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3. ABSTRACT 

Limb loss is a growing global problem. There are millions of people worldwide that 

suffer from limb loss and are in need of a prosthetic. In tissue engineering and 

regenerative medicine our goal is to one day be able to provide these patients with a fully 

functional limb instead of a prosthetic. Currently, we are far from realizing this goal. 

Nevertheless, there has been a large body of work in engineering tissues that are 

important for limb function such as skeletal muscle, tendon, bone, ligament, cartilage, 

nerve, and skin with varying amounts of success. To date there has been less work on 

composites of these tissues, although more is starting to be done. All these tissues will be 

important in one day developing functional limbs, but they must be combined into a 

functional unit if success is to be achieved. One critical component of the limb that we 

took interest in was the muscle-tendon junction (MTJ) because of its important function 

of transmitting force generated by skeletal muscle to a tendon across a joint resulting in 

joint movement and locomotion.  

One of the likely challenges in developing this tissue would be creating a single 

scaffold could accommodate both tissue types. Native MTJ juxtaposes a compliant tissue 

(muscle) with a stiff tissue (tendon). Thus we hypothesized that we could best promote 

MTJ tissue formation by developing a scaffold that mimics the mechanical properties 

observed in nature. We were able to accomplish this, by developing scaffolds that 

mimicked the trends in properties seen in native MTJ, but they did not match the 

properties. After developing the scaffolds, we characterized how well their mechanical 

properties were maintained after in vivo implantation. Moreover, we determined the 

nature of the host response to the scaffolds, including characterizing the inflammation 
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and looking for a regenerative response. We found that the regional differences in 

mechanical properties were lost rapidly within the first two weeks after implantation. The 

host response to the scaffolds was a typical chronic inflammatory response dominated by 

M1-type macrophages (i.e. pro-inflammatory type macrophages). While Pax7 and desmin 

positive cells were noted, no mature myofibers were seen at the implant site. Desmin 

positive cells were attributed mostly to the formation of new vasculature as a result of the 

inflammatory response. Thus, the scaffolds in their current form are likely not suitable for 

in vivo testing of our hypothesis primarily due to the inflammatory response observed. 

This response is due to the materials used to fabricate the scaffolds and the scaffolds will 

likely have to be modified prior to any future in vivo functional testing.  

In conclusion, we were able to make scaffolds that mimic the trends in mechanical 

properties observed in native MTJ. However, the materials we used for fabricating the 

scaffolds are not optimal for long term maintenance of these properties in vivo or in terms 

of the inflammatory response profile. More importantly, the overall hypothesis of our 

work remains to be tested and this should be the primary focus of future work prior to 

embarking on in vivo testing of an engineered MTJ construct. This work was successful 

in developing scaffolds that can be used in future experiments to answer a plethora of 

interesting questions. We also obtained preliminary experience with how the scaffolds 

change once implanted and some insight into what approach to take when developing 

animal models for future in vivo functional testing of engineered MTJ tissues.  
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4. INTRODUCTION 

 

4.1 Background 

 Tissue engineering and regenerative medicine is a field whose primary aim is to 

engineer functional tissues and organs that can be implanted into patients as replacements 

or supplements to diseased tissues and organs. Since the first successful human 

transplantation of an organ in the 1950s, the number of patients waiting for an organ has 

far outstripped the number of donated organs available (Figure 4.1) (1-3). Tissue 

engineering’s ultimate goal is to one day meet this demand. 
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Figure 4.1. Number of patients on the organ waiting list in the US compared to number 
of organ donors by year. Data adapted from the 2008 OPTN/SRTR Annual Report (3). 

  

While the field of tissue engineering and regenerative medicine has its roots as 

early as the 1930s when Alexis Carrel and Charles Lindbergh published their book The 

Culture of Organs, its current form and initial successes are relatively new (4). The main 

paradigm in regenerative medicine which was developed in the early 1980s is to combine 
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cells with a biodegradable, three-dimensional scaffold in order to form a tissue. Initial 

attempts by Robert Langer and Joseph Vacanti in 1988 combined cells (either 

hepatocytes, intestinal cells, or islet preparations) on biodegradable scaffolds that were 

then implanted in rodents in either the omentum, interscapular fat pad, or the mesentery 

(5). While the success rate was fairly low, (only a few of the intestinal and hepatocyte 

implantations successfully engrafted, and none of the islet cell implantations), this was 

the first example of the foundational tissue engineering paradigm. Since that time, the 

basic strategy has remained, although there have been numerous innovations in the cell 

types, materials, and scaffolds used. For instance, researchers have experimented with 

embryonic stem cells, autologous adult stem cells and progenitor cells, and have even 

discovered or made new cell types such as amniotic fluid derived stem cells and induced 

pluripotent stem (iPS) cells respectively (6-8). Likewise, there have been advances in the 

materials used ranging from Food and Drug Administration (FDA)-approved synthetic 

biodegradable polymers like poly(α-ester)s to naturally-derived materials such as 

collagen and even decellularized tissues and organs. For synthetic polymers, various 

fabrication techniques are used such as solvent casting, weaving, and electrospinning 

which result in a variety of scaffolds that are available to the tissue engineer today (9;10). 

All of these discoveries and innovations are the result of attempts to find the right 

combination of cell, material, and structure that will form a desired functional tissue. 

 The development of the strategy described in the previous paragraph came about 

with the understanding that cells need to be organized in an appropriate environment if 

they are to re-form functional tissue as injecting cells alone is not adequate for the 

formation of organs in many cases. Hence, the use of scaffolds with cells commenced. 
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However, because researchers knew that the immune system would mount a foreign body 

reaction to any material that permanently remained in vivo, biodegradable scaffolds were 

employed (5). Moreover, the use of biodegradable scaffolds is advantageous because as 

the scaffold degrades the cells begin to deposit their own extracellular matrix (ECM), 

thus hopefully leaving behind a restored tissue or organ. Thus, when considering the 

engineering of a specific organ, tissue engineers constantly return to the questions of 

“which cell type is best?”, “what scaffold is best?”, and “what cues are important for the 

scaffold to provide in order to promote the formation and function of the organ being 

made?”  

 Undoubtedly, the literature is inundated with studies over the past three decades 

that undertake the task of answering these very questions while using this strategy for 

almost every tissue type in the human body. There have been many successes with this 

strategy experimentally, especially with single or simple tissue types (11-14). More 

recently, there have even been limited clinical successes including the clinical use of 

tissue-engineered skin and clinical trials of tissue-engineered bladders (15;16).  As the 

field becomes more advanced, however, there is an increasing need to engineer more 

complex, composite tissue types with coordinated function (17). Despite this need, there 

has been less work focused specifically on composite tissues. Although engineering of 

many single tissue types has yet to become a clinical reality and these tissues require 

more research, it is also necessary to begin investigating how to combine single tissues 

that normally interact with one another into functional tissue composites. Without these 

types of investigations, the field may hit a bottle neck when and if complex single tissue 

types are fully developed and clinic-ready.  
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 Specifically for this project, we are interested in combining muscle and tendon 

tissues into a single, engineered, muscle-tendon unit construct. While conceding that 

neither muscle nor tendon tissue have been engineered in such a way as to be a viable 

clinical treatment, we view this work as one step towards the long-term goal of being able 

to engineer a functional digit or limb which will require the joining of these two tissues. 

Thus, we return to two of the questions posed above, specifically, what type of scaffold is 

best and what cues are important? For the case of muscle, tendon, and the muscle-tendon 

junction (MTJ), we propose that while many cues may be beneficial in composite tissue 

formation, in this case, mechanical cues will take precedent. This is because MTJs have 

mechanical properties (specifically the modulus or stiffness) that vary as one moves from 

the muscle, to the junction, and then to the tendon which creates the complexity observed 

in this composite tissue. We believe that mimicking these differences will be important in 

directing the formation of this tissue. Therefore, we aim to develop a scaffold that mimics 

the mechanical properties that the MTJ possesses, or at least to develop a scaffold that 

mimics the trends in mechanical properties seen in the native MTJ. In the MTJ, the 

muscle is the least stiff, most compliant region, the tendon the most stiff, least compliant, 

and the junction has properties in between. Developing a scaffold that mimics these 

trends could be a useful first step towards eventually engineering an MTJ and ultimately 

a whole digit or limb. 

 

4.2 Significance 

 The primary motivation for this work stems from the desire to one day fully 

restore amputated limbs. Civilian amputations are common in the United States as a 
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result of cancer, trauma, and diabetes. In the United States, there are an estimated 1.6 

million people living with limb loss and between 1988 and 1996 there was an average of 

133,735 amputation discharges per year (18-20).  

Dysvascular diseases, which includes peripheral vascular disease caused by 

diabetes, are responsible for 54% of prevalent cases while trauma accounts for 45% of 

amputations in the US (20). In particular, diabetes, one of the most common causes of 

non-traumatic amputations, resulted in an estimated 65,7000 amputations in 2006 (21). 

Limb loss is also a global issue. For instance, the recent earthquake in Haiti on January 

12, 2010 created an estimated 6,000 amputees (22). The World Health Organization 

estimates that limb loss affects 0.5-0.8% of the global population which based on current 

world population estimates from the U.S. Census Bureau is 34-55 million people with 

limb loss (22;23). To date, the only clinical treatment for an amputated limb is the use of 

a prosthetic limb. While there have been many advances in prosthetics which allow 

functional recovery, they do not provide the same level of function as a native limb. As 

one may suspect, the ideal treatment for limb amputation would be the ability to fully 

restore the limb. While hand allograft transplantation has become a potential option for 

partial restoration of function for some patients, immunosuppression is required to 

maintain graft survival (24-27). Even though the full restoration of limbs remains far 

from a clinical reality (although hand transplants approach this reality (24-27)) tissue 

engineering and regenerative medicine provide a viable strategy for one day developing 

such a treatment which would not require immunosuppression.  

 Limbs are complex and involve many tissue types such as skin, blood vessels, 

nerves, bone, cartilage, ligaments, muscle, and tendon. As previously stated, there has 
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been a lot of work on each of these tissue types individually and there is beginning to be 

some focus on composites of these tissues, but to a lesser degree. Developing the 

composite tissues will be critical for the restoration of function of limb and digit tissues 

because without the integration of these tissues into composites, the tissues will not be 

able to interact with one another in a functional unit. Because the primary function of a 

limb or digit relies heavily on the ability of a muscle to transmit forces to a tendon in 

order to cause movement about a joint, we have decided to focus on developing a 

scaffolding system for engineering this composite tissue in particular.  

 

4.3 Hypothesis and Specific Aims 

 As already discussed, a strategy commonly employed in tissue engineering is to 

combine an appropriate cell type with a suitable, biodegradable scaffold (15). As the 

scaffold degrades, the cells produce their own ECM and what remains is a regenerated or 

engineered tissue. While initial successes of developing single tissue types have been 

attained using this strategy, there is an increasing demand for developing more complex 

composite tissues with a coordinated function (15). As highlighted in our recent 

publication, this is particularly true in musculoskeletal tissue systems where muscle and 

tendon must interface in order to transmit forces across the entire length of the muscle-

tendon unit (17). Thus, engineering MTJ composite tissues is critical for successfully 

restoring function in severe musculoskeletal injuries. While many attempts have been 

made to engineer both muscle and tendon separately and with experimental successes, 

few studies have focused on forming their composite (17). 
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 A major challenge in developing MTJ tissues is designing a scaffold that can 

accommodate the unique mechanical properties of both muscle and tendon. One must 

consider the mechanical properties needed to form each tissue type individually and then 

incorporate those properties into a single scaffold. Thus, for the case of MTJ tissue 

engineering, the scaffold should be polarized in such a way that one region has 

mechanical properties more suited to skeletal muscle tissue and function while the 

opposite region has properties more suited for tendon tissue and function with an amount 

of overlap in the center. Such a scaffold would allow force transmission from one end to 

the other thereby recapitulating some of the native MTJ function, but more importantly, it 

may provide the mechanical integrity and cues needed to allow the interaction of 

myoblasts/myotubes, tenocytes, and their ECM in such a way that they ultimately form a 

composite tissue. 

 The purpose of this study is to develop a scaffolding system that mimics the 

trends observed in native MTJ mechanical properties. The overall hypothesis for this 

project is that an integrated dual-scaffolding system with regional variations in 

mechanical properties which mimic native MTJ properties will promote MTJ tissue 

formation and function. We believe that a composite scaffold that mimics the trends in 

mechanical properties of a native MTJ will provide the appropriate environments, in 

terms of mechanical stiffness and strain, for tenocytes and skeletal muscle cells to form 

their independent tissue types as well as a junction between the two tissue types. Further, 

such a construct, once optimized, may provide a recovery of function at an early time 

point as it will have mechanical properties sufficiently high so as to allow it to serve as a 

replacement MTJ transmitting force from native muscle to native tendon while neo-tissue 
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is being formed. While we aim to develop a scaffold that not only promotes tissue 

formation, but whose mechanical properties will allow the construct to be functional 

before tissue is fully formed, the scope of this work is limited to developing a first 

generation scaffold which mimics the trends seen in the MTJ, especially of the strain 

profiles (and thus stiffnesses), but which will not have been optimized to provide the 

strength of a native MTJ.  

 To test our hypothesis, we must first develop and characterize a suitable 

scaffolding system which is the primary focus of the work presented here. After these 

steps are completed, we can then undertake the task of testing whether or not these 

scaffolds would promote MTJ tissue formation. Thus, to start the journey towards testing 

the overall hypothesis, the following specific aims were performed: 

 

Aim 1: Develop an integrated dual-scaffolding system for tissue engineering of 

MTJs that mimics the trends in mechanical properties of native MTJs. 

Sub-aim 1.1: Fabricate a continuous scaffold construct that possesses regional 

variations in mechanical properties that mimic trends in mechanical properties 

of the native MTJ. 

Sub-aim 1.2: Characterize the dual scaffolding system in terms of mechanical 

properties, biocompatibility, and ability to accommodate fibroblasts 

(tenocytes are a type of fibroblast) and myoblast formation into myotubes. 

Aim 2: Evaluate host response and mechanical properties of the scaffold in vivo. 

Sub-aim 2.1: Evaluate host response to the scaffolding system in vivo. 
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Sub-aim 2.2: Evaluate the changes in mechanical properties and degradation of 

the scaffolds over time in vivo. 

While we intend to test the ability of the scaffolding system to restore function in 

vivo, the primary focus of this work is the development of the scaffolding system and its 

characterization. Future work will continue to optimize the scaffold and test its efficacy at 

restoring MTJ function in vivo. 
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5. REVIEW OF THE LITERATURE 

 

5.1 Digit and Limb Regeneration and Tissue Engineering Approaches 

Currently, there are two broad approaches to restoring functional digit and limb 

tissues. The first uses traditional tissue engineering approaches while the second attempts 

to restore limbs by trying to induce blastema-like formation in mammals, a process which 

naturally occurs in salamanders (1). Obviously these approaches are vastly different. The 

former proceeds to form the component tissues in vitro that would then be transplanted in 

vivo to restore a limb. The latter seeks to modify the biology of the remaining limb stump 

to induce limb regeneration. Both of these approaches have challenges and a brief review 

of the current state of both is provided in the following paragraphs.  

First, we will turn to the approach that aims to induce limb regeneration. An excellent 

review of regeneration in metazoans was published by Alejandro Sanchez (2). In short, 

regeneration is found across the animal kingdom and is classified as either morpholactic 

regeneration or epimorphic regeneration. Morpholaxis is a regenerative process by which 

cells do not proliferate to restore tissues but instead already existing cells remodel to re-

form the lost tissue. In contrast, epimorphic regeneration proceeds through cellular 

proliferation. Epimorphic regeneration can be classified into two categories: non-

blastemal and blastemal based regeneration. Sanchez describes non-blastema based 

regeneration as occurring “through transdifferentiation of remaining tissue into the 

missing structure, limited dedifferentiation and proliferation of surviving cells in the 

organ after injury or amputation, and by the proliferation and differentiation of stem cells 

already present in the damaged tissue (2).” Blastema regeneration requires the formation 
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of a specialized tissue with defined properties that is similar to embryonic limb buds as 

will be discussed below (2). 

Salamander limb regeneration, an example of blastemal regeneration, has been 

studied for many years with the primary focus being to understand the mechanisms by 

which salamanders accomplish this amazing feat and compare them to the mammalian 

wound healing process. By understanding these regenerative mechanisms, researchers 

hope to find ways of turning on these or similar mechanisms in mammals. The blastema 

is similar to an embryonic limb bud and consists of two compartments: a superficial sheet 

of epithelial cells and an underlying mass of cells of mesenchymal origin (2). Brockes et 

al. provide an excellent review of salamander regeneration (1). Brockes describes three 

properties of salamander regeneration: autonomy, plasticity, and scale. These properties 

are possessed by the blastema which consists of mesenchymal stem cells that have 

dedifferentiated from the surrounding mesenchyma. Blastemas are autonomous in that 

they are committed to forming the lost tissue. For instance, if a salamander limb is 

amputated above the elbow, the missing part of the limb is regenerated precisely. Thus, 

the amount of regeneration is directly controlled by the position at which the limb is 

severed. If after amputation, the blastema is transplanted to another region, the blastema 

will still reform the lost limb structures at this ectopic site, a phenomenon known as 

positional memory. The blastema is not subject to signals from the limb stump and thus is 

said to be autonomous. The plasticity of blastemas refers to the plasticity of differentiated 

cells of the mesenchymal lineage in salamanders. That is, differentiated cells have the 

ability to dedifferentiate in order to divide and re-form missing structures. Finally, 

regeneration of salamander limbs is scalable. The size of the regenerated limb is 
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appropriate to the size of the salamander. If the limb of an embryonic salamander is 

amputated, one of the correct scale is regenerated. Likewise, the same is true of adult 

salamander limb regeneration. While all of the molecular mechanisms underlying these 

phenomena are not fully understood, scientists have elucidated many of them and they 

continue to be an active area of further study (1). 

In contrast to salamanders, mammals are thought to have poor regenerative capacity 

due to the overwhelming inflammatory and fibrotic responses that ensue following an 

injury thereby precluding blastema formation (1;3). Nevertheless, regeneration in 

mammals has been reported for a range of species and tissues including deer antlers, 

rabbit ears, bat wings, mouse digits, primate digits, and even children’s digits (3-6). Of 

particular interest are the studies of digit regeneration in mammals and humans (4). Over 

the past 30 years, there have been several studies of the potential for digit regeneration in 

rodents as a model for mammalian regeneration and in an attempt to understand the 

similarities and differences they share with salamanders (4;7-15). An important work by 

Daniel Neufeld 20 years ago illustrated that while many of the components of a blastema 

are present in the amputated limb stump of a mouse, the quantity and temporospatial 

distribution of these components differ from that of the salamander and thus a blastema 

does not form. Hence, Neufeld attributed the apparent epimorphic regeneration in mice 

and primates to examples of exaggerated tissue hypertrophy (8). As pointed out in a 

recent publication by Muneoka et al., mammalian models of regeneration involve the 

formation of a proliferating aggregate of cells that is often referred to as blastema-like 

because it does not have the same attributes as the blastema observed in salamanders (4). 

However, because mammalian models and the amphibian models both involve cell 
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aggregates, Muneoka et al. favored re-defining blastema to mean an anatomical structure 

that contains “an aggregate of proliferating undifferentiated cells that is involved in the 

regeneration of a lost body party” instead of limiting it to aggregates of cells that have 

characteristics of an amphibian blastema. If blastema were redefined, Muneoka argues 

that  all regeneration studies could then be grouped together to allow better classification 

of the similarities and differences between the amphibian and mammalian models (4). 

With this definition, regeneration of digit tips does proceed via a blastema formation, 

although mammalian blastemas differ from those of the salamander (4). Nevertheless, 

most studies refer to mammalian regeneration as occurring through a blastema-like 

mechanism. Perhaps more fascinating than mouse and primate digit regeneration are the 

reports of human digit tip regeneration (5;6;16). If the human digit is amputated slightly 

above the nail bed, it will regenerate to some extent if treated conservatively, however 

whether this is a true regenerative response or a case of excellent wound healing is 

unclear. Recently, a case report by Han et al. showed that for amputations in the proximal 

third of the distal phalange, a true regenerative response which includes bone 

regeneration does not seem to occur despite the fact that the phalanx has an excellent 

wound healing response (17).  

Encouraged by the regenerative responses described in the previous paragaraph, there 

is much interest in finding ways to promote the blastema or blastema-like formation that 

occurs in mammals so as to promote a regenerative response over a pure wound healing 

response. A recent example of this strategy was published by Agrawal et al. in which 

decellularized porcine bladder ECM was applied to the middle digits of mice that had 

been amputated at the mid-second digit and compared to digits that were not treated and 
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were followed for 14 days (15). While regeneration was not complete, the authors 

showed that an accumulation of cells appears that express multipotency markers and 

upon culture were differentiated down neuroectodermal and mesodermal lineages which 

upon isolation were further differentiated into neural lineages, fibroblasts, and osteogenic 

lineages in vitro. The authors postulate that bioactive molecules in the ECM can induce 

stem cell recruitment and maintenance that results in an incomplete non-blastemal (i.e. 

not a classical amphibian blastema) epimorphic regenerative response (15). While this 

work is promising, the blastema-like regenerative response of mammals and the 

blastemal regeneration of salamanders needs to be better understood so that more 

effective strategies can be developed that will ultimately promote digit and limb 

regeneration. 

The other approach is a more classic tissue engineering approach, i.e. one that uses 

cells and scaffolds to engineer digit and limb tissues. As already mentioned, there are 

numerous reports in the literature where investigators have attempted to engineer single 

tissue types that are found in the digit or limb. These tissue types include skeletal muscle, 

tendon, bone, cartilage, nerve, and skin. Certainly, one goal of developing each of these 

tissue types individually is to eventually combine them into functional replacement 

organs and tissues, but since the focus of this work is specifically of MTJ tissue, 

engineering of the other types of tissue in the limb is outside the scope of this review. 

Later sections will deal with skeletal muscle and tendon tissue engineering separately, but 

here a brief overview is provided of attempts to engineer limbs and digits while exploring 

the engineering of composite tissues in general with a specific focus on MTJ engineering 

in a later section.  
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The first study that attempted to form digits using a more traditional approach was 

done by Isogai et al. in 1999 which primarily sought to form the bone, cartilage, and joint 

components of the digit (18). In this study, the authors created three configurations of 

constructs consisting of poly(glycolic acid) (PGA) and poly(L-lactic acid) (PLLA) 

meshes that were then shaped either into a distal phalanx, a middle phalanx, or combined 

into a distal interphalangeal (DIP) joint. These shaped constructs were then wrapped 

about their centers with periosteum from newborn calves. Additionally, the distal phalanx 

had a sheet of poly(glycolic acid) seeded with chondrocytes placed on its proximal end. 

The middle phalanx had two chondrocyte seeded polymer sheets placed on both ends 

with another sheet seeded with tenocytes sutured to the proximal end of the composite 

which was to serve as a tendon. In the DIP joint, chondrocyte-seeded sheets were used to 

create articulating surfaces and a sheet of tenocytes was wrapped around the composite at 

the articulating portion. These constructs were then implanted for 20 weeks in athymic 

mice. Upon explantation, the authors found tissue formation that resembled native joints 

including bone that was formed through endochondral ossification and cartilage that was 

continuous with the subchondral bone. Moreover, in the more complex groups, 

fibrocartilage tissue was observed. In the DIP joint, similar findings were present and the 

tenocyte sheet wrapped around the joint had formed a teno-capsule. These observations 

were confirmed histologically. This was the first report of tissue engineering of a joint or 

part of a digit (18).  

Since then, there has been much work on single tissue types, and to some extent 

composite tissue types, but fewer attempts to engineer whole limbs or digits using the 

classical tissue engineering approach of combining cells and scaffolds except the few 
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studies that have continued to emerge from the same group. This is most likely due to the 

major limitation of this approach which is a critical size barrier above which sufficient 

oxygen diffusion and waste removal is insufficient resulting in necrosis of engineered 

tissues (a problem that is acknowledged in the Isogai report (18)) not to mention that 

none of the single tissue types is at a clinically viable state yet. Nevertheless, Isogai, 

Landis, and others have published other works that aim to build on their initial study in 

terms of characterizing the mechanisms behind the tissue formation they observed as well 

as optimizing the process to create more clinically relevant phalanges with sufficient 

mechanical strength (19-24). Other than these, the author is unaware of any other reports 

of phalanx or digit tissue engineering in the literature to date. 

 

5.2 Skeletal Muscle Tissue Engineering 

Two excellent reviews were recently published and the reader is referred there for 

a detailed account of the current state of the art, but a brief synopsis of these reviews will 

be provided here (25;26). Multiple cell types and scaffold systems have been used for 

skeletal muscle tissue engineering. Cell types used include mesenchymal stem cells, 

satellite cells isolated from various muscles, and immortalized cell lines such as C2C12 

myoblasts (26-28). Scaffolds range from non-degradable glass to synthetic and natural 

biodegradable materials (25-32). Almost all approaches in skeletal muscle tissue 

engineering use satellite cells either seeded on scaffolds or in gels which are then 

differentiated into myotubes either in vitro or in vivo.  

The first attempts to engineer three-dimensional skeletal muscle constructs were 

done by Vandenburgh and Matsuda using a cell-in-gel approach. In this approach, cells 
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were mixed with either collagen I or Matrigel and solidified in a mold, however, these 

constructs exhibited low specific force values (25;33;34). A method first observed by 

Strohman and further developed later by Dennis is a self-organized construct. In this 

technique, skeletal myoblasts are cultured on laminin-coated plates that have two anchors 

on either end of the plate. As the myoblasts differentiate and mature into myotubes, they 

begin to roll up on themselves and form a cylindrical muscle construct. These constructs 

have been termed myooids and have been reported to produce about 25 µN of force, but 

they take 35 days to form (25;35;36). A similar approach was developed by Huang to 

expedite the formation of myooids which involves plating the myoblasts on fibrin gel 

which resulted in myooid formation in 7-10 days (25;37). Other investigators have used 

decellularized matrices as scaffolds that are then seeded with myoblasts (25;28;30). Still 

others use synthetic materials such as poly(caprolactone) (PCL), DegraPols, and 

PCL/collagen blends (25;31;38;39). Techniques have been developed to promote muscle 

cell alignment such as bioreactor preconditioning or creating scaffolds with specific 

micropatterns or aligned fiber patterns to promote myotube alignment (25;31;40). 

Electrical stimulation has also been used to improve tissue-engineered muscle constructs 

(25;41;42). Co-cultures have been performed with neural tissue in order to form 

functional neuromuscular junctions within engineered muscle (27). Levenberg et al. 

created pre-vascularized tissue-engineered skeletal muscle constructs by co-culturing 

myoblasts, embryonic fibroblasts, and endothelial cells in an attempt to overcome 

diffusion limitations that had been encountered by previous investigators (25;36;43). 

More recently, a series of papers by Merritt et al. investigated the use of a decellularized 

skeletal muscle scaffold with or without the addition of bone-marrow-derived 
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mesenchymal stem cells to restore function in a gastrocnemius defect model in a rat 

(44;45). While the scaffold alone did not restore function, if the scaffold was seeded with 

mesenchymal stem cells 7 days after scaffold implantation, 85% of function was 

recovered compared to contralateral controls (44;45). Regardless of the many approaches 

used and advances made in skeletal muscle tissue engineering, there remains to be a 

clinically viable treatment that could be used to help engineer limb or digit tissues or 

even to repair large skeletal muscle defects. 

 

5.3 Tendon Tissue Engineering 

 As the tissue engineering field was first starting to mature and undergo rapid 

increases in research, scientists attempted to develop “simple” tissues in hopes of gaining 

early successes. The tendon was thought to be one of these tissues as it is primarily a 

collagenous connective tissue with few cells and sparse vasculature. Unfortunately, 

tendon tissue is more complex than the field anticipated and to date there still are no 

tissue-engineered tendon products clinically available. Nevertheless, there have been a 

plethora of studies in the literature employing a diversity of approaches. The reader is 

directed to a number of reviews on this topic for more detailed information as only a brief 

overview will be provided here (46-48). 

 In tendon tissue engineering (TTE), the classic tissue engineering strategy has 

been the most common one used. As such, numerous different scaffolds and cell types 

have been employed. Researchers have tried both natural and synthetic materials as 

scaffolds for tendon tissue engineering. Materials used as natural scaffolds include 

collagen-based scaffolds (including gels), chitosan-based scaffolds, decellularized small 
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intestine submucosa, and decellularized tendons (46;47;49-53). The most common 

synthetic materials used are FDA-approved polyesters such as PLLA, PGA, and their 

copolymers (46;47;54-59). Various cell sources have been used as well including 

tenocytes, bone-marrow-derived mesenchymal stem cells, adipose-derived mesenchymal 

stem cells, and even fibroblasts from the dermis (46;47;54;60-63). In addition, engineered 

constructs are often manipulated in vitro in order to enhance tendon tissue formation 

prior to implantation by adding growth factors or other chemicals to the media or 

preconditioning the constructs using bioreactors (30;47;48;52;64-66). Investigators have 

also inserted genes into cells in order to have them produce cytokines that would promote 

tendon tissue formation and healing (46;67-69). There are several reports of TTE 

successes in animal models despite the lack of clinical success (51;54;63). Hopefully, as 

the field progresses, clinical treatments will become available as an option for the repair 

and replacement of tendon injuries. Nevertheless, in order to attain the goal of developing 

function musculoskeletal tissues, we need to start investigating ways to form composites 

of tendon and muscle which leads to the literature review of the next section. 

 

5.4 Composite Tissue Engineering and the Engineering of Muscle-Tendon Junction 

Recently, a review was published that discusses the current state of the 

engineering of tissue interfaces in orthopedics (70). For a discussion of cartilage-bone, 

ligament/tendon-bone, or meniscus-bone, the reader is directed towards the Yang and 

Temenoff review (70). Because this work is focused on muscle-tendon junction interfaces, 

this section will provide a survey of the literature on this topic. Before proceeding with 

the state of MTJ tissue engineering, a few points should be made about composite tissue 
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engineering in general. First, tissue junctions or interfaces, a large focus of composite 

tissue engineering, are unique in that they often differ significantly in terms of 

mechanical and biochemical structure from the tissues they connect (70). Second, 

because tissue junctions typically occur in regions where it is necessary to transfer load 

from one tissue to another, these differences are usually structured so as to reduce stress 

concentrations between the two tissue types. As such, these parameters should be 

considered when designing these tissues (70). Finally, there is distinction in composite 

tissue engineering as to whether one aims to form the composite tissue alone or an entire 

integrated tissue unit such as an entire muscle-tendon unit or osteochondral plug (70).  

As already discussed, there have been many attempts to engineer both muscle and 

tendon, but there have been few aimed at developing MTJ tissue (28-30;57;65;71;72). To 

date, the only known attempt was that by Larkin et al. who attempted to engineer MTJs 

by a three-dimensional co-culture of skeletal muscle cells with tendon or engineered 

tendon (29). This approach was similar to that used by previous authors to form skeletal 

muscle constructs. In short, myoblasts were isolated from the soleus muscles of rats. 

Tendon from the Achilles, tail, and from the tails of embryos was also obtained. To form 

the engineered self-organized tendon, fibroblasts were isolated and plated onto laminin-

coated sylgard-filled culture plates. After 1 month in culture, the fibroblasts delaminated 

and rolled up into a tendon construct. These constructs or a native tendon were then 

pinned on top of monolayers of skeletal muscle cells that had similarly been plated and 

differentiated on laminin-coated sylgard plates (the muscle cells had been in culture 

approximately 2 weeks at this point). After about 1 week in this co-culture form, the 

differentiated muscle cells began to delaminate from the culture plate and roll up around 
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the tendon constructs. After 7 to 10 days of construct formation, the constructs were 

tested for contractile function as well as examined histologically and ultrastructurally. 

The constructs did generate contractile forces but these forces are significantly lower than 

forces generated by native rat muscle (less than 4%) (36). Histologically, they showed 

that their constructs had protein expression of paxillin and talin, common MTJ markers, 

similar to expression seen in neonatal MTJs. Similarly, the engineered MTJs showed an 

ultrastructure analogous to neonatal MTJ. Finally, when uniaxial tensile testing to failure 

was performed, all constructs failed in the center of the muscle, although the passive 

stiffness of the muscle was 25% of the passive stiffness reported for rat soleus muscle in 

the literature. While Larkin et al. obtained good results in vitro, the co-culture approach 

leads to a construct that is fragile and would be difficult to handle in surgical procedures. 

Furthermore, their approach focuses on cells without providing any mechanical cues from 

a scaffold that may be helpful in maturing MTJs. In addition, the “cell only” approach 

does not provide the opportunity for a scaffold to act as a temporary load-transfer 

implement which could allow for early recovery of MTJ function. Of note, in vivo 

experiments have not been performed to date. There was a recent study by Turner et al. 

that used an ECM scaffold composed of subintestinal submucosa to repair a full 

gastrocnemius MTJ defect in a canine model (72). The authors report that they obtained a 

functional recovery of 48% compared to the contralateral control (72). While these 

results are encouraging, the sample sizes were small and the mechanisms poorly 

understood. Thus more investigation is needed for these results to be confirmed and 

clinically applicable (72). In contrast to the Larkin study which is primarily a “cell-only” 

approach, we aim to develop a scaffolding system whose mechanical characteristics are 
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well-suited for the MTJ composite tissue. Thus, our approach is more similar to the 

Turner et al. approach. As a first step towards accomplishing this, we began developing 

our scaffolding system using electrospinning which will be discussed in a later paragraph.  

 

5.5 The Muscle-Tendon Junction: Structure, Function, and Mechanical Properties 

Here, a review of the anatomy, physiology, and mechanical properties of the MTJ is 

provided. The primary function of an MTJ is to serve as a link between muscle and 

tendon through which forces from the muscle are transmitted to the tendon. The MTJ is a 

composite tissue that is well-organized in order to perform this task. Force transmission is 

accomplished through a muscle-ECM interface (73-76). Interaction of the muscle with 

the ECM occurs not only at the MTJ, but throughout any part of the sarcolemma that is in 

contact with the ECM, however, the MTJ is classically thought of as the specific interface 

of muscle and tendon (73;77). Thus, forces generated by muscle sarcomeres are 

transmitted serially between muscle fibers and laterally to the muscle-ECM so that they 

will be ultimately transmitted to the tendon ECM (73;77;78). The muscle-ECM interface 

has a complex structure (73-76). Actin filaments from the last A band of the muscle 

sarcomere are attached to the sarcolemma through a series of proteins that bind to 

external lamina and ECM molecules (73-76;79).  
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Figure 5.1. Focal contact proteins involved at the muscle-tendon junction (Reprinted by 
permission from Macmillan Publishers Ltd: [Nat. Rev. Mol. Cell. Biol.] Mitra et al.  6 
(1):56-68, copyright 2005 (80)).  
 

Two sets of linkage proteins are known to contribute to the MTJ. The first system 

contains dystroglycan which binds actin, spans the sarcolemma, and binds several 

molecules in the external lamina such as laminin (73). While this system is present both 

at the MTJ and throughout the sarcolemmal surface, it has been found that disruptions in 

it are related to muscular dystrophies and thus failures in the lateral transmission of force 
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rather than a failure of the classical MTJ (73). While lateral force transmission from the 

muscle to the fascia and then down to the tendon is important, we are focusing on the 

classical MTJ interface. The second set involves focal adhesion proteins. These proteins 

include vinculin, paxillin, talin, focal adhesion kinase, and integrins (Figure 5.1, taken 

from (80)) (73;80). Specifically, α7β1 integrin which binds laminin 2, a major laminin 

found in skeletal muscle external lamina, has been shown to be enriched at the MTJ 

(73;76;81). These proteins function together to connect actin filaments to the ECM 

thereby enabling force transmission from myotubes to tendon that ultimately results in 

motion about a joint. Interestingly, both these sets of proteins serve as signaling systems 

for muscle essentially acting as strain gauges (73). Signaling at the MTJ is mediated 

through kinase proteins such as focal adhesion kinase and mitogen activated protein 

kinase (73;82;83). The lateral dystroglycan system employs neuronal nitric oxide 

synthase (73;84). These signals are thought to mediate changes in transcription and 

translation that could modify the structure of the muscle fibers in response to strains 

experienced by these proteins (73).  
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Figure 5.2. Convoluted interface between muscle and tendon serves to reduce stress 
concentration and allow load transfer to proceed through shear stresses. The dark region 
is skeletal muscle tissue and the ligher regions are tendon tissue. The arrowheads indicate 
the distance from the unfolded surface of the muscle to the outermost process of the 
muscle. The arrows represent regions where the convoluted muscle processes extedn 
through the entire depth of the skeletal muscle fiber. (Reprinted by permission from John 
Wiley and Sons, Inc. [The Anatomical Record: Advances in Integrative Anatomy and 
Evolutionary Biology] Trotter et al. 213:16-25, copyright 1985 (85)). 
 

In addition to the complex system of proteins involved at the MTJ, the interface is 

highly convoluted (Figure 5.2, taken from (85)) (73;85). This convolution serves to 

increase the surface area at the MTJ interface by an order of magnitude over the cross-

sectional area of the muscle, thus allowing the muscle and tendon to interact through 

shear forces which reduces stress concentrations that could otherwise result in failure of 

this interface (73;85). In point of fact, the MTJ interface is so strong that it has not been 

known to fail in in situ conditions, but instead, rupture occurs in the muscle body just 

proximal to the MTJ (73). 

Not only is the physiologic structure of the MTJ complex, but the mechanical 

properties of the MTJ are likewise distinctive. There have been many studies 

investigating the mechanical characteristics of muscle-tendon units and a few that 

specifically look at the tensile properties of the MTJ itself (79;86-90).  
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Figure 5.3. Force vs. Strain curve of a uniaxial tensile test of canine diaphragm MTJ, 
from Hwang et. al., that shows the differences in stiffness between the different regions 
of the tissue. The tendon region is the stiffest, the muscle the most compliant, and the 
MTJ in between. (reprinted with permission from the American Physiology Society: 
[Journal of Applied Physiology]: Hwang, W et al. 98: 1328-1333, copyright 2005 (90) ) 
 
Of note is a study performed by Hwang et al. that looked at the tensile properties of the 

canine diaphragm MTJ. In this study, Hwang et al. shows that the compliance of the 

tissue decreases and stiffness increases as one moves from the muscle to the MTJ to the 

tendon (Figure 5.3, taken from (90)). This fact is intuitive as one would expect that the 

muscle would be more compliant in order to accommodate skeletal muscle contraction. 

Additionally, the tendon needs to be stiff and less compliant in order to transfer the 

muscle loads across joints resulting in joint movement. The MTJ must have properties in 

between that of muscle and tendon in order to facilitate the transition from compliant 

tissue to stiff tissue. This observation is corroborated in the literature as values for the 
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mechanical properties of muscle and tendon are vastly different. Muscle tissue is 

compliant, with reported modulus values ranging from ~0.012-2.8 MPa, allowing skeletal 

muscle cells to contract and relax repeatedly (91;91-95). In the Hwang study, uniaxial 

muscle strain was reported as 50% at 200g/cm tension and Myers et al. in another ex vivo 

study of mechanical properties, found the muscle strain at failure was 45% (90;94).  

