is a rigid yet deformable structure, 

which can support much of the passive load placed on muscle (MacIntosh, Gardiner, and 

McComas 2006), (Lieber 2002). 

Upon muscle activation, each sarcomere contracts a microscopic distance. Owing to the 

sarcomeres’ series organization, the contractions sum to provide the total myofibril, and thus, 

myofiber shortening distance, while the parallel myofiber organization multiplies the force of 

the contraction. Longitudinal force transmission comprises the classical view of muscular 

contraction and occurs parallel to the muscle fiber direction, employing the sarcomeric 
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contraction to act upon the muscle’s attachment tendons, However, during muscle 

contractions, force is transmitted not only longitudinally, but also laterally. Lateral muscle force 

transmission occurs through the muscle’s extracellular matrix – perpendicular to the direction 

of the muscle fiber – and serves to evenly distribute contractile force across the myofibers 

(Ramaswamy et al. 2011) (Maas and Sandercock 2010)(Huxley, Andrew, Sir 1980) (Street 1983). 

Like most complex tissues/organs, the integration of the vascular and neural components in the 

extracellular matrix among the muscle fibers creates an intricate and sophisticated signaling 

muscle architecture and excitation-contraction (EC) signaling network. This complexity ensures 

that in vitro tissue engineering of physiologically-relevant, contractile skeletal muscle remains a 

major challenge. Despite considerable recent advances, skeletal muscle tissue engineering is 

still at a relatively early stage of development. 

Skeletal muscle wound healing 

In the normal wound healing process, native skeletal muscle employs the existing ECM 

as a “template” to aid the regeneration of damaged myofibers. This strategy works extremely 

well for relatively small gaps in the muscle continuity following injury/trauma – such as damage 

incurred during exercise or minor lacerations. However, in instances when significant amounts 

of all components of muscle tissue are simultaneously damaged or missing (e.g., muscle, vessel, 

nerve, ECM), a condition referred to as volumetric muscle loss (VML) results. VML injuries are 

defined by a degree of muscle tissue loss that exceeds the endogenous regenerative capacity of 

skeletal muscle resulting in permanent functional and cosmetic deficits (Grogan, Hsu, and 

Skeletal Trauma Research Consortium 2011). VML and VML-like injuries can occur from trauma 

(battlefield injuries and accidents), as well as a range of other congenital and acquired 
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conditions (Thiele et al. 2014) (Baugh et al. 2013) (Holcomb et al. 2006). In general, loss of ≈10% 

muscle mass in a given location is sufficient to result in VML (Passipieri and Christ 2016), where 

structural and functional recovery is incomplete. The unmet medical need for improved 

treatment of VML and VML-like injuries is a major driving force for development of improved 

methods for in vitro creation of implantable therapeutics for restoration of skeletal muscle 

tissue form and function in vivo. The purpose of this report is to review current investigative 

efforts to optimize in vitro conditioning with this lofty goal in mind. 

The establishment of relevant metrics for evaluation of engineered tissues is critical to 

judging the fidelity of their physiological significance. Of note, the easily recognizable functional 

and structural hallmarks of native skeletal muscle function outlined above and covered in many 

published reports (Gilbert 2000) (Shadrin, Khodabukus, and Bursac 2016) (Jolesz, F and Streter, 

F A 1981), provide objective indices by which to measure the progress and success of tissue 

engineered skeletal muscle development (implantable or otherwise). The most critical intrinsic 

factors for assessment include the creation of functional contractile machinery (see above), as 

well as fiber alignment, vasculature, and neural coupling/excitation. Various groups have 

created engineered muscle constructs in vitro that possess one or several of these 

characteristics to some degree; however, none have successfully recapitulated all of the 

characteristic features of mature adult-phenotype skeletal muscle in vivo. 

1.2 Applications of In Vitro Tissue Engineered Skeletal Muscle.  

There exist at least 4 major applications of skeletal muscle tissue engineering, all of which 

would benefit from optimization of in vitro conditioning protocols. They are: 1) in vitro studies of 

muscle tissue damage and repair (Cook et al. 2016), 2) in vitro models for drug and toxicity testing 
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(including personalized medicine) (Madden et al. 2015), 3) creation of mature muscle tissue for 

soft robotics or bulk muscle replacement in vivo (Duffy and Feinberg 2014) (Bian and Bursac 

2009), and 4) creation of implantable regenerative templates for muscle replacement and repair 

in vivo (Corona et al. 2014). For our purposes, we will focus on the end goal of developing 

implantable therapeutics for treatment of, for example, VML or VML-like injuries. This approach 

could one of take several forms: 

Implantable therapeutics for growth in a host site, then transfer to another site for 

functional restoration.  

In this case, an engineered muscle tissue scaffold could be implanted subcutaneously for 

a growth period, during which the in vivo environment provides the necessary support to flourish 

(i.e., the body is the bioreactor). After this maturation, the scaffold could be removed and 

employed as needed as an autologous muscle graft (Juhas, Ye, and Bursac 2016).   

Implantation of a mature muscle construct. 

 This would essentially be the ultimate development and aggregation of diverse and 

currently nascent tissue engineering technologies. To achieve a native-like phenotype of mature, 

contractile muscle, the in vitro myogenic microenvironment must be optimized to include 

functional vasculature, neural innervation, chemical signaling, and mechanical connection. 

Understandably, no one has yet been able to approach a realistic implementation of this concept. 

Implantation of a phenotypically immature construct developed in vitro that generates 

new tissue using the body as a second bioreactor after implantation in vivo.  

As one might imagine, in order to more closely approximate the complexity of the in vivo 

environment, investigators have evaluated many combinations and permutations of in vitro 
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conditions. While we recognize the unequivocal importance of endogenous chemical signaling 

and morphogenic factors, as well as the impact of biomaterial integration to more fully 

recapitulate the conditions required for native myogenesis, those considerations and their 

influence on development of in vitro muscle tissue engineering have recently been discussed 

elsewhere ((Passipieri and Christ 2016) (Syverud, VanDusen, and Larkin 2016) (Rangarajan, 

Madden, and Bursac 2014)) and will not be further considered herein. Thus, we will confine our 

review to evaluation of two other modalities that are critical for development of tissue 

engineered skeletal muscle (Figure 1). These two modalities/factors are listed below and will be 

discussed in order. 

1.3 In Vitro Bioreactor Treatments 
1.4 Neuro-Electric Stimulation 

 

1.3 In Vitro Bioreactor Treatments as a guide for enhanced skeletal muscle tissue engineering 

in vitro. 

1.3.1 Cyclic Mechanical Stimulation. 

The importance of mechanical action/stimulation to skeletal muscle formation, 

homeostasis and growth is well documented (Pollard, McGonnell, and Pitsillides 2014) (Hall 

2010) (Schiaffino et al. 2013). During fetal myogenesis, for example, both passive and active 

skeletal muscle motion are required for proper development. Passive skeletal muscle stretch 

induced by skeletal bone growth partially fulfills the requirement for physical movement by 

causing release of the protein kinase mTOR, which in turn leads to muscle hypertrophy 

(Goodman, Hornberger, and Robling 2015). On the other hand, voluntary auto-activation of the 

fetus’ skeletal muscle causes release of insulin-like growth factor-1 (Tidball 2005) (Perrone, 
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Fenwick-Smith, and Vandenburgh 1995) and establishes a resident population of satellite stem 

cells (Saha et al. 2006). Taken together, these motions stretch immature, fused primary and 

secondary myotubes and encourage the highly up regulated fetal satellite stem cell population 

to utilize those existing myotubes as templates in forming more mature myotubes and then 

functionally mature, contractile myofibers. In developmental myogenesis, muscle contraction 

induced by neural stimulation is also a requirement for full maturation; the applicability of this 

latter concept to in vitro tissue engineering of skeletal muscle will be discussed in a later section 

of this chapter. 

Toward this end, as outlined in Table 1, there are an increasing number of investigators 

exploring the utility of cyclic stretch bioreactor methods to improve tissue engineered skeletal 

muscle formation and function, both in vitro and in vivo (Brown 2000) (I. Martin, Wendt, and 

Heberer 2004), (An and Li 2014) (Table 1). While active force production is the ultimate gold 

standard by which to evaluate the success of tissue engineered skeletal muscle development, the 

number of research groups measuring active force production of engineered muscle tissue is still 

surprisingly small. In short, although recent results are encouraging, there is still significant work 

in the optimization and application of in vitro stretch protocols for development of more 

biomimetic engineered skeletal muscle.  

As noted above, a major driver for development of improved skeletal muscle tissue 

engineering is creation of therapeutic solutions for functional and cosmetic restoration of VML 

or VML-like injuries. Since VML can result from a variety of congenital (i.e., congenital 

malformations) and acquired (genetic or infection) conditions, the clinical presentation varies 

across a spectrum of cosmetic and functional deficits. Nonetheless, surgical removal of 10-30% 
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of muscle mass reproducibly results in permanent functional deficits in biologically relevant 

animal models (Passipieri and Christ 2016). In such a situation, lacking capacity for functional 

recovery, muscle will either attempt to “repair” itself with non-contractile ECM and/or leave a 

void. One method to mitigate the aesthetic and functional deficits associated with VML is 

providing the native muscle with cues for regeneration that are otherwise lacking in adult 

mammals. Tissue engineering (TE) and regenerative medicine (RM) strategies, or TE/RM, are at 

the forefront of development for treatment of VML injuries. 

The benefits of in vitro stretch preconditioning for TE/RM applications has been recently 

reported with the development of a tissue-engineered muscle repair (TEMR) technology platform 

(Moon et al. 2008) (Machingal et al. 2011) (Corona et al. 2012) (Corona et al. 2014) (Figure 2). 

The TEMR technology consists of using a sheet-like decellularized extracellular matrix derived 

from the lamina propria of a porcine bladder as a delivery system for the implantation of muscle 

progenitor cells. This collagen-based material is rich in elastic fibers (Andersson and McCloskey 

2014), with an abundance of collagen I, III & IV and to a lesser extent collagen II, as well as laminin 

and elastin (REDDY et al. 2000) (Chun et al. 2007). These features permit attachment of myogenic 

progenitor cells, and allow organization of a nominal monolayer of cells. In addition, it is 

sufficiently durable to withstand bioreactor preconditioning (i.e., stretch) and surgical 

implantation ((Machingal et al. 2011) (Corona et al. 2012) (Corona et al. 2014)) and has been 

shown to promote cell growth and differentiation (De Filippo, Yoo, and Atala 2002) (Yoo et al. 

1998). 

Following seeding with myogenic progenitor cells (MPCs), the entire construct is 

subjected to cyclic mechanical preconditioning in a custom cyclic stretch bioreactor prior to 
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implantation, thus encouraging the seeded muscle progenitor cells (MPCs) to align and/or fuse 

into multinucleated myotubes. In fact, the in vitro preconditioning prior to TEMR construct 

implantation promoted enhanced in vivo regeneration in two distinct rodent VML injury models. 

The first model was created in mice and entailed the removal of 50% (~25mg) of the latissimus 

dorsi (LD). In this instance, not only was 72% of native LD contractile force recovered by the 

implantation of the TEMR constructs, but desmin-positive myofibers, blood vessels, and 

neurovascular bundles were all detected in the implanted region (Machingal et al. 2011). The 

second, larger VML injury model was based on the surgical resection of 20% of the tibialis anterior 

(TA) in rats (63.1 – 70.8 mg), in which TEMR implantation restored 61% of function over non-

repaired muscle within 3 months of implantation (Corona et al. 2014). 

Initial investigations have also demonstrated that repeat MPC seeding during bioreactor 

preconditioning increases the number of multinucleated myotubes present on the TEMR 

construct. Furthermore, following implantation in the mouse LD VML injury model, retrieved 

muscles with myotube-enhanced TEMR constructs displayed 120% greater and 110% greater 

force generation than the unrepaired LD muscles with VML injuries at 1 and 2 months post-

implantation, respectively (Corona et al. 2012). In addition, Western blotting was performed to 

quantify the expression of proteins involved in force production and transmission (desmin, JP1, 

and myosin), and EC-coupling (RyR1). Pax7 levels were also analyzed and found to be significantly 

elevated in all TEMR treated animals at 2 months post-implantation, indicating an ongoing 

process of tissue regeneration. The utility of repeated MPC seeding during bioreactor 

preconditioning is under further investigation in our group. 
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In addition, other research groups have also found some benefits to employing cyclic 

mechanical stretch for tissue engineering of skeletal muscle. For example, Flexcell™ (Flexcell 

International Corporation, Burlington, NC) is one of a few commercially-available mechanical 

strain bioreactor systems. The method of applying stretch consists of seeding cells onto a flexible 

membrane that, when distorted by vacuum pressure on the lower side of the membrane, 

stretches the seeded cells uniaxially or biaxially, depending on the setup. Two strain gauges are 

used to monitor strain across the 6 culture plates. Although the system has been used for many 

cell types (Jiang, Wang, and Tang 2016) (Chua et al. 2016), for skeletal muscle it has produced 

mixed results with respect to maturation of myotubes (Dugan, Cartmell, and Gough 2014). This 

could be due in part to an imperfect choice of scaffolding material onto which the cells were 

seeded, as well as excessive stretch amplitude, or excessive stretch frequency. The other primary 

commercially available bioreactor is called the STREX (STREX, San Diego); it operates very 

similarly to the Flexcell, however the uniaxial and biaxial stretch devices are separate units. In 

addition, the company offers a stretch bioreactor that includes electrical stimulation of the 

construct. Such stretch protocols have been known to increase tissue organization and force 

generation in engineered skeletal muscle for quite some time (Edman, Elzinga, and Noble 1978). 

While the stretch provided by these and similar devices seems to have improved various 

phenotypic aspects of engineered skeletal muscle (Powell et al. 2002) (Vandenburgh et al. 1991) 

(Vandenburgh et al. 1989), thus far, the impact on recovered force generation following 

implantation in vivo has not been determined.  

A group from Johns Hopkins has created the most advanced stretch bioreactor to date 

(Cook et al. 2016). Although it has not yet been used on engineered skeletal muscle, the device 
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is capable of providing cyclic stretch, electrical stimulation, active force measurement, and digital 

image correlation simultaneously for four tissue samples held within its culture chamber. The 

technology provided by such a device could likely be extremely useful in further elucidating in 

vitro conditions required for more optimized in vitro engineered skeletal muscle tissue products.   

It is worth noting that static strain is only rarely utilized as a mechanical loading protocol 

for developing engineered skeletal muscle (Vandenburgh 1987). Such is the case in Heher et al 

(Heher et al. 2015) where they developed a novel, static-strain bioreactor that stretched 

myoblasts embedded in fibrin over 6 days. They observed increases in sarcomeric patterning, 

myotube diameter and length, and an up regulation of myogenic markers.   

