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Abstract 

Voice disorders affect up to 9% of the population, and can be caused by vocal fold 

scarring. They can reduce the ability of a person to participate in the workplace and can also 

cause depression in individuals. Vocal fold scarring changes the organization and composition of 

the lamina propria, and affects the biomechanical properties of the tissue. These changes cause an 

inability of the lamina propria to produce a normal mucosal wave during speech, resulting in 

hoarseness or complete voice loss. Currently there is a clinical need for treatment options for 

vocal fold scarring.  

This work focuses on developing a novel, elastomeric electrospun biomaterial to be used 

as a model system to evaluate the response of immortalized human vocal fold fibroblast cells 

(HVFF) to scaffold architecture and to the presence of an elastin polypeptide. The scaffold was 

developed by electrospinning Tecoflex™. Electrospun scaffolds were successfully made with 

aligned and unaligned fibers, and they were characterized using scanning electron microscopy 

(SEM) and uniaxial tensile testing. The aligned scaffolds had initial elastic moduli of ~14 MPa 

and ~0.3 MPa in the preferred and cross-preferred direction respectively. The unaligned scaffolds 

had initial elastic moduli of ~5 MPa and ~0.6 MPa in the preferred and cross-preferred direction 

respectively. An elastin-like polypeptide (ELP) developed in the Woodhouse lab, ELP4, was 

successfully adsorbed onto the scaffolds to investigate the effect of ELP’s on the HVFF cells. 

HVFF cells were seeded onto the scaffolds and their viability, proliferation, morphology, and 

gene expression were characterized. Over the culture period the cells remained viable, and 

showed signs of proliferation. The scaffold topography had a significant impact on the orientation 

of the cells, with very aligned cultures on the aligned scaffold, and randomly oriented cells on the 

unaligned scaffold. The scaffold alignment and the ELP4 coating impacted the extracellular 

matrix gene expression. The ELP4 coating, and the aligned scaffolds promoted elastin synthesis 

when tested on day 7, and may also reduce collagen-3 expression on day 3. These results signify 



iii 

 

that aligned electrospun scaffolds, as well as an ELP4 coating, may be promising to use in future 

biodegradable vocal fold constructs. 
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Chapter 1 

Introduction 

1.1 Clinical Significance 

 

Voice disorders can have drastic negative effects on the quality of a person’s life, 

including depression, the inability to perform in the workplace, and a poor self-image.  Voice 

disorders affect up to 9% of the population, and can result in hoarseness or complete voice loss 

[1]. Injuries to the vocal fold appear to be the most likely cause of voice disorders in the 

population. They can be caused by misuse, hyperfunction, medical conditions, or as a result of 

surgery [2].  

The response of the vocal folds to an injury can cause scar tissue [2], which may result in 

the inability to produce a normal mucosal wave. There are currently few treatment options for 

vocal fold scarring. The most common treatments are speech therapy and phonosurgery [1, 3]. 

Although speech therapy can be successful for some vocal fold scarring cases, it is extremely 

difficult for voice clinicians to treat [4]. Phonosurgery is mainly performed through augmentation 

using injectable materials. Materials that have been used include Teflon™, and silicone, as well 

as biological tissues such as fat, collagen, and fascia [3]. This approach can improve vocal 

function, however none of the materials being used can match the natural tissue biomechanics [5]. 

There are also complications involving chronic inflammation and rejection, implant migration, 

the need for repeated injections because of resorption of the biological materials, as well as the 

chance to cause more scar tissue during surgery [3, 4]. Current research is using tissue-

engineering strategies to design effective treatments for vocal fold trauma.  

Engineering approaches to treatment of vocal fold trauma include growth factor 

therapies, cell therapies and biomaterials[3, 5-10]. The majority of tissue-engineering approaches 

are based on biomaterial implants for vocal fold wound healing. The aim is to produce materials 

that will be biocompatible, biodegradable, improve matrix production, reduce scar tissue, as well 

as have properties that closely mimic native vocal fold tissue. 
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Current vocal fold healing research involving biomaterials are using hydrogels, synthetic 

3D matrices, and injectable scaffolds. The research is focusing on how chemical composition, 

structure, and the biomechanical properties of the materials affect vocal fold tissue repair. 

Changing the biomechanical properties of the biomaterial will impact fibroblast matrix synthesis, 

as shown in a study by Webb et. al. [11]. Three-dimensional substrates were shown to have 

higher elastin content and better organization than the two-dimensional substrates, as well as 

having a comparable elastic modulus to healthy tissue [11]. Developing a biomaterial that will 

promote wound healing and reduce scar formation in the ECM of the lamina propria is essential 

to creating a treatment option for voice disorders. 

The long-term goal of this research in our laboratory is to develop a novel elastomeric 

biomaterial to be used within a construct in a tissue engineered vocal fold. This thesis focused on 

developing an elastomeric electrospun biomaterial to use as a model system with immortalized 

human vocal fold fibroblast cells (HVFF) with a view to evaluating their response to the material 

architecture and to a surface coating of elastin polypeptide. Electrospun TecoflexTM scaffolds 

were produced with aligned and unaligned fiber structure and coated in an elastin-like 

polypeptide (ELP). The ELP used has been shown to reduce platelet adhesion and thrombosis 

when used as a coating [12, 13], as well as behaving similarly to elastin in vitro [14]. Fiber 

alignment of scaffolds has been shown to affect the gene expression, and morphology of 

Schwann cells [15], as well as morphology and proliferation of fibroblast cells and smooth 

muscle cells [16, 17]. Due to the highly aligned nature of vocal folds, growth on an aligned 

scaffold may provide improved healing, and may result in tissue with properties very similar to 

native vocal folds. The initial experimental work involved developing an electrospinning 

procedure to construct aligned and unaligned scaffolds, as well as establishing a coating 

procedure. The following in vitro studies focused on characterizing the cellular response and 

viability on the different scaffold conditions. 
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1.2 Research Objectives 

 

1.2.1  Make electrospun scaffolds using Tecoflex® and coat in ELP 

• Use the technique of electrospinning to make aligned and unaligned fiber 

scaffolds. 

• Coat the scaffolds in elastin  

1.2.2  Characterize the scaffolds.  

• Evaluate the mechanical properties of the scaffold using uniaxial tensile testing. 

• Characterize the scaffold morphology through imaging  

• Measure the ELP absorption to the scaffolds.  

1.2.3  To evaluate the viability and matrix synthesis of the vocal fold fibroblast cells on the 

scaffolds.  

• The viability of the fibroblasts on the scaffolds are assessed using a Live/Dead 

assay 

• Quantitative Real-time reverse transcription PCR is used to measure the relative 

matrix gene expression levels  

• Fibroblast proliferation is assessed using a PicoGreen assay 

• Cell morphology and protein deposition is evaluated using 

immunohistochemistry, imaged on a confocal microscope 
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Chapter 2 

Literature Review 

2.1 Vocal Folds 

Vocal folds are connective tissues found in the larynx that both protect the larynx and 

produce sound using the energy from exhalation. The vocal folds are connected to the vocalis 

muscle as well as the thyroid and aryteniod cartilages (Figure 1). They are composed of three 

layers; the stratified squamous epithelium, the basement membrane zone, and the matrix rich 

lamina propria as illustrated in Figure 2 [18].  

                                     

Figure 1: Anatomy of the larynx. Reprinted with permission from E. Armstrong, York University, 2013 [19]. 

The highly cellular epithelium and the basement membrane zone protect the minimally 

cellular lamina propria (LP). The basement membrane is connected to the lamina propria through 

anchoring filaments composed of collagen IV to the lamina densa, which in turn has anchoring 
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fibers composed of collagen VII to the lamina propria. This strong anchoring system allows for 

the layers to stay together during high intensity vibrations [20]. The lamina propria consists of 

three layers also; the superficial layer made of few elastin and collagen fibers, the intermediate 

layer composed primarily of mature elastin fibers, and the deep layer, which contains primarily 

dense collagen fibers. The intermediate and deep layers make up the vocal ligament, and the 

epithelium and superficial layer make up the vocal mucosa [3].      

  

                                     

Figure 2: Histology of the vocal folds. Reprinted with permission from Tom Harris et. al., The Voice Clinic 

Handbook, Whurr Publishers, 1998 [21].  

The cellular network of the lamina propria is composed of fibroblasts, myofibroblasts and 

some macrophages surrounded by a matrix of fibrous proteins, structural glycoproteins and 

proteoglycans, and glycosaminoglycans [3]. The lamina propria is the most common area for 

scarring to occur, and the scar forms stiff fibrous tissue, which changes the mechanical properties 

of the fold, affecting the ability to produce a normal voice [22]. 
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Sound is produced from subglottic air pressure pushing open the vocal folds and flowing between 

them. The thyroarytenoid, cricoaryteniod, cricothyroid and interaryteniod muscles, as seen in 

Figure 3, are involved in changing the shape and thickness of the vocal folds during the 

phonatory cycle (Figure 4).  

                           

Figure 3: Musculature of the Larynx. Reprinted with permission from L. Martino, Albany Medical Center, 2013 

[23]. 

                                  

Figure 4: Phonatory Cycle. A) Before exhalation vocal cords remain closed. B) To start exhalation, the lungs 

generate air pressure below the vocal cords. C) When air is released, the vocal cords separate to allow air to 

pass. D) As airflow reduces the vocal cords begin to come back together. E) Airflow stops and the vocal cords 

come together [24] (request for permission pending). 
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The upper part of the vocal folds has high elastic properties allowing them to return 

quickly to midline. Vocal fold vibrations are the number of cycles of the vocal folds opening and 

closing. The frequency depends on the air pressure, vocal fold size, and mechanical properties. 

Scarring affects the mucosal wave during vibration, altering the voice [25]. 

2.2 Extracellular Matrix Organization and Function 

The vocal folds are not highly cellular tissues, and the lamina propria is composed 

primarily of extracellular matrix. As this is the main area where vocal fold scarring occurs, much 

research has been conducted to better understand the ECM, its organization, and components. As 

well, the composition of the lamina propria has been shown to have an effect on voice production 

[26]. In vocal folds the main components of the extracellular matrix are fibrous proteins, 

glycosaminoglycans, proteoglycans, and structural glycoproteins [3].  

2.2.1 Fibrous Proteins 

The two main fibrous proteins in the ECM of the vocal fold are collagen and elastin, and 

changes in their organization and densities have been linked to changes to the biomechanical 

properties of the vocal folds. Collagen provides strength and support to the tissue, while elastin 

provides elasticity. 

Collagen is the most abundant protein in the ECM. It is insoluble and has a triple helical 

structure, with each chain made of repeating Gly-Pro-X units. Collagen begins as procollagen 

chains within the fibroblast, and is modified in the extracellular matrix to become tropocollagen 

[27]. The procollagen α chains form a triple helix before being secreted outside of the cell where 

proteases remove the C-terminal and N-terminal propeptides. Once the propeptides have been 

removed, the collagen molecules self assemble and form fibrils [28]. There are 16 different types 
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of collagen, however collagen type I and III are predominantly secreted in the lamina propria by 

fibroblasts, as well as some type IV and V. In healthy vocal folds collagen is organized in long 

fibers, parallel to the epithelium [29] (Figure 5). 

                                   

Figure 5: Trichrome stained coronal section of normal vocal fold (20X). Reprinted with permission from S. L. 

Thibeault, S. et. al., Histologic and Rheologic Characterization of Vocal Fold Scarring, The Journal of Voice, 

vol. 16, Copyright 2002 Elsevier [29]. 

Elastin protein, the main component of elastin, makes up around 9% of the total protein 

component in the lamina propria, which is greater than that of skin, but less than that of the lungs 

and arteries [30]. Mature elastin is made up of amorphous cross-linked elastin protein and 

microfibrils, which are primarily composed of fibrilin-1 [31]. Elastin protein is very interesting in 

that it is only produced during the pre- and neonatal stages of development, with some cells 

secreting minimal amounts during adult years [32]. Fibroblasts are one of the few cell types that 

secrete elastin protein. The structure of elastin needs to support numerous expansions and recoil 

during the entire life of a person. Tropoelastin is the soluble precursor to the insoluble elastin 

protein and is synthesized in the rough endoplasmic reticulum [33]. The difference between 

tropoelastin and elastin protein is a higher lysine content in the tropoelastin compared to the 
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elastin protein, as well as the lysine mediated crosslinks that form [34]. An elastin-binding protein 

is added to the tropoelastin molecule to prevent aggregation in the cell [35]. The elastin-binding 

protein binds to the galactosugars on the extracellular microfibrils and releases the tropoelastin 

molecule [33]. The microfibrils act as a scaffold for the elastin protein as the tropoelastin 

undergoes lysine-mediated crosslinks utilizing peptidyl lysyl oxidase, then becoming insoluble 

elastin protein and forming the mature elastin when combining with the microfibrils [36]. Elastin 

fibers are often combined with collagen fibers to regulate stretching and to prevent tissue damage 

[30]. Elastin has three forms in the vocal folds; elaunin, oxytalan, and mature elastin fibers. 

Oxytalan fibers are the early stage of the developing elastin fiber, and consist mainly of 

microfibrils, with some evidence of elastin protein attachment. Elaunin fibers are an intermediate 

form of elastin fibers that contain microfibrils as well as elastin protein [37, 38]. Elastin fiber is 

found in high density in the intermediate and deep layer of the lamina propria, while oxytalan and 

elaunin are found in the superficial layer [39]. In healthy vocal folds elastin is organized in long, 

somewhat parallel fibers (Figure 6). 

 

Figure 6: Elastin Van Gieson stain showing long stranded elastin fibers in a healthy vocal fold (40X) Reprinted 

with permission from S. L. Thibeault, S. et. al., Histologic and Rheologic Characterization of Vocal Fold 

Scarring, The Journal of Voice, vol. 16, Copyright 2002 Elsevier [29]. 
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The extracellular matrix is continually being repaired and remodeled as you age. 

