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Abstract 

 

 

After skeletal muscle damage, satellite cells move towards the injured area to 

assist in regeneration. However, these cells are rare as their numbers depend on the age 

and composition of the injured muscle. This regeneration method often results in scar 

tissue formation along with loss of function. Although several treatment methods have 

been investigated, no muscle replacement treatment currently exists. Tissue engineering 

attempts to create, repair, and/or replace damaged tissue by combining cells, 

biomaterials, and tissue-inducing substances such as growth factors. Electrospinning 

produces a non-woven scaffold out of biomaterials with fiber diameters ranging from 

nanometers to microns to create an extracellular-like matrix on which cells attach and 

proliferate. Our focus is on synthetic polymers, specifically poly(D,L-lactide) (PDLA), 

poly(L-lactide) (PLLA), and poly(ε-caprolactone) (PCL). Skeletal muscle cells grown on 

electrospun scaffolds tend to elongate and fuse together thus, mimicking natural tissue. 

Electrical stimulation has been shown to increase the number of cells fused in culture and 

decreased the time needed in culture for cells to contract.  Therefore, a conductive 

element was added to each scaffold, specifically polyaniline (PANi), gold nanoparticles 

(Au Nps), and multi-walled carbon nanotubes (MWCNT). Our project goal is to create a 

polymeric, conductive, and biocompatible scaffold for skeletal muscle regeneration.   

 PANi and PDLA were mixed to form the following solutions 24% (83% 

PDLA/17% PANi), 24% (80% PDLA/20% PANi), 22% (75%PDLA/25% PANi), 29% 

(83% PDLA/17% PANi), and 29% (80% PDLA/20% PANi). Only the 75/25 electrospun 

scaffold was conductive and had a calculated conductivity of 0.0437 S/cm. Scaffolds with 

larger amounts of PANi were unable to be electrospun. PDLA/PANi scaffolds were 

biocompatible as primary rat skeletal muscle cells cultured in vitro did attach. However, 
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the scaffolds shrunk, degraded easily, and became brittle. Although PDLA/PANi 

scaffolds were easily manufactured, our results indicate that this polymer mixture is not 

appropriate for skeletal muscle scaffolds.  

PLLA and Au Nps were electrospun together to form three composite scaffolds: 

7% Au-PLLA, 13% Au-PLLA, and 21% Au-PLLA. These were compared to PLLA 

electrospun scaffolds. Measured scaffold conductivities were 0.008 ± 0.015 S/cm for 

PLLA, 0.053 ± 0.015 S/cm for 7% Au-PLLA, 0.076 ± 0.004 S/cm for 13% Au-PLLA, 

and 0.094 ± 0.037 S/cm for 21% Au-PLLA. It was determined via SEM with a Bruker 

energy dispersive x-ray spectrometer (EDS) that the Au Nps were not evenly distributed 

within the scaffolds as they had agglomerated. Rat primary muscle cells cultured on the 

three Au-PLLA scaffolds displayed low cellular activity. A second cell study was 

conducted to determine Au NPs toxicity. The results show that the Au Nps were not toxic 

to the cells and the low cellular activity may be a marker for myotube fusion. Elastic 

modulus and yield stress values for the three Au-PLLA scaffolds measured on days 0, 7, 

14, 21, and 28 were much larger than skeletal muscle tissue. Due to the larger mechanical 

properties and Au Nps agglomeration, a third polymer and conductive element scaffold 

was investigated.   

PCL was chosen as the new synthetic polymer as it had a lower elastic modulus 

and high elongation. MWCNT were chosen as the conductive element as they disperse 

well within PCL when acid functionalized. A third component was added to the scaffold 

to help it move similar to skeletal muscle. Ionic polymer gels (IPG) are hydrogels that 

respond to an external stimulus such as temperature, pH, light, and electric field. A 

poly(acrylic acid)/poly(vinyl alcohol) (PAA/PVA) mixture is one type of IGP that 

responds to an electric field. The scaffolds were coaxially electrospun so that each fiber 

had a PCL-MWCNT interior with a PAA/PVA sheath. These scaffolds were compared to 

electrospun PCL and PCL-MWCNT ones. The addition of MWCNT to the PCL did 

increase scaffold conductivity. Actuation of the PCL-MWCNT-PAA/PVA scaffold 

occurred when 15V and 20V were applied. All three scaffolds had rat primary skeletal 

muscle cells attached but, more multinucleated cells with actin interaction were seen on 

PCL-MWCNT-PAA/PVA scaffolds. Once again the mechanical properties were greater 
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than muscle, but because of its ability to actuate we believe the PCL-MWCNT-

PAA/PVA scaffold has potential as a bioartificial muscle. 

Further characterization of the PCL-MWCNT-PAA/PVA included varying the 

ratios of PAA/PVA, smaller crosslinking times, and lower amounts of MWCNT. Four 

ratios, 83/17, 60/40, 50/50, and 40/60, were successfully coaxially electrospun with PCL 

and MWCNT. Overall, very few differences were seen between the four ratios in 

conductivity, cellular biocompatibility, actuation angular speed, and mechanical 

properties. The 83/17 and 40/60 ratios were chosen for additional investigation into 

mechanical properties and actuation. As the mechanical properties of the two types of 

scaffolds did not change significantly through degradation, lower PVA crosslinking times 

were tested. No significant effects were found and it was hypothesized that the 

evaporation of the solution played a role in the crosslinking process. The smaller 

MWCNT amount scaffolds also did not significantly affect the mechanical properties or 

the actuation angular speeds. More work into lowering the scaffold mechanical properties 

while increasing the actuation angular speed is necessary. 

Though the mechanical properties for the 83/17 and 40/60 scaffolds remained 

high compared to skeletal muscle, we also looked for differences in in vivo 

biocompatibility. Both scaffolds were implanted into the right vastus lateralis muscle of 

Sprague-Dawley rats. The left vastus lateralis muscle served as either the PBS injected 

sham surgery or an unoperated control. Biocompatibility was evaluated using enzymes, 

creatine kinase (CK) and lactate dehydrogenase (LDH), levels, fibrosis formation, 

inflammation, scaffold cellular infiltration, and neovascularization on days 7, 14, 21, and 

28 post-implantation. Fibrotic tissue formation, inflammation, and elevated CK and LDH 

levels were observed initially but responses decreased during the four week study. Cells 

infiltrated the scaffolds and histological staining showed more fibroblasts than myogenic 

cells initially but over time, the fibroblasts decreased and myogenic cells increased. 

Neovascularization of both scaffolds was also recorded. PCL-MWCNT-PAA/PVA 

scaffolds were determined to be biocompatible, but some differences between the two 

types were noted. The 83/17 scaffolds caused less of a response from the body compared 

to the 40/60 scaffolds and had more myogenic cells attached. However, the 40/60 

scaffolds had a larger number of blood vessels running through the scaffold. In 
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conclusion, we have successfully fabricated a polymeric, conductive, and biocompatible 

scaffold that can actuate for skeletal muscle tissue engineering. Although our results are 

promising, more work is necessary to continue developing and refining the scaffold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

Acknowledgements 
 

A great many people have contributed to this dissertation work and I would like to 

express my appreciation and gratitude to the School of Biomedical Engineering faculty, 

staff, my committee, my family, and my friends.  

 I would like to thank my advisor, Dr. Joseph Freeman, for his enthusiasm and 

willingness to take on another graduate student who wanted to work with skeletal muscle 

when neither one of us had any experience with it. You jumped in with me feet first to 

make the idea into reality. Thank you for being willing to listen to all my ideas and 

helping to shape them into better ones. As an advisor, you were always readily available 

to discuss research ideas, research problems, sports, and movies. Because of this, I am a 

better researcher and will become a better mentor from your example. I have really 

appreciated the time that I have spent as a student in your lab.  

 I would like to thank Dr. John Rossmeisl for believing in two people who had no 

experience with skeletal muscle regeneration and agreeing to an in vivo study three years 

before it would happen. Working with you and the rest of the staff at the Virginia-

Maryland Regional College of Veterinary Medicine has been amazing. Thank you for 

showing and teaching me the surgical procedures. I have really enjoyed working with 

you.  

 I am also grateful to Dr. Abby Whittington for opening up her lab to me during 

my last year as a graduate student. Thank you for making me part of your lab and being 

available to discuss my research with you. 

 I would like to acknowledge my fellow lab members, Lee Wright, Tea Andric, 

and Albert Kwansa. I appreciate you showing me how to use equipment in the lab, 

discussing any number of weird research problems, editing papers and posters, listening 

to presentations, and being a distraction when needed. Being in the same lab with you 

was wonderful and I enjoyed becoming friends with you.  

 I am grateful to all my family for their love and support. I would like to 

acknowledge my husband, Eric, in particular for his love, patience, and encouragement 

that enabled us to survive graduate school together. I would also like to thank my parents, 

Helen and Warren, my in-laws, Jill and Howard, and my brother and sister-in-law, Jim 

and Tracey, for being interested in and supporting my endeavors. Finally, I would like to 

thank my four nephews and nieces, Finnegan, Maggie, Tiernan, and Fiona, for making 

me smile.  

 

 

 

 

 

 



vii 

 

Attribution 

  

Several colleagues aided in the research presented in this document and a brief 

description is located below. 

 

Chapter 2: Electrospun Poly(D,L-lactide) and Polyaniline Scaffold Characterization 

 Abasha Lewis was an undergraduate student conducting research in the lab and is a 

co-author on the paper. She began electrospinning PDLA and PANi together 

and contributed some of the electrospinning parameters. 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator 

for this project. He contributed to the experimental process and provided 

editorial comments. 

Chapter 3: Characterization of Electrospun Poly(L-lactide) and Gold Nanoparticles 

Composite Scaffolds for Skeletal Muscle Tissue Engineering 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator 

for this project. He contributed to the experimental process and provided 

editorial comments. 

Chapter 4: Coaxial Electrospun Poly(ε-caprolactone), Multi-walled Carbon 

Nanotubes, and Poly(acrylic acid)/Poly(vinyl alcohol) Scaffold for 

Skeletal Muscle Tissue Engineering 

 Daniel Flagg was an undergraduate student is a co-author as he conducted research 

with the author on this study. He produced some of the scaffolds utilized in 

the studies, aided in some of the experiments conducted, and contributed 

editorial comments. 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator 

for this project. He contributed to the experimental process and provided 

editorial comments. 

Chapter 5: Poly(acrylic acid)/Poly(vinyl alcohol) Compositions Coaxially 

Electrospun with Poly(ε-caprolactone) and Multi-walled Carbon 

Nanotubes to Create Nanoactuating Scaffolds 

 Daniel Flagg was an undergraduate student conducting research with the author on 

this study. He produced some of the scaffolds utilized in the studies, aided in 

the experiments conducted, contributed to the experimental process, and 

provided editorial comments 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator 

for this project. He contributed to the experimental process and provided 

editorial comments. 

 



viii 

 

Chapter 6: The Effect of Crosslinking Time and Multi-Walled Carbon Nanotube 

Content on Electroactive, Multi-Component Scaffolds for Skeletal 

Muscle Regeneration 

Abby Whittington, PhD, is a co-author on this paper as she contributed to both the 

experimental and editorial processes. 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator for 

this project. He contributed to the experimental process and provided 

editorial comments. 

Chapter 7: In vivo Skeletal Muscle Biocompatibility of Actuating, Polymeric, and 

Microfibrous Scaffolds 

 John Rossmeisl, DVM, is a co-author on this paper as he aided in the design and 

implementation of this experiment. He performed half of the surgical 

procedures, carried out post-mortem tissue collection, provided the digital 

micrographs, assessed the inflammation level, counted the attached 

fibroblasts and myogenic cells, counted the number of blood vessels, and 

provided editorial comments. 

 Abby Whittington, PhD, is a co-author on this paper as she contributed to both the 

experimental and editorial processes. 

 Joseph Freeman, PhD, is a co-author on this paper as he is the principal investigator 

for this project. He contributed to the experimental process and provided 

editorial comments. 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

Table of Contents 
 

Abstract ............................................................................................................................... ii 

Acknowledgements ............................................................................................................ vi 

Attribution ......................................................................................................................... vii  

Table of Contents ............................................................................................................... ix 

List of Figures .................................................................................................................. xiv 

List of Tables ................................................................................................................. xviii 

Chapter 1: Background .....................................................................................................1 

 1.1 Skeletal Muscle ........................................................................................................1 

 1.2 Injuries .....................................................................................................................1 

 1.3 Skeletal Muscle Repair and Treatments ..................................................................2 

 1.4 Tissue Engineering...................................................................................................2 

  1.4.1 Electrospinning ...............................................................................................3 

  1.4.2 Polymers .........................................................................................................4 

   1.4.2.1 Polylactic Acid ......................................................................................4 

   1.4.2.2 Poly(ε-caprolactone) ..............................................................................5 

 1.5 Contractile Force ......................................................................................................6 

  1.5.1 Mechanical Strain ...........................................................................................6 

  1.5.2 Electrical Stimulation .....................................................................................7 

 1.6 Conductive Elements ...............................................................................................8 

  1.6.1 Polyaniline ......................................................................................................8 

  1.6.2 Gold Nanoparticles .........................................................................................9 

  1.6.3 Multi-walled Carbon Nanotubes ...................................................................10 

 1.7 Scaffold Actuation .................................................................................................11 

  1.7.1 Electroactive Polymers .................................................................................11 

   1.7.1.1 Ionic Polymer Metal Composites ........................................................12 

   1.7.1.2 Ionic Polymer Gel ................................................................................12 

    1.7.1.2.1 Polyacrylic Acid and Polyvinyl Alcohol ....................................13 

  1.7.2 Coaxial Electrospinning ................................................................................13 

 1.8 Project Goal ...........................................................................................................15 

 1.9 References ..............................................................................................................16 



x 

 

 

Chapter 2: Electrospun Poly(D,L-lactide) and Polyaniline Scaffold  

 Characterization ........................................................................................................23 

 2.1 Abstract ..................................................................................................................23 

 2.2 Introduction ............................................................................................................23 

 2.3 Materials and Methods ...........................................................................................25 

  2.3.1 Electrospinning .............................................................................................25 

  2.3.2 Conductivity ..................................................................................................26 

  2.3.3 Cell Study......................................................................................................26 

  2.3.4 Differential Scanning Calorimetry ................................................................27 

  2.3.5 Degradation Study ........................................................................................27 

 2.4 Results ....................................................................................................................27 

 2.5 Discussion ..............................................................................................................30 

 2.6 Conclusions ............................................................................................................33 

 2.7 References ..............................................................................................................34 

Chapter 3: Characterization of Electrospun Poly(L-lactide) and Gold Nanoparticles 

Composite Scaffolds for Skeletal Muscle Tissue Engineering ..................36 

 3.1 Abstract ..................................................................................................................36 

 3.2 Introduction ............................................................................................................36 

 3.3 Materials and Methods ...........................................................................................38 

  3.3.1 Electrospinning .............................................................................................38   

  3.3.2 Conductivity ..................................................................................................39 

  3.3.3 Cellular Studies .............................................................................................40 

   3.3.3.1 Au-PLLA Scaffolds .............................................................................40 

   3.3.3.2 Au Nanoparticles .................................................................................40 

  3.3.4 Mechanical Testing .......................................................................................41 

 3.4 Results ....................................................................................................................41 

 3.5 Discussion ..............................................................................................................47 

 3.6 Conclusion .............................................................................................................49 

 3.7 References ..............................................................................................................50 

Chapter 4: Coaxial Electrospun Poly(ε-caprolactone), Multi-walled Carbon 

Nanotubes, and Poly(acrylic acid)/Poly(vinyl alcohol) Scaffold for 

Skeletal Muscle Tissue Engineering .............................................................53 



xi 

 

 4.1 Abstract ..................................................................................................................53 

 4.2 Introduction ............................................................................................................53 

 4.3 Materials and Methods ...........................................................................................55 

  4.3.1 Electrospinning .............................................................................................55 

  4.3.2 Conductivity ..................................................................................................56 

  4.3.3 Bending Tests................................................................................................56 

  4.3.4 Cellular Study ...............................................................................................57 

  4.3.5 Mechanical Testing .......................................................................................58 

 4.4 Results ....................................................................................................................59 

 4.5 Discussion ..............................................................................................................63 

 4.6 Conclusion .............................................................................................................66 

 4.7 References ..............................................................................................................67 

Chapter 5: Poly(acrylic acid)/Poly(vinyl alcohol) Compositions Coaxially 

Electrospun with Poly(ε-caprolactone) and Multi-walled Carbon 

Nanotubes to Create Nanoactuating Scaffolds ............................................69 

 5.1 Abstract ..................................................................................................................69 

 5.2 Introduction ............................................................................................................69 

 5.3 Materials and Methods ...........................................................................................71 

  5.3.1 Electrospinning .............................................................................................71 

  5.3.2 Conductivity ..................................................................................................72 

  5.3.3 Actuation Tests .............................................................................................72 

  5.3.4 Cellular Studies .............................................................................................72 

   5.3.4.1 Cellular Study 1 ...................................................................................73 

   5.3.4.2 Cellular Study 2 ...................................................................................73 

  5.3.5 Mechanical Testing .......................................................................................74 

 5.4 Results ....................................................................................................................74 

 5.5 Discussion ..............................................................................................................80 

 5.6 Conclusion .............................................................................................................83 

 5.7 References ..............................................................................................................85 

Chapter 6: The Effect of Crosslinking Time and Multi-Walled Carbon Nanotube 

Content on Electroactive, Multi-Component Scaffolds for Skeletal Muscle 

Regeneration ...................................................................................................87 

 6.1 Abstract ..................................................................................................................87 

 6.2 Introduction ............................................................................................................87 



xii 

 

 6.3 Materials and Methods ...........................................................................................89 

  6.3.1 Coaxial Electrospinning ................................................................................89 

  6.3.2 Mechanical Properties – Degradation Study.................................................89 

  6.3.3 Mechanical Properties – Different Hydrogel Crosslinking Times ...............90 

  6.3.4 Rheology .......................................................................................................90 

  6.3.5 Mechanical Properties – Different MWCNT Amounts ................................90 

  6.3.6 Scaffold Actuation Speed .............................................................................91 

 6.4 Results and Discussion ..........................................................................................91 

 6.5 Conclusions ............................................................................................................96 

 6.6 References ..............................................................................................................98 

Chapter 7: In vivo Skeletal Muscle Biocompatibility of Actuating, Polymeric, and 

Microfibrous Scaffolds ................................................................................100 

 7.1 Abstract ................................................................................................................100 

 7.2 Introduction ..........................................................................................................100 

 7.3 Materials and Methods .........................................................................................102 

  7.3.1 Scaffold Fabrication and Preparation ..........................................................102 

  7.3.2 In vivo Scaffold Implantation......................................................................102 

   7.3.2.1 Post-operative Monitoring .................................................................103 

   7.3.2.2 Post-mortem Tissue Collection and Processing .................................104 

  7.3.3 Quantitative and Semi-Quantitative Morphologic Scaffold Analyses........104 

   7.3.3.1 Post-Mortem Microscopic Evaluation ...............................................104 

   7.3.3.2 Serum Creatine Kinase (CK) and Lactate Dehydrogenase (LDH) 

Enzyme Analyses .............................................................................105    

   7.3.3.3 Light Microscopy ...............................................................................105 

   7.3.3.4 Scaffold Fibrosis ................................................................................105 

   7.3.3.5 Treatment Associated Inflammation ..................................................105 

   7.3.3.6 Scaffold Cellularity ............................................................................106 

   7.3.3.7 Scaffold Neovascularization ..............................................................107 

  7.3.4 Statistical Analysis ......................................................................................107 

 7.4 Results ..................................................................................................................107 

 7.5 Discussion ............................................................................................................115 

 7.6 Conclusion ...........................................................................................................118 

 7.7 References ............................................................................................................120 



xiii 

 

Chapter 8: Project Conclusions and Future Directions .............................................122 

 8.1 Project Conclusions .............................................................................................122 

 8.2 Future Directions .................................................................................................123 

  8.2.1 Platinum Nanoparticles ...............................................................................123 

  8.2.2 Crosslink Poly(acrylic acid) ........................................................................124 

  8.2.3 Elastomers ...................................................................................................124 

  8.2.4 Growth Factors............................................................................................125 

  8.2.5 In vivo Studies .............................................................................................125 

  8.2.6 Electrical Stimulation..................................................................................126 

 8.3 References ............................................................................................................127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 

 

List of Figures 
 

Chapter 1 

Figure 1: (a) Schematic of electrospinning setup and (b) an SEM image of an electrospun 

PCL scaffold at 5kx. The scale bar is 20 µm ........................................................3 

Figure 2: PLA structure .......................................................................................................5 

Figure 3: PCL. ......................................................................................................................6 

Figure 4: Rat muscle cells cultured on Matrigel (a) subjected to a 5% stretch and (b) no 

stretch as a control. Reprinted with permission ....................................................7 

Figure 5: Myoblasts cultured on (a) random and (b) aligned PU and immunofluorescently 

stained for focal adhesion sites (red), actin filaments (green), and cell nuclei 

(blue). The scale bar is 20 µm. Reprinted with permission. .................................7 

Figure 6: Structures of (a) emeraldine base PANi and (b) after doping to form the 

emeraldine salt ......................................................................................................8 

Figure 7: TEM image of Au NPs within a single PEO fiber. Reprinted with permission 

from Chemistry of Materials. Copyright (2005) American Chemical Society .....9 

Figure 8: Transmission electron microscopy (TEM) image of PCL fiber containing a 

functionalized MWCNT. Reprinted from Polymer, 47/23, Saeed, K., et al., 

Preparation of electrospun nanofibers of carbon nanotube/polycaprolactone 

nanocomposite, 8019., Copyright (2006) with permission from Elsevier  .........10 

Figure 9: (1) Initial movement of the triple layer PPY film at 5mA in aqueous LiClO4 

solution. (2) The film encounters the 6g weight. (3) The PPy film pushes the 

weight. Reprinted with permission .....................................................................11 

Figure 10: Schematic diagram of the IPMC bending and relaxing process when subjected 

to an electric field. Reprinted from Sensors and Actuators a-Physical, 107/2, 

Jung, K., J. Nam, and H. Choi, Investigations on actuation characteristics of 

IPMC artificial muscle actuator, 183., Copyright (2003) with permission from 

Elsevier ...............................................................................................................12 

Figure 11: A PAA/PVA gel contracted in an acidic environment (left) and expanded in a 

basic one (right). Reprinted from Materials Science and Engineering: C, 14/1-2, 

Marra, S.P., K.T. Ramesh, and A.S. Douglas, Mechanical characterization of 

active poly(vinyl alcohol)-poly(acrylic acid) gel, 25., Copyright (2001), with 

permission from Elsevier ....................................................................................13 

Figure 12: Schematic diagram of a single coaxial electrospun fiber showing the 

characteristic inner core and out shell.................................................................14 

 

Chapter 2 



xv 

 

Figure 1: SEM micrographs of the electrospun solutions: (a) 24% (83/17) at 10,000x, (b) 

24% (80/20) at 10,000x, and (c) 22% (75/25) at 10,025x. Scale bar represents 

10 µm. .................................................................................................................28 

Figure 2: Rat muscle cell proliferation on the 24% 83/17 scaffolds, 24% 80/20, scaffolds, 

22% 75/25 scaffolds, and the cells alone as a positive control ...........................29 

Figure 3: SEM micrographs at 5,000x showing cellular attachment at day 14 for the (a) 

24% (83/17), (b) 24% (80/20), and (c) 22% (75/25) scaffolds Scale bars 

represent 1 µm for the top two panels and 2 µm for the bottom one. .................30 

 

Chapter 3 

Figure 1: SEM micrographs of the three electrospun solutions at 5,000x: (a) PLLA, (b) 

7% Au-PLLA, (c) 13% Au-PLLA, and (d) 21% Au-PLLA scaffolds. The circle 

in (c) highlights fusion of the fibers ....................................................................42 

Figure 2: SEM images displaying the gold within the electrospun fibers at 5,000x for (a) 

7% Au-PLLA, (b) 13% Au-PLLA, and (c) 21% Au-PLLA scaffolds. Scale bars 

denote 40 µm ......................................................................................................43 

Figure 3: Rat muscle cell proliferation on the 7% Au-7% PLLA scaffolds, 13% Au-

7%PLLA scaffolds, 21% Au-PLLA scaffolds, and the cells alone as a positive 

control (n=5). The solutions were diluted (1:4) with dH2O. (* p<0.05) .............44 

Figure 4: Primary rat muscle cells grown on the (a) 7% Au-PLLA scaffold, (b) 13% Au-

PLLA scaffold, and (c) 21% Au-PLLA scaffold on day 28. Cellular actin was 

stained with Oregon Green® Phalloidin and nuclei with DAPI .........................45 

Figure 5: Rat muscle cell proliferation with 7% Au added, 13% Au added, PLLA 

scaffolds, and a positive control. Each solution was diluted (1:4) with dH2O 

(n=5). (* p<0.05) .................................................................................................45 

Figure 6: Graphical analysis of the averages of (a) elastic modulus and (b) yield stress for 

PLLA scaffolds, 7% Au-PLLA scaffolds, 13% Au-PLLA scaffolds, and 21% 

Au-PLLA scaffolds (n=4) on days 0, 7, 14, 21, and 28. (* p<0.05) ...................46 

  

Chapter 4 

Figure 1: Schematic of a single electrospun fiber showing the PCL-MWCNT inner core 

(black) and PAA/PVA hydrogel outer sheath (white) (a) at rest and (b) 

electrically stimulated. The cations and water molecules shift towards the 

negatively charged electrode (grey bar) causing the scaffold to actuate. ...........57 

Figure 2: SEM images of the surfaces of (a) PCL, (b) PCL-MWCNT, and (c) PCL-

MWCNT-H scaffolds at 5,000x. Cross-sectional images of the PCL-MWCNT-

H scaffold showing the inner and outer polymer layers at (d) 5,000x and (e) 

20,000x. Scale bars represent 20 µm except where otherwise denoted ..............59  



xvi 

 

Figure 3: An example of the PCL-MWCNT-H scaffold (a) initially, (b) at the halfway 

point, (c) the max actuation the scaffold achieved, and (d) the relaxation of the 

scaffold when subjected to 20V. Each square is 1 cm x 1 cm ............................60 

Figure 4: Average rat muscle cell proliferation on all three of the scaffolds and TCP as a 

positive control (n=4). The solutions were diluted 1:4 with dIH2O. Similar 

letters are not significantly different from one another (Tukey’s test, p<0.05) ..61 

Figure 5: Day 28 fluorescent images of primary rat skeletal muscle cells on (a) PCL, (b) 

PCL-MWCNT, and (c) PCL-MWCNT-H scaffolds. Scale bars denote 75 µm .62 

 

Chapter 5 

Figure 1: SEM surface images of the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 

scaffolds. Scale bars represent 50 µm .................................................................75 

Figure 2: SEM cross-sectional images displaying the inner core and outer sheath of 

coaxial electrospinning for the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 

scaffolds. Scale bars denote 10 µm  ....................................................................75 

Figure 3: Fluorescent images showing the inner core of PCL-Rhodamine B and outer 

sheath of PAA/PVA-FITC for the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 

scaffolds ..............................................................................................................76 

Figure 4: An example of the 83/17 scaffold (a) initially, (b) first bend, (c) second bend, 

and (d) relaxation when 20V was applied. Each square is 1 cm x 1 cm .............77 

Figure 5: Average angular speed of all four scaffolds (n=3) at the (a) initial actuation, (b) 

secondary actuation, and (c) scaffold relaxation when subjected to 10V, 15V, 

and 20V (p<0.05) ................................................................................................77 

Figure 6: Average rat muscle cell activity treated with 0.14% MWCNT added, 0.7% 

MWCNT added, and cells only as a positive control (n=4). The solutions were 

diluted 1:4 with dIH2O (p<0.05) .........................................................................78 

Figure 7: (a) Average rat muscle cell proliferation on all four of the scaffolds and TCP as 

a positive control (n=4). The solutions were diluted 1:4 with dIH2O (Tukey’s 

test, p<0.05). (b) The average number of cells on each scaffold group (n=4) 

calculated using the calibration curve .................................................................79 

Figure 8: Day 21 fluorescent images of primary rat skeletal muscle cells on (a) 83/17, (b) 

60/40, (c) 50/50, and (d) 40/60 scaffolds. Scale bars shown are 50 µm .............80 

 

Chapter 6 

Figure 1: A representative graph showing the gelation time as the crossover point of G’ 

and G’’ for the 83/17 hydrogel ...........................................................................94 

Figure 2: An example of the 40/60_0.025%MWCNT scaffold (a) initially, (b) first bend, 

(c) second bend, and (d) relaxation when 1.545 A and 20 V were applied. Each 

square is 1 cm x 1 cm..........................................................................................95 



xvii 

 

Figure 3: Average angular speeds (n = 6) for the initial actuation (ω1), secondary 

actuation (ω2), and relaxation (ω3) of the 83/17 and 40/60 scaffolds with 

0.05%, 0.025%, or 0.0125% MWCNT incorporated within ..............................96 

 

Chapter 7 

Figure 1: Representative digital micrographs displaying the scaffold implantation scoring 

system and fibrosis formation before explantation and after staining with H&E. 