1.3.2 Dynamic Tissue Culture Bioreactors  

 Stretch is not the only target of bioreactors being utilized for in vitro treatments of tissue-

engineered muscle. A critical issue facing viable engineered skeletal muscle solutions is nutrient 

transport to cells (I. Martin, Wendt, and Heberer 2004). For constructs of a clinically or 

commercially-relevant size, inadequate nutrient transport can result in a necrotic tissue core 

surrounded by viable cells (N. Bursac et al. 1999) (Hinds et al. 2011). In this regard, dynamic tissue 

culture bioreactors (Figure 1) are designed to mitigate this issue, and some general categories for 

these devices would include: 1) Stirring Flask bioreactor, 2) Rotating Wall bioreactor, and 3) 

Perfusion-based bioreactors. Here we will only briefly cover each, as several reviews have 

thoroughly discussed them in detail (An and Li 2014) (Grayson et al. 2009) (Abousleiman and 

Sikavitsas 2006). In addition, a summary of the experimental implementation of these 

bioreactors in tissue engineered skeletal muscle applications can be found in Table 1 (see 

(Rangarajan, Madden, and Bursac 2014)). 
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Stirring Flask Bioreactors 

 The stirring flask is a very basic mechanical action bioreactor. Generally, the tissue 

construct is suspended by a string or piece of hardware from the top of the vessel allowing it to 

hang fully immersed in the media filling the vessel. A magnetic stirrer bar at the bottom of the 

flask provides the rotational force. This stirring action enhances oxygen diffusion into the media 

and ensures greater tissue contact with nutrients and morphogenic factors than can be achieved 

by normal diffusion in static media. Stirring flask bioreactors have been used with success in 

engineering of cardiac (N. Bursac et al. 1999) (Carrier et al. 1999) and cartilage (Vunjak-Novakovic 

et al. 1996) tissue, but less so with skeletal muscle (Bardouille et al. 2001). One potential 

drawback is that he turbulent flow caused by a stirring flask bioreactor has been known to cause 

damage to shear-sensitive cells and thus reduce cell viability (Carrier et al. 1999) (Papadaki et al. 

2001). Interestingly, the stirring flask bioreactor can also be used in a cell seeding capacity. In this 

scenario, the construct (substrate/biomaterial only) is suspended in a cell-seeding solution. The 

rotational motion of the construct in a cell suspension uniformly transports cells to the construct 

surface via convection (Vunjak-Novakovic et al. 1996). 

Rotating Wall Bioreactors 

 The rotating wall bioreactor (RWB) vessel is an improvement over the spinner flask, as 

the laminar flow produced within the media induces far less shear stress on the tissue construct. 

The RWB was first introduced by NASA as a cellular microgravity simulator (Rangarajan, Madden, 

and Bursac 2014). The device consists of two concentric cylinders; between the two of them is 

sufficient space for a tissue construct to float freely. The inner cylinder rotates and the laminar 

media flow produced by the Coanda effect suspends the tissue construct between the two 
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cylinders in a state of simulated microgravity. When cardiac (Nenad Bursac et al. 2003) (Papadaki 

et al. 2001) and skeletal muscle (Slentz, Truskey, and Kraus 2001) (Molnar et al. 1997) engineered 

tissues were cultured in RWBs the results was a more mature muscle construct. RWBs have also 

been used for culture of other cell types (Nishi et al. 2013) (Radtke and Herbst-Kralovetz 2012) 

(Skardal et al. 2010) (bone marrow mesenchymal stem cells, human vaginal epithelial cells, and 

human intestinal epithelial cells, respectively), but no recent application(s) for skeletal muscle 

was discovered. 

Perfusion Bioreactors 

  Perfusion bioreactors display significant variations in design. The main requirement is 

that some type of pumping mechanism continuously cycles media through tissue constructs. 

Such a design ensures that nutrient transport to the interior portion of the construct is enhanced 

(Abousleiman and Sikavitsas 2006). The breadth of design variation in perfusion bioreactors is 

consistent with the numerous potential applications. For example, perfusion bioreactors have 

been employed for skeletal muscle tissue culture experiments on the Space Shuttle (Chromiak et 

al. 1998). The continuous media cycling increased morphogen and nutrient diffusion from the 

media to the constructs relative to that observed for batch-changed (24-hr intervals) media 

culture methods. In general, use of perfusion bioreactors for skeletal muscle tissue engineering 

results in increased maturity and functionality (Cerino et al. 2016) (Cimetta et al. 2007). 
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Table 1. Summary of the effect of cyclic stretch bioreactors in skeletal muscle tissue engineering (seleted). 

LD: latissimus dorsi; hAD: human adipose-derived; h: hour; JP1: junctophilin; TA: Tibialis anterior; MSC: mesenchymal stem cell; mo: months; Po: max isometric force; wks: weeks;  

Reference Substrate  Model Description 
Stretch 

Protocol 
Active Force Quantitation Results 

(Powell, 2002) Collagen/Matrigel Human Muscle 
Culture in 

MATRIGEL/collagen 
5-15% strain, 

8 days 
NA  Histology 

-Myofiber area 
increased. 40%,  

-Thickness increased 
12% 

(Moon, 2008) BAM Human MPC LD Implant 1-4 wks 5 days 
1% tetanus, 10% 
twitch, of Native 

force 

Histology Increased alignment 

SEM 
Increased cell alignment 

and organization  

(Machingal, 2011) BAM Rat LD, 50% injury LD Implant 2 mo 
10% stretch, 

15x/h, 7 
days 

72% of Native 
Force 

Histology 
Desmin-positive 

myofibers, blood vessels, 
neurovascular bundles 

(Govoni, 2014) Hyaluronan mesh Rat MSC 
Novel cyclic-stretch 

bioreactor development 
1.67Hz 1wk  NA 

Histology 
Thicker MSCs and 

multilayer development 

SEM 
Significantly thicker 

MSCs 

(Corona, 2012) BAM Rat LD, 50% injury 
LD Implant 2 mo Double 

Seeding 

10% stretch, 
15x/h, 5-7 

days 

1mo, Po 120% > 
than NR. 2mo, Po 

110% greater 
than NR. 

Histology 

Vascular and Neural 
Presence at interface. 

Pax7 elevated in all 
TEMRs 

Western Blot 

Increased desmin, 
myosin, ryanodine 
receptor, and JP1 

expression. 

(Corona, 2014) BAM Rat TA, 20% injury 
TA Implant 3 mo Double 

Seeding 

10% stretch, 
15x/h, 7 

days 

TEMR treated 
was 61% greater 

than NR 
Histology 

Increased macrophage 
presence 

(Dugan, 2014) Collagen 1 
C2C12 and hAD-MSC 
mono and co-culture 

Stretch reduced 
striation 

1Hz 12% 
Amp Sine 

wave, 7 day 
 NA qRT-PCR 

Reduced Titin expression 
after cyclic stretch 
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1.4 Neuro-Electrical Stimulation as a Guide for Enhanced Skeletal Muscle Tissue Engineering 

In Vitro 

In addition to mechanical stimulation, neural excitation is well established as a necessary 

component of skeletal muscle development, being considered one of the most important 

developmental cues (Ross, Duxson, and Harris 1987). In fact, in-utero stimulation of developing 

skeletal muscle by motor neurons is essential to proper tissue development, as denervation 

results in primary myotubes that are incapable of maturing into secondary myotubes and 

subsequently attaining the adult myofiber phenotype (Wilson and Harris 1993). Furthermore, it 

is well documented that a lack of skeletal muscle innervation will cause muscle atrophy 

(Pellegrino and Franzini 1963) (Bodine et al. 2001) (Järvinen et al. 2007). Even in mature muscles 

in vivo, with intact innervation, electrical field stimulation of skeletal muscle alone cannot elicit 

as much force as a direct neural activation (Walters, Garg, and Corona 2015). The latter 

observation is not surprising given the differences in the complexity of the signaling cascades 

involved in electrical stimulation (i.e., muscle depolarization) versus neural activation of muscle 

contraction at the neuromuscular junction (NMJ). More specifically, a normal, neurally-mediated 

muscle activation results when motor neuron action potentials result in release of acetylcholine 

into the synaptic cleft at the NMJ (Figure 1). Acetylcholine then binds to and activates 

postsynaptic nicotinic membrane receptors in the motor end plate, resulting in opening of these 

channels, causing a massive influx of sodium into the postsynaptic muscle fibers (Hall, John E 

2010) (MacIntosh, Gardiner, and McComas 2006) (Lieber 2002). The resultant membrane 

depolarization spreads across the sarcolemma into the t-tubule invaginations, and induces Ca2+ 

release from the sarcoplasmic reticulum thus initiating a muscle contraction. While the 
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complexities of the excitation-contraction coupling mechanism in skeletal muscle are beyond the 

focused aims of this review, more details can be found in various review articles (Bannister 2016) 

(Rebbeck et al. 2014) (Gundersen 2011). Suffice it to say that in light of the critical importance of 

the NMJ to skeletal muscle development, maturation, homeostasis and function in vivo, 

investigators have tried to recapitulate the key aspects of that process by using a variety of 

methods/protocols to electrically excite skeletal muscle in vitro, in the absence of bona fide 

neuromuscular transmission. The overall goal is to provide a biomimetic cue in vitro for synaptic 

neuromuscular transmission in vivo. Herein, we will review two such approaches; in vitro 

electrical stimulation and then in vitro neurotization, respectively. Neurotization here refers to 

the implantation or provision of neural input to an otherwise un-innervated muscle/engineered 

muscle tissue. 

1.4.1 Protocols for In Vitro Electrical Stimulation 

In this regard, in vitro electrical stimulation has been noted to promote cell alignment, 

enhance myotube fusion and regulate fiber type in tissue engineered skeletal muscle (Figure 1) 

(Langelaan et al. 2011), (Serena et al. 2008), (Salmons and Vrbová 1967) (Juhas, Ye, and Bursac 

2016). While such results are clearly encouraging, there are obvious physiological distinctions 

between neurotransmission (i.e., chemically mediated)-induced depolarization of skeletal 

muscle in vivo versus voltage/current-induced depolarization of skeletal muscle in vitro. In the 

realm of tissue engineering, most attempts to model muscle development in vitro have 

necessarily employed exogenous electrically-mediated depolarization in the absence of a neural 

component. However, a few groups have also attempted neurotization in vitro for tissue 
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engineering. We will first review studies of electrical stimulation and then alternative strategies 

to supply more physiologically-relevant neural components.  

While the absence of in vivo neural activation results in muscle malformation, relatively 

little is understood regarding how to successfully simulate the impact of neural impulses in the 

absence of neural innervation via electrical stimulation of engineered skeletal muscle in vitro 

(Dennis et al. 2009). In this context, the effect of electrical stimulation on in vitro myogenesis has 

been studied (Donnelly et al. 2010) (Dow et al. 2004), and the results were not always positive 

(Stern-Straeter et al. 2005). However, as much of tissue engineering methodology is a study in 

biomimicry (Grayson et al. 2009), progress in the broader understanding of myogenic physiology 

has allowed advances in electrical stimulation methodology, as seen, for example, in the 

successful reports of tissue engineered cardiac muscle studies (Feng et al. 2005). In these studies, 

1-2Hz stimulation (20 ms 5-20V pulses) was applied to a cardiomyocyte-laden gel in combination 

with mechanical stretching. This combination resulted in an enhancement of contractility. Some 

progress has also been made in applying electrical stimulation to in vitro skeletal myogenesis, 

where increases in myotube density, differentiation, thickness, alignment, spontaneous 

contractility and expression of cell-specific biomarkers indicating myotube fusion (Flaibani et al. 

2009) (70mV, 3ms pulse, 0.03Hz, 4 h stimulus) have been observed.   

Khodabukus and Baar (Khodabukus and Baar 2011) evaluated the effect of continuous 

electrode stimulation for 24 hours on C2C12 myoblasts. Constructs were stimulated in 0.4s 

duration 10Hz trains at 0.5-4 V/mm followed by 3.6s of rest. The pulse width ranged from 0.25-

16ms and varied with the voltage to maintain constant pulse energy. Interestingly, 

electrochemical damage was observed to be dependent on excessive stimulus voltages; at or 
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above 6x rheobase (the minimum current resulting in a cellular action potential) and not on 

increasing pulse width (Khodabukus and Baar 2011). After 24 hours of electrical stimulation at 

field strengths varying from 0.707-1.414V/mm and corresponding pulse widths to maintain 

constant energy (0.5-2ms), active force production of the muscle constructs consistently 

increased approximately 2.5 fold to 0.67kN/m2 or approximately 0.56% of native skeletal muscle 

force.  

Several commercially-available options exist for applying electrical stimulation to tissue 

engineered skeletal muscle. These include the now out-of-production Grass stimulator (Grass 

Medical Instruments; Quincy, MA) (Tchao et al. 2013), the STG1000 series stimulator (Multi 

Channel Systems; Reutlingen, Germany) (Stern-Straeter et al. 2005) and the Ionoptix C-Pace; 

(Ionoptix; Westwood, MA). In 2010, Fujita et al employed the C-Pace device in an experiment to 

evaluate the impact of electrical stimulation on murine C2C12 myoblasts during myogenesis. The 

cells were initially unresponsive to electrical stimulus, however within 2 hours of stimulation at 

a frequency of 1 Hz with 10ms duration (1V/mm pulses), significant contractile responses – 

approximately 10x the unstimulated value – were observed concurrent with rapid sarcomere 

development. A week-long stimulus at these settings resulted in significantly increased force 

generation capabilities of C2C12 myoblasts in culture; approximately 0.88uN per myotube was 

measured, which was roughly ten times higher than the non-stimulated sample (Fujita, Shimizu, 

and Nagamori 2010). Interestingly, a sustained stimulation of 10Hz caused no contractility and 

prevented sarcomere development (Fujita, Nedachi, and Kanzaki 2007). The C-Pace has also been 

used in other skeletal muscle (Langelaan et al. 2011) and cardiomyocyte electrostimulation trials 

(Chan et al. 2013). 
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Donnelly et al (Donnelly et al. 2010) developed a novel, low cost, electrical stimulus 

bioreactor that permits independent control of the voltage, frequency, pulse width, and work-

to-rest ratio (i.e., duty cycle). Interestingly, they found that 2-dimensional muscle constructs 

responded to high frequency, short duty cycle (100Hz, 0.3ms) stimulation with a 10% increase in 

protein synthesis, indicating maturation of the construct. In addition, they stimulated 3-

dimensional engineered muscle constructs at 100Hz for 7 days at various voltages from 

1.25V/mm – 5V/mm; these responded most positively to the 2.5V/mm, 0.1ms pulse width 

stimulation with roughly a doubling of force production – to ~40uN while the 5V/mm stimulus 

negatively impacted active force production.  