Another study of human gastrocnemius muscle-tendon units in vivo by Hoang et al. 

showed a muscle strain of 86.4% (96). In contrast, tendon tissue is stiffer in terms of 

tensile loading, with reported modulus values of ~ 500 - 1850 MPa (95;97-99). Strains of 

muscle tendon units tested ex vivo report tendon strains to be 5% at 200 g/cm from the 

Hwang study and 2% at maximum tetatnic tension from Lieber et al. (90;100). Other in 

situ or in vivo studies report tendon strains ranging from 2% to the 9.2% strain reported in 

the human gastrocnemius muscle by Hoang et al. (96;100-102). Interestingly, while the 

Hoang study reported a 9.2% tendon strain and an 86.4% muscle strain, the entire 

muscle-tendon unit strain was only 16% (96). Clearly, muscle and tendon have very 

different mechanical properties and strain profiles. Meanwhile the MTJ appears to have 

properties that lie in between these two tissues in order to facilitate their function while 

minimizing the risk of stress concentrations (as evidenced by the highly convoluted 

surface of the MTJ). 

The MTJ and the tissues it joins certainly have a unique set of properties. These 

properties are a result of its structure and are necessary to allow muscle-tendon units to 

perform their function (i.e. transmitting forces generated by muscles to bones) efficiently 

and without stress concentration so that movement about joints can be accomplished. In 

this work, we are not aiming to develop a scaffold or tissue in vitro that fully 
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recapitulates the structure of the MTJ. Ultimately, our main goal is to form a construct 

that is functional. However, as one might expect, recapitulating the native structure in 

some way will most likely be important for developing a functional tissue composite. 

Thus, we hypothesize that a scaffolding system that will induce seeded cells to form this 

junction biologically would be advantageous for developing functional composites (i.e., 

we hope to induce the cells to recapitulate the structure themselves by providing the 

appropriate cues, thus preventing us from having to recapitulate the structure with a 

scaffold). We further believe that this can be accomplished by developing a scaffold that 

mimics the mechanical property trends seen in native MTJ. Therefore, we hope to 

promote the formation of MTJ tissue both in vitro and in vivo by providing the 

appropriate mechanical cues for skeletal muscle, tendon, and MTJ formation respectively. 

Developing such a scaffold is not a trivial task as it requires an integrated structure with 

regional variations in mechanical properties; something that is not easily accomplished 

with most scaffold fabrication techniques. However, as will be described in a later section, 

electrospinning provided a unique opportunity to develop an appropriate scaffold for this 

application. But first, the rationale for developing a scaffold that mimics the mechanical 

properties of native MTJ is described. 

 

5.6 Rationale for Mimicking MTJ Mechanical Cues 

Our overarching hypothesis stems from a large body of tissue engineering and 

mechanotransduction literature. In this section, a few pertinent notes are made regarding 

mechanotransduction as there are many reviews on the subject and the reader is directed 

there for an in depth review (103;104). In Ingber’s insightful review, he points out that 
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“for many years, people viewed living cells as small bits of viscous protoplasm 

surrounded by an elastic membrane, and thus they assumed that cells sense mechanical 

forces as a result of distortion of their surface that somehow altered membrane-associated 

signaling (104).” However, the work of Ingber and others over the last twenty-five years 

have shown that the cell is a complex mechanical system that is in a constant state of 

isometric prestress (104). Mechanical cues can result in a wide variety of cellular changes. 

As Ingber points out, mechanical cues can result in changes in cell fate, such as 

proliferation and growth, quiescence, differentiation, or even apoptosis depending on the 

circumstances (104). These changes are brought about by transducing mechanical 

stimulation into chemical signals. This is accomplished primarily through integrins, 

which Ingber notes are now thought of as the “mechanosensory organelle,” and their 

focal adhesion complexes (which include proteins such as focal adhesion kinase, paxillin, 

talin, α-actinin, vinculin, and zyxin) (104). Integrins are transmembrane proteins that bind 

to specific motifs in the ECM. The other proteins, listed parenthetically above, then bind 

to the cytoplasmic tail of the integrins and to actin in the cytoskeleton thus forming a 

bridge between the ECM environment and the cytoskeleton of the cell (103;104). Note 

that these are the same focal adhesion proteins from the previous section with regard to 

MTJ structure. Many of these proteins are in fact signaling molecules (such as focal 

adhesion kinase) and Ingber and others have shown that forces directly applied to 

integrins activate many of these signaling molecules resulting in gene transcription (104).  

Tissue engineers have taken advantage of the proliferative and differentiation 

effects of mechanotransduction primarily through the use of bioreactors. In our field, it is 

common to pre-treat engineered tissues with mechanical stimulation and there are 
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numerous examples in the tendon and muscle tissue engineering literature alone 

(28;30;55;65). Undoubtedly, such treatments realize their effects through 

mechanotransduction. Besides the cellular responses elicited from such treatments, tissue 

engineers rationalize the use of mechanical preconditioning as exposing the engineered 

constructs to a native-like environment. For instance, when attempting to engineer a 

tendon, it seems rational to expose the engineered construct to loads that a tendon might 

experience in vivo so as to strengthen it prior to implantation. Moreover, if the tenocytes 

in the engineered tendon are exposed to similar stresses that they would experience in 

vivo, they would likely begin to have a phenotype more similar to native tenocytes and 

form a more normal tendon-like structure. Otherwise, if an engineered construct is 

implanted without proper preconditioning, it may be too weak to maintain its integrity in 

vivo and thus may fail once actually exposed to naturally occurring stresses.  

Because of the unique mechanical environment and properties of the MTJ, we 

hypothesized that mimicking this native environment would be important for several 

reasons. First, as the MTJ consists of lots of integrin/focal adhesion complexes, there is 

significant mechanotransduction taking place. Second, the stiffness of scaffold substrates 

may play an important role in driving the differentiation of certain tissues. For example, a 

study by Engler et al. has shown that muscle optimally differentiates on materials that 

more closely match its stiffness (91). Third, by providing a single scaffold that contains 

variations in its stiffness (and thus strain) profile that mimic the native stiffness (and 

strain) profile, we believe that the interaction between muscle cells and tenocytes will be 

promoted and result in better tissue-engineered MTJ formation. More explicitly, one 

might imagine that tenocytes if on a tendon-like substrate or if in the proximity of muscle 
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cells would secrete more ECM if they were undergoing mechanical loading. This ECM 

would then serve as binding domains for the necessary integrins and focal adhesions in 

the muscle cells to form an MTJ. Meanwhile, the properties of the muscle side of the 

scaffold would promote the differentiation of muscle precursor cells to mature myotubes. 

In this way, a scaffold with regional variations in properties would promote the formation 

of both tissue types individually and their interface, the MTJ. Fourth, creating such a 

scaffold will allow us to take advantage of the strain profile differences in a bioreactor 

system which will be the method by which we promote the interaction between the two 

cell and tissue types. Fifth, if we create a scaffold strong enough that still mimics the 

native mechanical properties, it is possible that the scaffold itself could serve as a 

temporary replacement for a damaged MTJ and allow the body to serve as a mechanical 

bioreactor for the construct. Thus, we set out to develop a single scaffold that mimicked 

the trends in mechanical properties observed in nature such that it could accommodate 

both distinct tissue types and through mechanotransduction promote their interface. As 

will be discussed in the next section, we chose electrospinning as our fabrication 

technique to develop the desired scaffold. 

 

5.7 Electrospinning 

 Electrospinning is a versatile scaffold fabrication technique that can be used to 

form non-woven meshes that have high porosity and interconnectivity. Additionally, the 

fabrication parameters of the electrospun scaffolds can be varied to control these 

properties. Numerous reviews have been written on the topic, but a brief overview is 

warranted here (105-109). Electrospinning was developed in the early 20th century by 
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Anton Formhals who patented an invention to make threads of cellulose acetate (with 

acetone as the solvent) using an electric field in 1934 (108;110). He later improved and 

revised his inventions in following patents in 1939 and 1940 (108;110-112). In the 1960s, 

studies of jet formation were undertaken by Taylor who discovered that a cone forms 

during electrospinning from which the jet emanates (108;113). This cone is now referred 

to as the Taylor cone. From there, studies in the 1970s and 1980s investigated how 

experimental parameters affected fiber structure and morphology (108;114-117). After 

1987, few studies were performed until Doshi and Reneker published on their work in 

1995 studying polyethylene oxide fibers and how they were affected by solution 

concentration and applied electric potential (108;118). Prior to the 1990s, electrospinning 

was called electrostatic spinning, but in the 1990s the term electrospinning came into 

common use (105;118). Since 1995, electrospinning has garnered a lot of interest for a 

wide variety of applications as a method for forming nanoscale fibers, especially in the 

field of tissue engineering and regenerative medicine (106;108).  

Electrospinning is a simple process for forming fibers and scaffolds. Figure 5.4  

illustrates a basic electrospinning setup.  
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Figure 5.4. An example of a general electrospinning setup. A polymer solution is ejected 
from a syringe by a syringe pump through a blunt tip needle that is maintained at a high 
electric potential. The jet is then attracted towards a grounded collector, in our case a 
rotating cylindrical mandrel, on which fibers are collected. 

 

The basic mechanism behind electrospinning is a balance between surface tension of the 

polymer solution and electrostatic forces that build up in the solution as a result of 

charging the solution with a high electric potential. Once a critical voltage is reached, the 

electrostatic forces overcome the surface tension forces and a jet emerges (105;109). 

Typically, a polymer solution is slowly fed from a needle using a syringe pump resulting 

in a droplet forming on the end of the needle (Figure 5.4). Throughout the feeding of the 

polymer, the needle is charged with a very high voltage often ranging from 10-30 kV 

(typically DC voltages are used) and as it is applied the electrostatic forces cause the 

droplet to distort into a Taylor cone (105;109). If a sufficiently high voltage is applied, 

the electrostatic repulsion of the charges in the solution as well as the Coulombic forces 

exerted by the external electric field between the needle and collector overcome the 

surface tension forces of the droplet and the droplet starts to spew jets of polymer 
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solution (105;109). These jets travel towards a grounded collector and in the process the 

solvent evaporates leaving behind a polymer fiber.  

As the jet travels towards the collector it becomes smaller due to 3 factors which 

draw and elongate the polymer jet allowing for the formation of nanofibers (105;109). 

These 3 factors are the Rayleigh instability, bending, and whipping. Rayleigh instability, 

which occurs when the electric potential or solution viscosity is too low, can cause the jet 

to break or reform droplets as the surface area of the jet is reduced thus resulting in 

beaded morphology (105;109). Bending and whipping are caused by charge-charge 

repulsions in the jet promoting jet elongation (109). These latter two forces also result in 

the jet to spin in the inverse cone manner typically described (109). While these 

processes are occurring, the solvent evaporates so that only a thin fiber is left behind on 

the collector (109). 

Within this process, there is a wide range of variables that can be adjusted that 

affect ultimate fiber structure and morphology. This large set of parameters is what 

allows for easy control of the final properties of the fibers. The parameters can be 

subdivided into three categories: solution parameters (viscosity/concentration, solution 

conductivity, polymer molecular weight), process parameters (flow rate, electric field 

strength, air gap), and ambient parameters (temperature and humidity) (105;106;108). 

These factors also have interactions that can make understanding how a lone factor 

affects fiber size and morphology complex, however, these interactions are starting to be 

determined (119). As viscosity, which is determined by solution concentration, increases, 

there is typically an increase in fiber diameter and the fibers are better quality (106). As 

solution conductivity is increased, fiber size decreases and the fibers tend to be more 
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uniform with less bead formation (106). Increasing the polymer molecular weight 

typically reduces the number of beads in the fibers. Increasing the flow rate increases 

fiber size (106;120). If the flow rate is too high, the velocity at which the fibers approach 

the mandrel is higher which decreases the amount of time the fibers have to dry which 

can result in fusion between fibers at high flow rates (120). A certain strength of voltage 

is needed in order to initiate jet formation, but as the voltage increases above that, the 

Taylor cone can start to recede back into the needle tip. If the voltage is increased enough, 

it can start to result in bead formation in the fibers. Air gap, or the distance between the 

needle tip and the collector can also affect fiber morphology and size. If the gap is too 

small, there is not enough time for the fibers to dry and flat, fused fibers can form. In 

general, at close distances, the fibers tend to be larger as there is less time for bending 

and whipping to elongate the fibers (119). As the gap is increased, the fiber size 

decreases as more elongation is possible (119). If the gap is very large, then the effects of 

the electrostatic stretching forces in the solution are weaker and the viscoelastic forces 

dominate resulting in larger fibers (although these effects will likely vary some 

depending on the material being spun) (119). Interestingly, this shows that there is an 

interaction between air gap and electric field. At low voltages, longer distances result in 

smaller fibers whereas at high applied voltages longer distances result in larger fibers 

(119). This is thought to occur because at low voltages, stretching time is the dominant 

factor whereas at higher voltages, electric field is dominant, but at long distances, the 

field is reduced resulting in larger fibers (119). Finally, the ambient environment can 

affect electrospun fibers, most notably the temperature and humidity. If temperature is 

increased, then viscosity of the solution decreases resulting in a decrease in fiber size 
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(106). It has been shown that as humidity increases, circular pores start to appear in the 

fibers (106). In our experience, the humidity can affect the quality of the fibers as a high 

humidity can decrease the rate at which the solvent evaporates. Thus, we use a 

dehumidifier in our spinning chamber to maintain a relatively low humidity while 

electrospinning.  

There has been a lot of interest in using electrospun scaffolds for tissue 

engineering because of their nanoscale architecture and ease of use. The nanoscale 

architecture of the fibers provides a surface on the same length scale as ECM to which 

cells normally attach in physiologic conditions. Moreover, electrospun fibers can be 

aligned by a number of techiques to help control cell alignment and growth. This was 

demonstrated by a recent publication from our laboratory (31). Additionally, electrospun 

scaffolds are highly porous (often on the order of 90%) allowing for good mass transport 

through the scaffold (106;121). On the other hand, the nanofibers result in pore sizes that 

are small, despite the high porosity, which prevents cells from migrating into the scaffold.  

As such, one may tend to think of electrospun scaffolds as 2D environments, however, 

Nisbet et al. argued in a recent review that despite this fact, electrospun surfaces are 

uniquely different from a 2D planar surfaces since cells receive nutrients and growth cues 

three-dimensionally (107). The limitation of poor cellular infiltration can be overcome in 

some cases as illustrated by other recent publications (122;123). Both of these studies 

showed that by increasing fiber size to the order of microns, pore size was increased and 

thus cellular migration into the scaffold could be improved with time (122;123). In 

conclusion, while electrospun scaffolds do have limitations in terms of pore size and cell 
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penetration, they are still attractive for use in tissue engineering due to their nanoscale 

morphology that somewhat recapitulates native ECM.  

For many of the reasons already listed, electrospinning will provide an 

advantageous method for developing the scaffolding system needed for this work, i.e. one 

that has mechanical properties that vary by region. First, as discussed, electrospinning 

allows for control of the scale and morphology of the fibers and the nanoscale produced 

mimics the scale of natural ECM. Second, a wide variety of materials have been 

electrospun which leaves us with many options to choose from when designing our 

system. Third, because we want to form a scaffold whose properties vary by region, we 

can use a co-electrospinning technique to easily spin a scaffold with two materials that 

are separated on each end but which overlap in the center of the collector or mandrel. 

Thus, if we choose two materials that have properties similar to those we desire in a 

muscle and tendon, we can then spin them in such a way as to form a composite material 

that will begin to mimic the trends in properties seen in a native MTJ. In particular, the 

use of PLLA in electrospinning results in scaffolds with high stiffness, strength, and less 

ductility (Figure 5.5). These stiffer scaffolds possess the mechanical properties needed 

for engineering tendon tissue. In contrast, electrospun PCL results in scaffolds that are 

less stiff, have a lower strength, but a greater ductility, which is more suitable for skeletal 

muscle scaffolding (Figure 5.5) (31;124). Moreover, both PLLA and PCL have long in 

vivo degradation times on the order of 2 years in their bulk forms which will be important 

for this application (125). However, because these materials are electrospun, the 

degradation rate is expected to be increased due to the large surface area to volume ratio 

(126). While we anticipate that we will need the scaffold to remain in place and provide 
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cues for some time, on the order of months, it will actually be advantageous that the 

scaffolds do not remain present for years as this may stress-shield and hinder the 

development of the tissue and the ECM it tries to produce which could ultimately 

severely limit the function of any neo-tissue that forms. Instead, the use of degradable 

polymers will allow the scaffold to be replaced by native ECM deposited by cells.  

 

Figure 5.5. Chemical structures of poly(l-lactic acid) and poly(ε-caprolactone) the 
polymers chosen for this application due to their material and degradation properties. 
 

Co-electrospinning has been used in a number of applications. These include methods 

used to create hollow fibers, applications designed to increase the porosity of scaffolds by 

co-electrospinning sacrificial fibers, and spinning living cells into a mesh (127-131). In 

addition, our laboratory has developed a composite system using PCL and collagen 

solution blend, and this composite scaffold improved biocompatibility and provided 

suitable mechanical properties for vascular tissue engineering  (31;132). Based on these 

data, we propose that an integrated, dual-scaffolding system fabricated by co-

electrospinning a PCL/collagen blend and a PLLA/collagen blend would serve as a 

suitable scaffold for MTJ tissue engineering (Figure 5.6). We hypothesized that the co-

electrospinning technique would allow us to engineer distinct mechanical properties into 
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different regions of the scaffold and that the material blends would serve as suitable cell 

substrates. Thus, we aimed to create a scaffold that would mimic the trends in mechanical 

properties exhibited by the native MTJ using a co-electrospinning process. In the system 

we aimed to develop, the PLLA/collagen blend would serve as our “tendon-like” material 

and PCL/collagen as our “muscle-like” material (Figure 5.6). The rationale for 

developing this type of scaffold was discussed in Section 5.6. 

 
Figure 5.6 The strategy for scaffold fabrication employed in this work. We aim to 
electrospin a scaffold that has three distinct regions that mimic the regions seen in a 
native muscle-tendon junction, i.e. muscle, tendon, and their interface. We chose 
PCL/collagen to mimic the muscle, PLLA/collagen to mimic the tendon, and intend for 
the overlap region to have properties in between the two ends. 

 

 



 43 

5.8 Summary 

This chapter has summarized a variety of aspects related to digit and limb 

regeneration with specific attention given to engineering composite tissues.  The 

scientific understanding of limb regeneration in salamanders was explored along with the 

two main strategies for engineering or regenerating digit and limb tissues. This was 

followed by reviews of skeletal muscle, tendon, and composite tissue engineering 

focusing on MTJ engineering. Then the chapter delved into the unique structure, function, 

and properties of the MTJ. The chapter concluded with an overview of electrospinning as 

a technique for developing nanoscale scaffolds for tissue engineering and discussed how 

this technique would be suitable for MTJ scaffold development which is the focus of this 

work. 

As more advances are made in single tissue type engineering, the field of composite 

tissue engineering will become increasingly more important. Tissue engineers must start 

thinking about how to form these tissues if they hope to apply single tissue types in a way 

that will be able to more broadly achieve function within a tissue system. This review of 

the literature has shown that composite tissue engineering in general, and MTJ 

engineering in particular, is a great challenge to the tissue engineer that combines many 

complicated aspects of tissue engineering. Tissue engineering must start to change its 

focus from single tissue types and start to consider multiple tissue types and their 

interfaces. The tissue engineer must think about how to design scaffolds that are suitable 

for multiple tissues and that can promote growth and maturation of the cell types of all 

the involved tissues in order to achieve function. The scaffold should be designed in such 

a way that the native architecture of the target tissue can be recapitulated over time. 
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Considering the complex nature of the structure and physiology of composite systems, 

recapitulating the native architecture of the target tissue will be a significant challenge. 
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Abstract 

Tissue engineering has had successes developing single tissue types, but there is a 

need for methods that will allow development of composite tissues. For instance, muscle-

tendon junctions (MTJ) require a seamless interface to allow force transfer from muscle 

to tendon. One challenge in engineering MTJs is designing a continuous scaffold suitable 

for both tissue types. We aimed to create a dual-scaffold that exhibits regional 

mechanical property differences that mimic the trends seen in native MTJ. Poly(ε-

caprolactone)/collagen  and poly(L-lactide)/collagen, were co-ectrospun  onto opposite 

ends of a mandrel to create a scaffold with 3 regions. Scaffolds were characterized with 

scanning electron microscopy, tensile testing (uniaxial, cyclic, and video strain), for 

cytocompatibility using MTS, and seeded with C2C12 myoblasts and NIH3T3 fibroblasts. 

Native porcine diaphragm MTJs were also analyzed with video strain for comparison. 

Integrated scaffolds were created with fiber diameters from 452-549 nm. Scaffolds 

exhibited regional variations in mechanical properties with moduli from 4.490-27.62 

MPa and generally withstood cyclic testing although with hysteresis. Video analysis 

showed scaffold strain profiles exhibited similar trends to native MTJ. The scaffolds were 
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cytocompatible and accommodated cell attachment and myotube formation. The 

properties engineered into these scaffolds make them attractive candidates for tissue 

engineering of MTJs.  

 

Keywords: electrospinning, mechanical properties, muscle, tendon, strain profile, 

composite tissue engineering 

 

6.1 Introduction 

 A strategy commonly employed in tissue engineering is to combine an 

appropriate cell type with a suitable biodegradable scaffold to generate functional tissues 

in vivo. While initial successes in developing single tissue types with this strategy have 

been reported (1-4), there is an increasing demand for methods that will allow the 

formation of more complex, composite tissues with a coordinated function as highlighted 

in a recent review on tissue engineering interfaces by Yang et al. (5). This is especially 

evident in the musculoskeletal tissue system, in which muscle and tendon must be 

conjoined in order to transmit forces across the entire length of the muscle-tendon unit. 

Therefore, the ability to engineer muscle-tendon junction (MTJ) tissue will be critical for 

the functional reconstruction of complex musculoskeletal tissues.  

Many attempts have been made, despite a lack of clinical success, to engineer 

both muscle and tendon independently, but few studies have focused on generating a 

composite tissue (6-10). Although further investigation is needed to achieve clinical 

success in muscle and tendon tissue engineering, studies that attempt to form a composite 

tissue are warranted as they will be important in joining these two tissue types into a 
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functional unit. One challenge in developing MTJ tissues is designing a single scaffold 

system that is suitable for both tissue types. For instance, the ideal muscle scaffold should 

be compliant, porous, aligned so as to induce formation and alignment of myofibers, 

incorporate relevant growth factors, and promote cell survival and proliferation (11). In 

contrast, while an ideal tendon scaffold has most requirements in common to those of the 

muscle scaffold, such as the need for porosity, alignment (but here to increase axial 

mechanical properties), incorporation of growth factors, and promotion of cell survival 

and proliferation, the needed mechanical requirement for a tendon scaffold is 

diametrically opposed to that of a muscle scaffold. Tendon scaffolds should be stiff while 

muscle scaffolds should be compliant. Thus the ideal MTJ scaffold would require two 

different mechanical profiles; one for muscle and one for tendon. The properties of 

muscle and tendon are different due to their differing functions. Muscle tissue is highly 

compliant, with reported modulus values ranging from ~.012-2.8 MPa (12;13). Tendon 

tissue is stiffer in terms of tensile loading with reported modulus values of ~ 500-1850 

MPa (14-16). Muscles generate force that is to be transmitted across a joint to incite joint 

movement. Tendons function as the link that transmits force exerted by the muscle to its 

target insertion which necessitates its high stiffness value (14). As a result of these 

stiffness differences, these tissues respond to stresses with different strain profiles. To a 

given stress, muscle will have a higher strain than tendon, while the junction of the two 

will have a strain in between the two as recently shown by Hwang et al. in their study of 

canine diaphragm (17). That these tissues possess these differences is intuitive given their 

functions. The junction serves as an interface to reduce stress-concentrations and failure 

at this interface (18). Thus, in order to eventually engineer a functional muscle-tendon 
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composite tissue, we aimed to first develop a scaffold that possesses both a 

compliant/high strain region, a stiff/low strain region, and an intermediate region. The 

focus of this work was to develop a single scaffold that would overcome the challenge of 

containing two different mechanical profiles by creating a scaffold that mimics the trends 

observed in native tissue (17).  

 Electrospinning is a versatile scaffold fabrication technique that can generate 

micro to nano scale fibers. The fabrication parameters, material types and composition of 

electrospun scaffolds can be accurately controlled to yield target mechanical properties 

(19). Thus, electrospinning is an attractive fabrication method for creating an MTJ 

composite scaffold. Moreover, electrospinning has been used previously as a fabrication 

method for developing muscle, as an adjunct to tendon scaffolds, and for tendon-to-bone 

junctions (20-23). In particular for our purposes, the use of poly(L-lactic acid) (PLLA) in 

electrospinning results in scaffolds with high stiffness, strength, and low ductility which 

may be suitable for engineering tendon tissue (24). In contrast, electrospun poly(ε-

caprolactone) (PCL) generates scaffolds that are less stiff, but have a greater ductility, 

and that could be used for skeletal muscle scaffolding (22). These materials could be 

combined using co-electrospinning to create a scaffold that has high stiffness and low 

compliance on one end yet low stiffness and high compliance on the other. Co-

electrospinning techniques, either with two spinnerets or with a single coaxial spinneret, 

have been used in previous applications. Examples include applications designed to 

increase the porosity of scaffolds by co-electrospinning sacrificial fibers (25),  improved 

hydrophilicity and cell attachment (26), creating hollow core-shell fibers (27), and 

spinning living cells into a mesh (28).  
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In a previous study, we developed a composite scaffold system using PCL and 

collagen, which greatly improved biocompatibility and provided suitable mechanical 

properties for vascular tissue engineering  (29). Based on our experience with fabrication 

of various scaffold types using electrospinning, we hypothesized that an integrated, dual-

scaffold system that exhibits distinct mechanical properties at different regions of the 

scaffold could be developed and that this scaffold could be designed to mimic the trends 

in mechanical properties seen in native MTJ tissue. To test this hypothesis, we used a co-

electrospinning method to spin PLLA/collagen and PCL/collagen onto opposing ends of 

a mandrel while allowing overlap in the middle in order to create a continuous scaffold 

with varying mechanical properties. The properties of each region of the scaffold were 

assessed using uniaxial tensile tests. Furthermore, the entire scaffold was characterized 

with a series of mechanical assessments, which include tensile, cyclic, and video strain 

testing. The ultrastructure of the scaffolds was evaluated using scanning electron 

microscopy and biocompatibility was assessed with a cytotoxicity assay and cell seeding.  

 

6.2 Methods 

 

6.2.1 Materials 

The following is a list of materials that were used for scaffold fabrication as receieved: 

Poly(L-lactic acid) (PLLA, Polysciences, Inc., Warrington, PA, USA, cat# 21512, 

Mn=700,000), Poly(ε-caprolactone) (PCL, Polysciences, Warrington, PA, USA, cat# 

19561, Mn=43,000 – 50,000), Bovine type I collagen, lyophilized (Elastin Products 

Company, Inc., Owensville, MO, USA, cat# C857), 1,1,1,3,3,3-hexafluoroisopropanol 
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(HFP, Triad Scientific Supplies, Yadkinville, NC, cat# H1008), Glutaraldehyde (Sigma-

Aldrich, St. Louis, MO, USA, cat# G5882, SEM grade), Methyl blue (Sigma, St. Louis, 

MO, USA, cat# M5528). 

 

6.2.2 Co-Eelctrospinning Technique 

  Two different polymer solutions were made by dissolution in HFP: a 5% (w/v) 

PLLA/collagen blend in a 1:1 weight ratio and a 10% (w/v) PCL/collagen blend in a 1:1 

weight ratio. PLLA was chosen due to its known biocompatibility, biodegradability, and 

relatively high stiffness. PCL was also chosen for its known biocompatibility, 

biodegradability, but additionally because of its lower stiffness. Both polymers were 

blended with collagen as we have previously shown that this improves cell attachment 

(29). The solutions were then simultaneously electrospun onto opposite ends of a 

cylindrical mandrel (diameter = 41.1 mm) using a high voltage power supply at a 

potential of 20 kV (See Appendix B). These parameters were selected after optimization 

with different polymer concentrations and flow rates (data not shown). Co-

electrospinning was used to create three distinct scaffold regions: a PCL/collagen region 

(PCL side), a PLLA/collagen region (PLLA side), and an overlap region (center). 

Silicone red rubber duro 70 barriers were used (SmallParts.com) to better control where 

the overlap occurred. The length of the mandrel was 10 cm, and the barriers were placed 

so that there would be approximately 3.5 cm of PCL:collagen material only, 3.5 cm of 

PLLA:collagen material only, and 3 cm of overlap. 5 ml of each solution was delivered 

through 18 gauge blunt tip needles at a constant flow rate of 1 ml/h using a syringe pump. 

The distance between the mandrel edge and the needles was 10 cm and the rate of 
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rotation was approximately 1000 RPMs (range 900-1100). Subsequently, the scaffolds 

were removed from the mandrel by cutting along the long edge of the mandrel and 

pulling off the scaffolds as sheets with dimensions approximately 10 cm × 12.9 cm and 

then the collagen in the scaffolds crosslinked with 2.5% glutaraldehyde vapor for 2 h. 

Crosslinking was performed to increase the mechanical integrity of the scaffolds and to 

prevent collagen from dissolving in water. The scaffolds were then kept in a vacuum until 

used for ultrastructural characterization, mechanical testing, and biological assays.  

 To visualize the dual scaffolding system, 30 mg of methyl blue dye was added to 

5 ml of a PLLA:collagen solution and allowed to mix overnight. This solution was then 

co-electrospun as above and removed from the mandrel for visualization.  

 

6.2.3 Ultrasructural Characterization 

 The ultrastructure of the scaffolds (n=6) was examined using scanning electron 

microscopy (SEM, S-2600N, Hitachi, Japan). A segment of the scaffolds was cut from 

each region (PCL side, Center, and PLLA Side), cut in half so that both the inside and 

outside layers could be examined, mounted on SEM stands, and then sputter coated with 

gold (Hummer 6.2, Anantech, Ltd., Denver, NC, USA) for 2 minutes. Three random 

images were taken from each side of each sample from every region and analyzed for 

fiber diameters. All images were analyzed using ImageJ (1.42Q, provided by the NIH, 

USA). The number of fibers measured varied but ranged from 38-99 measurements per 

image with a mean of 62.7 and median of 63.5. The mean was taken for all of the 

measurements from one region of one scaffold and this was considered one specimen. 
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Finally, there was a sample size of 6 for each region and the mean and standard deviation 

of these samples were found.  

 

6.2.4 Mechanical Characterization of Scaffolds and Native Diaphragm Muscle-Tendon 

Junctions 

 All mechanical tests of scaffolds were performed using an Instron 5544 with a 10 

N load cell (Instron, Norwood, MA, USA). The mechanical properties of each region of 

the scaffold were analyzed using tensile testing to failure. Dog-bone shaped coupons 

were punched from each region of the scaffold sheet (PCL side, Center, and PLLA Side) 

for testing. The width of the coupons was 4.03 mm. For all tests, the scaffolds were wet 

in PBS for 30 minutes. Then, three thickness measurements were obtained from the 

center portion of the dog-bone specimens using digital calipers and an average thickness 

found for each specimen. After thickness measurements were obtained, the specimens 

were loaded into the clamps and a preload of 0.05 N was applied. At this point, the gauge 

length was measured as the grip-to-grip distance using digital calipers. Then the load and 

extension were balanced and testing was begun. The crosshead speed was 10 mm/min 

(n=9). Whole scaffolds were tested similarly except whole scaffolds were cut into 

rectangular specimens 20 mm wide and approximately 10 cm long since the mandrel was 

this length (n=10). For whole scaffolds the thickness of the specimens was measured in 

nine regions across the length of the scaffold about 5 mm apart using digital calipers. For 

all tests, Young’s Modulus (E), ultimate tensile strength (UTS), and strain at failure were 

determined for each sample using the Bluehill software provided by Instron. Strain at 

failure was defined as a 40% decrease from the maximum load. All stress-strain data 
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were averaged to give curves representing the entire dataset. All tests were completed 

within 2.5 hours after wetting.  

 Cyclic testing was also performed on the whole scaffolds (n=7). For these tests, 

the same specimen size was used, scaffolds were wet the same way, and nine thickness 

measurements taken. The specimens were clamped as described above, preloaded to 0.05 

N, and the gauge length measured. The specimens then underwent 100 cycles at 0.5 Hz 

between 0% and 10% strains (thus resulting in a crosshead speed of 10%/sec). The peak 

stress for each cycle was determined for each scaffold. These values were then averaged 

and plotted against cycle number (n=5). Two of the scaffolds failed before testing was 

completed and they were not included in the averaged dataset. Percent decrease from 

initial peak stress was calculated for each scaffold and the mean and standard deviation 

calculated. Percent decrease was calculated as [(initial peak stress – final peak 

stress)/initial peak stress]*100. Energy loss due to hysteresis was also calculated by 

subtracting the area under the initial unloading curve from the area under the initial 

loading curve in Matlab (n=6, only one scaffold failed in the initial cycle). 

Uniaxial mechanical testing to failure was performed on native muscle-tendon 

junction tissue to use as a comparison to co-spun scaffolds. Female pig diaphragms were 

obtained from a local abattoir. All pigs were 550 lbs or greater. Diaphragms were used as 

a model system because they are large, relatively flat, and easy to cut into testable shapes. 

Moreover, diaphragms have been used in a previous study of muscle-tendon junction 

mechanics (17). Additionally, the flat morphology of the tissue is ideal for video 

acquisition and analysis. Finally, while perhaps not matching the exact properties of a 

native muscle-tendon unit from a limb, the diaphragm provided a good starting point. Pig 
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diaphragms were placed in Krebs-Ringer solution supplemented with 1.7 g/L sodium 

bicarbonate and 0.35 g/L calcium chloride and kept on ice for transport back to the 

laboratory. After transport, the specimens were cleaned by removing the fascia from the 

muscle, and cut into approximately 4 cm wide rectangles for mechanical testing (Figure 

1B). After prepping, the specimens were either re-submerged in Krebs solution and tested, 

or left in Krebs solution until testing.  

 Testing of tissue was performed using the Instron with a 100N load cell. The 

muscle was gripped with hooks that were clamped in the top clamp. Then, the tendon was 

clamped in the bottom clamp and the specimen was preloaded to 0.5N. At this point, the 

length from the bottom grip to the point of entry of the hooks was measured as well as the 

length of the tendon and muscle. After measurement, testing proceeded in the same 

manner as described for scaffolds (a crosshead speed of 10 mm/min). All tests were 

completed within 12 hours of sample collection (n=14). 

 After testing, the tendon and muscle were separated. The mass of each tissue 

(measured in triplicate and averaged) was obtained and the cross-sectional area calculated 

based on the length and density of each tissue type (Equation 1).  
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The densities of tendon and muscle are 1.12 g/cm3 and 1.056 g/cm3 respectively 

(14;30;31). Finally, an average cross sectional area was determined based on the ratio of 

the length of muscle to the length of tendon (Equation 2). This was used in calculating 
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the stress-strain curves. The modulus was determined in excel using a linear regression of 

the initial linear region of the tests. The UTS was calculated by dividing the max force 

(determined by the Bluehill software) by the calculated cross sectional area. The strain at 

failure was calculated by the Bluehill software as 40% decrease from max load. 

  

6.2.5 Video Strain Analysis of Scaffolds and Native Diaphragm Muscle-Tendon Junctions 

  Video strain analysis was performed on the whole scaffolds that underwent 

tensile testing to failure (n=10). Each scaffold had a 19 × 5 array of markers manually 

applied using an acid free ink pen (Figure 6.1A). This created black markers on a white 

surface. The scaffolds were wet after the markers had dried and loaded and tested as 

described above. The scaffolds were clamped so that only 15 of the rows were visible. 

Afterwards the test was begun while video was being captured. 

 To obtain video of the tests, a Phantom v4.3 video camera (Vision Research) was 

used with a Nikkon micro-Nikkor 60 mm f/2.8D AF lens (Nikkon) with a frame rate of 

10 s-1. The camera was controlled using Phantom 640 software and the data captured on a 

separate laptop. After image capture, the centriod positions of the markers were 

determined using a custom ImageJ macro. The centroid positions were loaded into a 

custom Matlab (Mathworks, Inc., Natick, MA, USA) program which output keyword 

files need for analysis in LS-DYNA (Livermore Software Technology Corp., Livermore, 

CA, USA). The keyword files were simulated using LS-DYNA and analyzed using LS-

PrePost. In LS-PrePost, the maximum principal strains were calculated for each element 

and videos and color maps created for comparison of the strain between scaffold regions 
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(Figure 6.1A). These color maps were also used to compare between scaffolds and tests 

of native tissue.  

 To measure the differences in strain between the different regions, the scaffold 

elements were divided into groups. The top 16 elements were taken as the PCL region 

(all specimens were loaded with the PCL side at the top clamp; 4 rows corresponded to 

roughly the end of the 3.5 cm PCL side only), the middle 24 elements were taken as the 

center region (again this corresponds to the 3 cm overlap that was created), and the 

bottom 16 elements were taken as the PLLA side. The maximum principal true strains vs. 

time were plotted for all elements of a region and then these curves averaged using LS-

DYNA. The maximum strain for the entire scaffold was located and the strains of the 

three regions at this point were taken as the maximum strains for each region.  

 For tissue video strain analysis, black 2 mm markers were glued to the tissue 

using cyanoacrylate glue (Loctite, Henkel Corporation, Avon, Ohio, USA). The marker 

array was 7 x 5 (Figure 6.1B). The first row was placed on what was visually determined 

to be the MTJ. Then rows were placed above and below that line approximately 10 mm 

apart. Video was captured in the same manner as for scaffolds. The markers were 

removed after testing prior to the mass measurements described in section 2.4. The post-

processing of native MTJ data was the same as for the scaffolds except the video was 

subsampled to capture every 10th frame thus reducing the number of frames from 10 s-1 

down to 1 s-1(this was due to longer test times which resulted in too many images). The 

top two rows of elements were taken as the muscle region, the middle two rows (which 

includes the row of markers on the MTJ) were taken as the MTJ region, and the bottom 

two rows were taken as the tendon region. In four specimens, the tissue strained in such a 
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way as to cause the markers to lose their regular array pattern, and in these cases, the 

video strain data could not be used. However, the force/extension data from the Instron 

were still included. Thus, 10 of 14 samples were suitable for video strain analysis. 

Maximum principal true strains and color maps were determined as described for scaffold 

video strain analysis. For more detail in the post-processing and analysis of videos, and 

the tools used to analyze them, see Appendix A. 

 

 

Figure 6.1 Processing steps to convert video files into LS-DYNA mesh simulations. (A) 
Processing steps for scaffold video strain analysis. (B) Processing steps for tissue video 
strain analysis. 