Fibroblasts produce enzymes classified as metalloproteinases (MMPs), which break down the 

matrix proteins in the ECM [20]. Hammond et. al discovered that the amount and thickness of 

elastin fibers in the lamina propria is greatest in the geriatric population [40]. The oxidative 

crosslinking of elastic fibers in the dermis increase as you age causing a reduction of the elasticity 

of the fibers [41, 42]. There have been mixed results about the changes of collagen in the lamina 

propria from aging, with some studies reporting no change and some reporting an increase in 

density and thickness [3].  

2.2.2 Glycosaminoglycans  

Glycosaminoglycans (GAGs) are linear polymers of repeating disaccharides of which 

there are four classes: hyaluronan (HA), chondroitin sulfate, keratin sulfate, and heparin sulfate 

[43]. Hyaluronan, in particular, has been found to play a role in vocal fold biomechanics and 

wound healing [44]. Hyaluronan is nonsulfated and composed of alternating N-acetylglucosamine 

and glucuronic acid. It is the only GAG not covalently bound to a protein, making it specifically a 

GAG and not a proteoglycan [43]. Hyaluronan is involved in wound healing, shock absorption, 

space filling, as well as tissue viscosity, which are important in vocal fold function. Its properties 

come from the multiple negative charges that attract water and cations, making it very hydrated 

and taking up much more space than its molecular weight indicates, which can range between 

5,000 to 20 million Da [45].  

Hyaluronan is synthesized mainly by fibroblast cells, and there are three enzymes that are 

involved in synthesis and secretion, which are hyaluronan synthase (HAS) -1, -2 and -3. The 

synthases differ in the products they make; HAS-1 and -2 produce high molecular weight HA, 

while HAS-3 produces low molecular weight HA. HA is metabolized by hyaluronidases [46]. 
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Fetal wound healing has been extensively studied because of its ability to heal without any scar 

tissue forming. One of the main characteristics in fetal wound healing is the greater amount of 

HA synthesized during early wound healing. HA in fetal wound healing is produced more 

rapidly, sustained for a longer period of time, and in greater amounts than in adult wound healing. 

This provides a more hydrated and fluid ECM in fetal wounds, which may contribute to scarless 

healing [47]. 

2.2.3 Proteoglycans 

Proteoglycans (PGs) are composed of a core protein with covalently bound GAGs. There 

are large interstitial PGs, such as aggrecan, and small interstitial PGs such as decorin and 

fibromodulin. Decorin contains one chondroitin sulfate chain, and fibromodulin contains four 

keratin sulfate chains. Decorin and fibromodulin appear to be involved in fibrillogenesis of 

collagen, as they both bind to collagen I and III [43]. Collagen I fibrils have been found to form at 

different rates, and fiber diameters in different tissues where the final diameter is dependent on 

the degree of hydroxylysine glycosylation. Decorin may slow the kinetics of fibrillogenesis, and 

inhibit collagen fibrils from forming [48]. Fibromodulin and decorin have also been linked to the 

formation of thinner collagen I and III fibers, therefore affecting the morphology of the fibrous 

network. It may inhibit transforming growth factor beta (TGF-β) which upregulates collagen 

synthesis [49]. TGF-β has also been linked to fetal wound healing in that fetal wounds have very 

low levels, and when TGF-β is added to the wound a scar is formed [50]. Fibromodulin is 

upregulated in fetal wound healing, but down regulated in adult wound healing [49]. Decorin is 

found in the superficial layer, while fibromodulin is found in the intermediate and deep layers of 

the LP [51].  
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2.2.4 Fibronectin 

Fibronectin (FN) is a glycoprotein that is involved in cell adhesion, embryonic cell 

migration, and wound healing. Fibronectin can be found in loose connective tissue, clots where it 

acts as a migratory agent, and during fibrotic processes. Fibronectin will also undergo 

fibrillogenesis to form extracellular fibrils [43]. It has binding sites for fibroblast surface 

receptors, collagen, hyaluronan, and proteoglycans, as well as other interstitial proteins. FN will 

assist in binding proteins and cells, and provides strength between molecules, and it also acts as a 

chemoattractant for monocytes, fibroblasts and endothelial cells during wound healing [52]. 

Fibronectin is secreted by fibroblasts, and is present primarily in the basement membrane of 

healthy vocal folds, as well as in vocal fold lesions [52, 53]. Fibronectin has been shown to 

accumulate in rat vocal folds as they age, along with a down regulation of degrading enzymes, 

which may be a result of continuous repair to the vocal folds [52]. In infant vocal folds FN is 

present in high amounts and may determine the orientation of collagen fiber deposition during 

development [54]. In fetal wounds, fibronectin is expressed as early as 4 hours, while in adult 

wounds it is expressed after 12 hours, and it may be expressed for a more prolonged period in 

adult wounds [55, 56]. 

2.3 Vocal Fold Wound Healing 

Vocal folds undergo constant stress when in use, and for certain people, such as teachers 

and singers, the amount of time they are in use is considerable. Overuse, surgery, or other forms 

of trauma can cause changes in the lamina propria, such as vocal fold lesions, and scarring. These 

changes are believed to be a result of the tissue response to an injury [2]. A study by Goldstein et. 

al. demonstrated that wound healing in the mucosa is similar to the well-studied dermal wound 
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healing, just with a longer time to re-epithelialization [57]. There are four stages to wound 

healing: haemostasis, inflammation, proliferation, and remodeling.  

2.3.1 Haemostasis 

Plasma from the wound site coming into contact with the cells expressing tissue factor 

initiates the coagulation process. A fibrin clot is formed, and platelets accumulate in the area to 

stop blood flow [58]. Platelets are activated by thrombin and exposed collagen. Once the clot has 

formed the platelets begin to retract the clot, while releasing fibromodulin and fibronectin to 

improve cell adhesion and migration [58]. The platelets also release growth factors, cytokines, 

and chemotactic mediators to signal neutrophils and monocytes to the wound site [59]. This 

begins the inflammation process as more leukocytes are attracted to the wound area and the initial 

neutrophils amplify the cell signaling.  

2.3.2 Inflammation 

Neutrophils are the first leukocytes to arrive at the wound site, and begin to phagocytize 

bacteria and debris. They begin the pathway to the production of superoxide free radicals, which 

are strong antimicrobial species. Macrophages then migrate to the area and secrete growth factors 

that promote proliferation and protein synthesis [58]. Macrophages and neutrophils secrete 

proteolytic enzymes that break down surrounding matrix proteins to provide room for new ECM 

deposition [60]. Towards the end of the inflammation stage fibroblasts and endothelial cells begin 

to migrate towards the wound site to begin re-epithelialization and remodeling [58]. Inflammation 

may play a role in scar tissue formation. It has been shown that in mice lacking macrophages, 

dermal wound healing proceeded more quickly and with minimal scarring [61]. 
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2.3.3 ECM Deposition and Epithelialization 

Fibroblasts secrete new ECM, and epithelial cells start to grow over the area to close the 

wound. Fibroblasts will differentiate into myofibroblasts to participate in wound contraction. In 

vocal folds it was discovered that by day three there is extensive cell infiltration and proliferation 

of the wound site, and by day five the wound site is completely covered with an epithelial layer 

[62]. Fibroblasts begin to express procollagen I and III by 24 hours after vocal fold injury [63]. 

The end result is an area of granulation tissue that contains a high concentration of 

myofibroblasts, and a poorly organized matrix [2].  

2.3.4 Remodeling 

The granulation tissue starts out being highly cellular, and then it begins to become very 

collagen rich with poor vasculature. Collagen fibers are very unorganized, and can take months to 

organize similar to the surrounding tissue. Scar formation is caused by the contraction of the 

myofibroblasts. Even after wound closure there is much activity in the area as proteinases attempt 

to remodel the tissue, but the new scar tissue never has the same properties as the original healthy 

tissue [58]. After one to three months the scar tissue is still stiff and fibrous with greatly 

decreased elastin content, while mature scar begins to be more pliable, which is believe to be 

caused by reorganizing of the collagen fibers [2]. These differences in biomechanical properties 

of the tissue can have significant impacts on the function of vocal folds.  

2.4 Vocal Fold Scarring 

Vocal fold scarring is the most prominent cause of voice disorders after vocal cord 

surgery. Scarring can also be cause by neck trauma, overuse, chemical burns, and radiation 

therapy. In an attempt to minimize scarring, surgeons try to operate only in the superficial layer, 
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as well as provide careful postoperative management [25]. Acute vocal fold trauma can impair 

the basement membrane as well as the ECM, and will be evidenced by edema or laryngitis, and 

these can sometimes heal on their own. Chronic phonotrauma can cause lasting effect on the 

vocal folds, and voice function. To date, vocal fold scarring has not been fully defined, but 

currently polyps, nodules, and cysts are being considered as “scars” [2] (Figure 7). 

 

      

Figure 7: Vocal fold lesion and scarring. a) Image of a lesion on the left vocal fold. b) Stroboscopy image of 

scarring on the left vocal fold [64, 65] (permission pending). 

Scarring can be evaluated through stroboscopy, which generates a slow motion view of 

the vocal folds vibrating. Evidence of a scar will show up as asymmetric amplitude of vibration, 

incomplete glottis closure, and a non-vibrating section preventing the mucosal wave from 

forming [25]. Speech therapy can bring some success to a patient with vocal fold scarring, but 

after a mature scar has formed it is very difficult to restore normal function to the voice [2]. 

Speech therapy alone may not be enough to rehabilitate a patient with vocal fold scarring. Many 

different animal models have been used to evaluate early and later stages of scar formation, and 
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while they are not the most accurate representation for human vocal folds, they have provided 

some insight into the causes of scar formation [66].  

2.4.1 Histological Changes 

The underlying cause of the different properties in scar tissue is the changes in the ECM 

of the vocal folds. The initial stages of wound healing may have a significant impact on the 

resulting tissue formation. Lim et. al. looked at acute wound healing in a rat model, and 

determined that HAS-1 and -2, and procollagen I and III expression levels were significantly 

different in wounded vocal folds compared to healthy vocal folds when studied over a 72 hour 

period. The hyaluronan synthase expressions were elevated 4 and 8 hours after injury, while 

procollagen I and III were elevated 72 hours after injury [63]. Histological analysis of acute 

wound healing in a rat model indicated a reduced amount of HA, and an increased amount of 

collagen I and III as well as fibronectin in injured vocal folds on days three and five after injury. 

Collagen type III is seen in the wound bed by day one, before the presence of collagen type I, 

which is seen on day three [67]. However in a study done by Ohno et. al. it was reported that 

expression levels of procollagen I and III remained unchanged on days 3-14 after injury [68]. 

This may be a result of reduced MMP’s, leading to an increased density of collagen without an 

increase in gene expression.  

The proteoglycans that appear during wound healing are also important in the formation 

of new tissue and the resulting scar. Decorin expression was reduced post injury in a rat model in 

the acute stages of healing, as well less deposition in a rabbit model 60 days post injury [69]. 

Decorin was infused into injured rat lungs resulting in ECM deposition similar to native lung 

tissue, indicating that decorin is important in reducing scar tissue formation [70]. Decorin is 

found in higher concentrations in the superficial layer of the LP, and its presence is believed to be 
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one of the reasons why the superficial layer gets minimal scarring after injury [45]. Fibromodulin 

deposition is reduced in a rabbit model 60 days after injury [69]. Fibromodulin has not been 

extensively characterized for vocal fold scarring, however it should be considered in new studies 

due to its apparent role in collagen organization. 

These early stages of healing and remodeling impact the later remodeling phase and scar 

formation. HA is lower in acute vocal fold scar, however by 2 months and 6 months the levels are 

normal in a rabbit and canine model [71, 72]. Differences in the collagen and elastin densities and 

organization in fully developed mature scar is believed to be the main cause of abnormal mucosal 

wave production. In a rat model collagen type I amount was elevated compared to controls, but 

decreased from two to eight weeks, while type III expression has been show to remain consistent 

and elevated for up to twelve weeks post injury [73]. Studies on the later stages of wound 

remodeling have shown an increase in collagen and decrease in elastin after six months in rabbit 

and canine models [71, 72]. The organization of these fibers was also drastically different 

compared to the control side as seen in Figures 6 and 7 [71].  
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Figure 8: Elastin-van Gieson stained canine deep layer lamina propria of A) control vocal fold and B) scarred 

vocal fold two months postoperatively (collagen fibers stained red) Reprinted with permission from B. Rousseau, 

et. al, Characterization of Vocal Fold Scarring in a Canine Model, The Laryngoscope, vol. 113, Copyright 2003 

John Wiley and Sons [71]. 

            

Figure 9: Elastin-van Gieson stained canine superficial lamina propria of A) control vocal fold and B) scarred 

vocal fold two months postoperatively (elastin fibers stained black) Reprinted with permission from B. 

Rousseau, et. al, Characterization of Vocal Fold Scarring in a Canine Model, The Laryngoscope, vol. 113, 

Copyright 2003 John Wiley and Sons [71]. 
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The healthy vocal fold tissue has elastin and collagen organized in long parallel fibers 

running parallel to the epithelium. Meanwhile the fibers in the scarred vocal fold are very 

disorganized and collagen bundles are very dense and thick, while the elastin fibers are very 

sparse [71]. These same findings were observed in scarred rabbit vocal folds 60 days 

postoperatively with the collagen fibers unorganized and denser, and the elastin amount 

significantly decreased [29].   

2.4.2 Rheological Changes 

From the evident changes in the fibrous structure of the scarred tissue, the biomechanical 

properties of the scar tissue are different from the surrounding healthy tissue. This affects the 

vibratory characteristics of the vocal folds, and in turn will cause some form of a voice disorder.  

Phonation in the vocal folds occurs as a vibrating shear wave [3]. There have been many studies 

that have attempted to determine the biomechanical characteristics of the human vocal fold, but 

there are few that have analyzed scarred vocal folds. 

Vocal folds are viscoelastic, meaning they have elastic and viscous properties. The 

viscoelastic properties of vocal folds determine the vibratory characteristics of the vocal fold [29].  