Interestingly, electrical field stimulations of greater than 0.25ms pulse width have been 

shown to essentially bypass the t-tubule structure, instead causing uniform calcium release from 

the sarcoplasmic reticulum (Cairns, Chin, and Renaud 2007). Greater pulse widths do not appear 

to damage the muscle, (Khodabukus and Baar 2011), but the physiological depolarization 

mechanism responsible for normal sarcomeric calcium release is still bypassed. A more detailed 

description of the excitation-contraction coupling mechanism can be found elsewhere (Bannister 

2016) (Rebbeck et al. 2014) (Gundersen 2011), but clearly, a more faithful recapitulation of 

excitation-contraction coupling in vitro appears to be required to guide further advances in in 

vitro skeletal muscle tissue engineering. 

In summary, while such in vitro electrical stimulation can undeniably modulate the 

myogenic phenotype in vitro, it is equally clear that such stimulations do not yet capture the 

physiological impact of key aspects of neural innervation in vivo. Thus, despite progress and 

promise, there remains room for improvement regarding optimization of electrical stimulation 
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protocols in vitro as a surrogate for neural activation in vivo. As such, neurotization is another 

strategy being considered for this purpose. 

1.4.2 Protocols for In Vitro Neurotization of Skeletal Muscle 

 In vivo neurotization of implanted tissue-engineered skeletal muscle constructs has been 

shown to significantly increase force production and maturity of the constructs (Dhawan et al. 

2007) (Juhas et al. (Juhas et al. 2014). Williams et al. (Williams et al. 2013) also performed in vivo 

implantation of an engineered muscle construct along the femur in a rat hindlimb, and the sural 

nerve was sutured to the construct. One week after implantation, the active force produced by 

the construct increased 245% from 192 µN to 549 µN. Additionally, implanted constructs 

developed a capillary system and displayed the beginning of alpha bungarotoxin clustering, 

consistent with early stage development of NMJs. Van Dusen et al. (VanDusen et al. 2014) went 

even a step further, with respect to multi-tissue integration, and created a tissue-engineered 

skeletal muscle unit, or “SMU”. This implantable construct consisted of engineered skeletal 

muscle with engineered myotendinous junctions attached. Twenty eight (28) days after 

implantation at the site of a surgically created VML injury in the rat tibialis anterior muscle (with 

a motor nerve sutured to the construct), the constructs displayed increased muscle fiber 

alignment as well as numerous nerve fibers extending from the grafted nerve into the construct; 

the nerves terminated at acetylcholine receptor clusters, thus providing evidence for the in vivo 

development of neuromuscular junctions. These studies clearly highlight the salutary effects of 

neurotization of implantable tissue engineered skeletal muscle, and below, we describe the 

impact of in vitro neurotization. 
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One promising method of achieving such neurotization in vitro is via neuron-myogenic 

co-culture. For this strategy, there is no control over the number of NMJs that may form as the 

co-cultured MPCs and nerve cells mature. In normal, in vivo developmental muscle physiology, 

individual neonatal muscle fibers are polyneurotized, but the fibers transition within several 

weeks to single-point (fiber) innervation via a not entirely clear mechanism (Colman, Nabekura, 

and Lichtman 1997) of neural pruning (Walsh and Lichtman 2003) (Balice-Gordon and Lichtman 

1994) (Jansen and Fladby 1990). As the vast majority of native skeletal muscle fibers only possess 

one NMJ (Hall, John E 2010), excess NMJs formed in the neural co-culture scenario may also be 

pruned upon maturation, although to our knowledge, this in vitro scenario has not been 

rigorously examined.  

The first well-known co-culture between muscle and neural cells was reported by Askanas 

et al (Askanas et al. 1987), when human muscle fibers were cultured with fetal rat spinal cord, 

leading to formation of neuromuscular junctions after 7-10 days, and postsynaptic nicotinic 

acetylcholine receptors were readily detectable after 2-7 weeks of culture. Similarly, another 

study of co-culture of mouse myotubes and rat spinal cord triggered significant fusion of 

myotubes into myofibers – some reaching 1 cm long, and formed well-developed sarcomeres 

and mature NMJ metabolic enzymes (Wagner et al. 2003). Umbach et al (Umbach et al. 2012) 

cultured C2C12 myoblasts and embryonic stem cell-derived motor neurons. Dual patch-clamp 

measurements confirmed the presence of spontaneous and stimulated neurotransmitter release 

from newly-formed NMJs as well as the presence of robust synapses. Morimoto et al (Morimoto 

et al. 2013) performed murine neural/myogenic co-culture on a micropatterned surface and 

observed formation functional NMJs and contractile fibers. Finally, Martin et al (N. R. W. Martin 
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et al. 2015) attempted a more physiologically-relevant murine 3d neural co-culture and observed 

formation of striated myotubes and a 1.5 fold increase (4.16mN from 1.71mN) in tetanic active 

force production over monoculture myocytes when electrically stimulated. 

The recent work of Scott et al. (Scott et al. 2017) provides interesting contrast to co-

culture of neural and myogenic cells. These investigators used agrin-coated microspheres 

embedded into fibrin biomaterial constructs to evaluate the possibility of exerting high spatial 

control over development of skeletal muscle acetylcholine receptor (AChRs) clusters. The 

constructs were then seeded with C2C12 myoblasts or rat muscle derived cells (MDCs) and placed 

in a cyclic stretch bioreactor. Interestingly, the combination of embedded agrin-coated 

microspheres and bioreactor-preconditioning displayed a strong synergistic relationship with 

respect to dramatically enhanced formation of AChRs, relative to the presence of agrin-coated 

microspheres in static MDC seeded fibrin-based constructs. As this was a preliminary study, 

results are very encouraging but much work remains on the path to in vitro functional innervation 

of engineered skeletal muscle tissue using this strategy.  

In summary, neural stimulation is a critical modulator of skeletal myogenesis both in vivo 

and in vitro. Applying what is known about this process in vivo to improved design of tissue 

engineered skeletal muscle in vitro remains a major challenge. Current approaches are diverse, 

and it may be that a combination of electrical stimulation coupled to identification of strategies 

that more faithfully recapitulate neurochemical synaptic transmission will ultimately be required 

to ensure creation of a more physiologically-relevant adult muscle phenotype in vitro.  
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Table 2. Summary of Effect of Electrical or Neural Stimulation on In Vitro Skeletal Muscle Tissue Engineering (Selected) 

AchR: acetylcholine receptor, MDC: muscle derived cells; NMJ: neuromuscular junctions, PDMS: polydimethylsiloxane 
 

Reference Substrate  Model Description Stimulus Protocol 
Active 
Force 

Quantitation Results 

(Askanas, 1987)  NA 
Human 
Myofibers 

Innervate myofibers w/ fetal 
rat spinal cord 

NA   NA Cytochemistry Presence of new nACh receptors 

(Wagner, 2003)   NA 
Mouse 
Myotube 

Co-cultured mouse muscle 
and fetal rat spinal cord 

NA   NA Electrophysiology 
Ach receptors displayed mature 
phenotype 

(Stern-Straeter, 
2005) 

Fibrin Rat Myoblast 
Electrical stimulation effect 
examined on 3d myoblasts 

6.8mA, 4ms pulse for 
250ms, every 4s, 8 
days 

  NA qRT-PCR 
MyoD, myogenin and AChR-ε 
Decrease 

(Fujita, 2007) 
Coverslips, 
Culture 
Plates 

C2C12 
Control Ca2+ transients with 
electrical pulse stimulation 

10 Hz Continuous , 
2h 

  NA 
Calcium Imaging, 
Immunoblotting 

Lack of contractility or sarcomere 
assembly 

(Flaibani, 2009) 

Micro-
Patterned 
poly-L-lactic 
Acid 

Rat Satellite 
Cells 

Effect on alignment and 
differentiation of 
micropatterned substrate and 
electrical stimulation 

70mV, 3ms pulse, 
0.03Hz, 4 h 

  NA 
Immunostaining, RT-PCR, 
Galvanotaxic Analysis 

Increased differentiation, density, 
thickness, alignment, fusion, 
contractility 

(Fujita, 2010) Collagen C2C12 
Use UV-crosslinked film to 
measure active myotube 
contractility 

1 Hz, 1V/mm, 10ms 
pulse, 1wk  

~10x 
increase 

Western Blot, 
Fluorescence Microscopy 
Active Force Production 

Thicker stimulated cell layer, Up 
regulation of Bcl-2, Incr. Protein 
Content 

(Donnelly, 2010) 
Sylgard 
PDMS 

C2C12 
Novel electrical-stimulus 
bioreactor development 

4x 0.1ms pulses in .4s 
train, rest 3.6s, 1.25-
5 V/mm, 7 days 

~2x 
increase 

Active Force Production 
Stimulation at 2.5V/mm had best 
results for 3d constructs 

(Khodabukus and 
Baar, 2011) 

Fibrin C2C12 
Inversely vary pulse width 
and voltage to maintain 
constant energy 

10Hz, 0.4s train, rest 
3.6s, 0.5-4V/mm, 
pulse width 0.25-
16ms 

~2.5x 
increase 

Active Force Production 
Voltages greater than 0.5 and less 
than 3V/mm increased force. Damage 
caused by excess voltage (>3 V/mm)  

(Umbach, 2012)   C2C12 
Development of low-density 
neural co-culture method 

NA    NA 
Microscopy and 
electrophysiology 

Presence of functionally mature NMJs 
after 1-2 d 

(Morimoto, 2013) PDMS C2C12 
Neural co-culture on 
patterned substrate 

NA NA 
Immunocytochemistry, 
RT-PCR 

Functional NMJs and contractile 
muscle fibers 

(Martin, 2015) 
3d Fibrin 
Construct 

Rat Myoblast 3d Neural coculture NA 

~1.5x 
increase  
4.16uN vs 
1.71uN 

Immunohistochemistry, 
Active Force Production 

Increased force production, formation 
of striated myotubes 

(Scott, 2017) Fibrin 
C2C12 and rat 
MDC 

Localized agrin placement 
Cyclic stretch 
bioreactor 

NA Histofluorescence 
Increased concentration of AChRs 
commensurate with cyclic stretch 
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1.5 Conclusions 

In vitro development of implantable tissue engineered skeletal muscle for treatment of 

VML and VML-like conditions is a rapidly developing field with revolutionary potential for 

therapeutic improvement of functional outcomes. The sheer complexity of myogenesis and 

myogenic physiology means that this will ultimately be a daunting task. Recent trials – built upon 

years of accumulated knowledge – have shown that a focus on in vitro methods such as cyclic 

stretch and neuro-electric stimulus can indeed improve the functional capacity of engineered 

skeletal muscle implants. By no means, however, are improvements to this technology limited to 

these factors. In fact, improved functional outcomes and more wide spread clinical applications 

of implantable tissue engineered skeletal muscle technologies for VML repair, will likely require 

increasing levels of technological sophistication/complexity to ensure a more faithful 

recapitulation of the native muscle phenotype and function.  
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Figure Legends 

Figure 1: In vitro pre-conditioning technologies. Technologies can be divided in 2 

categories: dynamic tissue culture bioreactors and neuro-electric stimulation. Dynamic tissue 

culture bioreactors can be further divided into cyclic mechanical stimulation (i.e. cyclic stretch 

bioreactor) and in vitro bioreactor treatments (i.e. stirring flask bioreactors, rotating wall 

bioreactors and perfusion bioreactors). Neuro-electric stimulations can be done via electrical 

stimulation or neural stimulation. 
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Figure 2: Schematic representation for the application of TEMR (Tissue Engineered 

Muscle Repair) constructs in TE/RM. Myblasts are seeded in a acellular scaffold derived from the 

lamina propria of a porcine bladder. In vitro cyclic stretch preconditioning lead to cell alignment 

and myoblast fusion into myotubes. Construct is implanted in different VML injury models, 

including the resection of 50% of a mouse latissimus dorsi muscle and the resection of 20% of a 

rat Tibialis anterior muscle (Machingal et al. 2011) (Corona et al. 2012) (Corona et al. 2014). 
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2. Advances to the Regenerative Therapeutics Bioreactor 

2.1 Bioreactor Description 

2.1.1 Introduction 

 As briefly discussed in the previous section, the Regenerative Therapeutics Lab (RTL) employs a 

custom-designed bioreactor for maturation of implantable muscle cell-seeded constructs. The 

inspiration for this bioreactor was also described in the previous section, however, the actual 

implementation, construction, and protocol are all custom-developed. This brief section will describe 

bioreactor specifications, and the bioreactor portion of TEMR production. 

2.1.2 Specifications 

 The RTL bioreactor is a device designed to apply cyclic stretch to extracellular matrix (ECM) 

scaffolds. Before installation in the bioreactor, these scaffolds are seeded with muscle progenitor cells 

(MPCs) which attach to the scaffold and form an implantable construct known as a Tissue-Engineered 

Muscle Repair, or TEMR. Two main manifestations of the bioreactor exist; the older one is designed such 

that the scaffolds are fixed in the bioreactor when mounted, the newer design allows the scaffolds to be 

fixed onto a removable “frame” which is placed into the bioreactor (Figure 2.1.1). The implications of 

this design are thoroughly discussed in Section 3. For the purposes of this thesis, we will focus on the 

newer generation of removable-frame bioreactors. 

Figure 2.1.1, Bioreactor Removable “Frame” 
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In its most-used iteration, 

the bioreactor holds 8 scaffolds 

concurrently, each with an installed 

length (space between frame bars) 

of 3.0cm (Figure 2.1.2).  The TEMR 

scaffolds are secured into place 

within the bioreactor by means of 

Teflon (PTFE) clamps mounted on 

nylon upright threaded posts; the 

clamps are compressed on the post 

by nylon thumbnuts. The bioreactor 

is fabricated from Teflon, stainless steel, acrylic, and nylon. The body of the bioreactor as seen in Figure 

2.1.3 is milled from a single block of Teflon, thus ensuring structural and liquid integrity.  

As previously mentioned, the scaffolds are mounted onto a removable frame assembly. They 

are secured into place via Teflon clamps positioned over upright threaded nylon studs. When fitted with 

3.0 cm 

Figure 2.1.2, 3.0cm scaffold mounting distance 
 

Figure 2.1.3, Bioreactor Body, Translating Arm, and Motor 
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nylon nuts, the studs allow compression of the clamp, thus holding the scaffold in place. The frame is 

held into place within the bioreactor via a friction fit. One side of the frame is held stationary within the 

body, while the other sits in a laterally translating Teflon “arm”. The translating arm is connected by a 

series of stainless steel components to a custom Haydon Kerk/Ametek (Waterbury, CT) linear stepper 

motor situated horizontally at the front of the bioreactor body. These are all also visible in Figure 2.1.3. 