The bottom scale bar is 2 mm ...........................................................................108 

Figure 2: (A) CK and (B) LDH enzyme levels for the 83/17 scaffolds, 40/60 scaffolds, 

and untreated control rat values (* p<0.05) ......................................................109 

Figure 3: Images of the 83/17 scaffolds, 40/60 scaffolds, and PBS sham surgeries on days 

7 and 28 stained with H&E and mGT are shown. Controls of unimplanted 

scaffolds and unoperated VL muscles are also shown.  Scale bars represent 

200µm in all panels ...........................................................................................110 

Figure 4: (A) Average fibrotic capsule cross-sectional area for the 83/17 scaffolds, 40/60 

scaffolds, PBS sham surgeries, and the unoperated control muscle (* p<0.05). 

(B) Average inflammatory score for the four treatment groups (*, #, $, % 

p<0.05) ..............................................................................................................110 

Figure 5: 83/17 and 40/60 scaffolds stained with H&E to show the progression of cellular 

infiltration over the four week study period. Both scaffold types were also VVG 

stained to differentiate between myogenic cells (yellow) and fibroblasts (pink). 

A control of unoperated VL muscle showing areas with small and large amounts 

of connective tissue between fascicles is also provided. All scale bars represent 

200µm ...............................................................................................................111 

Figure 6: The number of myogenic cells, fibroblasts, elastin producing cells, and 

indeterminate cells per 100 for the 83/17 and 40/60 scaffold sections stained 

with VVG (*, #, % p<0.05) ..............................................................................113 

Figure 7: Digital photomicrographs of the 83/17 and 40/60 scaffolds stained for desmin + 

cells (dark pink/red) over the four week period ................................................113 

Figure 8: A) TRI, CD31, and FactorVIII:von Willebrand factor stained images for 83/17 

scaffolds, 40/60 scaffolds, and unoperated control VL muscle. Black arrows 

highlight some of the scaffold neovascularization on the TRI stained images.  

Scale bars represent 200 µm in all images. B) The average number of blood 

vessels for the 83/17 and 40/60 scaffolds over the four week period *, #, % 

p<0.05) ..............................................................................................................115 

 

 

 

 

 



xviii 

 

List of Tables 
 

Chapter 1 

Table 1: The number of soldiers receiving soft tissue exploration/debridement and 

amputations both in the field (n=931) and at the WRAMC (n=634) ....................2   

Chapter 2 

Table 1: Parameters used for each of the PDLA/PANi solutions presented below ...........26 

Table 2:  Values for the voltage input, current input, the resulting current output, and 

electrical conductivity for the 100 % PDLA and the three PDLA/PANi 

electrospun scaffolds ...........................................................................................29 

Chapter 3 

Table 1: Electrospinning parameters for PLLA and the three Au-PLLA solutions ..........39 

Table 2: Values for the resulting current output and electrical conductivity for the 7% Au-

PLLA, 13% Au-PLLA, and 21% Au-PLLA scaffolds .......................................43 

Chapter 4 

Table 1: Electrical conductivity values for the PCL, PCL-MWCNTs, and PCL-

MWCNTs-H scaffolds ........................................................................................60 

Table 2: Elastic modulus and yield stress measured under tension in a PBS bath at 37ºC 

for PCL scaffolds, PCL-MWCNT scaffolds, PCL-MWCNT-H scaffolds,  rat 

muscles, and two medial pig skeletal muscles ....................................................63 

Chapter 5 

Table 1: Average electrical conductivity for each of the PCL-MWCNT-PAA/PVA 

scaffolds ..............................................................................................................76 

Table 2: Elastic modulus and yield stress measured under tension in a PBS bath at 37ºC 

for 83/17, 60/40, 50/50, and 40/60 scaffolds ......................................................80 

Chapter 6 

Table 1: Mechanical property values for the scaffold degradation study ..........................92 

Table 2: Scaffold mechanical property values with different PVA crosslinking times .....93 

Table 3: Mechanical property values of scaffolds with differing MWCNT amounts .......94 

Chapter 7 

Table 1: Experimental treatment matrix ..........................................................................105 

Table 2: Average implantation score values for the 83/17 and 40/60 scaffolds ..............108 

Table 3: Total number of cells per scaffold for the four time points (*,
#
 p<0.05) ...........112 

Table 4: Average desmin antibody and VVG stained myogenic on the 83/17 and 40/60 

scaffolds (*, # p<0.05) ......................................................................................114 



1 

 

Chapter 1: Background 

 

 

1.1 Skeletal Muscle 

Approximately 40% of the muscle in the human body is skeletal muscle and it is made up 

of multiple fibers ranging in diameter from 10 to 80 µm [1]. Skeletal muscle cells can be 

categorized as myoblasts (undifferentiated cells), myotubes (multiple myoblasts fused together to 

form a multinucleated construct), and muscle fibers (oriented differentiated myotubes) [2-5]. 

Muscle cells are roughly cylindrical and have diameters that range from 10-100 µm [6]. The 

unidirectional orientation of muscle fibers allows for a large force to be generated during 

contraction [5, 7]. Muscle fibers contain hundreds to thousands of myofibrils; these are 

composed of two contractile proteins: 3000 actin and 1500 myosin filaments [1]. Muscle 

contraction begins when an action potential travels down the motor neuron to the neuromuscular 

junction (NMJ) or motor neuron-skeletal muscle interface [1, 8-12]. After the motor neuron is 

depolarized, acetylcholine is released from the presynaptic membrane and diffuses across to the 

post-synapse muscle end-plate [1, 8, 10-14]. Once the threshold level is reached, depolarization 

of the muscle leads to calcium ion release that causes the actin and myosin filaments to slide 

along each other for contraction [1, 8, 10, 11, 14].  

 

1.2 Injuries 

This process can be interrupted by traumatic injuries to peripheral nerves and/or skeletal 

muscle [14-19]. These types of injuries result in a significant loss of muscle and muscle function 

that require either surgical reconstruction or in severe cases, amputation with some of the most 

extreme examples seen during wartime [20, 21]. Over 12,000 American military men and 

women have been injured in Iraq since combat operations began in March 2003 and of these 

soldiers, “about half sustained injuries serious enough to prevent their return to duty” [22].  

Approximately 57% of the injuries seen during Operations Iraqi Freedom (OIF) and Enduring 

Freedom (OEF) were soft tissue injuries [20].  Armored vehicles and jackets generally protect 
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vital organs but explosions can damage exposed limbs, leading to severely damaged arms and 

legs, chronic pain, and amputations [23]. The Walter Reed Army Medical Center (WRAMC) 

recorded the number of surgeries performed in the field and at the hospital of severely injured 

soldiers from both OIF and OEF [20]. Table 1 displays the results for both amputation and soft 

tissue exploration/debridement (removal of dead muscle tissue to prevent infection) [20, 24].  

Table 1: The number of soldiers receiving soft tissue exploration/debridement and 

amputations both in the field (n=931) and at the WRAMC (n=634) [20]. 

 Soft tissue 

exploration/debridement 

Amputation 

Field 219 114 

WRAMC 287 40 

 

1.3 Skeletal Muscle Repair and Treatments 

Once a muscle is injured, necrotic muscle fibers are removed by macrophages and 

satellite cells are activated to help regenerate the skeletal muscle [5]. However, satellite cell 

incidence in the tissue is extremely low, only 1-5%, and is dependent on the age and composition 

of the muscle fiber [5]. Satellite cells migrate into and proliferate at the injured site, but this 

process results in scar tissue formation and loss of muscle function [5]. Autologous muscle 

transplants and exogenous myogenic cells, satellite cells, and myoblasts have also been 

investigated with little success [19]. This transplantation also leads to morbidity, loss of function, 

and decreased volume at the donor site [5]. Intramuscular injections of skeletal myoblasts have 

also been investigated, but had little effect due to inadequate distribution and low cell survival 

rate [19]. Loss of skeletal muscle caused by prolonged denervation and traumatic injuries 

currently have no satisfactory method of restoration [5, 19, 21]. The limitations in current 

treatments for lost or damaged musculature highlight the need for a muscle replacement therapy. 

There is a serious need for a treatment that can provide function and regenerate lost tissue in 

order to improve the patient’s quality of life in both the short and long term.  

 

1.4 Tissue Engineering 

Tissue engineering (TE) provides a way to combine both engineering and life sciences in 

order to ameliorate a current medical problem [25, 26]. It does this by creating, repairing, and/or 

replacing damaged tissues and organs [2, 21, 26-28]. TE accomplishes this by using a 
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combination of cells, biomaterials, and tissue-inducing substances such as growth factors [26-

28]. The chosen scaffold material is important in determining the biocompatibility, degradation 

rate, chemical properties, and physical properties [29-31]. The material must also encourage cell 

migration, adhesion, growth, and differentiation [32, 33]. Skeletal muscle cells have been grown 

in vitro on numerous scaffold materials including saran wrap, collagen, acellular matrices, fibrin, 

poly(L-lactic acid) (PLLA), polylactic-glycolic acid (PLGA), glass, polyurethane (PU), and 

polypyrrole (PPy) [2, 3, 5, 7, 34-40].  

 1.4.1 Electrospinning  

Electrospinning uses an electrical charge to create a non-woven scaffold with fiber 

diameters varying from nanometers to microns [32, 41-44]. The syringe containing the polymer 

solution is placed into a pump and a current applied to the metal needle [44]. A negatively 

charged plate is located behind a mandrel rotating at very high speeds [44]. This allows polymer 

fibers to be collected in the same direction (Figure 1) [44]. Numerous synthetic polymers have 

been electrospun, including polyvinyl alcohol (PVA), polyethylene-co-vinyl acetate (PEVA), 

polylactic acid (PLA), polyethylene oxide (PEO), polyvinylchloride (PVC), polylactic-co-

glycolic acid (PLGA), poly(-caprolactone) (PCL), and polyethylene glycol (PEG) [29, 30, 32, 

33, 40, 45]. All of these biomaterials have been used as scaffolds for cell growth and are being 

studied in tissue engineering for various areas of the body including skin, bone, cartilage, 

tendons, blood vessels, and heart valves [46]. It has been shown that cells behave well on 

structures that are close to their length-scale; affected behaviors include cellular adhesion, 

cellular orientation, cell morphology, cell motility, extra cellular matrix (ECM) formation, and 

gene expression [47, 48]. Thus, electrospun scaffolds will provide an extracellular-like matrix 

for skeletal muscle cells and encourage cell behavior [32, 42]. 

 

 

A) 
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Figure 1: (a) Schematic of electrospinning setup and (b) an SEM image of an electrospun PCL 

scaffold at 5kx. The scale bar is 20 µm [49]. 

 

1.4.2 Polymers 

Although both natural and synthetic polymers have been used for skeletal muscle tissue 

engineering, there are some benefits to using synthetic polymers over natural polymers. One is 

the control of the degradation of the scaffold; the degradation rate of a polymer can be controlled 

by altering molecular weight, degree of crystallinity, amount of cross-links, or the type of side 

groups present on the polymer chains. Several studies have investigated collagen as a possible 

scaffold for skeletal muscle repair. Okano et al. formed 3-D collagen gel discs and cultured 

C2C12 cells (murine myoblast cell line) for 11 days. The C2C12 cells formed myotubes but, the 

gels were very fragile and shrank over time [2]. Kin et al. conducted an in situ study where 

eighteen male rabbits had a defect created in their vastus lateralis (VL) muscle and a collagen 

sponge was inserted. The final conclusion from this study was that even after 24 weeks of 

implantation the defect did not contain skeletal muscle tissue [50]. Some other potential 

problems with using natural polymers as scaffolds include the possibility of disease transmission, 

low availability, batch to batch variability, and high cost. It is for these reasons that we have 

chosen to use synthetic polymers. 

1.4.2.1 Polylactic Acid 

Polylactic acid (PLA) is a biodegradable synthetic polymer commonly used in tissue 

engineering [51]. The lactic acid monomer has two different chiral forms, an L-lactide or D-

lactide, and by polymerizing these three different polymers are formed (Figure 2) [52]. We are 

interested in only two of them, poly(L-lactide) (PLLA) and poly(D,L-lactide) (PDLA). PLLA is 

a semi-crystalline polymer as all the monomers are in the same direction so the chains can pack 

B) 
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tightly together [53]. In comparison, PDLA is a more amorphous polymer as it contains 

monomers with different chiralities and cannot pack as closely together [53]. This property and 

molecular weight both affect the degradation of the polymers. PDLA degrades over a 12-16 

month range but loses its strength within 1-2 months [51, 52]. PLLA loses its strength within 6 

months but can take longer than 24 months to fully degrade [51, 52]. 

PLA has good tensile strength and has been used in scaffolds for skeletal muscle [52, 54-

57]. Ricotti et al. created ultra-thin PLA films to be used to follow the contractile movement of 

cultured skeletal muscle cells. Their preliminary work showed that C2C12 cells attach and after 

one week displayed fusion of cells into myotubes [57]. Levy-Mishali et al. combined PLLA with 

poly(lactic-co-glycolic acid) (PLGA) at several different ratios, 100/0, 75/25, 50/50, 25/75, and 

0/100, and formed porous scaffold films. The mouse skeletal myoblasts formed multinucleated 

cells on all scaffolds; however, myotubes formed faster on the more rigid (100/0, 75/25, and 

50/50) PLLA/PLGA scaffolds [56]. Thus, PLA scaffolds support myoblast cell attachment and 

permit differentiation into myoblasts in vitro. 

 

Figure 2: PLA structure [52]. 

 

 

1.4.2.2 Poly(ε-caprolactone) 

Poly(-caprolactone) (PCL) is also a synthetic biodegradable polymer and is similar to 

PLA as they are both polyesters [42, 45, 52, 58, 59]. The monomer is shown below in Figure 3 

[52]. It has been used in biodegradable packaging materials, drug delivery systems, suture 

filaments, and scaffolds [52, 59, 60]. It is considered a semi-crystalline polymer and has a low 

glass transition temperature (-60°C). This property allows PCL to have a lower elastic modulus 

but high elongation at breakage [52]. However, it has a much slower degradation time than 

PLLA and PDLA, as it can take anywhere from 2-4 years to degrade [51, 52, 61]. Sun et al. 

measured PCL capsule degradation by inserting it subcutaneously into female Wistar rats. The 
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capsules maintained their integrity for 24 months but at 30 months, they became fragile and lost 

their mechanical strength [62]. 

However, PCL does not seem to be a commonly used polymer for skeletal muscle 

scaffolds. Kim et al. cultured C2C12 murine myoblasts on electrospun PCL and PCL/gelatin 

scaffolds. At day 5, the PCL/gelatin scaffolds formed myotubes but the PCL only scaffolds did 

not [63]. Choi et al. grew human skeletal muscle cells on electrospun PCL/collagen type I 

scaffolds [64]. They found that while the diameter of the myotubes were not different, the length 

of the formed myotubes was significantly greater for aligned fibers compared to random 

orientated ones after seven days of culture [64]. A longer cell study is necessary in order to 

determine whether PCL scaffolds allow myotube formation or if a second, more hydrophilic, 

component is necessary. 

 

Figure 3: PCL [52]. 

1.5 Contractile Force 

One of the major problems with culturing skeletal muscle cells is the lack of contractile 

force compared to native muscle. For example, only 1-2% of native tissue contractile force has 

been produced when cells were cultured in vitro [65-68]. Although several studies have 

investigated both mechanical and electrical stimulation to form more mature muscle fibers with 

better contractility, further research into this area is necessary [5, 36, 37, 69].  

1.5.1 Mechanical Strain 

De Deyne cultured primary rat skeletal muscle cells and introduced a 5% and 10% 

mechanical strain on the cultures. The 5% passive strain caused the rat muscle cells to align 

longitudinally but a 10% strain led to the loss of generated myotubes (Figure 4) [69]. In a later 

study conducted by Huang et al., they found that electrospun aligned PLA fibers had a similar 

effect  on murine C2C12 myoblasts as it promoted aligned myotube formation [40]. Liao et al. 

also found similar results, longitudinal elongation and fusion of cells, with electrospun aligned 

PU fibers (Figure 5) [37]. Therefore, electrospun scaffolds can be utilized in place of an applied 

(CH2)5 C O
n
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mechanical strain and reduce the external stimuli needed for engineering a functional skeletal 

muscle tissue. 

 
Figure 4: Rat muscle cells cultured on Matrigel (a) subjected to a 5% stretch and (b) no 

stretch as a control [69].  

 

 
Figure 5: Myoblasts cultured on (a) random and (b) aligned PU and immunofluorescently 

stained for focal adhesion sites (red), actin filaments (green), and cell nuclei (blue). The scale bar 

is 20 µm [37]. Reprinted with permission from Springer, 2012. 

 

1.5.2 Electrical Stimulation 

De Deyne then compared his results of mechanical strain on skeletal muscle cells to ones 

that were electrically stimulated. He concluded that applying an external low frequency electrical 

stimulation was the most beneficial as it increased the number of myotubes in culture [69]. Fujita 

et al. found that electrical pulse stimulation increased the C2C12 myotube formation rate in 

culture. They found that it took just under two hours for the cultured C2C12 cells to gain 

contractile activity in response to 40V/60mm, 24 ms, and 1 Hz [36]. As a result, electrospinning 

and electrical activation can be used together to obtain highly aligned fibers that will cause 

muscle cell elongation, orientation, fusion, and striation. 
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1.6 Conductive Elements 

Electroactive polymers and metal micro- or nanoparticles can be utilized to increase the 

conductivity of a polymeric scaffold for possible use with electrical stimulation techniques. The 

use of conductive elements in scaffolds may allow a lower voltage and current to be used for 

skeletal muscle cell elongation, orientation, fusion, and striation.  

1.6.1 Polyaniline 

Conductive polymers such as polyaniline (PANi) are similar to metals as they are 

conductive, but maintain the mechanical properties and processability of polymers [70, 71]. 

PANi is an attractive conductive polymer because of its combination of stability, conductivity, 

and low cost [72, 73]. PANi becomes conductive when the non-conductive emeraldine base is 

doped with an acid (Figure 6) [70, 74-76]. The polyaniline chain alternates between single and 

double bonds. This leads to overlapping electron clouds where the electrons are free to move and 

allows the polymer to be conductive [70, 71]. This conductive quality has also been shown to 

increase cell attachment, proliferation, migration, and differentiation [29, 74, 77-80]. Several 

studies have shown that PANi can be easily electrospun either alone or with another polymer to 

create a scaffold [76, 80-83]. Several in vitro and in vivo tests have also shown that PANi is 

biocompatible [80, 83-85]. For example, Li et al. (2006) showed that rat cardiac muscle cells 

were able to attach, migrate, and proliferate on PANi-gelatin electrospun fibers [80]. Wang et al. 

conducted an in vivo study implanting PANi in adult male Sprague Dawley rats as both a powder 

and a film. No significant inflammation was seen in any of the histological samples taken over 

the 50 week study [84]. Although PANi has a lower conductivity than metals, it can still be 

investigated as a possible conductive element for skeletal muscle tissue scaffolds [73]. 

 

Figure 6: Structures of (a) emeraldine base PANi and (b) after doping to form the 

emeraldine salt [70]. 
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1.6.2 Gold Nanoparticles 

Polymer/nanoparticle composite scaffolds can be made by incorporating nanoparticles 

into a polymer matrix [45]. Gold nanoparticles (Au NPs) have been shown to easily electrospin 

with several polymers [86-91]. For example, Kim et al. was able to successfully electrospin Au 

NPs with PEO (Figure 7) [88]. However, for tissue engineering purposes, there is some concern 

that Au NPs could be toxic as they can easily enter cells [92].   

 

Figure 7: TEM image of Au NPs within a single PEO fiber [88]. Reprinted with 

permission from Chemistry of Materials. Copyright (2005) American Chemical Society. 

 

Several studies have researched the cytotoxic effects of Au NPs on different cell lines 

[93-96]. Thomas and Klibanov researched the effect of polyethylenimines (PEI) conjugated to 

Au NPs on simian virus 40-transformed African green monkey kidney cells (COS-7). Cell 

viability was measured 48 hours after transfection and ranged from 67%-78% [93]. Patra et al. 

measured the cell viability of human caucasian lung carcinoma type II epithelial cells (A549) and 

human caucasian hepatocyte cells (HepG2) exposed to Au NPs in the following concentrations: 

10 nM, 30 nM, 60 nM, and 120 nM. The A549 cells had decreased cell viability with all four Au 

NP concentrations after 36 hours, whereas the HepG2 cells displayed no difference in viability 

for any of the concentrations after 72 hours [94]. D’Britto et al. measured the effect of PEI films 

with Au NPs on Chinese hamster ovary (CHO) cells. The CHO cells grown on the PEI films 

incubated with Au NPs and the PEI films layered with Au NPs-lysine demonstrated much higher 

mitochondrial activity than the TCP control cells after 48 hours [95]. Although Au NPs 

cytotoxicity is dependent on cell type and amount, the use of these nanoparticles has potential for 

adding electrical properties to a polymer scaffold. 
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1.6.3 Multi-walled Carbon Nanotubes 

Carbon nanotubes are graphite sheets formed into hollow cylinders with diameters 

ranging from a few nanometers to several micrometers [59, 97, 98]. These cylinders can then be 

fashioned into multiwalled carbon nanotubes (MWCNT) by putting together 2-50 cylinders 

separated by 0.34 nm [97, 99]. MWCNT are being used for tissue engineering purposes as they 

have high electrical conductivity, high thermal conductivity, and are chemically stable [59, 97, 

99]. The structure is conductive because each carbon in the hexagonal lattice has had the 

hydrogen stripped away, thus leaving the leftover electrons free to move [100, 101]. They have 

been successfully combined with several different polymers including PLA, PU, PEO, PCL, and 

polytetrafluoroethylene (PTFE) [31, 43, 59, 60, 102-104].  

Saeed et al. electrospun PCL with several concentrations of both acid functionalized and 

unfunctionalized MWCNT [59, 103]. They found that acid functionalized MWCNTs dispersed 

better as they were embedded and oriented within the PCL nanofiber (Figure 8) [59, 103]. 

Although MWCNT toxicity is a concern, Fraczek et al. found that MWCNT, 300-2000nm in 

length, induced an initial tissue regeneration process both within and around the gluteal muscle 

implantation site of adult hooded Oxford inbred rats. On days 7 and 90, the implantation site 

showed a low inflammatory response and either no or a very small fibrous capsule around the 

implant. Although the MWCNT agglomerated within the muscle tissue and were unable to be 

phagocytized, an abundant number of multinucleated cells still attached [99]. 

 

Figure 8: Transmission electron microscopy (TEM) image of PCL fiber containing a 

functionalized MWCNT [103]. Reprinted from Polymer, 47/23, Saeed, K., et al., Preparation of 

electrospun nanofibers of carbon nanotube/polycaprolactone nanocomposite, 8019., Copyright 

(2006) with permission from Elsevier.  
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1.7 Scaffold Actuation 

One of the problems with skeletal muscle tissue engineering is the lack of use while the 

area is regenerating. Potential patients could lose the use of damaged limbs for months before 

full regeneration occurs. By creating an actuating scaffold, we hope to give the patient use of 

their damaged limbs while new tissue is developing and increase the quality of life after injury. 

Several other studies have also investigated actuating polymers [105-109]. Otero et al. layered 

three films of polypyrrole (PPy), a conductive polymer, and showed that the strip actuated when 

5mA was applied [106]. It was able to move a 6g weight and continued moving until the current 

was stopped (Figure 9) [106]. However, the PPy triple film is not yet physiologically relevant as 

it took 10 seconds to bend 18° [106]. Samatham et al. electrospun polyacrylonitrile (PAN) 

scaffolds for use as an actuating scaffold as well. A single PAN fiber was first subjected to an 

acidic environment and then to a basic one causing the fiber to contract [107]. Although the PAN 

contraction more closely mimics skeletal muscle movement, using a change in pH as the trigger 

may affect the tissue regeneration process.   

 

Figure 9: (1) Initial movement of the triple layer PPY film at 5mA in aqueous LiClO4 

solution. (2) The film encounters the 6g weight. (3) The PPy film pushes the weight [106]. 

Reprinted with permission from John Wiley and Sons, 2012. 

 

1.7.1 Electroactive Polymers 

 Electroactive polymers (EAP) change in shape or actuate when subjected to electrical 

stimulation thus mimicking natural skeletal muscle [6, 110, 111]. The two groups of EAP are 

electronic (driven by an electric field) and ionic or wet (driven by the diffusion of ions) [6, 110]. 
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We have chosen to use ionic EAP as they require low voltages for actuation [111]. Our current 

focus uses two types of ionic EAP, ionic polymer-metal composites and ionic polymer gels, to 

create an “artificial muscle” [6, 111].  

1.7.1.1 Ionic Polymer Metal Composites 

An ionic polymer-metal composite (IPMC) is one type of composite material that has a thin 

ionic polymer membrane with metal electrodes plated on both sides [6, 112, 113]. Several metals 

have been plated on the outside including silver, copper, and platinum [6, 112]. When a hydrated 

IPMC is subjected to an electric field, an ion exchange occurs causing the IPMC to bend and 

then relax [6, 112, 113]. This process is driven by the redistribution of both cations and water 

molecules within the system (Figure 10) [112, 114]. IPMCs have several advantages including 

low driving voltage (1-10V), large deformations, and a fast response [6, 112, 114]. However, 

some disadvantages to the system are large driving currents, the bending amount decreases with 

frequency, and poor repeatability [6, 112].  

 

Figure 10: Schematic diagram of the IPMC bending and relaxing process when subjected 

to an electric field [112]. Reprinted from Sensors and Actuators a-Physical, 107/2, Jung, K., J. 

Nam, and H. Choi, Investigations on actuation characteristics of IPMC artificial muscle 

actuator, 183., Copyright (2003) with permission from Elsevier. 

 

1.7.1.2 Ionic Polymer Gel 

 Hydrogels are three-dimensional cross-linked polymers gels that swell in aqueous 

solutions without dissolving [115]. Ionic polymer gels (IPG) are hydrogels that react in response 

to an external stimuli or change in the environment [6, 115-117]. IPG are affected by changes in 

temperature, pH, light, pressure, chemicals, ionic strength, and electric field; however, our focus 

is on electrically stimulated responses [6, 115-117]. When a pH sensitive IPG is placed in a salt 
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solution between two electrodes, the anode produces oxygen and the cathode produces hydrogen. 