 
 
  

6.2.6 Cytotoxicity Assays 

 Scaffold samples (n= 6) were cut from each region to a size of approximately 0.5 

cm x 0.5 cm for the cytotoxicity assay using (3-(4,5-dimethyl-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, Promega, cat # G358B, 

Madison, WI, USA). The scaffolds were sterilized in 1 ml of 70% ethanol in 24 well 

plates for 2 hours followed by 5, 5 minute washes in PBS. After the last wash, a 6th 

change of PBS was placed on the scaffolds and they were incubated overnight. On the 

same day, C2C12 myoblasts (ATCC, Manassas, VA, USA) or NIH3T3 fibroblasts 

(ATCC, Manassas, VA, USA) were plated in 24-well plates at a density of 5000 cells per 

well and incubated overnight in 600 µl of growth medium (GM, Dulbecco’s Modified 

Essential Medium [DMEM] high glucose plus 10% fetal bovine serum [FBS], 1% 

penicillin/streptomycin/amphotericin [PSA]) to allow attachment. The next day, 24-well 

plate Transwell membranes were inserted into the plates (Corning, cat# 3396, 0.4 µm 

polycarbonate membrane) and the scaffolds were added to the top chamber and covered 

with 100 µl of medium. The cells were cultured for either 3 or 7 days. The GM was 

changed every other day. The medium in the top chamber was not changed. At each time 

point, 500 µl of the MTS was added to the wells including a row of blank wells and 

incubated for 2 hours. Afterwards, 100 µl of the MTS:formazan solution was pipetted 

from each well into a 96-well clear, flat-bottom plate and read on an absorbance plate 

reader (Molecular Devices, SpectraMax M5, Sunnyvale, CA, USA) at 490 nm. Three 

MTS experiments were performed with each group at each time point (each with 6 

replicates for a total n=18 for each group at each time point). One-way analysis of 

variance was performed for each cell type at each time point with post-hoc t testing 

comparing each scaffold region to control using a Bonferroni correction.  
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6.2.7 Cell Accommodation Assays 

 To determine if the scaffolds were capable of allowing cell attachment and 

differentiation of myoblasts into myotubes, a series of cell seeding experiments was 

performed C2C12 myoblasts and NIH3T3 fibroblasts. Three experiments were performed 

with 6 replicates for each region of the scaffold. Specimens from each region of the 

scaffolds were prepared and sterilized as described in section 2.6 except after the 5th PBS 

wash, GM was added to the wells for overnight incubation. The following day, C2C12 

myoblasts or NIH3T3 fibroblasts were statically seeded at a density of 5x105 cells/cm2 in 

a volume of 10 ul. The cells were allowed to attach to the scaffolds for approximately 30 

minutes in an incubator before 1 ml of GM was carefully added to each well (this was 

day 0). After seeding, myoblasts were maintained in GM until day 3. On day 3, the 

medium was changed to differentiation medium (DM, DMEM:F12, 2% hourse serum, 

1% PSA). The seeded scaffolds were maintained in DM for 7 days (until day 10) with the 

medium changed daily. On day 10, scaffolds were either fixed in formalin for 15 minutes 

for immunocytochemisty (total n=9 after all experiments) or fixed in 2.5% SEM-grade 

glutaraldehyde for 2 hours for SEM characterization (total n=9 after all experiments). For 

fibroblasts, after seeding the cells were maintained in GM until day 3, at which point they 

were fixed for immunocytochemistry and SEM. 

 The scaffolds were stained en bloc using standard immunocytochemistry 

techniques. For C2C12 myoblasts, MF20 (Developmental Studies Hybridoma Bank, 

Iowa City, Iowa), a marker for sarcomeric myosin, was used as the primary antibody at a 

dilution of 1:500. MF 20 was developed by Donald A. Fischman and obtained from the 

Development Studies Hybridoma Bank developed under the auspices of the NICHD and 
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maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. The 

secondary was an Alexa-fluor-488 FITC goat anti-mouse IgG (Invitrogen, cat # A11017, 

Carlsbad, CA, USA) used at a dilution of 1:300. NIH3T3 fibroblasts were stained with 

fluorscein-conjugated phalloidin (Invitrogen, cat # F432, Carlsbad, CA, USA) at a 

dilution of 1:300. All cells were then stained with ToPro at 1:1000 (Invitrogen, cat # 

T3605, Carlsbad, CA, USA) and then mounted and coverslipped on a glass slide with 

DAPI mounting medium. The scaffolds were imaged with a confocal microscope (Nikon 

Eclipse TE2000-U, Melville NY) using a Quantum Camera 5125C with Advanced 

Capture software (MAG Biosystems, Exton, PA). 

 For SEM characterization, the scaffolds were rinsed in DI water, dehydrated 

through graded ethanol solutions, and critically point dried (Electron Microscopy 

Sciences). After drying, the specimens were sputter-coated with gold for 2 minutes and 

imaged.  

  

6.2.8 Statistical Analysis 

 Differences in fiber diameters, mechanical properties, video strain analysis, and 

cytotoxicity assay results were analyzed statistically using a one-way analysis of variance 

(ANOVA) with post-hoc t-tests using a Bonferroni correction. For fiber diameter 

measurements, all groups were compared to one another using Bonferroni t-tests. 

Similarly, comparison of the mechanical parameters E, UTS, and strain at failure for all 

regional (PCL, PLLA, and center regions) groups were compared to one another. The 

mechanical properties of the whole scaffolds were not included in these tests. In the video 

strain analyses, average strain of each region of the scaffold was compared using one-
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way ANOVA with post-hoc Bonferroni t-tests. One-way ANOVAs with Bonferroni t-tets 

were also used when comparing strain differences between the three regions of the native 

muscle-tendon units. Finally unpaired t-tests were used to compare the analogous regions 

of the scaffold and native muscle-tendon units. All results are presented as the mean ± 

standard deviation unless otherwise stated. Statistical significance was taken as a p value 

less than 0.05. 

 

6.3 Results 

 
6.3.1 Scaffold Fabrication 

  Both PCL/collagen and PLLA/collagen solutions were successfully spun onto 

opposite ends of the mandrel (Figure 6.2). The dual scaffolds were one continuous 

structure with a center overlap region as evidenced with the methylene blue dye. Scaffold 

thicknesses varied by region. To illustrate the differences, the thickness measurements 

from whole scaffold uniaxial testing are presented. In general, the PCL sides of the 

scaffolds were thicker (0.42 ± 0.18) than the PLLA sides (0.25 ± 0.07) with the center 

(0.32 ± 0.12) in between (also see Table in Appendix B). These values were not averaged 

within scaffolds in order to display a better representation of the variability in thickness 

even within a scaffold (i.e. three PCL side measurements for one scaffold were not 

averaged and then taken to be one PCL side measurement, thus n=30 per region). 
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Figure 6.2. Gross picture and SEM images of a scaffold. (A) Image showing the three 
regions of the scaffold: PCL side, center, and PLLA side with the methylene blue dye in 
it. (B-D) SEM images from different regions of a scaffold showing fiber morphology and 
diameter (all images 4K×). (B) PCL side (550±98 nm), (C) Center (504±93 nm), (D) 
PLLA side (452±40 nm). Fibers showed rounded, nanoscale morphology. The PLLA side 
had smaller fiber diameters by approximately 100 nm, but there was no statistical 
difference between the fiber diameters of the different regions (n=6 for SEM). 

 

6.3.2 Ultrastructure Characterization 

 The scaffolds exhibited a randomly oriented nanofiber architecture in every 

region (Figure 6.2). The PCL side of the scaffold had an average fiber diameter of 550 

nm (± 98 nm), the center 504 nm (± 93 nm), and the PLLA side 452 nm (± 40 nm). Thus 
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the PLLA side had smaller fiber sizes on average, with the PCL side having larger fibers, 

and the center region, being a mixture of PLLA/collagen and PCL/collagen fibers had a 

fiber size in between. Nevertheless, the differences fiber diameters were not statistically 

significant. 

 

6.3.3 Mechanical Characterization and Video Strain Analysis of Scaffolds 

 Tensile testing to failure of the three regions demonstrated that continuous 

scaffolds with different mechanical properties were produced (Figure 6.3 and Figure 6.4). 

The PCL side exhibited low stiffness and strength as represented by measured values for 

E and UTS which were 3.18 MPa (± 1.2 MPa) and 1.08 MPa (± 0.3 MPa) respectively. 

This section also demonstrated the largest strain at failure at 115.7% (± 38%). In contrast, 

the PLLA side had the highest E and UTS (29.14 MPa ± 8.5 MPa and 3.82 MPa ± 1.3 

MPa), as well as low strain at failure (31.02% ± 4.3%). The center region exhibited an E 

and UTS in between the values for the PLLA side and the PCL side (21.06 MPa ± 5.0 

MPa and 2.54 MPa ± 0.6 MPa). The strain at failure of the center region was similar to 

that of the PLLA side (33.33% ± 6.9%). Upon statistical comparison, E and UTS were 

significantly different between the PCL side and PLLA side, PCL side and center, and 

PLLA side and center. Strain at failure was also significantly different between the PCL 

side and center section and between the PCL side and PLLA side, but not between the 

center and PLLA side. The whole scaffold parameters were not included in these analyses. 

The whole scaffold, being a composite, has its own set of unique properties with a 

modulus of 6.97 MPa (± 2.0 MPa), a UTS of 0.51 MPa (± 0.2 MPa), and a strain at 

failure of 18.49% (± 8.2%). Interestingly, the whole scaffold samples had the lowest 
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strain at failure. These results are summarized in Figure 6.3 and Figure 6.4 and in Table 

6-1. All but three failed on the PCL side of the scaffold near the clamp. One failed at the 

PLLA side near the clamp and two scaffolds failed in the center. Visual inspection during 

testing and the location of failure indicate that in general the PCL side undergoes a 

greater strain than the other regions of the scaffold thus resulting in failure at that region, 

especially since it has the lowest UTS. The fact that the PCL side’s modulus is lower than 

the other regions also indicates that PCL side should strain more than the other regions in 

general. In the cases where failure did not occur on the PCL side, the failure region was 

thinner than the other regions and thus the weak point of the scaffold. The differences in 

strains between regions were further quantified with video strain analysis. 

 

Figure 6.3. Average stress-strain curves from tensile testing to failure. (A) The PLLA 
side (n=9) shows a high modulus and UTS with low strain at failure. (B) The center (n=9) 
shows a modulus and UTS in between the PLLA side and PCL side and a strain at failure 
similar to the PLLA side. (C) The PCL side (n=9) exhibits a low modulus and UTS with 
a very high strain at failure. (D) The whole scaffold (n=10) exhibits its own set of 
properties as it is a composite. (E) Native diaphragm muscle-tendon junction. Note that 
the scale here is different from (A-D). 
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Figure 6.4. Average parameters obtained from tensile testing to failure of each region 
(n=9) and the whole scaffold (n=10). (A) Young’s modulus. (B) Ultimate tensile strength. 
(C) Strain at failure. +, #, @ indicate statistical significance with p<0.05. If matching 
symbols are above two different groups, this indicates that they are statistically different 
from one another. 
 
Table 6-1. Comparing the mechanical parameters of the scaffold regions (n=9), whole 
scaffold (n=10), and native MTJ (n=14). All values presented as mean (± standard 
deviation).*,+ values obtained from literature (12-16). 
 
 E (MPa) UTS (MPa) SAF (%) 

PCL Side 3.18 
(± 1.2) 

1.08 
(± 0.3) 

115.7 
(± 38) 

Center 21.06 
(± 5.0) 

2.54 
(± 0.6) 

33.33 
(± 6.9) 

PLLA Side 29.14 
(± 8.5) 

3.82 
(± 1.3) 

31.02 
(± 4.3) 

Whole Scaffold 6.97 
(± 2.0) 

0.51 
(± 0.2) 

18.49 
(± 8.2) 

Native MTJ 0.28 
(± 0.2) 

0.15 
(± 0.02) 

122.4 
(± 19.2) 

Muscle* 0.005-2.8 - - 
Tendon+ 500-1850 52-120 5-16% 

 
 

Video strain analysis provided valuable information on the strain behavior of the 

scaffolds in different regions. Using this technique, we were able to quantify the 

differences in strains within each region that we observed qualitatively (Figure 6.5). On 

average, the PCL side exhibited greater strains (21.32% ±14.3%) than the PLLA side 

(2.94 % ± 1.9%) with the center displaying strains in between (7.95% ± 4.7%). 

Statistically, the PCL side was different from both the center and PLLA sides, but the 

center and PLLA side were not different from one another. This quantitatively 
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corroborates the observation that most of the strain occurs on the PCL sides of the 

scaffolds and further explains why most of them failed on the PCL side. It also explains 

why the whole scaffolds exhibit lower stiffness, strength, and strain at failure than the 

regions independently.  

Figure 6.5A displays the color maps of all ten scaffolds tested (refer to 

supplementary video 1 for an example video strain analysis movie). In all but two, the 

strain was greater on the PCL side with the strain decreasing as you move from the PCL 

side to the PLLA side. Scaffolds 6 and 10 were the two that failed in the center, but 

despite this, scaffold 6 has larger strains on the PCL side. Scaffold 10 was weak in the 

center and thus as the scaffold was strained, it started to pull apart and fail. Scaffold 9 

was the scaffold that failed on the PLLA side. Nevertheless, it exhibited more strain in 

the center region and as already mentioned likely failed on the PLLA side due to the fact 

that this scaffold was very thin in that region. As is evident from the color maps, there is 

significant variability between scaffolds. This variability is present due to the inherent 

variability in the electrospinning technique and further variability is introduced when 

trying to co-spin these scaffolds as adjustments must frequently be made to ensure that 

the entire mandrel is covered. Despite these variations, however, we have still developed 

a scaffolding system that on average displays significant regional differences in strains 

and other mechanical properties.  
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Figure 6.5. (A) Color maps of the strain profiles of the whole scaffolds that underwent 
uniaxial tensile testing to failure. Maximum principal true strain is displayed and the 
scale is from 0 to 0.25 mm/mm strain (n=10). (B) Maximum max principal true strain of 
the different scaffold regions during uniaxial testing of the whole scaffolds measured 
with video strain analysis (n=10). (C) Maximum principal true strain for the regions of 
the scaffold at each overall strain interval. (D) Color maps of the strain profiles of the 
native diaphragm MTJs that underwent uniaxial tensile testing to failure. Maximum 
principal true strain is displayed and the scale is from 0 to 1 mm/mm strain (n=10). (E) 
Maximum max principal true strain of the different tissue regions. (F)  Maximum 
principal true strain for the regions of the native diaphragm MTJ at each interval of 
overall strain (n=10). +,# indicate statistical significance defined as p<0.05. If matching 
symbols are above different groups, this indicates they are statistically different from one 
another. 

 

Cyclic mechanical testing showed scaffolds were generally able to withstand 

repeated cyclic loading up to 100 cycles (Figure 6.6). The scaffolds showed substantial 

hysteresis in the initial cycle, i.e. a difference in energy between loading and unloading 

that represents energy loss from the system. Hysteresis was less pronounced during 

following cycles. The energy lost due to hysteresis in the first cycle was 6.70×10-3 Joules 

(± 2.24×10-3 Joules). The scaffold also exhibited creep, i.e. a permanent elongation of the 

scaffolds during loading, which is seen when comparing peak stress to cycle number 

(Figure 6.6B). The peak stress decreased over time with an average decrease of 30.8% (± 

3.4%) with an average initial peak stress of 464.0 kPa (± 178 kPa) and an average peak 
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stress at the last cycle of 324.8 kPa (± 133 kPa). Creep was also evident during unloading 

in each cycle, as there were regions where the scaffold was under no tensile load and was 

under slight compressive loads as the scaffold would bend (Figure 6.6A). For the two 

scaffolds that failed, one failed at the end of the loading phase of the 4th cycle, and the 

other failed during the loading phase of the first cycle. Both scaffolds that failed did so in 

the center. 

 

Figure 6.6. Average curves for cyclic testing (n=5). (A) Average stress-strain curve of 
100 cycles. (B) Average peak stress vs. cycle number curve showing one standard 
deviation above and below.  

 
 
6.3.4 Mechanical Characterization and Video Strain Analysis of Native Diaphragm 

Muscle-Tendon Junctions 

 Fourteen native tissue specimens underwent mechanical testing. In all cases, 

failure occurred in the muscle region near the insertion of the hook grip. The mechanical 

properties of the native MTJ as determined from the Instron data are summarized 

in Table 6-1. 

Ten of the fourteen specimens were suitable for quantitative video strain analysis. 

Quantitative analysis of regional strains in native MTJ revealed that the scaffolding 

system does mimic the trends observed in native tissue (Figure 6.5D). In evaluating 
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maximum max principal strain, the muscle side of the tissue exhibited the most strain 

(with an average of 89.79% ± 14.4%), the tendon region the least (with an average of 

8.53% ± 2.4%) and the MTJ region strain values in between (with an average of 27.49% 

± 9.9%, Figure 6.5E). The differences in strain were significantly different from one 

another. The average video strain of the whole tissue was 42.01% ± 6.7%. Thus, the 

majority of strain in the native tissue occurs in the muscle region. When inspecting the 

color maps (Figure 6.5D) one can observe and confirm that the video strain findings of 

native MTJ were consistent with the highest strain occurring in the muscle and the least 

in the tendon region (refer to supplementary video 2 for an example video strain analysis 

movie). 

 
 
6.3.5 Comparison of Scaffolds to Native MTJ 

 When comparing the regional strain color maps of the scaffolds to native tissue 

(Figure 6.5A and D), one can see that the overall trends are the same despite the fact that 

the actual strain values are quite different (note the difference in scales; 13A is 0 – 0.25 

mm/mm strain, 13D is 0 – 1 mm/mm strain). Nevertheless when inspecting Figure 

6.5B&E, and Figure 6.5C&F, the trends are similar. Moreover, when the regional strains 

are normalized to the overall strain (for example, the strain of the PCL region is 

normalized to the whole strain of the scaffold and the strain of the muscle region 

normalized to the whole strain of the tissue) (Figure 6.7) the trend is even clearer. When 

looking at the maximum strains of each region and comparing analogous regions (i.e. 

muscle region to PCL side, MTJ region to center, tendon region to PLLA side) the 

normalized strains are strikingly similar (Figure 6.7A). However, there is larger deviation 
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in the scaffolds compared to native tissue. When comparing the max strains of the 

analogous regions with unpaired t-tests, no significant differences were found.  Figure 

6.7B-F shows the similarities in the trend by plotting the regional percent of overall strain 

vs. the overall max principal strain. The native tissue has a larger strain overall and thus 

the curves continue farther out than the scaffold curves, but they tend to approach the 

same percent of overall strain. In summary, the scaffolds, while not perfectly matching 

the strain profile of native MTJ, do closely mimic the trends observed in the native MTJ. 
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Figure 6.7. Graphs comparing regions of native MTJ strain to the regions of whole 
scaffold strain by normalizing each to their respective overall strains. (A) Maximum 
strain normalized as a percent of overall strain of each region of native tissue and scaffold. 
(B) Normalized strain vs. Overall strain for native tissue. (C) Normalized strain vs. 
Overall strain for scaffold. (D-F) Graphs comparing normalized strains vs. overall strain 
for the three different regions of both native tissue and scaffold. +, @, & indicate 
statistical significance defined as p<0.05. If matching symbols are above different groups, 
this indicates that they are statistically different from one another. 
 

6.3.6 Cytotoxicity Assays 

At three days, there was no statistical difference between the tissue culture control 

and the three regions of the scaffold for either cell type (Figure 6.8A&B). For C2C12 

myoblasts at 7 days, all scaffold regions had a statistically higher percent viability 

compared to tissue culture control (p<0.01). The higher viability was most likely due to 

an experimental or reading error in one experiment. We do not expect that our scaffold 

would have a have a higher viability than tissue culture plastic. Furthermore, visual 

observation showed that all wells between all groups were similar in confluence and cell 

morphology. For NIH3T3s, there were no statistical differences between the scaffold 

regions and tissue culture control. Thus, the data show that the scaffolds are non-toxic 

and cytocompatible despite being electrospun with harsh solvents and crosslinked with 

glutaraldehyde.  
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Figure 6.8. (A,B) MTS assays demonstrating cytocompatibility of the scaffold regions. 
Data are expressed as percent viability which is the average absorbance normalized to the 
average absorbance of tissue culture control. The values are the average of 3 experiments 
done with 6 replicates in each group for a total replicate number of n=18. (A) The 
scaffolds show no statistical difference in cell viability at 3 days and at 7 days there was a 
slight increase in percent viability in the scaffold groups, but this difference is likely due 
to some experimental error or sampling randomness. (B). For the fibroblasts, at both 3 
and 7 days, no differences were found in viability between the scaffolds and tissue 
culture controls. (C-J) Confocal (C-F, all images 200×) and SEM (G-J, all images 300×) 
images of scaffolds seeded with C2C12 myoblasts or NIH3T3 fibroblasts. (C-D, G-H) 
All three regions were able to accommodate C2C12 attachment and differentiation into 
myotubes (green=MF20, a myosin heavy chain marker, blue=ToPro nuclear stain). Only 
the PCL side and center are shown. (E-F, I-J) Additionally, all three regions were able to 
accommodate fibroblast attachment (green=phalloidin, blue=ToPro nuclear stain). Only 
Center and PLLA side are shown. All cell seeding experiments were done in triplicate 
with 3 replicates per region for confocal and SEM for a total of n=9 for each region for 
both confocal (except for PCL side on confocal, n=8) and SEM analysis. + indicates 
statistical significane defined as p<0.05. If matching symbols are above different groups, 
this indicates the groups are statistically different from one another. 
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6.3.7 Cell Accommodation Assays 

 One C2C12 seeded PCL side scaffold piece was mistakenly destroyed before 

visualization so there were only 8 samples for the C2C12-seeded PCL sides. C2C12 

myoblasts and NIH3T3 fibroblasts seeded onto the three regions were able to attach and 

survive. The myoblasts were able to form myotubes on the scaffold materials (Figure 6.8 

C-D, G-H). Myotube formation on the scaffolds (as evidenced by positive MF20 staining, 

a marker for sarcomeric myosin present in differentiated myotubes but not myoblasts 

(32)) indicates that the scaffolding system is capable of accommodating the attachment of 

these cells and allows them to differentiate into myotubes, which is critical for formation 

of an MTJ. NIH3T3s were also clearly visible on all regions of the scaffold as visualized 

with phalloidin staining (Figure 6.8E-F, I-J) which shows that the scaffolds also 

accommodate attachment and survival of fibroblasts. 

 

6.4 Discussion  

Development of composite tissue systems that provide coordinated function has 

been a challenge in musculoskeletal tissue reconstruction. This is, in part, due to the 

difficulty in integrating different tissue types within one contiguous tissue mass. A 

junction that conjoins muscle and tendon must be fully integrated in order to effectively 

transmit forces from one tissue type to the other. In a step towards achieving this goal, we 

have used a co-electrospinning technique to develop a continuous scaffold that could 

provide the mechanical requirements of both tissues by mimicking the trend in 

mechanical properties observed in a native MTJ.   
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In this study co-electrospinning mixtures of PLLA/collagen and PCL/collagen 

was used to achieve regional variations of stiffness and strain profile that are similar to 

the trends observed in native MTJ (17). We showed that the polymers were able to be 

spun in a controlled fashion onto a mandrel and that all regions had a nanofiber 

ultrastructure. The PLLA/collagen side of the scaffold is the stiffest with the lowest 

strain, the PCL/collagen side is the most compliant with the highest strain, and the middle 

region possesses an intermediate stiffness and strain, which are analogous to the tendon, 

muscle, and junction respectively. The comparable trends are best observed in the video 

strain profiles of the scaffolds and native tissue. From these observations, one can 

appreciate that while the scaffold properties do not match those of the native MTJ, the 

relative strain in the three regions of the scaffold are similar to the tissue. This 

observation was further confirmed when evaluating the normalized strains. Cyclic testing 

of 100 cycles showed that most scaffolds are capable of withstanding cyclic loading and 

unloading, although they experience creep and occasionally fail, which are current limits 

to the scaffold. Cytotoxicity assays and cell seeding displayed that the scaffolds retain 

their cytocompatibility even after spinning with the harsh solvent HFP and crosslinking 

with glutaraldehyde. Moreover, the scaffolds were able to not only allow cell adhesion of 

both fibroblasts and myoblasts, but also accommodated the differentiation of myoblasts 

into myotubes. These results, taken together, indicate that it is possible to fabricate a 

continuous scaffold that provides mechanical properties that vary by region and mimics 

the trends in characteristics of an MTJ. Moreover, these scaffolds are cytocompatible and 

hospitable to myotube differentiation. Thus this integrated scaffold may serve as proper 

construct for the engineering of MTJ composite tissues.  
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As with any study, the scaffold presented here is not without limitations. First and 

most notably, while the trends in properties between scaffold and native MTJ are similar, 

their mechanical properties do not match. In the current study, the whole scaffold had a 

higher stiffness and UTS than native MTJ, but a lower strain at failure. Because the 

overall properties, as observed from the load cell data, of the native tissue are primarily 

driven by the strength and stiffness of the muscle, it is not surprising that the native tissue 

would exhibit a lower stiffness and UTS and higher strain at failure than a synthetic 

polymer scaffold. One may also note that the ratio of PLLA side to PCL side for stiffness 

is approximately 9. In contrast, the ratio of tendon to muscle for stiffness as reported in 

the literature ranges from 179-370,000 (12-16). Granting that these ratios are far from 

matching one another they do follow a similar trend. More importantly, as already shown 

and discussed, the similarity in pattern between the scaffold and native MTJ is best 

observed in the strain profiles. Cyclic testing revealed that the scaffolds in their current 

form may not be ideal as an acellular replacement for native tissue due to the creep that 

occurs with relatively few cycles compared to the number of cycles an MTJ construct 

would likely experience in vivo. Regardless, the scaffolds, once seeded, may still be 

suitable for promoting MTJ formation as the regional differences would still be present 

even after creep elongation. In summary, while the scaffolds presented here are not 

perfect, they do have interesting properties that can be used to test the overarching 

hypothesis of this work, i.e. that a scaffold that mimics the trends in mechanical 

properties seen in a native MTJ will promote MTJ formation better than a scaffold with 

no variations in properties. 
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The hypothesis for this work is derived from a large body of literature displaying 

that mechanical stimulation are important for cellular functions including cell attachment, 

viability, differentiation, and function (33;34). Specifically in the muscle and tendon 

literature, numerous studies show that mechanical stretch in a bioreactor promotes cell 

differentiation, tissue maturation and function (8;9;35;36). Additionally, Engler et al. 

have shown that muscle optimally differentiates on materials that more closely match its 

stiffness (12). In all cases, the cellular signaling mechanisms proposed for these 

phenomena rely on mechanotransduction (37;38). From this body of literature, we 

deduced that a scaffold that provided the properties of two tissue types in one construct 

would promote the maturation of both tissue types and the interaction between them. As 

the scaffold is loaded, it would exhibit two different strain profiles thereby providing 

differing, and hopefully appropriate, amounts of mechanical stimulation to each tissue 

type.  

Towards this end, we believe that the scaffolds could be used to test the 

aforementioned hypothesis by using them in in vitro bioreactor experiments. These 

bioreactor experiments would strain the scaffolds thus exposing their differences in 

stiffness and resulting strain profiles to determine if these differences would support 

muscle cells on one side, tendon cells on the other, and a zone of interaction in the middle 

better than a uniform scaffold. Thus, the scaffolds can be used to determine if our 

working hypothesis is correct. If it is correct, in vivo studies with the current scaffold can 

serve as a starting point for optimization and improvement of the scaffold for eventual 

testing in an in vivo functional model.  
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The scaffolds presented here, and the technique used to fabricate them, could be 

utilized as important tools for the study other phenomena. For instance, if the scaffolds do 

in fact enhance MTJ formation in vitro, the mechanism by which this occurs could be 

studied in greater detail. Regardless of whether or not the scaffolds result in MTJ 

formation, they could be used to study how different cells respond to a gradient of 

mechanical properties. For instance, in the case of the MTJ, if muscle cells are given two 

options of mechanical properties on one scaffold, will they prefer one side over the other? 

If so, what are the mechanisms behind this preference? What happens if two cell types 

are co-seeded? Using the same fabrication technique, scaffolds with less regional 

variation or with even greater regional variation could be created and used to further 

elucidate these behaviors and interactions. It can also be used to create gradient scaffolds 

for other tissue transitions, most notably for a tendon-bone transition or as a way to co-

seed cells by spraying them in a gradient fashion.  

The primary focus of this work, as already stated, was to develop a scaffold with 

regional variations in mechanical properties and strain profiles that mimic native MTJ 

properties and strain profiles. Now that we have shown that a scaffold with regional 

variations can be fabricated to match the trends in native MTJ and have shown that the 

current scaffold has admitted limitations, a discussion of strategies for improvement and 

optimization of these scaffolds is warranted. To better match the mechanical properties of 

native tissue, the materials used could be changed. Based on our current results, a much 

stiffer material is needed for mimicking tendon and a slightly less stiff material needed 

for mimicking muscle. Additionally, a method for aligning the fibers in the scaffold in the 

direction of loading would also enhance the overall strength of the scaffolds as well as 
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promote tissue differentiation and maturation as has been shown for both muscle and 

tendon in previous studies (22;24). To enhance the cyclic properties of the scaffold, an 

elastomer could be substituted for the PCL such as poly(ester urethane urea) (PEUU) 

which is highly elastic even out to large strains (39).  

 In summary, while the scaffolds presented here are not without limitations, they 

present a first step towards developing relevant scaffolding systems for composite tissue 

engineering, in our case, for MTJ tissue engineering. Thus, we believe that these 

scaffolds, which have regional variations in mechanical properties and strain profiles that 

match the trends seen in native MTJ, are attractive candidates for MTJ tissue engineering. 

To our knowledge, this is the first report of a scaffold that contains this type of regional 

mechanical property variation. Future work will aim to test the overarching hypothesis of 

this work and improve upon the scaffolds presented here. The ability to engineer 

composite scaffolds with properties that vary according to the local mechanical properties 

of the tissues and organs they are designed to replace holds great promise for the next 

generation of scaffolds in tissue engineering in general and composite tissue engineering 

in particular. 

 

6.5 Conclusion 

 We have developed a scaffold that possesses distinct mechanical properties within 

different regions of a continuous structure. The scaffold is non-cytotoxic, has good 

mechanical properties, and a strain profile that mimics the patterns exhibited by that of 

native muscle-tendon units. This system may serve as an excellent scaffold for the 

formation of MTJ composite tissues. 
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6.8 Erratum Note Regarding Differences from Publication Version 

We realized after publication that mistake had been made in the data analysis of the 

regional mechanical tests. Initially these tests were done in triplicate. In two of the three 

sets of the tests, a few of the tests had an artifact in them (there were a total of 81 tests 

from all three sets, 27 from each region, there were only seven that had artifacts). We 

initially felt justified in removing this artifact and including the data; however, in 

retrospect this may have had a small effect on the accuracy the analysis. Thus, to fix this 

error, we re-analyzed the data using only the third set of tests which was completely free 

of this artifact. This re-analysis did not affect any of the statistical findings nor did it 

affect the conclusions of the work, however it did affect the values of modulus, UTS, and 

strain at failure for the regional tests. We also decided to use a better and more 
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standardized way of calcuatling modulus in the Bluehill software and so updated the 

modulus values for the regional tests and whole scaffolds. Thus, the average modulus 

value for the whole scaffold has also changed slightly. We now however no longer have 

triplicate tests of nine scaffolds, but only one test from each of nine scaffolds. Thus, the 

average stress-strain curves for the PCL side, Center, and PLLA side are also different as 

they are now only an average of nine tests per region instead of an average of nine 

triplicate tests. The thickness measurements from all three initial triplicate tests were left 

as is in the results section 6.1. Ohterwise, the re-analysis affected Figures 6.3, 6.4, and 

Table 6-1, as already stated above, which have been corrected here but have not been 

corrected in the publication. The significant figures were also adjusted to more precisely 

reflect the accuracy of the measurements. The explanation of the statistical symbols was 

clarified in the figure legends. The final change was made in the discussion when 

comparing the ratio of PLLA:PCL stiffness to tendon:muscle stiffness. The original 

PLLA:PCL ratio was 6, but with the improved values it is now 9. Upon a discussion with 

the editor, he recommended that since the changes did not affect the overall conclusions 

of the work that publishing an erratum was not worth it. Instead, he suggested that we 

mention these changes in a future publication if necessary. Finally, when re-evaluating 

fiber diameter measurements, there was one measurement of 0, which is clearly a 

mistake. It was removed from the measurements which very slightly changed the average 

fiber diameter of the PCL side from 549 nm to 550 nm; it did not affect the range, mean, 

nor median number of measurements made per region; however, we did notice that the 

median was incorrectly typed as 62.5 when it was actually 63.5. This was corrected in 

this version. 
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CHANGES AND HOST RESPONSE OF CO-ELECTROSPUN DUAL 

SCAFFOLDS IN VIVO  

Mitchell R. Ladd1,2, Sang Jin Lee1,2, Hung-Jen Wang1, Anthony Atala1, James J. 

Yoo1,2 

1. Wake Forest Institute for Regenerative Medicine, Winston-Salem, NC 
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Sciences, Winston-Salem, NC 

 

7.1 Introduction 

Limb loss is a growing epidemic and affects 0.5-0.8% of the global population (1). 

In fact, the earthquake in Haiti on January 12, 2010 created an estimated 6,000 amputees 

almost instantly (1). In the United States, there are approximately 1.6 million people 

living with limb loss with an incidence of 185,000 per year (2-4). There are many causes 

of limb loss including congenital defect, trauma, cancer, and dysvascular disease (2-4). 

Currently, the mainstay of treatment is to provide patients with a prosthetic limb. 

Prosthetics restore the majority of function, especially in cases of lower limb loss. In 

cases of upper limb loss, current prostheses are not as good at restoring function, however 

research into neural interfaces are starting to result in prosthetics that do restore some of 
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the more complex and dexterous upper limb function. Nevertheless, in all cases 

prosthetics are inferior to the native limb. 

 In tissue engineering and regenerative medicine, we aim to one day develop 

methods for restoring fully functional digit and limb tissues to patients suffering from 

limb loss. Replacing limbs with new limbs would be preferable to prosthetics. Although 

the field is a long way from realizing this goal, many efforts are made towards attempting 

to understand the regenerative response observed in salamanders and tissue engineers are 

continuing to try and develop functional tissues that would be needed to engineer a digit 

or limb (5-13). As one can deduce, engineering a functional digit or limb requires many 

tissue types such as skin, muscle, tendon, ligament, bone, cartilage, and nerve. There has 

been a considerable amount of work invested in trying to engineer each of these tissues 

types with varying degrees of success (7-13). Although each of these tissues is being 

studied, composites of these tissues will also be essential for engineering function digits 

and limbs. 

 Less research has focused on composite tissue engineering strategies compared to 

single tissue types. However, these types of studies are becoming more common 

especially in the ligament-bone and cartilage-bone interfaces (9;11;12;14;15). We have 

become interested in the muscle-tendon interface because of its importance in limb 

movement and locomotion and the unique challenges that it entails. As muscle contracts, 

it transmits its force to the tendon which then acts across a joint to result in joint 

movement. Thus the interface between muscle and tendon is essential for conduction of 

the force from the muscle to the tendon. As such, the interface has a specialized structure 

and set of properties. Trotter et al. have done many studies to show that the muscle-
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tendon junction (MTJ) is highly convoluted for the purpose of increasing the surface area 

of contact between the muscle and the tendon extracellular matrix (ECM) (16;17). Thus, 

forces are transmitted from the muscle to the tendon as shear forces. This convoluted 

surface results in the MTJ being very strong, so much so, that failure rarely occurs at this 

interface in physiologic settings (17). Another study by Hwang et al. showed that the 

mechanical properties between muscle, tendon, and MTJ are different with muscle being 

most compliant, tendon being least compliant, and the MTJ with a compliance that is in 

between (18). This is again to prevent muscle from shearing away from tendon due to the 

compliance mismatch between them. Not surprisingly, at the MTJ, muscle binds to 

tendon ECM via focal adhesions which are what allow the muscle forces to be 

transmitted at the molecular level (17).  

We set out to engineer a system that would promote the formation of the MTJ by 

biological means and that would ultimately restore function. Given the large body of 

literature on mechanotransduction and its effects on tissue development, growth, and 

differentiation and the observable differences in mechanical properties between muscle, 

tendon, and their interface, we hypothesized that if we developed a scaffold that mimics 

these mechanical property differences we could promote the formation of the MTJ 

interface. That is, if we seeded these scaffolds with muscle cells and fibroblasts the 

scaffolds would promote the cells to form the MTJ interface as the muscle cells would 

tend to prefer the region of the scaffold with a more muscle-like compliance, the 

fibroblasts the region with a more tendon-like compliance, and in the center the cells 

would meet and form the requisite focal adhesions with one another and ultimately the 

biological structure that we aim to recapitulate. Thus, the scaffold would serve as a 
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durotactic device that promotes the formation of muscle tissue, tendon tissue, and their 

interface in one structure. With these ideas in mind, we set out to develop a scaffold that 

possessed regional differences that mimicked those observed in native MTJ tissue.  

 In a previous study we developed a dual scaffolding system that mimicked the 

trends observed in native MTJ (19). We showed that while the scaffolds did not match 

the mechanical properties of native MTJ as we hope to ultimately do, they did have 

similar trends in terms of regional variations in strain profile and thus stiffness. Thus, we 

were able to prove the concept that continuous scaffolds with regional differences in 

mechanical properties can be fabricated. Here, we aim to continue that work by 

investigating how these scaffolds behave upon in vivo implantation. Specifically, we 

were interested in how well our engineered mechanical property gradients were 

maintained after implantation and what the approximate scaffold degradation rate would 

be. From the data we obtained, we intend to re-engineer an improved version of our 

scaffolds. In addition, a secondary goal was to assess the degree of host inflammatory 

response against the scaffolds and determine if native myoblasts or tenocytes would 

migrate to the implant site. To accomplish all of these tasks, we chose to perform 

implants at two sites: at the MTJ (specifically the gastrocnemius down to the Achilles 

tendon) and subcutaneously. The MTJ implant site allowed us to look at how overall 

mechanical properties changed, how the scaffold degraded in that environment, and the 

host response of the MTJ environment. The subcutaneous implant site allowed us to more 

easily assess the changes in the mechanical properties of the distinct regions. 