In default operation (see Chapter 3), the motor stretches the installed scaffolds by a preset distance of 

3mm, or 10% strain. 

While much of the bioreactor consists of custom-designed components, all hardware is off-the-

shelf. Due to the softness of Teflon, HeliCoils (Stanley Engineered Fastening, USA) are used in the design. 

They are installed in the motor plate mounting holes as well as in all the body holes used to secure the 

lid.  

2.1.3 Bioreactor Protocol 

 Based on previous work (Corona, Ward, Baker, Walters, & Christ, 2014), we have developed and 

maintained a protocol for the bioreactor stretch sequence. Immediately upon starting the protocol, the 

secured TEMR scaffolds are cyclically stretched 10% of their 3cm starting length; 3mm. Each 10% stretch 

occurs over the course of 10 seconds, and the retraction is over the same time period. This cycle is 

repeated three times a minute for the first five minutes of the hour. Thus, the stretch-retraction cycle 

occurs continuously for 15 repetitions over five minutes. The device then waits for 55 minutes and 

repeats the cycle. New trials within the lab are investigating the possibility of increasing the stretch 

magnitude or perhaps increasing the number of stretches per hour. 

2.1.4 Bioreactor Notes 

 The bioreactor in its current iteration is a robust piece of equipment. All components within the 

device are capable of ethylene oxide sterilization at 37C. In fact, some bioreactors within the lab have 

completed this cycle more than 100 times, with no ill effects. It is, however, important to note that the 
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manufacturer of the motor – Haydon Kerk – does not guarantee the motors’ performance after 

exposure to these conditions due to the increased risk of corrosion.  

 The only outstanding weakness in the current design are the screw interfaces with the Teflon 

body. To strengthen these joints, HeliCoils are installed in all structural support holes on the body. 

HeliCoils act like wall anchors and expand when a screw is inserted, thus increasing the gripping force of 

the screw in the soft Teflon. However, care must still be taken when assembling or disassembling the 

bioreactor. Force when tightening should not exceed ¼ turn past hand tightness. 
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2.2. Bioreactor Controller 

2.2.1 Introduction 

 As discussed in previous sections, employing a 

bioreactor to apply cyclic stretch to developing tissue-

engineered muscle repair (TEMR) scaffolds yields significant 

improvement over non-stretched scaffolds. However, a 

mechanism is required to provide precise, simple, and cost-

effective control to the bioreactor. As previously described in 

the Specifications section of Chapter 2, the bioreactor 

consists of a large Teflon body equipped with a linear stepper motor. The motor is attached via stainless 

steel hardware to a slide mechanism capable of concurrently stretching 8 scaffolds. The scaffolds are 

normally stretched 10% (3mm) beyond their starting length of 3.0cm.  To provide sufficient accuracy, a 

precise stepper motor is necessary.  A semi-custom model (E43H4P-05-A01) from Haydon Kerk is 

employed which allows control resolution as fine as 0.25µm linear travel. Control of this assembly is 

currently achieved via a microcontroller-based device with an extremely simple user interface. A printed 

circuit board (PCB) implementation which shortens and simplifies assembly of the controllers is in its 

third generation. Although stepper motors are extremely precise in their movement, a software and 

hardware device upgrade is in development which tracks any motor movement error via a digital 

encoder and alerts the user if error is detected. The entire assembly is currently U.S. Patent Pending. 

2.2.2 Previous Controller 

 Before the microcontroller-based device was created, the bioreactor controller employed in the 

Regenerative Therapeutics Laboratory consisted of a custom PC-based program communicating via USB 

with a Phidget 1067 bipolar stepper motor driver module. While this assembly successfully controlled 

the bioreactor stepper motors, it had several distinct disadvantages.  First, the user interface (UI) was 

Figure 2.2.1, Regenerative 
Therapeutics Bioreactor 
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not intuitive.  It was a “building block” style program where the user designed a step for the program to 

follow; once the step design was completed it was placed into a column of rows through which the 

program continuously cycled. Second, the program suffered from temporal inaccuracy. Due to lack of 

internal clock referencing, the timing would drift as much as an hour over the course of the week-long 

experimental protocol. This caused some difficulty in accurately timing experiments as well as simply 

being unacceptably imprecise for a piece of research equipment. However, the most significant 

limitation of the previous controller was the fact that each PC was only able to control one bioreactor. 

This fact drove up both financial and physical space costs; a PC and Phidget assembly costs anywhere 

from $400-1000 as well as requiring significant laboratory space.  

A previous UVA BME capstone team from 2015 had attempted to solve this issue via a new 

MATLAB-driven user interface, however, their solution was never fully functional nor complete, and still 

required one PC per bioreactor. Clearly, a better, cheaper solution was necessary. 

2.2.3 New Controller Development 

In developing a new controller system, we had several criteria that needed to be met:  

1) Precise stepper motor motion control with resolution of 5µm or less.  

2) Simple user interface 

3) Maintain temporal accuracy to within 1 second/wk 

4) Cost less than the existing system 

With easy-to-use microcontrollers at historically low prices, a microcontroller-driven control 

system was an attractive option for our lab. We consulted Dr. Gavin Garner from the Mechanical and 

Aerospace Engineering Department, and based on his extensive experience with Parallax 

microcontroller systems, developed a controller system architecture based on the Parallax Propeller 

microcontroller (Parallax Inc, Rocklin, CA). This system utilized entirely off-the-shelf components, 

significantly driving down the unit cost.  
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2.2.4 Device Specifications and Components 

This new generation of bioreactor controller meets or exceeds all the aforementioned criteria, 

with the almost exclusive use of readily-available off-the-shelf components. This section will detail each 

component of the controller, as seen in Table 2.2.1, then describe the operating characteristics of the 

device. In addition, a reference table of system resolutions is visible in Table 2.2.2. 

 

 

 

Active Components Description Source 

Propeller Chip Microcontroller Parallax 

A4988 Stepper Linear Motor Driver Pololu 

DS3234 RTC High-Accuracy Clock Sparkfun 

ADM1602K Screen LCD Screen Sparkfun 

S LCD Backpack Serial Driver for Screen Sparkfun 

 

 

 

 

 

 

 

 

 

 

 

System Name Resolution 

CPU Speed 6.25MHz 

Stepper Motor Drive 0.25µm 

RT Clock ± 2 sec/year 

Encoder 400 counts/rev 

Table 2.2.1, Bioreactor Controller Active Components 

Table 2.2.2, Bioreactor Controller 
Component Resolutions 
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Propeller Mini 

The “brain” of the controller system is the Parallax Propeller microcontroller. We utilized this 8-

core, 32-bit processor in a space-saving, $24.99 breakout board configuration called the Mini. In the 

stock configuration, the device is equipped with a 5MHz crystal. However, replacing the crystal with a 

6.25MHz unit allowed it to be overclocked to 100Mhz and ensured the ability to write timed code with 

far less calculation required (10ns per clock). For ease of use, the unit is programmed with Parallax’s 

proprietary programming language called Spin. In this application, it is powered by a 12VDC source. The 

board’s onboard 5V regulator is used to power some of the other components which require a 5VDC 

power source. The Mini’s programming interface is via a USB cord equipped with Parallax’s USB-to-serial 

conversion tool called the Prop Plug. The Propeller “brain” of the system is utilized for several functions 

in this application; accepting user input in the setup phase, receiving data from the real-time clock, 

sending control signals to the stepper motor driver, and outputting relevant data to the LCD screen. 

A4988 Stepper Motor Controller 

 While the Propeller is capable of producing the signal necessary for controlling the bioreactor’s 

linear stepper motor, realization is simplified by employing a microstepper driver chip. This allows the 

Propeller to simply send a single pulse every time the motor is required to perform a microstep. The 

microstepper controller translates this signal into a pulse-width-modulation (PWM) power signal, which 

is how the bipolar stepper motor in the bioreactor assembly is energized to move. The coil current 

output from the A4988 is manually set to output a maximum of 0.7A via a small potentiometer on the 

A4988’s breakout board. In addition, the A4988 has selectable microstep values; full, ½, ¼, 1/8, and 

1/16. For this application, 1/16 steps are selected to increase position resolution (1/16th of 1.8° per step 

or 0.1125°/microstep). Based on this microstepping and the thread size of the leadscrew 

(0.00396875mm of linear translation per microstep), a resolution of 0.25µm is achieved. This is 20x 

better than our maximum acceptable resolution of 5µm. 
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DS3234 Real Time Clock 

 Keeping time is a critical function of the bioreactor controller, as our specific protocol is timed to 

occur on the first 5 minutes of each hour for 5 days. As previously mentioned, our former PC-based 

control system tended to drift up to an hour during the course of the protocol. To combat this issue, we 

employ a DS3234 real-time clock chip which is accurate to ±2 sec/yr. We employ the low-cost ($19.95) 

breakout board realization from Sparkfun. The device communicates with the Propeller Mini via serial 

peripheral interface (SPI) and reports seconds, minutes, hours, day, date, month, and year. In addition, 

this specific board incorporates a replaceable 12mm 1.5V CR1225 lithium button cell battery which 

maintains clock data when system power is off. To set the clock, Dr. Garner wrote a script in Spin which 

can be uploaded to the Mini and sets user-determined values in the clock. Once the normal bioreactor 

controller protocol is uploaded and running on the Mini, one of the Mini’s 8 processors is used to 

Figure 2.2.2, 
Prototype Next-Generation Bioreactor 

Controller 
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constantly receive timing information from the clock. This data is used in two main ways. First, when a 

user starts the bioreactor controller protocol via the button-based user interface, the system waits until 

the next minute to begin the protocol. This simplifies record keeping by assuring that all program actions 

occur on a minute value. In addition, the protocol has variable settings which, due to computational 

error, change the duration of the motor running by a minute amount. The system references back to the 

clock for timing after each of these motions, which keeps the protocol precisely timed. 

ADM1602K LCD Screen and S LCD Backpack 

 This basic 16x2 white on black LCD screen serves to display options for the user interface and 

pertinent protocol information. On its own, the LCD screen uses HD44780 commands, which requires 11 

GPIO pins; this is a significant pin burden for almost any microprocessor. To counter this, we employ the 

SparkFun Serial Enabled LCD Backpack. This converter solders directly into the screen’s 11 input pins and 

accepts single-wire serial (default 9600 bits per second baud rate) ASCII outputs from the Mini and 

converts them into HD44780 commands usable by the screen. In addition, 5V power output from the 

Mini’s voltage regulator is input to the serial backpack and provides power to the screen. 

2.2.5 PCB Realization 

 The configuration of the first prototype of this next generation bioreactor controller (BrC) can be 

seen in Figure 2.2.2. Although this prototype provided the desired performance characteristics, such an 

implementation was too fragile for the heavy use required of a BrC. In addition, some of our partner labs 

across the country require BrCs to be shipped to them, and a breadboard-based arrangement is 

unsuitable for such shipment, as breadboard wires are simply held in place by friction and can come 

loose. Thus, a logical option to “clean up” the design as well as fortify it for transport was to create a 

PCB implementation.  

To create such a device, multiple software packages were evaluated to determine which would 

be most suitable. Autodesk EAGLE was selected, which is a freely-available, widely-used PCB-design 
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package. While the software has a somewhat steep learning curve, once comfortable, a user is able to 

take advantage of an assortment of built-in features including lead autorouting and interference testing. 

Within the program, product design occurs in two phases. First, individual components for placement on 

the PCB are either designed or pulled from the relatively extensive object library. While passive 

elements such as resistors and capacitors were contained in the library, all other components had to be 

custom designed. The components are then (non-geometrically) laid out as a schematic in the project 

workspace and connections are drawn. An image from this design stage is visible in Figure 2.2.3. Next, 

the layout is transferred to a spatially-relevant rendering of the PCB design which includes all PCB 

features such as through-holes, component locations, and connection routing. Figure 2.2.4 represents 

this step. Finally, when all design is finished, EAGLE allows the export of industry-standard PCB design 

files called Gerber files. These can be sent directly to a PCB manufacturer.  The PCB for the bioreactor 

controller was designed for simplicity, space saving, and low cost. To meet these criteria, several design 

specifications had to be ensured. For simplicity, the design is such that all components can simply be 

dropped into the appropriate place on the PCB and soldered with no additional wiring. To ensure 

conservation of physical space, board components are physically located as close to each other as 

possible while still providing room for relatively low-trained personnel to perform the component 

soldering. Low cost was achieved via contracting a Hong Kong-based company called Seeed that 

specializes in low-cost, low-volume PCB manufacturing. With quantities of 10 PCBs per order, the unit 

price was only $4.90, although lead time was approximately 3-4 weeks. The majority of controllers 

currently are 2nd-generation PCB-based, although the 3rd generation has been received and assembly is 

beginning. An assembled 2nd generation BrC PCB is shown in Figure 2.2.5.  

In its finished state, the PCB contains header pin holes for all passive and control components, 

system power (12VDC), three user-interface buttons, four motor output leads, power and transmission 

to the screen, and inputs for the encoder error-control mechanism. 
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Figure 2.2.3, BrC PCB 
Eagle Schematic 

Figure 2.2.4, BrC PCB Eagle 
Board Layout 
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Figure 2.2.5, 2nd Generation 
Assembled BrC PCB 

Figure 2.2.6, BrC GUI 
Flow 
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2.2.6 Control Code 

With the prototype implementation of the bioreactor controller designed by Dr. Gavin Garner, 

no user interface (UI) was necessary, as the device continuously ran after it was powered on. Bioreactors 

could be attached and detached from the control signal as needed. Indeed, to allow multiple bioreactors 

to run concurrently, the control signal from the Propeller Mini was “daisy-chained” to multiple, 

individually-powered stepper motor driver chips. In this way, multiple bioreactors could be run while 

ensuring that excess current was not required from a single stepper controller. Although multiple 

bioreactors were able to run, the experimenter was still required to record the start time and manually 

disconnect the bioreactor when the appropriate cyclic stretch period (5 days) had elapsed.  

Additionally, the control code written by Dr. Garner applied to an idealized bioreactor where no 

backlash existed within the system. However, due to some flexibility in the physical design of the 

bioreactor and motor interface, some finite rotation of the motor is able to occur without horizontal 

translation of the scaffold holder assemblies. Thus, physical manipulation of the motor was undertaken 

to determine the amount of such backlash in the assembly. After multiple measurements, an average 

value of about 2000 was determined which is added to the number of steps the motor should travel in 

each stretching and retracting motion to account for approximately 500µm of backlash in the leadscrew. 