This causes a decrease in the pH at the cathode and an increase at the anode. The IPG either 

shrinks, expands, or bends [6, 116]. However, IPG have a slow response time and the electrodes 

can become damaged after time leading to actuation failure [6, 115]. One possible solution to the 

response time involves making the IPG thinner so that the response time is quicker [6, 115]. 

1.7.1.2.1 Polyacrylic Acid and Polyvinyl Alcohol  

A polyacrylic acid (PAA) and polyvinyl alcohol (PVA) IPG has been well investigated 

for actuation and use as an “artificial muscle” [118-125]. PAA crosslinked gels exhibit high 

water selectivity and permeation due to their carboxylic groups [123, 126]. The drawbacks are 

that these gels are brittle and do not form films easily [126]. PVA crosslinked gels are more 

hydrophobic but have higher mechanical strength and better film-forming ability [123, 126]. 

Together these two polymers can easily make a more hydrophllic film with better mechanical 

properties. A PAA/PVA hydrogel is pH sensitive as it shrinks in an acidic solution and expands 

in a basic one (Figure 11) [118, 121]. These responses can also be obtained electrolytically as 

shown by Hamlen et al.; however, it took over ten minutes for the change in length to occur 

[118]. Caldwell et al. measured the effect of PAA/PVA fiber thickness on actuation. They found 

that the rate of actuation increased significantly as the thickness was reduced [120].    

 

Figure 11: A PAA/PVA gel contracted in an acidic environment (left) and expanded in a 

basic one (right) [121]. Reprinted from Materials Science and Engineering: C, 14/1-2, Marra, 

S.P., K.T. Ramesh, and A.S. Douglas, Mechanical characterization of active poly(vinyl alcohol)-

poly(acrylic acid) gel, 25., Copyright (2001), with permission from Elsevier.  

 

1.7.2 Coaxial Electrospinning 

 Coaxial electrospinning is an emerging technique that allows for the simultaneous 

electrospinning of two distinct polymer solutions [127-130]. This results in a fibrous scaffold 
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where each individual electrospun fiber has a distinct inner core and outer sheath (Figure 13). 

This process is desirable when each component has different solubilities in organic and aqueous 

solvents [129]. Several studies have taken advantage of this technique for creating polymer 

scaffolds [127-130]. Zhao et al. coaxially electrospun PCL as the inner core and gelatin as the 

outer sheath to make a more hydrophilic polymeric scaffold that would increase cell adhesion 

and proliferation [128]. The gelatin-PCL scaffolds had higher mouse dermal fibroblast growth 

compared to PCL scaffolds [128]. Coaxial electrospinning will allow us to create a composite 

IPMC-IPG scaffold. Each fiber will be its own IPMC that will actuate together when subjected to 

an electric field. By using a gel outer layer, we hope to increase skeletal muscle cell adhesion 

and proliferation. It should also help the response time and actuation of the PAA/PVA IPG as the 

outer shell will have a thickness on the order of nanometers. 

 

Figure 12: Schematic diagram of a single coaxial electrospun fiber showing the characteristic 

inner core and out shell. 
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1.8 Project Goal 

 The overall goal of this project is to create a polymeric, conductive scaffold that 

encourages cell growth while forming a functional skeletal muscle. This project is divided into 

three separate aims: 

 

Aim 1: Create and characterize several polymer/conductive element scaffolds suitable for 

skeletal muscle tissue engineering. 

 Several polymers and conductive elements will be investigated for their use as an 

electrospun scaffold for skeletal muscle tissue engineering. These include PDLA-PANi, Au-

PLLA, and PCL-MWCNT-PAA/PVA. These will be evaluated for conductivity, 

biocompatibility, mechanical properties, and actuation. 

 

Aim 2: Further characterize the chosen polymer/conductive element for skeletal muscle 

tissue engineering. 

 Once the best polymer-conductive scaffold is determined, it will be further optimized to 

better match skeletal muscle properties. For example, the conductive element amount in each 

scaffold can be changed to affect conductivity, actuation, and mechanical properties. 

 

Aim 3: Determine in vivo scaffold biocompatibility using a Sprague Dawley rat model. 

After optimizing the polymer-conductive scaffold, it will be implanted into a Sprague 

Dawley rat with the skeletal muscle fully intact to test in vivo biocompatibility. These results 

will be compared to a sham surgery control with no scaffold implanted.    
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2.1 Abstract 

 Neuromuscular disease or peripheral nerve damage can interrupt muscle contraction, but 

tissue engineered constructs can be created to combat this problem. Electrospinning provides a 

way to create a degradable non-woven mesh that can be used to culture cells and tissues. 

Conductive polymers can be blended with other polymers to provide an electrical current to 

increase cell attachment, proliferation, and migration. We electrospun several polyaniline and 

poly (D,L-lactide) (PANi/PDLA) mixtures at different weight percents including the following 

PANi-PDLA solutions (w/v): 24% (83% PDLA/17% PANi), 24% (80% PDLA/20% PANi), 

22% (75%PDLA/25% PANi), 29% (83% PDLA/17% PANi), and 29% (80% PDLA/20% PANi). 

Only the 75/25 electrospun scaffold was able to conduct a current of 5mA. The calculated 

electrical conductivity for this scaffold was 0.0437 S/cm. Primary rat muscle cells were cultured 

on three of the scaffolds and tissue culture polystyrene as a positive control. Although the 

scaffolds degraded during this process, cells were still able to attach and proliferate on each of 

the different scaffolds. The cellular proliferation measurements showed no significant difference 

between the four groups measured. The conductivity and cellular behavior demonstrate the 

feasibility of fabricating a biocompatible, biodegradable, and electrically conductive 

PDLA/PANi scaffold.  

 

2.2 Introduction 

Neuromuscular junctions (NMJs) are specialized synaptic structures that occur at the 

motor neuron-skeletal muscle interface, connecting peripheral nerves to skeletal muscle, causing 

the muscle to contract [1-4]. After the motor neuron is depolarized, acetylcholine is released 

from the presynaptic membrane and diffuses across to the post-synapse muscle end-plate [1, 3-
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5]. Once the threshold level is reached, depolarization of the muscle fibers leads to contraction 

[1, 3, 4]. Vehicular accidents, sports injuries, and shrapnel from military combat all lead to 

traumatic peripheral nerve (PN) damage [6]. Traumatic injuries account for more than 500,000 

patients per year with 200,000 undergoing nerve repair procedures [7, 8]. The contractile process 

can be interrupted by either injuries to the PN or a NMJ disease [1, 3, 4, 6, 7, 9]. In order to 

repair the damaged nerve and muscle area many different cell types and exogenous factors are 

required [6, 7, 9, 10]. Since the axonal repair process is either slow, 1 mm/day, or unable to 

occur, it is necessary to find a solution to help ameliorate this problem [6].  

Tissue engineering (TE) combines engineering with life sciences to provide a way to 

develop a construct that can be placed into multiple patients suffering from a NMJ disease or PN 

damage [8, 11-13]. TE does this by creating, repairing, or replacing damaged tissues and organs 

by using a combination of cells, biomaterials, and tissue-inducing molecules such as growth 

factors [13-15]. The chosen scaffold material is important in determining the biocompatibility, 

degradation rate, and chemical and physical properties [8, 10, 16, 17]. The material must also 

encourage cell migration, adhesion, and growth [16, 18]. Electrospinning provides a way to 

create a non-woven mesh with fiber diameters varying from tens of microns to tens of 

nanometers [16, 17, 19, 20]. Numerous synthetic polymers have been electrospun, including 

polyvinyl alcohol (PVA), polyethylene-co-vinyl acetate (PEVA), polylactic acid (PLA), 

polyethylene oxide (PEO), polyvinylchloride (PVC), polylactic-co-glycolic acid (PLAGA), and 

polyethylene glycol (PEG) [8, 10, 11, 17-19, 21]. Electrospun scaffolds provide an extracellular-

like matrix so that cells can attach before making their own extracellular matrix (ECM)  and 

producing newly regenerated tissue [17].  

Conductive polymers such as polypyrrole (PPy) and polyaniline (PANi) are of growing 

interest due to their unique conductive property that increases cell attachment, proliferation, 

migration, and differentiation [8, 11, 21-24]. For example, PC-12 cells differentiated into neural-

like cells upon the addition of electrical stimulation and nerve growth factor on both PPy and 

PANi surfaces [11, 24]. Li et al. showed that rat cardiac muscle cells were able to attach, 

migrate, and proliferate on PANi-gelatin electrospun fibers [21]. Since PANi has been shown to 

be biocompatible, it can be utilized in a scaffold to improve cellular functions.  
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The focus of this paper is to combine PANi with poly(D,L-lactide) (PDLA) in order to 

create a conductive, biodegradable, and biocompatible scaffold for an eventual nerve-muscle 

construct [11, 15, 22, 25, 26]. In 2007, Huang et al. first combined these two polymers to make a 

PLA-PANi-PLA block copolymer that was electroactive and supported C6 glioma cell 

attachment and proliferation [22]. Later, a PLA-PANi multiblock was synthesized in order to 

generate better mechanical properties [11]. The goal of this study is to electrospin a blend of 

these two polymers together to form a synthetic ECM with conductive properties in order to 

influence cell migration, growth, and attachment of muscle cells [8, 11, 17, 21-24].  

 

2.3 Materials and Methods 

2.3.1 Electrospinning 

Camphorsulfonic acid (CSA), PANi, and hexafluoro-2-isopropanol (HFIP) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). PDLA was purchased from Lakeshore 

Biomaterials (Birmingham, AL, USA). Several solutions were made for this study: 24% (83% 

PDLA/17% PANi) (w/v), 24% (80% PDLA/20% PANi) (w/v), 22% (75% PDLA/25% PANi) 

(w/v), 29% (83% PDLA/17% PANi) (w/v), and 29% (80% PDLA/20% PANi) (w/v). Each of the 

PANi-CSA-HFIP solutions was rotated on a Thermolyne speci-mix (Fisher Scientific, Pittsburg, 

PA, USA). After two hours, the PDLA was added and mixed for an additional four hours. A 

syringe containing the polymer solution was placed into a syringe pump and an electric field was 

applied. The resulting fibers were collected onto an aluminum foil covered flat surface. The 

quantities of both PDLA and PANi, the extrusion rate, distance between the needle and plate, 

and both positive and negative voltages applied are listed in Table 1. The solutions were then 

compared on repeatability, the amount of bead formation, the amount of spatter, and the amount 

of droplets deposited on the electrospun mat to optimize the total polymer weight percent (wt. 

%). Scanning electron microscopy (SEM) was utilized to determine the fiber morphology and 

diameter for each of the co-polymer solutions. A total of 22 fibers over four fields were analyzed 

for each of the PDLA/PANi groups.  
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Table 1: Parameters used for each of the PDLA/PANi solutions presented below 

Polymer 

(%,w/v) 
PDLA  

(% polymer) 

PANi  

(% polymer) 

Distance 

(cm) 

Rate 

(mL/hr) 

Positive 

Voltage 

(kV) 

Negative 

Voltage 

(kV) 

22 75 25 20 1.00 13.0-13.5 5.0 

24 80 20 25 1.00 17-18 2.0 

24 83 17 25 1.00 14.5 2.0 

29 80 20 22 2.00 17 2.0 

29 83 17 25 2.00 11.0 2.0 

 

2.3.2 Conductivity 

After optimization of the total polymer wt. %, the electrospun mats were soaked in saline 

for approximately five minutes (to mimic a possible in vivo environment) before each was placed 

onto an electrode (Capital Advanced Technologies, Inc., Carol Stream, Il, USA). A constant 

voltage of 20.00 V and a constant current of 1.545 A were applied using an E3646A dual output 

DC power supply (Agilent Technologies, Santa Clara, CA, USA). The current output was 

measured by the E3646A power supply and reported in Table 2. Electrical conductivity of each 

mat was also calculated using equation 1,  where ℓ is the length of the mat, R is the electrical 

resistance, and A is the cross sectional area [27]. 

σ = ℓ/(R*A) 

2.3.3 Cell Study 

The optimized PDLA/PANi mats were then cultured with primary rat muscle cells to 

determine cell toxicity, attachment, and proliferation. The muscle was harvested from juvenile 

male Sprague-Dawley rats (Harlan, Dublin, VA) weighing approximately 125-150 g each. The 

cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Inc., Herndon, 

VA, USA) with 10% fetal bovine serum Mediatech, Inc., Herndon, VA, USA) and 1% 

penicillin/streptomycin under standard culture conditions (37ºC, 5% CO2). Mats were placed into 

a 48-well culture plate and ethanol was added to each well for 30 minutes. The mats were 

exposed to UV light for 30 minutes on each side for sterilization. DMEM media was added and 

the mats were soaked overnight before seeding at 20,000 cells/well (passage four). The media 

was changed three times per week over the course of the two week period. 

(1) 
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 Cell toxicity and proliferation were measured using the CellTiter 96 AQueousOne 

Solution Cell Proliferation Assay (Promega, Madison, WI, USA). The old media was removed 

and 200 µL of DMEM media plus 40 µL of the cell proliferation assay was then added to each 

well. The plates were incubated for three hours and the absorbance measured at 490 nm using a 

SpectroxMax M2 spectrophotometer (Sunnyvale, CA, USA). All the scaffolds were fixed using a 

gluteraldehyde-methanol method and dried to preserve the cells. These scaffolds were then 

imaged using SEM to determine if cells had attached to each type of scaffold.  

2.3.4 Differential Scanning Calorimetry 

 The miscibility of the 75/25 scaffold was determined by measuring the glass transition 

temperature of the blended polymer using differential scanning calorimetry (DSC). This was 

compared to the glass transition temperatures of PDLA and PANi alone. A 22% PDLA solution 

was electrospun under the following conditions: 15 cm distance, 3.00 ml/hr rate, a positive 

voltage of 12 kV, a negative voltage of 5 kV, and a mandrel rotational speed of 1788-1789 rpm. 

A 22% (w/v) PANi film was made by dissolving PANi in HFIP and then casting the polymer in a 

petri plate. These were placed into a TA Instruments DSC Q1000 (New Castle, DE, USA) 

machine and measured in triplicate using a heat-cool-heat method. 

2.3.5 Degradation Study 

 An in vitro degradation study was carried out for two weeks on 22% PDLA and 22% 

75/25 PDLA/PANi scaffolds. Scaffolds were cut into 1 cm x 4 cm pieces and weighed. Each 

sample was placed into a vial containing 10 ml of PBS. These were then placed in an agitated 

water bath at 37 ºC. Six samples of each group were removed at days 7 and 14. The samples 

were vacuum dried and the weight measured. The weight loss percentage (Wℓ%) was calculated 

using equation 2, where Wi is the initial weight and Wf is the final weight [11, 22, 28].  

Wℓ% = 100*(Wi-Wf)/Wi 

2.4 Results 

PDLA/PANi scaffolds were electrospun for each of the following solutions (w/v): 24% 

83/17, 24% 80/20, 22% 75/25, 29% 83/17, and 29% 80/20. Total polymer wt. % was optimized 

for each of the three PDLA/PANi blends in order to (1) minimize the amount of polymer 

spattering, (2) minimize the amount of bead formation, (3) and electrospin with repeatability. 

(2) 
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SEM was utilized to ascertain fiber morphology and diameter for the three chosen solutions: 

24% 83/17, 24% 80/20, and 22% 75/25 (SEM) (Figure 1). All of the scaffolds have similar fiber 

morphologies and average fiber diameters, but the 75/25 scaffold fibers have a different range of 

diameters. Average fiber diameters for the three groups were as follows: (1) 1.18 ± 1.22 µm for 

the 83/17 scaffolds, (2) 1.19 ± 1.04 µm for the 80/20 scaffolds, and (3) 0.94 ± 0.65 µm for the 

75/25 scaffolds. Fiber diameter ranges for each of the three solutions were: (1) 0.0291 – 5.48 µm 

for the 83/17 electrospun mats, (2) 0.0291 – 5.04 µm for the 80/20 electrospun mats, and (3) 

0.1695-2.343 µm for the 75/25 electrospun mats. The 83/17 and 80/20 mats have almost 

identical fiber diameter ranges; however, the fiber diameter range for the 75/25 mat was smaller.  

 

Figure 1: SEM micrographs of the electrospun solutions: A) 24% (83/17) at 10,000x, B) 24% 

(80/20) at 10,000x, and C) 22% (75/25) at 10,025x. Scale bar represents 10 µm. 

 

Scaffold conductivity was measured by subjecting nanofiber mats to 20 V at 1.545 A.  

Only the 75/25 solution displayed a current output of 5 mA at the max voltage and max current. 

The calculated electrical conductivity for this mat was 0.0437 S/cm. No output current was 

measured for the other two electrospun mats (Table 2). This may be due to the constrictions of 

the device: max voltage of 20.00 V and a minimum measurable current of 0.001 A.  
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Table 2: Values for the voltage input, current input, the resulting current output, and electrical 

conductivity for the 100 % PDLA and the three PDLA/PANi electrospun scaffolds 

% Polymer 

(PDLA/PANi) 

Voltage 

Input (V) 

Current 

Input (A) 

Current 

Output (A) 

Electrical 

Conductivity 

(S/cm) 

75/25 20.00 1.545 0.005 0.04371 

80/20 20.00 1.545 0 0 

83/17 20.00 1.545 0 0 

100/0 20.00 1.545 0 0 

 

Scaffold biocompatibility and toxicity were measured using a cellular proliferation 

colorimetric assay. A negative control of the scaffold alone was also tested to determine if the 

scaffold would react with the proliferation assay. The averages for each of the scaffolds alone 

were 0.236 for the 83/17 scaffolds, 0.220 for the 80/20 scaffolds, and 0.221 for the 75/25 

scaffolds. Therefore, the scaffolds did not react with the assay and it could be used to accurately 

measure proliferation.  Rat primary muscle cellular proliferation was measured on days 1, 3, 7, 

and14 with cells alone on tissue culture polystyrene as a positive control and on each of the three 

mat types (Figure 2). No significant differences were seen between the four different groups on 

each of the days measured. After SEM imaging, cells were found on all the different ratios of 

PDLA/PANi scaffolds for both day 7 (data not shown) and 14 (Figure 3). Multiple cell 

extensions were produced and attached to several fibers within each scaffold.  

 

Figure 2: Rat muscle cell proliferation on the 24% 83/17 scaffolds, 24% 80/20, scaffolds, 22% 

75/25 scaffolds, and the cells alone as a positive control. 
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Figure 3: SEM micrographs at 5,000x showing cellular attachment on day 14 for the A) 24% 

(83/17), B) 24% (80/20), and C) 22% (75/25) scaffolds. Scale bars represent 1 µm for the top 

two panels and 2 µm for the bottom one. 

 

The miscibility of the 75/25 scaffold was measured in triplicate using DSC. The results 

were compared to measurements of PDLA and PANi alone. The average glass transition 

temperature (Tg) for the 22% 75/25 scaffold was 52 ± 0.4 ºC, the average Tg for the 22% PANi 

film was 96 ± 5.2 ºC, and the average Tg for the 22% PDLA mat was 52 ± 0.6 ºC. Since the Tg 

of our PDLA/PANi mixture was not in the middle of the single polymer scaffolds Tg, we 

conclude that the 75/25 polymer solution is a mixture instead of a blend.  

A degradation study involving the 75/25 mixture and 22% PDLA scaffolds was 

conducted in an agitated water bath at 37 ºC. The Wℓ% of each sample (n=6) was calculated and 

then averaged together for a final value. The 22% PDLA scaffolds showed very little 

degradation. At days 7 and 14 the Wℓ% was 1.66 and 1.70 respectively. However, the 75/25 

scaffolds displayed a larger amount of degradation. The Wℓ% for day 7 was 15.15 and increased 

to 18.74 by day 14. 

 

2.5 Discussion 

Although PANi has been blended with several other polymers, we used a blend of PANi 

with PDLA in this study and successfully electrospunseveral different ratios of PDLA/PANi [11, 
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21, 22, 27]. The amount of total polymer in solution (wt. %) was very important to the 

electrospinning process. At low polymer wt. % lots of spattering occurred, but increasing the 

amount of polymer in solution decreased the spattering and allowed electrospun fibers to form. 

Therefore, we chose our three solutions based on ease of electrospinning, repeatability, lowest 

amount of bead formation, and lowest amount of spattering. 

 SEM micrographs of the electrospun scaffolds were used to measure the average fiber 

diameter and range of 22 fibers for each of the three different solutions. Fiber diameter averages 

of the three were very similar: (1) 1.18 ± 1.22 µm for the 83/17 scaffolds, (2) 1.19 ± 1.04 µm for 

the 80/20 scaffolds, and (3) 0.94 ± 0.65 µm for the 75/25 scaffolds. Our fiber diameter averages 

are above what has been previously reported [21, 27, 29]. For example, Jeong et al. found that 

PLCL/PANi solutions of 85/15 and 70/30 had average fiber diameters of 423 ± 100 nm and 382 

± 102 nm.[27] The fiber diameter ranges for the 24% 83/17 (w/v) solution was 0.0291 – 5.48 

µm, 0.0291 – 5.04 µm for the 24% 80/20 (w/v) solution, and 0.1695-2.343 µm for the 22% 75/25 

(w/v) solution.  PANi/PDLA fiber diameter ranges measured overlap both previously reported 

PANi fiber diameter ranges alone and when blended with other polymers [20, 21, 27, 29, 30]. 

For example, electrospun PANi alone fibers range from 300 – 1000 nm and PANi-PLCL fibers 

ranged from 100 – 700 nm [27, 29]. However, our upper limit fiber diameter ranges are closer to 

the ranges of 500 nm – 5 µm for PANi with poly(methyl methacrylate) (PMMA) measured by 

Veluru et al. [30]. It is possible that several smaller fibers fused together during the 

electrospinning process so larger fibers were formed; however, further analysis is needed to 

determine if this assumption is true. 

All three electrospun PDLA/PANi polymer solutions were exposed to 20.00 V and 1.545 

A while the resulting current output was measured. Only the 22% 75/25 solution emitted a 

current: 5 mA resulting in a calculated electrical conductivity of 0.0437 S/cm. Several other 

papers have measured the electrical conductivity of CSA-doped PANi combined with other 

polymers. Jeong et al. electrospun PANi-PLCL solutions at ratios of 0/100, 15/85, and 30/70 (%, 

v/v) and the electrical conductivity for each of these was 0.0015 S/cm, 0.0077 S/cm, and 0.0138 

S/cm respectively [27]. Veluru et al. electrospun PANi-PMMA mats which had an electrical 

conductivity of 0.00289 S/cm [30]. PANi-gelatin electrospun fibers in ratios of 15/85, 30/70, 

45/55, and 60/40 yielded conductivities of 0.01 S/cm, 0.015 S/cm, 0.017 S/cm, and 0.021 S/cm 

[21]. Although our measured electrical conductance of 0.0437 S/cm was considerably higher 
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than these three, it may be due to differences in calculations of w/v. We calculated our w/v 

solutions in g/ml whereas; the other three papers used either mg/ml or g/L [21, 27, 30]. However, 

our results fall on the electrospun PANi scaffold conductivity curve generated by Khan et al. 

[29]. It is possible that our other scaffolds displayed conductivities that were too small to 

measure with our equipment. These studies may be repeated with a more sensitive conductivity 

meter. 

  A cellular assay was used to determine the toxicity and biocompatibility of the PANi-

PDLA electrospun scaffolds. The cellular response to the assay was measured while the scaffolds 

were in their original well plates. Cellular attachment and proliferation displayed no significant 

difference between any of the groups measured on any of the days in this study.  Although the 

test results measure the activity of cells both in the well and on the scaffold, SEM imaging 

confirms the presence of muscle cells on the scaffolds.  Therefore the scaffolds are not cytotoxic 

(cells survived in the plates and on the scaffolds) and promote cell growth (based on the SEM 

pictures of cells with extensions). When the ethanol was added to each of the scaffolds, it caused 

the scaffolds to contract. The 83/17 scaffolds contracted to approximately ¼ of the original size, 

the 80/20 contracted slightly less, and the 75/25 mats contracted the least but folded on top of 

themselves. After being removed from the ethanol, the scaffolds were very brittle, hard, and flat.  

Some of the scaffolds started to break apart and degrade by days 7 and 14. The cell fixing 

procedure using gluteraldehyde and methanol lead to further scaffold degradation. 

DSC was used to assess whether our conductive 75/25 solution was a true blend or a 

mixture. Three samples of each of the following groups were analyzed: (1) 75/25 scaffold, (2) 

22% PDLA scaffold, and (3) 22% PANi film. The average Tg values for each were 52 ± 0.4 ºC, 

52 ± 0.6 ºC, and 96 ± 5.2 ºC respectively. From our results, we conclude that our 75/25 solution 

is a mixture rather than a blend as the Tg value was close to the Tg of PDLA alone.  

A two week degradation study was performed to compare PDLA scaffolds to the 

conductive 75/25 PDLA/PANi scaffolds. Samples were removed from the PBS solution on days 

7 and 14 and vacuum dried. It was found that the PDLA dried samples curled and folded over on 

themselves. The 75/25 PDLA/PANi vacuum dried samples displayed characteristics similar to 

the scaffolds in the cell study. They were hard, brittle, stiff, and in some cases, had broken into 

pieces. The Wℓ% for PDLA displayed very similar results for days 7 and 14, 1.66 and 1.70 
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respectively. However, the 75/25 mixture had a higher degradation rate at day 7, 15.15, and day 

14, 18.74. Our results are slightly higher than ones found by Huang et al. in a degradation study 

utilizing a poly(L-lactide)-PANI copolymer block in PBS [22]. This discrepancy could be due to 

the difference in the types of scaffolds and that our solutions contained a higher amount of PANi.  

Therefore, the addition of PANi to the solution does have an effect on the degradation rate.  

 

2.6 Conclusions 

PANi and PDLA were electrospun together to create a biodegradable, biocompatible, and 

electrically conductive scaffold. We were able to successfully electrospin nanofibers in various 

PDLA/PANi ratios. Three of these ratios were further analyzed: 24% 83/17, 24% 80/20, and 

22% 75/25. Among these electrospun mixtures, only the 22% (75/25) scaffold conducted a 

significant current and had a calculated electrical conductivity of 0.0437 S/cm. Although the 

PDLA/PANi scaffolds degraded and shrunk, cellular data using primary rat muscle cells showed 

that all three of the scaffold types support cell adhesion and proliferation. While the polymer 

degradation and shrinkage may prevent this polymer blend from being used as the primary 

component of a biomedical device, it may be used as a biocompatible coating on devices such as 

sensors. Future studies may focus on the use of other materials to blend with PANi in order to 

create a nerve-muscle construct. 
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3.1 Abstract 

Traumatic injuries can interrupt muscle contraction by damaging the skeletal muscle 

and/or the peripheral nerves. The healing process results in scar tissue formation that impedes 

muscle function. Electrospinning and metal nanoparticles (Nps) can create a scaffold that will 

trigger muscle cell elongation, orientation, fusion, and striation. PLLA and Au Nps were 

electrospun to create three composite scaffolds, 7% Au-PLLA, 13% Au-PLLA, and 21% Au-

PLLA, and compared to PLLA alone. The scaffolds had a conductivity of 0.008 ± 0.015 S/cm for 

PLLA, 0.053 ± 0.015 S/cm for 7% Au-PLLA, 0.076 ± 0.004 S/cm for 13% Au-PLLA, and 0.094 

± 0.037 S/cm for 21% Au-PLLA. Next, a cell study with rat primary muscle cells and all three 

Au-PLLA scaffolds was conducted. The first cell study showed low cell proliferation on all three 

of the Au-PLLA scaffolds; however, the second cell study showed that this was not due to Au 

Nps toxicity. Instead, low cell proliferation may be a marker for myotube differentiation and 

fusion. Values for the elastic modulus and yield stress for the Au-PLLA scaffolds on days 0, 7, 

14, 21, and 28 were much higher than skeletal muscle tissue. Therefore, lower amounts of Au 

Nps may be utilized to create a biodegradable, biocompatible, and conductive scaffold for 

skeletal muscle repair. 