 Because the scaffolds in the previous study were relatively large and we intended 

to use a rat model to perform our experiments, a few modifications of the scaffolds were 
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necessary for the MTJ implant site. First, it was necessary to make the scaffolds on a 

smaller scale so that they would fit into a rat leg. Second, after fabrication, the MTJ-like 

shapes were cut from the electrospun sheets so that they would more closely match the 

size changes in the native gastrocnemius muscle-tendon unit as one moves from the 

muscle to the tendon and thus would be easier to suture to the muscle-tendon unit. Third, 

because we aim to have cell infiltration into the scaffold, especially on the muscle side of 

the scaffold, we fabricated the scaffolds so that microscale fibers were present on the 

muscle side. The rationale for this was that as the fiber size increases, the pore size 

increases, and thus cells can more easily penetrate the scaffold, a phenomenon described 

by Ju et al. (20). The subcutaneous scaffolds were made similarly to our previous study, 

but the PCL side was also modified to have larger microscale fibers to promote cellular 

infiltration. Because increasing the fiber diameter of the scaffolds causes a reduction in 

mechanical properties, we decided not to increase the fiber size of the PLLA side (20). 

Moreover, we deemed it more important to have cellular infiltration into the “muscle 

scide” of the scaffold if regeneration was to occur than on the “tendon side.” We 

postulated that the PLLA side could act as a tendon to some extent until that side of the 

scaffold was degraded enough to allow cellular infiltration into it. The details of the 

differences in scaffolds and fabrication parameters are given in more detail in the 

following methods and results section. 

 

7.2 Methods 
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7.2.1 Materials 

 The following is a list of materials that were used for scaffold fabrication as 

received: Poly(L-lactic acid) (Polysciences, Inc., Warrington, PA, USA, cat# 21512, 

Mn=700,000), poly(ε-caprolactone) (Polysciences, Warrington, PA, USA, cat# 19561, 

Mn=43,000 – 50,000), bovine type I collagen, lyophilized (Elastin Products Company, 

Inc., Owensville, MO, USA, cat# C857), 1,1,1,3,3,3-hexafluoroisopropanol (either 

Spectrum Chemicals MFG, Corp., New Brunswick, NJ, USA, cat# S-2207 or Triad 

Scientific Supplies, cat# H1008, abbreviated HFP), glutaraldehyde (Sigma-Aldrich, St. 

Louis, MO, USA, cat# G5882, SEM-grade). 

 

7.2.2 Scaffold Fabrication 

 For these studies, two different forms of scaffolds were fabricated: an adapted 

scaffold and a scaffold for subcutaneous implantation. The adapted scaffold was 

fabricated in order to scale the size of the scaffold down to a suitable size range for 

implantation into a rat gastrocnemius muscle-tendon junction hemisection model. The 

adapted scaffolds were used to determine how the overall scaffold mechanical properties 

changed with time and to determine the host response to the scaffolds at the desired site 

of implantation for a future functional study. The subcutaneous scaffolds were made for 

subcutaneous implantation in order to investigate how mechanical properties of the 

different regions change with time. Both sets of scaffolds were fabricated in a similar 

fashion as in Chapter 6 but with some modification discussed below.  

First, in an attempt to facilitate cell infiltration, particularly into the muscle side of 

the scaffold, we wanted to increase the fiber diameter of the PCL/collagen fibers thereby 
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increasing the pore size of this region of the scaffold. A recent study from our group has 

shown that increasing the pore size can improve cell infiltration into electrospun scaffolds 

(20). Thus, prior to the fabrication of scaffolds that were ultimately implanted, solution 

and spinning parameters were optimized so that a difference in fiber diameter between 

the PCL side and PLLA side of the scaffold could be obtained (data not shown). The 

optimization resulted in the following spinning parameters: 5% PLLA:collagen (w/v) 1:1 

by weight, 20% PCL:collagen (w/v) 1:1 by weight, 3 ml of each solution spun at a rate of 

1 ml/h, and 20 kV. The PCL solution was spun through a 16 gauge blunt tip needle with 

an air gap of 20 cm and the PLLA solution was spun through an 18 gauge blunt tip needle 

with a 10 cm air gap. The mandrel was rotating at approximately 700 RPMs without 

linear translation. These parameters were used for both the adapted and subcutaneous 

scaffolds (except subcutaneous scaffolds were spun using 5 ml of each solution). 

Second, for the adapted scaffolds we needed to shrink the size of the scaffolds 

that we previously fabricated (see Chapter 6) so that they would roughly approximate the 

scale of a rat gastrocnemius muscle. To do this, three layers of polyolefin heat shrink 

tubing were applied to both ends of a mandrel that was 41.1 mm in diameter. The layers 

were put on the mandrel such that the 3 cm of the center of the mandrel was exposed 

(Figure 7.1). Thus, the heat shrink would serve as a guide for determining how to cut the 

scaffolds so that they always included the overlap region. This resulted in scaffolds that 

were about 3 cm long. For the subcutaneous scaffolds, the entire length of the mandrel 

was used. 

Finally, we also attempted to control the overlap of the scaffold as was done in 

Chapter 6. We first attempted to use two blockers, but the fibers would not land in the 
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center overlap region because there was too much electrostatic interference. This may 

have been because the blockers were too close or because the initial blockers were made 

of plastic which tends to allow a build up of electrostatic charge. In order to get the fibers 

to cover the entire length of the exposed mandrel, we removed the blocker from the PCL 

side and only used a blocker on the PLLA side. This may have allowed PCL/collagen 

fibers to land on the PLLA side, but prevented most of the PLLA/collagen fibers from 

depositing on the PCL side. We thought it was more important to keep the PCL/collagen 

side compliant (i.e. free of PLLA/collagen fibers) and thought that the presence of some 

PCL/collagen fibers on the PLLA/collagen side would have less effect on its stiffness 

than PLLA/collagen fibers being present on the PCL/collagen side. The spinning was 

done such that most of the material was deposited onto the exposed metal in the center of 

the mandrel not covered by the heat shrink. The PCL/collagen material alone was spun 

on about 17.5 mm, the overlap region was about 5 mm, and the PLLA/collagen side was 

about 7.5 mm. For the subcutaneous scaffolds, only one barrier was used in order to 

replicate the adapted scaffolds and it was also placed to block the PLLA/collagen fibers 

from depositing on the PCL side of the mandrel. The blocker was placed to create a 

scaffold that has 3.5 cm of PCL/collagen only, a 3 cm overlap region, and a 3.5 cm 

PLLA/collagen only region. Since the first attempts at fabricating the adapted scaffold, 

we have moved to using silicone blockers which seem to have less electrostatic 

interference, however, in order to keep the study consistent, we did not try using two 

silicone blockers for these scaffolds. 
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Figure 7.1. Electrospinning set-up for the adapted scaffolds that were implanted in the 
gastrocnemius MTJ-hemisection model. 

 

After spinning, the adapted scaffolds were removed from the mandrel by cutting 

at the heat shrink edges and then cutting lengthwise and peeling them off the mandrel as a 

sheet. Subcutaneous scaffolds were removed by trimming the ends of the scaffolds and 

then cutting lengthwise and peeling them off the mandrel. The scaffolds were then 

crosslinked in 2.5% glutaraldehyde vapor for 2 hours and stored in dessicators until use. 

 

7.2.3 Ultrastructural Characterization 

 Both the adapated and subcutaneous scaffolds were characterized using scanning 

electron microscopy (SEM, S-2600N, Hitachi, Japan). For the adapted scaffolds a 

rectangular specimen of the entire length of the scaffolds was cut for ultrastructure 

characterization. The specimen was then cut in half along its length and mounted on an 

SEM stand so that both the inside and outside of the scaffold could be visualized. The 
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scaffolds were sputter coated with gold for 2 minutes (Hummer 6.2, Anantech, Ltd., 

Denver, NC, USA). Three random images were taken of each end of the scaffolds and 

used for fiber diameter measurement (n=7) using ImageJ (1.42Q, provided by the NIH, 

USA). Then, images were taken along the length of the scaffold approximately very 2.5 

mm to observe how the mixture of fiber sizes changed. For subcutaneous scaffolds 

(n=11), portions of each region (PCL side, center, and PLLA side) of the scaffold were 

cut and mounted on SEM stands so that both the inside and outside could be visualized. 

For each region, three random images were taken for fiber diameter characterization 

which was performed similarly to the adapted scaffolds. Unlike the adapted scaffolds, the 

entire length of the scaffold was not imaged.  

 For fiber diameter measurement, the number of measurements performed varied. 

For adapted scaffolds, the number of measurements ranged from 8-69 measurements per 

image with a mean of 40.1 and median of 42.5. The mean was taken for all of the 

measurements from one region of one scaffold and this was considered one specimen. 

Finally, there was a sample size of 7 and the mean and standard deviation of these 

samples were found.  For subcutaneous scaffolds, the number of measurements ranged 

from 8-70 with a mean of 38.7 and a median of 39. The mean was taken for all 

measurements from one region of one scaffold and this value was considered one 

specimen. Finally, there was a sample size of 11 for each region and the mean and 

standard deviation of these values was determined.  
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7.2.4 Pre-Implantation Mechanical Characterization 

 One of the main goals of these studies was to determine how the mechanical 

properties of the scaffolds changed with time after in vivo implantation. Thus, these 

properties were measured prior to animal surgeries. The subcutaneous scaffolds were 

tested similarly to Chapter 6.  The mechanical properties of each region of the scaffold 

were analyzed using tensile testing to failure. Dog-bone shaped coupons were punched 

from each region of the scaffold sheet (PCL side, Center, and PLLA Side) for testing. 

The width of the coupons was 4.03 mm. For all tests, the scaffolds were wet in PBS for 

30 minutes. Then, three thickness measurements were obtained from the center portion of 

the dog-bone specimens using digital calipers and an average thickness found for each 

specimen. After thickness measurements were obtained, the specimens were loaded into 

the clamps and a preloaded of 0.05 N was applied. At this point, the gauge length was 

measured as the grip-to-grip distance using digital calipers. Then the load and extension 

were balanced and testing was begun. The crosshead speed was 10 mm/min. For the 

subcutaneous scaffold mechanical properties, a 10 N load cell was used (n=8). The 

Young’s modulus, ultimate tensile strength, and strain at failure were determined by the 

Bluehill software and averaged. Strain at failure was defined as a 40% decrease from 

maximum load. 

 The MTJ scaffolds (n=12) were tested differently. Since they were going to be 

implanted in MTJ-like shapes, they were tested in this shape. Because these shapes were 

irregular and we anticipated that the cross-sectional area of the scaffolds after 

explantation would be difficult to determine, load vs. extension curves were examined. 

From these, stiffness, maximum load, and strain at failure were determined. The MTJ 
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shapes were cut from a custom made coupon that had an overall length of 3 cm but which 

tapered in the center to a region of smaller width (Figure 7.2).  

 

Figure 7.2 Dimensions of coupon used to make the MTJ-shaped scaffolds. 
 
 

The samples were then prepared as if they were going to be implanted. Thus, they were 

sterilized in ethanol for 2 hours and then rinsed in PBS 5 times for 5 minutes. Afterwards, 

a 6th change of PBS was added to the scaffolds and they were left in an incubator at 37° 

Celsius overnight. The next day, the scaffolds were tested. After loading in the clamps, 

they were preloaded to 0.2 N, the gauge length was measured, the load balanced, and the 

test begun. The crosshead speed for these tests was also 10 mm/min. For the original tests, 

either a 100 N or a 10 N load cell was used. Maximum stiffness was determined by the 

Bluehill software as the maximum slope of the load vs. extension curve. Maximum load 

was determined as the load at tensile strength (note that while the tensile strength for a 

test was not accurate, the load at this point does correspond to the maximum load of the 

test when using Bluehill’s algorithm for finding tensile strength). Again, strain at failure 

was defined as a decrease of 40% from max load. 
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7.2.5 Scaffold Implantations and Surgical Procedure 

 Because this was a preliminary pilot study, there was some variation in the 

surgical procedures used. In an ideal situation, all procedures would have been the same, 

but as this is our first experience with these experiments, it is not surprising that we were 

required to alter our procedures slightly as we gained more experience. Unfortunately, as 

will be shown, this muddied our results a bit; however, future studies will be able to 

address many of the questions that have arisen as we carried out these experiments. 

For subcutaneous implantation, scaffolds were implanted in the dorsum of male 

Lewis rats (obtained from Charles River Laboratories) aged 13-15 weeks (n=45) in 

accordance with Wake Forest University’s Animal Care and Use Committee. The rats 

had an average initial weight of 354 g (SD ± 35 g). The scaffolds were cut into rectangles 

approximately 2 cm wide and 10 cm long and were sterilized as described for the MTJ 

scaffold mechanical testing above (i.e. 2 hours in 70% ethanol followed by 5, 5 min 

rinses in PBS, then left in a 6th change of PBS overnight in an incubator). Prior to 

sterilization, a corner of the PLLA side scaffold was removed so that the regions could be 

differentiated. 

The initial implantations performed were the 1 and 2 month time points. For 

implantation, a pocket was created subcutaneously on the dorsum of rats. The scaffolds 

were then placed in this pocket with the PLLA side placed cephalically (except for one 

which was placed upside down accidentally). After being placed in the pocket, the skin 

was closed with interrupted sutures. These scaffolds were explanted at 1 (n=9) and 2 

month (n=9) time points for mechanical testing and histological characterization. 
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Unfortunately as will be discussed in more detail in the results section, upon explantation, 

we realized that our technique was not adequate. First, the pocket was not created large 

enough and the scaffolds had folded up on themselves making it difficult to sample from 

the three distinct regions. This might also have been prevented had tacking sutures been 

used. Second, while we had placed the scaffolds with the PLLA cephalically, it was easy 

to lose track of which end was which because the trimmed end was no longer easy to 

identify. Thus, trimming the scaffold alone was not enough to mark the side. Thus, we 

modified our technique slightly for the remaining time points by adding a non-absorbable 

marking suture. 

For the shorter time points of 7, 14, and 21 days, the surgical technique was 

modified slightly. The scaffolds were prepared as described above, but during surgery, a 

non-absorbable prolene marking suture was placed in the PLLA side of the scaffold. Also, 

the subcutaneous pocket was made much larger to ensure that the scaffolds would lay flat 

on the back of the rat. Finally, the sutures were tacked down with four to six non-

absorbable 5-0 prolene tacking sutures (only one rat received six because after that rat, 

four was found to be sufficient, Figure 7.3). Again, the scaffolds were explanted at each 

of these time points for mechanical and histological characterization (n=9 at each time 

point). Note that all the rats that received subcutaneous implants also received adapted 

scaffold implants that are described in the following paragraphs. However, not all of the 

rats that received adapted scaffold implants received subcutaneous implants (to be exact 

36 rats received only adapted scaffold implants and these rats were for the 1, 2, 3, and 6 

month time points with six animals at each time point). 
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Figure 7.3. Schematic of the tacking suture pattern used to hold the subcutaneous 
scaffolds in place. The ‘X’s represent where the sutures were placed (with the exception 
of the one scaffold that received six tacking sutures). Note that the schematic is not drawn 
to scale. 
 

MTJ scaffolds were implanted in gastrocnemius hemisection model of male 

Lewis rats (n=81) aged 13-15 weeks in accordance with Wake Forest University’s 

Animal Care and Use Committee. The rats had an average initial weight of 349 g (SD 

±29 g). MTJ shapes were cut from the scaffolds using a custom made coupon (Figure 

7.2). The scaffolds were sterilized the day before surgery as described above and for 

mechanical testing. All scaffolds were placed in the right hindlimb.  

Again, for the MTJ implants, the surgical techniques across three different 

surgeons varied. In all cases, the skin and biceps femoris were opened and the lateral 

gastrocnemius isolated. Then roughly 50% of the lateral gastrocnemius was resected 

down to and including part of the Achilles tendon. After bleeding was controlled, the 

scaffold was laid next to the resected area and the PCL side trimmed so that it would 

have a better fit. Thus, at the time of implantation, all the scaffolds were slightly different 

lengths. Then, the scaffold was sutured to the muscle-tendon unit by placing sutures on 
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the deep and superficial surfaces of the muscle and placing sutures through the tendon 

with 5-0 vicryl sutures. The surgeons differed in their suture patterns and suture number 

(Figure 7.4) based on what they deemed best for scaffold implantation.  Once the scaffold 

was sutured into place, the biceps femoris muscle was closed using 5-0 vicryl sutures by 

two surgeons (n=63)  but left open by the other (n=18). In all cases, the overlying skin 

was closed using either 4-0 or 5-0 vicryl sutures. These scaffolds were explanted at 7 

days, 14 days, 21 days, 1 month, 2 months, 3 months, and 6 months for either mechanical 

characterization or histological evaluation (see Table 7-1 for sample size and analysis 

distribution). After surgery, all rats were monitored and administered analgesics as 

needed. 

 

Figure 7.4. Suture pattern differences between surgeons for the implantation of MTJ 
adapted scaffolds. The ‘X’s represent where the sutures were placed. The number of 
animals that received each suture pattern is listed below the pattern. Note that the scaffold 
schematic is not drawn to scale. 
 
Table 7-1. Sample size distribution for the MTJ implants at the various time points. 

Time Point Total N Sample Size for 
Mechanical 

Characterization 

Sample Size for 
Histology 
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1 Week 9 6 3 
2 Weeks 9 6 3 
3 Weeks 9 6 3 
1 month 18 12 6 
2 months 18 12 6 
3 months 9 6 3 
6 months 9 0a 7 

abecause little to no scaffold remained, no mechanical testing was performed at 6 months. 
 

7.2.6 Scaffold Explantations and Mechanical Characterization 

 At each time point, the rats were sacrificed and the scaffolds explanted. Digital 

images were taken of all implants prior to removal from the surrounding tissues. 

Subcutaneous scaffolds were removed from the subcutaneous pocket. MTJ scaffolds 

were carefully removed by explanting the entire gastrocnemius muscle. After removal, 

the soleus muscle was removed leaving just the gastrocnemius muscle with Achilles 

tendon and scaffold. All of the scaffolds had significant host tissue surrounding and 

infiltrating them and thus from henceforward they will be referred to as scaffold 

constructs in order to imply that the specimens are not scaffold alone but also have a 

tissue component. 

 For the subcutaneous scaffold constructs, dog-bone shaped coupons were cut 

from the tissue-scaffold specimens. Because tissue had infiltrated the scaffolds, it was not 

always possible to separate the scaffold from the tissue, thus for some specimens, the dog 

bone included mostly scaffold while for others there may have been several layers of 

tissue with the scaffold. Nevertheless, the thicknesses of all of the specimens were 

measured before mechanical testing and thus the testing was sufficiently normalized for 

cross-sectional area. The same mechanical testing parameters were used for explantation 
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testing as was described above. For these tests, the Young’s modulus, UTS, and strain at 

failure were found. These parameters were then compared to the pre-implant parameters. 

MTJ scaffold constructs that underwent mechanical characterization were 

carefully removed from the attached muscle being careful not to damage them. We erred 

on the side of including a small amount of muscle tissue with the scaffold construct rather 

than damaging the scaffold construct itself. For the earlier time points, the sutures were 

removed if possible. These specimens were then tested the same day (within about 19 

hours of sacrifice; specimens were kept on ice until testing and in most cases were 

wrapped in PBS-soaked gauze) using the same parameters as described above for the pre-

implantation testing. For these tests, the stiffness, max load, and strain at failure were 

found. These parameters were then compared with the pre-implant parameters. 

 

7.2.7 Histological Evaluation 

 Pieces from each region of the subcutaneous scaffold constructs were frozen in 

OCT (company) and cryosectioned at 5 um. The sections were then stained with the 

following stains using standard techniques: hematoxylin and eosin (H&E), Masson’s 

Trichrome (MTC), CD68, and CD163. Details of the immunostains are below. 

MTJ scaffold constructs that were not removed from the gastrocnemius muscles 

were divided into muscle region and MTJ region and then frozen in OCT. The MTJ 

scaffold constructs were then cryosectioned at 10 um and stained with the following 

stains using standard techniques: H&E, MTC, CD68, CD163, Pax7, desmin, and MF20.  

CD68 is a pan-macrophage marker and was used to assess how many of the 

inflammatory cells were macrophages and of what type (i.e. M1 pro-inflammatory type 
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or M2 immunomodulatory type) (21). Slides stained for this marker were fixed in 10% 

neutral buffered formalin (NBF) for 15 min, were incubated in mouse anti-CD68 IgG 

(Abd Serotec, cat# MCA341R, dilution 1:25) for 1 hour at room temperature. The 

secondary antibody was incubated for 30 min at room temperature (rat adsorbed anti-

mouse IgG, Vector, cat# BA-2001, dilution 1:300). CD163 is a marker specific for M2 

type macrophages which have a more immunomodulatory phenotype (21;22). Sections 

stained for this antibody were fixed in 10% NBF for 10 min, incubated in primary 

antibody for 1 hour at room temperature (mouse anti-CD163 IgG, Santa  Cruz, cat# 

sc58965, dilution 1:25), and then in the secondary antibody for 30 min at room 

temperature (rat adsorbed anti-mouse IgG, Vector, cat# BA-2001, dilution 1:300). Pax7 

is a transcription factor expressed in muscle progenitor cells (MPCs) or satellite cells. 

This marker was used to evaluate whether or not MPCs migrated to the injury region and 

into the scaffold. Sections stained for this antibody were fixed in 10% NBF for 5 min, 

incubated in primary antibody for 23-24 hours at 4°C (mouse anti-PAX7 IgG concentrate, 

Iowa Hybridoma Bank, dilution 1:500), and then in secondary antibody for 30 min at 

room temperature (rat adsorbed anti-mouse IgG, Vector cat# BA-2001, dilution 1:200). 

The PAX7 concentrate was developed by Atushi Kawakami and was obtained from the 

Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by The University of Iowa, Department of Biology, Iowa City, IA, 52242. 

Desmin is a general muscle protein that can be found in both skeletal and smooth muscle. 

Slides stained for this marker were fixed in 10% NBF for 15 min, underwent antigen 

retrieval in pepsin (0.25% pepsin) for 3 min at room temperature, were incubated in the 

primary antibody for 2 hours at room temperature (mouse anti-desmin IgG, Santa Cruz, 
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cat# sc58745, dilution 1:20), and then in the secondary antibody for 30 min at room 

temperature (rat adsorbed anti-mouse IgG, Vector, cat# BA2001, dilution 1:200). MF20 

is part of sarcomeric myosin and is an indicator of mature skeletal muscle cells. We chose 

this marker to determine if any mature muscle formed in our implants. Sections stained 

for this marker were fixed in 95% ethanol for 10 min, incubated in primary antibody for 1 

hour at room temperature (mouse anti-MF20 IgG, Iowa Hybridoma Bank, dilution 1:20), 

and then in secondary for 30 min at room temperature (rat adsorbed anti-mouse IgG, 

Vector, cat# BA-2001, dilution 1:300). MF20 was developed by Donald A. Fischman and 

obtained from the Developmental Studies Hybridoma Bank developed under the auspices 

of the NICHD and maintained by the University of Iowa, Department of Biology, Iowa 

City, IA 52242. 

 

7.2.8 Molecular Weight Characterization with Gel Permeation Chromatography 

The scaffolds that had undergone mechanical testing were saved and stored at -

80°C for further analysis with gel permeation chromatography in order to determine how 

their molecular weight had changed. After freezing, the samples were thawed and then 

cut in half so that the PCL side and PLLA side were placed in separate labeled tubes. We 

acknowledge that by cutting the scaffold in half we have both PCL and PLLA in each 

half, but this was the best and most efficient way to perform the analysis. Thus we 

understand the fact that our results will not be a pure polymer species but instead more 

likely a blend. Nevertheless, we felt that we could obtain useful information from such 

data. These specimens were then refrozen and lyophilized. After lyophilization, the dried 

polymers were transferred to glass vials and ground up manually. Then 5 ml of 
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chloroform solvent was added to the vial to dissolve the polymer (either PCL or PLLA, 

the collagen or other extracellular matrix (ECM) components would not have dissolved). 

After 2-3 days, the chloroform polymer solution was poured through a Whatman filter 

(Whatman filter #4, 25 um pores) in order to filter out remaining tissue or ECM debris 

(the only sample that was not filtured was pure PLLA which was to viscous to go thorugh 

the filter, but there was no debris to filter out anyway and so this ws inconsequential). 

After filtering, the vials were placed under vacuum to dissolve the chloroform leaving 

behind a thin film of polymer. These were then used for GPC analysis as described in the 

following paragraph.  

Degradation kinetics of polymeric scaffolds were determined by measuring their 

molecular weight using gel permeation chromatography (Futecs, Korea). Specimens were 

dissolved in tetrahydrofuran (HPLC grade, Fisher, USA) at a concentration of ~ 1 mg/ml 

and filtered using a syringe filter (0.2 um, PTFE Dismic-13 JP, Advantec, USA). Fourty 

microliters of each solution were injected with a syringe into a gel permeation 

chromatography columen with high pressure and the moleulcar weight was determined 

using polystyrene standards. 

To date, we have analyzed only the PCL sides of the scaffolds successfully. The 

PLLA sides were run, but the column that was used was not able to measure molecular 

weights as high as the starting molecular weight of the PLLA (Mn=700,000). 

Additionally, we have only analyzed scaffolds that were implanted in the muscle-tendon 

unit site and not the subcutaneous site.  
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7.2.9 Statistical Analysis 

 Fiber size differences were compared either by one-way ANOVA with post-hoc t-

tests with Bonferroni corecctions or a student’s t-test for the subcutaneous scaffolds and 

adapted scaffolds respectively. The PCL and PLLA sides of the subcutaneous and 

adapted scaffolds were compared using unpaired student’s t-tests. Differences in the pre-

implanted subcutaneous scaffold regions were determined using a one-way ANOVA with 

post-hoc t-tests with a Bonferroni correction. Differences in the regions of the 

subcutaneous scaffolds across time were evaluated with two-way ANOVAs of region vs. 

time with post-hoc Bonferroni tests comparing all regions at each time point. Mechanical 

property changes of the adapted scaffolds across time were compared with a one-way 

ANOVA with post-hoc Dunnett’s multiple comparisons test to compare each time point 

to the pre-implant properties. All values are presented as the mean ± standard deviation 

unless otherwise stated. Significance was defined as a p value less than 0.05. 

 

7.3 Results 

 

7.3.1 Scaffold Fabrication 

Both subcutaneous and adapted scaffolds were fabricated successfully. 

Occasionally, the center region would be too thin as to render the scaffold not suitable for 

use and in these cases the scaffolds were not used in any analyses. There were a total of 

16 subcutaneous scaffolds spun of which 13 were used. There were 24 MTJ scaffolds 

spun and 15 were used. These 15 were chosen for use because they had the most similar 

set of pre-implant mechanical properties 
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7.3.2 Ultrastructure Characterization 

 The subcutaneous scaffolds exhibited different fiber diameters in different regions 

(Figure 7.5). The PCL side had larger fibers with a diameter range of 0.389 – 13.997 µm 

and median of 2.748 µm (and average 3.935 µm ± 1.90 µm) than the PLLA side which 

had a fiber diameter range of 0.083 – 3.603 µm with median of 0.576 µm (and average 

0.543 µm ± 0.03 µm) and the center had an average fiber diameter in between (average 

1.495 µm ± 0.68 µm; diameter range 0.017 – 12.977 µm with median 0.731 µm) as it was 

a mixture of large and small fibers. To calculate the fiber ranges and medians, all fiber 

measurements for each region of each scaffold were combined. For statistical comparison, 

the averages were used. To compare the averages, the average fiber size for each region 

of each scaffold was found and then the average of these values was taken as the overall 

average. Thus, the sample size for the average of each region reported above is 6 (in 

contrast to the minimum, maximum, and median values which are based on all 

measurements from all scaffolds). The average fiber size of the PCL side was statistically 

significantly different from the center and PLLA side fiber sizes, but the PLLA side and 

center were not different from one another. Thus we created scaffolds with microscale 

morphology on the PCL side and nanoscale morphology on the PLLA side. Interestingly, 

even though the spinning parameters were the same, the PCL side had round and/or 

ribbon shaped fibers depending on the scaffold. Some scaffolds had primarily one type or 

the other and some were mixed. The PLLA side tended to have fibers with round 

morphology and again the center was typically a blend of the two. It seems that using a 

viscous solution causes more variability which can result in one morphology or the other, 
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but we have not been able to determine the exact cause of this. Interestingly, when 

looking at the center, some scaffolds were a blend of fiber sizes throughout while others 

seemed to be layered. For instance, when looking at one surface of the center region 

might contain primarily larger fibers while the opposite surface might contain primarily 

small fibers indicating that the center region was deposited in layers. Even though the 

PCL sides of the different scaffolds were not completely alike, we moved forward with 

the experiments as we were more concerned with characterizing the mechanical property 

changes in vivo than creating perfectly homogenous scaffolds . 

 

Figure 7.5. Ultrastructure of the subcutaneous scaffolds in the different regions. (A, D) 
PCL side, 1k×, (B, E) Center, 2k×, (C, F) PLLA side, 4k×. The top row of images shows 
an example of a scaffold that had more of a ribbon morphology on the PCL side. The 
bottom row shows an example of a scaffold that had more of a rounded morphology on 
the PCL side. In all cases, the PLLA side had fibers that were rounded. 
 
 The MTJ scaffolds also showed differences in fiber size with the PCL side having 

larger fibers than the PLLA side (Figure 7.6). The PCL sides had an average fiber 

diameter of 2.161 µm ± 1.17 µm (range 0.250 – 7.201 µm with median 1.181 µm) 

whereas the PLLA sides had an average fiber diameter of 0.474 µm ± 0.08 µm (range 

0.112 – 2.184 µm with median 0.479 µm). This difference was statistically significant. 

To calculate fiber diameter ranges and medians, all fibers measurements in each region of 
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each scaffold were combined. For mean comparisons, the mean of each region of each 

scaffold was found and then used to find the mean for that region such that the sample 

size for the mean calculations was 6. Thus, for the adapted scaffolds we created 

constructs that had larger microscale fibers on the PCL side and smaller nanoscale fibers 

on the PLLA side. The center was not characterized as it was a smaller region and would 

have been difficult to image consistently. Instead, SEM images were taken at intervals 

along the scaffolds in order to show the changes in fiber size as you move from one end 

of the scaffold to the other (Figure 7.6). 

 

Figure 7.6. Ultrastructure of the different regions of the MTJ scaffold. Images were taken 
every 2.5 mm starting on the PCL side (A) and moving towards the PLLA side (L). The 
fiber diameter starts to be a mixed size around (C) and by (E) mostly nanofibers are 
present. All images taken at 4k×. 
 

 To show that the subcutaneous and adapted scaffolds have comparable fiber 

diameters, we compared the average fiber sizes of the PCL sides and PLLA sides of both 

sets of scaffolds to one another (Figure 7.7). Upon comparison, both the PCL sides and 
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the PLLA sides of the scaffold were statistically different from one another. The PCL 

sides differed in fiber diameter by 1.774 µm and the PLLA sides differed by 69 nm.  

Regardless of the statistical differences, the actual differences were not considered to be 

experimentally significant because based on the study by Ju et al. if the fiber diameter is 

greater than 1 µm on average, then cells should migrate into the scaffold especially at the 

long time points to which we were carrying out the experiments (20). All average fiber 

diameters of the PCL sides of the subcutaneous scaffolds that were measured were 

greater than or equal to 2.174 µm. For the adapted scaffolds, all PCL sides that were 

measured had average fiber diameters greater than or equal to 1.032 µm except for one 

which had a diameter of 0.889 µm. Those scaffolds with diameters close to or below one 

were not ideal, but given the restraints of spinning two polymers simultaneously were the 

best found conditions to date for co-spinning. Moreover, we expected the scaffolds to 

degrade in vivo which would open up more pores to allow for cell infiltration. Thus, 

because the spinning parameters were the same (except for the heat shrink modification 

described in the methods), and because there is often variability in electrospinning from 

batch to batch, and as previously stated we were more concerned with mechanical 

property changes in vivo, we moved forward with in vivo implantations. We were 

satisfied that the subcutaneous and adapted scaffolds were essentially similar except for 

their length scale. We mainly wanted to ensure that both scaffold types exhibited 

microscale morphology on the PCL side and nanoscale morphology on the PLLA side. 
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Figure 7.7. Comparison of the PCL sides and PLLA sides of the subcutaneous and MTJ 
adapted scaffolds. (A) PCL side, (B) PLLA side. # indicates a statistically significant 
difference between groups. Significance was defined as p<0.05. 
 

7.3.3 Pre-Implant Mechanical Characterization of Scaffolds 

Subcutaneous scaffolds showed mechanical property differences that varied by 

region (Figure 7.8) similar to those observed in the scaffolds developed in our previous 

work (19). The PLLA side was the stiffest region (17.68 MPa ± 2.4 MPa), the PCL side 

was the least stiff (1.22 MPa ± 0.16 MPa), and the Center had a stiffness in between (4.54 

MPa ± 3.5 MPa). These differences were statistically significant by one-way ANOVA. 

The PLLA side had the highest UTS (1.63 MPa ± 0.4 MPa) and was significantly 

different from the PCL side (0.77 MPa ± 0.2 MPa) and Center (0.57 MPa ± 0.2 MPa), but 

the PCL side and Center were not different from one another. The PLLA side had the 

lowest strain at failure (37.63% ± 3.5%), the PCL side had the largest strain at failure 

(256.60% ± 40.4%), and the Center had a strain at failure in between (154.00% ± 80.5%). 

All of the strain at failure differences were statistically significant.  
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Figure 7.8. Mechanical properties of the subcutaneous scaffolds have regional 
differences. (A) Modulus. (B) Ultimate tensile strength. (C) Strain at failure. #, @, 
$ indicate statistical significance compared to all other groups. Note that these data were 
analyzed with a one-way ANOVA here. When they are included with the implanted 
results below, they are re-analyzed using a two-way ANOVA which changes some of the 
statistical significance findings. Significance was defined as p<0.05. Note that the sample 
sizes for each group are listed in Table 7-3. 
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 Adapted scaffolds were tested as whole scaffolds because they were too small to 

sample from the individual regions. However, during testing, we obtained video data that 

showed qualitatively that the regional differences still remain (data not shown). Moreover, 

the fiber diameter differences from one side of the scaffold to the other would indicate 

that we were able to spin the materials into local areas which would imply that these 

differences still exist even though we have made the scaffold shorter for muscle 

compartment implantation. The adapted scaffolds had an average stiffness of 0.4317 

N/mm (± 0.211 N/mm), an average max load of 1.000 N (± 0.430 N), and an average 

strain at failure of 39.45% (± 22.9%). 

 

7.3.4 Gross Morphology at Explantation 

 From the 45 rats that received subcutaneous implants, all but one survived until 

their time point. The rat that did not reach its time point became infected at subcutaneous 

site approximately 9-10 days post-op and died while we were debriding the infection site 

in order to still be able to explant the adapted scaffold. Of the 44 remaining, two others 

were found to have abscesses when the rats were undergoing necropsy and thus those 

subcutaneous samples were excluded (the adapted scaffold data from these rats was still 

used however). Thus, 42 rats were able to be used for characterization of the 

subcutaneous scaffolds. A summary of the fate of the rats can be found in Table 7-2. 

Table 7-2. Summary of subcutaneous implant outcomes. 
 Implanted Included Excluded 

1 Week N=9 N=8 N=1 

2 Weeks N=9 N=9 --- 
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3 Weeks N=9 N=8 N=1 

1 Month N=9 N=9 --- 

2 Months N=9 N=8 N=1 

 

Upon explantation, the scaffolds that were implanted subcutaneously had various 

gross appearances depending on the time point of recovery (Figure 7.9). At all the early 

time points (i.e. 1, 2, and 3 weeks) the scaffolds were generally still laying flat as we had 

improved the surgical procedure to make a larger subcutaneous pocket and employ 

tacking sutures. The scaffolds at the later time points of 1 and 2 months, however, were 

rolled and folded up on top of themselves because the subcutaneous pocket was not a 

sufficient size and tacking sutures were not initially used. Thus it was difficult to use 

these scaffolds for accurate mechanical testing. Therefore, these scaffolds were only used 

for gross and histological analysis.  

At one week, the scaffolds had a similar appearance to the pre-implant appearance. 

One rat was found to have an abscess and was excluded (as mentioned above). By two 

weeks, the scaffolds still looked largely similar to the pre-implant appearance, but with 

noticeable amounts of tissue starting to accumulate with occasional capillaries present. 

The scaffolds were also more covered by subcutaneous fat at the two week time point. In 

two cases, the scaffolds had come apart into layers; one on the PLLA side and one on the 

PCL side. By three weeks, there was noticeably more tissue surrounding the scaffolds 

than at one or two weeks. There were also more capillaries starting to be formed around 

the scaffold. One scaffold had started to come apart in layers on the PCL side. Two 

scaffolds at the three week time point had severe serous exudates that we attribute to the 
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inflammatory response towards the scaffold. By one month, the scaffolds were 

surrounded by tissue, had become thick, and had abundant capillaries. The scaffolds at 

one month seemed to all have an inflammatory response similar to the ones observed in 

the two three week samples with serous exudates. Not all the scaffolds at one month had 

serous exudates, but all had a similar gross morphology. Two out of the nine samples had 

part of the scaffold completely eroded. This was likely due in part to the inflammatory 

response and in part due to the thickness of the scaffold (in both cases the center of the 

scaffold, which tends to be the thinnest, was eroded). At two months, the scaffolds looked 

similar to the one month time point but with seemingly more inflammation. One rat was 

found to have an abscess (as already mentioned above). Two of the remaining scaffolds 

had eroded in the center.  

These data show that the scaffolds undergo a typical inflammatory response in the 

subcutaneous compartment. By three weeks, significant amounts tissue surrounded the 

scaffolds. This tissue was presumably fibrotic tissue. The severe inflammatory response 

which was seen in two of the animals at three weeks was similar to the responses seen at 

one and two months. This suggests that the fate of all the scaffolds is to develop a similar 

response to the one and two month time points, but that for some reason the two rats at 

the three week time point achieved that level of inflammation more rapidly than the other 

rats at the three week time point. It is interesting to note, however, that the two rats at the 

three week time point with these scaffolds showed signs of the serous exudate as early as 

ten days post-implantation. The reason for this is unknown. This raises an interesting 

question as to why these scaffolds caused the serous exudate at such an early time and the 

others did not. Unfortunately, to answer this question, further study will be needed. 
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Figure 7.9. Gross morphology of subcutaneous scaffold implants. Top row shows 
scaffolds in situ. Bottom row shows scaffolds after they have been removed. 
 
 From the 81 rats that received adapted scaffolds, all but one reached their time 

point (the same rat that had a subcutaneous site infection that died during debridement). 

Another rat developed what appeared to be an osteosarcoma and while it made it to the 2 

month time point, the data from that scaffold was not used. Another rat had the MTJ 

scaffold dehisce through its skin wound incision and upon explant the scaffold was found 

to be infected and the data from this rat was also not used. Thus, there were 78 rats that 

successfully completed the study. 

In general, as time passed, the scaffold became surrounded and infiltrated by 

inflammatory tissue (Figure 7.10). The change was most drastic in the first few weeks, 

which is to be expected, as the acute inflammatory response occurs and transitions to the 

chronic inflammatory response. At later time points, the construct started to become 



 128 

smaller as the scaffold was degrading and by 6 months, the scaffolds had significantly 

reduced in size. More detailed descriptions follow. 