It has been found that phonation threshold pressure (PTP) is directly related to the viscous shear 

properties of the vocal fold [74, 75]. Phonation pressure is the minimum amount of lung pressure 

needed to oscillate the vocal folds; therefore low PTP would mean it is easier to produce voice 

[76]. Vocal economy, or acoustic output-cost ratio (OCR) describes the efficiency of the vocal 

folds to convert aerodynamic power to acoustic power [77]. Other rheological characteristics of 

vocal folds are elastic shear modulus (G’) and dynamic viscosity (η’). The elastic shear modulus 

represents the energy storage of the material in deformation, or its stiffness in shear, and dynamic 

viscosity is the materials resistance to shear flow [29]. Chan and Titze have characterized the 
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human vocal mucosa, and have determined that it acts similar to soft tissue where the elastic 

modulus remains relatively constant, and the dynamic viscosity decreases with increasing 

frequency [3]. 

Vocal fold scar tissue stiffness can initially be seen in stroboscopy as an area that is 

preventing proper vibratory characteristics. Thibeault et. al. characterized the difference in G’ and 

η’ in a rabbit model and determined that the scarred tissue’s G’ and η’ was three fold higher than 

the control [29]. Therefore the scar tissue is significantly more stiff and viscous than the normal 

healthy tissue. Decreasing the molecular weight or concentration of hyaluronan in tissue will 

increase the viscosity of the tissue. Chan et. al. determined that removing HA from the vocal 

folds causes decreased stiffness of 35% and increased dynamic viscosity of 70% [44]. In a 

porcine model, Rousseau et. al. determined that in an acute scar with reduced HA levels there 

was an increase in PTP as well as a decreased vocal economy [77]. 

2.5 Vocal fold scar treatment 

Currently there is no treatment or cure for vocal fold scarring. Clinicians and surgeons, 

however, are attempting to mitigate the results scarring has on voice production. Initially, 

treatment of scarring can be done through speech therapy and behavioral management, as well as 

steroid and antibiotic treatments. Unfortunately if there is significant scarring, voice therapy may 

not be effective enough [25].  Another treatment pathway is vocal fold augmentation, specifically 

using injections to increase bulk and improve glottal closure [3]. Some injections being used are 

bovine and autologous collagen, autologous fat, and fascia. These biological materials are 

effective, and have been shown to improve vocal function, however there is also a need for 

repeated injections due to resorption of the material [3, 5]. Non-biological materials have also 

been used, including Teflon™, polyhydroxyethylmethacrylate, and silicone, and though they did 
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treat glottis incompetence there were issues with implant migration, inflammation, and foreign 

body response [3].  

Currently, regenerative therapies and tissue engineering studies are attempting to develop 

effective and long lasting treatments for vocal fold scarring. Growth factor therapy is one aspect 

being studied for scar treatment. Hepatocyte growth factor (HGF) has been shown to be an 

antifibrotic agent, and is also involved in embryogenesis, angiogenesis, and tissue regeneration. 

Hirano et. al.  tested the effect of HGF therapy on canine vocal fold fibroblasts and concluded 

that HGF suppressed collagen I synthesis and increased HA production, and a furthered study by 

the same group showed that when injected into scarred canine vocal folds there was improved 

mucosal wave amplitude and reduced glottal gap [6, 78].  

Mesenchymal stem cells and fibroblast cells have also been studied to treat injured vocal 

folds. In a canine model, mesenchymal stem cells were injected into scarred vocal folds and 

improved the appearance of the vocal folds [10]. Autologous fibroblast cells were used to treat 

scarred canine vocal folds, and resulted in improved mucosal waves [8]. Additionally, another 

study treated rabbit vocal fold fibroblasts with HGF and found increased HA content, and when 

treated with HGF and decorin, decreased collagen I content. The in vivo portion using injected 

HGF primed fibroblasts and decorin however did not show any significant differences to the 

controls [79]. To better address the biomechanical changes of the scarred vocal fold, and improve 

cell attachment and morphology, the use of tissue-engineered biomaterials may provide more 

effective treatment options.  

2.5.1 Vocal Fold Repair Using Biomaterials 

Tissue engineered biomaterials are widely being applied to all types of tissue in the body. 

Biomaterials being used in vocal fold repair are biodegradable scaffolds, hydrogels, and 
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decellularized ECM. A successful biomaterial will promote cell proliferation and attachment, be 

biodegradable and biocompatible, provide similar biomechanical properties and environment as 

the native tissue, and finally improve tissue function.  

Decellularized tissue scaffolds have been studied in animals and humans in organs such 

as the intestine and bladder. They are degraded easily by normal biological functions and release 

growth factors and peptides to promote angiogenesis and tissue remodeling [3]. Bovine vocal fold 

tissue has been successfully decellularized, and promoted attachment of human vocal fold 

fibroblast cells as well as promoted collagen, HA, fibronectin, and decorin synthesis [80]. Porcine 

decellularized bladder submucosa was implanted in scarred canine vocal folds and resulted in 

tissue growth that was somewhat similar to vocal fold tissue, and completely degraded scaffold 

after 3 months [81]. 

Biodegradable scaffolds and hydrogels have been using HA as a main component, as well 

as other biological materials. A study by Chan et. al. analyzed the viscosities of vocal fold 

biomaterials and the results can be seen in Figure 10. Apart from being very important to the 

wound healing and viscosity of tissues, it has also been shown that hyaluronan as a biomaterial 

has similar biomechanical properties to native vocal fold tissue [82]. 
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Figure 10: Dynamic viscosity of implantable biomaterials and human vocal fold mucosa as a function of 

frequency. Reprinted with permission from R. W. Chan and I. R. Titze, Hyaluronic acid (with fibronectin) as a 

bioimplant for the vocal fold mucosa, Laryngoscope, vol. 109, Copyright 1999 John Wiley and Sons[82]. 

Hylaform™ is a HA cross-linked gel approved for dermatological applications, and when 

used in vocal folds it supported cell infiltration and matrix production [3]. Carbylan™ and 

Extracel™ are two other HA-gelatin hydrogels with similar properties to native vocal fold tissue, 

and may reduce fibrosis and improve biomechanics [83-85]. Extracel™ has also been used to 

encapsulate bone marrow mesenchymal stem cells and was injected into injured rat vocal folds, 

resulting in improved ECM production [86]. 

The environment provided by the biomaterial is very important to the resulting tissue 

formation after implantation. Three and two-dimensional Tecoflex™ scaffolds were studied to see 

the effect of scaffold architecture. Tecoflex™ is a polyether-based polyurethane widely used in 

the medical industry, and also the polyurethane of choice in this work. The human vocal fold 
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fibroblast cells infiltrated the 3D porous scaffolds and remained viable over the four-week period. 

The cells grown on the 3D substrate had higher expression levels of elastin and fibromodulin, and 

expression levels of HAS-2, MMP-1, and hyaluronidase were higher on the 2D Tecoflex™ 

controls. It was also shown that the seeded constructs had higher elastic modulus results than 

unseeded constructs. The 3D fibroblasts promoted matrix synthesis and decreased hyaluronan 

turnover [11]. 

Two groups have also looked at the effect of mechanical stimulation on fibroblasts grown 

on constructs. Wolochok et. al. designed a bioreactor that applied high frequency oscillations 

(100-200 Hz) to seeded three-dimensional porous Tecoflex™ scaffolds. There appeared to be 

some upregulation of tissue inhibitors of MMP-1 and MMP-3, collagen I and other ECM proteins 

in the vibrated controls, as well as ECM deposition was observed after scaffold dissolution [87]. 

Gaston et. al. designed a bioreactor that stimulates HVFF and bone marrow mesenchymal stem 

cells (BM-MSCs) seeded Tecoflex™ scaffolds using vibration, tensile stress, and dynamic angle 

change. Both cell types were successfully grown and proliferated on the vibrated scaffolds, 

however there was no statistical difference between the gene expression of either of the vibrated 

cell types and controls, nor the cell types to each other [88].  

2.6 Electrospinning 

Electrospinning is the process of producing nano or microfibers by applying electrical 

fields to an ejected polymer solution. Electrospinning has been used in many different industries 

over the years, such as in textiles, and filters.  It is currently the only method with the ability to 

make continuous, nonwoven nanoscale fibers [89]. It has only recently grown in popularity due to 

the need for nanofiber structures in biological and engineering applications, as well as being 

relatively inexpensive and versatile [90]. Multiple polymers can be used, including biodegradable 
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polymers, as well as natural fibers, ceramics and metals [89, 91]. The apparatus is relatively 

simple to build, but there is also a growing industry for manufacturing electrospinning machines. 

 

 

 

 

 

 

 

 

 

 

 

The electrospinning apparatus consists of a syringe loaded with the polymer solution, a 

syringe pump, a high voltage source, and a collection plate (Figure 11). A voltage is applied to 

the needle of the syringe, the syringe pump ejects the solution, and the collection area is 

grounded. This produces an electric field, which propels the polymer solution towards the 

oppositely charged collection area. The polymer jet accelerates through the electric field, 

decreasing the diameter of the fiber as it travels to the collection plate. The solvent also begins to 

evaporate as soon as it leaves the needle tip, leaving a solid fiber by the time it reaches the 

collection area [92]. 
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Syringe Pump 
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Figure 11: Electrospinning Apparatus Schematic 
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What is known as a Taylor cone is formed at the needle tip when the electrostatic forces 

balance out the surface tension, and the forces on the end of the Taylor cone causes a single liquid 

jet to be extruded [93]. Changing the applied voltage affects the forces at the needle tip, altering 

the shape of the liquid being extruded. It will also affect the formation of the fiber and can cause 

beading of fibers, as well as electrospraying, or eliminating fiber formation entirely. Many other 

parameters, such as flow rate, distance between the collection area and the needle tip, type of 

polymer, the solvent, solution concentration and capillary diameter will affect the fiber formation. 

Ambient temperature and humidity will also impact the process [90]. All corresponding 

parameters need to be optimized for each polymer/material chosen. 

2.6.1 Electrospun Biomaterials 

The main application in tissue engineering for electrospinning is to make scaffolds that 

will promote cell growth, proliferation, and ECM deposition. Current research is focusing on 

electrospun scaffolds for bone, cartilage, tendon, ligament, and vascular applications [90]. Tissue 

engineered scaffolds have certain qualities that try to be achieved; such as biocompatibility, 

appropriate pore size to allow for cell migration, enough surface area for cell growth and 

proliferation, surface chemistry for cell attachment, and a degradation rate that will match the rate 

of extracellular matrix production [92]. They provide a structural network for the cells to grow on 

during repair and regeneration. Electrospinning is being used more in tissue engineering 

applications due to its ability to produce nonwoven nanofibers, adjust porosity, degradation rate, 

and the biomechanical properties of the material.  
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2.6.2 Fiber alignment in scaffolds 

Different techniques can be utilized with the electrospinning process to achieve tissue 

specific scaffolds. The apparatus can be modified to produce different scaffold shapes and fiber 

alignments. A rotating drum collector can be used to produce aligned fiber scaffolds. Many of the 

body’s tissues, including the vocal fold have aligned structured ECM networks, so the ability for 

electrospinning to produce scaffolds with highly aligned fiber formations is being widely utilized 

in tissue engineering research [94]. 

Cells in blood vessels are aligned circumferentially in order to provide the necessary 

mechanical properties to withstand the blood flow pressure. Xu et. al. made an aligned 

electrospun P(LLA-CL) scaffold to test with cardiac smooth muscle cells. The SMCs elongated in 

the direction of the fibers and took on a morphology indicative of a contractile phenotype, and the 

scaffolds had more proliferation compared to flat films [17]. Parrag et. al. studied the effect of 

fiber alignment on the differentiation of embryonic stem cell-derived cardiomyocytes 

(mESCDCs) and determined that fiber alignment, and pretreating the scaffold with fibroblast 

cells improved mESCDCs differentiation and may be important parameters for engineering 

myocardial tissue [95]. Zhong et. al. studied the effect of an aligned electrospun collagen scaffold 

on fibroblast cells. There was higher cell adhesion on the randomly aligned scaffold than the 

aligned scaffold after 7 hours, however there was greater proliferation on the aligned scaffold 

over a 7 day period. The morphology also followed the alignment of the fibers [16]. Fiber 

alignment may affect the morphology and gene expression of immortalized HVFF cells, in turn 

promoting matrix synthesis and matrix organization for healthy vocal fold wound repair. 
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2.6.3 Scaffold Materials 

The material chosen for the scaffold is very important, as each will have different 

mechanical properties and surface chemistries, causing the cells to respond differently. Most 

often a biodegradable polymer is used so it will degrade after implantation, eliminating the need 

for a second surgery to remove it. Natural and synthetic polymers have been used, and both have 

certain advantages and disadvantages. Natural polymers would provide the appropriate surface 

chemistry for cell recognition, and signaling, however they commonly have poor mechanical 

properties making them unsuitable as a supportive scaffold [96]. Synthetic polymers are much 

stronger mechanically, but lack the surface markers for cell recognition. Studies have begun to 

incorporate both types of polymers into the scaffold by co-spinning them from the same solution.  

Common natural polymers used are collagens, elastin, hyaluronan, fibrinogen, and chitosan [90]. 

L. Buttafoco et. al. successfully spun collagen/elastin/PEO solutions on a rotating small diameter 

mandrel for the application of vascular grafts. Collagen on its own is not structurally stable 

enough as a scaffold, but with the addition of elastin it may add greater strain resistance [97]. 

Wise et. al. combined recombinant human tropoelastin and polycaprolactone and electrospun 

vascular grafts that had similar biomechanical properties to the internal mammary artery, as well 

as reduced platelet attachment compared to collagen and bovine serum albumin coated controls 

[98]. 

2.7 Immortalized Human Vocal Fold Fibroblast Cells 

The cell line used in this research is an immortalized human vocal fold fibroblast cell line 

developed by Dr. Susan Thibeault’s lab at the University of Wisconsin [99]. Vocal fold fibroblast 

cells are primarily involved in wound healing and tissue remodeling, and are the main cell source 

found in the lamina propria of vocal folds. In order to provide replicable and comparable tissue 
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engineered results in vocal fold wound healing a universal donor cell line is necessary. Currently 

there are available primary cell cultures from animal sources, however a human cell line would 

provide much more useful results [78, 100]. Human VFF cell lines have been difficult to work 

with because of the difficulty in finding source tissue, their limited passaging capacity, as well as 

the insufficient cell numbers able to be obtained [99].  