 

3.2 Introduction 

Neuromuscular junctions (NMJs) are synaptic structures that connect peripheral nerves to 

skeletal muscle and cause contraction [1-4]. Acetylcholine is released by the presynaptic 

membrane and diffuses to the muscle end-plate [1, 3-5]. Once the threshold level is reached, 

muscle contraction occurs [1, 3, 4]. This process can be interrupted by traumatic injuries to 
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peripheral nerves (PNs) and/or skeletal muscle [6-11]. It is estimated that more than 500,000 

traumatic injuries occur each year [9]. These types of injuries result in a significant loss of 

muscle and require either surgical reconstruction or in severe cases, amputation [12].  

Once a muscle is injured, necrotic muscle fibers are removed by macrophages and 

satellite cells are activated to help regenerate the skeletal muscle [13]. However, satellite cell 

incidence in the tissue is extremely low, 1-5%, and is dependent on the age and composition of 

the muscle fiber [13]. Satellite cells migrate to and proliferate at the injured site, but this process 

results in scar tissue formation and loss of muscle function [13]. Autologous muscle transplants 

and exogenous myogenic cells, satellite cells, and myoblasts have been investigated with little 

success [11]. The muscle transplantation leads to morbidity, loss of function, and decreased 

volume at the donor site [13]. Intramuscular injections of skeletal myoblasts were also 

investigated, but had little effect due to inadequate distribution and low cell survival [11]. Loss 

of skeletal muscle caused by prolonged denervation and traumatic injuries has no satisfactory 

restoration method currently [11-13]. These limitations in current treatments for lost or damaged 

musculature highlight the need for a muscle replacement therapy.  

Skeletal muscle cells have been grown in vitro on numerous scaffold materials including 

Saran Wrap©, collagen, acellular matrices, fibrin, poly(L-lactic acid) (PLLA), polylactic-

glycolic acid (PLGA), glass, polyurethane (PU), poly(D-lactic acid)-polyaniline (PDLA-PANi), 

and polypyrrole (PPy) [13-24]. Although skeletal muscle cells have been cultured in vitro, a 

completely functional skeletal muscle has not been produced. One example is the lack of 

contractile force produced [25-28]. However, electrospun scaffolds are an attractive option as 

they provide an extracellular-like matrix, mimicking the in vivo environment, to which cells can 

attach before synthesizing their own extracellular matrix (ECM) [29, 30]. The ECM aids in the 

attachment, alignment, and differentiation of myoblasts [12, 24]. Huang et al. cultured murine 

C2C12 myoblasts on electrospun PLLA fibers [24]. They found that the myotubes produced 

were highly organized, grew along the nanofiber, and were longer compared to C2C12 cells 

grown on unaligned mats [24]. Therefore, electrospinning can provide a way to create a densely 

packed and uniformly aligned skeletal muscle tissue that more closely resembles native skeletal 

muscle [31].  
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Polymer/nanoparticle composite scaffolds can be made by either (1) incorporating 

nanoparticles into a polymer matrix or (2) having the polymer material on the nanoscale level 

[32]. Metal nanoparticles are more commonly researched because they introduce unique 

electrical, optical, and catalytic properties [33-36]. For example, carbon nanotubes, silver 

nanoparticles, and gold nanoparticles (Au Nps) have all been combined with various polymers in 

the electrospinning process [32-38].  

Electrical stimulation has also been shown to have some advantageous effects on skeletal 

muscle growth and differentiation [19, 39]. De deyne found that external low frequency 

electrical stimulation was the most beneficial because it increased the number of myotubes in 

culture [39]. Another study conducted by Fujita et al. found that electrical pulse stimulation 

speeded up the C2C12 myotube formation in culture [19]. They found that it took just under two 

hours for the cultured C2C12 cells to gain contractile activity in response to 40V/60mm, 24 ms, 

and 1 Hz [19]. As a result, we can utilize electrospinning and electrical activation to obtain 

highly aligned fibers that will cause muscle cell elongation, orientation, fusion, and striation. 

In this paper, we combined poly(L-lactide) (PLLA) with several different concentrations 

of Au Nps. Au Nps were chosen because they have been easily electrospun with several other 

polymers [33-38]. Kim et al. was able to successfully electrospin Au Nps with poly(ethylene 

oxide) (PEO) [33]. In order to increase scaffold conductivity, we created three different Au-

PLLA composite scaffolds with much higher percentages of the Au Nps than previously 

investigated. Thus by electrospinning higher amounts of Au Nps with PLLA, a conductive, 

biocompatible, and biodegradable scaffold can be manufactured for skeletal muscle tissue 

engineering that could possibly use lower voltages to increase myotube formation [36, 40-43]. 

These polymer/nanoparticle composite scaffolds were then characterized by measuring the 

conductivity, muscle cell biocompatibility, and mechanical properties.  

 

3.3 Materials and Methods 

3.3.1 Electrospinning 

 PLLA (MW 152,000) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 

dichloromethane (DCM) and rotated overnight. Then 4 ml dimethylformamide (DMF) and 1 ml 
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of 5 nm Au Nps (Nanopartz, Salt Lake City, UT, USA) were added. The solution was then 

vortexed for at least one hour before being electrospun. The four solutions (w/v) for this study 

were 7% PLLA, 7% Au-7% PLLA, 13% Au-7% PLLA, and 21% Au-7% PLLA. A syringe 

containing the solution was placed into a syringe pump and an electric field applied. The 

resulting fibers were collected on a rotating mandrel (~1789 rpm) to form a fibrous scaffold. The 

extrusion rate, distance between the needle and plate, positive voltage, and negative voltage 

values for each of the three Au solutions and PLLA are listed in Table 1. Scanning electron 

microscopy (SEM) was used to determine fiber morphology and diameter for each of the four 

types of scaffolds. A total of 18 fiber diameters for each scaffold were analyzed over three fields.   

Table 1: Electrospinning parameters for PLLA and the three Au-PLLA solutions. 

PLLA 

(%, w/v) 

Au Nps 

(%, w/v) 

Extrusion 

Rate 

(mL/hour) 

Distance 

(cm) 

Positive 

Voltage 

(kV) 

Negative 

Voltage 

(kV) 

7 0 5.00 10 12 -2 

7 7 5.00 10 17 -2 

7 13 5.00 10 12-13 -2 

7 21 5.00 10 17-18 -2 

 

3.3.2 Conductivity 

Four samples from the three Au-PLLA electrospun mat groups were cut into 

approximately 1 cm x 1 cm squares. A 7% PLLA solution was electrospun to be used as a 

control and four samples were also cut into 1 cm x 1 cm squares. The squares were vacuum 

soaked in phosphate buffered saline (PBS) for approximately thirty minutes (to mimic a possible 

in vivo environment) and then placed onto an electrode (Capital Advanced Technologies, Inc., 

Carol Stream, Il, USA). A constant voltage, 20.00 V, and a constant current, 1.545 A, were 

applied by an E3646A dual output DC power supply (Agilent Technologies, Santa Clara, CA, 

USA). The current output was measured by the E3646A power supply. Electrical conductivity 

(σ) for each mat was calculated using equation 1, where ℓ is the length of the mat, R is the 

electrical resistance, and A is the cross sectional area.[44] 

σ = ℓ/(R*A) 

 
 

(1) 
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3.3.3 Cellular Studies 

3.3.3.1  Au-PLLA Scaffolds 

The Au-PLLA mats were cultured with primary rat muscle cells to determine cell 

toxicity, attachment, and proliferation. Skeletal muscle cells were harvested from juvenile male 

Sprague-Dawley rats (Harlan, Dublin, VA, USA) weighing approximately 125-150 g each. 

Fascia and tendon were removed from the muscle before it was sectioned into smaller pieces to 

allow the cells to dissociate from the tissue. Both the muscle sections and later the cells, had 

Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Inc., Herndon, VA, USA) 

containing 10% fetal bovine serum (Mediatech, Inc., Herndon, VA, USA) and 1% 

penicillin/streptomycin added. Both were subjected to standard culture conditions (37ºC, 5% 

CO2).  

Mats were glued to the bottom of 24-well culture plates using a Silastic® medical 

adhesive (Dow Corning, Hemlock, MI, USA) and allowed to dry for two hours. Next, ethanol 

was added to each well for 30 minutes. The plates were then exposed to UV light for 30 minutes 

on each side to complete the sterilization process. The mats were then washed with PBS before 

soaking the mats for two nights in DMEM media. Each scaffold was seeded with 25,000 cells 

(passage four) for one hour before adding the remaining media. The media was changed three 

times per week during the four week study.  

 Cell toxicity and proliferation were assessed using the CellTiter 96 AQueousOne 

Solution Cell Proliferation Assay (Promega, Madison, WI, USA). Each scaffold was removed, 

cut in half, and one of the halves was placed into a new well.  Then, 100 µL of the MTS assay 

and 500 µL media was added. The plates were incubated for approximately three hours. The 

solution was diluted (1:4) with dH2O and the absorbance read at 490 nm with a SpectroxMax M2 

spectrophotometer (Sunnyvale, CA, USA). Cellular attachment was determined by fluorescence 

using the other half of each scaffold. These were fixed using a 3.7% paraformaldehyde solution 

before being stained with both Oregon Green® Phalloidin (Invitrogen, Eugene, Oregan, USA) 

and DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). 

3.3.3.2 Au Nanoparticles 
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A second cellular study was completed in order to determine whether or not the Au Nps 

were toxic to the skeletal muscle cells.  The four groups for this study were 7% Au, 13% Au, 

PLLA scaffolds, and cells alone as a positive control. PLLA mats were secured to the bottom of 

the wells of a 24-well culture plate with sterile silicone glue. All wells were sterilized using the 

same process as described in the first cell study. The tissue culture polystyrene (TCP) wells and 

PLLA scaffolds were each seeded with 20,000 cells. Approximately one hour later, the rest of 

the media and/or Au Nps were added. The concentration of Au Nps added was 1/16 of the total 

amount of media as it was the same ratio of Au Nps to PLLA in solution. The media was 

changed three times per week and the Au Nps were added at the same time during the four week 

study. Cell toxicity and proliferation were also measured using the CellTiter 96 AQueousOne 

Solution Cell Proliferation Assay (MTS assay) (Promega, Madison, WI, USA). The PLLA 

scaffolds were removed and placed into a new well before proliferation measurements; however, 

all others groups were assayed in the original TCP well under the conditions stated previously. 

3.3.4 Mechanical Testing 

 Four samples from each of the three groups and PLLA as a control were cut into 1 cm x 4 

cm strips for mechanical testing. The thickness of each sample was measured with minimal force 

and ranged from 0.015-.02 cm for 7% Au-PLLA, 0.02-0.025 cm for 13% Au-PLLA, 0.015-0.02 

cm for 21% Au-PLLA, and 0.01-0.02 for PLLA. Day 0 samples (n=4) were soaked in PBS for 

30 minutes and then placed into a PBS bath at 37 ºC on an Instron 5869 (Norwood, MA, USA). 

All other samples were placed in a 15 mL conical tube containing 5 mL of PBS. These were then 

placed in an agitated water bath at 37ºC. Samples from each of the four groups (n=4 per group) 

were removed on days 7, 14, 21, and 28. These were then placed into a PBS bath at 37ºC on an 

Instron 5869. All samples were stretched at a rate of 2 mm/minute (10% stain/minute) until 

failure. The elastic modulus and yield stress for each sample was calculated utilizing the stress 

vs. strain graph generated. The four values were then averaged together for a value final. 

 

3.4 Results 

 The following Au-PLLA scaffolds were electrospun and compared to PLLA alone: (1) 

7% Au-PLLA, (2) 13% Au-PLLA, and (3) 21% Au-PLLA. SEM was used to determine fiber 

morphology and fiber diameters for each of the four solutions (Figure 1). Good fiber formation 
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was seen in the unaligned mats of each group. The fiber diameter averages for each were: (1) 

0.970 ± 0.300 µm for PLLA, (2) 1.303 ± 0.525 µm for 7% Au-PLLA, (3) 1.931 ± 0.572 µm for 

13% Au-PLLA, and (4) 1.060 ± 0.376 µm for 21% Au-PLLA. The resulting fiber diameter 

ranges for each were: (1) 0.5684 – 1.569 µm, (2) 0.850 µm – 1.892 µm, (3) 1.16 µm – 3.513 µm, 

and (4) 0.570 µm – 2.133 µm. Fiber diameter averages and ranges for the Au-PLLA scaffolds 

were all larger than the PLLA alone scaffolds. The 7% Au-PLLA and 21% Au-PLLA scaffolds 

were fairly similar; however, both values for the 13% Au-PLLA scaffolds are much larger. We 

believe these values are larger due to the fusion of several fibers as evidenced by Figure 1c.  

 

Figure 1: SEM micrographs of the three electrospun solutions at 5,000x: (a) PLLA, (b) 7% Au-

PLLA, (c) 13% Au-PLLA, and (d) 21% Au-PLLA scaffolds. The circle in (c) highlights fusion 

of the fibers. Scale bars represent 10 µm.  

 

 SEM with a Bruker energy dispersive x-ray spectrometer (EDS) was used to show the Au 

Nps in each of the three Au-PLLA scaffolds (Figure 2). Two points were chosen on each 

scaffold in order to compare an area of agglomerated gold nanoparticles to an area of just the 

polymer. The mass percents calculated using the EDS for the 7% Au-PLLA scaffolds were 27.10 

compared to 5.21, 37.19 to 17.07 for 13% Au-PLLA, and 47.18 to 8.26 for 21% Au-PLLA.  
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Figure 2: SEM images displaying the gold within the electrospun fibers at 5,000x for (a) 7% 

Au-PLLA, (b) 13% Au-PLLA, and (c) 21% Au-PLLA scaffolds. Scale bars denote 40 µm. 

 

All three of the Au-PLLA scaffolds plus PLLA ones were exposed to a constant voltage, 

20.00V, and constant current, 1.545 A, using an E3646A dual output DC power supply. The 

resulting current output was measured for each group (n=4) and then averaged. The conductivity 

for each piece was calculated individually and then averaged for a final value (Table 2). The 

current output and conductivity increased greatly between the PLLA and 7% Au-PLLA 

scaffolds. These also increased between the 7% Au-PLLA and 13% Au-PLLA mats; however, a 

smaller increase was seen between the 13% Au-PLLA and 21% Au-PLLA scaffolds.  

Table 2: Values for the resulting current output and electrical conductivity for the 7% Au-PLLA, 

13% Au-PLLA, and 21% Au-PLLA scaffolds. 

% Au Nps-

PLLA 

Current Output 

(A) 

Electrical 

Conductivity 

(S/cm) 

0 0.003 ± 0.002 0.008 ± 0.003 

7 0.019 ± 0.005 0.053 ± 0.015 

13 0.030 ± 0.002 0.076 ± 0.004 

21 0.032 ± 0.010 0.094 ± 0.037 
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 Scaffold biocompatibility and toxicity were measured using a cellular proliferation assay 

(n=5). A negative control consisting of each scaffold alone was tested to ascertain if the scaffold 

would react with the assay. The negative control average for 7% Au-PLLA scaffolds was 0.178 

± 0.006, 0.176 ± 0.003 for 13% Au-PLLA scaffolds, and 0.180 ± 0.006 for 21% Au-PLLA 

scaffolds. Average primary rat muscle cell proliferation was measured on days 7, 14, 21, and 28 

for each of the three scaffolds. Cells grown on TCP served as a positive control (Figure 3). The 

positive control cellular growth averages for all four of the days showed significantly higher cell 

growth than each of the Au-PLLA scaffold averages according to Tukey’s test (p<0.05). 

However, fluorescent images confirm the presence of cells on the three types of scaffolds at each 

of the time points. Figure 4 displays images for the 7% Au-PLLA scaffold, 13% Au-PLLA 

scaffold, and 21% Au-PLLA scaffold with fluorescently stained cells on day 28. Multinucleation 

and actin filaments interacting with each other are evident in all three of the images. 

 

Figure 3: Rat muscle cell proliferation on the 7% Au-7% PLLA scaffolds, 13% Au-7%PLLA 

scaffolds, 21% Au-PLLA scaffolds, and the cells alone as a positive control (n=5). The solutions 

were diluted (1:4) with dIH2O. (* p<0.05) 
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Figure 4: Primary rat muscle cells grown on the (a) 7% Au-PLLA scaffold, (b) 13% Au-PLLA 

scaffold, and (c) 21% Au-PLLA scaffold on day 28. Cellular actin was stained with Oregon 

Green® Phalloidin and nuclei with DAPI. 

 

 Since low cellular proliferation was seen on our Au-PLLA scaffolds, a second cell study 

with 7% Au, 13% Au, PLLA scaffolds alone, and a positive control was conducted (n=5). The 

purpose of this study was to determine if the Au Nps were causing any toxic effects. Primary rat 

muscle cell proliferation was evaluated on days 7, 14, 21, and 28 (Figure 5). Tukey’s test showed 

no significant difference between the 7% Au, 13% Au, and the positive control. However, the 

PLLA scaffolds displayed significantly lower cell growth on all four of the days (p<0.05).  

 

Figure 5: Rat muscle cell proliferation with 7% Au added, 13% Au added, PLLA scaffolds, and 

a positive control. Each solution was diluted (1:4) with dH2O (n=5). (* p<0.05) 
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Elastic modulus and yield stress were measured for 7% Au-PLLA scaffolds, 13% Au-

PLLA scaffolds, 21% Au-PLLA scaffolds, and PLLA alone  (n=4) on days 0, 7, 14, 21, and 28. 

The averages for the elastic moduli and yield stresses are shown in Figure 6. Tukey’s test 

(p<0.05) was used to determine statistical significance. A significant difference was seen for 

elastic modulus on day 0 as the 21% Au-PLLA scaffolds were higher than the 7% Au-PLLA 

scaffolds. The 21% Au-PLLA scaffolds were also significantly higher on day 7 than the 7% Au-

PLLA and PLLA scaffolds. Although the 21% Au-PLLA scaffold elastic modulus was larger 

than the 7% Au-PLLA, 13% Au-PLLA, and PLLA scaffolds during the study, no other 

significant differences were observed (Figure 6a). The yield stress showed no significant 

difference between the 7% Au-PLLA and 13% Au-PLLA groups over the 28 day study. 

However, the 21% Au-PLLA was significantly larger than the 13% Au-PLLA scaffolds on day 

7. These were also significantly higher than the 7% Au-PLLA and 13% Au-PLLA scaffolds on 

day 21 (Figure 6b). No statistical significance was seen within any of the polymers over the four 

week study. 

 

 

Figure 6: Graphical analysis of the averages of (a) elastic modulus and (b) yield stress for PLLA 

scaffolds, 7% Au-PLLA scaffolds, 13% Au-PLLA scaffolds, and 21% Au-PLLA scaffolds (n=4) 

on days 0, 7, 14, 21, and 28. (* p<0.05) 
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3.5 Discussion 

 Although Au Nps have been combined with several other polymers to create composite 

scaffolds, we investigated larger amounts of Au Nps within PLLA fibers for skeletal muscle 

tissue engineering [33, 35-38, 45]. SEM micrographs show the formation of PLLA fibers in the 

unaligned mats for all four groups (Figures 1). EDS was used to confirm the presence of Au Nps 

in the three Au-PLLA scaffolds. However, we were unable to determine the exact amount of Au 

Nps within each final scaffold due to Au Nps agglomeration. 

Future studies will need to have an increased rotational speed for the mandrel so that 

more aligned mats are produced. The resulting fiber diameter range for PLLA was 0.5684 – 

1.569 µm, 0.850 µm – 1.892 µm for 7% Au-PLLA, 1.16 µm – 3.513 µm for 13% Au-PLLA, and 

0.570 µm – 2.133 µm for 21% Au-PLLA. The fiber diameter averages for each were: (1) 0.970 ± 

0.300 µm for PLLA, (2) 1.303 ± 0.525 µm for 7% Au-PLLA, (3) 1.931 ± 0.572 µm for 13% Au-

PLLA, and (4) 1.060 ± 0.376 µm for 21% Au-PLLA. Our fiber diameter ranges and averages 

were either comparable or slightly above what has previously been reported for electrospun 

PLLA fibers [43, 46]. Yang et al. electrospun 2% and 5% (w/w) PLLA and had fiber diameter 

ranges of 150-500 nm and 800-3000 µm respectively [43]. Prabhakaran et al. had a fiber 

diameter range of 860 ± 110 nm for 16% (w/v) PLLA. However, our fiber averages for Au-

PLLA were somewhat similar to the 5% PLLA fiber average of 1.5 µm reported by Yang et al. 

[43].  

 All three electrospun Au-PLLA scaffolds and PLLA alone were exposed to 20.00 V and 

1.545 A while the resulting current output was measured. 7% Au-PLLA scaffolds had an average 

conductivity of 0.053 ± 0.015 S/cm, 13% Au-PLLA scaffolds were 0.076 ± 0.004 S/cm, 21% 

Au-PLLA scaffolds were 0.094 ± 0.037 S/cm, and PLLA scaffolds were 0.008 ± 0.003 S/cm. 

Although the PLLA scaffolds show a small amount of current output and conductivity, this is 

probably due to the PBS that the mat was soaked in and not the mat itself. Our results show an 

increase in conductivity between the 7% Au-PLLA mats and 13% Au-PLLA mats; however, a 

slightly smaller increase is seen between the 13% Au-PLLA mats and 21% Au-PLLA mats. This 

may be due to inadequate distribution of the Au Nps in the electrospun mats, which explains the 

larger standard deviations.  
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When compared to other studies, our conductivities are considerably higher than other 

polymer-Au composite scaffolds [34, 38]. Wang et al. electrospun several amounts of Au with 

8% poly(vinylpyrrolidone) (PVP) [34]. Their highest conductivity was approximately 175 µS/cm 

for 1.4% Au-PVP [34]. In another study, Bai et al. combined poly(vinylalcohol) (PVA) with Au 

Nps and made electrospun scaffolds [38]. They measured higher conductivity values with 

smaller amounts of Au Nps than Wang et al. The 0.025% Au-PVA scaffold had a conductivity of 

0.475 mS/cm, 0.55 mS/cm for 0.04% Au-PVA, and 0.75 mS/cm for 0.07% Au-PVA [38]. As 

these studies are exploratory, our goal was to characterize the conductivity of the scaffold only. 

Future studies are necessary to determine the scaffold conductivity necessary to increase the 

amount of myotubes, increase the formation of myotubes, and decrease the time until a 

contractile response is observed. 

 A cellular assay was used to determine the toxicity and biocompatibility of the Au-PLLA 

electrospun composite scaffolds. The cellular response to the assay was measured using half the 

scaffold in a new well. This allowed us to assess the cellular proliferation occurring only on the 

scaffolds over the 28 day study. No significant difference was seen between any of the three Au-

PLLA scaffolds on any of the days; however, the positive control was consistently significantly 

higher when compared using Tukey’s test (p < 0.05) (Figure 3). Fluorescent images of each type 

of scaffold were taken at each of the four time points; cellular attachment and elongation were 

seen (data from days 7, 14, and 21 not shown). Figure 4 shows fluorescent images of cells on a 

7% Au-PLLA scaffold, a 13% Au-PLLA scaffold, and a 21% Au-PLLA scaffold on day 28. 

Cells were shown to have elongated and grown together to form multinucleated constructs. 

Although fluorescence showed cells on the scaffolds, our MTS data lead us to question whether 

our Au-PLLA scaffolds were having a possible toxic effect. 

 The second cellular study measured the toxicity of 7% Au, 13% Au, and PLLA scaffolds 

on rat primary muscle cells. No significant difference was seen between the 7% Au treated cells, 

13% Au treated cells, and the positive control when evaluated by Tukey’s test. Therefore, the Au 

Nps were not having a toxic effect on the muscle cells. However, the cellular growth on the 

PLLA scaffolds was significantly lower than all three of these groups at every time point (Figure 

4). Our low cellular proliferation on PLLA containing scaffolds could be due to the cell seeding 

density and a larger cell seeding density should be used in the future. 
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 Elastic modulus and yield stress were measured for PLLA scaffolds, 7% Au-PLLA 

scaffolds, 13% Au-PLLA scaffolds, and 21% Au-PLLA scaffolds.  Results for these values on 

days 0, 7, 14, 21, and 28 are shown in Figure 6. Large standard deviations are shown for the 

three groups on both graphs. This could possibly due to outliers in the resulting data from non-

uniform Au Nps deposition during the electrospinning process. No statistically significant 

change in elastic modulus or yield stress was seen over the four week period for the PLLA and 

Au-PLLA scaffolds. The 21% Au-PLLA scaffolds were significantly greater than the 7% Au-

PLA scaffolds on day 0 for elastic modulus. This group was also significantly larger than PLLA 

and 7% Au-PLLA scaffolds on day 7 as well. Yield stresses showed significantly larger values 

for 21% Au-PLLA than 13% Au-PLLA on day 7. The 21% Au-PLLA scaffolds were also 

significantly greater than 7% Au-PLLA and 13% Au-PLLA yield stresses on day 21. No other 

significant differences were seen for elastic modulus and yield stress. However, the mechanical 

properties of both the PLLA and Au-PLLA scaffolds are too high to be used for skeletal muscle 

tissue engineering; skeletal muscle has been shown to have an elastic modulus of 11.2 MPa and a 

yield stress of 0.2 MPa [47].  The scaffolds in this study have moduli and yield stresses that at 

least double this.  Although this may be necessary to counteract further polymer degradation by 

cells, values more closely resembling those of native tissue are optimal. 

3.6 Conclusions 

 PLLA and Au Nps were electrospun together to create a biodegradable, biocompatible, 

and electrically conductive composite scaffold. We were able to successfully electrospin 

scaffolds for PLLA alone, 7% Au-PLLA, 13% Au-PLLA, and 21% Au-PLLA solutions. 

Although cellular proliferation was low on our scaffolds, we showed that the Au Nps displayed 

no toxic effects.  The elastic modulus and yield stress for all four of the scaffolds were much 

higher than skeletal muscle tissue. Future studies should focus on smaller amounts of Au Nps 

incorporated into a polymer with lower mechanical properties so that it can more closely match 

those of skeletal muscle.  
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4.1 Abstract 

Skeletal muscle repair after injury usually results in scar tissue and decreased 

functionality. In this study, we coaxially electrospun poly(ε-caprolactone), multi-walled carbon 

nanotubes, and a hydrogel (H) consisting of poly(vinyl alcohol) and poly(acrylic acid) (PCL-

MWCNT-H) to create a self-contained nanoactuating scaffold for skeletal muscle tissue 

replacement. This was then compared to electrospun PCL and PCL-MWCNT scaffolds. All 

scaffolds displayed some conductivity; however, MWCNT incorporation increased the 

conductivity. Only the PCL-MWCNT-H actuated when stimulated with 15V and 20V. The PCL, 

PCL-MWCNT, and hydrogel only scaffolds demonstrated no reaction when 5V, 8V, 10V, 15V, 

and 20V were applied. Thus, all components of the PCL-MWCNT-H scaffold are essential for 

movement. All three PCL containing scaffolds were biocompatible but, the PCL-MWCNT-H 

scaffolds displayed more multinucleated cells with actin interaction. After tensile testing, the 

MWCNT containing scaffolds had higher strength than the rat and pig skeletal muscle. Although 

the mechanical properties were higher than muscle, the PCL-MWCNT-H scaffold shows 

promise as a potential bioartificial nanoactuator for skeletal muscle. 

 

4.2 Introduction 

Approximately 40% of the muscle in the  human body is skeletal muscle, which is made up 

of multiple fibers ranging in diameter from 10 to 80 µm [1]. Skeletal muscle cells can be 

categorized as myoblasts (undifferentiated cells), myotubes (multiple myoblasts fused together), 

and muscle fibers (oriented differentiated myotubes) [2, 3]. The unidirectional orientation of 
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muscle fibers allows for a large force to be generated during contraction [4]. Once a muscle is 

injured and unable to contract, satellite cells are activated to help regenerate the skeletal muscle. 