2.2.7 User Interface 

To mitigate this manual intervention required in the stretch process and to increase the 

flexibility available to the experimenter, a graphical user interface (GUI) was developed. This interface is 

based on a three-button input, and output from a 16x2 LCD screen. The GUI is written in the main 

control loop of the Propeller Mini. Upon powering the system up, the user lands on the main menu, 

which displays “Bioreactor Controller v. 1.2” on the top line, and the options “Go,” “Setup”, and “Info” 

on the bottom line. Figure 2.2.6 shows the main menu and GUI flow. Upon selecting “Info”, the user is 
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taken briefly to a menu showing the developers, date, and information regarding the device, then 

returned to the main menu.  

If “Setup” is selected, the first menu option is “Stretch”. The default value here is 3000µm, and 

the user is able to adjust this value up or down by increments of 10µm. Upon selecting the correct value, 

“Next” is selected. The next screen allows the user to select the duration of the experiment; default is 5 

days or 120 hours. After this, the user can select the specific type of motor installed on the bioreactor. 

The preset is for our custom Haydon Kerk model, but two others are available. Each motor type required 

specific tuning within the code based on the varying linear travel per step of each stepper motor. On the 

next screen, the question “Delay Start?” appears. If “Yes” is selected, an adjustable preset value of 24 

hours is programmed to pass before the device will begin the protocol. When setup is complete, the 

user is returned to the main menu. 

If “Go” is selected, the system waits until the top of the next minute before starting. Again, this 

simplifies internal record-keeping for the device. While running, the device will display the number of 

repetitions – defined as the number of complete hour-long run cycles – and the start time. After the 

protocol has been completed, the screen shows “Protocol Success.” 

2.2.8 ErrorTrack 

 Due to this device’s future involvement with an FDA-sanctioned clinical trial, I preemptively 

developed a system capable of ensuring the rotational travel of the bioreactor stepper motor matches 

the software commands. This system utilizes a US Digital E5 400 count/rev digital quadrature encoder 

mounted on a customized stepper motor from Haydon Kerk. The encoder is of the optical variety; it 

employs a slotted disk attached to the stepper motor’s shaft which alternately blocks and passes light 

based on the shaft position. Passed light is recorded as a digital 5V signal, while blocked light is 0V. As it 

is a quadrature encoder, two signals are collected; one 90 degrees out of phase with the other. The 

sequence of changes in this 2-bit Gray code signal allows the determination of the direction of rotation 
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and total distance traveled. The ErrorTrack system is written into the code for the Propeller Mini and 

requires two GPIO pins; one for each signal coming out of the encoder. Based on the number of motor 

revolutions necessary for the bioreactor to achieve 3mm (or otherwise selected) linear travel, a 

theoretical count of encoder signals for a full stretch cycle can be calculated. At the beginning of the 

stretch cycle, ErrorTrack starts with a count of zero. It then observes the direction of rotation and 

increments upon stretching or decrements upon retraction. When the bioreactor has completed a full 

extension, the number of count signals received from the encoder should match (within a very small, 

roughly 0.1% error tolerance) the theoretical count calculated within the code. Once the bioreactor 

returns to the retracted position, ErrorTrack’s count should have decremented back to zero. If these 

conditions fail to be met, ErrorTrack will alert the experimenter. 

2.2.9 Malfunctions 

 In the period since the new generation of microcontroller-based BrCs has been developed, 

several device malfunctions have occurred. First, one of the LCD screens suffered an internal error and 

ceased functioning. Second, one of the Propeller Mini units also ceased function after some unknown 

event, although it is suspected to have been due to an electrical short after inadequate training of 

undergraduate assistants aiding in device assembly. The device uses Category 8 (CAT8) Ethernet cable to 

connect the controller to the bioreactor and 4-pin XLR connectors at the bioreactor end of the cable. A 

trend has been observed of accidentally severing the wires within the cable when cutting through 

insulation to solder connections to the controller and XLR connector. Extra caution is thus required, and 

several existing BrC units have required re-soldering of the cable leads. 

2.2.10 Future Directions 

 Although significant progress has been made in the bioreactor controller, further advances 

await. The simplest is the standardization of all motors across bioreactors. This will eliminate the motor 

selection section of the setup menu, as well as lessen the risk of a user incorrectly selecting a motor in 
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the BrC setup phase. Next, a touchscreen interface would be a relatively easy upgrade to make to the 

design; however the value added would be almost solely aesthetic, as function is projected to remain 

almost identical to the current three-button interface. Finally and most involved, real-time tracking of 

the forces and strain of TEMR constructs being stretched would allow the BrC to dynamically alter the 

stretch protocol. Instead of applying a constant 10% strain, for example, the system could utilize load 

cells to apply a given stress value which the system would maintain over time. Currently, this is not 

feasible as scaffold remodeling occurs over the course of the stretching protocol and thus the stress-

strain relationship is not fully constant over time. A group from Johns Hopkins has created a bioreactor 

system containing the necessary hardware to perform this protocol, although their control system is 

computer-based and not cost or space optimized (Cook et al., 2016). However, the next chapter will 

discuss my co-mentorship of a UVA BME capstone team that worked this year on developing a method 

to reduce errors in strain while allowing continued use of our existing bioreactor and bioreactor control 

equipment. 
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2.3. Advances in Scaffold Mounting Capability 

2.3.1 Introduction 

 As previously discussed, in the UVA Regenerative Therapeutics Lab, we employ a cyclic stretch 

bioreactor to provide mechanical stimuli to maturing muscle progenitor cells seeded onto extracellular 

matrix scaffolds. Cyclic stretch has repeatedly been shown to encourage the maturation and function of 

these cells (Pollard, McGonnell, and Pitsillides 2014) (Hall 2010) (Schiaffino et al. 2013); a necessary 

factor for development of implantable constructs. Our proprietary bioreactor has the capacity to stretch 

eight mounted scaffolds using one stepper motor and the controller described in the previous section.  

The scaffolds are individually, manually mounted in the bioreactor and tensioned by eye. The bioreactor 

stretch protocol is then begun, and scaffolds are removed at the end of the cycle. 

 Although positive results have been observed from use of the bioreactor in producing these 

implantable constructs, several issues exist with the design of the system as it currently stands. First, 

there is very little control over the mounting method, leading to possible variances in static strain across 

the individual scaffolds. Second, there is currently no way to observe this strain experienced across all 

and between each scaffold in the bioreactor. Finally, our system possesses no method to quantify the 

passive forces experienced by the scaffolds during the stretch protocol.  

 The BME capstone team which I co-mentored this year took on the challenge of designing 

solutions to some of these issues. The team’s final developments addressed the mounting methodology 

and strain quantitation issues. Their work can easily stand as the basis for another team’s capstone 

project.  
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2.3.2 Current Scaffold Mounting Method 

 The current method for mounting TEMR scaffolds into the bioreactor assembly consists of 

several steps; mounting mechanisms and a mounted scaffold can be observed in Figure 2.3.1. First, the 

two sides of the bioreactor stretching mechanism are spaced properly – to 3cm – and filled with cell 

proliferation media. Next, the entire width of the shorter dimension side of the TEMR is placed onto one 

edge of the stretching assembly. This end is secured by a Teflon clamp and secured with a single nylon 

thumbscrew. Then, the opposite side of the TEMR is draped across the media-filled space to reach the 

opposing ledge of the stretching assembly. It is tensioned by eye to the proper value, and set on the 

ledge while the clamp is lowered and tightened. Unfortunately, as the scaffold must be released for the 

clamp to be lowered, there is no way to maintain the desired tension while the clamp is being tightened. 

This results is notable variance across scaffold mounting tensions. While this method produces TEMR 

mountings that appear similar to the eye, it is important to recall that the TEMR is a large-scale 

amalgamation of many micro-scale cellular units. Consequently, values such as TEMR pretension that 

exhibit a notable variance in the current method could be experienced as a much larger effect on the 

several-orders-of-magnitude-smaller muscle progenitor cells.  
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Figure 2.3.1, BAM Mounting Assemblies 
A. Teflon Clamp  
B. Crossbar Assembly with Teflon clamp and upright nylon threaded posts 
C. Example Mounted BAM; note nylon thumbnuts for clamp compression 
D. Mounted BAM in bioreactor (simulated, so no media present) 

A B 

C 

D 
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2.3.3 Improved Mounting Method 

 Thus, there exists a strong impetus for 

standardizing the bioreactor mounting method 

for TEMRs. The capstone team and I worked over 

the past year to develop ideas for such a system. 

The chosen design employs a new device – a 

novel “mounting chamber” – designed for 

precise and repeatable mounting of individual 

TEMR scaffolds which can be transferred in 

mounted configuration to a ready bioreactor. 

Figure 2.3.2 shows a rendering of this device. The 

chamber currently exists as a 3d-printed prototype, but a future version 

would be machined from Teflon, as the bioreactors are. The device primarily 

consists of the electronics housing, a polymer frame where the clamps rest, a 

load cell, and a precision clamping/tensioning system. Together, these 

contribute to creation of a more repeatable method for mounting TEMR 

scaffolds in our bioreactor system. The chamber is designed to be placed in a 

large cell culture dish to contain media. Both ends of the device have the 

clamping system designed for mounted transfer to the bioreactor, but one 

end contains the precision tensioning mechanism while the other interfaces 

with a load cell to help calibrate the tensioning. 

 

 

Figure 2.3.2, Prototype Mounting Chamber 
 

A
.

B
.

Figure 2.3.3, Load Cell 
A) Point of attachment to 

device wall 
B) Clamping mechanism 
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Load Cell 

 In this application, the load cell is employed to ensure precisely applied preload values across 

and among scaffolds. To our knowledge, no study has yet examined the effect of preload upon 

engineered tissue scaffolds. If no preload is desired, then the load cell is still essential to ensure even, 

resting-length strain across the scaffold being mounted.  

 The cell is employed as shown in Figure 2.3.3 where it is mounted vertically on the wall of the 

mounting chamber, and one end is inserted into an end of the scaffold clamping mechanism. This 

configuration allows the cell to record the bending moment caused by the pretensioning occurring at 

the other end of the TEMR. The load cell output is converted to a user-friendly format through a series 

of steps which will shortly be discussed. 

 The cell is a LQB630-50G model from Cooper Instruments (Warrenton, VA). It uses a 

Wheatstone-Bridge-like arrangement of sputtered thin-film strain gauges to produce highly linear 

signals (0.1% deviation) with a 10VDC excitation. As load cells produce a very low output voltage, the 

output signal is run through a universal strain gauge amplifier. We chose a model from Industrologic 

(SGAU, Industrologic, MO) which provides the excitation voltages to the load cell and reads the 

differential input signal. Depending on the input voltage to the amplifier, various output voltages from 

the amplifier can be achieved. The amplifier was set to output the range of 0-3.3V corresponding with 

the range of 0-50g. Two potentiometers on the amplifier allow precise tuning and drift calibration to 

ensure the exact voltage output. From the amplifier, the signal is input into a 16-bit analog-to-digital 

converter (Sparkfun, CO). This signal directly outputs to the digital inputs of a Raspberry Pi 3 

microprocessor. The lack of analog inputs on the Pi necessitated the employment of the ADC. As the Pi is 

a powerful device with a user-friendly interface, the output from the load cell can be displayed on a 

monitor directly connected to the Pi. Real-time force output from the load cell will be utilized in the 

improved mounting protocol.  
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Tensioning Mechanism 

 The tensioning mechanism must operate such that repeatable, precise values can be achieved 

when mounting scaffolds, yet interface with the existing bioreactors with no modification. The design is 

such that the scaffold is clamped into place on the load cell side and lightly draped across the center 

support “bridge” to the opposite clamp assembly, spaced exactly 3cm from the fronts of each clamp. 

The bottom clamp rests nearly flush with the bridge level, so the scaffold can simply be draped onto it. 

Emanating from the bottom clamp are two upright posts near the left and right edges, as seen in Figure 

4.4A. After the scaffold is draped, a thin center clamp with small, tooth-like protrusions on the bottom is 

placed over the bottom clamp and upright posts. The center clamp can translate forward and back on 

the posts by means of highly elliptical guide grooves. This portion is seen in Figure 2.3.4B. The center 

clamp is lightly tightened by means of thumb screws on the upright posts, and the proper tension is 

achieved by translating the clamp forward and back while monitoring the load cell digital output. The 

center clamp is then tightened securely, and the scaffold is ready for mounting in the bioreactor. This 

process simply involves transferring the mounted scaffold and clamp assembly out of the mounting 

chamber and onto the mounting posts of the 3cm-spaced bioreactor. As the bioreactor is designed to 

provide 10% strain to the constructs, the tensioning mechanism must also ensure this requirement is 

Figure 2.3.4, New Tensioning Mechanism 
A) Bottom and Center Clamp 
B) Translated/Tensioned Center Clamp 
C) Mechanism mounted in bioreactor, with top clamp 

 

A B C 
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fulfilled. Due to the design of the center clamp, the scaffold could effectively be 

“clamped” at a distance slightly greater than 3cm. To counter this, once the 

scaffold is placed into the bioreactor, a narrow top clamp which fits between the 

two upright posts and extends to exactly the front edge of the bottom clamp is 

placed over the bioreactor mounting post and secured with a thumbscrew (Figure 

2.3.4C). This tensioning method is designed to simplify scaffold mounting and 

ensure consistency across manufactured scaffolds by standardizing pretension 

values and guaranteeing that the effective distance of stretch is exactly 3cm. 

Prototype Tensioner Testing 

 To determine the functionality of the prototype tensioning device over 

the manual mounting method, the team performed several mounting trials, 

shown in Figure 2.3.5. The blue bars indicate mounting trials using the new 

device, while orange points are of the manual mounting method. All values are 

expressed as mN deviation from the desired BAM tension. It is readily apparent that the mounting 

device provides a much decreased level of variability and is notably more accurate than the manual 

method.  

2.3.4 Strain Heterogeneity Quantification 

 Although mechanical and methodological design improvements can theoretically ensure 

consistency in scaffold production, a need still exists for verification of this enhancement. A method to 

achieve this verification is via digital image correlation, or DIC. In this method, a digital camera is used to 

video record in real time the area of interest – in this case a bioreactor-mounted scaffold. Contrast is 

added to the area to enhance the ability to identify individual points of interest within the area. A 

program performs a frame-by-frame analysis of the video and tracks each of the contrast points within 

the area of interest. The program references the location of each point to its original position (in the first 

Figure 2.3.5,  
Tension Trial 

Results 
 



55 
 

frame) and outputs two heat-map style gradient displays for each frame; one in the x direction of 

stretch and one in the y direction A potential result for such a process can be seen in supplemental 

figure S3.3.  