Immortalized cells can be produced through the use of carcinogenic agents, radiation, and 

transfecting viral oncogenes [101-104]. These methods have limitations due to the possibility of 

loss and instability of DNA, and tumorigenicity [99]. Non-immortalized cells experience 

replicative senescence due to the shortening of the telomere chain lengths at each passage [105]. 

Human telomerase reverse transcriptase (hTERT) has been shown to be vital to the 

immortalization process [106]. The immortalized HVFF’s were made by transduction with the 

hTERT gene, with the cells used in this study being the 21T A8 cell line [99]. At this time these 

are the only immortalized HVFF cell lines available. These cells were shown to be stable for over 

four months in culture, and could provide an unlimited cell source for vocal fold tissue 

engineering research [99]. Currently these cells have been characterized with a 3-D hyaluronan 

hydrogel [86, 107], as well as a 3-D substrate subjected to vibration [88], however the effect of 

scaffold alignment on these cells has not been investigated. 

2.8 Elastin Biomaterials 

Elastin plays a key role in the biomechanical properties of the vocal folds by providing an 

elastic property to the tissue, but it is also an important signaling molecule. After crosslinking 

during fiber formation the hydrophilic domains containing lysine and alanine are not accessible to 

contacting cells, however the hydrophobic domains are and provide peptides VGVAPG and 

GXXPG for cell signaling [108]. These integrin binding sites provide elastin with chemotactic 
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properties as well as allowing it to play a role in cell proliferation, migration, and cell 

differentiation [108].  

Elastin-like polypeptides (ELPs) are derived from the elastin gene and produced using 

recombinant methods. ELPs have been shown to have similar properties to native elastin, 

including the ability to self-assemble [14, 109]. They can also be modified to contain specific 

amino acid sequences for the desired functionality. ELPs are being investigated in the fields of 

drug delivery, as well as in the fabrication of scaffolds in tissue engineering [110]. The 

Woodhouse laboratory has a family of ELPs that have been purified and expressed, and they 

contain alternating crosslinking domains and hydrophobic domains similar to those of 

tropoelastin [14, 109]. The human elastin genes used to code for the hydrophobic domains are 

exons 20 and 24 and the exons for the hydrophilic, or crosslinking domains, are exons 21 and 23. 

The ELP used in this work is ELP4, and it is made using recombinant E. coli cells. The gene 

sequencing for ELP4 is 20-24-24-24-24, with the crosslinking domains 21 and 23 between the 

hydrophobic domains (Figure 12). The sequencing in exon 24 contains the repeating sequence 

VGVAPG, which is a known elastin surface receptor sequence. 
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Figure 12: The Woodhouse family of ELPs. The peptides were made with a glutathione S-transferase (GST) 

with the GST cleavage site is shown. The crosslinking domains are depicted in pink, and the hydrophobic 

domains are illustrated in blue. Reprinted with permission from M. Murphy, Expression, Purification, and 

Characterization of Elastin-like Polypeptides Containing Chondroitin Sulphate Binding Domains, Copyright 

2012. Adapted from Bellingham et al., 2001 and Bellingham et al., 2003. 

Introducing elastin as a coating on biomaterials may provide cell signaling for improved 

cell growth and regeneration. ELPs have been investigated as a coating for vascular applications 

and elastin coatings on poly(glycerol sebacate) scaffolds promoted endothelial progenitor cell 

adhesion and proliferation [111]. The Woodhouse family of ELPs has been shown to reduce 

platelet activation, and reduce thrombogenicity when used as coatings on synthetic materials in 

vitro [12, 112]. Human skin fibroblasts have an elastin receptor which is a 67 kDa glycoprotein, 

and Kamoun et. al. showed that elastin derived polypeptides (EDPs) coated on petri dishes or 

added to media promoted cell growth [113]. Another study has showed that elastin-derived 

polypeptides promoted MMP-2, which degrades collagen type IV and has some elastinolytic 

ability [114]. This could aid in tissue remodeling of the disorganized elastin and collagen fibers 

evident in vocal fold scar tissue.  
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Chapter 3 

Materials and Methods 

All chemical were from Sigma-Aldrich, St. Louis, MO unless otherwise stated. 

3.1 Electrospinning 

The Tecoflex™ SG-80A beads, an aliphatic solution grade thermoplastic polyurethane, 

(Thermedics, Wickliffe, OH) are first dissolved in chloroform (3% w/v), then filtered through 

Whatman 40 paper, and cast into a mold. The mold was placed in a vacuum oven overnight then 

stored in a desiccator until use. In preparation for electrospinning, solutions of 10% w/v 

concentration were made by dissolving the mold in dichloromethane (DCM) (Fisher Scientific, 

Ottawa, ON).  This concentration had previously been shown to produce the most reliable fibers 

with fewest beads (K. McAlindon, unpublished data) on the electrospinner. Electrospun scaffolds 

were made using a 10 w/v% solution and loaded into a 5 mL plastic syringe (Becton Dickenson, 

Franklin Lakes, NJ) with a 1” 22 gauge blunt end needle (Kontes Glass Company, Vineland, NJ) 

and placed on a syringe pump (KD Scientific, Holliston, MA) running at 1 mL/hour. 

Electrospinning was carried out under ambient conditions in a ventilated area on a custom-made 

electrospinning apparatus (Figure 13). The grounded collection mandrel was positioned at a 

distance of 25 cm from the needle tip. Reynolds non-stick aluminum foil was wrapped around the 

mandrel to aid in scaffold removal. A high power voltage supply (Gamma High Voltage Research 

Inc, Ormond Beach, FL) applied a voltage of 15 kV to the needle tip. To make the aligned 

scaffold the mandrel was set at a translation speed of 3 m/s and a rotation of 410 cm/s. To make 

the unaligned scaffold the mandrel was set at a translation speed of 3 m/s and a rotation of 5 cm/s. 

The scaffolds were made to a thickness of approximately 50 - 80 µm (~45 h), measured by a 
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caliper. The completed scaffolds were left on the mandrel for two days to ensure solvent removal, 

and then placed in a desiccator until use. 

 

Figure 13: Electrospinning apparatus, Dupuis Hall, Queen's University 

3.2 Scaffold Characterization 

The scaffolds were characterized by imaging with a scanning electron microscope 

(SEM). Discs of the scaffold were punched out using a 6 mm biopsy punch, and placed on metal 

stubs using carbon tape. The punches were gold coated for ten minutes on a pulse setting. The 

images were taken using an SEM (Model Jeol JSM-840, Queen’s University, Mechanical and 

Materials Engineering Department) with an accelerating voltage of 10 kV. 
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Using ImagePro Premier the fiber diameters and angles for the aligned and unaligned 

scaffolds were measured manually from 300 fibers using a random dot generator from at least 3 

different images taken for each scaffold type. Independent Student’s t-tests at the 95% confidence 

interval were performed to compare the fiber diameters and fiber angles for both scaffold types. 

The mechanical properties were determined using uniaxial testing, and testing was 

performed under ASTM D1708. The scaffolds were preconditioned at ~24°C and 55% humidity 

for 48 hours. The aligned and unaligned samples were tested in the preferred and cross-preferred 

directions, with preferred being parallel to the mandrel rotation, and cross-preferred being 

perpendicular to the mandrel rotation. At least 5 samples were tested for each condition. For the 

testing, however, the ASTM standard die was not used due to limited material, so the sample size 

tested was 1 cm wide and 2 cm long. To make handling of the samples easier for testing, paper 

“windows” were cut with an inner length of 1.5 cm. A strip of double-sided tape was placed on 

the top and bottom of the “windows” and the scaffold pieces were placed lengthwise on top. The 

samples were then placed in the grips so that the gauge length was the 1.5 cm “window” length. 

Before testing, the side strips of the paper were cut and push out of the way. Testing was done 

using a Mach-1 device (Human Mobility Research Center, Queen’s University) with a 10 N load 

cell, and a crosshead speed of 9 mm/min. The samples were stretched until failure or the 

maximum displacement of the machine. The cross sectional area of the scaffolds were estimated 

using the mass of the sample, the density of the polymer, and average fiber diameter to determine 

the number of fibers and in turn the cross sectional area of all fibers, as seen in D. Surrao [115]. 

Initial modulus was calculated from the stress-strain graphs, and statistical analysis was 

performed using one-way ANOVA with Bonferroni post hoc analysis. 
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3.3 Human Vocal Fold Fibroblast Culture and Seeding onto Tecoflex® Scaffolds 

Immortalized human vocal fold fibroblasts (HVFFs) (5) generously supplied by Dr. 

Susan Thibeault, University of Wisconsin were grown on tissue culture polystyrene flasks in a 

media composed of Dulbecco’s Modified Eagle’s Medium (DMEM), 1% penicillin/streptomycin, 

1% MEM-non-essential amino acids, and 10% fetal bovine serum (FBS). The medium was 

changed every other day, and the cells were split when they reach ~80% confluence. The 

scaffolds were punched out using a 6 mm biopsy punch. The scaffolds were subsequently 

disinfected with 250 uL of 70% ethanol for 20 minutes and UV light for 20 minutes. The 

scaffolds were equilibrated in 250 uL of phosphate buffered saline solution (PBS) (Thermo 

Scientific, Ottawa, ON) overnight at 37ºC in 96 non-tissu culture treated 96 well plates. The 

scaffolds were then coated in fibronectin with 100 uL of 50 µg/mL solution overnight at 37ºC. On 

the day of seeding, half of the samples were statically coated with 100 uL of a 1 mg/mL ELP4 

solution in 70% ethanol for one hour.  

A Fastin™ Elastin (Biocolor, Carrickfergus, UK) assay was performed to determine the 

amount of ELP4 absorbed to the surface (n=3, N=3). Aligned and unaligned samples cut with 6 

mm biopsy were prepared by an overnight equilibration in PBS as well as an overnight coating in 

50 µg/mL fibronectin solution as describe previously. Samples were coated in ELP4 for one hour 

as described above, and then the assay was performed. Microcentrifuge tubes were prepared in 

duplicates for a reagent blank of 100 µL of the ELP4 solution, standards for 12.5, 25, and 50 µg 

of ELP4, and 100 µL of the test samples. An equal volume of the Elastin Precipitating Reagent 

was added to each tube, vortexed, and left to stand for 15 minutes. The tubes were the centrifuged 

at 10,000 x g for 10 minutes, and the liquid was removed into a beaker, and the rest of the liquid 

was removed by tapping onto a paper towel. To each tube, 1 mL of Dye Reagent was added, the 
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tubes were then vortexed and left to stand for 1.5 hours, followed by a centrifugation step at 

10,000 x g for 10 minutes. The liquid in the tubes was then removed and a Q-tip was used to 

remove any excess fluid in the top half of the tubes. Finally, 250 µL of Dye Dissociation reagent 

was added to each tube, vortexed, and vortexed again after 10 minutes. The samples were then 

put into a 96 well plate, and read in a micro plate reader at a wavelength of 513 nm. Statistical 

analysis was performed on the ELP4 surface concentrations for both scaffold types using a two-

tailed t-test, p<0.05. 

Cells were statically seeded on one side of the scaffold at a cell density of 50,000 

cells/scaffold in non-tissue culture treated 96 well polystyrene plates. Every day 75% of the 

media was changed. The scaffolds were characterized over a 7 day period on days 1, 3 and 7. For 

the gene expression studies the same procedure was followed, however the scaffold dimensions 

were 15 mm x 25 mm. The scaffolds were equilibrated with 2 mL of PBS, coated in 1 mL of the 

fibronectin solution, and coated in 1 mL of the ELP4 solution. The seeding density was 500,000 

cells/scaffold and the scaffolds were cultured in non-tissue culture treated 6 well plates. 

3.4 Characterizations of Human Vocal Folds Fibroblasts on Tecoflex® scaffolds 

Viability, matrix deposition, morphology, and proliferation of the seeded Tecoflex® 

scaffolds were determined during the culture period using Live/Dead® staining, immunostaining, 

and PicoGreen® and alamarBlue® assays.  

A Live/Dead® (Invitrogen, Carlsbad, CA) assay was used to ascertain whether the cells 

were living or dead on the scaffolds on days 3 and 7. Three samples in three separate trials (n=3, 

N=3) were stained with 200 uL of calcein AM and ethidium homodimer-1 at concentrations of 4 

µM and 20 µM in PBS respectively for 35 minutes at room temperature. The results were 

examined with an Olympus IX81 FV1000 confocal microscope at the Human Mobility Resource 
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Center (HMRC; Kingston General Hospital, Kingston, ON) using excitation/emission spectrum 

of 495/515 and 495/635 for calcein and ethidium homodimer-1 respectively.  

Matrix deposition was determined using immunostaining for alpha-smooth muscle actin 

(α-SMA), collagen-1, and 4',6-diamidino-2-phenylindole (DAPI). On testing days the samples 

were washed with PBS and fixed in 4% paraformaldehyde in PBS for 30 minutes at room 

temperature. The fixed scaffolds were washed 3 times in blocking solution of 2% bovine serum 

albumin (BSA), 3% FBS in PBS. A permeabilization reagent (Invitrogen, Carlsbad, CA), 100 uL 

to each sample, was added for 10 minutes at room temperature; the cells were washed again with 

fresh blocking solution 3 times and incubated at room temperature in 100 uL of mouse 

monoclonal anti-alpha smooth muscle actin and rabbit monoclonal anti-collagen 1 (abcam®, 

Toronto, ON), both at a dilution of 1:1000 in PBS with 5% blocking solution, for one hour. Goat 

anti-mouse IgG1 (Invitrogen, Carlsbad, CA) and goat anti-rabbit (Invitrogen, Carlsbad, CA), 100 

uL solutions at a dilution of 1:200 and 1:500 in blocking solution respectively were added for one 

hour. The scaffolds were labeled with 100 uL of DAPI at 0.5 µg/mL in PBS for 10 minutes. The 

scaffolds were washed 3 times with blocking solution between each step. The stains were viewed 

using a confocal microscope using excitation/emission wavelengths of 358/461 nm for DAPI and 

495/519 nm for α-SMA and 579/603 nm for collagen-1. 