However, this process results in scar tissue formation and loss of muscle function [4]. 

Autologous muscle transplants and exogenous myogenic cells, satellite cells, and myoblasts have 

been investigated for muscle healing with limited success [5]. Prolonged denervation and 

traumatic injuries lead to skeletal muscle loss and have no satisfactory restoration methods 

currently [4-6].  

Muscle tissue engineering requires proper mechanical properties and the ability to 

contract. Muscle cell development has been aided by both mechanical and electrical stimuli 

during cell culture [7]. Powell et al. found that applying a passive stretch to human bioartifical 

muscle (HBAM) was able to increase the mean myofiber diameter by 12% after eight days; 

however, it was still smaller than in vivo myofiber diameters [8]. Liao et al. discovered that 

electrospun polyurethane (PU) fibers caused the mouse muscle cell line (C2C12) cells to orient 

in the fiber direction, increased cell elongation, and enhanced muscle cell fusion [9]. As a result, 

electrospun scaffolds can be utilized to provide the mechanical stimulation to aid in muscle cell 

development.  

Polymer/nanoparticle composite scaffolds can be made by incorporating nanoparticles 

into a polymer matrix [10]. Metal nanoparticles are more commonly researched because they 

introduce unique electrical properties [11-14]. For example, carbon nanotubes, silver 

nanoparticles, and gold nanoparticles have all been combined with various polymers in the 

electrospinning process [10-16]. Electrical stimulation has been shown to have a beneficial effect 

on skeletal muscle growth and differentiation [11, 12]. De deyne found that external low 

frequency electrical stimulation increased the number of myotubes in culture [12]. Fujita et al. 

showed that electrical pulses sped up C2C12 myotube formation in culture. They found that it 

took just under two hours for the cultured C2C12 cells to gain contractile activity in response to 

40V/60mm, 24 ms, and 1 Hz [11]. As a result, we can utilize electrical activation to increase 

myotube formation and for our nanoactuator. 

Ionic polymer gels (IPG) have the ability to actuate and match the force of biological 

muscles. When electrically activated, ions diffuse through the gel causing actuation [17]. We 

have chosen poly(acrylic acid) (PAA) combined with poly(vinyl alcohol) (PVA) as our outer 



55 

 

layer. This combination makes an electroactive hydrogel (H) that actuates when subjected to an 

electric field [17, 18]. We can then add a conductive element to the scaffold to create an 

iononmeric polymer-metal composite (IPMC) that will improve the conductivity [17]. Although 

several studies have utilized conductive elements that actuate for skeletal muscle tissue 

engineering, we are unique in that each fiber within the scaffold is its own IPMC that will react 

to electrical stimulation [19-21]. Creating a polymeric electroactive nanoactuator, a nanoascale 

apparatus that moves when subjected to electrical stimulus, begins with coaxial electrospinning. 

Coaxial electrospinning is a technique that allows for two different polymer solutions to form a 

single fiber with two layers. The formation of these electrospun fibers will also allow the muscle 

cells to grow alongside them and mimic the natural physiology of skeletal muscle tissue.  

In this study, we utilize poly(ε-caprolactone) (PCL) as our inner solution as it has been 

successfully used in coaxial electrospinning [13-15]. Acid functionalized multi-walled carbon 

nanotubes (MWCNT) are incorporated into the PCL solution to increase its conductivity and act 

as an inner electrode [16, 22-24]. In this study, a 50% PCL-0.05% MWCNT-6% (83/17) 

PAA/PVA solution was coaxial electrospun and compared to electrospun solutions of 50% PCL 

and 50% PCL-0.05% MWCNT. 

 

4.3 Materials and Methods 

4.3.1 Electrospinning 

 PCL (MW 70,000-90,000 Da) was dissolved in a 1:1 of dichloromethane (DCM) to 

dimethylformamide (DMF) to make a 50% PCL (w/v) solution [25]. Acid functionalized 

MWCNTs (Baytubes C150P, Bayer Material Science, Leverkusen, Germany) were first 

dissolved in DMF and ultrasonicated using tip H3 on a UP400S Ultrasonic Processor (Hielscher 

Ultrasonics GmbH, Ringwood, NJ) for 10 minutes for dispersion. According to the manufacture, 

the length of the MWCNTs after dispersion ranges from 0.2 µm – 1 µm. PCL and DCM were 

then added to the MWCNTs-DMF to make a 50% PCL-0.05% MWCNT (w/v) in a 1:1 solution 

of DCM:DMF. All of the PCL containing solutions were rotated overnight. The 6% (83/17) 

PAA/PVA hydrogel solution was made by first dissolving the PVA (MW 100,000 Da) in ethanol 

and vortexing until mixed. Then, PAA (MV 450,000 Da) and deionized water (dIH2O) were 

added and again vortexed until mixed. The three solutions to be electrospun were 50% PCL, 
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50% PCL-0.05% MWCNT, and 50% PCL-0.05% MWCNT-H. A hydrogel only scaffold was 

also electrospun for the bending tests. The extrusion rate of 5.00 ml/hour, a 20 cm distance 

between the needle and plate, and a negative voltage of -2 kV were used for the three PCL 

solutions and the hydrogel solution. A positive voltage range of 16-18 kV was used for PCL and 

PCL-MWCNT solutions, 17-18 kV for PCL-MWCNT-H solutions, and 13 kV for the hydrogel 

only solution. All scaffolds were collected on a mandrel with a 3cm diameter rotating at 

approximately 1788-1789 rpm. 

The PCL-MWCNT-H scaffolds were crosslinked by soaking for 20 minutes at room 

temperature in the solution described by Jegal and Lee [26]. The hydrogel only scaffold was 

vapor crosslinked at room temperature using a method similar to Lee et al.; however, 2% 

gluteraldehyde was used for only three hours [27]. Scanning electron microscopy (SEM) was 

used to determine fiber morphology and diameter for each of the three scaffolds. A total of 30 

fiber diameters from each scaffold were analyzed over three fields. Statistical significance was 

determined using Tukey’s test (p<0.05).  

4.3.2 Conductivity  

 All three of the scaffolds types were cut into approximately 1cm x 1cm squares and all 

samples (n=4) were vacuum soaked for 30 minutes in phosphate buffered saline (PBS). A 

constant voltage, 20.00V, and constant current, 1.545A, were applied to each sample and the 

current output was recorded. The electrical conductivity (σ) for each scaffold was calculated 

using equation 1, where ℓ is the length of the mat, R is the electrical resistance, and A is the cross 

sectional area.[28] 

σ = ℓ/(R*A) 

4.3.3 Bending Tests 

 Samples strips (1cm x 4cm) were cut from each of the three scaffolds and from the 

hydrogel only scaffold. These were vacuum soaked for 30 minutes in a 30% (w/v) saline 

solution. The strip was suspended in a beaker containing 30% saline with an alligator clip 

attached to one end. A carbon electrode had the other alligator clip attached and was partially 

submerged in the beaker. A constant current of 1.545A and voltages of 5V, 8V, 10V, 15V, and 

(1) 
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20V were tested. Figure 1 displays a schematic of a single coaxial electrospun PCL-MWCNT-H 

fiber at rest and when electrical stimulated for actuation. 

.  

Figure 1: Schematic of a single electrospun fiber showing the PCL-MWCNT inner core (black) 

and PAA/PVA hydrogel outer sheath (white) (a) at rest and (b) electrically stimulated. The 

cations and water molecules shift towards the negatively charged electrode (grey bar) causing the 

scaffold to actuate. 

 

4.3.4 Cellular Study 

The PCL, PCL-MWCNT, and PCL-MWCNT-H scaffolds were cultured with primary rat 

muscle cells to determine cell toxicity, attachment, and proliferation. Soleus and vastus lateralis 

(VL) muscle were harvested from juvenile male Sprague-Dawley rats (Harlan, Dublin, VA, 

USA) weighing approximately 125-150g each. Fascia and tendon were removed from the muscle 

before it was sectioned into smaller pieces to allow the cells to dissociate from the tissue. Both 

the muscle sections and cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

(Mediatech, Inc., Herndon, VA, USA) containing 10% fetal bovine serum (Mediatech, Inc., 

Herndon, VA, USA) and 1% penicillin/streptomycin under standard culture conditions (37ºC, 

5% CO2).  

Mats were glued to the bottom of 24-well culture plates using a Silastic® medical 

adhesive (Dow Corning, Hemlock, MI, USA) and allowed to dry overnight. Next, ethanol was 

added to each well for 30 minutes. The plates were then exposed to UV light for 30 minutes on 

each side to complete the sterilization process. The mats were washed with PBS before soaking 

for two nights in DMEM media. Each scaffold was seeded with approximately 25,000 cells 
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(passage three) for one hour before adding the remaining media. The media was changed three 

times per week during the four week study.  

Biocompatibility and cellular proliferation were assessed using the CellTiter 96 

AQueousOne Solution Cell Proliferation (MTS) Assay (Promega, Madison, WI, USA). Each 

scaffold was removed from the well and placed into a new well. Then, 60 µL of the MTS assay 

and 300 µL media was added. The plates were incubated for approximately three hours. The 

solution was diluted (1:4) with dIH2O and the absorbance read at 490 nm with a SpectroxMax 

M2 spectrophotometer (Sunnyvale, CA, USA). Tukey’s test was utilized to determine 

significance (p<0.05). Cellular attachment, multinucleation, and actin filament spreading was 

determined by fluorescence on days 21 and 28. These were fixed using a 3.7% paraformaldehyde 

solution before being stained with both Oregon Green® Phalloidin (Invitrogen, Carlsbad, 

California, USA) and DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). 

4.3.5 Mechanical Testing 

 Five samples from PCL, PCL-MWCNT, and PCL-MWCNT-H scaffolds were cut into 1 

cm x 4 cm strips for mechanical testing. All samples were vacuum soaked in PBS for 30 minutes 

and then placed into a PBS bath at 37ºC on an Instron 5869 tensionometer. All samples were 

stretched at a rate of 2mm/minute (10% stain/minute) until failure. The elastic modulus and yield 

stress for each sample was found using the stress vs. strain graph generated. The five values were 

then averaged together for a value final.  

In order to compare the tensile strength of the nanoactuator scaffolds to muscle, we 

measured the mechanical properties of whole excised soleus (n=4) and VL (n=4) muscles from 

the hind limbs of juvenile male Sprague-Dawley rats. We also measured hind limb medial 

skeletal muscle strips (1cm x 5cm) from a female Yorkshire cross pig (n=5 and n=6). The length, 

width, and thickness (average of three measurements for whole muscle) were recorded and the 

samples tested under tension at 37ºC in a PBS bath. The sample values were averaged together 

for a final value for elastic modulus and yield stress. Tukey’s test was used to ascertain statistical 

significance (p< 0.05). 
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4.4 Results 

Electrospun fibers for PCL, PCL-MWCNT, and PCL-MWCNT-H scaffolds were 

collected onto a rotating mandrel. The surfaces were imaged with SEM (Fig. 1 A-C) and good 

fiber formation was seen for all three scaffolds. Figure 2 D-E show the inner and outer polymer 

layers of the coaxial electrospun PCL-MWCNT-H scaffold via cross-section. Fiber diameter 

averages were 1.032 ± 0.601µm for PCL, 1.704 ± 1.452µm for PCL-MWCNT, and 1.861 ± 

0.693µm for PCL-MWCNT-H. Both the PCL-MWCNT and PCL-MWCNT-H fiber diameter 

averages were significantly larger compared to the PCL average fiber diameter. Fiber diameters 

ranged from 0.250-2.567µm for PCL, 0.251-5.194µm for PCL-MWCNT, and 0.952-3.864µm 

for PCL-MWCNT-H.  

 

Figure 2: SEM images of the surfaces of (a) PCL, (b) PCL-MWCNT, and (c) PCL-MWCNT-H 

scaffolds at 5,000x. Cross-sectional images of the PCL-MWCNT-H scaffold showing the inner 

and outer polymer layers at (d) 5,000x and (e) 20,000x. Scale bars represent 20 µm except where 

otherwise denoted. 

 

All three of the PCL containing scaffolds were exposed to a constant voltage, 20.00V, 

and constant current, 1.545A, using an E3646A dual output DC power supply. The resulting 

current output was measured for each group (n=4) and then averaged. The conductivity for each 

piece was calculated individually and then averaged for a final value (Table 1). The addition of 

MWCNT to the scaffold vastly increases the conductivity. 
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Table 1: Electrical conductivity values for the PCL, PCL-MWCNT, and PCL-MWCNT-H 

scaffolds. 

Scaffold Electrical 

Conductivity 

(S/cm) 

PCL 0.026 ± 0.004 

PCL-MWCNT 0.043 ± 0.007 

PCL-MWCNT-H 0.039 ± 0.011 

 

Strips (1cm x 4cm) from each of the scaffold types and an electrospun vapor cross-linked 

6% (83/17) PAA/PVA mat were tested for bending to determine whether we had produced a 

nanoactuator. Briefly, one alligator clip was attached to the end of a strip and the other to an 

electrode approximately 0.90cm away. A constant current, 1.545A, and voltages of 5V, 8V, 10V, 

15V, and 20V were applied. The PCL, PCL-MWCNT, and 6% (83/17) PAA/PVA strips 

displayed no change for the conditions described above. The PCL-MWCNT-H strips bent when 

voltages of 15V and 20V were applied (Figure 3).   

 

Figure 3: An example of the PCL-MWCNT-H scaffold (a) initially, (b) at the halfway point, (c) 

the max actuation the scaffold achieved, and (d) the relaxation of the scaffold when subjected to 

20V. Each square is 1 cm by 1cm.  

 

A cellular study using rat primary skeletal muscle cells was conducted to test the 

biocompatibility of our scaffolds. An MTS colorimetric assay was conducted on days 7, 14, 21, 

and 28 on each of the three types of scaffolds and tissue culture polystyrene (TCP) as a positive 

control (n=4). Each well was diluted 1:4 with dIH2O and averaged for a final value (Figure 4). 
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Similar cellular growth was seen on the PCL, PCL-MWCNT, and PCL-MWCNT-H scaffolds on 

days 7 and 14. However on day 21, the PCL-MWCNT-H scaffolds displayed a large increase in 

cellular activity. The PCL scaffolds also had a large increase in cellular activity on day 28. 

Cellular activity on PCL-MWCNT scaffolds remained fairly constant over the four week period. 

TCP was significantly higher from PCL, PCL-MWCNT, and PCL-MWCNT-H scaffolds at all 

four time points.  PCL-MWCNT-H scaffolds were statistically greater from PCL and PCL-

MWCNT scaffolds on day 21. On day 28, PCL and PCL-MWCNT-H scaffolds were 

significantly larger compared to PCL-MWCNT ones.  

 

Figure 4: Average rat muscle cell proliferation on all three of the scaffolds and TCP as a 

positive control (n=4). The solutions were diluted 1:4 with dIH2O. Similar letters are not 

significantly different from one another (Tukey’s test, p<0.05). 

 

Fluorescent images taken on days 21 (data not shown) and 28 confirm the presence of 

cells growing on all three of the scaffolds (Figure 5). PCL-MWCNT-H images on days 21 and 

28 show large multinucleated cellular constructs with many actin filaments interacting. Although 

PCL and PCL-MWCNT-H scaffolds displayed similar cellular activity, fluorescent images on 

day 28 show that the PCL has very little multinucleation and actin filament interaction compared 

to PCL-MWCNT-H scaffolds. The PCL-MWCNT scaffolds showed low cellular activity 

throughout the study which is confirmed by its fluorescent image.  
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Figure 5: Day 28 fluorescent images of primary rat skeletal muscle cells on (a) PCL, (b) PCL-

MWCNT, and (c) PCL-MWCNT-H scaffolds. Scale bars denote 75 µm. 

 

Elastic moduli and yield stresses were measured for PCL, PCL-MWCNT, PCL-

MWCNT-H, rat soleus muscle, rat VL muscle, and two pig medial muscles. The averages for the 

elastic moduli and yield stresses are shown in Table 2. No statistical significance in either elastic 

modulus or yield stress was seen between the muscle tissues and PCL scaffolds. Both the PCL-

MWCNT and PCL-MWCNT-H scaffolds had significantly larger elastic moduli and yield 

stresses than the PCL and muscle tissues. However, the modulus of the PCL-MWCNT-H 

scaffolds was significantly higher than the PCL-MWCNT scaffolds; however, no difference was 

seen with respect to yield stress. The incorporation of MWCNT into the polymeric scaffold 

caused the mechanical properties to significantly increase. 
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Table 2:  Elastic modulus and yield stress measured under tension in a PBS bath at 37ºC for 

PCL scaffolds, PCL-MWCNT scaffolds, PCL-MWCNT-H scaffolds,  rat muscles, and two 

medial pig skeletal muscles. 

 Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

PCL 443.78 ± 176.27 60.80 ± 15.12 

PCL-MWCNT 7,148.02 ± 1169.98 579.00 ± 114.51 

PCL-MWCNT-H 12,483.72 ± 725.34 644.80 ± 87.20 

Rat Soleus Muscle 48.11 ± 16.19 17.84 ± 5.83 

Rat Vastus Lateralis Muscle 51.27 ± 28.48 12.10 ± 5.58 

Pig Medial Musle 1 151.83 ± 50.30 54.00 ± 21.17 

Pig Medial Muscle 2 141.12 ± 42.34 57.80 ± 11.92 

 

4.5 Discussion 

 A PCL-MWCNT solution and a PAA/PVA hydrogel were successfully coaxial 

electrospun and each fiber formed an IPMC. This scaffold was compared to PCL and PCL-

MWCNT electrospun scaffolds.  All three scaffolds displayed good fiber formation; however, 

the mats were unaligned (Figure 2 A-C). Therefore, the mandrel speed must be increased to 

achieve better fiber alignment. A cross-section of the PCL-MWCNT-H scaffolds was imaged to 

show the inner PCL-MWCNT layer and the hydrogel outer layer (Figure 2 D-E). The resulting 

fiber diameter averages for PCL scaffolds was 1.032 ± 0.601µm, 1.704 ± 1.452µm for PCL-

MWCNT scaffolds, and 1.861 ± 0.693µm for PCL-MWCNT-H scaffolds. This increase in fiber 

diameter for coaxially electrospun PCL has been reported previously [14]. The fiber diameter 

ranges were 0.250-2.567µm for PCL, 0.251-5.194µm for PCL-MWCNT, and 0.952-3.864µm for 

PCL-MWCNT-H mats. Though the average fiber diameters for PCL-MWCNT and PCL-

MWCNT-H scaffolds are not significantly different, the diameter range for PCL-MWCNT-H is 

smaller. Thus, the coaxial electrospun fibers are more consistent. It has been shown that cells 

behave well on structures that are close to their length-scale; affected behaviors include cellular 

adhesion, cellular orientation, cell morphology, cell motility, extra cellular matrix formation and 

gene expression [29, 30]. By having more consistent fiber diameters, we hope to encourage 

myotube and myofiber formation both in vitro and in vivo. 

 All three of the PCL containing scaffolds were exposed to 20.00V and 1.545A in order to 

find the conductivity. PCL scaffolds had a conductivity of 0.026 ± 0.004S/cm, PCL-MWCNT 

scaffolds were 0.043 ± 0.007S/cm, and 0.039 ± 0.011S/cm for PCL-MWCNT-H scaffolds. 
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Although the PCL scaffolds have a calculated conductivity, this is probably due to the PBS the 

mat was soaked in and not the mat itself. A large increase between the PCL and PCL-MWCNT 

mats is shown and proves that the addition of MWCNT to the polymer increase the conductivity 

of the polymeric scaffold.  

Strips from PCL, PCL-MWCNT, PCL-MWCNT-H, and hydrogel only scaffolds were 

tested for actuation under electrical stimulation. A constant current of 1.545A and several 

voltages, 5V, 8V, 10V, 15V, and 20V, were used. The PCL, PCL-MWCNT, and hydrogel 

scaffolds did not actuate under any of these conditions. The PCL-MWCNT-H scaffolds actuated 

when 15V and 20V were applied but not with any of the lower voltages (Figure 3). These results 

prove that all the components of our PCL-MWCNT-H scaffold are necessary to produce a 

polymeric nanoactuator. Although our voltages for actuation are lower than the ones Fujita et al. 

used to increase myotube formation in culture, we would still like to decrease the voltage 

necessary for scaffold actuation [11]. The time scale for actuation is also too large to be 

physiologically relevant at this point; however, more studies are necessary in order to be able to 

control the scaffold actuation process. Several other studies have shown scaffold actuation using 

polypyrrole (PPy), polyacrylonitrile (PAN), and polyaniline (PANi) [19-21]. The advantages of 

our PCL-MWCNT-H scaffold are that electrical stimulation causes actuation rather than a 

chemical one, biocompatibility, and the electrospun fibers will direct cell growth to mimic 

skeletal muscle physiology. 

 A colorimetric cellular assay was used to determine the biocompatibility of PCL, PCL-

MWCNT, and PCL-MWCNT-H scaffolds over a four week period. The TCP was significantly 

higher than all the scaffolds because the cells grow well on it and become confluent. As there is 

only a finite space for the cells to grow, these values remained fairly constant throughout the 

study. The PCL-MWCNT-H scaffolds displayed a large cellular increase on day 21 and were 

significantly larger than the other two scaffolds. The PCL scaffolds also showed an increase in 

cellular activity on day 28. PCL-MWCNT scaffolds had a low and fairly stagnant growth 

throughout the study (Figure 4). Fluorescent images were taken on days 21 (data not shown) and 

28 of the three scaffolds to confirm the MTS assay results. PCL scaffolds displayed much less 

cellular interaction and multinucleation than the PCL-MWCNT-H scaffolds even though the 

MTS results on day 28 were not significantly different. The PCL-MWCNT scaffold fluorescent 

images showed very few and small clusters of cells on the scaffold and confirms the low cell 
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count found with the MTS assay. The addition of a hydrophilic outer layer to the more 

hydrophobic scaffold caused faster cellular growth and interaction. One of the challenges with 

electrospun scaffolds is cellular infiltration and at this point, we do not anticipate our scaffolds 

displaying adequate cellular infiltration. Porogens such as NaCl can be added to the 

electrospinning process in order to increase cellular infiltration within the scaffold; however, the 

scaffold actuation may be affected by this process [31].       

 However, there is some concern with the biocompatibility of MWCNT. We theorize that 

since PCL degradation is slow, only a small amount of MWCNT will be released at a time and 

have a minimal effect on the body. Conversely, Fraczek et al. found that MWCNT, 300-2000nm 

in length, induced an initial tissue regeneration process both within and around the gluteal 

muscle implantation site of adult hooded Oxford inbred rats. On days 7 and 90, the implantation 

site showed a low inflammatory response and either no or a very small fibrous capsule around 

the implant. Although the MWCNT agglomerated within the muscle tissue and were unable to be 

phagocytized from the body, an abundant number of multinucleated cells still attached [23]. The 

MWCNT used in this study overlap the length range used by Fraczek et al, will be less likely to 

aggregate within the body as they are embedded within the scaffold, and should promote muscle 

tissue regeneration if released. 

 The elastic modulus and yield stress were measured for the PCL mats, PCL-MWCNT 

mats, PCL-MWCNT-H mats, rat soleus muscle, rat VL muscle, and two pig medial muscles 

(Table 2). Only the PCL scaffold was not significantly different from all four of the skeletal 

muscles measured. The PCL-MWCNT and PCL-MWCNT-H scaffolds were significantly larger 

than the PCL scaffolds and muscle tissues for both the elastic modulus and yield stress. The 

PCL-MWCNT-H scaffolds had a significantly greater elastic modulus than the PCL-MWCNT 

scaffolds. We have shown that the addition of MWCNT within the polymeric scaffold does 

increase the mechanical properties. Although PCL-MWCNT-H scaffold values were greater than 

all four of the skeletal muscle ones, the amount of MWCNT incorporated into the scaffold can be 

optimized to better match skeletal muscle tissue properties.  
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4.6 Conclusion 

PCL, PCL-MWCNT, and PCL-MWCNT-H were each successfully electrospun. The 

PCL-MWCNT-H scaffolds displayed both the inner and outer polymer layers characteristic of 

coaxially electrospun materials and formed individual IPMCs. The PCL-MWCNT-H scaffold 

was conductive and the only one to actuate when 15 V and 20 V were applied, thus creating a 

possible nanoactuator for skeletal muscle tissue engineering. All three of the scaffold types were 

biocompatible; however, the PCL-MWCNT-H scaffolds displayed the first large cellular 

increase on day 21. They also displayed more multinucleated cells with interacting actin 

filaments. Although the addition of MWCNT caused the mechanical properties to be greater than 

those of muscle, this can be optimized to ameliorate this problem. Therefore, we believe that this 

novel core-shell nanofiber scaffold is the first step in creating a bioartificial muscle.  More work 

must be done to optimize the mechanical properties and lower the voltage needed to activate the 

nanoactuator.    
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5.1 Abstract 

Skeletal muscle regeneration usually causes scar tissue formation and loss of function, an 

alternative method is needed. In this study, poly(ε-caprolactone), multi-walled carbon nanotubes, 

and (83/17, 60/40, 50/50, and 40/60) poly(acrylic acid)/poly(vinyl alcohol) (PCL-MWCNT-

PAA/PVA) were coaxially electrospun to create scaffolds. All four were conductive; however, 

not all scaffolds actuated when electrically stimulated. The best response occurred when 20V 

was applied. A biocompatibility study where skeletal muscle cells were exposed to 0, 0.14%, and 

0.7% MWCNT showed that these concentrations were low enough to not cause harm over a four 

week period. All scaffolds were biocompatible but, the 40/60 scaffolds had more cells. 

Fluorescent staining showed large clusters of multinucleated cells with actin interaction. 

Although scaffold tensile properties are greater than skeletal muscle, our other results show that 

with more modification to cause contraction instead of bending this combination of materials 

may show promise as components in an artificial muscle. 

 

5.2 Introduction 

Approximately 40% of the human body’s muscle is skeletal muscle, which is made up of 

multiple fibers ranging in diameter from 10 to 80 µm [1]. The unidirectional orientation of these 

fibers produces a large force during contraction [2]. Once a muscle is injured and unable to 

contract, satellite cells are activated to attempt muscle tissue regeneration. Unfortunately, this 

healing mechanism creates scar tissue and hinders muscle function [2]. Autologous muscle 
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transplants, exogenous myogenic cells, satellite cells, and myoblasts have all been investigated 

for initiating muscle regeneration but met with limited success [3]. Thus, prolonged denervation 

and traumatic injuries lead to skeletal muscle loss and have no satisfactory restoration methods 

[2-4].  

Muscle tissue engineering requires proper mechanical properties and the ability to 

contract. Muscle cell development has been aided by both mechanical and electrical stimuli 

during cell culture [5-8]. Liao et al. discovered that electrospun polyurethane (PU) fibers caused 

the mouse muscle cell line (C2C12) cells to orient in the fiber direction, increased cell 

elongation, and enhanced muscle cell fusion [7]. Electrical stimulation has been shown to have a 

beneficial effect on skeletal muscle growth and differentiation [5, 8]. Fujita et al. showed that 

electrical pulses sped up C2C12 myotube formation in culture. They found that it took just under 

two hours for the cultured C2C12 cells to gain contractile activity in response to 40V/60mm, 24 

ms, and 1 Hz [5]. By combining electrospun polymers with metal nanoparticles, a composite 

scaffold is created that will be conductive [5, 8-11]. For example, carbon nanotubes, silver 

nanoparticles, and gold nanoparticles have all been combined with various polymers in the 

electrospinning process [5, 8-13]. As a result, electrospun polymer-nanoparticle composite 

scaffolds can be used to facilitate muscle cell development. 