At one week (n=9), the adapted scaffolds already looked well infilrated with the 

tissue, but they were still relatively easy to remove from the muscle especially compared 

to later time points. Even though the scaffolds were relatively easy to remove, they were 

well-attached to the underlying muscle. The sutures were still present and all the 

scaffolds were in tact. At two weeks (n=9), the scaffolds were more tissue-like as the 

inflammation increased. The sutures were still visible although harder to distinguish. The 

scaffolds were well-adhered to the underlying muscle and all the scaffolds were in tact. 

At three weeks (n=7), the scaffolds looked similar to the two week time point but with 

more integration and the sutures were more difficult to see. Also, the scaffolds were less 

like flat sheets and were becoming more three-dimensional constructs as tissue infiltrated 

and surrounded the scaffolds (Figure 7.10). All scaffolds were in tact. At all of the early 

time points, adhesions were minimal and it was fairly simple to dissect out the scaffold 

attached to the gastrocnemius muscle en bloc. For all of these time points, the biceps 

femoris muscle had been closed over top of the scaffold after implantation.  

At the longer time points, the differences in surgical technique became a factor. 

At the one and two month time points, one surgeon (heretofore referred to as surgeon A) 

closed the biceps femoris muscle (n=9 for one month and n=9 for two months) and the 

other surgeon (heretofore referred to as surgeon B) did not (n=9 for one month and n=9 

for two months). The scaffolds that had been covered by the biceps femoris muscle had 

become more rounded (Figure 7.10). The sutures were still visible and all the scaffolds 

were in tact. In contrast, the scaffolds that were not covered appeared to be more 
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degraded (Figure 7.11). The sutures were less visible and if present difficult to see. The 

scaffolds were in tact but seemed to have more adhesions than the scaffolds at one month 

that were covered by the biceps femoris muscle. At two months the scaffolds that had 

been covered by muscle started to show more signs of degradation. The sutures were no 

longer visible and two of the scaffolds had regions that were close to being fully eroded. 

However, there were still only minor adhesions noted (Figure 7.10). In contrast, the 

scaffolds not covered by muscle were significantly degraded by two months. Most of the 

scaffolds seemed in tact, but four out of the nine were quite thin and eroded (Figure 7.11). 

In fact, the scaffolds appeared similar in morphology to the three month implants that had 

been covered by muscle which are described below. 

Both the three and six month time point implants were covered by the biceps 

femoris muscle. At three months, the scaffolds were significantly eroded and were 

roughly the shape of a long cylinder. By 6 months, only five out of nine scaffolds had any 

significant amount of scaffold left. The other four either had small regions of noticeable 

scaffold or inflammation remaining or thin wisps of inflammation on the edge of the 

gastrocnemius muscle. Thus, mechanical testing was not performed at the six month time 

point as there was not enough scaffold remaining to adequately test. As already alluded to, 

the amount of adhesion present across all time points was minimal in most cases. From 

the gross appearance, one can also appreciate that the scaffolds are no longer just 

scaffolds, but are scaffold constructs that contain a lot of cellular material. 
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Figure 7.10. Gross images of the MTJ scaffolds at implant and explant time points. The 
top row shows the scaffolds in situ and the bottom row shows them explanted and 
removed from the gastrocnemius muscle-tendon unit. The scaffolds were not removed 
from the muscle at 6 months as there was little remaining to remove and test. Instead the 
6 month specimens were kept for histology only. 
 

 

Figure 7.11. Comparison between the two surgeons of the gross morphology of 
explanted constructs at one and two month time points. Surgeon A closed the biceps 
femoris muscle over the adapted scaffolds whereas surgeon B did not. Note that the 
scaffolds chosen for surgeon A are the same as in Figure 7.11. 
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7.3.5 Mechanical Property Characterization and Changes In Vivo 

 Overall, mechanical testing of the subcutaneous scaffolds was successful. There 

were varying amounts of tissue and scaffold in the samples depending on the sample and 

time point from which it came. It was not always possible to completely clean the 

specimen down to just the scaffold and so in most cases the specimens contained both 

tissue (that could not be removed without damaging the remaining scaffold) and scaffold. 

Nevertheless, this is to be expected as it is a natural inflammatory response to have tissue 

invasion of a foreign body. Unfortunately, the presence of the tissue presented a 

challenge when performing mechanical tests as the specimens would occasionally slip 

out of the clamps if not clamped tightly enough. If this occurred, then the sample was 

excluded from analysis. For this reason and the reasons for exclusion discussed in 

section 7.3.4, we ended with a lower sample size than the nine per time point we initially 

intended. The sample sizes for each region and time point are summarized in Table 7-3. 

Table 7-3. Final sample sizes for the different regions of the subcutaneous scaffold 
mechanical tests. Occasionally samples would not be suitable for testing upon 
explantation or a sample would slip and thus could not be used which reduced the overall 
number of samples successfully tested. 

 PCL Side Center PLLA Side 

Pre-Implant N=8 N=8 N=8 

1 Week N=6 N=8 N=8 

2 Weeks N=8 N=9 N=6 

3 Weeks N=8 N=7 N=8 
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One primary objective of this study was to determine how long the regional 

differences we engineered into our scaffolds were maintained. Because of the technical 

difficulties with the 1 and 2 month explants, we were not able to obtain reliable samples 

from the three distinct regions (i.e. any particular sample may have contained 

components of more than one region since they were folded on top of one another), thus, 

we decided not to use those data. Instead, we focused on the shorter time points of 1, 2, 

and 3 weeks which showed a clear trend. Upon evaluation, we found that all of the 

properties (i.e. modulus, UTS, and strain at failure) tend to decrease with time (Figure 

7.12). At the one week time point, the differences in properties are still present especially 

between the PLLA side and the PCL side. By two weeks, however, the differences are 

gone and there are no statistical differences between the regions in terms of modulus or 

UTS. A difference was found between the Center and PLLA side in strain at failure, but 

not between the PCL side and PLLA side and so this finding is of uncertain significance. 

At three weeks, there are no differences between regions in terms of modulus or strain at 

failure, but there is a difference in UTS. The PCL side and PLLA side have statistically 

different strengths but the relationship is opposite of how they were initially designed, i.e. 

the PCL side has a higher strength than the PLLA. Thus, the properties engineered into 

these scaffolds are quickly lost. 

When taken together, it seems that the properties of the PLLA side of the scaffold 

are diminishing rapidly while those of the PCL side are not changing as quickly. Then at 

about two weeks, the properties have become roughly equivalent and by three weeks the 

PCL side now has a greater strength than the PLLA side. We suspect that the reason the 

properties of the whole scaffold change so quickly is because of the 1:1 mass ratio of 
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collagen present in the scaffold which is susceptible to collagenase degradation. As the 

collagen is degraded, more surface area is exposed for water to infiltrate into the 

remaining PCL and PLLA thus creating more sites for hydrolyis to occur resulting in 

rapid degradation. We also postulate that the reason that the PLLA side seems to change 

more dramatically than the PCL side is due to the difference in fiber size between the two 

regions. Because the PLLA side consists of nanofibers, there is more surface area for 

collagenases to degrade the collagen and for water to hydrolyze the PLLA than for the 

microfibers on the PCL side. Thus, even though the polymers used here have long 

degradation times in their bulk forms, when in the electrospun form and a 1:1 mass ratio 

of collagen, they tend to degrade much faster. 
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Figure 7.12. Subcutaneous scaffold mechanical property changes with time after 
implantation. (A) Modulus. (B) Ultimate tensile strength. (C) Strain at failure. By 3 
weeks, the regional differences engineered into the scaffolds have largely disappeared. #, 
@, $ indicates statistical significance from all other groups at given time point. & 
indicates statistical significance between the two groups connected by lines at a given 
time point. Note that al parameters compared using a two-way ANOVA with post-hoc 
comparisons using Bonferroni comparisons between the groups at each time point. 
Significance was considered to be a p<0.05. Note that the sample sizes for each group 
can be found in Table 7-3. 
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As with the subcutaneous implants, it was not possible to remove all the tissue 

from explanted MTJ scaffolds prior to testing. Because of this, a better description of 

what was tested would be constructs which consisted of cellular material and scaffold. 

When testing tissue-like constructs, as mentioned above, they can slip out of the grips if 

not clamped tightly enough. Thus, some samples were not able to be used because of this 

problem. On the other hand, gripping too tightly can result in edge effect which causes 

the samples to fail at the clamp and can result in larger variability in the tests; a problem 

we encountered as can be seen by the large variability at all of the explant time points.. 

The final sample sizes for each time point are in Figure 7.13. Mechanical testing was not 

performed at six months because the scaffolds were significantly eroded as mentioned in 

the methods section. 

The mechanical properties of the MTJ scaffold constructs followed a different 

trend. We expected the properties of the scaffolds to initially decrease as they started to 

degrade, but to increase again as tissue infiltrated the scaffolds. Eventually, however, as 

the scaffolds degrade and the inflammation resolves, we expected the properties to 

deteriorate. When looking at stiffness and max load, one can see this trend emerging 

(Figure 7.13). Stiffness was not different from the pre-implant level for the first two 

weeks, but by week three as more tissue had invaded the scaffold, the stiffness increased. 

At one month, no difference was found, but by two months the stiffness was significantly 

higher than the pre-implant level again. At three months, this difference had disappeared. 

Thus, with the exception of the one month stiffness level, the aforementioned trend seems 

to be present. However, the large variability in the data makes it hard to draw a definitive 

conclusion. Max load, which also had large variabilities in the data, especially at the later 
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time points, has a clearer trend (Figure 7.13). The max load is not different at one or two 

weeks from the pre-implant max load. By three weeks, the max load starts to increase, 

but this difference was not significant. At one and two months, though, the max load of 

the explanted constructs is significantly greater than the pre-implant scaffolds. At three 

months, the max load has returned to the pre-implant level as the scaffold has 

significantly degraded and mostly inflammatory tissue remains. Strain at failure did not 

show any differences across any of the time points (Figure 7.13). Strain at failure was 

difficult to determine and compare between explanted constructs and pre-implant 

scaffolds due to the tissue layers present on the explants. However, there does seem to be 

a trend where the strain at failure decreases at the early time points as the scaffolds have 

degraded enough to cause them to fail sooner. But at later time points, as tissue has 

grown in and around the scaffolds, the tissue provides more structure which allows it to 

withstand more strain before failure. But finally, as the scaffold degrades and the 

inflammation starts to resolve, the strain at failure starts to decrease again at three months. 
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Figure 7.13. Mechanical properties of the MTJ scaffolds before implantation and at each 
time point. (A) Stiffness. (B) Max load. (C) Strain at failure. #, @ indicate statistical 
significance between the groups connected by lines. While no clear trend is evident, the 
data suggest that the stiffness and max load increase, when compared to the initial pre-
implant values, between 3 weeks and 2 months, and then start to decrease again by 3 
months. 6 month samples were not tested mechanically because there was not enough 
scaffold remaining. Significance was defined as p<0.05. 
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When dividing the scaffold tests at one and two months by whether or not the 

biceps femoris muscle was closed over the scaffold, some interesting differences can be 

observed at the two month time point (Figure 7.14). The properties at one month and two 

months were compared between surgeons using unpaired t-tests. We did not compare 

differences with time. Surgeon A closed the biceps femoris muscle over the adapted 

scaffolds whereas surgeon B did not. When inspecting the surgeon A data, it is difficult 

to find a trend in any of the mechanical properties, but it appears that the stiffness, max 

load, and strain at failure all increase at one month. But stiffness and max load decrease 

again by two months. Strain at failure also starts to decrease by two months, but does so 

more slowly. In contrast, there is a clear trend when looking at the data from surgeon B. 

Stiffness, max load, and strain at failure all increase with time out to two months. After 

two months, no data exist from which to draw conclusions. Upon statistical comparison 

with unpaired t-tests, we found that stiffness and max load are significantly different 

between surgeon A and surgeon B at 2 months but not at one month. Strain at failure did 

not exhibit differences between surgical techniques. The reasons for these differences are 

unclear and will require further study to elucidate. However, it is possible that covering 

the scaffold with the muscle reduces the access that fibroblasts have to the scaffold and 

so there is less fibrotic tissue whereas those scaffolds that were not covered by a top layer 

of muscle were more exposed to fibroblasts, especially from the subcutaneous layer and 

dermal layer of overlying skin that could have resulted in more fibrotic tissue being 

deposited. Fibrotic tissue would be stiffer and bear more load than tissue that has less 

fibrosis and this could be one potential explanation for the differences seen. Regardless, 

these are small sample sizes and to really answer this question more samples are needed. 
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Nevertheless, this issue highlights an important question, i.e. what is the best surgical 

technique to use to implant these scaffolds and potentially future muscle-tendon junction 

constructs? Is one technique better than another or are they equivalent? These will be 

important questions to address as we move forward towards testing constructs in a 

functional model. For the purposes of this study, however, we grouped all of the samples 

together regardless of surgeon in order to draw some conclusions about how the scaffolds 

behave once implanted. This was also done because as it stands now, there are not 

sufficient sample sizes to evaluate what effect the differences in sample size might have 

had. 
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Figure 7.14. Comparison of mechanical properties of scaffolds that varied by surgeon. 
(A) Stiffness. (B) Max load. (C) Strain at failure. Surgeon A closed the biceps femoris 
muscle over the adapted scaffolds whereas surgeon B did not. Note that the pre-implant 
properties are the same set of 12 scaffolds but are included under both surgeons to make 
it easier to read the graph. Sugeon B did not perform surgeries on rats that went out to 
three months; this time point was included to show the property trends out to this time. # 
indicates statistical significance between the groups connected with lines. In this case, the 
differnces in surgical technique did not have an effect except in the stiffness and max 
load of the exlanted scaffolds at 2 months. The differences between surgeons were 
compared with independent t-tests at the 1 and 2 month time point. Statistical 
significance was defined as p<0.05. 
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7.3.6 Histological Evaluation 

 Subcutaneous scaffolds were examined histologically at the one and two month 

time points. When evaluating all three regions, they were noted to have similar 

inflammatory responses and histological appearances, thus the ensuing results will 

discuss the histological characterization for the entire scaffold at each time point. At all 

time points, a mononuclear cellular infiltrate was observed (Figure 7.15). As time 

progressed, the extent of the cellular response increased up to about three weeks, after 

which the response seemed similar. At one month few to no giant cells were noted. At 

two months, occasional giant cells were noted indicating that a foreign body reaction had 

occurred. Collagen capsule formation was noted as early as 1 week in some samples and 

was more clearly present at later time points. Capsule formation indicates that the implant 

not only had a foreign body reaction, but that this reaction was resulting in fibrosis of the 

implant. 

The mononuclear infiltrates that were observed migrating to, surrounding, and 

infiltrating our scaffold implants are most likely macrophages given that our 

inflammation appears to follow a typical response. The literature suggests that there are 

two macrophage phenotypes that have different immunologic roles (21;22). We wanted 

to investigate which type predominated in the response to our scaffolds. Thus we stained 

for CD68 which is a pan-macrophage maker and CD163 which is an M2 type 

macrophage marker. From these stains, we can qualitatively deduce which type of 

macrophage was more prominent in the inflammatory response to the implants. The 

stains indicate that there is an abundance of macrophages, but based on the scarce 
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presence of CD163 positive cells, the macrophages were primarily of the M1 pro-

inflammatory type. CD163 positive cells, when present, were located primarily at the 

periphery of the inflammation. This trend was observed at all time points.   

 

Figure 7.15. Hematoxylin and eosin (H&E) and Masson’s trichrome (MTC) staining of 
subcutaneous scaffolds at each time point. Notice the abundance of mononuclear cells 
surrounding the implant as well as the collagen capsule formation that is present even at 1 
week. 

 

Figure 7.16. CD68 and CD163 staining of the subcutaneous implants. Notice the 
abundance of macrophages, but only a small portion of them are of the M2 sub-type 
which are mostly found at the periphery of the inflammatory response. 
 

Histology of the adapted scaffolds implanted at the gastrocnemius site showed a 

similar inflammatory response to the subcutaneous scaffolds, however, we also probed 
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for muscle markers to determine if any regenerative response had occurred. Hematoxylin 

and eosin (H&E) and Masson’s Trichrome (MTC) staining show a typical inflammatory 

response towards the injury and scaffold (Figure 7.18). At one week, mononuclear cells 

were observed migrating towards the site of the injury and the scaffold. The cells had not 

penetrated the scaffold and the scaffold appeared as a thin layer. At two weeks, the 

inflammatory response looks similar to one week but more developed. More cells are 

present and the cells appear to be walling off the scaffold. The cells have not penetrated 

all the way through the scaffold. There also appeared to be the start of multinucleated 

giant cells forming. By three weeks, the inflammation looks similar to one month. The 

response is more developed than at 2 weeks and giant cells are more noticeable. By one 

month, the inflammatory response consists of a mononuclear cellular infiltrate located 

around the scaffold with occasional multinucleanted giant cells in both the muscle region 

and the MTJ region. In most cases, cells had not completely infiltrated into the scaffold 

as there were regions that contained only scaffold fibers with no cells (although the 

scaffolds implanted by surgeon B, i.e. the ones not covered by the biceps femoris muscle, 

seemed to have less fiber only regions). MTC staining showed some collagen deposition 

around the edges of the implants, but there was not any noted in the cellular inflammatory 

response. At two months, the inflammation is similar but the inflammatory region is 

smaller in size. Scaffold fibers are still noted towards the tendon side of the implant, but 

less scaffold fibers are visible in the muscle cross sections (only one out of six had 

noticeable scaffold fibers). MTC staining shows that a layer of collagen was present 

around the implants. Giant cells were also larger and more easily identified. At three 

months, the inflammation is still similar to the one and two month time points. The 
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overall region of inflammation is smaller, but it is still a mononuclear infiltrate with 

abundant giant cells. Few to no scaffold fibers were noted. MTC staining revealed the 

same thin collagen deposition around the scaffold especially towards the muscle end of 

the implants. There was also collagen deposition in the region of inflammation, but this 

appeared to be minimal especially compared to the amount of cell cytoplasm noted. At 6 

months, the inflammation had largely resolved in most cases. In the specimens where the 

scaffold had degraded, few to no inflammatory cells were noted and a region of 

inflammation could not be located (data not shown). Figure 7.18 and Figure 7.19 show 

examples of the six month time point where the implant and inflammation still remain.  

In these cases, the inflammation appears similar in nature to the one, two, and three 

month time points.   

 

Figure 7.17. Normal muscle and MTJ sections stained for H&E and MTC for reference. 
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Figure 7.18. H&E and MTC staining of adapted scaffold explants. These sections are 
from the PCL side and are muscle cross sections. 
 

 

Figure 7.19. H&E and MTC staining of adapted scaffold explants. These sections are 
more towards the PLLA side and are MTJ longitudinal sections. 
 



 147 

When stained for macrophage markers, it was evident that the there was an 

abundance of macrophages present in the host response. Moreover, most of the 

macrophages were of the M1 sub-type (because while there was a lot of positive CD68 

staining, CD163 staining was scarcer). Most of the CD163 positive cells were found on 

the periphery of the inflammatory response whereas CD68 positive cells were found 

throughout the host response, even at the early time points (Figure 7.20 and Figure 7.21). 

At the 6 month time point, few CD163 positive cells were noted, but they were more 

distributed in the inflammation.  In the MTJ sections at 6 months, positive cells were only 

noted in one sample that had scaffold/inflammation remaining. This suggests that by 6 

months, any M2 sub-type cells that were present or had migrated were gone and M1 type 

macrophages continued to predominate. But, once the inflammatory stimulus, i.e. the 

scaffold, was gone, all the macrophages disappear. The main difference between time 

points, especially the later time points, was the size of the inflamed region.  
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Figure 7.20. CD68 staining of the muscle and MTJ regions of the scaffold implant. 
Positives staining is noted throughout the scaffold region at all time points. 
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Figure 7.21. CD163 staining of the muscle and MTJ regions of the scaffold implant. 
Positive staining is noted only occasionally at the periphery of the scaffold regions near 
the native tissue/scaffold interface. 
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The explants were also stained for MPCs and other muscle-specific markers. Pax7 

staining revealed that MPCs did migrate towards the injury region at early time points, 

notably 1 week (Figure Figure 7.22). By 2 and 3 weeks, less MPCs were visible and by 1 

month no MPCs could be found. MPCs were not observed at time points beyond 1 month. 

MPCs did not migrate into the scaffolds at any time point. Desmin staining revealed a 

significant amount of staining within the inflammatory region, but much of these 

structures appeared to be vascular in nature (as desmin also stains positively in smooth 

muscle), although not all. We would expect angiogenesis and vasculogenesis to occur in 

response to inflammation and this is likely the cause of the majority of the desmin 

staining. At one week, the desmin positive staining cells are located primarily at the 

periphery of the inflammatory response. But at two weeks and three weeks, the desmin 

positive cells have moved towards the center of the inflammation/scaffold. By one month, 

desmin positive cells are prevalent throughout the inflamed region and they remain until 

the scaffold is degraded. To determine if any mature skeletal muscle had formed within 

or around the constructs, MF20 staining was performed. MF20 revealed that there were 

no mature myofibers in the cellular material in and around the scaffold at any time point. 

These data indicate that the host response is primarily inflammatory with limited to no 

regenerative capacity in terms of muscle regeneration. 
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Figure 7.22. Pax7 staining of the muscle (PCL side) and MTJ (PLLA side) regions of the 
scaffold explants. 
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Figure 7.23. Desmin staining of the muscle (PCL side) and MTJ (PLLA side) regions of 
the scaffold explants. 
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Figure 7.24. MF20 staining of muscle (PCL side) and MTJ (PLLA side) regions of the 
scaffold explants. No positive staining was observed at any time points. 
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 Overall, the inflammation towards the scaffold was similar at both implant sites. 

In summary, the host response consisted primarily of mononuclear cells, mostly 

macrophages of the M1 type. Over time, giant cells started to form (although there 

seemed to be more giant cells at the muscle-tendon unit site), vasculature was formed, 

and the scaffold degraded. Additionally, a collagen capsule was formed; however this 

capsule seemed to be more prominent at the subcutaneous implant site than the muscle-

tendon unit site. After 6 months, if the scaffold was still present, then these elements were 

also present. However, if the scaffold had largely degraded, inflammation was not seen. 

 

7.3.7 Molecular Weight Characterization with Gel Permeation Chromatography 

Gel permeation chromotography was successfully peformed on all samples tested. 

However, the column used was only able to detect molecular weights of Mn=50,000 or 

less, so we were unable, as yet, to evaluate the degradation of the PLLA polymer. 

Nevertheless, the PCL degradation was interesting and likely indicative of the 

degradation of the scaffold as a whole given our gross observations. As already noted, to 

separate the regions of the scaffold, we cut them in half, which is not exactly how we 

tried to electrospin them, but because the regions were hard to differentiate after 

explantation and mechanical testing, we used this as a best estimate to separate the two 

regions. Regardless, as already stated, this means that both polymers were likely present. 

Finally, because of how we had to isolate the polymer from the tissue, we did not have 

exact masses of the starting polymers that were dissolved in tetrahydrofuran, and thus our 

intensity values are not meaningful because the masses across specimens were not equal. 
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 Despite these limitations, the results showed an interesting trend. Note that 

because we started with PCL with a Mn=50,000, we assumed that the 50,000 peak 

observed in our data are from the PCL. Peaks at longer retention times are assumed to be 

degradation products of PCL, although we acknowledge that some of them could be from 

the PLLA. First, we observed that there was little effect on molecular weight of PCL just 

by electrospinning (compare Figure 7.25A and Figure 7.25B). As early as 1 month post-

implant, lower molecular weight species are observed as indicated by a peak that occurs 

below the Mn=1260 polystyrene standard but higher than the tetrahydrofuran solvent 

peak (Figure 7.25C). At all time points after this, the lower molecular weight peak 

remains (Figure 7.25D-F). The higher molecular weight peak is present out to 3 months, 

but is gone at 6 months. Granted that we only have two samples of the 6 month time 

point, the data seem to indicate that by 6 months, the molecular weight of any remaining 

scaffold has significantly decreased. This corresponds well to our gross and histological 

data and hence we can say with some confidence that, at least for the PCL side, the 

electrospun scaffolds are significantly, and in many cases almost completely, degraded 

by 6 months after implantation. All of the 1 and 2 month samples run in GPC were from 

the animals that did not have their biceps femoris muscle closed over the scaffold, but 

this does not seem to have any effect that we can observe with our data, although it is 

possible that those scaffolds may have had a slightly different degradation profile than 

those that were covered by the biceps femoris muscle. 

 Curiously, we noted that there seemed to be only two main molecular weight 

species in all of the post-implant samples, i.e. a 50,000 molecular weight species and a 

species approximately 1260, but no degradation products with molecular weights in 
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between. In fact, from the two samples that were analyzed out to 6 months, the starting 

Mns were about 50,000 but by 6 months one had an Mn=1,428 and the other an Mn= 

29,720. The polydispersity indices started at 1.28 and 1.26, increased to above 2 during 

the first 2 to 3 months, and then started to decrease back towards 1 as more of the 

scaffold had degraded. We postulate that this occured because, as observed in the 

histological samples, cells were not able to penetrate to the center of the scaffolds and 

thus the outer layers of the scaffold were quickly degraded by the immune response to 

low molecular weight species. However, higher molecular weight species still remained 

in the center of the scaffold because it was degrading primarily by hydrolysis alone which 

is a slower process than immune degradation. By 6 months, or sometime between 3 

months and 6 months, cells had penetrated throughout the scaffold and the high 

molecular weight species was no longer present. (Note that the PCL only n=1, for pre-

implant, 1 month, 2 months, and 3 months, n=6, and for the 6 month time point n=2).  

 

Figure 7.25. Gel permeation chromtograpy example data of explanted scaffold from the 
MTJ region. (A) Pure PCL only, the PCL sides of (B) an electrospun scaffold, (C) a 1 
month explanted scaffold, (D) a 2 month explanted scaffold, (E) a 3 month explanted 
scaffold, (F) and a 6 month explanted scaffold. The figures are annotated to show which 
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peak corresponds to a molecular weight of approximately 50,000 or to approximatel 1260 
or less compared to polystyrene standards. In fact, the pre-implant Mn=53,367, the 1 
month Mn=33,332, the 2 month Mn=32,859, the 3 month Mn=31,446, and the 6 month 
Mn=1,428. 
 

7.4 Discussion 

In our previous work, we developed a scaffolding system with regional differences 

in mechanical properties that mimic the trends in properties observed in native MTJ. We 

proposed that these scaffolds are attractive candidates for forming MTJ composite tissues. 

As a natural progression from our previous study, we aimed in this work to evaluate how 

the scaffolds change upon implantation in vivo. Do they maintain their regional 

mechanical property differences? If so, how long are the differences maintained? What 

cells besides inflammatory cells migrate to or into the scaffold? We hope to use the 

information from this study to inform our next generation of scaffolds as we move 

forward in testing the overall hypothesis of this project, i.e. that a scaffold that mimics the 

mechanical property trends of native MTJ will promote the formation of MTJ composite 

tissue. 

In this study, we successfully fabricated scaffolds similar to those in our previous 

work. The main difference was that the PCL side of the scaffolds consisted of microfibers 

instead of nanofibers. This was done as an attempt to facilitate cell infiltration into the 

scaffold (the PCL side was implanted on the muscle side of the scaffold). We also 

fabricated two versions of these scaffolds. First we made large scaffolds similar in size to 

those made in Chapter 6 for evaluation of regional property differences. Second, we 

made smaller scaffolds more suitable for in vivo implantation into the gastrocnemius 

muscle of a rat. In the subcutaneous scaffolds, we showed that the differences in regional 
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properties followed the same trends as those observed in Chapter 6. We also observed 

that the adapted, smaller scaffolds had these regional differences as well. After 

implantation however, the regional differences in mechanical properties were rapidly 

lost; as early as two weeks post-implantation. Interestingly, the modulus and strength of 

the PCL side did not seem to change much over the initial three week period, but the 

PLLA side had a dramatic decrease in modulus and strength. The decrease was so large 

that by three weeks the modulus and strength of the PLLA side was below that of the 

PCL side. The strain of failure of the PCL side and center decreased over the three week 

period, but the PLLA side strain at failure slightly increased. When looking at the adapted 

scaffold as a whole scaffold, the stiffness and max load of the scaffolds tended to increase 

up to about two months after which the stiffness and max load decreased. The strain at 

failure remained about the same throughout the study. When evaluated histologically, the 

implants had a typical inflammatory response consisting of a mononuclear cell infiltrate. 

These cells were primarily M1 type pro-inflammatory macrophages as evidenced by the 

abundant CD68 positive staining and scarce CD163 staining. MPCs were observed at 

early time points as evidenced by Pax7 staining, but they were not abundant, did not 

migrate into the scaffold, and were no longer present by 1 month post-implant. Desmin 

positive cells were observed in the inflammatory response at all time points, but MF20 

staining did not reveal mature myocytes. Thus, we inferred the desmin staining was due 

mostly to new vasculature formation within the inflamed region.  

To our surprise, the regional differences in mechanical properties disappeared 

much more quickly than we anticipated. There are several possible explanations for this. 

First, the property differences may have disappeared because the scaffold degraded so 



 159 

rapidly. Because the scaffolds were electrospun, there was a large surface area of 

polymer and collagen compared to a material that is in bulk form. This large surface 

provides lots of sites for hydrolysis and enzymatic degradation of the polymer 

components and degradation of the collagen by collagenases (23;24). This effect is 

especially true for surface-eroding polymers (23). While neither polymer used in this 

study was necessarily surface eroding, electrospun polyesters tend to be more 

hydrophobic than in their bulk forms, and thus often act as if they are surface-eroding 

polymers (23;24). As this degradation occured, the property differences were lost even if 

the scaffold appeared in tact because the fibers were likely breaking and losing their 

continuity. Second, we used a very high mass ratio of 1:1 polymer:collagen. Thus, the 

collagen, which is enzymatically degraded (25), was likely degraded faster than the 

polymer. As the collagen was rapidly degraded by collagenases and other cell proteases, 

more sites in the fibers were opened allowing for water penetration and a further increase 

in hydrolysis of the degradable polymers. Moreover, polymers can also be degraded by 

free radicals and enzymes. For instance, PCL has been shown to be enzymatically 

degraded by lipases (24;26;27). Third, a high mass ratio of collagen makes the scaffolds 

more hydrophilic than they would be if composed of pure polymer (28). Thus, water was 

more easily able to penetrate into the scaffolds to hydrolyze the polymer chains. Fourth, 

as cells migrated into and around the scaffolds they started to contribute to the 

mechanical properties of the implants. Because the inflammatory response was similar 

towards all three regions of the scaffold, the inflammatory response tended to 

homogenize the properties. All of these factors likely contributed to the rapid loss in 

regional differences in mechanical properties. 



 160 

There are many studies that evaluate the in vivo degradation of electrospun 

scaffolds, but few of them have looked at how mechanical properties of electrospun 

scaffolds change after implantation (23;29). As pointed out by Dong et al. in their review, 

this is an important consideration if electrospun scaffolds are to be successfully used for 

tissue engineering (23). Tillman et al. used electrospun PCL-collagen scaffolds as a 

vascular graft and compared its initial mechanical properties to its properties after 

implantation for 1 month. They report that the tensile strength of the scaffolds before 

implantation was ~1.75 MPa whereas 1 month after implantation, the tensile strength had 

decreased to ~0.75 MPa or approximately 43% of its original strength. By comparison, 

the PCL side, center, and PLLA side of our scaffolds had an initial tensile strength of 

0.77 MPa, 0.57 MPa, and 1.63 MPa respectively. After 3 weeks of implantation, the 

tensile strengths of the PCL, center, and PLLA were 0.87 MPa, 0.60 MPa, and 0.41 MPa 

respectively which corresponded to a slight increase for the PCL side and center of 13% 

and 5% respectively. The PLLA side decreased its tensile strength to 25% of its original 

strength. As discussed in more detail in the following paragraph, the PLLA side fibers 

likely had a decrease in mechanical properties due to their nanofiber size while the PCL 

side fibers had less of a change due to their microfiber size. The fiber sizes in the Tillman 

et al. study were on the order of 520 nm which would also explain their relatively rapid 

decrease in tensile strength as early as 1 month. Thus, our findings, at least for nanofibers, 

seem to be consistent with the literature. No studies of electrospun microfiber in vivo 

degradation of mechanical properties were found for either PCL or PLLA. 

There are also few studies that evaluate mechanical property changes of 

electrospun PCL or PLLA upon in vitro degradation. One study was done by Bolgen et al. 
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on electrospun PCL fibers (24). Bolgen et al. evaluated how fiber size affected different 

parameters as well as degradation. Their largest fiber diameter PCL scaffolds had a fiber 

size of 689 nm, which is similar to the size of our PLLA side fibers, but smaller than our 

PCL side fibers. When characterizing the mechanical property changes after in vitro 

degrdation, the authors found that at 1 month, the modulus maintained 79% of its original 

value, the UTS was 78% of its original value, and the strain at failure was 87% of the 

original value. By 6 months, the modulus, UTS, and strain at failure were 64%, 65%, and 

81% of their original values. Thus, while the properties did decrease, they did not do so 

dramatically. This is in contrast to our results, but our scaffolds were implanted in vivo 

and so would be expected to degrade more quickly. Moreover, our scaffolds were 50% 

collagen which was likely degraded rapidly by collagenases upon implantation. 

Unfortunately, Bolgen did not evaluate mechanical property changes after in vivo 

implantation.  

Perhaps more interestingly in our scaffolds, it appeared that the PCL side did not 

have a significant change in mechanical properties with time. In contrast, as noted in the 

results, the PLLA side did have a significant decrease in both Young’s modulus and UTS 

in just a three week time period. The contrast between these two sides is partly explained 

by the rationales given above for the rapid degradation of the scaffolds. These findings 

are perhaps further explained by the fact that Bolgen et al. found that fibers with smaller 

diameters degrade faster than those with larger diameters, both in terms of mechanical 

properties and molecular weight (24). Granted, Bolgen et al. used PCL, however, the 

trend would likely be the same for PLLA fibers as smaller fibers tend to degrade faster 

regardless of the whether they are PCL or PLLA. Unfortunately, as discussed in the 
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excellent review by Dong et al., there are not enough degradation studies of PLLA for 

any conclusive statements to be made about how fiber diameter affects PLLA 

degradation rate (23;24). Nevertheless, it seems reasonable that because the PCL side had 

larger fibers, it did not degrade as quickly as the PLLA side and hence the mechanical 

properties of the PCL side showed less change with time compared to the PLLA side.  

When looking at the properties of the adapted scaffolds, the stiffness and max load 

of the scaffolds tended to increase. At first, this seems contrary to what we found with the 

subcutaneous implants, but it is not. In this case we are testing the entire construct, which 

regardless of how the properties of an individual region are changing would have its own 

set of composite properties. Moreover, as stated above, the immune response to the 

different regions of the scaffold is the same and this tends to homogenize the mechanical 

properties, we would expect to see an increase in properties initially as cells migrated to 

the scaffolds even if the regional differences in properties were being lost. Indeed, based 

on our subcutaneous scaffold results, it seems likely that any regional differences that 

were present in the adapted scaffolds were also lost quickly, although we were unable to 

test the regions separately. With time as the scaffolds degraded and the inflammation 

resolved, it was expected that the mechanical properties would decrease. This is the 

conventional wisdom regarding biodegradable material implants and is often referred to 

as stress transfer (25). Initially, as the material degrades, the properties might decrease 

slightly, but as tissue infiltrates, the properties of the construct will start to increase due to 

the presence of cells and their ECM. Eventually, as the material is closer to complete 

erosion, the mechanical stiffness and strength will decrease again. This is consistent with 

what was observed in the mechancal property changes of the adapted scaffold implants. 
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The gross and histologic morphology observed also matched what one would 

expect based on conventional understading of the foreign body response (25). The 

polymers used in this study are FDA approved and have been heavily studied. Our 

histomorphological analysis did not reveal any important differences in insight with 

regard to the foreign body response to PCL, PLLA, collagen or electrospun scaffolds 

from the literature (28;30-32). Grossly, an inflammatory response was evident with slight 

capsule formation, especially at the subcutaneous site. The response observed was 

primarily a chronic inflammation followed by a foreign body reaction due to the presence 

of the scaffolds. Thus, it consisted mainly of macrophages which at later time points 

started to form giant cells as a result of frustrated phagocytosis. We did incorporate 

collagen into our scaffolds, which as discussed in Chapter 6 was done principally to 

improve cell attachment. While we did not specifically control for the presence of 

collagen in our experiments, the inflammation observed is not different from what one 

would expect of pure polymer implants. Thus it seems that the collagen had little effect 

on the host response to the scaffolds but did have a large effect on the mechanical 

property loss of the scaffolds. Ishii et al. evaluated the host response to electrospun PLLA 

mats in the subcutaneous space of rats and found that by 12 weeks it had a reduction in 

size and was covered by tissue (30). Ishii et al. also observed a layer of inflammatory 

cells between the scaffold and the surrounding tissue. Both of these findings are similar 

to the response we obsesrved in subcutaneously impanted scaffolds. Chen et al. and Cao 

et al. studied electrospun PCL scaffolds in vivo and both investigators observed 

granulation tissue, foreign body reaction, and fibrosis (28;31). Ye et al. investigated the 

host response to collagen scaffolds in vivo to specifically compare the difference between 



 164 

glutaraldehyde crosslinked scaffolds and hexamethylenediisocyanate. Interestingly, Ye et 

al. discovered that glutaraldehyde crosslinked collagen scaffolds are almost completely 

degraded by 28 days when implanted subcutaneously in mice, which supports our data 

showing the drastic decrease regional mechanical property differences. Moroever, they 

showed that the glutaraldehyde crosslinked scaffolds tend to have a large infiltration of 

neutrophils, macrophages, but a low number of giant cells. The low number of giant cells 

was likely due to the fact that the collagen scaffolds degrade quickly (32). Thus, in our 

case, the giant cells observed were probably due to the remaining synthetic fibers and not 

to the collagen. Finally, there appeared to be a complete lack of a regenerative response 

in either the muscle or the tendon, which could have been in part due to the persistent 

inflammation observed. Thus, as we move forward with these scaffolds, we need to think 

of ways to modulate the host response to the scaffolds to promote regeneration over 

inflammation. The scaffolds in their current form will result in only chronic inflammation. 