Cell morphology was viewed by using an actin cytoskeleton staining kit (Chemicon® 

International, Temecula, California). The nuclei, focal adhesions, and actin cytoskeleton were 

stained with DAPI, anti-vinculin, and TRITC conjugated phalloidin following the same staining 

protocol as described above. The samples were fixed and permeabilized following the same 

procedure as defined previously. Samples were labeled with anti-vinculin (1:250 dilution in 

blocking solution) for one hour at room temperature, followed by labeling with TRITC 
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conjugated phalloidin (1:500 dilution) and goat polyclonal secondary antibody to mouse IgG - 

H&L (FITC) (1:1000 dilution) (abcam®, Toronto, ON) for one hour. The scaffolds were labeled 

with DAPI at 0.5 µg/mL in PBS for 10 minutes. The scaffolds were washed 3 times with blocking 

solution between each step, and viewed using a confocal microscope (n=3, N=3). The images 

were analyzed using Image ProPremier software.  The angles of the major axis of cell nuclei from 

4-6 images were measured to quantify cell axis angle.  Standard cell area was determined by 

dividing the total area of f-actin stain by the number of cell nuclei. Statistical comparisons were 

made using a two-tailed independent t-test (p<0.05).   

Cell proliferation was assessed with alamarBlue® and PicoGreen® (Invitrogen, Carlsbad, 

CA) assays. Samples for both tests were seeded at the same time, and tests were run on days 1, 3, 

and 7. For the alamarBlue® assay, media was removed from the scaffolds and 200 uL of 10% 

alamarBlue® in fresh media was added to all of the scaffolds plus two empty wells for blank 

readings. The scaffolds were then placed in the incubator. After three hours the assay media was 

then removed from the wells and placed in a new 96 well plate. Duplicates of each well were 

made, with a total assay volume of 100 uL per well (n=6, N=3). The plate was read in a 

PerkinElmer 2300 Enspire™ Mutimode Plate Reader (Human Mobility Research Center, 

Queen’s University) with emission/excitation wavelengths of 570/585 nm. For the PicoGreen® 

assay the media was removed from the wells and the scaffolds were washed once with PBS (n=3, 

N=3). The scaffolds were then placed in 1.5 mL microcentrifuge tubes and 1 mL of ultrapure 

Type 1 water was added. The samples were then subjected to three freeze/thaw cycles at -80°C. 

Once thawed for the final time the tubes were vortexed and then centrifuged at 12000 RPM for 10 

minutes. The full 1mL of sample solution was added to wells in a 24 well plate and 1 mL of dye 

reagent was added and incubated at room temperature for 5 minutes. The dye reagent was 
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prepared according to the manufacture’s instructions, and a standard curve was made with 

concentrations of 1, 10, 100, and 1000 ng/mL, as well as a blank measurement. The fluorescence 

was read at excitation and emission wavelengths of 480/520 nm. Statistical analysis was 

performed using a 2-way ANOVA with Sidak-Bonnferoni post hoc analysis, p<0.05. 

3.5 Gene Expression Analysis 

Genes for matrix proteins and other ECM components were tested on day 7. On day 7 the 

cells were removed from the scaffold (n=1, N=3). RNA extraction and cDNA synthesis was 

performed following protocols developed in Dr. Thibeault’s lab, University of Wisconsin [88], 

and were as follows. The media was aspirated off the scaffolds, they were washed two times in 

PBS, and then 2 mL of trypsin/EDTA was added to the scaffold wells and incubated for 2 

minutes.  A plastic pestle was used to scrape the cells off the scaffold while still in the 

trypsin/EDTA for another 3 minutes. Fresh media was then added to each scaffold and the 

suspension was pipetted into a 15 mL Falcon tube. The cell suspension was then spun down in a 

centrifuge at 1000 RPM for 5 minutes then placed immediately on ice. RNA was extracted using 

RNeasy Mini Kit (Qiagen, Toronto, ON). The media was aspirated off of the cell pellet and 350 

µL of lysis buffer (Buffer RLT) was added. To homogenize the cells the lysate was added to a 

QIAshredder column and centrifuged for 2 minutes at full speed.  All centrifuge steps were done 

at ≥ 8000 x g. An equal volume of 70% ethanol was then added to the lysate and mixed by 

pipetting. The lysate was then transferred to an RNeasy spin column and spun down for 15 s, and 

the flow-through was discarded. The optional on column DNase digestion was performed. To 

each tube 350 µL of Buffer RW1 was added, centrifuged for 15 seconds, and the flow-through 

was discarded. DNase 1 incubation mix was prepared with 40 µL of DNase 1 stock solution and 

280 µL of Buffer RDD (Qiagen, Toronto, ON). To each column membrane, 80 µL of the 
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incubation mix was added and let sit for 15 minutes. Then, 350 µL of Buffer RW1 was added to 

each column and spun down for 15 seconds and the flow-through was discarded. The columns 

were then washed twice with 500 µL of Buffer RPE by centrifuging for 15 seconds for the first 

wash, and then 2 minutes for the second wash, and the flow-throughs were discarded. The 

optional new column spin down was performed by putting the spin columns in a new collection 

tube and centrifuging for 1 minute. The spin columns were then put in a 1.5 mL collection tube, 

and to collect the RNA, 30 uL of RNase free water was added to the spin column membrane and 

centrifuged for 1 minute. A NanoDrop™ 1000 (Human Mobility Research Center, Queen’s 

University) was used to measure the RNA yield as well as the purity. 

Before qRT-PCR was performed the RNA was reverse transcribed into cDNA using the 

Quantitect Reverse Transcription kit (Qiagen, Toronto, ON). Initially, the DNA elimination 

reaction was prepared with 2µL of gDNA Wipeout Buffer, and 12 µL of the sample with the 

lowest concentration of RNA. The rest of the samples were made to contain the same total 

amount of RNA, adding RNase free water for a final volume of 14 µL. These tubes were then 

mixed and incubated for 2 minutes at 42°C, then placed on ice. The reverse transcription master 

mix, composed of 1 µL Quantiscript Reverse Transcriptase, 4µL of Quantiscript RT Buffer, and 1 

µL of RT Primer mix was then added to each tube, and then mixed by inverting a briefly spun 

down to ensure uniform heat transfer to the contents. The transcription was carried out in a 

ThermoCycler (HMRC, Queen's University) at 42°C for 15 min followed by 3 min at 95°C then 

immediately placed on ice or stored at -20°C. Before continuing with qRT-PCR, the cDNA was 

diluted in RNase free water for a final concentration of 2.5 ng/uL.  

qRT-PCR begins by reverse transcribing the template RNA into complementary DNA 

(cDNA) for qPCR detection, using a reverse transcriptase. Quantitative polymerase chain reaction 
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(qPCR) is one method that is used to quantify levels of gene expression, by copying and 

amplifying the gene of interest so that it can be detected and measured. PCR uses a double 

stranded DNA sample, specific gene primers, and a DNA polymerase. The method involves 

denaturing the DNA template strands through melting at a temperature of ~95°C, which produces 

two single stranded DNA templates. The reaction is then cooled to the annealing temperature of 

the oligonucleotide primers, generally around ~40-65°C [116]. For this work the annealing 

temperature was 55°C and the genes of interest were collagen 1, collagen 3, fibronectin, elastin, 

fibromodulin, and decorin. The primers for the genes of interest then anneal to their 

complementary sequences on the single stranded DNA. Taq polymerase is used to polymerize a 

new DNA strand, extending from the annealed primers. Taq is the most widely used DNA 

polymerase due to its thermo stability during the high temperature denaturing steps [117]. The 

reaction mixture is then heated to 72°C to complete strand extension. These cycles of denaturing, 

annealing and extension are repeated to amplify the genes of interest, and by the third cycle there 

are strands of the correct length being synthesized. For this work gene amplification was detected 

using SYBR green dye. SYBR green is commonly used in PCR applications, and it binds to 

double-stranded DNA, so as the amount of double stranded DNA increases, the fluorescent signal 

is amplified and is detected by the plate reader.  

The qRT-PCR reaction was set up using Kapa SYBR Fast Roche LightCycler® Master 

Mix (Kapa Biosystems, Boston, MA). Genes of interest were collagen-1, collagen-3, fibronectin, 

fibromodulin, elastin, and decorin, with β-actin as a housekeeping gene. Primers were from 

Integrated DNA Technologies (Coralville, IA), and the sequences are listed below in Table 1.  
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Table 1: Primer Sequences 

Primer Name Primer Sequence 

b-Actin Forward - 5’-ACGTTGCTATCCAGGCTGTGCTAT-3’ 

Reverse - 5’-CTCGGTGAGGATCTTCATGAGGTAGT-3’ 

Elastin Forward - 5’-AAGCAGCAGCAAAGTTCGGT-3’ 

Reverse - 5’-ACTAAGCCTGCAGCAGCTCCATA-3’ 

Fibromodulin Forward - 5’-ATCCTGCTGGACCTGAGCTA-3’ 

Reverse - 5’-GCAGCTGGTTGTAGGAGAGG-3’ 

Fibronectin Forward - 5’-ACCTACGGATGACTCGTGCTTTGA-3’ 

Reverse - 5’-CAAAGCCTAAGCACTGGCACAACA-3’ 

Collagen-1 Forward - 5’-AACAAATAAGCCATCACGCCTGCC-3’ 

Reverse - 5’-TGAAACAGACTGGGCCAATGTCCA- 3’ 

Collagen-3 Forward - 5’-CCATTGCTGGGATTGGAGGTGAAA-3’ 

Reverse - 5’-TTCAGGTCTCTGCAGTTTCTAGCGG- 3’ 

Decorin Forward - 5'- GATGCAGCTAGCCTGAAAGG -3' 

Reverse - 5'-TCACACCCGAATAAGAAGCC-3' 

 

Triplicates of each cDNA sample were run, and DNA amounts for each replicate were 5 

ng for β-actin, collagen-1, -3, and fibronectin, 10 ng for decorin, and 20 ng for elastin and 

fibromodulin. qRT-PCR was performed using a Roche LightCycler 480 with clear 96 well plates 

(Roche, Laval, QC). The program that was run was pre-incubation cycle for 3 minutes at 95°C, 

amplification for 40 cycles of; 10 seconds at 95°C, 20 seconds at 55°C, and 10 seconds at 72°C, 

then a melting curve with 5 seconds at 95°C, 1 minute at 65°C, and 10 seconds at 97°C, and 

finally a cooling phase for 1 minute at 40°C. Ct values were calculated using the second 

derivative maximum method on the LC 480 Roche analysis program, and Tm calling was 

performed to check for contamination. Fold expression analysis was done using the ΔΔCt 

method. The information from real-time qPCR can be analyzed using two different methods, 

absolute quantification or relative quantification. Absolute quantification provides the input DNA 
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amount by comparing to a generated standard curve, while relative quantification looks at a 

change in gene expression levels compared to a control sample, which is used as the method in 

this work’s analysis [118]. To perform the relative gene quantification on the qRT-PCR data, the 

2-ΔΔCt method was used. This method uses Equation 1 below, 

(1 + 𝐸)!∆∆!"     (1) [118] 

where E is the efficiency of the target amplification, which depends on the efficiency of the 

primers used, and Ct is the threshold cycle. The threshold cycle is the cycle number where the 

fluorescence reading reaches above a certain threshold value. Using the Ct values to determine 

ΔΔCt: 

𝛥𝐶𝑡 = (𝐶𝑡!"#$%!  !"#" − 𝐶𝑡!"#"!"$%"  !"#")                                                                              (2) 

−𝛥𝛥𝐶𝑡 = − 𝛥𝐶𝑡!"#$!#%  !"#$%& − 𝛥𝐶𝑡!"#$%"&  !"#$%&                                                 (3) 

For the ΔΔCt method to be valid the efficiency of the primers for the reference gene and target 

gene need to be equal [118]. The primer design was done by X. Chen previously, and this 

assumption has been tested and proved valid [99]. Assuming an efficiency close to one, Equation 

1 becomes, 

(1 + 1)!∆∆!" = 2!∆∆!" 

The reference, or housekeeping, gene used in this study was β-actin, which is a non-muscle 

cytoskeletal actin. GAPDH was also tested on the samples and compared to the β-actin values to 

confirm the use of β-actin as a housekeeping gene in case the scaffold architecture was affecting 

the cytoskeletal genes. There was no fold change detected between β-actin and GAPDH on any of 

the conditions tested, therefore β-actin was an appropriate housekeeping gene for this work. 

Statistics was performed using multiple t-tests with a Sidak-Bonferroni post-hoc analysis at a p 

value of 0.05. 



 

 

 

44 

Chapter 4 

Results and Discussion 

4.1 Electrospinning Tecoflex™ Scaffolds 

Electrospinning is an economical and reproducible method, widely being used in the 

tissue-engineering field, to fabricate non-woven nano- or micro-sized fibrous scaffolds [89]. 

Properties of electrospun scaffolds are highly tunable, such as fiber diameter, scaffold materials, 

mechanical properties, and fiber alignment [94]. Scaffold fiber alignment is being pursued in 

tissue construct applications due to the many tissues in the body that also have aligned 

architecture, such as myocardial tissue and vocal fold lamina propria. There is evidence that 

scaffold alignment may provide improved properties for aligned tissues over randomly aligned 

scaffolds [94, 119]. To investigate the potential of aligned scaffolds in vocal fold constructs, 

aligned and unaligned polyurethane scaffolds were made and their morphological characteristics 

were determined. In addition to the orientation of the fibers, the effect of ELP4 on the HVFF cells 

was investigated by adsorbing the polypeptide to the surface of the electrospun constructs. 

Previous work performed in our laboratory by Kathryn McAlindon (unpublished data) 

determined the optimum parameters and Tecoflex™ concentrations. Changing the viscosity of the 

polymer solution will affect the ability to effectively spin uniform fibers. Too high a viscosity 

will prevent fibers from forming due to the cohesiveness of the solution, and too low a viscosity 

will cause the polymer jet to break, forming droplets on the collection surface [120, 121]. The 

viscosity of the solution will also affect the size of the fibers formed. Dietzel et. al. determined 

that an increase in viscosity caused an increase in fiber diameter according to a power law 

relationship [122]. The solution polymer concentration is therefore a very important parameter to 
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optimize in order ensure proper scaffold formation. Polymer concentrations used were 5, 8, and 

10% w/v in DCM, and as seen in Figure 14 the 10% solution produced minimal beading and also 

consistent small diameter fibers compared to the lower concentrations. Additionally, using 

mandrel surface speeds of 5 cm/s and 410 cm/s and a 10% w/v solution, unaligned and aligned 

scaffolds were prepared with minimal fiber fusion (Figure 15). 