An ionic polymer-metal composite (IPMC) is one type of composite material that has a 

thin polymer membrane with metal electrodes plated on both sides [14]. These are also referred 

to as “artificial muscles” as they actuate when a voltage is applied [14]. When a hydrated IPMC 

is subjected to an electric field, an ion exchange occurs causing the IPMC to bend and then relax 

[14]. We are proposing to create a “reverse IPMC” where the metallic component is located on 

the interior. Although several studies have utilized conductive elements that actuate for skeletal 

muscle tissue engineering, we are unique in that each fiber within the scaffold is its own IPMC 

that will react to electrical stimulation [15, 16]. To form our “reverse IPMC” scaffold, we will 

use coaxial electrospinning so that each fiber will have separate inner and outer layers thus, 

making each nanofiber a “reverse IPMC”. The formation of these electrospun fibers will also 

allow the muscle cells to grow alongside them and mimic the natural physiology of skeletal 

muscle tissue.  



71 

 

We have already successfully created one coaxial electrospun “reverse IPMC” scaffold. 

The interior layer components were poly(ε-caprolactone) (PCL) and acid functionalized multi-

walled carbon nanotubes (MWCNT) [17]. The exterior component was a combination of 

polyacrylic acid (PAA) and polyvinyl alcohol (PVA) as it forms an actuating electroactive 

hydrogel [14, 17, 18]. In this paper, we investigated the effects of several different PAA/PVA 

compositions (83/17, 60/40, 50/50, and 40/60) with respect to conductivity, actuation, 

biocompatibility, and mechanical properties. Each PAA/PVA composition was coaxially 

electrospun with PCL and MWCNT. 

 

5.3 Materials and Methods 

5.3.1 Electrospinning 

  All polymer solutions were made as described previously [17]. Briefly, PCL (MW 

70,000-90,000 Da) was combined with acid functionalized MWCNT (Baytubes C150P, Bayer 

Materials Leverkusen, Germany) in a solution of dichloromethane (DCM) and dimethylforamide 

(DMF). This resulted in a 50% PCL-0.05% MWCNT (w/v) solution. PAA and PVA were mixed 

with ethanol and deionized water (dIH2O) to make 6% (83/17, 60/40, 50/50, and 40/60) hydrogel 

solutions. The extrusion rate of 5.00 ml/hour, a 12 cm distance between the needle and plate, and 

a negative voltage of -2 kV were used for all four of the coaxial electrospun solutions. The 

positive voltage ranged from 9-16 kV for the 83/17 solutions, 10-18 kV for the 60/40 solutions, 

12-18 kV for the 50/50 solutions, and 9-18 kV for the 40/60 solutions. All the scaffolds were 

collected on a mandrel with a 5cm diameter rotating at approximately 3000 ± 200 rpm. 

The PVA in the scaffolds was crosslinked by soaking the entire PCL-MWCNT-

PAA/PVA scaffold in a glutaraldehyde solution described by Jegal and Lee for 20 minutes at 

room temperature [19]. Fluorescent imaging and scanning electron microscopy (SEM) were 

utilized to show the characteristic inner core and outer sheath of coaxial electrospinning. 

Fluorescein isothiocyanate (FITC) was added to each of the PAA/PVA compositions at a 

concentration of 0.05% (w/v) solution [20]. Rhodamine B was added to the 50% PCL solution 

without MWCNT at a concentration of 0.25% (w/v) [21]. SEM was also used to determine fiber 

morphology and diameter for each of the four scaffolds. A total of 36 fiber diameters from each 
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scaffold were analyzed over six fields. Statistical significance was determined using Tukey’s test 

(p<0.05).  

5.3.2 Conductivity  

 The 83/17, 60/40, 50/50, and 40/60 scaffolds were cut into approximately 1cm x 1cm 

squares and all samples (n=4) were vacuum soaked for 30 minutes in phosphate buffered saline 

(PBS). Each sample was then placed onto an electrode (Capital Advanced Technologies, Inc., 

Carol Stream, Il, USA). A constant voltage, 20.00V, and constant current, 1.545A, were applied 

by an E3646A dual output DC power supply (Agilent Technologies, Santa Clara, CA, USA). The 

current output was measured by the E3646A power supply. The electrical conductivity (σ) for 

each scaffold was calculated using equation 1, where ℓ is the length of the mat, R is the electrical 

resistance, and A is the cross sectional area [22]. Tukey’s test was used to determine statistical 

significance (p<0.05). 

σ = ℓ/(R*A) 

5.3.3 Actuation Tests 

 Samples strips (1cm x 6cm) were cut from each of the scaffolds (n=3). These were 

vacuum soaked for 30 minutes in a 30% (w/v) saline solution. The strip was suspended in a 

rectangular container filled with 30% saline with an alligator clip attached to one end. The other 

electrode consisted of four twisted platinum wires (99.5% pure, 0.20mm diameter). A constant 

current of 1.545A and voltages of 10V, 15V, and 20V were tested. All actuation tests were 

recorded and then replayed to discover the angle and time (n=3) for the each bend along with the 

final relaxation of the scaffold. This was used to determine the average angular speed for the 

83/17, 60/40, 50/50, and 40/60 scaffolds. Statistical significance was ascertained with Tukey’s 

test (p<0.05). 

5.3.4 Cellular Studies 

Soleus and vastus lateralis (VL) muscles were harvested from juvenile male Sprague-

Dawley rats (Harlan, Dublin, VA, USA) weighing approximately 125-150g each. Fascia and 

tendon were removed from the muscle before it was sectioned into smaller pieces to allow the 

cells to dissociate from the tissue. Cells from both muscle sections were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) (Mediatech, Inc., Herndon, VA, USA) containing 10% fetal 

(1) 
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bovine serum (Mediatech, Inc., Herndon, VA, USA) and 1% penicillin/streptomycin under 

standard culture conditions (37ºC, 5% CO2).  

5.3.4.1 Cellular Study 1 

The first cellular study determined whether the amount of MWCNT in a scaffold would 

be toxic to rat primary skeletal muscle cells. The average area of four scaffolds was used to 

calculate the total amount of MWCNT in a single scaffold. This value was used to calculate the 

amount of MWCNT in a piece the size of a well in a 24 well plate, assuming even dispersion of 

the MWCNT. To take into account any possibly agglomeration, a 5x MWCNT amount was also 

used. Each tissue culture polystyrene (TCP) well was seeded with 24,000 cells (passage 4) and 

allowed to incubate for one hour. Then 50 µl of MWCNT in PBS sterilized via autoclaving for 

either the 0.14% or 0.7% (w/v) solutions was added  and  then the rest of the DMEM media was 

added to each well (n=4). The positive control was cells grown on TCP with no MWCNT added. 

The media was changed three times per week by removing 500 µl and adding 500 µl of fresh 

media to allow for a single exposure of MWCNT over a four week period. Cellular toxicity and 

activity were measured using the CellTiter 96 AQueousOne Solution Cell Proliferation Assay 

(MTS) (Promega, Madison, WI, USA). At each time point, the MTS assay liquid and media were 

added and incubated for approximately three hours. The solution was diluted (1:4) with dIH2O 

and the absorbance read at 490 nm with a BioTek ELx800 microplate reader (Winooski, VT, 

USA). Tukey’s test was utilized to determine significance (p<0.05). 

5.3.4.2 Cellular Study 2 

Scaffold pieces were sterilized by soaking in ethanol for 30 minutes and then dried for 

one hour. Each mat was then glued to the bottom of a 24-well plate using a Silastic® medical 

adhesive (Dow Corning, Hemlock, MI, USA), exposed to UV light on each side for 30 minutes, 

and dried overnight. The mats were then washed with PBS before soaking in DMEM media for 

two nights. Each scaffold was seeded with approximately 30,000 cells (passage four) for one 

hour before adding the remaining media. The TCP wells used as a positive control were 

subjected to the same treatment as the scaffolds. The media was changed three times per week 

during the three week study. A calibration curve was also evaluated at the time of cell seeding 

and the resulting equation used to determine the number of cells attached to each scaffold. 
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Biocompatibility and cellular attachment were assessed using an MTS assay. Each 

scaffold was removed from the well and placed into a new well before the MTS assay was 

carried out. All plates were incubated for three hours and the solution diluted 1:4 with dIH2O 

before the absorbance was read. Tukey’s test was used to compare samples to establish 

significance (p<0.05). Cellular attachment, multinucleation, and actin filament spreading were 

determined by fluorescence on day 21. These were fixed using a 3.7% paraformaldehyde 

solution before being stained with Oregon Green® Phalloidin (Invitrogen, Carlsbad, California, 

USA) and DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). 

5.3.5 Mechanical Testing 

 Seven samples from the 83/17, 60/40, 50/50, and 40/60 scaffolds were cut into 1cm x 

4cm strips for mechanical testing. All samples were vacuum soaked in PBS for 30 minutes and 

then placed into a PBS bath at 37ºC on an Instron 5869 tensionometer. Samples were strained at 

a rate of 2mm/minute (10% stain/minute) until failure. The elastic modulus and yield stress for 

each sample was found using the stress vs. strain graph generated and averaged for a final value.  

 

5.4 Results 

Coaxial electrospun fibers for the PCL-MWCNT-(83/17, 60/40, 50/50, and 40/60) 

PAA/PVA scaffolds were collected on a rotating mandrel. The surfaces of each scaffold were 

imaged with SEM and good fiber formation was seen (Figure 1). Both SEM and fluorescent 

imaging were used to confirm the coaxial electrospinning characteristic fiber inner core and 

outer sheath. Figure 2 shows the SEM cross-sectional images of the 83/17, 60/40, 50/50, and 

40/60 scaffolds. Figure 3 displays an individual fiber of each scaffold type with a red core and 

green sheath. These two imaging techniques verify the coaxial electrospinning process. Fiber 

diameter averages were 0.95 ± 0.48 µm for the 83/17 scaffolds, 0.91 ± 0.41 µm for 60/40 

scaffolds, 0.94 ± 0.29 µm for 50/50 scaffolds, and 0.78 ± 0.24 µm for 40/60 scaffolds. Fiber 

diameters ranged from 0.52-3.01 µm for 83/17, 0.43-2.93 µm for 60/40, 0.39-1.67 µm for 50/50, 

and 0.38-1.30 µm for 40/60. No statistical significance was seen between the four scaffold 

groups for fiber diameters.  
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Figure 1: SEM surface images of the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 scaffolds at 

1,000x. Scale bars represent 50 µm. 

 

Figure 2: SEM cross-sectional images displaying the inner core and outer sheath of 

coaxial electrospinning for the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 scaffolds at 10,000x. 

Scale bars denote 10 µm. 
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Figure 3: Fluorescent images showing the inner core of PCL-Rhodamine B and outer 

shell of PAA/PVA-FITC for the (a) 83/17, (b) 60/40, (c) 50/50, and (d) 40/60 scaffolds. 

 

All four scaffold groups were exposed to a constant voltage, 20.00V, and constant 

current, 1.545A, using an E3646A dual output DC power supply. The resulting current output 

was measured for each group (n=4). The conductivity for each piece was calculated individually 

and then averaged for a final value (Table 1). No statistical significance was determined for any 

of the scaffold groups.  

Table 1: Average electrical conductivity for each of the PCL-MWCNT-PAA/PVA scaffolds. 

Scaffold Average Conductivity 

(S/cm) 

83/17 0.028 ± 0.006 

60/40 0.031± 0.003 

50/50 0.033 ± 0.006 

40/60 0.046 ± 0.014 

 

Strips (1cm x 4cm) from each of the four scaffolds (n=3) were tested for actuation to 

determine the effect of the different PAA/PVA compositions. One alligator clip was attached to 

the end of a scaffold strip and the other to the platinum wire electrode approximately 1.55cm 

away. A constant current, 1.545A, and voltages of 10V, 15V, and 20V were applied. All four 

scaffold groups actuated to some degree and the resulting angular speed was calculated. Figure 4 

shows an example of the 83/17 scaffold actuation when subjected to 20V. Figure 5 displays the 

average angular speed for the initial actuation (ω1), the secondary actuation angular speed (ω2), 
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and the scaffold relaxation angular speed (ω3). The application of 20V to each of the scaffolds 

elicited the best response for all three of the angular speeds calculated. The 83/17 ω1 was 

significantly greater than all the other scaffolds subjected to 20V and all responses at 10V and 

15V. Although not all the scaffolds experienced a secondary actuation, the 50/50 ω2 at 20V was 

significantly larger. No significant difference was found for any of the relaxation angular speeds.  

 
Figure 4: An example of the 83/17 scaffold (a) initially, (b) first bend, (c) second bend, and (d) 

relaxation when 20V was applied. Each square is 1 cm x 1 cm. 

 

 
Figure 5: Average angular speed of all four scaffolds (n=3) at the (a) initial actuation, (b) 

secondary actuation, and (c) scaffold relaxation when subjected to 10V, 15V, and 20V 

(*p<0.05). 
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The first cellular study conducted determined whether the amount of MWCNT in each 

sample was cytotoxic to rat primary skeletal muscle cells. MWCNT at 0.14% and 0.7% 

concentrations were added to the cells and compared to cells alone as a control. For MTS 

analysis, each well was diluted 1:4 dIH2O and averaged for a final value at each time point 

(n=4). All three groups showed an increasing cellular activity trend over the four week period 

(Figure 6). No significant difference was seen on day 7; however, the positive control was 

significantly greater than the MWCNT exposed cells for the other three time points. Day 28 for 

both the 0.14% and 0.7% MWCNT treated cells were significantly larger than the values for 

each on days 7, 14, and 21. The positive control day 28 was significantly higher than all values at 

the other time points. A small decrease is seen between days 7 and 14 for the 0.14% and 0.7% 

MWCNT groups; however, they do recover.  

 
Figure 6: Average rat muscle cell activity treated with 0.14% MWCNT added, 0.7% MWCNT 

added, and cells only as a positive control (n=4). The solutions were diluted 1:4 with dIH2O 

(p<0.05). 

 

  The second cellular study measured cell attachment and biocompatibility of primary rat 

skeletal muscle cells with the 83/17, 60/40, 50/50, and 40/60 scaffolds. An MTS colorimetric 

assay was conducted on the four scaffold types plus TCP on days 7, 14, and 21. Each well was 

diluted 1:4 with dIH2O and averaged for a final value (n=4) (Figure 7a). No statistical 

significance was seen between any of the four scaffold types; however, the TCP positive control 

was significantly greater at each of the time points. By using the previously determined 



79 

 

calibration curve, the average number of cells on each scaffold was calculated for every time 

point (Figure 7b). Though not statistically significant, all four scaffold groups display an increase 

in the number of cells attached over the three week period. Also, the 83/17 scaffolds consistently 

have the lowest number of cells while the 40/60 scaffolds have the greatest. Fluorescent images 

taken on day 21 confirm the presence of attached multinucleated cellular constructs with actin 

interaction on the 83/17, 60/40, 50/50, and 40/60 scaffolds (Figure 8).  

 

Figure 7:  (a) Average rat muscle cell proliferation on all four of the scaffolds and TCP as a 

positive control (n=4). The solutions were diluted 1:4 with dIH2O (Tukey’s test, p<0.05). (b) The 

average number of cells on each scaffold group (n=4) calculated using the calibration curve. 
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Figure 8: Day 21 fluorescent images of primary rat skeletal muscle cells on (a) 83/17, (b) 60/40, 

(c) 50/50, and (d) 40/60 scaffolds. Scale bars shown are 50 µm. 

 

Elastic moduli and yield stresses were measured for the 83/17, 60/40, 50/50, and 40/60 

scaffolds. The averages for the elastic moduli and yield stresses are shown in Table 2. The 40/60 

scaffolds were significantly higher for both elastic modulus and yield stress compared to the 

other scaffolds. No significant difference was seen between any of the other three scaffolds for 

either elastic modulus or yield stress.  

Table 2: Elastic modulus and yield stress measured under tension in a PBS bath at 37ºC for 

83/17, 60/40, 50/50, and 40/60 scaffolds. 

Scaffold Elastic Modulus 

(kPa) 

Yield Stress  

(kPa) 

83/17 29,202.63 ± 6,661.94 1,090.57 ± 343.04 

60/40 25,511.15 ± 1,689.25 1,081.86 ± 145.65 

50/50 22,349.41 ± 2,363.00 797.00 ± 125.10 

40/60 40,778.40 ± 4,183.58 1,412.71 ± 162.83 

 

5.5 Discussion 

PCL and MWCNT were successfully coaxially electrospun with four different (83/17, 

60/40, 50/50, and 40/60) PAA/PVA ratios to form several “reverse IPMC” scaffolds. All four 

scaffold types displayed good fiber formation and showed some alignment (Figure 1). The 
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resulting average fiber diameters were 0.95 ± 0.48 µm for the 83/17 scaffolds, 0.91 ± 0.41 µm 

for 60/40 scaffolds, 0.94 ± 0.29 µm for 50/50 scaffolds, and 0.78 ± 0.24 µm for 40/60 scaffolds. 

Ranges for fiber diameters were 0.52-3.01 µm for 83/17, 0.43-2.93 µm for 60/40, 0.39-1.67 µm 

for 50/50, and 0.38-1.30 µm for 40/60. The different PAA/PVA compositions did not influence 

scaffold fiber diameter; however, these values are lower than what we had reported previously 

[17]. This decrease is most likely due to the increase in mandrel diameter and/or the increase 

mandrel rotational speed. Both SEM cross-sectional images and fluorescent staining were used 

to demonstrate the characteristic inner and outer layers associated with coaxial electrospinning 

(Figures 2 and 3). As all four of the scaffold groups displayed the inner and outer layer 

characteristics, the different PAA/PVA compositions had no effect on the coaxial electrospinning 

process.  

 Each of the four scaffold types was exposed to 20.00V and 1.545A in order to determine 

the conductivity. Although the MWCNT were surrounded by an insulating polymer layer, it was 

not thick enough to impede the MWCNT conductivity. The average conductivity was 0.028 ± 

0.006 S/cm for 83/17, 0.031 ± 0.003 S/cm for 60/40, 0.033 ± 0.006 S/cm for 50/50, and 0.046 ± 

0.014 S/cm for 40/60 scaffolds. Our measured values are within range of our previously reported 

value for PCL-MWCNT-(83/17) PAA/PVA scaffolds, 0.039 ± 0.011S/cm [17]. All four of the 

scaffolds have a similar conductivity and no significant difference was established. 

 Strips from 83/17, 60/40, 50/50, and 40/60 scaffolds were tested for actuation under 

electrical stimulation. A constant current of 1.545A and several voltages, 10V, 15V, and 20V, 

were used. The average angular speed was determined using the actuation degree and time. The 

initial actuation (ω1), the secondary actuation angular speed (ω2), and the scaffold relaxation 

angular speed (ω3) are displayed in Figure 4. The 83/17 ω1 at 20V was significantly larger while 

the 50/50 scaffold at 20V was significantly larger for ω2. No significant differences were found 

for any of the scaffolds for ω3. Overall, the best scaffold actuation occurred when 20V was 

utilized.  

Other studies have also investigated polymers for creating an artificial muscle [15, 16]. 

For example, Otero et al. layered films of polypyrrole (PPy), a conductive polymer, and showed 

that the strip moved 18° over a ten second period or had an ω1 of 1.8 degrees/s when 5mA was 

applied [15]. This angular speed is greater than all of our scaffolds at 10V and 15V except the 



82 

 

60/40 scaffold at 15V. The ω1 values for the 60/40 and 40/60 scaffolds at 20V are very similar to 

the 1.8 degrees/s; however, the 20V 83/17 and 50/50 scaffolds have much higher angular speeds. 

Electrospun polyacrylonitrile scaffolds were also studied as a possible artificial muscle by 

Samatham et al. While electrospun fibers cause the muscle cells to grow alongside them to better 

resemble skeletal muscle physiology, polyacrylonitrile contraction uses a change in pH and may 

adversely affect the growing tissue [16]. The advantages of our PCL-MWCNT-PAA/PVA 

scaffolds are electrospun fibers for cellular alignment, electrical stimulation causes actuation, 

higher angular speeds for initial actuation, and no external stimulation is necessary for 

relaxation.       

As there is some concern over the biocompatibility of MWCNT, we conducted a cellular 

study that exposed primary rat skeletal muscle cells to 0.14% and 0.7% (w/v) MWCNT. An 

MTS colormetric assay was used to assess MWCNT toxicity compared to cells grown on TCP 

over a four week period (Figure 5). Day 7 showed no difference in cellular activity; however on 

day 14, the 0.14% and 0.7% treated cells were significantly lower than the positive control. 

Though this trend continues, both groups of MWCNT treated cells display an increase in cellular 

activity over the rest of the study. In addition, Fraczek et al. found that MWCNT, 300-2000nm in 

length, induced an initial tissue regeneration response in the gluteal muscle of adult hooded 

Oxford inbred rats. A low inflammatory response and either no or a small fibrous capsule around 

the implant was seen on days 7 and 90. The MWCNT agglomerated within the muscle and were 

unable to be phagocytized; however, a large number of multinucleated cells still attached [17, 

23]. The MWCNT (200nm – 1µm) used in this study overlap the length range used by Fraczek et 

al. In addition, the MWCNT in our scaffolds are imbedded inside polymeric nanofibers 

surrounded by a sheath of another polymer, making it unlikely that the cells would be exposed to 

a concentration of MWCNT as high as 0.14% or 0.7%.  Therefore, we conclude that the amount 

of MWCNT in our scaffolds is not detrimental to skeletal muscle cells. 

 A second cellular study determined the biocompatibility of our 83/17, 60/40, 50/50, and 

40/60 scaffolds plus TCP over a three week period (Figure 6a).  The TCP positive control was 

always significantly higher than the scaffolds. No significant differences were seen between any 

of the scaffolds; however, some trends emerged when the MTS average values were inputted 

into the calibration curve equation (Figure 6b). All four scaffold groups displayed an increase in 

cell number over time. The 83/17 scaffolds showed the slowest cellular growth while the 40/60 
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ones had the highest. Fluorescent images taken on day 21 confirmed that cells were attached to 

each of the scaffolds. Each of the scaffolds also showed large multinucleated constructs with 

actin interaction (Figure 7). All four of the scaffolds supported cellular growth, cellular 

attachment, and encouraged cell interaction.  

 The average elastic modulus and yield stress were ascertained for the 83/17, 60/40, 50/50, 

and 40/60 scaffolds (Table 2). Only the 40/60 scaffolds were significantly different for both 

elastic modulus and yield stress. Ruckenstein and Liang measured the tensile elastic modulus of 

several compositions of PAA/PVA. They also found that as the PAA decreases in the PAA/PVA 

ratio the elastic modulus increases [24]. Our values are somewhat lower as we only crosslinked 

the PVA and they crosslinked both polymers. For example, their 50/50 and 60/40 scaffolds had 

elastic moduli of approximately 40,000 kPa and 35,000 kPa respectively [24]. We measured 

slightly lower values for 50/50, 22,349.41 ± 2,363.00 kPa, and 60/40 scaffolds, 25,511.15 ± 

1,689.25 kPa. However, our scaffolds mechanical properties are still much larger than our 

previously measured values for rat soleus muscle, rat vastus lateralis (VL) muscle, and two pig 

medial muscles [17]. The elastic moduli were 48.11 ± 16.19 kPa for the rat soleus muscle, 51.27 

± 28.48 kPa for the rat VL muscle, 151.83 ± 50.30 kPa for pig medial muscle 1, and 141.12 ± 

42.34 kPa for pig medial muscle 2. The yield stresses were 17.84 ± 5.83 kPa for rat soleus 

muscle, 12.10 ± 5.58 kPa for rat VL muscle, 54.00 ± 21.17 kPa for pig medial muscle 1, and 

57.80 ± 11.92 kPa for pig medial muscle 2 [17]. Though the mechanical properties for the four 

PCL-MWCNT-PAA/PVA scaffolds are greater, both the MWCNT amount and the crosslinking 

time can be varied to better match skeletal muscle. 

 

5.6 Conclusion 

 PCL-MWCNT-(83/17, 60/40, 50/50, and 40/60) PAA/PVA scaffolds were successfully 

coaxial electrospun as each displayed the characteristic inner core and outer sheath. All four of 

the scaffolds were conductive and 20V induced the best actuation response. Both the 0.14% and 

0.7% MWCNT treated skeletal muscle cells caused a small decrease on day 14 but an increase in 

cell activity was seen for the rest of the study. Thus, the amount of MWCNT within our scaffold 

is low enough that it does not adversely affect cellular activity. Cellular attachment and 

biocompatibility were assessed using an MTS assay and fluorescent staining. No significant 
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difference between the scaffolds was seen, but the 40/60 scaffolds had a greater number of cells 

attached. Fluorescent staining confirmed the presence of cells on each of the scaffolds and 

showed large multinucleated cells with actin interaction. Although the mechanical properties of 

the scaffolds were much too large for skeletal muscle, this can be optimized in the future. 

Therefore, we have successfully created a nanoactuating biocompatible polymer scaffold that has 

potential for use as an artificial muscle.  
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6.1 Abstract 

Several coaxial electrospun scaffolds containing poly(ε-caprolactone), multi-walled 

carbon nanotubes (MWCNT), and a poly(acrylic acid)/poly(vinyl alcohol)  hydrogel (PCL-

MWCNT-PAA/PVA) for skeletal muscle regeneration have been created. Although these 

scaffolds supported myocytes, scaffold mechanical properties were significantly larger than 

natural muscle and did not significantly change over time through degradation. Therefore, 

shorter crosslinking times and lower MWCNT amounts were examined. Lower crosslinking 

times had no significant effect. The 83/17 and 40/60 PAA/PVA gelation time points measured 

were 14.45 ± 7.27 and 1.98 ± 0.78 minutes respectively. We hypothesize that this is due to 

evaporation of the crosslinking solution. Mechanical properties with lower MWCNT amounts 

were also not significantly different, suggesting that the polymer-MWCNT mixture may cause 

higher mechanical properties. Lower MWCNT amounts did not modify calculated scaffold 

angular speeds. Further studies are needed to decrease scaffold mechanical properties and 

increase angular speeds to better match skeletal muscle. 

 

6.2 Introduction  

Skeletal muscle is made up of multiple fibers ranging in diameter from 10 to 80 µm and a 

large contractile force is generated due to the unidirectional orientation of these fibers [1, 2]. 

This process can be interrupted by traumatic injuries to peripheral nerves and/or skeletal muscle 

[3-8]. After muscle injury, macrophages remove necrotic tissue and satellite cells are activated to 
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produce new skeletal muscle. However, the number of satellite cells within the tissue is very low 

and is dependent on the age and composition of the fiber. Unfortunately, scar tissue formation 

and decreased muscle function are the common result of the healing process [1]. Various muscle 

tissue regeneration treatments have been investigated but to date none have been successful [8]. 

As prolonged denervation and traumatic injuries lead to skeletal muscle loss without satisfactory 

restoration methods, tissue engineering presents an attractive option that can improve the 

patient’s quality of life [1, 8, 9].  

 Materials for functional muscle tissue engineering need the correct mechanical properties 

and the capacity to contract. Ionic polymer-metal composites (IPMC) or “artificial muscles” are 

composed of a thin polymer layer with metal plated on each side that actuate when electrically 

stimulated. When an electric field is applied to an IPMC in an ionic solution, the IPMC bends 

and relaxes due to an ion exchange [10]. By combining a conductive element with electrospun 

fibers into a scaffold, improved muscle cell development should be seen in cell culture [11-14]. 

Electrospun polyurethane fibers caused mouse muscle cells (C2C12) to orient along the fiber, 

increased cell elongation, and improved cell fusion [13]. C2C12 myotube formation in culture 

was escalated using electrical pulses. Fujita et al. found that C2C12 cells showed contractile 

activity in just under two hours when 40 V/60 mm, 24 ms, and 1 Hz were applied [11].  