The GPC data from our study indicate that the polymers, and specifically PCL, 

degrade rapidly and exists in vivo as two distinct molecular weight species: a low 

molecular weight species and a high molecular weight species similar to its original 

molecular weight. Interestingly, there are no polymer chains with a molecular weight in 

between the low and the high species. The possible explanation for this was given in the 

results section 7.3.7. This seems to be different from what was found in the literature, 

although the implantation sites from the literature are commonly subcutaneous and our 

molecular weight data are from a muscular compartment implantation. Perhaps future 

analysis of our subcutaneously implanted scaffolds will allow for a better comparison to 

the literature. Nevertheless, Bolgen et al. investigated how electrospun PCL molecular 



 165 

weight changes after in vivo implantation (24). They found that after 90 days of 

implantation subcutaneously, the Mn of the PCL scaffolds had decreased 22% (a small 

decrease) but the polydispersity index increased indicating that there was active chain 

scission and more than two distinct molecular weights. Similarly, Lam et al. investigated 

the in vivo degradation of PCL affects molecular weight in non-electrospun scaffolds in 

both a subcutaneous pocket and intramuscularly (33). In both implant sites, the molecular 

weight was not significantly changed after 6 months, although the scaffold that was 

implanted subcutaneously seemed to have a slightly lower molecular weight. In our study, 

the two samples analyzed at the 6 month time point showed a significant decrease in Mn: 

one had decreased by 97% and the other by 66%. However, at 3 months, the degradation 

is comparable to the Bolgen etl al. study where these two polymers had a decrease in Mn 

of 41% and 27% respectively. The Lam et al. study probably had a much slower 

degradation because their scaffolds were not electrospun but were in more of a bulk form. 

Our rapid degradation was most likely due to both the fact that our scaffolds were 

electrospun and that they contained a 1:1 mass ratio of collagen in the scaffold. Although 

we have not been able to analyze PLLA, Ishii et al. investigated the molecular weight 

change of electrospun PLLA after subcutaneous in vivo implantation in rats for 3 months 

(30). The initial Mn of the electrospun PLLA scaffolds was 380,000 and after 3 months 

the scaffolds had an Mn of 170,000. Thus the PLLA scaffolds have an Mn that has 

decreased by 55% (30). This is a relatively quick degradation given that PLLA in its bulk 

form is generally thought to have a degradation time closer to 12 to 36 months (34). A 

rapid loss of molecular weight of the synthetic component of the fibers in our scaffolds 
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then most likely also contributed to the loss in mechanical properties observed on the 

PLLA side. 

Given our observations of how the scaffolds behave after in vivo implantation, what 

implications does this have on the overall goal of our project? From our results, we know 

that the regional differences in mechanical properties of the scaffolds in their current 

form are lost within the first two weeks. However, the next question to answer is how 

long do the properties need to be maintained to promote MTJ formation? And the even 

more important question is will scaffolds that have these regional property differences 

promote MTJ formation at all? Or will they be no better than scaffolds that have uniform 

mechanical properties? We have not yet begun to answer these important questions and 

until we do, we will not know whether the scaffolds in their current form will be 

sufficient. When considering only the maintenance of regional property differences, it 

seems unlikely that scaffolds that become homogenous by two weeks would be optimal 

for the promotion of MTJ tissue based on the fact that muscle-progenitor cells (MPCs) in 

vitro take about one week just to differentiate into myotubes (35). Additionally, recent 

attempts to tissue engineer skeletal muscle do not see any functional recovery until at 

least 28 to 42 weeks post-implantation (13;36). The results from this study also show that 

the host response to the scaffolds is not ideal. This was to be expected given the materials 

we used. However, we had hoped to observe MPCs migrating to the scaffold and 

maintaining a presence in the scaffold throughout the study. While MPCs are present at 

early time points, they are located only in the normal muscle tissue adjacent to the 

scaffold. MPCs do not infiltrate the scaffold, none remain by 1 month nor were any 

observed at time points beyond 1 month. Moreover, because no mature myotubes were 
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noted in the scaffold regions, it is unlikely that any of the MPCs differentiated into 

myotubes. This is probably due to the unfavorable chronic inflammation that the scaffold 

elicits. At best, the MPCs may have fused with pre-existing skeletal muscle fibers near 

the site of injury, but our current study did not provide a method for evaluating this. Thus, 

the scaffolds in their current form are unlikely to be beneficial in promoting MTJ tissue 

formation in vivo, especially without being seeded with cells. 

An important question that remains to be answered is whether our hypothesis is 

correct, i.e. that scaffolds with regional differences in mechanical properties with the 

same trend as observed in native MTJ would promote the formation of MTJ composite 

tissue. While this study shows that the scaffolds are likely not ideal candidates for testing 

this hypothesis in vivo, they could still be used to test the hypothesis in vitro. Before a lot 

of effort is spent on trying to improve the scaffolds, we should first go back and answer 

this question because if our hypothesis is false we would be investing a lot of energy in 

optimizing scaffolds that function no better than scaffolds with uniform mechanical 

properties. Therefore, moving forward, the scaffolds in their current form could be used 

to test our overall hypothesis in a series of bioreactor experiments that compares them to 

scaffolds composed of the same materials, but that have uniform properties throughout 

the scaffold. By seeding the scaffolds with cells and then exposing those cells to regional 

differences in strain in a bioreactor, one might be able to determine if the tenocytes and 

MPCs are interacting and forming a composite tissue or not. The scaffolds would not 

need much modification in order to perform these studies. Co-seeding-type studies have 

been done before by Larkin et al. but they used engineered or fetal tendon pinned in 

tension onto a plate of MPCs to get the MPCs to delaminate and roll around the tendon 
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and form an MTJ (11). A study with our scaffolds would be different in that both MPCs 

and tenocytes or fibroblasts would be seeded onto a single construct and then induced to 

form an MTJ as opposed to being formed separately and then combined later. 

It is possible that if the scaffolds were seeded with MPCs and tenocytes or 

fibroblasts prior to implantation, that they would have a different host response profile. 

However, given the nature of the materials, chronic inflammation is likely inevitable as 

the materials degrade which in all likelihood would result in the death of the seeded cells. 

However, there are studies in the literature that demonstrate a difference in outcome 

between scaffold only and scaffold plus cell groups (36;37). Chen et al. used electrospun 

PCL-collagen for implantation into the corpus cavernosa of rats (28). When they 

compared scaffolds seeded with smooth muscle cells to those that were unseeded, they 

found that unseeded scaffolds had thicker granulation tissue. Seeded scaffolds also had 

less foreign body reaction and less of an inflammatory response altogether (28). A pair of 

studies by Merritt et al. used a different approach (36;37). In these studies, investigators 

implanted a decellularized scaffold into an excision defect in the gastrocnemius of rats. 

When scaffolds alone were implanted, no functional recover was seen, however, when 

cells were injected into the scaffold 7 days after implantation, the injured muscle was 

restored to 85% of the contralateral control (36;37). Clearly adding cells to a scaffold can 

have a profound effect on the final outcome of an in vivo study and so functional studies 

with cell-seeded scaffolds are important, however, our current system could stand to be 

improved prior to functional testing. Regardless, before testing cell-seeded scaffolds a 

reliable animal model needs to be developed for accurate in vivo functional testing of our 

hypothesis to be performed. In vivo testing of our overall hypothesis is warranted, but 
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should be done after an attempt has been made to answer the question in vitro as in vivo 

testing would likely require major modifications of the scaffolds from their current form 

even if cell seeding improves their overall host response profile. 

Based on the knowledge obtained from this study, another interesting question is 

how can these scaffolds be improved? Or are there alternative ways to fabricate or 

develop scaffolds with similar behavior but that would have better properties and host 

response profile upon in vivo implantation? To improve the length of time that the 

mechanical properties of the scaffolds are maintained in vivo, we could start by reducing 

the mass ratio of collagen. Lowering the mass ratio should slow the degradation of the 

scaffolds. However, as we do not know what the optimal degradation time is for the 

formation of MTJ composite tissue, slowing the degradation rate may or may not be 

beneficial. If a faster degradation rate is desired, one could increase the mass ratio of 

collagen. As discussed in Chapter 6, the cyclic properties of the scaffolds are not ideal, 

and the materials used could be changed to more elastomeric materials in an attempt to 

improve this property. As mentioned in Chapter 6, an example candidate material would 

be poly(ester uerethane urea). There is also a wide range of common synthetic 

biodegradable materials that are commonly electrospun that could be considered such as 

poly(glycolic acid), poly(lactide-co-glycolic acid), and poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (23). However, while some synthetic materials may have better host 

response profiles than the ones observed in this study, they will all elicit some amount of 

chronic inflammation and foreign body reaction depending on their degradation rate. 

Thus, to minimize this, one might consider incorporating anti-inflammatory drugs or 

cytokines into the scaffold. Along these lines, one could also incorporate growth factors 
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and MPC chemotactic cytokines into scaffold to enhance MPC migration. A final option 

is to move away from synthetic scaffolds towards natural biologic scaffolds. For example, 

one could decellularize a muscle-tendon unit and use that as the scaffold for composite 

tissue formation. The advantage of natural scaffolds is that they are composed of much of 

the same ECM elements and structure as the original biological tissue. Biologic scaffolds 

are also thought to elicit a much lower inflammatory response and are naturally degraded 

depending on their source and processing steps (38). Thus, these types of scaffolds may 

be a better long term solution for developing composite tissues. 

Surgical technique is a critical issue in the field of tissue engineering and 

regenerative medicine. Differences in surgical technique may affect the implant 

conditions such as the degree of injury, the amount of bleeding, the contact area between 

the implant and the tissue, and the amount of inflammation present. This study brings this 

fact to light. The difference in technique between surgeon A and surgeon B did seem to 

have some effect, but it appeared to be modest. Unfortunately, we did not have large 

enough samples to determine what effect the differences in technique actually had. Thus, 

we kept all of the scaffolds together in one group so as to have enough sample size to 

draw some conclusions about how the scaffolds behaved once implanted in vivo. These 

conclusions and relevant discussion outlined above will help us inform experimental 

design as we move forward even with the differences in technique. This is because 

despite the differences in surgical technique the inflammatory response to the scaffolds 

makes them less attractive for use in an in vivo functional model in their current state. 

This does not minimize the importance of the question of surgical technique. As we move 

towards in vivo functional testing, we will need to consider which animal model is most 
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appropriate. To date, there has only been one MTJ animal model that was used by Turner 

et al. in canines (39). However, for our purposes, we would prefer to remain in smaller 

animals at first. Thus, we are more likely to keep the MTJ hemisection approach, but to 

form the injury in a more repeatable way similar to the recent studies by Merritt et al. 

(36;37) Besides, the more pressing question is whether or not these types of scaffolds will 

in fact promote MTJ tissue formation either in vitro or in vivo.  

Finally, while the scaffolds that have been the focus of this work clearly have large 

limitations, they have been an important first step towards our goal of testing our 

hypothesis of whether scaffolds with regional variations in mechanical properties will 

promote MTJ tissue formation. This is the first step towards our ultimate goal of 

developing digit and limb tissues for the treatment of patients suffering from limb loss. 

The current study especially highlighted the shortcomings of the scaffolds in their current 

form, but we were able to glean a lot of useful information about the scaffolds that can be 

used in designing future experiments and scaffolds moving forward. Scaffold design is 

not an easy task and there are many parameters to consider. However, scaffold design is 

certain to be important as the field of composite tissue engineering moves forward. 

Clearly, there is much work still to be done if we are to one day realize our goal of 

developing functional digit and limb tissues.  

 

7.5 Conclusion 

We have evaluated the behavior of elecrospun dual in vivo. Specifically, we 

determined how long the regional differences in mechanical properties were maintained 

after implantation. We also evaluated the host response to the scaffolds at two distinct 
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implant sites: subcutaneous and muscle-tendon unit sites. The scaffolds in their current 

form lose their regional differences in mechanical properties within two weeks and elicit 

a typical chronic inflammatory response. Additionally, differences in surgical technique 

may have had a modest effect on the results obtained. This highlights the importance of 

surgical technique in developing regenerative medicine technologies. Unfortunately, we 

do not have sample sizes large enough to sufficiently evaluate what effect the surgical 

differences might have had. Nevertheless, the scaffolds may need redesigning before they 

would be suitable for in vivo functional testing, however, they may be suitable for in vitro 

tests. 
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8. SUMMARY, FUTURE DIRECTIONS, LESSONS LEARNED, AND 

CONCLUSIONS 

 

8.1 Summary and Conclusions  

The previous chapters have outlined the need to investigate methods for engineering 

composite tissues specifically for the eventual development of digit and limb tissues. We 

decided to focus on one component of the digit, i.e. the muscle-tendon junction (MTJ). 

More specifically, we aimed to develop a scaffolding system that would be useful for the 

development of muscle-tendon junction composites. We hypothesized that a scaffolding 

system that mimics the trends in mechanical properties observed naturally in the MTJ 

would provide the appropriate environment for the two different cell types in this tissue, 

namely skeletal muscle cells and tencocytes which are a special population of fibroblasts. 

Moreover, scaffolds that mimic these properties may also promote the interaction of these 

two cell types and thus facilitate the formation of a biological MTJ mediated through 

integrin binding domains. However, before these questions can be answered, we first had 

to develop a scaffold. Then we set out to characterize the scaffold and observe how it 

behaves once implanted in vivo.  

Chapter 5 leads the reader through an extensive literature review on topics ranging 

from limb regeneration, to single-tissue type tissue engineering, electrospinning, and the 

structure and function of an MTJ. These topics are important for understanding our 

rationale for our experiments and the methods we decided to use to fabricate our dual 

MTJ scaffold. Then in Chapter 6 we show that we can make a scaffolding system that 

mimics the trends in mechanical properties observed in native tissue. Furthermore, we 
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showed that the strain profiles of the scaffolds are statistically similar to native porcine 

MTJ when each is normalized. In Chapter 7, we go on to study how the mechanical 

properties of these scaffolds change over time once implanted in vivo. In addition, we 

evaluated the host and cellular responses to the scaffolds. From these studies we found 

that the scaffolds quickly lose their regional differences in mechanical properties and 

elicit a chronic inflammatory response consisting primarily of M1 type macrophages and 

thus may not be suitable in their current state for in vivo testing. However, we propose 

that the scaffolds could be used in their current form for in vitro testing of our hypothesis. 

From all of this work we can draw several conclusions. First, we can conclude that 

we can make scaffolds that have regional variations in mechanical properties and that for 

our purposes the regional variations mimic those of native MTJ. This is important 

because these scaffolds then will allow us to test our overall hypothesis that mimicking 

native MTJ mechanical properties will promote MTJ formation, although unfortunately 

these experiments fell outside the scope the work described here. A side result of the 

work presented in Chapter 6 is that we developed an in house system for analyzing 

regional differences in strain profiles which is a useful tool. Second, from the in vivo 

studies we now know that the scaffolds tend to lose their mechanical properties rapidly 

once implanted; within the first two weeks. However, part of the scaffold remains at three 

months while the scaffolds are largely degraded by six months. Therefore, the 

electrospun nature of our materials and the added collagen content cause our scaffolds to 

degrade much more quickly than the bulk version of PLLA and PCL alone would. Finally, 

we were able to determine what cell types migrated to the implanted scaffold region and 

what type of inflammatory response was observed. We observed a typical chronic 
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inflammatory response with a foreign body reaction which was to be expected. But 

unfortunately, our data do not indicate that any useful number of progenitor cells migrate 

to the scaffolds and thus it is unlikely that our scaffolds will promote a regenerative 

response in their current form. From these conclusions, we can say that while we can 

make scaffolds with regional variations in properties, they are not adequate for in vivo 

implantation in terms of maintaining those differences or in terms of their host response 

profile. Thus improvements to the scaffolding system will most certainly be needed 

before this technology will be ready for functional in vivo study. Nevertheless, the 

scaffolds in their current form could prove useful for testing the overarching hypothesis 

of this work which will be discussed in the next section. 

 

8.2 Future Directions 

Now that we have studied the first generation of these MTJ scaffolds with in vitro 

and in vivo characterizations, there are several directions in which to take this research. 

Primarily, we want to start testing the main hypothesis of this project, but there are many 

aspects to obtaining an aswer to that question. Moreover, during the course of this work, 

other interesting side questions have arisen that deserve exploration. Thus, this section 

will lay out a brief experimental plan for many of the experiments that should be 

performed in the future regarding this project. Hopefully this section will lay a good 

foundation for whoever will continue the MTJ project. Note that the specific hypothesis 

for each project is highlighted by boldface type. 
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8.2.1 In Vitro Evaluation of the Primary Hypothesis – Will These Scaffolds Promote MTJ 

Tissue Formation? 

 

8.2.1.1 Hypothesis Statement 
 

While the scaffolds developed in this work are certainly not perfect, the current 

fabrication system would allow enough of a modification to develop scaffold that would 

be suitable for hypothesis testing without much further optimization as will be explained. 

Again, our overarching hypothesis is that dual scaffolds will promote the formation of 

MTJ tissue. More specifically for these studies, we hypothesize that dual scaffolds co-

seeded with MPCs and fibroblasts will have a higher expression MTJ specific 

proteins upon application of mechanical stretch as compared to scaffolds that are 

not stretched and to single material scaffolds that are stretched and unstretched. 

While we developed these scaffolds from materials that have two different stiffnesses, 

and while it is possible that the cells will be able to sense a difference in the underlying 

stiffness when they attach to the scaffolds, we designed the scaffolds so that they could 

be stretched to really take advantage of the difference in strain profiles in the scaffolds. 

We additionally want to apply a mechanical stretch in order to improve the differentiation 

of myotubes and their interaction with the fibroblasts.  

 

8.2.1.2 Methods 
 

We have performed preliminary experiments with the scaffolds in bioreactors their 

current form with only slight modification to show that they are capable of withstanding 
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long term cyclic stretching (data not shown). The scaffolds were spun similarly to the 

adapted scaffolds from Chapter 7 except that the 5 mm overlap was placed in the center 

of the scaffold instead of skewed towards the bottom as it was for the in vivo study. The 

scaffolds were sterilized with ethylene oxide, wet with PBS for 30 min, and then exposed 

to a cyclic strain profile from 0% to 10% strain 3 times per min for the first 5 min of 

every hour. The scaffolds were kept in DMEM low glucose medium with 15% FBS and 

2% antibiotic/antimycotic. The scaffolds withstood the bioreactor environment for 7 days 

without failing. The length and mechanical properties of control scaffolds that did not 

undergo cyclic stretch in a bioreactor were compared to the scaffolds that did. We found 

that the scaffolds do not have a significant change in length, tensile strength, or strain at 

failure. The only parameter that changed significantly that was tested was the modulus. 

Scaffolds that underwent bioreactor cycling had a decrease in modulus. While these data 

are preliminary and consist of a small sample size, we found that the scaffolds in their 

current could be used for bioreactor experiments. It would be worth repeating these 

preliminary studies and comparing the scaffold lengths before and after bioreactor 

cycling of the same scaffold as opposed to control scaffolds. As a final note regarding the 

scaffolds, the length, fiber size, or other parameters could easily be modified to make 

them more convenient to work with in a bioreactor setting. The main point of the 

preliminary experiment was to show that these materials and fabrication technique are 

suitable for making scaffolds that could withstand bioreactor cycling. 

First, scaffolds would be fabricated similarly to the adapted scaffolds in Chapter 7 

except with the overlap region in the center and modified as desired in terms of fiber 

diameters and length. Scaffolds would also need to be fabricated that consist of only 
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PCL/collagen or PLLA/collagen (similar to those fabricated in Appendix C) to serve as 

single material scaffolds, or more accurately scaffolds that have uniform mechanical 

properties. Afterwards (and this is more of an aside), we should determine a better 

method of sterilization for all future studies, so they should be sterilized using both 

ethylene oxide and gamma irradiation. Then they could be evaluated for any changes to 

mechanical properties, molecular weight, and fiber morphology using tensile testing, 

GPC, and SEM respectively. After this small side experiment is complete, the better 

sterilization method can be used for all experiments moving forward. 

Second, once a sterilization method is chosen, another set of experiments should be 

performed where the scaffolds are cycled without cells in a bioreactor for up to 1 month 

to confirm that they have good enough fatigue properties for these experiments. Base on 

our results so far, the scaffolds do have sufficient properties as using the described cyclic 

protocol would mean that the scaffolds withstood 2520 cycles from 0% to 10% strain. If 

they do not, then the scaffolds will need to be improved before carrying out these 

experiments. For strategies for improvement see section 8.2.5. 

Third, the experiments to actually test the hypothesis should be performed. These 

experiments require a large number of groups, but because they are in vitro experiments, 

they should be able to be performed relatively quickly. Even though we are interested in 

using MPCs and either primary tenocytes or fibroblasts when we perform in vivo 

functional studies, isolating and culturing these cell types is labor-intensive and not 

always consistent. Thus for these studies, we will use model cell lines that are similar to 

the intended cells. For MPCs, we will use C2C12 myoblasts. For tenocytes or fibroblasts, 

we will use NIH3T3 fibroblasts. Both of these cell lines are from mice and so should 
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have similar protein homologs. To test our hypothesis, we want to evaluate whether or 

not we have an increased expresion of MTJ specific proteins when cells are seeded on 

our dual scaffolds and exosed to cyclic stretch. We are namely interested in MTJ proteins 

paxillin, talin, focal adhesion kinase, integrin α7, integrin β1. The groups needed to 

answer this question are listed in Table 8-1. Thus, this study would require 21 groups. 

However, the groups tested first could be chosen so as to more quickly determine if the 

outcomes of the experiment would actually be feasibly measureable.  

Table 8-1. Experimental groups for in vitro testing of dual scaffolding system. 
 Scaffold Cells (C2C12s, NIH3T3s, 

or Both) 
Static Dual Scaffold C2C12s 

  NIH3T3s 
  Both 
 PCL/Collagen Only C2C12s 
  NIH3T3s 
  Both 
 PLLA/Collagen Only C2C12s 
  NIH3T3s 
  Both 

Cyclic Stretch Dual Scaffold C2C12s 
  NIH3T3s 
  Both 
 PCL/Collagen Only C2C12s 
  NIH3T3s 
  Both 
 PLLA/Collagen Only C2C12s 
  NIH3T3s 
  Both 

Tissue Culture Plate Not Applicable C2C12s 
  NIH3T3s 
  Both 

 

There would be three primary outcome measures for these experiments and two 

secondary outcome measures. The first is to evaluate protein expression of the desired 

proteins using western blotting, which is a semiquantitative technique. The second is to 
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use quantitative polymerase chain reaction (qPCR) to more accurately measure and 

confirm the amount of protein expression. The third measure is to use 

immunocytochemistry and confocal microscopy to try to visualize the temporospatial 

expression of these proteins between the two cell lines. The secondary outcome measures 

are to (1) assess changes in mechanical properties as an indication of scaffold degradation 

and ECM production and (2) visualize the seeded scaffolds with SEM to obtain a better 

grasp of the organization of the cells on the scaffold and their morphology. 

For accurate comparison between groups, a baseline of expression for the markers to 

be assayed is essential. Also note that because we will be performing co-culture, we will 

need to be able to differentiate the cell types from one another. This can be accomplished 

by using a GFP expressing NIH3T3 cell line which stably expresses GFP. Thus, the 

fibroblasts will always be able to be tracked. Cells not expressing GFP would then be the 

C2C12s and they can be stained with actin or some other constitutely expressed 

cytoskeletal protein. Thus, before performing any seeding, C2C12s and NIH3T3s should 

be cultured on tissue culture plates and the amount of expression of the proteins 

determined by western blotting and qPCR. This would serve as the baseline. For C2C12s, 

it would be prudent to determine the amount of expression from both myoblasts and 

differentiated myotubes. Using the seeding technique that is described in the next 

paragraph, one should also determine the expression of these proteins when these cells 

are in co-culture. The expression of all of these proteins should be determined while 

using the culture medium that will be used for all of the co-seeding experiments. 

Co-seeding of the scaffolds could be a technical challenge, but is certainly possible. 

We have not yet determined the best method for co-seeding, but we have attempted some 
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preliminary experiments previously which have given us some experience from which to 

draw. In Chapter 6, we seeded the scaffolds at a density of 500,000 cells/ cm2. For these 

experiments, it may be necessary to adjust this number as we do not want one cell type to 

overgrow and kill of the other. Moreover, C2C12s differentiate into myotubes better 

when they are not fully confluent. The most difficult challenge will be seeding the cells 

so to a localized region on the scaffold such that the cells do not start to interact until 

after they are attached to the scaffold. To accomplish this, we need to create a culture 

dish that has two distinct chambers that can be modified into one chamber after cell 

attachment. For example, the cells could initially be seeded in a very small volume to 

prevent the two cell types from mixing. Mixing can be further prevented by using a 

silicone barrier to pin the scaffold down and create a light seal at the bottom of the tissue 

culture dish. Once the cells are given enough time to attach, media can be added to each 

part of the chamber and the cells allowed to grow for a given number of days. Then the 

silicone barrier can be removed at a later time point to allow the cells to interact. For the 

cyclic stretch group, the scaffolds can be placed in the bioreactor after seeding to undergo 

the cyclic stretching protocol. For these studies, C2C12s would be best seeded in an 

undifferentiated form. Even though the literature describes that skeletal muscle and 

tendon develop autonomously, at least up to later stages of development (1), for practical 

reasons, it would be easier to seed the cells at the same time. Otherwise, unless we create 

a true two-chamber tissue culture dish, the C21C12s would likely cover the entire 

scaffold making it difficult to add the NIH3T3s later. The cells should be cultured in 

DMEM high glucose with low serum in order to drive the differentiation of C2C12s into 
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myotubes. This may not be the ideal culture medium for NIH3T3s, but they are likely to 

receive enough nutrients to surive. 

The bioreactor protocol is something that can create a lot of variability, however, the 

protocol to start with is the one that has been used most in our laboratory. Specifically, 

the protocol described my Moon et al. (2) which is 3 cycles/min from 0% to 10% strain 

for the first 5 min of every hour. All experimental cultures, both static and dynamic, 

should be assayed at 2 weeks and 4 weeks. Based on the literature, this should provide 

sufficient time for MTJ proteins to be expressed if they are going to be expressed (2-4). 

 

8.2.1.3 Expected Outcomes 

If our hypothesis is correct, we should see increased levels of expression of MTJ 

specific proteins in the cyclically stretched dual scaffold group compared to all other 

groups. We would also expect any scaffold groups that are co-seeded and cyclically 

stretched to have higher expression of these proteins compared to scaffolds that are 

seeded with a single cell type and/or not cyclically stretched. Thus the order of 

expression from highest to lowest is expected to be co-seeded cyclically stretched dual 

scaffolds, co-seeded cyclically stretched single material scaffolds, singly seeded scaffolds 

of any type that are cyclically stretched, co-seeded static dual scaffold, co-seeded static 

single material scaffolds, singly seeded static scaffolds of any type, co-seeded tissue 

culture plate, and finally single cell types in a tissue culture plate. In co-seeded scaffolds, 

especially the dual scaffold, we would hope to observe these proteins highly expressed at 

some interface between the fibroblasts and myotubes. 
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It is certainly possible that none of our expected outcomes will ultimately prove to be 

true. If this is the case, then we will have some evidence that our overarching hypothesis 

is false. Nevertheless, the in vivo environment is vastly different from the in vitro 

environment. Thus, it would still be worthwhile to test our hypothesis in vivo, but to do 

so, we would need to develop a suitable animal model and improve our scaffold design 

both of which are discussed in later sections below. 

 

8.2.2 Decellularized MTJ Scaffolds 

 

8.2.2.1 Hypothesis Statement 
 

After working with porcine diaphragm MTJ specimens in Chapter 6, we realized 

that these specimens may actually serve as an excellent scaffold for MTJ tissue 

engineering if decellularized. Therefore, as an alternative to synthetic scaffolds, we 

propose to start investigating the use of decellularized MTJ scaffolds. We hypothesize 

that decellularized porcine diaphragm MTJ would maintain mechanical regional 

variations in mechanical properties similar to native MTJ and they would allow for 

MTJ tissue formation and function. Decellularized tissues often retain many of the 

ECM components of the native tissue thus making them ideal candidates as scaffolds for 

tissue engineering. For this reason and because we believe that the decellularized MTJs 

will retain much of their mechanical property differences, we proposed the above 

hypothesis. Moreover, porcine MTJs are easy to obtain and are relatively flat which make 

them readily available and easy to cut into a variety of desired shapes. To test this 
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hypothesis, we would perform all of the same experiments that are described above in 

section 8.2.1 and below in section 8.2.4 after decellularizing the tissue.  

 

8.2.2.2 Methods 

There are many decellularization protocols in the literature for different tissues, 

however, there are studies that have specifically focused on decellularizing skeletal 

muscle (5-7). Thus, we would start with one of these protocols for decellularization of 

MTJ. If needed, we could modify the protocol to ensure that the tendon is also 

decellularized enough (8). To assess decellularization, we would evaluate both regions of 

the decellularized tissue, i.e. the muscle and the tendon, with histology to look for cell 

nuclei and with DNA content assays to determine the amount of residual DNA. Next, we 

would confirm that regional differences in mechanical properties still exist by performing 

uniaxial tensile testing with video strain as described in Chapter 6. Finally, we could seed 

the scaffolds and perform bioreactor experiments and eventually in vivo functional testing 

experiments as described in sections 8.2.1 and 8.2.4.  

 

8.2.2.3 Expected Outcomes 

We would expect to decellularized the MTJ tissue without much difficulty and 

have a decrease in observed nuclei on histology and in quantified DNA content. We also 

expect that the decellularized scaffolds would have regional mechanical differences that 

are similar to the native tissue. The properties may not match the native tissue exactly, 

but we would expect them to be closer to matching than our synthetic scaffolds. Finally, 
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we expect that the scaffolds will accommodate cells and tissue formation as well as or 

better than our synthetic scaffolds. 

 

8.2.3 Developing an Animal Model for In Vivo Functional Testing 

In this section, we discuss the plans for creating an animal model for in vivo testing 

of constructs. Because these ideas are at an earlier stage of development in that we have 

not determined which methods we will use for creating an MTJ defect, the advantages 

and disadvantages of different approaches are discussed as well as the general approach 

we aim to use, at least for the next stage of testing. Thus, this section is not broken into 

the hypothesis statement, methods, and expected outcomes sections as the previous 

discussions were. However, the hypothesis for this section is that we can develop a 

repeatable MTJ hemisection model in rats that can be used to test our engineered 

constructs. Developing this animal model can be done in parallel with the previous two 

sections; section 8.2.1 and 8.2.2. 

In order to perform a successful in vivo study, an animal model must first be 

developed and validated. Developing an animal model is no small feat but is essential for 

research in composite MTJ tissue engineering as no suitable small animal model 

currently exists. There has been one study performed in dogs, but for our purposes, a 

smaller animal model is preferred for initial testing (9). Even if our attempts at MTJ 

tissue engineering fail in the animal model, the developed model can be used in the future 

to investigate other research strategies by the broader tissue engineering community.  

There are two primary options for evaluating MTJ constructs in vivo. The first is to 

create a full gap defect between the muscle and the tendon and suture the engineered 
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construct into place. The other option is to create a hemisection defect that leaves a 

portion of the muscle, tendon, and MTJ in tact and suture the engineered construct into 

place alongside the remaining native tissue. This approach is similar to the one we took 

when evaluating our scaffolds in vivo. Each approach has advantages and disadvantages 

and in truth both approaches should likely be used in the testing of MTJ constructs. The 

hemisection approach has the advantage of leaving much of the innervation and adjacent 

vasculature in tact. This allows the function of engineered construct to be tested by 

stimulation of a native nerve. The remaining native tissue would also act as a repository 

for native cells to infiltrate and aid in further developing the implanted construct as well 

as act as the starting point for angiogenesis into the construct. On the other hand, the 

remaining native tissue could complicate the analysis of the function of the construct by 

interfering with potential outcome measures. For instance, if muscle force generation 

were going to be measured and an increase in muscle force was observed, would that be a 

result of the implanted construct or hypertrophy of the remaining native muscle? Thus, 

this model may be good for an initial analysis of MTJ constructs as it presents less 

hurdles to overcome, however, after testing in a hemisection model, one should move on 

to a full gap-defect model as this is the more rigorous test of functional recovery and the 

more likely scenario to be encountered clinically or when trying to engineer a full digit or 

limb. One advantage of a full gap model is that any functional recovery that is found 

would be solely due to the implanted construct. Native tissue would have much less of a 

confounding impact (although it is possible that the native muscle could hypertrophy and 

that the construct would act as a mechanical linker and not a functional tissue). Moreover, 

one could investigate not only how well the construct is regenerated but how well it is 
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reinnervated. Disadvantages of this model are that native innervation is completely 

removed where the construct is placed (i.e. at the gap) and thus outcome measures may 

be difficult to obtain. Moreover, it would be difficult to justify a gap-only control to an 

animal care and use committee (as noted by (9)). Also, this model presents a large hurdle 

for a tissue engineered construct to overcome (which is why it may be necessary to first 

use a hemisection model and then move on to a full gap model). To date, there has only 

been one animal model in the literature that investigates MTJ tissue function (9). This 

was a full gap model in canines performed by Turner et al. (9). Canines are convenient 

due to their large size, but a smaller rodent model would be preferred for early stage 

testing of MTJ constructs. As referenced above, Turner et al. note that a gap only control 

was not able to be performed as it was considered inhumane by the researchers and the 

animal care and use committee (see the supplemental methods of (9)) 

In our case, a hemisection model is the logical next step as it should be the next step 

for testing of MTJ constructs as opposed to a full gap model. Furthermore, a rodent 

model should provide adequate size and ease of evaluation and we have tested our initial 

scaffold in rat models up to this point. Because we want to measure function, the main 

outcome measure should be muscle force generation. This can be measured using a 

terminal procedure where the Achilles tendon is sutured to a force gauge, the sciatic 

nerve stimulated, and the force generated by the gastrocnemius muscle is measured. 

While this measurement does not directly test the MTJ itself, it will determine whether 

the muscle has regenerated and if it can transmit force to the tendon to create a 

measurable force. After testing, the tissue can be evaluated histologically to look for 

morphological evidence of MTJ regeneration. To develop the model, we must first 
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determine what the baseline force generated is (we can also get an idea of this from the 

literature). Then hemisection defects should be made in a standardized and consistent 

way and the damaged gastrocnemius immediately tested to confirm that a repeatable 

functional deficit is in fact created. Next, these defects should be made and the animals 

followed to determine how much the native muscle recovers naturally and to what extent 

the contralateral muscle hypertrophies (if not much hypertrophy occurs, the contralateral 

muscle could be used as an internal control). We can also then determine from all of 

these studies what the threshold of variation is. Thus, when we test constructs, it would 

be easier to say whether or not we have improvement or if the improvement we “see” is 

within the natural variation of the model. Once the model is consistent and repeatable, 

and we have a threshold of variation to use to determine if we actually have improved 

function, then we could consider testing some form of our constructs in vivo. A syngeneic 

strain of rats should be used so that cells can be isolated from any rat and implanted into 

another rat without the risk of rejection. Needless to say, this would be a long process 

which is why it could be done in parallel with in vitro testing. 

 

8.2.4 Evaluating the Function of MTJ Constructs in an In Vivo Functional Deficit Model 

 

8.2.4.1 Hypothesis Statement 

Testing in the animal model, after it is developed, would be fairly straightforward. 

We hypothesize that engineered MTJ constructs would result in improved muscle 

function as compared to controls. The primary outcome would be functional 



 193 

improvement in muscle force generation and the secondary outcome morphological 

evidence of MTJ formation.  

 

8.2.4.2 Methods 

First, we would use the animal model that we developed, the ideas of which were 

discussed in section 8.2.3, to create a consistent hemisection defect and to implant 

constructs. Then, to test function, muscle force generation is measured in the 

gastrocnemius-achilles tendon. This is done by first isolating the sciatic nerve and then 

the gastrocnemius muscle. The calcaneus is then cut leaving the Achilles tendon attached. 

A wire suture is tied around the Achilles tendon using the calcaneus bone segment to 

prevent it from slipping off, and then the other end of the suture attached to a force gauge. 

The sciatic nerve can then be stimulated with an electrode and the muscle generated by 

the gastrocnemius measured (10). This method primarily tests muscle function, so the 

formation of new MTJ tissue would need to be evaluated histologically. The appropriate 

groups for testing would be a dual scaffold seeded with both primary muscle progenitor 

cells and fibroblasts, single material scaffolds (i.e. PCL/collagen and PLLA/collagen only 

scaffolds) with uniform mechanical properties seeded the same way as the dual scafold, a 

dual scaffold only group without cells, single material scaffold only groups without cells, 

and a defect only group. Tracking the fate of the seeded cells will also be important and 

this can be done either by labeling them with a lacZ vector or using male cells in female 

rats or vice versa. As indicated by the literature for skeletal muscle tissue engineering, 

our study would go out to at least 2 to 3 months (2;4;9;11). We would need to look at 
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early time points for cell survival (such as post-op day 1, 3, 7, 14) and later time points 

for functional and morphological recovery (post-op day 14, 28, 56, and 84).  

 

8.2.4.3 Expected Outcomes 

We would expect that dual-seeded dual scaffold constructs would improve muscle 

function and show morphology similar to that of native MTJ. We would expect that the 

other seeded constructs may show some improvement, but less than the dual scaffolds 

and would not have morphologies that resemble native MTJ. Finally, we would expect no 

significant functional recovery from scaffold only or defect only groups. 

After evaluation in this type of model, the next step would be to move to a full 

MTJ defect to more accurately test the ability of constructs to form a full MTJ. This 

would likely require a larger animal model such as a porcine or canine model as 

described by Turner et al. (9). 

 

8.2.5 Scaffold Optimization 

In this section, possibilities for improving the synthetic MTJ scaffolds are discussed. 

Thus, once again, this section is not divided into a hypothesis statement, methods, and 

expected outcomes sub-sections. As aforementioned, the current scaffolds are not perfect 

and are instead an initial attempt in creating a scaffold that will allow us to test our 

overall hypothesis. Previous chapters discussed many of the limitations of the current 

system, but they will be re-summarized here with possibilities for future improvement. 

First, because the scaffolds are electrospun, they are thin and thus are not ideal for 

volumetric muscle defects. Second, because electrospun membranes typically are 
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composed of nanofibers, cell penetration into the scaffold is a challenge. As Chapter 6 

illustrated, while the current scaffolds mimic the trends seen in native MTJ, they do not 

match and that chapter listed several possibilities for how to work towards better 

matching native properties. One potential option to improve cell penetration is to increase 

the fiber size of the electrospun scaffolds (and thus pore size) and this was tried to some 

extent Chapter 7 with the macroscale fibers. However, an alternative method, and 

perhaps a better one, is to create a gel-electrospun composite construct where the 

electrospun scaffold would provide the mechanical integrity and regional differences in 

properties, and the gel would contain the cells. Such composites could be formed in a 

multi-layer fashion to make this approach suitable for a volumetric muscle-tendon 

replacement. Thus, not only would the gel-electrospun composite approach circumvent 

the need to have the cells penetrate the electrospun portion of the construct, but it would 

create a better three-dimensional structure. Finally, because of the unfavorable 

inflammatory response to synthetic materials, a biological material might be more 

suitable for use as a scaffold. For example, as discussed in section 8.2.2 perhaps a 

decellularized muscle-tendon unit would serve as a better scaffold for MTJ composite 

tissue engineering as it once contained an MTJ. In addition, while it would need to be 

confirmed, it is likely that a decellularized muscle-tendon unit would have regional 

differences in mechanical properties much like the scaffolds developed here exhibit. 