 These heat maps provide valuable information as to the uniformity of loading and strain across 

bioreactor-mounted scaffolds. However, one more step must be taken before useful information can be 

extrapolated from the DIC. If the camera is stationed directly above the scaffold, then the stretch is only 

occurring at one side of the image frame (standardized as the right side). In an analysis of a perfect 

stretch cycle at the fully extended position, this would result in a strain gradient ranging from 3mm on 

the far right side of the scaffold to 0mm at the far left side. However, we are interested in seeing the 

change in strain relative to the center of the scaffold; thankfully a solution to this issue is relatively 

simple. In the current analysis, image frames are taken at 1 second intervals. Given that the total strain 

of 3mm occurs over 10 seconds, we know that each second of stretch results in a strain of 300µm. We 

assume that the scaffold is a linear, homogenous structure, so the far right side experiences 300µm of 

strain, the far left experiences 0µm, and the center experiences 150µm. Since we are interested in 

referencing our measurements to the center of the scaffold, exactly half of the recorded displacement 

of the far right side can be subtracted from the entirety of the displacement gradient map. While 

essential to perform in the x-axis gradient analysis, this post processing is also very important to perform 

in the y-axis analysis as points at the top and bottom of the scaffold will tend to be pulled to the center 

of the scaffold as strain increases. Preliminary testing of carefully-mounted scaffolds in the bioreactor 

have exhibited quite uniform strains across the scaffolds, but much testing remains to be done in 

developing this important verification method.  

2.3.5 Future Directions 

 While the progress in methodology and device development made by the capstone team is 

important and novel, much work still remains to be accomplished. One future development of this work 
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could include development of a next-generation “smart” bioreactor. Similar to the idea of Cook et al 

(2016), such a system would be equipped with load cells (or comparable force measurement devices) for 

each scaffold within the bioreactor. The new “smart” bioreactor could have built in digital image 

correlation analysis for each scaffold. A user interface, driven by the Raspberry Pi embedded computer, 

would display data from the load cells and the DIC in a user-friendly format which would be used to 

verify consistent production quality across scaffolds in the bioreactor at multiple time points within the 

normal stretch protocol. This development, perhaps along with a more ergonomically-designed 

bioreactor, could even eliminate the need for a mounting chamber, and precise, repeatable mounting of 

scaffolds could be achieved directly in the bioreactor. In addition, force and image correlation data from 

trials across many scaffolds could perhaps lead to insights into the optimization of tensioning and 

stretch protocols for BAM scaffold production. 
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2.4. Advances in Bioreactor and Transport Chamber Design 

2.4.1 Introduction 

 As previously discussed at length, the bioreactor employed in our lab is a custom device, 

engineered over several generations into its current design. These include changes in material 

composition and physical configuration into a form which functions as a consistent piece of laboratory 

equipment. However, as the TEMR technology approaches the first phase of human clinical trials, 

attention must be devoted to ensuring extreme levels of quality control in all levels of TEMR production. 

Given that the bioreactor is an essential component of TEMR manufacture, the same precision and 

quality control must be extended to this device as well. To this end, I have worked to refine the design 

and production of the bioreactor.  

In addition, for clinical human trials, the TEMR scaffold must be transported from the GMP 

production facility to the site of surgical implant. The challenges associated with shipping a highly 

delicate live tissue scaffold are obviously large. The constructs could easily be damaged by impulse 

forces during shipping, and also require continuously elevated CO2 and temperature levels. With the 

exclusion of elevated temperatures, we have attempted to design a Transport Chamber system capable 

of enduring shipment while maintaining cell viability.  

2.4.2 Bioreactor Updates 

 The original version of the bioreactor was manufactured by Cross Technologies (W-S) based on 

research and design drawings provided by Dr. Christ and colleagues at Wake Forest. Two generations of 

the 8-scaffold capacity Cross bioreactor are commonly used within the lab. The former entails a rigid 

mounting structure. This design is simplified by the low parts count, however, the design also makes it 

impossible to remove scaffolds from the bioreactor without dismounting them from their attachment 

points; a necessary step for scaffold shipment. The newer Cross model is designed with a removable 

“frame” assembly that was originally intentioned for use with a bi-directional seeding chamber used in 
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TEMR production. However, the removable frame is actually an excellent starting point for a highly-

compatible TEMR transport system; this development will be addressed in the next section. Both 

generations of bioreactors are constantly in use within the Regenerative Therapeutics Lab, but as the 

newer “removable-frame” generation holds more potential for future development, all of the updates 

have been focused on this generation. We currently possess two next-generation bioreactors, with the 

design based on group input, the CAD work by myself and machining by the UVA Physics Machine Shop.  

The first noted deficiency within the Cross bioreactor was the fit between the frame assembly 

and the bioreactor itself. In the Cross design, a spacing gap of over 2mm on each side of the frame was 

present. Due to the bioreactor’s normal range of motion of only 3mm, this gap meant that in normal 

operation, the frame holding the scaffolds could potentially not be stretched at all. If mounting occurred 

properly and the frame was butted up against the inside edge of the bioreactor mounting areas, then 

theoretically the tensioning of the scaffolds would ensure a normal stretch protocol occurred by keeping 

the mounting assembly butted against the edge of the frame. However, this ideal condition may or may 

not be regularly accomplished, so the CAD file was modified by reducing the gap to 0.25mm on each 

side. In the next-generation bioreactor’s physical manifestation, this has ensured a very smooth, yet 

snug fit of the frame into the bioreactor.  

The second issue to ameliorate involves the nylon mounting posts in the long frame crossbars. 

Interviews of regular bioreactor operators led me to discover this issue. To mount a scaffold, the sample 

is set into place, a Teflon clamp is placed over it, and the assembly is tightened onto the crossbar by 

means of a nylon thumbnut seated into a through-hole drilled into the crossbar. The ramification of this 

design is that often, the nylon post turns with the thumbnut. Thus the post can either completely come 

out the top of the bar or, more commonly, extend through the bottom of the bar. This voids the system 
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of symmetry and creates an unstable frame assembly. To 

remedy this issue, first the thickness of the frame 

crossbars was slightly increased to give the posts more 

material to grasp. Next, the post mounting holes were 

changed to a blind cut with roughly 0.5mm of material 

left at the bottom of the hole, as seen in Figure 2.4.1. 

While not preventing the nylon post from being 

unscrewed, this design change does ensure that the post can no longer protrude through the bottom of 

the frame.  

Two other design changes were accomplished relatively easily. First, the Cross-design bioreactor 

had spaces in the lid for 4 barbed ½” male hose ports and three 0.22µm filter papers for air exchange. 

The filter papers are kept in place by means of either a Teflon or stainless steel ring compressing the 

paper against the wall of the hole in the lid. However, the barbed hose ports were always kept capped, 

and the exact original intention for them is unknown. Thus, these hose ports were eliminated from the 

next generation design. Next, the lid of the Cross bioreactor is manufactured from Teflon, with a small 

acrylic viewing window screwed into place near the center of the lid. To save weight, increase simplicity, 

and lower the risk of contamination, the lid design was changed to a solid sheet of ¼” thick acrylic. To 

ensure a good seal with the bioreactor with only one screw in each corner of the bioreactor, the natural 

concavity of the acrylic sheet was designed to face up, such that it presses down in the middle of the 

bioreactor when secured by the corners. 

Finally, an important design change occurred as a result of discussing the design with one of our 

collaborator teams at Wake Forest University RMCC. This team is a major part of the effort to gain FDA 

approval for a TEMR human trial. They are also ultimately handling the implementation of TEMR 

transport from the site of manufacture to the site of implantation. To ensure the capability of shipping 

Figure 2.4.1, Modified Crossbar 
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in a very limited selection of heated external containers, the team has requested several different 

bioreactor capacities. The implications of this are even more pertinent to the development of the 

transport chamber and will thus be discussed in the next section. However, to meet the requests of our 

collaborators, two new bioreactor designs to fit 3 and 4 scaffolds, respectively, were created. All 

updates applied to the next-generation 8-scaffold bioreactors were incorporated in these designs. While 

neither of the designs has yet been manufactured, the models are complete in case the need arises. The 

collaborating team later decided that they preferred to ship two scaffolds and keep one for quality 

control testing in this initial submission for an IND. To further reduce shipping container size, the new 

design modified from the original by Piper Plastics consists of a single-scaffold frame situated next to a 

two-scaffold frame. A drawing of this design can be seen in Figure 2.4.2.  

 

 

Figure 2.4.2, 2+1 Bioreactor Drawing (Piper) 
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2.4.3 Transport Chamber Design 

In addition to the updates made to the bioreactor system, a method needed to be developed to 

transfer the TEMR scaffolds from the production facility to the implant site in the proposed upcoming 

human trials. These constructs are not only highly sensitive to impulse forces, they also require an 

elevated CO2 environment, submersion in cell media, and a constant 37C temperature. These conditions 

must be maintained for up to 36 hours; the maximum estimated time for domestic shipping to occur 

from the GMP facility (Wake Forest University) to the implant facility in a worst-case scenario. Thus, 

design of such a system was initiated. From the beginning, the design of the transport chamber was such 

that the frame assembly from the bioreactor could be removed and directly placed into the chamber 

(Figure 2.4.3). The chamber was designed such that upon lowering the frame into place, the length of 

each frame-mounted scaffold was held at exactly 3.0cm; the same scaffold initial length as in the 

Figure 2.4.3, Prototype Transport Chamber 
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bioreactor. Minimal clearance was provided for the frame to smoothly slide into the transport chamber 

body. In addition, upright bars between each of the scaffold mounts prevented lateral frame movement 

and served as baffles for impulse forces transmitted through the media in the horizontal direction.  

Our collaborators at Wake Forest took it upon themselves to ensure the elevated temperature 

requirement during shipping was met. To do this, they have located a company which produces 

electrically-powered, heated shipment vessels. The transport chamber can simply be placed inside, 

padded, and shipped. 

The requirement for an elevated CO2 atmosphere was slightly more difficult to meet; it was 

complicated by the fact that pressurized CO2 containers – which could be used to maintain the TEMRs’ 

environment – are not permitted on commercial flights. However, after consulting individuals involved 

in shipment of live cells, we realized that the CO2 produced by the cells as a byproduct of cellular 

respiration would be sufficient to maintain the elevated CO2 environment. Thus, the solution was to 

design the chamber with a hermetic seal. To develop this seal, an o-ring was determined as the best 

solution. Parker-Hannifin (Lexington, KY) was chosen as the supplier due to their large variety of custom-

sized o-rings. A ring with dimensions near that required by the transport chamber was located from 

their product offering. Because the o-ring was slightly larger than optimal for the transport chamber, the 

chamber walls had to be slightly thickened to accommodate. A gland was then cut in the chamber-to-lid 

sealing surface of the chamber in accordance with engineering specifications provided by Parker 

Hannifin.  

In addition, the possibility of impulse forces transmitting from the chamber walls, through the 

cell media, then to the TEMR scaffolds during shipment was of significant concern. These forces, while 

not quantified, could be capable of ripping the cells off of the constructs. In developing a solution to this 

issue, aerospace engineering principles were employed. To prevent fuel sloshing within airplane fuel 

tanks and a subsequent large shift in center of mass, foam blocks are often inserted into the tanks. This 
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same method was applied to the initial design of the transport chamber. First, an FDA-approved 

reticulated polyurethane foam which was initially designed for skin contact in negative pressure wound 

therapy (INOAC A45M) was located. Extra head space was added into the transport chamber such that 

the foam could sit directly on top of the baffle crossbars and the upper frame protrusions and then be 

lightly compressed by the action of the lid sealing.  

Thus, the protocol of transport chamber use would involve first removing the scaffold frame 

from the bioreactor and placing it into the chamber. Next, cell media would be poured into the chamber 

to submerge the scaffolds. The foam baffling would be placed on top, and more media poured onto it 

until saturated. The lid would be lightly 

screwed into place, but not yet sealed. 

The entire assembly would be placed in 

the incubator to ensure adequate CO2 

concentration in any remaining air in 

the chamber. Still inside the incubator, 

the lid would then be completely 

sealed.  

Current Transport Chamber Design 

 While all of these concepts 

made it into the initial transport 

chamber prototype, several changes 

have been made in the current 1st 

generation design (Figure 2.4.4). Design 

work beyond the prototype was turned 

over to Piper Plastics. The major change 

Figure 2.4.4, 1st Generation Transport 
Chamber (Piper) 

 



64 
 

is the reduction in size to a capacity of only 2 scaffolds. The foam baffling system is currently eliminated, 

as there was concern that the polyurethane could release particulate into the media. While this raises 

the risk of forces during shipping damaging the scaffolds, testing on the foam would have to be carried 

out to ensure no particulate leaching from the foam occurs. In addition, sealable hose barbs were added 

to the lid to allow CO2 evacuation of the chamber’s atmosphere. 

2.4.4 Future Directions 

 While only in the very early stages of the methodology for transporting TEMR scaffolds from the 

manufacturing site to the implant site, the current system meets all of the requirements for a successful 

transport – at least on paper. A future design may be combined with the bioreactor into one unit; such a 

device would not only decrease the capital investment into equipment, it would also reduce the amount 

of handling and time scaffolds spend outside of media. I personally believe that an impulse-reduction 

baffle system similar to the foam design will be necessary, but upcoming transportation trials with the 

chamber will be necessary to determine. Finally, future development of a device capable of maintaining 

its own elevated temperature would also reduce cost by eliminating the need to place the transport 

chamber into another, temperature-controlled shipment vessel supplied by another company.  
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3. BAM Scaffold Characterization 

3.1 Introduction 

 The bioreactor-conditioned TEMR is based on a naturally-derived porcine bladder ECM. This 

isotropic material, composed almost entirely of collagen (Sicari et al., 2014), is prepared entirely 

manually and is thus subject to significant variances in physical characteristics. Up to this point, only a 

small amount of effort has been placed into the characterization of this material (Badylak, Freytes, and 

Gilbert 2009) (Rosario et al. 2008). However, as the possibility of human treatments based on the TEMR 

technology approaches, both regulatory power and scientific rigor dictate that characterization of 

porcine bladder acellular matrix must be pursued. Here we will discuss BAM preparation, mechanical 

characterization via strain testing and two imaging modalities, and the effect of the bioreactor 

preconditioning on the BAM constitution. As well as fulfilling the simple need for materials 

characterization, the values from these tests are needed for a finite element computer model of our rat 

LD injury model. 