 Our laboratory has already successfully created a “reverse IPMC” scaffold using coaxial 

electrospinning [15, 16]. Several studies have used conductive elements that actuate for skeletal 

muscle tissue engineering; however, each individual fiber within our scaffold acts as its own 

IPMC that responds to electrical stimulation [17, 18]. The “reverse IPMC” scaffold uses coaxial 

electrospinning so that each fiber has a separate inner core and exterior sheath. Poly(ε-

caprolactone) (PCL) and acid functionalized multi-walled carbon nanotubes (MWCNT) were 

combined together for the inner core. A poly(acrylic acid) (PAA) and poly(vinyl alcohol) (PVA) 

hydrogel was used as the exterior sheath causing it to actuate when electrically stimulated [10, 

15, 16, 19]. The PCL-MWCNT-PAA/PVA scaffold was successfully coaxial electrospun and it 

was determined that all three components were necessary to form a biocompatible, actuating 

scaffold for skeletal muscle [15]. We next varied the PAA/PVA composition (83/17, 60/40, 

50/50, and 40/60) and measured the effect on actuation, biocompatibility, and mechanical 
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properties. All four scaffolds actuated and 20 V produced the best response. The four scaffolds 

were biocompatible but, the mechanical properties were still too large for skeletal muscle [16].      

 Here, we will further investigate the PCL-MWCNT-(83/17, 40/60) PAA/PVA scaffolds. 

The 83/17 scaffolds had lower mechanical properties and higher angular speed values at 20 V. 

But, displayed greater variance in angular speeds and had the lowest number of cells attached to 

the scaffolds. The 40/60 scaffolds had lower, more consistent angular speed values at 20 V and 

the highest number of cells attached to the scaffolds. However, they also had the largest 

mechanical property values [16]. In this paper, we will determine the effect of different hydrogel 

crosslinking times and the amount of MWCNT in each scaffold on mechanical properties and 

actuation angular speed.  

6.3 Materials and Methods 

6.3.1 Coaxial Electrospinning 

All solutions were made as described previously [15, 16]. Briefly, a 25% PCL (MW 

70,000-90,000 Da) solution of dichloromethane (DCM) and dimethylformamide (DMF) was 

combined with several acid functionalized MWCNT amounts (Baytubes C150P, Bayer Materials 

Leverkusen, Germany). This resulted in a 25% PCL-(0.05%, 0.025%, and 0.0125%) MWCNT 

(w/v) solution. PAA and PVA were mixed with a 1:3 mixture of deionized water (dIH2O) and 

ethanol to make 6% (83/17, 40/60) hydrogel solutions. A needle within a needle method was 

utilized to form the coaxial electrospun fibers so, a 20 gauge metal needle was placed inside a 14 

gauge Teflon needle (Howard Electronics, El Dorado, KS, USA). The coaxial electrospinning 

parameters were an extrusion rate of 5.00 ml/h, a 15-17 cm distance between the needle and 

mandrel, and a negative voltage of -2 kV. The positive voltage ranged from 9-18 kV for the 

83/17 solutions and 12-19 kV for the 40/60 solutions. All scaffolds were collected on a 5 cm 

diameter mandrel rotating at approximately 3000 ± 200 rpm. The PVA  was crosslinked by 

soaking the entire scaffold in a glutaraldehyde solution described by Jegal and Lee for 5, 10, 15, 

or 20 minutes at room temperature and then dried overnight [20].  

6.3.2 Mechanical Properties - Degradation Study 

 A two week degradation study was performed to determine the effect of an agitating 

37°C water bath on scaffold mechanical properties. Five samples were cut into 1 cm x 4 cm 
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strips from the PCL-0.05% MWCNT- (83/17, 40/60) PAA/PVA scaffolds. Day 0 samples were 

vacuum soaked in phosphate buffered saline (PBS) for 30 minutes before being tested in a PBS 

bath at 37 ºC on an Instron 5869. All other samples were placed in a 15 ml conical tube 

containing 8 ml of PBS. These were placed in an agitated water bath at 37ºC and samples from 

each were removed on days 3, 7, and 14. Each sample was tested at 10% strain min
-1

 in a PBS 

bath at 37 ºC on an Instron 5869. The elastic modulus and yield stress were found for each 

sample and then averaged for a final value. Statistical significance was determined with Tukey’s 

test (p < 0.05). 

6.3.3 Mechanical Properties - Different Hydrogel Crosslinking Times 

 PCL-0.05% MWCNT – (83/17, 40/60) PAA/PVA scaffolds crosslinked for 5, 10, 15, and 

20 minutes were cut into 1 cm x 4 cm strips (n = 7). All samples were vacuum soaked in PBS for 

30 minutes and then tested at 10% strain/min in a 37 ºC PBS bath using an Instron 5869 

machine. Elastic moduli and yield stress averages were calculated for the 83/17 and 40/60 

scaffolds for each crosslinking time. Significance was ascertained using Tukey’s test (p < 0.05). 

6.3.4 Rheology 

 An oscillating time sweep procedure was used to determine the gelation time point for the 

83/17 and 40/60 hydrogel solutions (n=3). The 83/17 and 40/60 hydrogel solutions were made in 

a 1:3 ratio of isopropyl alcohol:dIH2O instead of ethanol as the crosslinking solution contained 

isopropyl alcohol. Each hydrogel and crosslinking solution were added in a 1:1 ratio and then 

mixed vigorously before being transferred to the peltier plate. An AR-2000 rheometer with a 40 

mm 2º steel cone geometry attached was lowered for a 59 µm gap. Experiments were run both 

with and without the solvent trap. All experiments were conducted at room temperature with a 

1.25% strain and a frequency of 1 Hz.  

6.3.5 Mechanical Properties – Different MWCNT Amounts 

 Strips were cut from 20 minutes crosslinked PCL-(0.025% and 0.0125%)  MWCNT-

(83/17, 40/60) PAA/PVA scaffolds (n = 7) into 1 cm x 4 cm pieces. Samples were vacuum 

soaked in PBS for 30 minutes before being tested. Each sample was tested using an Instron 5869 

machine in a PBS bath at 37 ºC at 10% strain min
-1

. Average values for elastic moduli and yield 

stresses were determined. Tukey’s test established statistical significance (p < 0.05). 
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6.3.6 Scaffold Actuation Speed 

 Samples strips (1 cm x 6 cm) (n = 6) were cut from the PCL-(0.05%, 0.025%, 0.0125%)-

(83/17, 40/60) scaffolds that had been crosslinked for 20 minutes. These were vacuum soaked for 

30 minutes in a 30% (w/v) saline solution. Each strip was suspended via alligator clip in a 30% 

saline filled container. The other alligator clip suspended the four twisted platinum wire 

electrode (99.5% pure, 0.20 mm wire diameter). A constant current of 1.545 A and voltage of 20 

V were applied. Actuation experiments were video recorded and later replayed to discover the 

angle and time for movement along with scaffold relaxation. These values were used to 

determine the average angular speed for each scaffold and statistical significance was found 

using Tukey’s test (p < 0.05). 

 

6.4 Results and Discussion 

PCL, (0.05%, 0.025%, and 0.0125%) MWCNT, and (83/17, 40/60) PAA/PVA scaffolds 

were successfully coaxially electrospun. As our scaffold mechanical properties are larger than rat 

and pig skeletal muscle values, a mechanical property degradation study was performed to 

determine how the scaffolds changed over time [15]. PCL-0.05% MWCNT-83/17, 40/60 

PAA/PVA scaffolds were subjected to an agitated 37 °C water bath for two weeks. Results for 

the elastic modulus and yield stress on days 0, 3, 7, and 14 are shown in Table 1. No significant 

differences were seen over the course of the two week period or between the scaffolds. These 

mechanical property values overlap ones that were measured previously. The elastic moduli were 

29,202.63 ± 6,661.94 kPa for 83/17 and 40,778.40 ± 4,183.58 kPa for 40/60. Yield stresses were 

1,090.57 ± 343.04 kPa and 1,412.71 ± 162.83 kPa respectively [16]. However, the previous 

experiments utilized 50% PCL-0.05% MWCNT-6% (83/17, 40/60) PAA/PVA to create the 

coaxial electrospun scaffolds. The electrospinning process has also been shown to affect polymer 

properties such as structure and crystallinity [21-24]. Lim et al. found that more dilute PCL 

solutions had a higher degree of crystallinity and molecular orientation within the fiber compared 

to larger PCL concentrations [22]. This could explain why the 25% PCL containing scaffolds 

had similar values to the 50% PCL containing ones. As there was no decrease in scaffold 

mechanical properties during the degradation study, a different variable must be changed to 

lower the elastic modulus and yield stress. 
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Table1: Mechanical property values for the scaffold degradation study. 

 PCL-0.05% MWCNT-83/17 

PAA/PVA Scaffolds 

PCL-0.05% MWCNT-40/60 

PAA/PVA Scaffolds 

 Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

Day 0 25,969.80 ± 

4,786.79 

1,788.60 ± 

446.34 

36,738.53 ± 

6504.38 

1,449.00 ± 

382.78 

Day 3 23,138.13 ± 

5894.69 

1,437.40 ± 

204.85 

39,508.79 ± 

5650.68 

1,384.20 ± 

429.95 

Day 7 23,808.27 ± 

7,143.65 

1,528.80 ± 

316.74 

37,812.59 ± 

9555.38 

1,625.00 ± 

377.46 

Day 14 28,278.97 ± 

8,510.61 

1,229.00 ± 

351.72 

43,055.18± 

10,763.60 

1,727.00 ± 

380.33 

 

The time that each scaffold was allowed to soak in the crosslinking solution was next 

investigated. Scaffolds from the 83/17 and 40/60 groups were soaked for 5, 10, 15, and 20 

minutes before being removed from the solution and dried overnight. The average elastic moduli 

and yield stress for the 83/17 and 40/60 scaffolds at each time point are listed in Table 2. The 

83/17 elastic moduli and yield stresses were within range of the values measured for the 

degradation study. However, the elastic moduli for the 40/60 scaffolds was significantly lower 

than the degradation study values. The yield stress values for 40/60 overlapped some of the 

degradation study ones. However, the PCL concentration utilized in these experiments is more 

dilute than the previous amount, 25% vs. 50% (w/v) [15, 16]. Thus, this is not the reason for the 

lower mechanical properties measured in the current set of experiments. Instead, the molecular 

weight varies from 70-90 kDa and has a polydispersity index of <2 according to the 

manufacturer (Sigma-Aldrich, St. Louis, MO, USA). As a new batch of PCL was utilized in 

these studies, the mechanical property differences are most likely due to variation in chain 

lengths both within each batch and between PCL batches.  
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Table 2: Scaffold mechanical property values with different PVA crosslinking times. 

Crosslinking 

Time 

PCL-0.05% MWCNT-83/17 

PAA/PVA Scaffolds 

PCL-0.05% MWCNT-40/60 

PAA/PVA Scaffolds 

 Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

5 min 23,677.07 ± 

6,572.55 

1,175.14 ± 

334.95 

20,403.38 ± 

4,238.57 

830.86 ± 

220.15 

10 min 23,221.31 ± 

6,744.74 

1,136.29 ± 

248.20 

17,599.55 ± 

3,032.12 

809.57 ± 

124.96 

15 min 24,729.74 ± 

6,567.64 

1,108.57 ± 

308.95 

17,814.45 ± 

3,723.36 

940.14 ± 

309.22 

20 min 18,145.65 ± 

2,547.15 

974.29 ± 

205.40 

21,929.43 ± 

4,477.68 

1,043.00 ± 

246.02 

 

In order to further investigate the PVA crosslinking process, rheology experiments were 

conducted on the 83/17 and 40/60 PAA/PVA solutions. The gelation time point is defined as the 

point at which the storage modulus (G’) and the loss modulus (G’’) cross one another. Figure 1 

displays a representative graph of a single run of the 83/17 hydrogel. The average gelation time 

for the 83/17 hydrogel was 14.45 ± 7.27 minutes and 1.98 ± 0.78 minutes for the 40/60 hydrogel. 

It was determined that the polymer mixture did not gel unless the crosslinking solution was able 

to evaporate. There was no difference in scaffold mechanical properties for the different soaking 

times as it was found that the drying time affected the crosslinking process and all scaffolds were 

dried for the same amount. Kjoniksen and Nystrom determined the gelation time of various 

concentrations of PVA crosslinked with glutaraldehyde to be 317 minutes at 25 °C while 

preventing evaporation [25]. This value is much larger than the ones we measured for the 83/17 

and 40/60 PAA/PVA solutions. This difference in gelation time could be due to not using a 

solvent trap in our experiments and/or lower amounts of PVA. They also found that the gelation 

time did decrease with increasing PVA and glutaraldehyde [25]. This explains why we see a 

decrease in gelation time between our 83/17 and 40/60 hydrogel solutions. Future work can 

involve washing the scaffold or performing a termination soak in 100 mM glycine after the 

designated soaking times in order to better characterize this variable [26].  
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Figure 1: A representative graph showing the gelation time as the crossover point of G’ and G’’ 

for the 83/17 hydrogel. 

 

As degradation and hydrogel crosslinking time had little effect on scaffold mechanical 

properties, the MWCNT amount embedded in each scaffold was changed. Table 3 displays the 

elastic modulus and yield stress for the 83/17 and 40/60 scaffolds with 0.025% and 0.0125% 

MWCNT. For comparison purposes, we have also included the 20 minute crosslinked PCL-

0.05% MWCNT-83/17, 40/60 PAA/PVA scaffold values from the crosslinking study. Once 

again, the mechanical property values are similar and no significant differences were found. 

Table 3: Mechanical property values of scaffolds with differing MWCNT amounts. 

MWCNT  

Amount 

PCL-MWCNT-83/17 PAA/PVA 

Scaffolds 

PCL-MWCNT-40/60 PAA/PVA 

Scaffolds 

 Elastic Modulus 

(kPa) 

Yield Stress 

(kPa) 

Elastic Modulus 

(kPa)  

Yield Stress 

(kPa) 

0.05%  18,145.65 ± 

 2,547.15 

974.29 ± 

 205.40 

21,929.43 ± 

 4,477.68 

1,043.00 ± 

 246.02 

0.025%  17,740.00 ± 

 3,055.77 

968.14 ± 

 172.46 

22,495.99 ± 

 6,279.25 

776.43 ± 

 202.75 

0.0125%  23,643.05 ± 

 7,192.75 

972.43 ± 

 213.69 

23,703.78 ± 

 7,081.39 

911.14 ± 

 272.34 

 

However, there was some concern that decreasing the MWCNT amount would affect 

scaffold actuation. Six strips from each of the three different MWCNT amount scaffolds were 
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tested for actuation. All of the scaffolds actuated and the angular speed was calculated for each 

using the actuation degree and time. Figure 2 shows an example of the 40/60_0.025% MWNCT 

scaffold actuation responses. The average angular speeds for initial actuation (ω1), secondary 

actuation (ω2), and scaffold relaxation (ω3) are displayed in Figure 3. The lower MWCNT 

amounts did not significantly decrease the angular speeds as there were no significant 

differences. However, the angular speeds found in this paper are much smaller than what was 

previously measured. The 83/17 scaffold had a value of 8.80 ± 6.06 for ω1, 3.60 ± 3.08 for ω2, 

and 1.17 ± 2.02 for ω3. The 40/60 scaffolds had an ω1 of 1.90 ± 0.73, 1.44 ± 1.83 for ω2, and 

0.69 ± 0.65 for ω3 [16]. It is possible that the PCL batch variability also affected scaffold 

actuation although, more investigation is needed to determine if this is true. Our values are also 

lower than the 1.8 degrees/s found when 5 mA was applied to a multilayer polypyrrole film 

studied by Otero et al. [17]. Therefore, even lower amounts of MWCNT may need to be utilized 

to impact scaffold mechanical properties but at the same time, higher amounts of MWCNT may 

be necessary to increase scaffold angular speeds.  

 

Figure 2: An example of the 40/60_0.025%MWCNT scaffold (a) initially, (b) first bend, (c) 

second bend, and (d) relaxation when 1.545 A and 20 V were applied. Each square is 1 cm x 1 

cm. 
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Figure 3: Average angular speeds (n = 6) for the initial actuation (ω1), secondary actuation (ω2), 

and relaxation (ω3) of the 83/17 and 40/60 scaffolds with 0.05%, 0.025%, or 0.0125% MWCNT 

incorporated within. 

 

6.5 Conclusions 

PCL-(0.05%, 0.025%, and 0.0125%) MWCNT-(83/17, 40/60) PAA/PVA scaffolds were 

coaxial electrospun to determine the effect of shorter crosslinking times and MWCNT amounts 

on scaffold mechanical properties and actuation. No significant changes in mechanical properties 

were seen with an initial degradation study so, lower crosslinking times (5, 10, 15, and 20 

minutes) were investigated. Again, no significant differences were found for the average elastic 

modulus or yield stress. The gelation time point was then determined to discover whether the 

crosslinking times were low enough to have an effect. It was found that the crosslinking solution 

must evaporate for gelation to occur and no differences were seen as all scaffolds were dried 

overnight. The MWCNT amount was next decreased from 0.05% to 0.025% and 0.0125%. These 

values were not small enough to impact scaffold mechanical property values. It was also 

determined that the decreased MWCNT did not adversely affect the calculated scaffold angular 

speeds. Thus, future work needs to involve lowering scaffold mechanical properties to better 

match skeletal muscle while increasing scaffold actuation angular speeds.  
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7.1 Abstract 

 As one of the problems with skeletal muscle tissue replacement is the lack of movement 

during the regenerating process, a scaffold that can act similar to muscle is key. By creating 

actuating scaffolds out of PCL, MWCNT, and a (83/17 or 40/60) PAA/PVA hydrogel, we hope 

to alleviate this problem. Early scaffold in vitro testing was promising; however, in vivo 

biocompatibility testing is critical in the tissue engineering process. The two scaffold types were 

implanted in rat vastus lateralis muscle and no adverse effects observed. Rats were sacrificed on 

days 7, 14, 21, and 28 post-implantation and biocompatibility assessed using enzymatic activity, 

fibrosis formation, inflammation, scaffold cellular infiltration, and neovascularization. Serum 

CK and LDH levels were significantly higher in scaffold implanted rats compared to the control 

on day 7, but returned to baseline by day 14. Day 7 scaffolds were also associated with 

significant inflammation and fibrosis which decreased over time. Early scaffold infiltrating cells 

were predominantly fibroblasts, whose number decreased with time, while the number of 

myogenic cells increased. Neovascularization of both scaffolds occurred as early as day 7. We 

conclude that the PCL-MWCNT-PAA/PVA scaffolds are biocompatible and suitable for muscle 

regeneration as myogenic cell growth was supported.  

 

7.2 Introduction 

Skeletal muscle makes up 40% of the muscle in the  human body and consists of multiple 

fibers [1]. The unidirectional orientation of muscle fibers creates a large contractile force which 

leads to bodily movement [2]. After skeletal muscle injury, the body’s repair process facilitates 

scar tissue formation which is followed by decreased functionality [2]. Recently, muscle cell 

injections, natural scaffolds, and synthetic scaffolds have all been investigated to regenerate 
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skeletal muscle [3-11]. Boldrin et al. compared direct injection of human myogenic precursor 

cells (hMPC) to hMPC cellularized poly-lactic-co-glycolide (PLGA) scaffolds. At four weeks, 

the injection site still had a large amount of connective tissue but the PLGA implanted site had 

centrally nucleated regenerating myofibers. They concluded that scaffold implantation was more 

efficient for tissue regeneration than direct cell injection [5].  

One of the problems with skeletal muscle tissue engineering is the lack of tissue utility 

while the area is regenerating. A possible solution is to use an ionic polymer-metal composite 

(IPMC) or “artificial muscle” scaffold. These are comprised of an inner polymer layer with metal 

plated on either side that can actuate. An IPMC placed in an ionic solution will bend and relax 

due to ion exchange once an electric field is applied [12]. Our laboratory has already successfully 

created a “reverse IPMC” as the inner core contains the synthetic polymer/conductive element 

and the outer sheath is an ionic polymer gel (IPG) [13-15].  

Ionic polymer gels (IPG) are hydrogels that are affected by changes in temperature, pH, 

light, pressure, ionic strength, and electric field [12, 16-18]. When a pH sensitive IPG is placed 

in a salt solution between two electrodes, the anode produces oxygen and the cathode produces 

hydrogen. This decrease in pH at the cathode and increase at the anode causes the IPG to shrink, 

expand, or bend [12, 16]. A polyacrylic acid (PAA) and polyvinyl alcohol (PVA) IPG hydrogel 

is pH sensitive as it shrinks in an acidic solution and expands in a basic one [19, 20]. These two 

responses can also be achieved using electrical stimulation as discovered by Hamlen et al., but 

the change in size took over ten minutes [19]. Caldwell et al. studied the rate of actuation based 

on the thickness of the PAA/PVA fiber and determined that as the thickness was reduced the 

actuation rate significantly increased [21].    

Our unique “reverse IPMC” scaffold uses coaxial electrospinning to fabricate each 

scaffold so that individual fibers have an inner polymer core surrounded by a separate polymer 

sheath. The inner core contains poly(ε-caprolactone) (PCL) and acid functionalized multi-walled 

carbon nanotubes (MWCNT) mixed together. MWCNT are the conductive element as the 

hydrogen molecule has been removed from each carbon in the hexagonal lattice and allows free 

movement of the remaining electrons [22, 23]. The exterior sheath was composed of the 

PAA/PVA hydrogel. The PCL-MWCNT-PAA/PVA scaffold was successfully coaxial 

electrospun and it was determined that all three components were necessary for actuation. These 
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scaffolds have also tested well for biocompatibility in several in vitro studies involving primary 

skeletal muscle cells [13, 14]. To further this research, two variations of the PCL-MWCNT-

(83/17, 40/60) PAA/PVA scaffold will be implanted within the skeletal muscle of rats to test for 

in vivo biocompatibility. We hypothesize that there will be a difference in biocompatibility with 

the two types of scaffolds tested. 

 

7.3 Materials and Methods 

7.3.1 Scaffold Fabrication and Preparation 

All solutions were made as described previously to create 25% PCL-0.05% MWCNT-6% 

(83/17, 40/60) PAA/PVA scaffolds [13-15]. The coaxial electrospinning parameters were a 5.00 

ml/hr extrusion rate, a 15 cm distance between the needle and mandrel, and a negative voltage of 

-2 kV. The positive voltage ranged from 11-15 kV for the 83/17 solutions and 12-17 kV for the 

40/60 solutions. All scaffolds were collected on a 5 cm diameter mandrel rotating at 

approximately 3000 ± 200 rpm. The PVA was cross-linked by soaking in a glutaraldehyde 

solution [24]. Scaffold segments for the 83/17 and 40/60 groups were cut into 5 mm x 3 mm 

pieces. There were sterilized by soaking in ethanol, exposure to UV light on each side, and 

stored in sterile phosphate buffered saline (PBS) as previously described [13, 14]. 

7.3.2 In vivo Scaffold Implantation 

 All study procedures were approved by the Virginia Tech Institutional Animal Care and 

Use Committee and were performed in a GLP compliant laboratory. For this portion of the study, 

36 male, Sprague-Dawley rats weighing 175-200 g were used.   Rats were housed in pairs in an 

alternating 12-hour light/dark cycle and fed commercial rat chow ad libitum. Rats were 

premedicated with 0.03 mg/kg of buprenorphine administered subcutaneously (SC) then 

anesthetized with isofluorane in an induction chamber. Anesthesia was maintained via delivery 

of isofluorane and oxygen via nosecone. A random number generator (EasyFit for Excel, 

Microsoft, Redmond, WA, USA) was used to assign the two investigators (JHR or KMF) 

performing the scaffold implantations an equal number of surgical procedures per group. 

 The hair overlying the lateral aspect of the thigh was clipped and aseptically prepared 

using betadine and alcohol. A 2 cm long skin incision was created in the craniolateral thigh area, 
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exposing the biceps femoris muscle. The fascia and fibers of the biceps femoris were bluntly 

divided to expose the underlying vastus lateralis (VL) muscle. The fascicles of the VL were 

bluntly divided in a direction parallel to their long-axis orientation to create an approximately 5 

mm wide by 5 mm deep cavity within the muscle belly into which the scaffold segment was 

placed so that the scaffold fibers and VL myofibers were oriented in parallel. The surgical wound 

was closed routinely with 4-0 polydioxanone (PDS) suture in a simple interrupted, intradermal 

pattern. For operated control limbs the same procedure was repeated except, 0.1 ml of sterile 

PBS was injected into the muscle cavity in lieu of scaffold implantation. An unoperated VL 

muscle was used as a control (Table 1). Although five rats are assigned to each group, only four 

were treated initially and the fifth rat was held in reserve in case complication arose.  

Table 1: Experimental treatment matrix. 

Rat 

Group 

Rat 

Number 

 

Hindlimb Treatment Time of Sacrifice 

(Days Post-

Surgery) 

 Right Left  

1 5 25% PCL-0.05% MWCNT-6% 

(83/17) PAA/PVA Scaffold 

PBS Sham 7 

5 25% PCL-0.05% MWCNT-6% 

(83/17) PAA/PVA Scaffold 

PBS Sham 14 

5 25% PCL-0.05% MWCNT-6% 

(83/17) PAA/PVA Scaffold 

PBS Sham 21 

5 25% PCL-0.05% MWCNT-6%  

(83/17) PAA/PVA Scaffold 

PBS Sham 28 

2 5 25% PCL-0.05% MWCNT-6% 

(40/60) PAA/PVA Scaffold 

Unoperated 

control 

7 

5 25% PCL-0.05% MWCNT-6% 

(40/60) PAA/PVA Scaffold 

Unoperated 

control 

14 

5 25% PCL-0.05% MWCNT-6% 

(40/60) PAA/PVA Scaffold 

Unoperated 

control 

21 

5 25% PCL-0.05% MWCNT-6% 

(40/60) PAA/PVA Scaffold 

Unoperated 

control 

28 

Total 

Rats 

40    

 

7.3.2.1 Post-operative Monitoring  

 Each rat received 0.03 mg/kg of buprenorphine administered subcutaneously (SC) every 

12 hours for one day after surgery. For the first week following surgery, rats were clinically 

examined twice daily and their attitude, body weight, gait, and status of the surgical wound 
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recorded. For the rest of the 28 day period, the same clinical monitoring procedure was 

performed once daily.   

7.3.2.2 Post-mortem Tissue Collection and Processing 

 On days 7, 14, 21, and 28 post-implantation, four rats from each treatment group were 

anesthetized with isofluorane as previously described and humanely sacrificed with an overdose 

of barbiturate anesthesia (phenytoin [50 mg/ml] and pentobarbital [390 mg/ml] at a dose of 1.5 

ml/rat) administered intraperitoneally. Immediately following confirmation of death by cessation 

of spontaneous respiration and heartbeat accompanied by loss of the corneal reflex, 0.75 ml of 

blood was collected by cardiac puncture. Blood samples were harvested into serum separator 

tubes, allowed to clot for 30 minutes at room temperature and centrifuged at 3000 g for 10 

minutes.  The serum was extracted, separated into 100 µl aliquots, and frozen at -80 °C. The 

treated and control quadriceps musculature from the hindlimbs of each rat were harvested in an 

en bloc fashion. The VL was severed at the insertion point followed by sharp dissection through 

the belly 2 cm proximal to the area of scaffold implantation or control treatment, which was 

externally referenced to the proximal knot of the 4-0 PDS suture within the dermis. 

 Following en bloc removal of the VL muscle, the muscle was sharply divided through the 

center of the long axis of the implanted scaffold or through the center region of the PBS 

injection. A muscle section from every limb and treatment group was immersion fixed in 10% 

neutral buffered formalin. The second section was either immersion fixed in 2.5% glutaraldehyde 

in 0.1 M NaPO4 for ultrastructural analysis (2 rats/group) or embedded in Optimal Cutting 

Temperature (OCT; Tissue Tek, Sakura Finetek USA, Torrance, CA, USA) media, flash frozen 

in isopentane precooled in liquid nitrogen, and stored at -80 °C (2 rats/group).   