 

                
 

Figure 14: Electrospun samples at concentrations of 5, 8, and 10% w/v Tecoflex™ in DCM 

(McAlindon, unpublished data, 2010) 
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Figure 15: Unaligned and mainly aligned scaffolds with 10% w/v Tecoflex™ in DCM (McAlindon, 

unpublished data 2010) 

4.1.1 Scaffold Morphology 

The Tecoflex™ scaffolds were electrospun at a concentration of 10% w/v concentration 

in DCM at the parameters previously described. To produce aligned and unaligned fibrous 

scaffolds the mandrel rotation speed was altered, while the translational speed was kept constant 

at 3 cm/s. The unaligned scaffold was formed at a lower mandrel surface speed of 5 cm/s. The 

aligned scaffold was formed by increasing the surface speed of the mandrel to 410 cm/s. The 

results of this can be seen in Figure 16. From these images it is apparent that the lower rotational 

speed caused the fibers to collect on the mandrel in a random fashion, while the higher rotational 

speed collected the fibers in an aligned pattern in the direction of the mandrel rotation. The 

rotational speed of the mandrel has a direct impact on the alignment on the fibers.  
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Figure 16: SEM images of unaligned and aligned scaffolds a) unaligned scaffold b) aligned scaffold 

ImagePro Express software was used to quantitatively analyze fiber alignment and fiber 

diameter. Randomly oriented fibers, as well as a highly aligned fiber orientation were confirmed 

by this analysis and represented in Figure 17. There is a very broad and equal distribution of fiber 

angles for the unaligned scaffolds, and the aligned scaffolds have the majority of fibers oriented 

around 20° of the reference angle. The average absolute angles were determined for the scaffolds, 

and using this analysis a value of 45° represents completely random orientation while a value of 

0° represents perfectly aligned orientation of fibers. The average absolute angle of the unaligned 

scaffolds was 43.3 ± 25.24°, and for the aligned scaffold was 17.0 ± 19.6° with a significant 

difference between them (two-tailed t-test, p<0.05).  

It is well known that the speed of the mandrel directly affects the alignment of the 

scaffolds. It is believed that aligned fibrous networks are formed when the rotation speed of the 

mandrel is the same as the evaporated polymer deposition speed, and when it is less than this, a 

more random network occurs [123]. From studies on the effect of the mandrel speed on the 

alignment of the fibers, researchers discovered that there is a limit on increasing the rotation 

speed, as a very high speed can prevent the polymer fibers from depositing on the mandrel, cause 

a) b) 
50 um 50 um 
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fiber breakage, or necking of the fibers [123-125]. The rotation speeds used in this work proved 

effective in creating randomly deposited fibers, as well as aligned fibrous networks without 

apparent defects or breakage of the fibers. 

 

Figure 17: Fiber angle quantification. The aligned scaffold had fiber angles oriented around 20 of the 

reference angle while the unaligned scaffold had a more uniform distribution. (N=300) 

 

The scaffolds were also characterized by measuring the fiber diameters. The aligned and 

unaligned scaffolds have similar fiber diameter distributions as seen in Figure 18 with diameters 

ranging from 250 nm to 3.25 µm. This indicates that the scaffolds consist of micro-sized fibers 

with a diameter range of 3 µm. The average fiber diameter of the aligned scaffold was 1.2 ± 0.5 

µm, and the average of the unaligned scaffold was 1.4 ± 0.6 µm, with a significant difference 

between them (two-tailed t-test, p<0.05). The thinner fibers on the aligned scaffold may be 

caused by the higher rotation speed of the mandrel, which leads to stretching of the fibers as they 



 

 

 

49 

are being deposited [126]. The size of the fibers as well as the spaces between them can affect 

how the cells orient on the surface of the material.  

 Fiber diameter differences have also been analyzed in cell response studies. Dermal 

fibroblasts, mesenchymal progenitor cells, and osteoprogenitor cells have been used, with fiber 

diameters ranging from ~ 0.14 to 3.6 µm, and the studies have found similar trends in the effects 

of the different diameters on cell morphology and spreading. The results indicate that with fiber 

diameter’s less than ~1 µm, cell area, aspect ratio and long axis length are all reduced or similar 

to flat controls compared to fiber diameters closer to ~ 2 µm, where the aspect ratio and length 

were generally higher [127-129]. The differences in morphology were seen between diameter 

differences of ~1-2 µm so it is assumed that the 0.2 µm difference in this report will likely have 

minimal effects. Fiber diameter may also affect matrix gene expression. Kumbar et. al. looked at 

many different fiber diameters using human dermal fibroblasts and discovered that there were 

much lower cell numbers found on scaffolds with fiber diameters ranging from 150 – 300 µm and 

2.5 – 6 µm, with the highest cell amounts found on the scaffold with a range of 0.6 – 1.2 µm. This 

diameter range also had higher elastin gene expression than the smaller and larger fiber diameter 

scaffolds on day 14 of culture [130]. These results are promising as the fiber diameters of the 

Tecoflex™ scaffolds in this work are similar and may induce similar results for gene expression 

and cell attachment. 
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Figure 18: Fiber diameter distribution. The fiber diameters for both scaffold types are similar, 

however the aligned scaffold has slightly smaller diameters overall (N=300). 

4.1.2 Mechanical Properties 

Tecoflex™ is a commercially available thermoplastic polyurethane that is widely used in 

the medical instruments industry. Thermoplastic polyurethanes are elastomers that also have high 

abrasion resistance [131]. Elastomers are materials that have viscoelastic properties, including 

having a high degree of reversible deformation. Thermoplastic polyurethanes are composed of 

copolymers, which form a two-phase morphology with hard and soft segments [132]. The 

morphology of the hard and soft domains imparts properties similar to that of composite 

materials. The hard segments contribute to the elastic property of the material by acting as 

physical crosslinks. These crosslinks allow for the elastic property of the material by reducing the 

interaction of the highly flexible chains, which would cause plastic flow [132]. At room 
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temperature the material has rubber-like characteristics because the soft domains are above their 

glass transition temperature, while the hard domains are below their glass transition temperature 

and provide high modulus and tensile strength [131]. The behavior of elastomeric materials is 

difficult to assess due to the many structural factors that affect it, as well as the materials high 

deformability [133]. The mechanical properties can be studied through tensile, cyclic, or 

compressive tests. 

The scaffolds were subjected to uniaxial tensile testing in the preferred and cross-

preferred directions to evaluate the initial modulus of elasticity. Representative stress-strain 

curves for the scaffolds are seen in Figure 19. There was a noticeable difference of the aligned 

scaffold properties between the preferred and cross-preferred directions, as well as a difference in 

the unaligned scaffold between the two directions (Table 2). The aligned scaffold was much 

stiffer when pulled in the preferred direction, and in the cross-preferred direction was much more 

flexible and extensible, similar to the unaligned scaffold. The unaligned scaffold pulled in both 

directions, and the aligned scaffold in the cross-preferred direction had very high tensile stress 

compared to the aligned scaffold in the preferred direction. The ultimate tensile stress was unable 

to be determined due to a maximum extension reached by the machine, however all three 

conditions reached close to 350% strain. Conversely, the aligned scaffold in the preferred 

direction had an ultimate tensile strain ~40%, but this may not be fully accurate because the 

failure for all samples was along the grips.  
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Figure 19: Stress-Strain curves of the aligned and unaligned scaffolds 

The aligned and unaligned scaffolds in the cross-preferred direction displayed very linear 

elastic behavior, while the unaligned in the preferred direction appeared to have a more 

viscoelastic nature. Fiber orientation had a direct impact on the mechanical properties of the 

materials. The initial moduli for the aligned samples in the preferred and cross-preferred 

directions were 14.5 ± 1.3 and 0.32 ± 0.02 MPa respectively. Moreover, the initial moduli for the 

unaligned samples in the preferred and cross-preferred directions were 4.6 ± 0.4 and 0.6 ± 0.06 

MPa respectively.  
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Table 2: Mechanical properties of the different scaffold orientations 

Scaffold Architecture Initial Modulus (MPa) 

Aligned preferred direction (N=6) 14.5 ± 1.3 

Aligned cross-preferred direction (N=6) 0.32 ± 0.02 

Unaligned preferred direction (N=6) 4.6 ± 0.4 

Unaligned cross-preferred direction (N=5) 0.6 ± 0.06 

 

There has been other research on the effect of fiber orientation on mechanical properties, 

and similar results were seen. As fiber anisotropy increases, the material becomes stiffer in the 

preferred direction, and less stiff in the cross-preferred direction [119, 125, 134]. The difference 

between the unaligned samples in the preferred and cross-preferred directions could be a result of 

the fibers that are aligned in the direction of mandrel rotation. Despite the scaffolds having a very 

high degree of random fiber alignment, there could be a difference in average thickness, or 

occurrence of the fibers in that direction, increasing the modulus and reducing the elasticity. This 

could mean that more optimization would need to be done to make the mechanical properties of 

the unaligned scaffold more uniform in both directions. There are very few reported initial elastic 

moduli for human vocal folds, but one group, F. Alipour et. al. reported Young’s modulus values 

of 30 kPa in the longitudinal direction and 1 kPa in the transverse direction of cadaveric human 

vocal fold lamina propria [135]. Another group using recently excised larynges reported values in 

the longitudinal direction around 600 kPa for the vocal fold cover, which is composed of the 

epithelium, the superficial lamina propria, and the basement membrane. It is important to note 

that the testing was done dry, and under ambient conditions, so testing the scaffolds hydrated and 

at 37° C may give different results. The values found for the Tecoflex™ scaffolds in this work are 
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magnitudes higher than those reported, however there is a similar trend between the stiffness in 

the preferred and cross-preferred directions, indicating that an aligned scaffold could be designed 

to mimic native lamina propria properties. 

The electrospinning procedure from this work can be modified to improve the scaffold by 

making the properties more closely match native vocal fold tissue. One main way to change the 

mechanical properties of the tissue would be to have a different scaffold material. Tecoflex™ was 

chosen in this work for ease of use and the ability to spin consistent fibers in the electrospinning 

process, it has comparable mechanical properties to vocal folds, is highly elastic, and that it has 

good biocompatibility for cell studies for a model system. For continuing work, a biodegradable 

scaffold material would need to be used. One method could be to co-spin a biodegradable 

polyurethane, as seen in Parrag et. al. [134], with ELP4 to provide higher elasticity in the 

preferred direction, and it may reduce the initial modulus.  

4.1.3 Elastin Coating 

Elastin-like polypeptides have been examined as coatings on biomaterials for several 

vascular applications due to their ability to reduce platelet adhesion and activation, and make the 

surface less thrombogenic. The coatings have also promoted cell attachment in endothelial cells, 

and may do the same with fibroblast cells as they have the appropriate elastin surface receptor for 

the integrin VGVAPG. As elastin, and its organization, plays a key role in the function of the 

vocal folds, promoting the deposition during wound healing may improve biological function 

[30]. 

The Fastin™ Elastin assay was used as an indirect test for ELP4 adsorption to the 

scaffolds. The Fastin™ Elastin dye binds to the ELP4 in solution, and the difference between the 

amount found in the solution and the initial amount added was presumed to have adsorbed to the 



 

 

 

55 

scaffold surface. Initially a coating procedure using 1 mg/mL ELP4 in PBS for 1, 2, and 3 hours 

statically was attempted, however after running the Fastin™ Elastin assay there was minimal 

evidence of ELP4 being adsorbed at all time points. The reason for this is not clearly understood 

as the elastin polypeptides had previously been shown to readily adsorb to different polymer 

surfaces, but this may have been associated with the buffer chosen and the relative 

hydrophobicity of the surface [136]. A new coating procedure was then tested with the ELP4 in a 

solution of 70% ethanol and ultrapure Type 1 water. This resulted in higher ELP4 adsorption, and 

was performed as the coating procedure for the rest of the study.  For the aligned scaffold the 

amount of ELP4 adsorbed was 4.2 ± 0.9 µg/cm2, and the amount on the unaligned scaffold was 

3.9 ± 1.2 µg/cm2 with no significant difference found (two-tailed t-test, p<0.05) (Figure 20). This 

result, however, could also include absorption into the polymer network and not just on the 

surface fibers. The surface area used is estimated from an average amount of fibers seen in a 50 

µm by 50 µm area on the ImagePro pictures, and assuming that the images go down to a depth of 

5 µm. Due to the possibility of adsorption onto the fibers in the scaffold, an average total surface 

area throughout the whole scaffold was calculated from the initial square block. From a previous 

report on ELP adsorption onto Mylar™ surfaces, there was an adsorption concentration of ~ 0.25 

µg/cm2 [12]. The values reported here are at much higher concentrations than on the Mylar™ 

films. This may be because of the surface area on the electrospun scaffolds that may not be 

accounted for in the estimation, or due to the surface chemistry of the Tecoflex™ compared to 

the Mylar™. Additionally, as the Mylar™ was not porous like the electrospun scaffolds, this 

difference may be due to absorption into the scaffold network, however it is assumed that the 

rinsing procedure was thorough enough to remove residual ELP4 solution within the scaffold. 
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To better assess the ELP4 adsorption on the scaffolds, the SEM and confocal microscope 

were used to visualize the ELP4 on the surface. These methods, however, did not produce 

successful results. Elastin has autoflourescent properties at an excitation wavelength of 488 nm 

however despite this there was no evidence of ELP4 on the scaffolds when viewed under the 

confocal microscope at this wavelength in comparison to the polymer alone [112]. SEM images 

were also attempted, but this was minimally successful at viewing the ELP4 on the surface, with 

just small patches of ELP4 seen. It is hypothesized that the ELP4 was not remaining on the 

surface through the gold coating process. In future, radiolabelled ELP4, as used by Woodhouse 

et. al. could also be used to further characterize the adsorption and absorption [112]. 