3.1.1 BAM Preparation 

While quantitation of strain across scaffolds is essential to ensure consistent output of tissue-

engineered scaffold production, another highly important factor which has largely been uncontrolled is 

the thickness of the scaffold itself. BAM scaffold is derived from the lamina propria of porcine bladder 

(Sicari et al., 2014). Upon receipt of raw bladders, the bladders are trimmed of excess external tissue, 

separated from the ureter, cleaned of any remaining internal contents, and sliced down one side to 

create a roughly flat surface. Next, the sliced bladders are placed into a decellularizing solution for 

several days. The solution is washed off over the course of several more days, and the lamina propria is 

separated from the remaining bladder tissue. This extremely delicate operation is performed manually, 

and the thickness is gauged by eye and feel, while also requiring a skilled operator to ensure 

minimization of rips and tears to the lamina propria during removal. The separated lamina propria is 
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further washed, remaining excess tissue is removed, and the lamina propria is cut to appropriate 

scaffold dimensions and draped onto silicone molds for lyophlization and sterilization. At this point, 

scaffolds which survived the lyophilization and sterilization processes are approved for use in 

experimental rat implant surgery within the lab. 

3.2 Mechanical Characterization 

 We have performed two modalities of mechanical strain testing on BAMs, with the current one 

being far superior to the former. Initially, the only equipment available to us for such testing was an 

Instron universal testing rig with a 100N load cell. To effectively use this system, a “dogbone” die was 

custom ordered (Figure 3.1) to give the test sample the necessary shape. Due to the samples’ thinness, 

shaped samples were then mounted in a sandpaper “frame” which ensured that the sample would not 

slip during the test sequence. Finally, the frame was vertically mounted into the Instron’s sample grips 

and these were tightened. Unfortunately, due to the samples’ relatively low ultimate tensile strength 

(on the order of single Newtons), the resolution provided by the 100N load cell was quite poor. Along 

Figure 3.1, Sample Instron Mounting 
A) Showing dogbone die sample profile, B) Showing sample after reaching yield point  
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with the poor resolution, the sample mounting process proved difficult and introduced notable variance 

into the result. A better method arose with the availability of a new piece of equipment.  

3.2.1 Biaxial Testing Protocol 

 The CellScale BioTester (Waterloo, ON) biaxial strain tester is purpose-built for mechanical 

testing of soft biological materials. Equipped with 2.5N load cells, resolution is also significantly (40x) 

better than with the Instron. In addition, to use this device, a specialized sample shape is not required, 

thus simplifying operation. As it is a biaxial tester, the device is capable of gripping the rectangular 

sample from all four sides or just opposing sides. The grip is by means of a set of varied-width rake-like 

hooks called BioRake (Figure 3.2). Five hooks puncture and grip each side; these are spaced from 0.7mm 

to 2.2mm depending on the selection. The sample is placed horizontally in a liquid bath – Krebs Ringer if 

the sample involves muscle cells – and the hooks are secured into the sample. Hunter Wallace, a BME 

graduate student in the UVA M3 Lab, has taken the primary 

role of performing mechanical strain testing on the BAM 

scaffolds. In a normal protocol, a sample roughly 1.1x1.5cm is 

cut from the scaffold with a scalpel. After mounting on the 

BioRake system, the sample is lowered into a Krebs Ringer 

bath. Trials with various strains on the BAM have shown that 

10% causes no noticeable damage. Thus, the samples are 

stretched from 0-10% over a period of 30 sec/stretch 10 

consecutive times. Finally, the samples are stretched past their 

ultimate yield point. The recorded data is normalized to the area of the sample. 

3.2.2 Scaffold Thickness Measurement Protocols 

 Within the BAM preparation method, there exists possibility for significant variation of scaffold 

thicknesses. While ones that appear excessively thick by eye are rejected, the range of acceptable 

Figure 3.2, CellScale BioRake  
Product Image  
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scaffolds is currently unknown. In addition, full mechanical characterization of the scaffolds via stress-

strain mechanical testing requires thickness measurements. Thus, a significant impetus exists for a 

standardized thickness-measurement method to be developed. This became an aim of the BME 

Capstone team’s project. Three major methods for this measurement were proposed and have been 

explored. 

 The first method involved basic histology techniques. Hydrated BAM scaffolds were suspended 

vertically in a melted paraffin wax block such that a BAM cross-section was visible when sectioned with 

a microtome. After sectioning, the samples were microscopically imaged (Figure 3.3) and compared to 

the image scale bar. ImageJ (NIH) was then employed to measure the scaffold thickness. However, this 

method proved difficult, as the embedding process and microtome sectioning often caused rips within 

the sample, causing a large variance within collected thickness data. 

Figure 3.3, Representative 
Cross-Section Histology of 

BAM scaffold  
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 The next method employed for measuring scaffold thickness is based upon confocal microscopy. 

First, the BAM scaffolds were stained with DAPI to increase fluorescence. The samples were then placed 

into the microscope and several segments on each scaffold randomly chosen for analysis. The z-stack 

feature was used to determine the scaffold thickness; first the z-plane was lowered until no signal was 

visible. The height was gradually increased until the signal increased sufficiently to determine that the 

bottom plane of the scaffold had been reached. The z height was further increased until the same 

criteria was met for the top of the scaffold. The difference in z-height was then recorded as the scaffold 

-81um -59um -21um 

Figure 3.4, Confocal 
Analysis of BAM Thickness  



70 
 

thickness. To reduce manual selection error in this process, we created a MATLAB program which 

measures the signal intensity from each of the z-stack images, resulting in a graphical output of the 

signal intensity of each frame as seen in Figure 3.4. When the top or bottom surface of the scaffold is 

reached, the graph shows an inflection point; these are automatically selected as the top and bottom 

surfaces by the program. This method is rather time-intensive but serves as a good validator for the 

third thickness measurement method. 

 The third and final method we have developed for determining thickness of BAM scaffolds 

involves mechanical contact. The system is based off of a Mitutoyo Absolute Digimatic Indicator 

(Mitutoyo USA) with 0.001mm resolution. This indicator is 

equipped with a lift lever and mounted onto a ring stand 

assembly. Due to the extreme thinness of the scaffold 

material, it is important that the downward force of 

measurement be distributed over a large area. Thus, we have 

replaced the standard domed presser foot with a 1cm 

diameter foot. The foot contacts a flat-milled aluminum 

block as shown in Figure 3.5. To ensure accurate and 

repeatable measurements, the contact between the foot and block is calibrated before each use by 

shimming the aluminum block. This contact is assured by means of feeler gauges down to 0.02mm 

thickness. A team of 3rd-year undergraduates co-mentored by Jon Taylor-Fishwick and myself took on 

the project of developing this method to examine intra and inter scaffold thicknesses. The relatively 

simple process of measurement begins with the foot-to-surface calibration. A precise parallel contact is 

ensured by pressing a 0.02mm feeler gauge around the contact area. Next, the Digimatic’s presser foot 

is raised by means of a lift lever which allows the BAM to be slid underneath the foot. The team took 3 

repeated thickness measurements are taken at each of 6 locations on the scaffold. In common 

Figure 3.5, Digimatic Presser 
Foot on Aluminum Block 
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application of this thickness measurement modality, the number of collected sample will be cut down to 

either 6 total or 3 total, depending on the findings of normal variability within the scaffolds. 

3.2.3 BAM Molecular Imaging 

To acquire further characterization of the BAM scaffolds, we performed atomic force microscopy (AFM) 

on several BAM samples. To our knowledge, we are the first to perform AFM on porcine lamina propria. 

While providing incredible resolution, the downside is that the area being imaged is incredibly small.  

Thus, compositional variabilities existing over a scale larger than several microns are not apparent. 

A B 

C 

Figure 3.6, AFM Imaging of BAM 
A) Collagen fibers visible B) Isotropic collagen fibrils visible C) D-period segmenting visible 
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Figure 3.6 A and B show the AFM imaging at two magnifications. In the 10µm scale bar image (A), 

collagen fibers can be observed as the bright, ~15µm-wide strands. As the magnification increases to a 

scale bar of 1.0µm (B), individual ~50nm-wide collagen fibrils become visible. These fibrils become even 

more visible when the modulus of the surface is examined (C). In addition, the 67nm staggered spacing 

of collagen molecules is visible as an apparent segmenting of the fibrils (Riso, Kaasik, & Seene, 2016). 

Clearly, the fibrils exhibit complete isotropy.  

3.3 Characterization Experimental Results 

3.3.1 BAM Thickness 

A series of Digimatic thickness measurements were run on 35 BAM scaffolds. The purpose of this trial 

was to further characterize the variability in raw BAM scaffolds.  For each one, three measurements 

Figure 3.7, BAM Thickness 
Groupings 
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were taken: top left, center right, bottom 

left. These positions were judged to 

adequately capture the variance within the 

scaffold. The BAMs tended to fall into either 

a “thin” or “thick” grouping, with the 

majority (n=25) falling into the “thin” group. 

This grouping had an average thickness of 

62.99µm with a standard deviation of 6.894. 

The less-populated “thick” group (n=9) had 

an average thickness of 217.9µm with a standard deviation of 10.13. A graphical comparison of the two 

groups can be seen in Figure 3.7. In addition, representative examples of “thin” and “thick” samples are 

shown in Figure 3.8.  It is apparent that significant variance exists within the scaffolds, but the 

implications of this on TEMR consistency will not be known until a trial of TEMR production and 

implantation on known-thickness scaffolds is completed and the degree of regeneration is evaluated. At 

this point, discriminatory qualifications for acceptable scaffolds can be selected with confidence. 

3.3.2 Biomechanical Properties 

 Scaffold mechanical properties were measured by the CellScale biaxial tester in several different 

scenarios. First, a variety of components involved in TEMR production were tested to acquire a baseline 

understanding of the stress-strain properties of each. These included BAM scaffolds, BAM scaffolds 

seeded with MPCs, native LD muscle from the area of injury, explanted muscle treated with BAM, 

explanted muscle treated with TEMR, and non-repaired muscle. This data was collected before scaffold 

thickness had begun to be measured, however. This data can be found in supplemental Figure S3.1. Very 

recently, 10 BAM scaffolds were measured for thickness and then stress-strain tested (Figure 3.9). 

However, 2 of these samples were extremely thin (~20µm, shown in purple). This extreme thinness  

Figure 3.8, Representative BAM Thickness Samples 
A) Thin Scaffold, B) Thick Scaffold 
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Figure 3.9, Stress-Strain Testing 
Data for All BAM Samples 

Figure 3.10, Stress-Strain 
Testing Data for Selected BAM 
Samples, with Thicknesses 
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precluded clear analysis of the rest of the samples so the points were excluded from the data analysis. 

However, these points may be significant and will be thus addressed shortly. The trimmed data is shown 

in Figure 3.10; it is apparent that BAM scaffolds can exhibit a range of stiffness properties. The thickness 

(mm) of each sample is indicated in the legend. Visually, from Figure 3.10, it appears that scaffold 

thickness does have some effect on stiffness, but not perfectly linearly. This trend is further elucidated 

in Figure 3.11, which applies a linear fit to the thickness/stress relationship of each tested BAM.  

 The two “outlier” points from the previous paragraph were extremely smooth, visually-

homogeneous samples. Thus is in contrast to some of the thicker samples which contain multiple layers 

– sometimes not uniform – of extra ECM material. I believe that the “effective” thickness of BAMs in the 

calculation of stress to strain ratio may be far less than the thick samples’ measurement would indicate.  

If this is the case, it means that the majority of stress is being born in each BAM by a relatively thin layer 

of highly-uniform ECM proteins. In thicker BAMs, two possibilities exist to account for the visually 

Figure 3.11, Thickness to Max Stress Relationship, with Linear Fit 
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apparent relationship between thickness and stress. First, the uniform stress-bearing layer could be 

thicker. Second, the remaining thickness is comprised of non-uniform-thickness collagen/ECM layers; 

these could bear some of the stress via lateral force transmission. I believe this composition most closely 

represents the reality of BAM composition, which introduces the idea of BAM thickness heterogeneity. 

3.3.3 Effect of BAM Thickness Heterogeneity on Stress-Strain Relationship 

As is evident in the last section, the measured thickness of the BAMs has an effect on the stress-strain 

relationship, but it is far from linear. This apparent paradox becomes less confusing when the method of 

thickness measurement is taken into account. The digimatic gauge employs a 1cm diameter presser 

foot; this mechanical method means that roughly the highest thickness in that 1cm diameter area is the 

value that will be recorded. From visual analysis (Figure 3.8) and previous experience, we know that 

Figure 3.12, BAM Thickness Heterogeneity via 
Confocal Analysis 
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thickness variability exists on a macroscopic level. It is reasonable to assume that such variability may be 

represented on a microscopic level as well. To identify such variability, a MATLAB script was composed 

to take the z-stack data from confocal imaging of the BAM scaffold and sum the number of times each 

pixel exceeded a threshold value throughout the z-plane. The result is a colormap image (Figure 3.12) 

showing the variability in scaffold thickness across the physical surface of the scaffold. The brightness 

threshold used in determining a pixel’s inclusion in each z-stack image was calculated based on the 

minimum average pixel brightness in the upper and lower surface boundaries of the confocal imaging 

measurement. Of note, this sample had a thickness of 60µm as calculated by previous confocal analysis. 

A thickness of “1” on the colorbar correlates to 60µm. 

3.4 Effect of Bioreactor Preconditioning on BAM Scaffolds 

 In normal cellular microenvironments, cells constantly remodel their extracellular matrix 

surroundings (Lu, Takai, Weaver, & Werb, 2011). In the context of myogenic progenitor cells (MPCs) 

seeded onto a BAM scaffold and preconditioned in a bioreactor, little to no literature information nor 

intuition exists. While muscle cells tend to perform less remodeling than other cells such as fibroblasts, 

initial data from thickness measurements and stress-strain testing indicate that the MPCs were in fact 

remodeling the scaffold during bioreactor preconditioning. This led us to pursue definitive evidence of 

such a process. In this process, we employed mechanical thickness testing, scanning electron microscopy 

(SEM), atomic force microscopy (AFM), and stress-strain testing. 

3.4.1 Thinning of scaffold 

 To begin the experiment, TEMR scaffolds were produced as previously described (Ma, Sahoo, 

Baker, & Derwin, 2015). One set was preconditioned in our proprietary cyclic-stretch bioreactor for 5 

days at 10% strain while the other was left stationary on its silicone mold with cell media in a culture 

dish for the 5 days. A control sample was also prepared which did not come into contact with cells. The 

cells on all scaffolds were then detached from the scaffolds by trypsinization and rinsing in PBS. The 
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cleared scaffolds were then allowed to air dry for 24 hours and taken for imaging. The captured SEM and 

AFM images are attached in supplementary figure S3.2. While the images show collagen fibers and 

fibrils, they poorly capture the remodeling experienced by the BAM scaffolds after bioreactor 

preconditioning and do not clearly indicate any change in scaffold isotropy. However, a more revealing 

measure of the scaffold phenotype was thickness measurement. The Digimatic method was again used 

to measure the thickness of two of each of the digested, preconditioned, TEMRs, and the digested, non-

preconditioned, TEMRs. Due to wrinkling of the scaffolds during measurement, three measures were 

made on each, except on one of the preconditioned scaffolds, where only one measure was taken. The 

results from these measurements are shown in Figure 3.13.  