Moreover, if they do have differences in properties, they would most likely closely match 

those of native cellularized MTJ whereas our current scaffolds only mimic the trends 

observed and do not match native properties. After working with the native porcine 

diaphragms in Chapter 6, they seem to be good candidates for decellularization. This is 
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because they are easily obtained, large (but they can be cut to a desired size), and are 

relatively flat which would provide a fairly uniform decellularized scaffold. If, however, 

one desires to use synthetic materials, then as discussed in Chapter 7, one could try to 

choose a synthetic material with a better host response profile and incorporate anti-

inflammatory drugs or cytokines and stem cell chemotactic factors. 

 

8.3 Lessons Learned 

In hindsight, many things could have been done differently in the in vivo study that 

may have improved the results that we obtained. First, instead of trying to improve 

cellular infiltration for the in vivo study by increasing fiber diameter, it would have been 

better to leave the fiber diameters on the PCL side at the nanoscale. This would have 

allowed us to use better correlate our in vivo results with our results from Chapter 6. 

Moreover, it is unlikely that microscale fibers will provide enough of an increase in pore 

size to significantly improve cell penetration. As discussed in the previous section, the 

electrospun scaffolds would likely be better as one component of a composite gel-

electrospun composite. Second, the surgical technique should have been kept consistent 

throughout the in vivo study. Third, the in vivo study could have been more carefully 

planned to ensure that we obtained all the outcome measures that would be important. 

For instance, in retrospect, when removing and freezing the six month muscle-tendon 

units for cryosectioning, it would have been better to mark the side that had the scaffold 

previously so that the side of the muscle with the scaffold could have been more easily 

identified. Finally, it would have been better to perform a set of defect only controls to 

have as a comparison to the scaffolds. Granted, from the literature we have a good idea of 
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what these controls would show, but it would still be an important set of controls to do 

moving forward. Regardless of what scaffolds are used going forward, it will be 

important to characterize the host response to this sort of defect alone. This is something 

that could be done in the context of developing a functional animal model as discussed 

above, and this is the one of the next studies that should be performed. 

 

8.4 Conclusion 

In summary, there are many aspects of this project that merit further study. To date 

we have shown that it is possible to make scaffolds with regional differences and we have 

performed an initial characterization of the property changes that would occur once 

implanted in vivo. Much more study is needed, however, if we are to move this project 

into a viable composite tissue engineering strategy and ultimately one component of a 

viable clinical solution for digit and limb loss. Lastly, while we have tried to mimic the 

regional differences in mechanical properties of the native tissue specifically for MTJ 

tissue engineering, it can be used for other composite tissues as well. For example this 

strategy could be used for cartilage-bone and ligament bone interface tissues. 

Unfortunately, whether or not this strategy will ultimately work, thus confirming our 

overall hypothesis remains to be tested. Perhaps the next student working on this project 

will have the opportunity to answer this vital question.  
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9. APPENDIX A – VIDEO STRAIN ANALYSIS TOOLS AND DETAILS 

 

9.1 Description of Marker Placement and Video Capture Process 

 Markers were placed on scaffolds and tissue for video strain analysis. For 

scaffolds, a 19 x 5 array of markers was applied using an acid free ink pen as described in 

Section 6.2.5. Because the specimens were 20 mm wide, the markers on either edge of 

the array were about 1 mm from the edge. The internal points were about 4.5 mm apart 

from one another (Figure 6.1A). For the tissue, as stated in Section 6.2.5, black 2 mm 

diameter markers were glued to the tissue using cyanoacrylate glue. These markers were 

cut from cardboard stock folder using 2 mm punch biopsies (McKesson Corporation, 

Richmond, VA, USA). The marker array was 7 x 5 and was glued to the tissue as 

described in Section 6.2.5. 

Images for video strain were captured on a Phantom v4.3 camera with a Nikkon 

micro-Nikkor 60 mm f/2.8D AF lens as described in Section 6.2.5. For the scaffolds, the 

lens was typically set to an f-stop of 8 but occasionally adjusted so as to get the best 

contrast. The resolution for the scaffolds was set to 800 x 600 pixels. The camera was 

positioned so that it was level, approximately perpendicular to the specimen, and was 

approximately 54.6 cm from the specimen. During the test, a ruler was placed in the field 

of view and approximately in the same plane as the anterior surface of the scaffold to act 

as a calibration scale. For tissue tests, the f-stop was adjusted so as to achieve the best 

contrast for that test. Furthermore, the sampling window of the camera was adjusted so 

that a longer recording time could be accommodated (since the native tissue tests were 

significantly longer). Thus, the screen resolution was 256 x 512 pixels which was 
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sufficient to capture the entire dataset but allowed for a longer recording time. Similar to 

the scaffolds a ruler was placed in the plane of view with the specimen to act as a 

calibration scale. In the native tissue testing case, the camera was placed approximately 

88-94 cm away from the specimen. In both the scaffold and tissue cases, after image 

capture, the videos were stored as multipage tiff files for subsequent analysis.  

 

9.2 Sub-sampling 

 For the initial 10 scaffolds tested, all images were used for data analysis including 

the last frame immediately before failure. For native tissue and any subsequent scaffold 

tests, the videos were sub-sampled so that the number of images was decreased from 10 s-

1 to 1 s-1. This increased the speed of which the analyses could be performed without 

losing any strain information. The frames were sub-sampled using a custom Matlab 

program. The program is directed to a folder that contains only the frames, and then it 

creates a new folder that contains every nth image (the sub-sampling frequency can be 

specified by the user) starting with the first image in the file. The files were named with a 

numeric extension so that they would be sampled in the correct order. Below is the 

Matlab code that was used. Comments are in boldface type. 
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********Begin Matlab code******** 1 

%This program subsamples files in a folder. It is very  2 
%simple. For some reason, the structures starts with  3 
%two blank name entries, so the for loop starts with 3  4 
%instead of 1. This will only work if the only files in  5 
%the folder are the files you want to sample. 6 
 7 
clear all; clc; 8 
 9 
%Lets you choose directory, then changes to that directory,  10 
%creates a new subfolder called Subsample directory=uigetdir('V:\MTJ Adapted 11 
Scaffold Video strain\2010-10-21'); 12 
cd(directory); 13 
files=dir(directory); 14 
mkdir('Subsample'); 15 
 16 
n=10;%this is the frequency at which you want to sample,  17 
%i.e. every nth file. 18 
 19 
%This loops through the files and subsamples at the  20 
%interval specified in the for loop as sample. The files  21 
%are copied to the Subsample directory. 22 
for i=3:n:length(files) 23 
    copyfile(files(i).name,'Subsample'); 24 
end 25 
 26 
%This checks to see if the interval caught the last file.  27 
%If it did not,then the last file is also copied to the  28 
%directory Subsample. 29 
if i<length(files) 30 
    copyfile(files(length(files)).name,'Subsample'); 31 
end 32 

********End Matlab Code******** 33 
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9.3 ImageJ Image clean-up 

 The images were processed manually for analysis after sub-sampling, or in the 

case of the first 10 scaffolds, all the images were cleaned. The images were loaded into 

ImageJ as an image sequence, a stack of images that when cycled through are essentially 

a video. First, before anything was done, the scale of the images was calibrated by using 

ImageJ to measure 10 mm (when possible, sometimes only smaller distances were 

evident on the screen). This would then give a scale in pixels/mm which was used for the 

centroid calculations done in A.4. This scale was recorded in a spreadsheet. Using a scale 

ensured that all measurements were able to be compared to one another even if the 

camera distances were different which was certainly the case when comparing scaffold 

tests to native tissue as the camera distance had to be greater to fit the native tissue in the 

field of view. Then, the images were cropped to remove unneeded parts of the image 

leaving primarily the specimen alone in the frames (parts of the clamps were also still 

visible after cropping). Next, these images were converted to binary images either by 

automatic thresholding if the contrast was great enough, or by manual thresholding if 

needed. When manual thresholding was performed, the goal was to include as much of a 

marker as possible without adding lots of extraneous regions to be thresholded or 

allowing adjacent markers to join one another. 

 After converting the images to binary, they consisted of a black background with 

white circles where the markers had been as well as any other white points that remained 

due to artifact or extraneous signal. Thus, the images were cleaned manually so that only 

the white markers remained on the dark background. In most cases, no manipulation of 

the marker pixels was needed, but occasionally, slight modifications had to be made in 
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order to complete the analysis. For instance, occasionally a couple of pixels would 

separate from the main portion of the marker and in these cases, if the separated pixels 

could be reconnected by adding just one pixel, then they were reconnected. If 

reconnection would require more than one pixel to be added, the pixels would be 

removed (Figure 9.1A), although in almost all instances, one pixel was sufficient. In 

other cases, mostly in practice runs, two adjacent markers would be joined once 

converted to binary. If this occurred, then white pixels were added to the non-binary 

image to ensure that there would be clear separation upon re-conversion to binary (this 

was not done on any of the samples used in Chapter 6, but was used for some of the 

preliminary tests when the system was being developed). Occasionally, especially on the 

tissue tests, one of the markers would not be dark enough and would not be successfully 

thresholded. In these cases, black pixels were added over the area of the marker in the 

non-binary images to ensure the contrast was high enough to be thresholded and then the 

stack was re-converted to binary (again, this was only done on preliminary tests; this 

technique was not used on specimens in Chapter 6). For one tissue specimen, the entire 

dataset’s contrast was enhanced so that all the markers would be thresholded. In a few 

instances, artifacts from the lens were present that would remain stationary throughout 

tests. These artifacts would be removed when they were not joined to the markers. At 

times when the artifact did overlap with a marker, it was left alone so as not to change the 

overall integrity of the marker (Figure 9.1B). This happened in a minority of cases and 

typically the artifact interfered in the middle of the test and so had little influence over the 

overall strain observed. Finally, sometimes a marker would have a missing pixel in the 
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middle. If the mixing pixel was completely surrounded by marker pixels, then the pixel 

was filled in (Figure 9.1C). 

 

Figure 9.1 (A) An example of where two islands of pixels are connected as they are both 
part of the marker. (B) Shows an example where a stationary artifact is removed when 
possible after it has separated from the marker. Before it separates, it was left alone 
however. (C) Shows how occasionally a glare on a marker would cause a hole to appear 
after thresholding. In these cases where the missing pixels were surrounded by 
contiguous white pixels, the holes were filled in. 
  

9.4 ImageJ Centroid Macro 

 After the images were cleaned, they were run through an ImageJ macro that 

located the centroid of the markers using the Analyze particles command which was set 

to output the centroid positions of particles. In the macro itself, the scale recorded 

previously was indicated (Line 20) so that the (x,y) centroids would be found with real 

distance values. The macro performs this function for each image, one image at a time, 

and so must be directed to a folder that contains only the cleaned binary images. Note 

that the cleaned images were saved are not reopened as binary even though they are black 

and white, so the macro re-converts them to binary as each image is opened. The macro 

outputs a new folder called “Results” that contains numbered files that have the centroid 

data for each frame. The ImageJ macro is below. The comments are in boldface type. 
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********Begin ImageJ Macro******** 1 

//Lets you choose a directory containing the image files. Then it makes a list of the 2 
files and stores them in the array "list." 3 
//Next, a new folder called XYResults is created and is where the data will be sent. 4 
Finally the macro is put in batch mode so that the images are  5 
//not opened and the macro runs faster. 6 
 7 
dir = getDirectory("Choose a Directory "); 8 
list=getFileList(dir) 9 
path=dir+"XYResults"+File.separator; 10 
File.makeDirectory(path); 11 
setBatchMode(true); 12 
 13 
//Defines particle size used to find particle centroids 14 
size=1 15 
 16 
//Defines the scale of the images (units are pixels/mm) 17 
scale=2.867 18 
 19 
//This is the for loop that finds the x,y positions of the centroids of all of the particles. 20 
Each image in the directory is opened, converted to binary, 21 
//and analyzed for particles. Then the results are saved in a results file that 22 
corresponds to the image number analyzed. The measurements log 23 
//is cleared at the beginning of each pass through the loop. 24 
 25 
for (i=0; i<list.length; i++) 26 
 { 27 
 file=dir+list[i]; 28 
  29 
 r=i+1; 30 
  31 
 if (r<10) 32 
  { 33 
  results=path+"results000"+r+".txt"; 34 
  run("Clear Results"); 35 
  open(file); 36 
  run("Make Binary"); 37 
  run("Set Scale...", "distance="+scale+" known=1 pixel=1 unit=mm"); 38 
  run("Set Measurements...", "  centroid redirect=None decimal=3"); 39 
  run("Analyze Particles...", "size="+size+ " pixel circularity=0.00-1.00 40 
show=Outlines"); 41 
  saveAs("Measurements", results); 42 
  } 43 
 else 44 
  { 45 
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  if(r<100) 46 
   { 47 
   results=path+"results00"+r+".txt"; 48 
   run("Clear Results"); 49 
   open(file); 50 
   run("Make Binary"); 51 
   run("Set Scale...", "distance="+scale+" known=1 pixel=1 52 
unit=mm"); 53 
   run("Set Measurements...", "  centroid redirect=None decimal=3"); 54 
   run("Analyze Particles...", "size="+size+ " pixel circularity=0.00-55 
1.00 show=Outlines"); 56 
   saveAs("Measurements", results);  57 
   } 58 
  else 59 
   { 60 
   if(r<1000) 61 
    { 62 
    results=path+"results0"+r+".txt"; 63 
    run("Clear Results"); 64 
    open(file); 65 
    run("Make Binary"); 66 
    run("Set Scale...", "distance="+scale+" known=1 pixel=1 67 
unit=mm"); 68 
    run("Set Measurements...", "  centroid redirect=None 69 
decimal=3"); 70 
    run("Analyze Particles...", "size="+size+ " pixel 71 
circularity=0.00-1.00 show=Outlines"); 72 
    saveAs("Measurements", results); 73 
    } 74 
   else 75 
    { 76 
    results=path+"results"+r+".txt"; 77 
    run("Clear Results"); 78 
    open(file); 79 
    run("Make Binary"); 80 
    run("Set Scale...", "distance="+scale+" known=1 pixel=1 81 
unit=mm"); 82 
    run("Set Measurements...", "  centroid redirect=None 83 
decimal=3"); 84 
    run("Analyze Particles...", "size="+size+ " pixel 85 
circularity=0.00-1.00 show=Outlines"); 86 
    saveAs("Measurements", results); 87 
    } 88 
   } 89 
  }   90 
 91 
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 //This segment of the for loop that ensures that all windows are closed. This 92 
should not be necessary if run in batch mode. 93 
 if (isOpen("Results")) 94 
   { 95 
             selectWindow("Results");  96 
    run("Close" ); 97 
      } 98 
     if (isOpen("Log"))  99 
  { 100 
           selectWindow("Log"); 101 
           run("Close" ); 102 
      } 103 
     while (nImages()>0)  104 
  { 105 
            selectImage(nImages());   106 
            run("Close"); 107 
      } 108 
      109 
 } 110 
 111 
********End ImageJ Macro******** 112 
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9.5 Matlab Centroid Sorting Program and DYNA Output Files 

 In order for the data to be correctly analyzed by LS-DYNA, the centroid points 

had to be sorted so that they could be grouped into four points of an element. Then the 

code creates all of the *keyword files (saved by the Matlab program as .txt files) that are 

needed to load into LS-DYNA and analyze the video strain. The *keyword files needed 

are: BPMN (*boundary_prescribed_motion_node), firstframe (*node), elements 

(*element_shell), and curve (*define_curve). A custom Matlab script was written to 

accomplish this and a brief explanation of the code is warranted here. The code went 

through several iterations, but the final iteration is noted here. The previous iteration was 

used to analyze a lot of the data for this work, but the only major change from that 

iteration to the current one was that the firstframe and BPMN keyword files were written 

with the keyword commands included. In the previous iteration, these commands had to 

be added manually after the script had been run. Notes of this are made as the code is 

explained. 

First, before running the script, the number of rows in the array that is to be 

analyzed should be specified (Line 6). After running the ImageJ macro from Section A.4, 

there is a folder called results that should have as many results.txt files as there are 

frames in the analysis. The Matlab code first asks to be pointed to this directory and loads 

in all the .txt files from it using a user-defined function called File List (Line 18) 

developed by Jedidiah Frey and downloaded from Matlab Central 

(http://www.mathworks.com/matlabcentral/fileexchange/authors/30746). The user-

defined function allows for batch processing and data analysis. After the files are loaded 

http://www.mathworks.com/matlabcentral/fileexchange/authors/30746�
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into the memory, they are sorted one at a time. The array is sorted so that the first point is 

at the top left of the array. Then the ordered number goes across a row to the right until it 

reaches the end, and then it proceeds to the far left of the next row (Figure 9.2). Because 

it is most important that the rows be correct, the points are sorted by their y coordinate 

first. Thus, the x and y coordinates are switched so that the Matlab command sortrows 

can be used to correctly order the rows from top to bottom and the newly sorted matrix is 

stored in variable C (Line 57) . Then, a simple bubble sort algorithm is used to sort the 

columns within a row (Lines 60-81). While a bubble sort algorithm is slow, it is simple 

and sufficient for this application. Regardless of its inefficiencies, in this case, it runs 

quite quickly. After the bubble sort algorithm, matrix C is in the correct order but with 

centroid positions listed as (y,x). The positions are switched back to (x,y) and are stored 

in matrix E (Line 83). Finally, a new matrix D is created that has entries (line number, x, 

y) where line number goes from 1 to the length of the number of rows in the array (Line 

84).  

On the first time through the data manipulation loop, a matrix called firstframe 

and a .txt file called elements.txt are created (Lines 86-115). The firstframe matrix is used 

later in the code to export a .txt file called firstframe.txt (Lines 211-212). The 

firstframe.txt file is needed to load into LS-DYNA as the initial definitions of the 

*NODE section. The LS-DYNA process will be explained in Section A.6 in more detail. 

The elements.txt file contains the definition of the elements used in LS-DYNA for 

analysis as a set of four connected nodes. It orders the nodes in a clockwise process so 

that all the elements are defined in the same fashion (Figure 9.2). For example, the first 
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element is defined by nodes 1, 2, 7, and 6. The second element is defined by nodes 2, 3, 8, 

and 7. Example excerpts of the firstframe.txt and elements.txt files are below. 

 

Figure 9.2 This figure shows the order that the centroids of the markers were placed in 
by the matlab code (note that here the binary rendering of the markers is presented; the 
centroid would be the point in the center of these markers). The circular red arrows at the 
top show two examples of how the elements are constructed from the centroid nodes. 
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Excerpt from the firstframe.txt file (note that the *keyword, *node, and *end lines 

were manually added later for LS-DYNA analysis and not by the Matlab code initially, 

but now the code has been modified so that these keyword lines are automatically added 

to these files by the matlab code): 

   *keyword 
*node 
1,4.261,-21.674 
2,8.239,-21.767 
3,12.856,-22.233 
4,17.355,-22.385 
5,21.62,-22.473 
6,3.936,-26.657 
7,7.914,-26.941 
8,12.598,-26.977 
9,17.023,-27.653 
10,21.472,-27.587 
……………………………………………… 
*end 
 

   Excerpt from the elements.txt file: 

   *keyword 
*element_shell 
1,1,1,2,7,6 
2,1,2,3,8,7 
3,1,3,4,9,8 
4,1,4,5,10,9 
5,1,6,7,12,11 
6,1,7,8,13,12 
7,1,8,9,14,13 
8,1,9,10,15,14 
9,1,11,12,17,16 
10,1,12,13,18,17 
…………………………………………… 
*end 
 

The next stage of the code creates a file called BPMN.txt which is a 

boundary_prescribed_motion_node file needed for LS-DYNA analysis (Lines 141-168). 

The BPMN file defines how LS-DYNA will treat the changes in displacement of the 
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nodes. The BPMN.txt file has twice as many rows in it as there are rows on the specimen. 

It also contains 5 columns. The first column contains the point number that is being 

prescribed a motion. The second column is either a 1 or 2 depending on whether the x or 

y motion of the node is being defined (LS-DYNA requires that the motion be described 

as t vs. x and t vs. y). The third column is all 2’s which tells LS-DYNA that the motion 

that is being defined is based on displacement. The fourth column is the load curve ID (or 

LCID). The curves are defined in a later part of the code. Since motion is described as t 

vs. x and t vs. y, there are two curves for every node and thus there are twice as many 

curves as there are nodes in the analysis. Each curve gets a unique curve ID. The fifth 

column is a scale factor, and since the displacements are not being scaled, this value is set 

to 1 for all rows. The file is output at the end of the code. An example excerpt from a 

BPMN.txt file is below. 

Example excerpt from BPMN.txt file (note that the *keyword, 

*boundary_prescribed_motion_node, and *end lines were manually added later for LS-

DYNA analysis and not by the matlab code in its initial version. The final version has 

been modified so that these keywords are automatically added): 

   *keyword 
*Boundary_Prescribed_Motion_Node 
1,1,2,1,1 
1,2,2,2,1 
2,1,2,3,1 
2,2,2,4,1 
3,1,2,5,1 
3,2,2,6,1 
4,1,2,7,1 
4,2,2,8,1 
5,1,2,9,1 
5,2,2,10,1 
6,1,2,11,1 
6,2,2,12,1 
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7,1,2,13,1 
7,2,2,14,1 
8,1,2,15,1 
8,2,2,16,1 
9,1,2,17,1 
9,2,2,18,1 
10,1,2,19,1 
10,2,2,20,1 
……………………………… 
*end 
 

The last major LS-DYNA files that are needed are the curve files which actually 

define the motion of each node (Lines 170-209). The curve files are stored in a single file 

called curves.txt. This part of the code uses a matrix that was created earlier called new. 

The new matrix contains all of the nodes (or points) in four columns in the following 

format: [node, frame number, x coordinate, y coordinate]. Thus, it essentially takes the 

nodes as they are sorted and catalogs them through time. The part of the code that writes 

out the curve files takes advantage of the new matrix and subtracts each frame from the 

initial frame for each node to get each node’s displacement from its original position. 

Thus, for each node, the displacement from the original position is tracked through time 

in a discrete curve. In the code, the t vs. x and t vs. y displacement curves are temporarily 

stored for each node as curvex and curvey variables which are then output to the 

curves.txt file. The curves.txt file contains the keyword *define_curve before every curve, 

followed by a line containing the curve id, two commas, and the &lcsf. Lcsf stands for 

load curve scale factor. The time component of the curves had to be scaled in order for 

the analyses to work. This will be explained in more detail in Section A.6. Then, the (t,x) 

or (t,y) positions follow with each frame on a new line (see example below). At the end 

of a curve, a new curve is started as indicated by the *define_curve keyword. 

Example excerpt from a curve.txt file: 
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   *keyword 
*define_curve 
1,,&lcsf 
1,0 
2,-0.006 
3,-0.006 
4,0 
5,-0.006 
6,-0.006 
7,0.011 
8,0.011 
9,0.011 
10,0.011 
………………………… 
1446,2.913 
1447,2.953 
1448,2.969 
1449,2.982 
1450,3 
1451,3.017 
1452,3.05 
1453,3.122 
1454,3.184 
1455,3.077 
1456,2.917 
*define_curve 
2,,&lcsf 
1,0 
2,-0.015 
3,-0.015 
4,0 
5,-0.015 
6,-0.015 
7,-0.015 
8,-0.015 
9,-0.015 
10,-0.015 
…………………………… 
1446,0.558 
1447,0.558 
1448,0.558 
1449,0.577 
1450,0.558 
1451,0.558 
1452,0.558 
1453,0.558 
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1454,0.54 
1455,0.558 
1456,0.465 
*end 

 
 Finally, the code outputs a file called AllPoints.txt which contains the new matrix. 

This file is not used for LS-DYNA analysis, but is output so that it can be viewed for 

troubleshooting. Below is an excerpt from the AllPoints.txt file followed by the Matlab 

code. The comments for the Matlab code are in boldface type. 

Excerpt from the AllPoints.txt file: 

   1 1 4.261 -21.674 
1 2 4.255 -21.689 
1 3 4.255 -21.689 
1 4 4.261 -21.674 
1 5 4.255 -21.689 
1 6 4.255 -21.689 
1 7 4.272 -21.689 
1 8 4.272 -21.689 
1 9 4.272 -21.689 
1 10 4.272 -21.689 
………………………………………………………………………

…… 
1 1446 7.174 -5.052 
1 1447 7.214 -5.073 
1 1448 7.23  -5.146 
1 1449 7.243 -5.233 
1 1450 7.261 -5.259 
1 1451 7.278 -5.343 
1 1452 7.311 -5.405 
1 1453 7.383 -5.545 
1 1454 7.445 -5.896 
1 1455 7.338 -7.3 
1 1456 7.178 -8.215 
2 1 8.239 -21.767 
2 2 8.239 -21.767 
2 3 8.239 -21.767 
2 4 8.239 -21.767 
2 5 8.239 -21.767 
2 6 8.245 -21.785 
2 7 8.245 -21.785 
2 8 8.239 -21.767 
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2 9 8.245 -21.785 
2 10 8.245 -21.785 
………………………………………………………………………

… 
75 1446 18.791 -91.349 
75 1447 18.791 -91.349 
75 1448 18.791 -91.349 
75 1449 18.809 -91.33 
75 1450 18.791 -91.349 
75 1451 18.791 -91.349 
75 1452 18.791 -91.349 
75 1453 18.791 -91.349 
75 1454 18.809 -91.367 
75 1455 18.831 -91.349 
75 1456 18.826 -91.407 
 



 217 

********Begin Matlab Code******** 1 

clear all 2 
clc; 3 
  4 
%Inputs needed prior to running the program. 5 
rownum=7; %Number of rows in the array in the image that is  6 
%being used. 7 
 8 
 9 
 10 
%Makes a list of file names for batch processing.Uses a  11 
%user-defined function (from Jedidiah Frey) to do this.  12 
%NOTE: The naming is important.The algorithm will go from  13 
%10 to 100 instead of 10 to 11 unless you name 10 as 010,  14 
%011, etc.  15 
dir=uigetdir('V:\2010-10-18 Rubber Band Video Strain 16 
Validation\Subsample\SSCBC\XYResults'); 17 
[files,total]=file_list(dir,'*.txt',1);  18 
 19 
%Initializes the size of the new array 20 
data=load(filesMost likely); 21 
mult=length(data); 22 
totallcid=2*mult; 23 
newrowlength=total*mult; 24 
new=zeros(newrowlength,4); 25 
num=[1:1:mult];%creates a row vector of length(data) which  26 
%is used below. 27 
loopnum=mult/rownum; %Used in the sort loop below; number  28 
%of columns in matrix 29 
 30 
%The first part of this is also from Jedidiah Frey, it  31 
%reads in the data into an array. The rest of the for loop  32 
%(below do stuff with data) is where I will take process  33 
%the x,y data and arrange it into a matrix that follows  34 
%each point through time (or frame). 35 
k=1; 36 
for i=1:total  37 
     data=load(files{i});  38 
     % Do stuff with data 39 

%This section of code sorts the points in each data  40 
%file so that they are numbered in order from top to  41 
%bottom in a column, then left to right. So if you  42 
%have a 10 rows and 3 columns of points, the upper  43 
%left point would be labeled 1, and the other two  44 
%points in that row would be 2 and 3. Then the point  45 
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%(row,col) (2,1) would be 4 and so on until the entire  46 
%array is numbered. The data are first sorted using  47 
%the matlab command sortrows, which in this case will  48 
%sort by the y, then by the x. You have to input the  49 
%number of rows in your array above for this to work.  50 
%Then it goes through each row and orders them  51 
%according to the x variable. Sorting the x uses a  52 
%bubblesort type algorithm which is not elegant, but  53 
%gets the job done and is fast enough for this small  54 
%application. 55 

     B=[data(:,3),data(:,2)]; 56 
     C=sortrows(B); 57 
     n=0; 58 
     p=1; 59 
    for n=1:rownum 60 
    swap=1; 61 
    while swap==1 62 
        swap=0; 63 
        first=p; 64 
        last=p+(loopnum-1);%loopnum equals the number of           65 
%columns. 66 
        for m=p:1:last-1 67 
            if C(m,2)>C(m+1,2) 68 
                swapmatrix(m,:)=C(m+1,:); 69 
                swapmatrix(m+1,:)=C(m,:); 70 
                C(m,:)=swapmatrix(m,:); 71 
                C(m+1,:)=swapmatrix(m+1,:); 72 
                swap=1; 73 
            end 74 
        end 75 
        p=m+2;%adding 2 moves you to the next row 76 
        if swap==1 77 
            p=first; 78 
        end 79 
    end 80 
    end 81 
    %switches matrix back to (x,y) format. Was sorted (y,x). 82 
    E=[C(:,2),C(:,1)]; 83 
    D=horzcat(num',E); 84 
     85 

%reads the first file in as the first frame for the  86 
%LS-Dyna *NODE section which requires the xy positions  87 
%of all the points for the first frame. The second  88 
%part defines the elements out to an elements file. 89 

    if i==1 90 
        firstframe(:,1)=D(:,1); 91 
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        firstframe(:,2)=D(:,2); 92 
        firstframe(:,3)=-D(:,3); 93 
         94 
        elementout=strcat(dir,'\elements.txt'); 95 
        fid=fopen(elementout,'wt'); 96 
        fprintf(fid,'*keyword\n*element_shell\n'); 97 
        element=1; 98 
        l=1; 99 
        for r=1:1:(rownum-1) 100 
            for s=l:1:(r*loopnum-1) 101 
                node1=D(s,1); 102 
                node2=D(s+1,1); 103 
                node3=D(s+1+loopnum,1); 104 
                node4=D(s+loopnum,1); 105 
                fprintf(fid,'%g,1,%g,%g,%g,%g\n',element,node1,node2,node3,node4); 106 
                element=element+1; 107 
            end 108 
            l=l+loopnum; 109 
        end 110 
        fprintf(fid,'*end'); 111 
        fclose(fid);         112 
    end 113 
     114 
%This part of the code defines the matrix new which is     115 
%output to the text file AllPoints. It orders the points  116 
%through time. So the first column is the point or node  117 
%number. The second column is the frame number (or time  118 
%element), the third column is the x position, and the  119 
%fourth column is the y position. The loop works by adding  120 
%the x, y position of the first point at time frame 1 in  121 
%the first row, then it skips down "total" number of rows  122 
%(which is the total number of frames in the analysis) and  123 
%adds the first time frame x,y position of the second point.  124 
%The new matrix is then used later to find the  125 
%displacements of the points over time and that is used to  126 
%define the load curves. 127 
    for j=1:mult 128 
         holder=k+(j-1)*total; 129 
         new(holder,2)=i; 130 
         new(holder,1)=D(j,1); 131 
         new(holder,3)=D(j,2); 132 
         new(holder,4)=-D(j,3); 133 
     end 134 
          k=k+1; 135 
end 136 
 137 
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 138 
%Creates the Boundary_Prescribed_Motion_nodes. Creates a  139 
%matrix that has twice as many rows as points in the strain  140 
%analysis and 5 columns. The first column is the point  141 
%number, the second column is either a 1 or 2 (1 for x  142 
%direction, 2 for y direction). The third column is all 2's  143 
%which means that the motion is based on displacement. The  144 
%fourth column is the LCID or load curve ID. There are 2  145 
%curves for every point, one for the t vs. x-direction and  146 
%t vs. y-direction. The fifth column is all 1's a scale  147 
%factor which for these analyses should always be set at 1. 148 
BPMN=zeros(totallcid,5); 149 
BPMN(:,3)=2; 150 
BPMN(:,5)=1; 151 
 152 
k=1; 153 
l=1; 154 
for i=1:mult 155 
    BPMN(k,1)=l; 156 
    BPMN(k,2)=1; 157 
    BPMN(k,4)=k; 158 
    if (k+1<=totallcid) 159 
        BPMN(k+1,1)=l; 160 
        BPMN(k+1,2)=2; 161 
        BPMN(k+1,4)=k+1;         162 
    end 163 
    k=k+2; 164 
    l=l+1; 165 
end 166 
 167 
%This section of the code creates the curve files and  168 
%writes them out to a text file called curves. It creates  169 
%the file ready to go with the first line being *keyword,  170 
%then the second *define_curve, and the third the first  171 
%LCID number. Then at the end it closes the file with the  172 
%*end keyword and closes the file. Note that the  173 
%displacements for the curves are calculated as  174 
%displacement from the INITIAL POSITION 175 
curveout=strcat(dir,'\curves.txt'); 176 
fid=fopen(curveout,'wt'); 177 
fprintf(fid,'*keyword\n'); 178 
j=1; 179 
k=1; 180 
subtractindex=1; 181 
for i=1:mult     182 
    l=1; 183 
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    while new(j,1)==i 184 
        dispx=new(j,3)-new(subtractindex,3); 185 
        dispy=new(j,4)-new(subtractindex,4); 186 
        curvex(l,1)=new(j,2); 187 
        curvex(l,2)=dispx; 188 
        curvey(l,1)=new(j,2); 189 
        curvey(l,2)=dispy; 190 
        j=j+1; 191 
        l=l+1; 192 
        if j>=newrowlength 193 
            break 194 
        end 195 
    end 196 
    subtractindex=j; 197 
    fprintf(fid,'*define_curve\n%g,,&lcsf\n',k); 198 
    fprintf(fid,'%g,%g\n',curvex'); 199 
    k=k+1; 200 
    fprintf(fid,'*define_curve\n%g,,&lcsf\n',k); 201 
    fprintf(fid,'%g,%g\n',curvey'); 202 
    k=k+1; 203 
    204 
end 205 
fprintf(fid,'*end'); 206 
fclose(fid); 207 
 208 
%Outputs firstframe file which is the *NODE keyword file  209 
%that is needed in LS-DYNA for the simulation. 210 
firstframeout=strcat(dir,'\firstframe.txt'); 211 
 212 
fid=fopen(firstframeout,'wt'); 213 
fprintf(fid,'*keyword\n*node\n'); 214 
 215 
for i =1:1:mult 216 
    fprintf(fid,'%g,%g,%g\n',firstframe(i,1),firstframe(i,2),firstframe(i,3)); 217 
end 218 
fprintf(fid,'*end'); 219 
fclose(fid); 220 
 221 
%Outputs Boundary_Prescribed_Motion_Node keyword file that  222 
%is needed in LS-DYNA for the simulation 223 
BPMNout=strcat(dir,'\BPMN.txt'); 224 
 225 
fid=fopen(BPMNout,'wt'); 226 
fprintf(fid,'*keyword\n*boundary_prescribed_motion_node\n'); 227 
 228 
 229 
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for i=1:1:(2.*mult) 230 
    231 
fprintf(fid,'%g,%g,%g,%g,%g\n',BPMN(i,1),BPMN(i,2),BPMN(i,3),BPMN(i,4),BPMN(i232 
,5)); 233 
end 234 
fprintf(fid,'*end'); 235 
fclose(fid); 236 
 237 
%Will output all of the data points in the form of the new  238 
%matrix to one text file that is comma delimited. Matrix  239 
%"new" has in the first column the point number, then the  240 
%frame number (or time element) in the second column, then  241 
%the x position in the third column, and the y position in  242 
%the fourth column. 243 
fileout=strcat(dir,'\AllPoints.txt'); 244 
dlmwrite(fileout,new,'delimiter','\t','newline','pc'); 245 
 246 
********End Matlab Code******** 247 
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9.6 Analysis in LS-DYNA  

 After the Matlab code is run, all the files needed for LS-DYNA analysis have 

been created except for the main keyword file. The main file is used to load the other files 

into LS-DYNA and instruct it in how to use them and inter-relate them. To better 

understand the discussion on how LS-DYNA does this, an example main file is included 

below. Comments are in boldface type and are excluded in LS-DYNA by using the 

$ symbol. The main file uses several LS-DYNA keyword commands that require 

explanation and each will be addressed as the main file is explained. Most of the 

explanations are directly referenced from the Keyword manual provided with LS-DYNA 

(1). 

 All LS-DYNA keyword files, which are named either as .k or .txt file extensions, 

start with the command *KEYWORD (Line 2) to indicate to LS-DYNA that it is a 

command file. Note that the units are listed in the comment as g, mm, ms, N, and MPa. 

For our simulation, we only use mm and ms. The simulation can be given a title with the 

next command *TITLE (Line 4). For these analyses, the title was neglected and never 

changed, so even though the videos state that it is Single Element Extension, it is not. 

Single Element Extension was the title given to the first test of a single element and the 

title was mistakenly unchanged for the rest of the analyses. The *PARAMETER 

command allows the user to define a numeric value that can be referenced throughout the 

input file (1). The R in front of lcsf defines the value as a real value (as opposed to an 

integer value) and makes the lcsf the reference variable. Thus, lcsf is defined as the 

numeric value of 100. A scale factor was needed for our analyses due to the relatively 
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low frame number and time constraints of LS-DYNA. For example, if there are 1000 

frames to load in, LS-DYNA sees that as 1000 ms. The minimum time step is 187 ms, so 

the output would only show about 5 to 6 different strain states and a lot of information 

would be lost. Instead, we want to have more states. Scaling by a factor of 100 in this 

example provides 100,000 ms in the time component. We decided to use a time step of 

200 ms for our time step, as described below, which would result in this example in about 

500 states. In all cases for scaffold and tissue analysis, the scale factor was set at 100. The 

*INCLUDE command (Line 11) allows LS-DYNA to include other keyword files that 

contain model data with the main file in the analysis. In our case, we include the 

curves.txt, elements.txt, firstframe.txt, and BPMN.txt files which are essential model data 

for the simulation. These files were briefly mentioned in Section A.5 and will be 

discussed in more detail in the next paragraphs.  *CONTROL_TERMINATION sets the 

termination time of the simulation and should be set to be equal to the load curve duration 

after accounting for the scale factor lcsf (Line 16). *DATABASE_BINARY_D3PLOT 

defines the type of binary output file that LS-DYNA will create (Line 20). The D3PLOT 

portion of this command instructs LS-DYNA to create the files so that they have plotting 

information to plot data over the three-dimensional geometry of the model (1). An 

interval time should be specified for this command that defines the time steps of the 

simulation. In most cases, as mentioned above, we used 200 ms as this provides the most 

number of output states and information possible. Recall that if after applying the scale 

factor, the conrol_termination time of the simulation is 100,000 ms, and the interval time 

is set to 200, then there will be approximately 500 output states. 

*DATABASE_EXTENT_BINARY helps define what type of nodes and elements the 
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simulation will use. The three commas set the first three inputs to the default, and the 

number 1 after the commas sets the flag STRFLG which tells LS-DYNA to keep the 

tensors for solid, shell, and thick shell elements for plotting in LS-PrePost and to keep 

them in the ASCII ELOUT file (1). The *DATABASE_HISTORY_NODE command 

tells LS-DYNA to track and store data for the nodes in the simulation (for example, in a 

scaffold simulation there would be 75 nodes to record data for). After this command, the 

node numbers are listed.  

*DATABASE_NODOUT sets the time interval for the simulation regarding the node 

data, in this case, 200 ms as this gives the good, high resolution data. 