4.2 Cell Response to Electrospun Tecoflex™ Scaffolds 

4.2.1 Viability of Immortalized HVFF’s on the Scaffolds 

The scaffolds need to be biocompatible and support the optimum growth of the HVFF’s 

in order to properly assess the scaffold model on this cell line. To investigate the viability of the 

cells on the scaffolds, the cells were seeded statically onto the scaffolds at a high cell density and 

the viability and morphology of the cells were evaluated over a period of 7 days. This was 

assessed using Live/Dead® staining, alamarBlue® and PicoGreen® assays, and immunostaining.  

After preparing the scaffolds in fibronectin and ELP4 coating, the cells were seeded at a 

density of 50,000 cells/scaffold. On days 3 and 7 Live/Dead® stains were used on the scaffolds. 

Figure 20 shows the results of these stains. From here on the results will be displayed in terms of 

the scaffold types. AFN and UFN represent aligned and unaligned scaffolds with fibronectin 

coating, and AEP and UEP represent aligned and unaligned scaffolds coated in fibronectin and 

ELP4.  
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Figure 20: Live dead staining of the cells on the different scaffold types at day 7. AFN and UFN represent 

aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent aligned and unaligned 

scaffolds coated in fibronectin and ELP4. Green = viable cells, red = dead cells (n=3, N=3) 

 

AFN UFN 

AEP UEP 
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These images portray living cells in green and dead cells in red. There was a high 

confluence of cells on all scaffold types with minimal evidence of dead cells by day 7. The dead 

cells present appear to be in small clusters due to the size of the red dots seen in the images being 

larger than a cell nucleus. This may be a result of the scaffold architecture, or high confluence 

restricting media to those areas. One test group was cultured until day 14 and the cells remained 

viable on all scaffold types up to that time point. The dead cells may have been washed away 

during the media changes resulting in few seen on the images. The high confluence provides a lot 

of cell-to-cell contact as well as high overall cell to scaffold contact. The high degree of 

confluence of the cells may be promoted by the structure and diameter of the fibers. K. Kwon et. 

al. found that biodegradable poly(l-lactide-co-ε-caprolactone) electrospun scaffolds with fiber 

diameters in the range of 0.2-1.2 µm had significantly better cell attachment than scaffolds with 

fiber diameters close to 7 µm [137]. There was also evidence of the cell orientation being affected 

by the fiber direction. The cells on both aligned constructs appeared to be elongated and parallel 

to each other, while the cells on the unaligned constructs were not all oriented in the same 

direction and appeared as if they were being cultured on a flat polystyrene plate. From the 

Live/Dead® analysis it can be determined that the aligned and unaligned scaffolds with both 

coating conditions can support viable cell growth and cell numbers, and that the cells were 

interacting with the architecture of the scaffolds during the culture period.  

Cell viability and proliferation were further assessed with alamarBlue® and PicoGreen® 

assays. alamarBlue® is a metabolic assay where the reagent (resazurin) can permeate through the 

cell membrane and once inside it is reduced to a fluorescent form, resorufin. The amount of 

fluorescence seen from the assay can indicate the cell numbers present in the sample as well as 

the metabolic activity of the cells. PicoGreen® will detect the amount of DNA from the samples, 
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and can also be used to determine cell numbers. The assays were run on the samples on days 1, 3 

and 7 to provide a full analysis of the cell proliferation over the culture period. Figure 21 and 22 

illustrate the alamarBlue® fluorescence readings and PicoGreen® DNA amounts on the two 

scaffold alignments and coatings. Based on the alamarBlue® readings, the cell cultures were 

showing increasing metabolic activity over the 7 day period, and there was little difference 

between the cells on the different scaffold conditions at each time point. There were significant 

differences between the AEP and UEP scaffolds from day 3 to day 7. As well there was a 

difference on day 7, indicating more metabolically active cells on the UEP scaffold compared to 

the AEP and UFN scaffolds (2-way ANOVA, p<0.05). The PicoGreen results further suggested 

increases in cell amounts as well. The amount of DNA was increasing over the culture period, 

and there was little difference between the sample types. This finding corresponds with the 

images from the Live/Dead® staining as well. There were significant differences in DNA amounts 

between day 1 and day 7 readings for AEP, AFN, and UFN, but not for UEP (2-way ANOVA, 

p<0.05). These results indicated that the scaffolds promoted cell proliferation over a 7 day period, 

however the fiber alignment and ELP4 coating did not seem to have an effect.  
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Figure 21: alamarBlue® results of the cell seeded constructs over a 7 day period. AFN and UFN 

represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent aligned and 

unaligned scaffolds coated in fibronectin and ELP4.  (n=3, N=6). * indicates p<0.05, **** indicates p<0 

               

Figure 22: PicoGreen® results of the cell seeded constructs over a 7 day period. AFN and UFN 

represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent aligned and 

unaligned scaffolds coated in fibronectin and ELP4.  (n=3, N=3). 
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To further interpret these results the alamarBlue® fluorescent readings and PicoGreen® 

DNA amounts for each scaffold condition were averaged and the results were normalized against 

each other as shown in Figure 23. There was high variation for these assays, however there 

seemed to be a trend of higher metabolic activity per cell on day 1 and a reduction of metabolic 

activity per cell on days 3 and 7, with significant differences found in most groups except for 

UEP (2-way ANOVA, p<0.05). There doesn’t seem to be evidence indicating cell death by day 7 

according to the separate alamarBlue® and PicoGreen® analyses, nonetheless the cell metabolism 

seems to be slowing down, likely due to the cells reaching a maximum confluence for the 

scaffold size and enter a stationary phase of growth. The only sample that didn’t appear to have 

this trend was the UEP sample and the reason for this is unclear. 

                  

Figure 23: alamarBlue® results normalized with PicoGreen® results or each scaffold type on days 1, 3 and 7. 

AFN and UFN represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent 

aligned and unaligned scaffolds coated in fibronectin and ELP4. 
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Electrospun scaffolds have been investigated on many different cell types, including 

neural cells, myocardial cells and musculoskeletal cells, however there are few, if any, reports on 

using them in a vocal fold application. F. Yang et. al. studied the effect of aligned and unaligned 

nano- and micro-fibrous electrospun scaffolds on neural stem cells. The neural stem cells 

responded similarly on the nano- and micro-sized fiber scaffolds in regards of cell orientation, 

and the aligned scaffolds were the most promising in terms of cell response [138]. The 

differences in fiber size in this work are much smaller than in Yang’s work, indicating that there 

may be a minimal effect from this factor. S. Zhong et. al. reported higher rabbit conjunctiva 

fibroblast cell attachment and proliferation on a cross-linked randomly oriented collagen scaffold 

compared to the cross-linked aligned collagen scaffold. This may be because of the differences in 

the pore sizes between those two scaffolds. The aligned scaffold had smaller fiber diameters 

compared to the unaligned scaffold, but it had markedly smaller pore size, inhibiting proper cell 

attachment [16]. These results were not seen in this work, which may be because the pore size in 

the Tecoflex™ scaffolds seem to be fairly similar by visual inspection, providing the same 

roughness and surface area for cell contact. 

4.2.2 HVFF Morphology on the Electrospun Scaffolds 

The morphology of the HVFF cells on the scaffolds was investigated using 

immunostaining techniques. The cells were stained for collagen-1, α-SMA, and cell nuclei. 

Despite the cells beginning as immortalized fibroblast cells, depending on culture conditions 

these cells can differentiate into myofibroblasts cells. Myofibroblast cells are very important 

during vocal fold wound healing to contract and close the wound bed, however they are also 

responsible for scar tissue formation. Alpha-smooth muscle actin indicates whether the cells are 

now a myofibroblast phenotype. If myoblastic differentiation occurs on these scaffolds then the 
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culture conditions would need to be changed to prevent this. A high deposition of collagen can 

also indicate scar tissue formation so it would be promising if the scaffold culture conditions 

could reduce this. From the images, none of the samples stained positive for α-SMA, therefore 

the scaffolds did not promote myoblastic differentiation (Figure 24).  

 
Figure 24: HVFF seeded scaffolds stained for collagen-1 (red), α-SMA (green), and cell nuclei (blue) on day 7. 

AFN and UFN represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent 

aligned and unaligned scaffolds coated in fibronectin and ELP4. 

AFN	   UFN	  

AEP	   UEP	  

250 um 250 um 
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Collagen-1 had deposited on the scaffolds by day 3, and is also apparent on day 7. Also, 

by day 7 not all of the cells had synthesized collagen-1 so there may be some slight differences in 

the microstructure of the scaffold in the areas that have expression. There also didn’t appear to be 

a difference in the amount of collagen-1 deposited on the different scaffolds, however it was 

noted that in areas where the scaffold had folded, or was crinkled there did appear to be higher 

amounts of collagen-1 present in those areas (Figure 25). The stained images further show the 

high density, and uniform confluence of the cells on all scaffold types from the DAPI stain of the 

cell nuclei.  

  

Figure 25: Collagen-1 evidence in "crinkled" areas of the scaffolds. Arrows point to “crinkled” regions. Cell 

nuclei (blue), collagen-1 (red) 

Immunostaining for f-actin, and DAPI was done on days 3 and 7 to more accurately 

characterize the morphology of the cells on the different scaffold architectures and coatings 

(Figure 26). The cell shape and orientation can be determined from the f-actin stain that outlines 

the cytoskeleton of the cells. This staining confirmed the cell density and distribution seen in the 

Live/Dead® staining, as well as the orientation of the cells. The cells were adherent and showing 

typical fibroblast morphology of long flat spindle shaped cells, signifying that the scaffolds 
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promoted cell attachment and they were interacting with the scaffolds’ architecture. The stains 

also confirm that there was a lot of cell-cell contact.  

 

Figure 26: Immunostained images of the seeded scaffolds on day 7. AFN and UFN represent aligned and 

unaligned scaffolds with fibronectin coating, and AEP and UEP represent aligned and unaligned scaffolds 

coated in fibronectin and ELP4.  F-actin in red, cell nuclei in blue. Arrow indicates possible bilayer area of cells. 
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AEP	   UEP	  
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The images show that by day 7 there was a confluent monolayer, and possibly sections 

that have a bilayer of cells. The fibrous network of the scaffolds provide a large surface area, and 

multiple attachment sites for cells, and have been shown to promote cell attachment and 

proliferation, which appears to be evident from this work as well [139, 140]. The orientation and 

cell area of the cells on the scaffolds was examined to see if the fibers had an effect on the 

organization of the cells (Figure 27). The absolute angle results and standard cell areas are shown 

in Table 3. 

 

 

Figure 27: The cell orientation of the HVFF cells on the different constructs (N = > 400). AFN and UFN 

represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent aligned and 

unaligned scaffolds coated in fibronectin and ELP4. 
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The HVFF cells on aligned scaffolds with and without ELP4 coating had average 

absolute angles of cell axis of 10.6 ± 14.6° and 8.2 ± 12.1° respectively, while on the unaligned 

scaffolds with and without ELP4 coating had absolute angles of 40.1 ± 21.8° and 63.0 ± 23.2° 

respectively. There was a statistical significance found between all groups except for between 

AFN and AEP (ANOVA, p<0.05). The differences found between the unaligned samples may 

just be because of the samples chosen. There is no uniform reference angle for those groups, so 

the orientation of the pictures may be resulting in an appeared higher occurrence of certain cell 

angles. From visually qualification, the unaligned samples did not appear to have overall cell axis 

angle differences. These results further prove that the topography of the substrate has an impact 

on the organization and orientation of the cells cultured on it, and reflects results seen in other 

reports between aligned and unaligned scaffolds [16, 95]. The standard cell areas for AFN and 

AEP are 362.5 ± 87.3 µm2/cell and 358.1 ± 132.9 µm2/cell respectively, and for UFN and UEP 

are 555.5 ± 129.0 µm2/cell and 449.8 ± 174.1 µm2/cell respectively. The cell areas for the aligned 

scaffolds are smaller than for the unaligned scaffolds, which could be because they appear to be 

thinner and more elongated than on the unaligned scaffolds and some of the area may not be 

accounted for in the images as the cells are spread past the viewing area. Or it may be that the 

unaligned fibrous material is allowing the cell to spread out more on the scaffold compared to the 

aligned fibers, which are promoting elongated thin cell shapes. Hirano et. al. studied the shape of 

fibroblast cells in adults and infants, and found that in the superficial layer of the lamina propria 

up to 42% of the fibroblast cells found were of a spindle shape [141]. The images of the aligned 

scaffold show cells that are predominantly in a spindle-like shape. 
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Table 3: Cell axis angle distribution and standard cell areas of HVFF cells on day 7 of the seeded constructs. 

AFN and UFN represent aligned and unaligned scaffolds with fibronectin coating, and AEP and UEP represent 

aligned and unaligned scaffolds coated in fibronectin and ELP4. 

Scaffold Type Average Absolute Angle of 

Cell Axis (degrees) 

Standard Cell Area 

(µm2/cell) 

AFN 8.2 ± 12.1 362.5 ± 87.3 

UFN 63.0 ± 23.2 555.5 ± 129.0 

AEP 10.6 ± 14.6 358.1 ± 132.9 

UEP 40.1 ± 21.8 449.8 ± 174.1 

 

Many groups have demonstrated that fiber alignment has an effect on the growth of 

different types of cells, such as fibroblast cells and smooth muscle cells, and aligned fibers 

improves the alignment of the cells [16, 17, 142]. S. Chew et. al. studied the effect of aligned 

electrospun fiber on Schwann cell culture, and found that the morphology of the cell was 

significantly affected by the fiber alignment. The cells on the aligned fibers were very thin and 

elongated along the fiber axes. The cells on the unaligned fibers followed the fiber directions as 

well, but were not as elongated, and were thicker from stretching out onto multiple fibers [15]. C. 