Figure 3.13, Effect of Bioreactor 
Preconditioning on BAM Thickness 
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It is apparent that when myogenic progenitor cells (MPCs) are seeded onto lamina propria, the 

scaffold is remodeled in such a manner to cause it to thin, especially when mechanical loading from 

bioreactor preconditioning is applied. This agrees with our experience in TEMR treatments where the 

lamina propria is dissolved before a period of two months post-implantation. However, further study on 

this issue is warranted so that the specific mechanisms at play can be understood. 

3.5 Finite Element Models 

 Computer modeling is a highly valuable tool within the biomedical community as it facilitates 

experiments which could otherwise be too expensive, unethical, or even physiologically impossible. In 

addition, models provide valuable insight by affording the opportunity to significantly vary numerous 

parameters and observe these effects. 

To this end, two members of the M3 lab are working on creating finite-element (FE) models of 

the rat LD injury. Xiao Hu is working to create a model which largely encompasses the ex vivo DMT 

active force analysis and puts a strong focus on the interface of the injured and normal muscle areas. 

Amanda Meppelink is also developing a model which is intended to emulate in situ testing conditions.  

When complete, we hope for these models to provide accurate information as to the complex 

intra-muscular dynamics of repair and hypertrophy, thus adding a new depth of meaning and 

understanding to our measurements of active force production across a range of assessment modalities. 

Key to the proper functionality of the models is accurate thickness information – both of the muscle 

itself and the scaffold. This is yet another reason why the development of a measurement protocol 

employing the Absolute Digimatic indicator is so crucial to the advancement of our research. 

3.6 Discussion/Future Directions 

 Accurate characterization of bladder acellular matrix scaffolds is crucial, especially given the 

current and future biomedical applications of such scaffolds. While the efforts so far are important and 

valuable, significant work remains. Initial evidence indicates that cellular remodeling of myogenic cells in 
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our TEMR treatment results in a scaffold that is ultimately thinner than when the cells were seeded. The 

cause of this remodeling is unknown, but inference suggests that the cells are simply following their 

natural programming of constant environmental remodeling. An important future study would be to 

examine the impact that initial scaffold thickness has on cellular attachment, ultimate scaffold thickness, 

and efficacy as a treatment protocol. Such a study would aid in determining a proper release criteria for 

raw BAM scaffolds. Until this point, we can only estimate how the BAM thickness affects these factors 

and attempt to hold this variable within a specified boundary.  

 However, we suggest that one immediate change should be made to normal BAM experimental 

protocol. After scaffold lyophilization but before sterilization, each BAM should be subject to thickness 

measurement by the Digimatic indicator. Multiple measures should be taken, and all thicknesses 

recorded on each scaffold’s individual container. In addition, after the experimental implantation 

duration has expired and the muscle is removed for force testing, the thickness of the implant should be 

measured according to the same protocol. This updated standardized protocol would involve removing 

the scaffold area from an experimentally-treated muscle and digesting cellular material via 

trypsinization. AFM and SEM could then be used to analyze the composition and orientation of the 

remaining or newly-formed scaffold material from the treatment area. SEM would provide indication of 

general ECM arrangement, while AFM could provide more information regarding material composition 

and intra-scaffold orientations. Recording all of this information along with all other normal 

experimental information adds another dimension to the standard analysis of active force production, 

and may yield valuable insight into the effect of implant thickness on efficacy of muscle recovery.  
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4. Advances in Assessment of Repaired Skeletal Muscle TIssue 

4.1 Introduction 

 In the Regenerative Therapeutics Laboratory, the bioreactor is a critical step in the production of 

effective and consistent skeletal muscle tissue engineered implants. While sufficient evidence on the 

advantageous effect of bioreactors has been collected to warrant their use (Brown, 2000) (Martin, 

Wendt, & Heberer, 2004) (An & Li, 2014), further development of bioreactor-related issues is needed, 

especially given new and future developments in bioreactor protocol – such as that accomplished by the 

capstone team. This section largely “steps back” from a direct look at the bioreactor, and instead 

examines factors succedent to bioreactor operation. These pertain to active force recording from 

bioreactor-conditioned muscles.  

 Myogenic active force production is held as the gold standard in the lab; as such, our TEMR 

treatments are analyzed via histology, but the main quantification is via active force recording. The 

current primary active force analysis is via a method which requires entirely explanting the analyzed 

muscle. In an attempt to record more physiologically-relevant active force production features, I have 

developed an in-situ analysis method. We will compare the background, protocol, and results from both 

our current ex vivo method and the in situ method. 

4.2 Ex Vivo vs In Situ Active Force Measurement 

4.2.1 DMT Analysis Protocol 

 Currently, active force production from TEMR-treated rat latissimus dorsi (LD) injuries is 

measured via an ex vivo procedure. To begin this process, the rat is anesthetized and an incision the 

length of the LD muscle created on the back. The skin and fascia is gradually separated to expose the 

entire muscle. The tendon connecting the LD to the humerus is isolated, and a suture bundle is tightly 

tied around it. The tendon is then cut at the humerus, and gradual posterior dissection begins along the 

spine and bottom of the rib cage. Near the completion of the muscle dissection, the end of the muscle 
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proximal to the spine is left attached to the rat via a roughly 

1cm-wide strip. Another suture bundle is tied here as a 

second attachment point, and the muscle is cut free. The 

actual active force measurement is performed in a DMT 

Tissue Organ Bath System (Danish MyoTechnology, 

Denmark). The muscle is mounted vertically and attached at 

each suture point to metal hooks (Figure 4.1) in a bath of 

Krebs Ringer solution. The bottom hook is fixed in space, 

while the other is attached to a force transducer. Parallel to 

the muscle run two platinum electrodes. When an electrical 

stimulus is sent through the electrodes, the resultant field 

stimulation initiates muscle contraction which is recorded 

via the force transducer. While this method provides 

repeatable muscle force recording, it is quite physiologically irrelevant for several reasons. First, all 

vasculature is obviously severed in the explant process. Second, the latissimus dorsi is a highly pennate 

muscle, thus active force measurement between two linearly separated points likely does not convey 

accurate muscle characteristics, especially in the context of a severe muscle injury and complex repair, 

as is the case in our TEMR treatment protocol. Finally, muscle stimulation is accomplished via field 

stimulation, which tends to recruit roughly 10% less active force than neural stimulation (Ward, Corona, 

Yoo, Harrison, & Christ, 2013). With these issues in mind, I have attempted to develop a more 

physiologically-relevant protocol and equipment suite for active force production recording of rat LD 

muscle.  

 

 

Figure 4.1, DMT Active Force Measurement 
A) LD Muscle in DMT 
B) Schematic of muscle attachment 
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4.2.2 In Situ Analysis 

Device Development 

 Dr. Thomas Walters provided an outline for such a system in a 2013 paper (Chen & Walters, 

2013) However, this paper provided only an image of the process. In translation of this image to a 

functional device, I wanted to fulfill several criteria. First, I hoped to use as much existing equipment as 

possible. Second, I intended to design the device to be convertible, so that the existing equipment used 

in the new device construction could continue in its present use and also perform in the new role. To 

this end, I selected the Aurora Scientific 305C (Aurora, Ontario) system currently employed as an in vivo 

tibialis anterior (TA) transducer in our lab. With some common hardware sourced from McMaster Carr 

and machining performed by the UVA Physics Dept. machine 

shop, I was able to create a device that met these 

specifications. An image of the completed device can be 

observed in Figure 4.2. In addition, nerve cuffs suitable for 

motor nerve stimulation based on Dr. Walters’ design were 

created as well.  

 The nerve cuff is a relatively simple device, although 

significant care and precision must be exercised in its 

manufacture. It consists of a short (~2mm) length of small 

silastic tubing. Extremely small-gauge insulated wire is fed into the tip of a 20g needle, and the wire-

carrying needle is used to pierce across the diameter of the tubing, forming bipolar electrodes. This 

piercing occurs in two places, separated down the length of the tubing by roughly 1mm. Next, the 

portions of the wire transiting the tubing are stripped of their insulation, and the wire ends on each side 

of the tube are tied into place with silk suture. Medical grade adhesive is then used to cover and bulk 

the outside of the silastic tubing and the wires directly leading to the tubing. The adhesive is allowed to 

Figure 4.2, In Situ LD Device 
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dry, then the silastic is sliced down its length, allowing the cuff assembly to be placed directly over the 

nerve. An example cuff is shown in Figure 4.3. To secure the cuff to the nerve during an experiment, a 

suture is tied around the body of the cuff. The next step in 

development of this new active muscle force measurement 

required creating a device protocol.  

In Situ Protocol 

 The procedure for performing an in situ LD muscle 

test begins similarly to the ex vivo DMT method. At a surgery 

station, a large incision is created down the back and the 

humoral tendon is carefully isolated. A silk suture bundle 

(3-0) is placed around the tendon, although experience 

has shown that this attachment must be heavily 

reinforced to avoid the tendon fibers splitting from the 

tensile force. Next, the nerve cuff is sutured into place on 

the primary LD motor nerve. After the cuff is placed over 

the nerve, three sutures are threaded underneath the 

spine; these are spaced roughly equally from the base of 

the neck to the posterior attachment of the LD. The rat is 

then transferred to the testing rig, where the spine 

sutures are tied around the spine support threaded rod. A suture is tied around the end of the nerve 

proximal to the rib cage, which prevents it from slipping through the cuff. The nerve is then severed and 

the cuff electrodes connected to the Grass stimulator leads. The suture tied into the humoral tendon 

junction is then attached to the transducer arm with a jewelers chain (Figure 4.4).  

 

Figure 4.3, Nerve Cuff 
Electrode 

 

Figure 4.4, Muscle to 
transducer attachment 
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4.3 In Situ Experimental Results 

4.3.1 DMT vs In Situ  

 The in situ measurement method is significantly more physiologically relevant than the DMT. 

Given this fact, it is not surprising that in situ measurements record, on average, greater than 2x higher 

raw force than that recorded by the DMT. Undoubtedly, this is due to factors such as intact vasculature, 

neural stimulation (via the nerve cuff), and intact muscle attachment; none of which are present in the 

DMT analysis. However, it has been interesting to note that with the in situ, smaller differences have 

thus far seen between non-treated, BAM-treated, and TEMR-treated muscles. Logically, this may 

proceed from the fact that the applied treatment lies directly in the linear path between the two 

attachment points in DMT analysis, while the in situ method maintains physiological muscle 

attachments and the active force features of a highly pennate muscle. The comparison between DMT 

measurement and in situ testing is shown in Figure 4.5.  

Figure 4.5, In Situ to DMT Comparison 
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4.3.2 Optimized In Situ Testing Results 

 In the beginning stages of in situ testing, results were consistently lower than that recorded by 

Walters (Chen & Walters, 2013). Although a direct comparison cannot be made due to the differing 

strain of rat, the deficit was roughly 30%. To address this, Amanda and I have applied improvement to 

the cuff manufacturing, spine suturing, and muscle attachment and pretensioning. For all experiments, 

we have ensured that the attachment from the spine to the threaded rod is extremely secure, as well as 

attachment of the tendon to the transducer (via a chain) without penetrating the muscle body with 

suture. The most current round of in situ baseline testing is also shown against the previous set of non-

optimized in situ testing in Figure 4.5. 

4.3.3 Trial Combination of In Situ + DMT Testing 

 In an effort to maximize the utility of each harvested muscle, we attempted to measure the 

active force by means of in situ first, then explant the muscle and perform DMT analysis. The protocol 

for the in situ was modified to reduce the number of stimuli to 4, and the DMT protocol was normal. As 

shown in Figure 4.6, performing 

the in situ testing first causes 

some type of performance 

degradation which does not 

permit this double-measurement 

protocol to produce useful data. 

Although the p-value between 

the trials was slightly >0.05 due 

to the low n-value, the trend is 

very clear and all further 

attempts have been halted.  
Figure 4.6, IS+DMT to DMT-only Comparison 
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4.4 In Situ Challenges and Future Directions 

 Several issues have repeatedly plagued development of the in situ testing method. One of these 

is slippage of the nerve through the cuff. When the muscle contracts during the test protocol, the nerve 

is pulled along with the muscle while the cuff is restricted between the muscle and rib cage. This puts 

significant stress on the cuff, and often resulted in the nerve slipping out. However, this problem has 

been countered by several methods. First, a suture is tied over the distal end of the nerve; the resultant 

knot greatly reduces the chance of the nerve slipping through. Second, the new generation of nerve 

cuffs we have produced employs a smaller, 0.03in inner dia Silastic tubing for the basis of the cuff. 

 In situ testing of the active force produced by the latissimus dorsi muscle may well develop into 

a valuable experimental modality. While this method has some increased challenges due to the greater 

forces involved as well as manipulation of the animal, the concurrently increased physiological relevance 

may reveal some as of yet unknown factors in the methodology of our attempts to create implantable 

muscle tissue repairs. 

Conclusion 

 Development of the TEMR technology platform is a highly complex multi-step manufacturing 

process that requires further optimization for more widespread clinical applications. Improved precision, 

automation and scalability is still required, but as described in this document, significant progress and 

improved understanding has already been achieved with respect to many critical aspects of the 

manufacturing process. While significant work remains to be done, the advances described in this thesis 

are encouraging and provide both initial guidance, as well as an important first step in this direction.  
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Figure S3.1, Stress-Strain Analysis of Varied Tissue-
Engineering Constructs 
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N1 

  

  

  

  
  

Figure S3.2a, AFM Images of 
Digested TEMR Scaffolds. N1 
and N2 not preconditioned, T1 
and T2 preconditioned. 
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N2 

  

  

  

  
  

Figure S3.2a (cont.), AFM 
Images of Digested TEMR 
Scaffolds. N1 and N2 not 
preconditioned, T1 and T2 
preconditioned. 
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T1 

  

  

  
 

 

Figure S3.2a (cont.), AFM 
Images of Digested TEMR 
Scaffolds. N1 and N2 not 
preconditioned, T1 and T2 
preconditioned. 
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T2 

  

  

  

  

 
  

Figure S3.2a (cont.), AFM 
Images of Digested TEMR 
Scaffolds. N1 and N2 not 
preconditioned, T1 and T2 
preconditioned. 
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  Figure S3.2b, SEM Images of Digested TEMR Scaffolds. N1 and N2 not 

preconditioned, T1 and T2 preconditioned. 
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Figure S3.3,  
BAM Digital Image Correlation 
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