*DATABASE_HISTORY_SHELL is the same as *DATABASE_HISTORY_NODE but 

it outputs the shell or element data based on the elements that were created in the 

elements file. Similarly, *DATABASE_ELOUT sets the time interval for the shell output 

data and it is set to 200 ms just as the *DATABASE_NODOUT time. The 3 after the 200 

ms instructs LS-DYNA to store the info as both ASCII and binary, although for these 

studies, only ASCII was used. The final commands *PART, *MAT_ELASTIC, and 

*SECTION_SHELL give the elements material characteristics. *PART defines the parts 

used in the simulation and gives them material characteristics. Here, we are treating all 

elements the same, so after the *PART command, a part ID, Section ID, and Material ID 

are needed and are defined as 1, 1, 1. The section and material IDs refer to definitions in 

found under the *SECTION and *MAT commands respectively. The *MAT command 

assigns a material proprety model to the elements. In our case, we have chosen to model 

it as an elastic material. In truth, the material does not matter since strain is the only 

output we plan to analyze, but LS-DYNA requires a material assignment in order for it to 
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solve the simulation. The parameters 1, 1e3, 10, and 0.49 represent the material ID, mass 

density, Young’s modulus, and Poisson’s ratio respectively. Again, these were assigned 

to run the simulation, but they are not the actual parameters that we expect the scaffolds 

or native tissue to have. Finally, *SECTION defines the element formulation, integration 

rule, nodal thicknesses, and cross sectional properties (1). We use *SECTION_SHELL 

here which defines our elements as shell elements. The parameters 1 and 0.5 are for the 

section ID which is referenced from *PART and the thickness of the shell respectively 

(1). The *END file signals the end of the command file and thus concludes the summary 

of the components of the main.k file that is loaded into LS-DYNA.  

 After the main file is complete, it is loaded into the LS-DYNA solver and run. As 

it runs, it accesses the other files that were listed under the *INCLUDE command. It then 

outputs LS-PrePost files into the same folder that the main file was in. The output files 

are: d3plot, d3hsp, d3plot01, d3dump01, elout, lspost.cfile, messag, nodout, binout, and 

status.out. After running, the d3plot file can be opened in LS-PrePost as a binary plot. A 

 discussion of analysis in LS-PrePost follows the example main file below.
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********Begin Example Main File for LS-DYNA Analysis******** 1 
*KEYWORD 2 
$ Units: g, mm, ms, N, MPa 3 
*TITLE 4 
Main Analysis File 5 
*PARAMETER 6 
$define real parameter to scale load curves 7 
$this scales 0->6 ms load curves to 0->12000 $ms (12 sec) $load curves. 8 
Rlcsf,100 9 
*INCLUDE 10 
curves.txt 11 
elements.txt 12 
firstframe.txt 13 
BPMN.txt 14 
*CONTROL_TERMINATION 15 
$termination time, ms, equal to load curve duration $changed from 60 ms 16 
145600  17 
*DATABASE_BINARY_D3PLOT 18 
$d3plot interval, ms 19 
$following 6 lines are just my thought / debugging process. 20 
$5000 ms (5 seconds) divided by 33 ms = 151 states 21 
$minimum timestep of simulation though is 187 ms for $whatever reason not worth 22 
fighting this since it doesn't $matter. simulation therefore writes 27 outputs when 23 
5000 $ms are used.changed timesteps to be greater than minimum $timestep.200 is a 24 
nice number. 1000 might be even better / $easier. 25 
200  26 
*DATABASE_EXTENT_BINARY 27 
$first 3 commas put default for first 3 variables, then 1 $for strflg 28 
,,,1 29 
 30 
*DATABASE_HISTORY_NODE 31 
1,2,3,4,5,6,7,8 32 
9,10,11,12,13,14,15,16, 33 
17,18,19,20,21,22,23,24, 34 
25,26,27,28,29,30,31,32,33,34,35 35 
36,37,38,39,40,41,42,43,44,45,46 36 
47,48,49,50,51,52,53,54,55,56,57 37 
58,59,60,61,62,63,64,65,66,67,68 38 
69,70,71,72,73,74,75 39 
*DATABASE_NODOUT 40 
$dt interval in ms 41 
200 42 
*DATABASE_HISTORY_SHELL 43 
1,2,3,4,5,6,7,8 44 
9,10,11,12,13,14 45 
15,16,17,18,19,20 46 
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21,22,23,24,25,26 47 
27,28,29,30,31,32,33,34 48 
35,36,37,38,39,40,41 49 
42,43,44,45,46,47,48 50 
49,50,51,52,53,54,55,56 51 
*DATABASE_ELOUT 52 
$should really be the same as elout, dt in ms and $3=ascii+binary 53 
$dt,binary 54 
200,3 55 
*PART 56 
OneElement 57 
$#     pid       sid       mid 58 
1,1,1 59 
*MAT_ELASTIC 60 
$#     mid        ro         E        PR        DA        $DB         K 61 
1,1e3,10,0.49 62 
*SECTION_SHELL 63 
$#     sid                           nip 64 
1 65 
$#   thick 66 
0.5 67 
*END 68 
********End Example Main File for LS-DYNA Analysis******** 69 
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After the LS-DYNA simulation, LS-PrePost was used to calculate all of the 

desired strains. The way in which the elements were divided into regions was discussed 

in Section 6.2.5. Here, a discussion of what tools and commands were specifically used in 

LS-PrePost is provided.  

First, LS-PrePost can be opened from the main LS-DYNA window. Then, the 

d3plot file can be opened as a binary plot. From here, the scaffold was set to display as a 

mesh. The strains were calculated by going to the Fcomp tab, selecting strain, and then 

setting it to mid surface max principal strain (listed as M-surf max-prin.). The range of 

colors was then set as desired by going to Range, selecting user, and inputting a range. 

For the scaffolds, the range was set to 0 – 0.25 and for the tissue to 0 – 1.0. If a video of 

the simulation was needed, the position of the simulation was adjusted so that it was near 

the color scale and the movie made by going to file movie. Movies were typically made 

with 10 frames/sec and full resolution (640 x 480) in the desired format.  

To obtain plots of the strain data, the elout file was used. To access it, the ASCII 

tab selected and the elout file loaded. Then, the output is changed to strain in the drop 

down menu and mid surface and max principal strain are selected (listed as 24-Max 

Principal Strain). To plot the strain in any one element, the shell element is selected under 

the Elout Data window and the plot key is pressed. For both scaffolds and tissue, initially 

all shells were selected and plotted (for scaffolds this resulted in 56 curves and for tissue 

24 curves). Then these curves were averaged using the average_curves command under 

the Oper tab in the plot window. Finally, this curve was saved as a Microsoft comma 

separated file (.csv). This process was repeated for each set of elements that made up a 

region. For the case of scaffolds, the top PCL side consisted of elements 1-16, the center 
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of elements 17-40, and the bottom PLLA side of elements 41-56. For tissue, the muscle 

region consisted of elements 1-8, the MTJ of elements 9-16, and the tendon of elements 

17-24.  

After all the curve file were created, they were compiled into a single excel file. 

Then, the maximum max principal strain of the whole sample averaged was found. The 

strain in the three regions was taken at this point for comparison across the scaffolds or 

tissue specimens. The time (in arbitrary units) that this maximum occurred was also noted 

and was used to take a still image of the samples using the screen capture command 

(control+Print Screen) to include in the color maps of maximum strain in Figure 6.5. 

Time could also be converted back to real units of seconds simply by dividing by the 

scale factor and the number of frames per second (10 frames/s or if subsampled 1 

frame/s), however, real time scales were not used in any figures.  

Strain data were also sampled from each region of a specimen at approximately 

every 2% change in overall specimen strain (i.e. at 0, 2, 4, 6, 8, 10%, etc.) until specimen 

failure. These data were then averaged across the scaffold or tissue specimens 

respectively and plotted as percent of overall strain in each region vs. the overall strain at 

that point (as seen in Figure 6.5). Finally, the data that were sampled at every 2% change 

of overall specimen strain were normalized so as to better compare the strain in each 

region relative to the overall strain of the specimen between scaffolds and tissue 

specimens. To do this, the strain of each region a specimen at each 2% overall strain 

interval was divided by the overall strain at that point to obtain a fraction of regional 

strain to overall strain. This was repeated at every 2% change in overall strain until the 

specimen failed. Then, all these values were averaged together to obtain the normalized 



 231 

average and standard deviation and were plotted as the normalized percent of overall 

strain in each region vs. the overall strain (as seen in Figure 6.7). This concludes the 

supplemental video strain methods appendix.  
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10. APPENDIX B – ADDITIONAL METHODS FROM CHAPTER 6: MATLAB 

CODE USED IN THE ANALYSIS OF MECHANICAL PROPERTIES OF 

DUAL CO-ELECTROSPUN SCAFFOLDS 

 

10.1 Brief Explanation of Additional Analysis Methods 

This appendix deals with additional Matlab code that was used to analyze the 

Instron load and extension data for both uniaxial tensile tests and cyclic tests. These 

scripts were used in the Chapter 6, but the details of them were not included in that 

chapter for the sake of brevity in publication. Thus, they are described in more detail here. 

 

10.2 Code for Averaging the Stress-Strain Curves 

The objective of this script (shown below) is to take stress and strain data and 

subsample it at regular intervals defined by the user. The interval is defined by the 

variable j which then gets stored as the variable step (lines 27 and 29). For analysis of the 

data in this work, an interval of 0.5% strain or 0.005 mm/mm strain was used. When the 

script is run, it will ask the user to direct it to an excel file that contains the stress-strain 

data. Once there, the user selects the stress and strain data. The data should be in two 

adjacent columns in the excel file with strain in the left column and stress in the right 

column. Then, the code goes through the data and samples the stress and strain at every 

defined interval. The code steps through the data until a strain value is higher than the 

value j. Once this occurs, the code checks to see if the current strain value or the value 

below it is closer to the actual desired theoretical strain step (as defined by the current 

value of j; see lines 38-40). The code then stores the closest value of strain and the stress 
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at this level as well as the theoretical strain. This continues in the while loop until the end 

of the data is reached at which point the while loop is broken (lines 62-69). Finally, the 

sub-sampled data are output to the same excel file but in a new sheet named cleandata 

(lines 75-76). 
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********Begin Averagetensiletofail Code******** 1 
%This program runs through a set of stress-strain data that  2 
%is loaded in from an excel file. It then subsamples for  3 
%ever 0.5 units, which in my case was usually 0.5% or 0.005  4 
%strain. Then it will check which value is closer, the  5 
%value above or below that step and it will choose the  6 
%value that is closest as the value. It then puts the  7 
%information back out in a new sheet in the same  8 
%spreadsheet. 9 
  10 
  11 
clc; clear screen; clear all; 12 
  13 
  14 
[filename,pathname,filterindex]=uigetfile('*.xls','Pick 15 
Excel File','H:\Digit Project\Co-Spinning\Single Material 16 
Scaffolds\2010-11-20 Single Scaffolds.is_tens_RawData'); 17 
cd(pathname); 18 
  19 
%Reads in excel file and allows user to select data to  20 
%import. The data are arranged in columns. 21 
[data, headertext] = xlsread(filename,-1); 22 
  23 
%loops through data to pull out the subsample information 24 
h=1; 25 
i=1; 26 
j=0.5;%subsample step size. UNITS IMPORTANT; in my case,  27 
%the excel has percentage so this is 0.5percent 28 
step=j;%steps to the next strain value 29 
k=1; 30 
cleandata(k,1)=data(i,1);%actual strain 31 
cleandata(k,2)=0;%theoretical strain 32 
cleandata(k,3)=data(i,2);%actual stress 33 
  34 
while h==1; 35 
   if data(i,1)>j 36 
        l=i-1; 37 
        checkhigh=data(i,1)-j;%checks the value above the  38 

%step 39 
        checklow=j-data(l,1);%checks the value below the  40 

%step 41 
        if checkhigh<checklow 42 
            k=k+1; 43 
            cleandata(k,1)=data(i,1); 44 
            cleandata(k,2)=j; 45 
            cleandata(k,3)=data(i,2); 46 
            j=j+step; 47 
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            i=i+1; 48 
        else 49 
            k=k+1; 50 
            cleandata(k,1)=data(l,1); 51 
            cleandata(k,2)=j; 52 
            cleandata(k,3)=data(l,2); 53 
            j=j+step; 54 
            i=i+1; 55 
        end 56 
   else 57 
        i=i+1;%goes to next unit step 58 
   end 59 
   if i<length(data(:,1)) 60 
       h=1; 61 
   else%ends the loop and adds the last value whatever it  62 

%is to the column. 63 
       h=0; 64 
       k=k+1; 65 
       cleandata(k,1)=data(length(data(:,1)),1); 66 
       cleandata(k,2)=data(length(data(:,1)),1); 67 
       cleandata(k,3)=data(length(data(:,1)),2); 68 
   end 69 
     70 
end 71 
  72 
%outputs the sheet 73 
outputtext=l; 74 
xlswrite(filename,outputtext,'Clean for Avg','A1'); 75 
xlswrite(filename,cleandata,'Clean for Avg','A2'); 76 
******** End Averagetensiletofail Code********77 
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10.3 HysteresisCalculator Code 

The Hysteresis Calculator Code is used to calculate the hysteresis, i.e. the loss of 

energy, between the initial loading curve and unloading curve from cyclic testing. The 

code is straightforward and simple. First, when the code is run, the user is asked to select 

an excel file that contains the cyclic data to be analyzed. Then the user should select the 

entire first cycle of the data which should be organized in columns with extension in the 

left column and load in the right column. The code then finds the maximum load of the 

data and chooses that as the end point of the loading curve. The code then stores the load-

extension data in a matrix called LoadCurve (lines 30-35). The next section of code (lines 

37-46) stores the load-extension of the unloading curve in a matrix called UnLoadCurve 

starting with the maximum load and going backwards. The UnLoadCurve variable after 

storage though, has the unloading curve in order from smallest load to maximum load. 

Next, the script numerically integrates the area under both the LoadCurve and 

UnLoadCurve using the trapz Matlab function (lines 48-52). Then, hysteresis is 

calculated by subtracting the unloading curve energy from the loading curve energy (lines 

54-55). Finally, the energy loss, which was initially calculated in N-mm is converted to 

N-m or Joules (lines 57-58). 
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********Begin Hysteresis Calculator Code******** 1 
%This program reads in the force extension data from  2 
%Instron cyclic curves and then calculates the hysteresis.  3 
%The user picks the first cycle from the excel file and  4 
%then the program finds the max load, divides the cycle  5 
%into the loading and unloading phase, and then numerically  6 
%integrates both curves. The program then calculates the  7 
%hysteresis by subtracting the unloading energy from the  8 
%loading energy. The output is in joules (N-m). Thus, at  9 
%the end, the result is converted to Joules by dividing by  10 
%1000. Everything is calculated in N-mm. 11 
  12 
  13 
clc; clear screen; clear all; 14 
  15 
  16 
[filename,pathname,filterindex]=uigetfile('*.xls','Pick 17 
Excel File','H:\MTJ Scaffold Manuscript and Data\MTJ 18 
Scaffold Manuscript v3 Data\Scaffold Data\Cyclic 19 
Tests\2010-02-23\2010-2-33 Cyclic 20 
Testing.is_tcyclic_RawData'); 21 
cd(pathname); 22 
  23 
%Reads in excel file and allows user to select data to  24 
%import. The data are arranged in columns. 25 
[data, headertext] = xlsread(filename,-1); 26 
  27 
[maxLoad, maxI]=max(data(:,2)); 28 
  29 
%Creates a matrix of size (maxI,2) that contains the Load  30 
%Curve (x,y)values 31 
for i=1:1:maxI 32 
    LoadCurve(i,1)=data(i,1); 33 
    LoadCurve(i,2)=data(i,2); 34 
end 35 
  36 
%Initializes a variable k to create the UnLoadCurve of size 37 
%(length(data(:,2))-maxI+1,2) that has the Unloading Curve  38 
%(x,y) values starting from the smallest x value and going  39 
%to the largest which occurs at maxI. 40 
k=length(data(:,2))-maxI+1; 41 
for j=maxI:1:length(data(:,2)); 42 
    UnLoadCurve(k,1)=data(j,1); 43 
    UnLoadCurve(k,2)=data(j,2); 44 
    k=k-1; 45 
end 46 
  47 
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%Calculates the numerical integrals of the loading and  48 
%unloading curves to give the area under each cuve and thus  49 
%the energies in N-mm. 50 
LoadEnergy=trapz(LoadCurve(:,1),LoadCurve(:,2)) 51 
UnLoadEnergy=trapz(UnLoadCurve(:,1),UnLoadCurve(:,2)) 52 
  53 
%Calculates the energy loss due to hysteresis in N-mm. 54 
EnergyLoss=LoadEnergy-UnLoadEnergy 55 
  56 
%Converts energy loss due to hysteresis into Joules (N-m). 57 
EnergyLossJoules=EnergyLoss./1000 58 
******** End Hysteresis Calculator Code********59 
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10.4 AutoCyclicAnalyze Matlab Code 

The Auto Cyclic Analyze Matlab Code was written to automatically analyze the 

other aspects of the cyclic testing besides hysteresis. This code was actually written first 

and so did not include a hysteresis calculation. Once hysteresis needed to be calculated, it 

was simpler to write a new script than to incorporate it into this one. The goal of this code 

was to find the peak stress for each cycle of the cyclic test so that this could be plotted. 

Additionally, an initial goal was to remove negative stresses from the data and output it 

as cleaned data. This idea was abandoned (for Chapter 6 data) however, because the 

scaffold did indeed occasionally experience small compressive loads as a result of 

hysteresis. However, the data cleaning part of the script was left in the code in case it was 

ever needed again. The code also plots a lot of the data within Matlab using the cleaned 

data, but these curves were not used for figures in Chapter 6. Instead, the main output 

from running this code in terms of Chapter 6 data and analysis was finding the peak 

stresses of each cycle. As with the other scripts, this one first asks the user to direct it to 

an excel file containing the cyclic testing data. Then the user selects the data arranged in 

columns in the following order: time, extension, load, strain, stress, and cycle index. The 

extension and load data are not used in the script, but because of the way we defined the 

Instron data to be output, it made it easier to include them in the selection. Then a matrix 

is used to store the time, strain, stress, and cycle variables into separate cycles (lines 14-

35). This segment of code also creates a vector called cyclex that stores each half cycle 

number. This was originally to be used to plot the stress vs. cycle number with a step of 

half a cycle, but these data were not included in figures for Chapter 6. The next section of 

code fines the maximum stress, the strain at that stress, the minimum stress, the strain at 
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the minimum stress, as well as the first strain value and first stress value of each cycle 

(lines 37-49). These values are then stored in various vectors named appropriately 

according to the values that are being stored. Also, a vector cycley is created that contains 

the first stress of each cycle as well as the peak stress of each cycle. Again, these values 

were originally going to be used to plot the stress at every half cycle. The peak stress in 

each cycle should have occurred at the halfway point of each cycle, however, it would 

have been more accurate to have cycley store the first and last stress of each half cycle 

instead of peak stress. But, since these data were not used, it is not important. The code 

could easily be re-written at a later time if needed, however the peak stress provides a 

very close estimate to the last stress value of the loading phase of each cycle. The next 

segment removes negative stresses from the data and plots the data within Matlab (lines 

51-88) which again was not used for Chapter 6 data. Finally (lines 90-107), the cycle 

number, peak strain, peak stress, minimum stress, first strain, and first stress are output to 

the same excel file as the original data were in but in a new tab called Peak Stress. The 

cleaned data are also output to the same excel file but in a tab called Cleaned Data. The 

values for plotting stress per half cycle are also output to a new tab called Plot Values.  

 For clarification, the stress-strain data of the cyclic tests were averaged using 

Excel. Briefly, because the cyclic tests were performed at a specific strain rate and 

frequency, the time steps of the data stored were essentially identical across all tests. 

Thus, the stress-strain data from each curve was simply copied and pasted into a 

summary excel file where all the averaging was done that was used in Chapter 6.
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********Begin Auto Cyclic Analyze Matlab Code******** 1 
%This program analyzes cyclic data. The main thing I use it 2 
for is to find the peak stress of each cycle. 3 
[filename,pathname,filterindex]=uigetfile('*.xls','Pick 4 
Excel File','I:\RGM_LAB_User\mladd'); 5 
cd(pathname); 6 
  7 
%Reads in excel file and allows user to select data to 8 
import. The data are arranged in columns. 9 
[data, headertext] = xlsread(filename,-1); 10 
  11 
n=100;%number of cycles in test 12 
  13 
%Separates the data into cycles. 14 
j=1; 15 
k=1; 16 
m=1; 17 
for i=1:1:n 18 
    while data(j,2)==i-1 19 
        cycle(i,k,1)=data(j,1);%Time 20 
        cycle(i,k,2)=data(j,6);%Strain 21 
        cycle(i,k,3)=data(j,7);%Stress 22 
        cycle(i,k,4)=data(j,2);%Cycle Index 23 
        j=j+1; 24 
        k=k+1; 25 
    end 26 
    cyclenumber(i)=i-1; 27 
    cyclex(m)=i-1; 28 
    cyclex(m+1)=i-0.5; 29 
    m=m+2; 30 
    complete=(cyclenumber(i)/n)*100; 31 
    clc; 32 
    fprintf('%6.0f %% Complete\n',complete); 33 
    k=1; 34 
end 35 
 36 
%Locates the max and min stresses for each cycle. Also  37 
%stores the stress at 0% strain.  38 
m=1; 39 
for i=1:1:n 40 
    [cyclepeakstress(i),I]=max(cycle(i,:,3)); 41 
    cyclepeakstrain(i)=cycle(i,I,2); 42 
    cycleminstress(i)=min(cycle(i,:,3)); 43 
    cyclefirststrain(i)=cycle(i,1,2); 44 
    cyclefirststress(i)=cycle(i,1,3); 45 
    cycley(m)=cyclefirststress(i); 46 
    cycley(m+1)=cyclepeakstress(i); 47 
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    m=m+2; 48 
end 49 
 50 
%Removes negative stresses from the data. 51 
for i=1:1:length(data(:,5)) 52 
    cleandata(i,1)=data(i,1);%Time 53 
    cleandata(i,2)=data(i,4);%Strain 54 
    if data(i,5)<0 55 
        cleandata(i,3)=0;%Stress 56 
    else 57 
        cleandata(i,3)=data(i,5);%Stress 58 
    end 59 
end 60 
 61 
%Plots the data 62 
figure(1) 63 
subplot(5,1,1); 64 
plot(cyclenumber,cyclepeakstress); 65 
title('Peak Stress vs. Cycle Number'); 66 
xlabel('Cycle Number'); 67 
ylabel('Peak Stress (kPa)'); 68 
subplot(5,1,2); 69 
plot(data(:,4),data(:,5)); 70 
title('Stress vs. Strain'); 71 
xlabel('Strain (%)'); 72 
ylabel('Stress (kPa)'); 73 
subplot(5,1,3); 74 
plot(data(:,1),data(:,5)); 75 
title('Stress vs. Time'); 76 
xlabel('Time (sec)'); 77 
ylabel('Stress (kPa)'); 78 
subplot(5,1,4) 79 
plot(cleandata(:,2),cleandata(:,3)); 80 
title('Cleaned Stress, vs. Strain'); 81 
xlabel('Strain (%)'); 82 
ylabel('Stress (kPa)'); 83 
subplot(5,1,5) 84 
plot(cleandata(:,1),cleandata(:,3)); 85 
title('Cleaned Stress vs. Time'); 86 
xlabel('Time (sec)'); 87 
ylabel('Stress (kPa)'); 88 
 89 
%Writes out data to the same excel file but different  90 
%sheets. 91 
cd(pathname); 92 
outputtext1={'Cycle Number','Peak Strain','Peak 93 
Stress','Min Stress','First Strain','First Stress'}; 94 
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outputtext2={'Time','Strain','Stress'}; 95 
output1=vertcat(cyclenumber,cyclepeakstrain,cyclepeakstress96 
,cycleminstress,cyclefirststrain,cyclefirststress); 97 
output1=output1'; 98 
output3=vertcat(cyclex,cycley); 99 
output3=output3'; 100 
outputtext3={'Plot Cycle','Plot Stress'}; 101 
xlswrite(filename,outputtext1,'Peak Stress','A1'); 102 
xlswrite(filename,output1,'Peak Stress','A3'); 103 
xlswrite(filename,outputtext2,'Cleaned Data','A1'); 104 
xlswrite(filename,cleandata,'Cleaned Data','A3'); 105 
xlswrite(filename,outputtext3,'Plot Values','A1'); 106 
xlswrite(filename,output3,'Plot Values','A3'); 107 
******** End Auto Cyclic Analyze Matlab Code ****108 
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11. APPENDIX C – VIDEO STRAIN COMPARISON OF SINGLE MATERIAL 

SCAFFOLDS TO DUAL CO-ELECTROSPUN SCAFFOLDS: AN 

ADDENDUM TO CHAPTER 6 

 

11.1 Introduction 

To further show that the dual scaffolds developed in Chapter 6 have regional 

variations in mechanical properties, we decided to do a small comparison of the video 

strain properties of the dual scaffolds to scaffolds that were made of either a poly(L-lactic 

acid) (PLLA) /collagen blend only or poly(ε-caprolactone) (PCL)/collagen blend only. 

After fabricating the scaffolds, we subjected them to the same uniaxial tensile tests with 

video strain that the dual scaffolds received. The objective was to show that both of the 

single material scaffolds had relatively uniform strain profiles, whereas the dual scaffolds 

had the regional differences in strain profile because we engineered them to be that way. 

In contrast, any differences in the single material scaffolds should be due to random 

variations in the scaffold itself. Finally, we expected to see that the PLLA-Collagen blend 

scaffold would have lower strain than the PCL-Collagen blend scaffolds. 

 

11.2 Materials and Methods 

 
11.2.1 Materials 

The following is a list of materials that were used for scaffold fabrication as 

received: Poly(L-lactic acid) (PLLA, Polysciences, Inc, Warrington, PA, USA, Cat# 

21512, Mn=700,000), Poly(ε-caprolactone) (PCL, Polysciences, Inc, Warrington, PA, 

USA, Cat# 19561, Mn=43,000-50,000), Bovine Type I collagen, lyophilized (Elastin 
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Products Company, Inc., Owensville, MO, USA, Cat# C857), 1,1,1,3,3,3-

hexafluoroisopropanol (HFiP, Triad Scientific Supply, Cat# H1008), glutaraldehyde 

(Sigma-Aldrich, St. Louis, MO, USA, Cat# G5882, SEM-grade). 

 

11.2.2 Scaffold Fabrication 

Two different single material scaffolds were electrospun for these experiments. 

The first was composed of a 5% (w/v) blend of PLLA/collagen in a 1:1 mass ratio. The 

second was a 10% (w/v) blend of PCL/collagen in a 1:1 mass ratio. These are the same 

solutions that were used to spin the dual material scaffolds in Chapter 6. However, in this 

case, each polymer solution was spun by itself into a single material scaffold. Regardless 

of the scaffold type being made (i.e. a PLLA-Collagen only or PCL-Collagen only 

scaffold) the spinning parameters were the same. In both cases, dual syringe spinning was 

employed with 5 ml of solution in each syringe for a total of 10 ml polymer solution spun 

per scaffold (similar to the dual scaffolds from Chapter 6). The scaffolds were spun on a 

cylindrical mandrel (diameter = 41.1 mm) that was rotating at approximately 1000 RPMs 

using a high voltage power supply set to 20 kV. No barriers were used in the fabrication 

of these scaffolds. The polymer solutions were passed through 18G blunt tip needles at a 

flow rate of 1 ml/h and an air gap distance (the distance from mandrel to needle tip) of 10 

cm. Both syringes were placed so that they were near the center of the mandrel, but were 

also slightly offset if needed to cover the entire mandrel. The mandrel was also set to 

translate to ensure that the mandrel was evenly covered. After fabrication, the scaffolds 

were removed from the madrel by cutting along the long edge of the mandrel and pulling 

off the scaffolds as sheets with dimension of approximately 10 cm x 12.9 cm. Then the 
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collagen in the scaffolds was crosslinked with 2.5% glutaraldehyde vapor for 2 hours. 

The scaffolds were then kept in a vacuum until used for further analysis. Three scaffolds 

of each type were fabricated (i.e. three PLLA-Collagen scaffolds and three PCL-Collagen 

scaffolds).  

 

11.2.3 Ultrastructural Characterization 

The ultrastructure of the scaffolds (n=3 per scaffold type) was examined using 

scanning electron microscopy (SEM, S-2600N, Hitachi, Japan). A piece of each scaffold 

was cut in half and placed on an SEM stand so that both the inside and outside layers 

could be examined. The scaffolds were sputter coated with gold (Hummer 6.2, Anantech, 

Ltd., Denver, NC, USA) for 2 min. Three random images were taken from each side of 

each sample and analyzed for fiber diameters. All images were analyzed using ImageJ 

(1.42Q, provided by the NIH, USA). The number of fibers measured varied, but ranged 

from 33 to 63 measurements per image with a mean of 46.4 (± 6.5) and a median of 46. 

The mean fiber diameter and standard deviation was found for each scaffold type (n=3 

per type) and used to compare to the fiber diameter of each scaffold type to the dual 

scaffold.  

 

11.2.4 Uniaxial Tensile Tests with Video Strain 

All scaffolds were subjected to the same uniaxial tensile tests to failure with video 

strain. Uniaxial testing was performed on an Instron 5544 with a 100N load cell. A 100 N 

load cell was used because the strength of the PLLA -Collagen scaffolds in initial tests 

occasionally exceeded the 10 N limit of the 10 N load cell (data not shown).  The 
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scaffolds were cut into rectangular shapes of approximately 20 mm wide and 10 cm long. 

They were marked as described in Chapter 6, with an array of 19 rows x 5 columns of 

markers using an acid free pen. The scaffolds were wet in PBS at room temperature for 

30 minutes. After 30 minutes, the thickness of each scaffold was measured in 9 places 

along the length of the scaffold spaced about 5 mm apart using digital calipers and an 

average thickness found. Then they were loaded into the clamps, after being taped on 

either end to cardboard holders, so that only 15 rows of markers were visible (2 rows 

were clamped on the top and bottom with the exception of 1 PLLA-Collagen scaffold 

which was clamped such that 1 row at the top was clamped and 3 rows at the bottom; this 

was done because there were tears at the bottom of this scaffold that needed to be 

clamped so they did not serve as a crack propagation site during the test; since these 

scaffolds were made of uniform materials, this difference in clamping had little to no 

effect on the video strain). After clamping, the load was balanced and a preload of 0.05 N 

was applied. The gauge length was measured with digital calipers, the load balanced, the 

extension reset to 0, and the test begun. All tests were carried out with a crosshead speed 

of 10 mm/min with data collected every 10 ms. After testing, the Young’s modulus (E), 

ultimate tensile strength (UTS), and strain at failure (defined as 40% decrease from 

maximum load) were found. Also, the average stress-strain curves of each scaffold type 

were found. All scaffolds were tested within 3 hours after wetting. 

As described in detail in Chapter 6 and Appendix A, video was captured as the 

scaffolds were undergoing tensile testing. A scale bar was put in the same plane as the 

scaffold during the test to allow the tests to be calibrated for video strain analysis. After 

testing, the videos were subsampled for every 10th image. These images were then post-
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processed and simulated in LS-DYNA as previously described in Chapter 6 and 

Appendix A. Analysis in LS-PrePost was also performed similarly to Chapter 6 and 

Appendix A. Briefly, the maximum principal true strain was found and the scaffold 

divided into three regions that were analogous to the three regions of the dual scaffold, i.e. 

a top, center, and bottom region which correspond to the PCL side, center, and PLLA 

side in the dual scaffolds. The strain in the elements in these three regions was averaged 

and the maximum strains of each region found at the location of the maximum overall 

strain of the single material scaffolds. These strains were then compared to the data 

obtained in Chapter 6. 

 

11.2.5 Statistical Analysis 

All data are presented as mean ± standard deviation unless otherwise noted. 

Differences in fiber diameters between single material scaffolds and all regions of the 

dual scaffold were compared using a one way ANOVA with post-hoc t-tests using a 

Bonferoni correction. Comparisons of E, UTS, and strain at failure were performed using 

a one-way Analysis of Variance with post-hoc t-tests using a Bonferoni correction 

comparing each group. The differences between video strain of each region of each 

scaffold type were compared using a one-way ANOVA with post-hoc t-tests using a 

Bonferoni correction. Finally, the differences in overall strain between scaffold types was 

compared using a one-way ANOVA with post-hoc t-tests using a Bonferoni correction. 

Significance was taken as a p value < 0.05. 
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11.3 Results 

11.3.1 Scaffold Fabrication 

Single material scaffolds were fabricated successfully without any issues. 

11.3.2 Ultrastructural Characterization 

Both single material scaffolds consisted of nanofibers with a round morphology 

(Figure 11.1B&C, compare to Figure 6.2). The PCL-collagen only had an average fiber 

diameter of 495 nm (± 11 nm) and the PLLA-collagen only had an average fiber diameter 

of 444 nm (± 40 nm). When comparing these fiber sizes to every region of the dual 

scaffold using an ANOVA, no difference was found. Thus, for graphical purposes, the 

fiber diameters of all regions of the dual scaffold were combined into a single group, 

which is seen in Figure 11.1A. The average fiber diameter of the dual scaffold was 502 

nm (± 87 nm). Thus, we can conclude that there were no differences in fiber diameter or 

morphology between the dual scaffold regions and the single material scaffolds. 

 



 251 

 

Figure 11.1. (A) Graph comparing the fiber diameters of the dual scaffold and the two 
single material scaffolds. (B) SEM image of a PCL-Collagen only scaffold, magnification 
4,000X. (C) SEM image of a PLLA-Collagen only scaffold, magnification 4,000X. The 
scale in (C) is the same for (B). 
 

11.3.3 Uniaxial Tensile Tests with Video Strain 

Tensile testing demonstrated differences between each type of single material 

scaffold (Figure 11.2, Figure 11.3, and Table 11-1). One can see that the PLLA-Collagen 

only scaffold has the highest modulus and strength but lowest strain at failure (Figure 

11.3 and Table 11-1). In contrast, the PCL-Collagen material has the lowest modulus, 

lowest strength, but highest strain at failure. When compared to one another (n=3 for each 

single material scaffold) and the dual scaffold (n=10) statistically, differences in E and 

UTS were found between the PLLA-Collagen scaffold and the other two scaffolds. For 
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strain at failure, a difference was found between the PCL-Collagen scaffold only and the 

other two scaffolds. These findings further corroborate our observations from Chapter 6 

that the dual scaffold and its properties are a result of the fact that it is a composite of two 

different materials. This is evidenced by the fact that the E, UTS, and strain at failure for 

the dual scaffold are in between that of the PLLA-Collagen only scaffolds and the PCL-

Collagen only scaffolds. Thus, as the dual scaffold is loaded, the stress quickly increases 

above the UTS of the PCL-Collagen and it fails.  

 

Figure 11.2. Average stress strain curves of the different scaffolds. (A) The dual scaffold, 
(B) the PLLA-Collagen only scaffold, (C) the PCL-Collagen scaffold, and (D) a graph 
that combines the three scaffolds together for comparison. 
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Figure 11.3. Mechanical testing parameters of the single material saffolds and the dual 
scaffold. (A) Young’s modulus. (B) Ultimate tensile strength (UTS). (C) Strain at failure. 
The PLLA-collagen scaffold is statistically different from the other two scaffolds in E 
and UTS. The PCL-collagen scaffold is statistically different from the other two scaffolds 
in terms of strain at failure. +,# indicate that there is a difference, i.e. if # is above the 
PLLA-collagen only group and the PCL-collagen only group in (A), then they are 
statistically different from one another. Statistical significance was defined as p<0.05.   
 
Table 11-1. Mechanical property parameter summary from the three different types of 
scaffolds. 

 E (MPa) UTS (MPa) SAF (%) 
Dual 

(n=10) 
6.97 

(± 2.0) 
0.51 

(± 0.2) 
18.49 
(± 8.2) 

PCL-Collagen 
(n=3) 

4.29 
(± 0.6) 

0.39 
(± 0.04) 

38.21 
(± 4.8) 

PLLA-Collagen 
(n=3) 

20.0 
(± 2.0) 

1.48 
(± 0.3) 

15.84 
(± 3.4) 

 

When looking at the color maps of video strain, one can notice that the maximum 

principal true strain in the single material scaffolds is more uniform than the dual 

scaffolds (compare Figure 6.5 and Figure 11.4). In the single material scaffolds, there 

does seem to be more strain on the ends, especially towards the bottom end. In the case of 

the PCL-Collagen scaffolds, the strain difference is great enough at the bottom clamp as 

to cause significant difference in video strain between the top region and bottom region 

of the scaffold. Besides this difference and the regional differences in strain found in the 

dual scaffolds in Chapter 6 and shown in Figure 6.5, no other statistical differences were 

found between the top and center of the PCL-Collagen only scaffolds or between any 

regions of the PLLA-Collagen only scaffolds. Finally, when comparing the overall max 

principal strain of the three types of scaffold, all three were found to be significantly 

different from one another. This is a logical finding given that these scaffolds have 

different compositions. 
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Figure 11.4. Color maps of the single material scaffolds. Notice that the strain is 
generally uniform across the scaffold, especially compared to the strain profiles of the 
dual scaffolds (Figure 6.5). The PCL-Collagen only scaffolds have more strain than the 
PLLA-Collagen scaffolds. Note that the scale is 0-0.25 mm/mm. 



 255 

 

Figure 11.5. The dual scaffold shows regional differences in strain whereas in general, 
the single material scaffolds do not show a difference. The exception is the PCL-Collagen 
only scaffold which has greater strain at the bottom region as compared to the top region. 
This difference, however, is likely due to variations in the thickness of the scaffold and 
edge artifacts and not due to real property differences. Moreover, when looking at the 
color maps in Figure 11.4, one can notice that the strain is much more uniform compared 
to the strain seen in the color maps in Figure 6.5. Finally, when looking at the overall 
strain (the Whole column) of the single material scaffolds compared to the dual scaffold, 
they were all different from one another. The column labels are relative, i.e. for the dual 
scaffold “PCL Side (Top)” refers to the PCL side (which was actually loaded into the top 
clamp) but for the single material scaffold it refers to the analogous top region of the 
scaffold (because there were no regional material differences in the single material 
scaffolds). If matching symbols are above two different groups, that signifies that they 
are statistically different from one another. Significance was defined as p<0.05. 
 
11.4 Discussion 

Overall, the main point of these experiments is to show that the regional strain 

differences seen in the dual scaffolds are not due to an artifact. That is, scaffolds that are 

composed of PLLA-Collagen only or PCL-Collagen only have uniform strain profiles 

and not the varying strain profile observed in the dual scaffolds. It is interesting to note 
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that in the dual scaffolds, the PLLA side has low strain because the PCL side is less stiff 

and thus strains first, and the most, during testing. Finally, because the single blend 

materials have fiber diameters that are the same as the co-spun dual scaffolds and yet 

have relatively uniform strain profiles, we can conclude that the co-spun scaffolds do in 

fact have the regional differences in strain that we set out to achieve. Thus, the regional 

differences in the strain of the dual scaffolds are a result of the regional deposition of 

materials with different properties and not the result of some other phenomenon.  
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