Lee et. al. also showed morphological and cell orientation differences with human ligament 

fibroblasts cultured on aligned and unaligned electrospun scaffolds [142]. The morphological 

differences are not as pronounced in this work due to the high confluence of cells, however some 

images taken on day 3 illustrate how the cells initially react to the unaligned and aligned fibrous 

networks and their differing morphology (Figure 28). The cells appear to be stretching across to 

multiple fibers in the unaligned sample while in the aligned sample they are appearing more 

elongated. 
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Figure 28: Day 3 focal adhesion images of a) Unaligned scaffold with fibronectin coating and b) Aligned scaffold 

with fibronectin coating. 

Human vocal fold lamina propria is a highly aligned fibrous tissue; therefore it would be 

promising to construct tissue-engineered scaffolds that would promote cell and ECM protein 

anisotropy. The results shown here provide encouraging evidence that such a scaffold can be 

made using electrospinning techniques. The HVFF cells attached and proliferated over the culture 

period, and as well they were affected by the direction of the fibers and highly aligned cell layers 

were observed.  

4.2.3 Gene Expression Analysis  

As mentioned previously, the composition, organization and deposition of the ECM in 

vocal folds is directly related to the biomechanical properties of the tissue, and vocal production. 

HVFF cells are largely responsible for much of the ECM production in the vocal folds, and 

during wound healing. The two main fibrous components to the lamina propria are elastin and 

collagen, which are complemented by other interstitial proteins to make up the ECM and provide 

structure, support, and stability to the tissue. As an initial step to ECM production, the fibroblast 

cells must first synthesize DNA and RNA to then be translated into the ECM components.  

50 um 50 um 
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The gene expression pathway is initiated by extracellular signals, either mechanical or 

chemical, activating surface receptors, such as integrins, on the cell. L. Chou et. al. reported on 

the effects that culturing cells on grooved surfaces compared to flat surfaces had on fibroblast 

cells, and determined that cells grown on the grooved surfaces had fibronectin expression levels 

up to 3.5 times higher than the cells on the smooth surface [143]. Therefore surface topography 

may also affect ECM gene expression through these pathways. Other evidences of topography 

affecting cell behavior and products can be seen with the differentiation of mouse embryonic 

stem cell derived cardiomyocytes on electrospun scaffolds, and osteoblast differentiation on grit 

blasted titanium disks and apatite spheres [95, 144, 145].  

To analyze the effects the scaffolds have on the production of important ECM 

components in the lamina propria, quantitative real-time reverse transcription polymerase chain 

reaction (qRT-PCR) was performed. Relative gene expression levels were tested between the 

aligned and unaligned, as well as between coated and non-coated samples on day 7 of culture 

(Figure 29-32) (n=3, N=1). Overall there were not many changes in gene expression levels of 

most of the genes between the compared conditions. There were, however, significant differences 

noted with collagen-3 (COL3), and elastin (ELN) (p<0.05). Statistical comparisons were made 

using multiple t-tests with Bonferroni post hoc analysis. When using AEP as the treated sample, 

there was a significant increase, almost two-fold, in the elastin gene expression level compared to 

the AFN control sample (Figure 29). When comparing between the unaligned coated and non-

coated, UEP also had significantly elevated elastin gene levels, though not to the same extent, 

compared to UFN (Figure 32). Collagen-3 was also elevated in UEP compared to UFN. This 

indicates that the ELP4 coating may promote elastin protein synthesis. AEP also had elevated 

elastin gene levels compared to UEP (Figure 30), which indicates that the alignment may also 
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affect elastin gene expression from HVFF cells. There was no difference in gene expression 

between the aligned and unaligned non-coated samples (Figure 31).  

                    

Figure 29: Relative fold changes of target gene expression levels between aligned with ELP4 coating 

(AEP) and aligned with fibronectin coating (AFN).  

 

                   

Figure 30: Relative fold changes of target gene expression levels between aligned with ELP4 coating 

(AEP) and unaligned with ELP4 coating (UEP).  

AEP / AFN 



 

 

 

72 

                      

Figure 31: Relative fold changes of target gene expression levels between aligned with fibronectin 

coating (AFN) and unaligned with fibronectin coating (UFN). 

 

Figure 32: Relative fold changes of target gene expression levels between unaligned with ELP4 

coating (UEP) and unaligned with fibronectin coating (UFN). 

 

Elastin is an interesting protein as it is only deposited during the fetal and neonatal phase 

of human development, so its structure needs to allow it to undergo a very high number of stress 
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and relaxation cycles over the lifespan of the individual. Cells such as fibroblasts, smooth muscle 

cells, and endothelial cells synthesize elastin during development [146]. In vocal folds it found in 

the highest concentration in the intermediate layer of the LP [147]. Elastin contributes to the 

viscoelastic nature of the vocal fold tissue, providing elasticity for the initial linear stress region, 

and then the combination of collagen fibers provides the tensile strength needed to resist higher 

levels of strain [146]. Elastin in scarred rabbit and canine vocal folds was unorganized and less 

dense two months postoperatively [29, 72]. These results were further confirmed in human vocal 

folds in a study by Hirano et. al. with findings of disorganized elastin, or no evidence of elastin in 

the scarred tissue [148]. This indicates a strong requirement for new, organized elastin to aid in 

restoring proper function to the vocal fold tissue after the occurrence of scarring. Tissue 

engineered scaffolds that up regulate elastin synthesis are needed and this work demonstrates that 

aligned electrospun scaffolds with an ELP coating may be promising for this application. 

It wasn’t expected that there would be such minimal differences in gene expression levels 

between the different conditions. This lead to the theory that perhaps another time point, earlier 

than day 7, should be investigated. In vocal folds, procollagen 1 and 3 will begin to be expressed 

as early as 24 hours during wound healing [63]. A preliminary investigation of gene expression 

on day 3 with one set of samples was conducted to see if differences with collagen gene 

expression levels were being missed by only looking at day 7. Statistical analysis was not 

performed as there was only on sample set being tested, however there appears to be greatly 

elevated collagen 3 gene levels on the UFN sample compared to the UEP sample as well as the 

AFN sample (Figure 33 and 34). There was similar expression seen between the UEP and AEP 

samples indicating that with the ELP4 coating the levels remained the same (graph not shown). 

These results are very promising as it indicates that the ELP4 coating may be reducing collagen-3 
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expression, as well as the aligned architecture. A full study would need to be conducted, however, 

to verify these results.  

        

Figure 33: Relative fold changes of collagen-1, and -3 genes on day 3 between unaligned with 

fibronectin coating (UFN) and unaligned with ELP4 coating (UEP). 

                     

Figure 34: Relative fold changes of collagen-1, and -3 genes on day 3 between unaligned with 

fibronectin coating (UFN) and aligned with fibronectin coating (AFN). 

There is a lot of evidence of higher levels of collagen in scarred animal vocal folds 

compared to healthy vocal folds, especially in chronic wounds [29, 67, 71, 72, 77]. Up regulated 
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collagen-1 expression in the early stages of wound healing, and disorganized thick collagen fibers 

seen months postoperatively is indicative of scar tissue formation [53]. Collagen type I and III 

have different roles in wound healing. In cutaneous wound healing, collagen III is deposited very 

early on and acts as an initial scaffold for the repair process, then it is replaced by collagen I 

during the remodeling phase [149]. Tateya et. al. studied the acute vocal fold wound healing 

process in rat vocal folds and discovered that there may be differences in vocal fold wound 

healing compared to cutaneous wound healing. Collagen-3 was seen by day 1, and collagen-1 was 

seen by day 3, which is the same as in cutaneous wounds, however by day 7 collagen-1 amounts 

had decreased while collagen-3 amounts remained elevated over the 14 day period [67]. In this 

work, collagen-3 may be elevated on the unaligned and uncoated scaffold on day 3, and on day 7 

there seems to be little difference in the expression levels between the two collagens. This may be 

good if the scaffolds are reducing collagen expression, however the results seen by this study, as 

well as by Tateya et. al., are also dependent on the levels of MMP-1, and MMP-8, which degrade 

collagen-3 and -1 respectively [150].  

The ECM genes levels are very important in understanding the impact a treatment 

method will have on reducing scar tissue, and improving wound healing in vocal folds. They give 

an insight into how the cells are reacting to the scaffold, and the amounts of proteins and 

interstitial proteins that will be deposited. To provide a complete characterization of the ECM 

produced on these scaffolds, histological stains can provide amounts of the ECM components 

deposited, as well as a sense of their organization. With the data collected in this study, the results 

are promising towards the effectiveness of electrospun scaffolds and ELP coatings in promoting 

HVFF elastin synthesis, and reducing collagen synthesis. 
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Chapter 5 

Conclusions and Recommendations 

Vocal fold scarring can cause voice disorders that range from mild hoarseness to 

complete voice loss, and can greatly reduce the quality of a person’s life. Current clinical 

therapies are producing suboptimal results, so there is a need for a better treatment option that 

will address the effects of the scarring [53]. To more fully understand the mechanisms of vocal 

fold scarring, many researchers have been focusing on characterizing the differences of the ECM 

composition and organization in scarred and healthy vocal folds. From this work, it was 

determined that there are significant differences in the ECM in scarred vocal fold tissue, changing 

the biomechanical properties of the tissue, and causing the voice disorders [29, 45, 62, 66, 69]. 

The main fibrous components of the lamina propria, elastin and collagen, are very 

important in controlling the biomechanical properties of the tissue. Elevated expression levels of 

collagen-1, and -3 in early wound healing are indicative of scar tissue formation [53]. Elastin and 

collagen also lose their organization during tissue remodeling [29]. Proteoglycans decorin and 

fibromodulin are involved in collagen fibrillogenesis, and may help in down regulating collagen 

and organizing the synthesized fibers [45, 53]. Fibronectin is actively involved in vocal fold 

wound healing and matrix organization, and increased levels in chronic wounds have been linked 

to increased fibrosis and scarring [53]. The organization of the ECM in the vocal folds is very 

important to the biomechanics and, in animal studies, scarred vocal folds cause an increase in 

dynamic viscosity and elastic shear modulus, as well as an increase in PTP and decrease in OCR 

[29, 71, 72, 77]. A tissue engineered construct that will reduce fibrosis, and promote healthy 

elastin and collagen organization would be very promising for vocal fold wound healing.  
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The topographical features of substrates have been shown to affect cell growth in areas 

such as proliferation, differentiation, migration, orientation, and secretion of ECM [151]. 

Electrospun scaffolds are a very encouraging option to use in tissue engineering as their 

architecture and topography can closely mimic that of native tissues [152]. Their properties, 

including pore size, fiber diameter, fiber alignment, mechanical properties, and degradation rate, 

are easily tunable to be made specific for the tissue being investigated [119]. Fiber alignment in 

the electrospun scaffolds, especially, is a very interesting property of these scaffolds as many 

tissues in the body express very aligned structure, including vocal folds [94]. 

This work focused on constructing a model elastomeric electrospun scaffold to evaluate 

parameters important for the application of vocal fold tissue constructs. The viability, 

morphology, and ECM gene expression of immortalized human vocal fold fibroblast cells that 

were grown on scaffolds with differing fiber alignment and an elastin-like polypeptide coating 

was investigated.  Tecoflex® was successfully electrospun into scaffolds with nano- and micro-

scale fibers with highly aligned, and randomly aligned networks. The uniaxial tensile properties 

of the scaffolds were tested and they were shown to have elastic and viscoelastic properties. The 

aligned scaffold had similar properties to that of human vocal fold lamina propria, with a high 

initial elastic modulus when pulled in the preferred direction, and much lower modulus in the 

cross-preferred direction. Before seeding, the scaffolds were successfully coated in ELP4 

statically using 70% ethanol as the solution.  

Immortalized HVFF cells were seeded onto the scaffolds and remained viable over a 7 

and 14 day period. There was also evidence of proliferation on all scaffold conditions, with 

scaffolds on day 7 have a high degree of confluence showing that the scaffolds are capable of 

sustaining a viable cell population. The morphology of the cells was spindle shaped, and the cells 
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were orienting along the aligned fibers, while showing no sense of orientation on the random 

fibers. ECM gene expression was investigated, and it was determined from the results that on day 

7 the scaffold architecture, combined with the ELP4 coating may be promoting elastin gene 

expression. The UEP scaffold had significantly higher elastin expression compared to the UFN 

scaffold, and the AEP scaffold had significantly higher elastin expression compared to the UEP 

scaffold. Overall, the scaffolds promoted viability and proliferation of the cells, also the scaffold 

topography affected the orientation of the cells, and an aligned, confluent cell layer was formed. 

The scaffolds, and the ELP4 coating promoted ECM gene expression, and most importantly may 

have promoted expression of the elastin gene. Aligned electrospun scaffolds with an ELP coating 

could provide optimum culturing conditions for vocal fold tissue-engineering applications.  

Future work into these scaffolds will need to address certain aspects not covered in this 

research. Firstly, a full gene study with a day 1 and 3 time point would provide a complete 

characterization of the affect the scaffold conditions has on the ECM components of the HVFF 

cells. The preliminary results of collagen-1 and -3 on day 3 showed significant up regulation of 

collagen-3 on the unaligned non-coated scaffold, signifying a more pronounce effect of the 

alignment and ELP4 coating earlier in the culture period. A day 1 time point may show even 

more significant differences as these genes can be expressed as earlier as 24 hours during wound 

healing. Secondly a lower seeding density may help with looking more closely at the differences 

in morphology. By day 7 there was such high confluence of the cells that it was difficult to 

distinguish between cells for measuring cell length, width, and aspect ratio.  

Thirdly, the mechanical properties could be further characterized by using the dumbbell 

shaped die to try and prevent the scaffolds from failing along the grips, as well as using a 

machine with a longer testing distance to find the strain at failure and ultimate tensile stress of the 
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materials. Finally, an alternative method for incorporating the ELP4 into the scaffolds could be 

investigated. Attempts were made to co-spin the elastin with the Tecoflex® instead of using it as a 

coating, and appeared to be successful using hexafluoroisopropanol as the solvent, however due 

to time constraints, a full optimization of the spinning protocol could not be done. Co-spinning 

with ELP4 could provide better mechanical properties to the scaffold, and could also be further 

combined with ELP4 coating. The results from this study and further studies could help in the 

development of a viable, biodegradable scaffold that will reduce scar tissue formation, promote 

wound healing and healthy tissue properties in vocal folds.  
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