7.3.3 Quantitative and Semi-Quantitative Morphologic Scaffold Analyses 

 For all quantitative muscle pathologic observations, an observer blinded to the treatments 

obtained 3 high power (400x magnification) digital photomicrographs from each treatment and 

staining procedure using a charge coupled digital camera (Nikon DS-Fi1, Nikon, Japan). Each 

photomicrograph was then numbered using a random number generator (EasyFit for Excel) so 

that investigators analyzing the data (KMF and JHR) were blinded to the treatments.   

7.3.3.1 Post-Mortem Macroscopic Evaluation 
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 Scaffold implantations were considered poor if they were traumatically explanted, 

migrated out of the implantation cavity, or <50% of the surface area of the scaffold was in 

contact with myofibers within the implantation site. Implantations were graded as good if 50%-

90% of the scaffold surface area was in contact with myofibers surrounding the implantation 

cavity and the scaffold was adherent to the neighboring fascicles. Implantations were considered 

excellent if the scaffolds were firmly seated within the implantation cavity and >90% of the 

surface area of the scaffold was enveloped within the fascicular structure of the muscle upon 

harvesting.  

7.3.3.2 Serum Creatine Kinase (CK) and Lactate Dehydrogenase (LDH) Enzyme Analyses 

 Aliquots of serum were allowed to thaw at room temperature and activity assays for CK 

and total LDH were performed using a commercial automated biochemical analytical system 

(Olympus AU400, Olympus America Inc, Melville, NY) according to the manufacturer’s 

instructions in a GLP compliant commercial veterinary diagnostic laboratory (n = 4/group). Four 

samples from unoperated rats were used as controls. 

Morphologic Evaluation of Muscle Tissue and Scaffolds 

7.3.3.3 Light Microscopy 

 Muscle specimens fixed in 10% neutral buffered formalin were embedded in paraffin, 

sectioned at 5 µm, and stained with hematoxylin and eosin (H&E), modified Masson’s trichrome 

(TRI), or Verhoeff’s Van Gieson (VVG) methods according to standard procedures.    

7.3.3.4 Scaffold Fibrosis 

 The surrounding fibrotic tissue was analyzed for the 83/17 scaffolds, 40/60 scaffolds, 

PBS treated area, and the unoperated control muscle. Image J software (version 1.45s) was used 

to measure three values for fibrotic tissue cross-sectional area for each sample from TRI stained 

slides [25]. These values were then averaged together for final values for each treatment group 

per day. 

7.3.3.5 Treatment Associated Inflammation 

 Treatment associated inflammation was semi-quantitated following light microscopic 

visualization of the implantation area of H&E stained slides using the following scoring system: 

(0) no treatment associated inflammation visualized, (1) focal inflammation limited to the 
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epimysium or perimysium surrounding implant cavity or scaffold, (2) multifocal or diffuse 

inflammatory infiltrates involving any of the connective tissue components surrounding the 

implant cavity but sparing the myofibers or scaffold, (3) diffuse inflammatory infiltrates 

involving the epi-, peri-,  endomysium, scaffold, and/or myofibers, (4) diffuse, marked 

inflammatory infiltrates involving the epi-, peri-, endomysium, myofibers, and/or scaffold, 

associated with myofiber necrosis. 

7.3.3.6 Scaffold Cellularity 

 The total cell count on each scaffold was determined using two H&E stained digital 

photographs for each implanted scaffold. Values for each scaffold type on each post-

implantation day were averaged together. In order to determine the type of cell attaching to the 

scaffolds, a differential cell count was determined by enumerating 100 cells from digital 

photomicrographs of VVG stained sections. Cells infiltrating the scaffold were counted and 

labeled based on the chromogenic appearance of their cytoplasm compared to control skeletal 

muscle as follows: elastic fibers (black), fibroblasts (pink/red), myogenic cells (yellow/tan), and 

unknown (indeterminant or unstained cells or nuclei) [26]. Values for each cell type were then 

averaged together. 

 To further evaluate the possibility of myogenic scaffold cellular attachment and 

infiltration, frozen muscle samples from each rat were sectioned at 5 µm and 

immunohistochemically stained with primary antisera against desmin, a protein that is a 

myogenic marker, (rabbit polyclonal ab15200, 1:200 dilution, Abcam, Cambridge, MA, USA) 

according to the manufacturer’s instructions [27]. The staining procedure was performed on an 

automated staining system (Benchmark XT, Ventana Medical Systems, Tucson, AZ, USA) using 

an alkaline phosphatase (ALP) detection method and fast red counterstain. Commercial image 

analysis software (NIS- Elements AR, Nikon, Japan) was used to digitally threshold desmin 

immunoreactive cells from the background based on the mean desmin staining intensity of the 

positive control VL. Desmin immuoreactive cells clearly forming vascular profiles were 

excluded. The fraction of desmin immunoreactive cells/100 total cells was determined for each 

scaffold sample and averaged for a final value. 
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7.3.3.7 Scaffold Neovascularization  

 Muscle sections were sectioned at 5 µm and immunohistochemically stained using 

primary antisera against CD31 (Clone TLD-3A12; 1:100 dilution, Millipore/Chemicon, Billerica, 

MA, USA) and Factor VIII related antigen: von Willebrand Factor (Factor VIII:vWF; rabbit 

polyclonal; 1:200 dilution, Millipore). All staining procedures occurred on an automated staining 

system (Benchmark XT, Ventana Medical Systems, Tucson, AZ, USA) using an ALP detection 

method and 3,3'-diaminobenzidine (CD31) or fast red counterstain (Factor VIII:vWF)  according 

to the manufacturer’s instructions. Commercial image analysis software (NIS- Elements AR, 

Nikon, Japan) was used to digitally threshold Factor VIII:vWF immunoreactive cells from 

background based on the mean Factor VIII:vWF staining intensity of the positive control VL. 

The number of Factor VIII:vWF immunoreactive, cross sectional vascular profiles were counted 

from three high power photomicrographs obtained from each scaffold sample. 

7.3.4 Statistical Analysis 

 All statistical analysis was assessed using Tukey’s test (p<0.05) using JMP software 

(SAS, Cary, NC, USA). 

 

7.4 Results 

 No intraoperative complications were observed during scaffold implantation, with all rats 

exhibiting normal behaviors and activities within 10 minutes of cessation of anesthesia. Minor 

post-operative complications were observed in six rats. Surgical wound dehiscence was observed 

in four rats within the first 12 hours of surgery and remedied with topical application of tissue 

adhesive. Three of the four rats’ dehiscence was associated with traumatic explantation of the 

scaffold, two rats in 83/17_d14 and one rat in the 83/17_d21 group. Two additional rats 

developed mild, self-limiting incisional inflammation. No evidence of lameness or systemic 

illness was observed in any rat during the study.    

 In two rats (one 83/17_d7 and one 40/60_d14), the scaffold was noted to have migrated 

out of the implantation cavity into the subcutaneous tissues of the thigh region. The 83/17 

scaffold group also lost three scaffolds; two for day 14 and one for day 21. As two surgeons 

completed the implantations, statistical analysis was completed to determine their effect on 
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scaffold implantation and fibrotic tissue formation. It was found that there was no surgeon effect 

on either of the two variables (data not shown).  For all subsequent analyses, only the treatment 

groups and sacrifice days will be compared. Scaffold implantations were graded on a 0-2 scale as 

scaffold loss/migration (0), good implantation (1), or excellent implantation (2) (Figure 1). Table 

2 displays the average implantation score for the 83/17 and 40/60 scaffolds on the four sacrifice 

days, and no significant differences were found. 

 

Figure 1: Representative digital micrographs displaying the scaffold implantation scoring 

system and fibrosis formation before explantation and after staining with H&E. The bottom scale 

bar is 2 mm. 

 

Table 2: Average implantation score values for the 83/17 and 40/60 scaffolds. 

 83/17 Scaffolds 40/60 Scaffolds 

Day 7 0.75 ± 0.50 1.25 ± 0.50 

Day 14 0.75 ± 0.96 0.75 ± 0.50 

Day 21 1.00 ± 0.82 1.00 ± 0.00 

Day 28 1.25 ± 0.50 1.80 ± 0.45 

 

  Figure 2 displays average CK and LDH levels for the scaffold implanted rats and the 

unoperated control. Both the CK and LDH values are significantly elevated on day 7 for both 

scaffolds compared to the three other time points and the control, with values returning to 

baseline by day 14 (Figure 2).  
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Figure 2: (A) CK and (B) LDH enzyme levels for the 83/17 scaffolds, 40/60 scaffolds, and 

untreated control rat values (* p<0.05). 

 

During scaffold explantation, no degradation of the scaffolds was discerned. Subjective 

gross examination of the implants suggested that the 40/60 scaffolds induced larger amounts of 

fibrotic tissue. Figure 3 shows H&E and TRI stained images for the 83/17 scaffolds, 40/60 

scaffolds, and PBS injected VL muscle on days 7 and 28. For comparison purposes, unimplanted 

control scaffolds and unoperated control VL muscle are also shown. Both scaffolds induced a 

fibrotic tissue response; however, the amount of fibrotic tissue seemed to decrease over time. 

When the average fibrotic tissue cross-sectional area was measured, only the 40/60_d7 was 

significantly greater than all other values (Figure 4A). Both the 83/17 and 40/60 values decrease 

after day 7 and then plateau for the rest of the study. The PBS sham surgery values remain fairly 

consistent over the course of the study and as expected the unoperated control muscle has the 

lowest values of all the groups.  

Each of the four treatment groups was then graded on a scale from 0-3 to determine the 

amount of inflammation (Figure 4B). The 40/60_d7 average values were significantly larger than 

all others in the study. Values for 83/17_d7 were larger than all other 83/17 time points and 

40/60_d14 was larger than days 21 and 28.  Cellular inflammatory infiltrates were predominantly 

composed of polymorphonuclear leukocytes with lesser numbers of lymphocytes in both types of 

scaffolds. As expected, the unoperated control had no inflammation and was significantly lower 

than the other three treatment groups except for PBS_d21, PBS_d28 and 83/17_d28.  
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Figure 3: Images of the 83/17 scaffolds, 40/60 scaffolds, and PBS sham surgeries on days 7 and 

28 stained with H&E and TRI are shown. Controls of unimplanted scaffolds and unoperated VL 

muscles are also shown.  Scale bars represent 200µm in all panels. 

 
Figure 4: (A) Average fibrotic capsule cross-sectional area for the 83/17 scaffolds, 40/60 

scaffolds, PBS sham surgeries, and the unoperated control muscle (* p<0.05). (B) Average 

inflammatory score for the four treatment groups (*, #, $, % p<0.05). 
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Figure 5: 83/17 and 40/60 scaffolds stained with H&E to show the progression of cellular 

infiltration over the four week study period. Both scaffold types were also VVG stained to 

differentiate between myogenic cells (yellow) and fibroblasts (pink). A control of unoperated VL 

muscle showing areas with small and large amounts of connective tissue between fascicles is 

also provided. All scale bars represent 200µm. 

 

 Figure 5 demonstrates cellular infiltration of the 83/17 and 40/60 scaffolds during the 

four week study. Table 3 shows an increase in total cell number over the study period. The 

83/17_d28 cell counts are significantly larger than 83/17_d7 ones. Also, the 40/60_d28 is 

significantly greater than all other 40/60 values. The average number of myogenic cells, 

fibroblasts, cells producing elastin (most likely fibroblasts) [28], and unknown/indeterminant 

ones were assessed using the VVG stain (Figure 6). The number of myogenic cells did increase 

over time and 83/17_d28 had the largest amount compared to all other values. Three values, 

83/17_d21, 40/60_d21, and 40/60_d28, had a larger number of myogenic cells compared to days 

7 and 14. In conjunction with the temporal increase in myogenic cell number, the number of 

fibroblasts per scaffold decreases over time. The 83/17_d28 scaffolds were significantly lower 

than all other values. Scaffolds for 83/17_d14 were lower than day 7 ones and 40/60_d14. A 

significant decrease was also seen on day 21 as both scaffolds were significantly lower than days 

7 and 14. There were no significant differences for the elastin producing cells counted. However, 



112 
 

the unknown cells on day 28 are significantly higher than both day 7 values and 40/60_d14. The 

83/17_d14 unknown cell number is also significantly larger than both day 7 values and 

40/60_d14.  

 Figure 7 displays the desmin positively stained cells on both types of scaffolds during the 

four week study. Table 4 displays the number of desmin immunoreactive myogenic cells per 

scaffold compared to the results from the VVG stain, with both methods used for myogenic cell 

enumeration producing similar results. Once again, the 83/17_d28 was larger than all other 

values. Values for 40/60_d21 and 40/60_d28 were significantly greater than days 7 and 14. The 

only difference is that the desmin stained 83/17_d21 was not significantly larger than the day 7 

and 14 values whereas the VVG 83/17_d21 was.  

Table 3: Total number of cells per scaffold for the four time points (*,
#
 p<0.05). 

 83/17 Scaffolds 40/60 Scaffolds 

Day 7 20.00 ± 4.34 13.38 ± 8.42 

Day 14 40.00 ± 11.60 10.33 ± 8.33 

Day 21 54.67 ± 21.47 27.38 ± 21.94 

Day 28 78.88 ± 35.19
*
 73.80 ± 56.58

#
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Figure 6: The number of myogenic cells, fibroblasts, elastin producing cells, and indeterminate 

cells per 100 for the 83/17 and 40/60 scaffold sections stained with VVG (*, #, % p<0.05). 

 

 
Figure 7: Digital photomicrographs of the 83/17 and 40/60 scaffolds stained for desmin + cells 

(dark pink/red) over the four week period. 

 

 

 

 

 

 

 

 



114 
 

Table 4: Average desmin antibody and VVG stained myogenic on the 83/17 and 40/60 scaffolds 

(*, # p<0.05). 

 Desmin Ab stain VVG Stain 

 83/17 Scaffolds 40/60 Scaffolds 83/17 Scaffolds 40/60 Scaffolds 

Day 7 0.67 ± 1.15 0.50 ± 0.58 0 0 

Day 14 7.00 ± 1.41 9.00 ± 5.29 8.00  ± 4.24 8.00  ± 2.65 

Day 21 18.33 ± 3.51 30.50  ± 8.58
#
 25.00  ± 4.58

#
 29.25  ± 4.79

#
 

Day 28 55.00  ± 7.75
*
 29.60  ± 6.47

#
 49.50  ± 4.51

*
 29.70  ± 2.68

#
 

 

 

 Both the 83/17 and 40/60 scaffolds displayed evidence of neovascularization as early as 

day 7 after implantation. Figure 8A shows marked neovascularization of both scaffold types on 

day 28 as demonstrated with TRI, CD31, and Factor VIIII;vWF stained images. Figure 8B 

displays the average number of blood vessel for the 83/17 and 40/60 scaffolds on each sacrifice 

day. Although both the 83/17 and 40/20 scaffolds show an increase in the number of blood 

vessels over time, the 40/60 scaffolds have a larger increasing trend. The 40/60_d21 scaffolds are 

significantly greater than 83/17 scaffolds on day 7, 14, and 21. On day 28, the 40/60 scaffolds 

are significantly higher than all the other values. Though the 83/17 scaffolds had less 

vascularization on day 28 compared to 40/60, they are significantly larger than all other 83/17 

values.  
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Figure 8: A) TRI, CD31, and FactorVIII:von Willebrand factor stained images for 83/17 

scaffolds, 40/60 scaffolds, and unoperated control VL muscle. Black arrows highlight some of 

the scaffold neovascularization on the TRI stained images.  Scale bars represent 200 µm in all 

images. B) The average number of blood vessels for the 83/17 and 40/60 scaffolds over the four 

week period *, #, % p<0.05). 

 

7.5 Discussion 

 In this study, PCL-MWCNT-(83/17, 40/60) PAA/PVA scaffolds were successfully 

implanted into a cavity created within the VL muscle of rats.  Scaffold implantation was not 

associated with any significant clinical adverse effects and complications associated with the 

implantation procedure were minimal. After the surgical procedure, rats were ambulatory within 
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10 minutes of anesthesia and normal activity was recorded for the four week time period. The 

most significant, although subclinical, technical complication encountered in this study was 

scaffold loss or migration out of the implant cavity. Although numerous methods for securing the 

scaffolds may have prevented this, the purpose of the study was to determine scaffold 

biocompatibility. Thus, we wished to avoid complicating variables such as suture or tissue 

adhesive reactions or coimplantation of biologically inert anchoring devices. Future studies 

should consider methods to securing the scaffold in place. 

 CK and LDH are enzymatic markers of tissue damage. Levels for CK and LDH were 

significantly elevated on day 7 compared to unoperated control values indicating that there was 

some skeletal muscle damage. By day 14, both enzyme levels had returned to baseline values in 

both scaffold groups.  In comparison, Makinen et al. measured normal CK and LDH values for 

male Sprague-Dawley rats as 190.7 ± 45.5 U/l and 167.9 ± 20.0 U/l, respectively [29]. Our 

untreated CK value, 199.25 ± 8.96 U/L, overlaps the range given, but the LDH value, 279.25 ± 

10.78 U/L, does not. The observation of the day 7 myocellular enzymatic increase is not 

unexpected considering the finding of morphologic evidence of maximam inflammation and 

fibrosis at day 7. 

 Although no degradation of the scaffolds was expected or observed, future work needs to 

include analyzing the degradation of the PAA/PVA hydrogel. After measuring the cross-

sectional area of the fibrotic capsule, only the 40/60_d7 was significantly greater. After day 7, 

the cross-sectional area measured for both scaffolds decreases and then remains fairly constant. 

The response from the PBS sham surgeries shows slightly raised levels compared to the 

unoperated control. The sham surgeries have less capsule formation compared to the 40/60 

scaffolds, but the 83/17 scaffolds have a similar amount after day 7. As the amount of fibrotic 

capsule decreases after day 7, we conclude that our PCL-MWCNT-PAA/PVA scaffolds are not 

considered hazardous by the body. Although the fibrotic tissue amount decreased during the 

study, the scaffold could be soaked in growth factors to further reduce fibrosis and promote 

muscle regeneration. Sato et al. delivered insulin-like growth factor-1 (IGF-1) and decorin, an 

anti-TGF-β human proteoglycan, after muscle injury. Though both molecules decreased fibrotic 

tissue formation compared to the sham control, the decorin treated muscle had significantly 

lower amounts [30].  
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 The largest amount of inflammation was observed on day 7 by both scaffolds with the 

40/60_d7 values being significantly larger than all others. Overall, the 40/60 scaffolds elicited a 

higher response than the 83/17 scaffolds. The 83/17 scaffold_d28 values were not significantly 

different from the PBS_d21, PBS_d28, and all unoperated controls. Though both scaffolds 

induced an inflammatory response, it does decrease during the four week period. Boennelycke et 

al. cultured muscle-derived cells or muscle fiber fragments on methoxypolyethyleneglycol-

poly(lactic-co-glycolic acid) (MPEG-PLGA) scaffolds and implanted them superficially to the 

abdominal muscle fascia [10]. At 3 weeks post-implantation, inflammatory scores were 

qualitatively assessed as 3 or moderate and by 8 weeks had decreased to 1 or minimal [10, 31]. 

However our inflammatory response more closely resembled the one ascertained by Perniconi et 

al. when skeletal muscle acellular scaffolds were implanted in the muscle of mice. They found 

that there was an overt inflammatory response two weeks post-implantation but by four weeks it 

had decreased towards control levels [9]. Longer studies are necessary to determine whether the 

inflammation caused by the implantation of the scaffold continues to decrease over time.  

 The total number of cells attached to the 83/17 and 40/60 scaffolds were counted and the 

values displayed in Table 3. Cells infiltrated the scaffolds and the number of cells increased over 

time with the most cells attached on day 28. As there was fibrotic tissue surrounding the scaffold, 

the type of cell attached to the scaffold was in question. Sections were stained with VVG to 

determine whether the cells were myogenic, fibroblasts, or elastin producing. It was found that 

the number of fibroblasts attached decreased and the number of myogenic cells increased during 

the four week period (Figure 6). However some cell types were unable to be determined with the 

VVG stain, so a desmin immunohistochemistry was used to more effectively determine the 

number of myogenic ones. Table 4 shows that the desmin stain and the VVG stain results were 

very similar. Although no myofibers could be conclusively determined, future work aims for 

longer implantation periods to ascertain whether the myogenic cells will organize into myofibers.  

 Digital photomicrographs of TRI stained 83/17 and 40/60 scaffolds showed evidence of 

neovascularization (Figure 7). Both scaffolds show an increase in the number of blood vessels 

during the study; however, the 40/60 scaffolds have a higher trend and are significantly greater 

than all other values on day 28. The 83/17_d28 scaffolds also become significantly greater than 

the rest of the 83/17 values (Figure 8). Levenberg et al. investigated vascularization of skeletal 

muscle by culturing myoblasts, embryonic fibroblasts, and endothelial cells on poly(L-lactic 
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acid) (PLLA)- PLGA scaffolds in vitro. After two weeks of culture, the control that was 

untreated with growth factors had an approximate average value of 3 blood vessels/mm
2  

[3]. Our 

two week average value for 40/60 scaffolds, 1.78 ± 1.09 blood vessels/scaffold, overlaps into this 

but, the 83/17_d14 value does not as it was zero. They also found that the embryonic fibroblasts 

differentiated into smooth muscle cells and surrounded the endothelial cells to form vessel-like 

structures [3]. More investigation is necessary to determine whether the decrease in fibroblasts 

attached to the scaffolds coupled with the increase in blood vessels is related to fibroblast 

differentiation into smooth muscle cells. Although vascularization occurs, the vessels were not 

completely aligned perpendicular to the scaffold fibers as naturally occurring vessels are to 

skeletal muscle. Future studies could have small areas without hydrogel in the scaffold in order 

to provide a path of least resistance for the vessels to obtain better perpendicular alignment. In 

addition, growth factors encapsulated within microspheres such as vascular endothelial growth 

factor (VEGF) could be electrospun with the PCL-MWCNT solution to aid in guiding the vessel 

through the scaffold [3].         

 

7.6 Conclusion 

 PCL-MWCNT-(83/17, 40/60) PAA/PVA actuating scaffolds that tested well under in 

vitro conditions were implanted in rat skeletal muscle for four weeks to determine in vivo 

biocompatibility. These two types of scaffolds displayed early signs of fibrotic tissue formation, 

inflammation, and elevated levels of CK and LDH but, these responses decreased during the 

study. Cells were found to have infiltrated both scaffolds and the type of cells was determined 

via histological staining. Early time points showed more fibroblasts attached to the scaffolds but 

over time, the number of fibroblasts decreased while myogenic cells increased. Both scaffolds 

also displayed evidence of neovascularization. We conclude that both our unique PCL-MWCNT-

PAA/PVA scaffolds were biocompatible; however, some differences between the two were 

observed. The 83/17 scaffolds had more myogenic cells attached to the scaffold on day 28, less 

fibroblasts attached, a smaller fibrotic capsule, and less inflammation. In comparison, the 40/60 

scaffolds had less myogenic cells attached to the scaffold, more fibroblasts attached, a larger 

fibrotic capsule, and a larger inflammatory response. However over time, the myogenic cell 

number increased while the number of attached fibroblasts decreased. The inflammatory 
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response and fibrotic capsule also decreased during the study period. For scaffold 

neovascularization, the 40/60 scaffolds had a greater amount compared to the 83/17 scaffolds. 

Although initial results are encouraging, longer studies are necessary to determine if the two 

hydrogel concentrations will critically affect the body. Future studies will investigate the 

scaffold’s ability to regenerate skeletal muscle after injury. 
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Chapter 8: Project Conclusion and Future Directions 

 

 

8.1 Project Conclusions 

In this project, several polymeric, conductive, and biocompatible scaffolds were created 

and investigated for skeletal muscle tissue regeneration. First, poly(D,L-lactide) (PDLA) and 

polyaniline (PANi) were mixed together and electrospun into scaffolds. Only the 75/25 ratio was 

conductive and solutions with larger amounts of PANi were unable to be electrospun. The 

PDLA/PANi scaffolds were biocompatible as rat primary skeletal muscle cells attached but, 

degraded quickly and became brittle. The second scaffold explored utilized poly(L-lactide) 

(PLLA) with gold nanoparticles (Au Nps). These scaffolds were also successfully electrospun 

but the Au Nps agglomerated within the scaffolds. Although the Au-PLLA scaffolds were 

biocompatible, the mechanical properties were much too large for skeletal muscle. Our third 

scaffold system combined poly(ε-caprolactone) (PCL) with multi-walled carbon nanotubes 

(MWCNT) and a poly(acrylic acid)/poly(vinyl alcohol) (PAA/PVA) hydrogel. Scaffolds were 

now coaxial electrospun so that PCL-MWCNT was on the interior of each fiber surrounded by 

the PAA/PVA hydrogel. PCL-MWCNT-PAA/PVA scaffolds actuated when electrically 

stimulated and were determined to be biocompatible via in vitro testing with rat primary skeletal 

muscle cells. The average mechanical properties were still larger than skeletal muscle but, it was 

a good first step in creating a scaffold that could act like muscle while cells attached and 

proliferated. 

Further characterization of the PCL-MWCNT-PAA/PVA scaffold involved varying the 

PAA/PVA ratio: 83/17, 60/40, 50/50, and 40/60. All four electrospun scaffolds actuated and 

were biocompatible with rat primary skeletal muscle cells but the mechanical properties 

remained high. Shorter PAA/PVA cross-linking times and lower MWCNT amounts were studied 

to determine their influence on mechanical properties. The 83/17 and 40/60 ratios were chosen 

due to their different mechanical properties, actuation angular speeds, and the number of cells 

attached during in vitro testing. The smaller cross-linking times did not significantly decrease the 

mechanical properties. By lowering the MWCNT amount both mechanical properties and 
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actuation could be affected. Though the chosen MWCNT amounts did not adversely change 

scaffold actuation, mechanical properties were also not significantly lowered. Thus, even smaller 

amounts are necessary to have an effect.   

The PCL-MWCNT-(83/17, 40/60) PAA/PVA scaffolds were then implanted into the 

vastus lateralis muscle of rats to evaluate in vivo biocompatibility. Both scaffold types caused an 

inflammatory response, fibrotic tissue formation, and an increase in enzymatic markers for tissue 

damage. Values for these responses did decrease over the course of the study. Cellular 

infiltration of both scaffolds also occurred with fibroblasts being more prevalent initially but 

myogenic cells increasing over time. Both scaffold types were ascertained to be biocompatible 

but some differences were noted. The 83/17 scaffolds had more myogenic cells attached and a 

smaller number of fibroblasts compared to the 40/60 scaffolds, though similar trends were seen. 

Although the inflammatory response and fibrotic capsule area decreased over time, the 40/60 

values were larger. Neovascularization of both scaffolds occurred but, the 40/60 scaffolds had 

more vessels than the 83/17 scaffolds. Overall, we have successfully developed a viable option 

for a polymer, conductive, biocompatible scaffold that can actuate for skeletal muscle tissue 

engineering and further investigation of the PCL-MWCNT-PAA/PVA is needed.  

 

8.2 Future Directions 

8.1.1 Platinum Nanoparticles  

By switching to platinum nanoparticles (Pt Nps), we should increase the scaffold 

conductivity while decreasing the amount of nanoparticles used in each scaffold. The purpose is 

to decrease the effect of Nps on mechanical properties while, increasing the actuation response. 

Pt Nps will be added to the N,N-dimethylformamide (DMF)) and can then be sonicated for better 

dispersion within the solvent before adding the dichloromethane (DCM) and PCL [1-3]. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) will be 

performed on the resulting PCL-Pt-PAA/PVA scaffolds to determine fiber morphology and Pt 

Nps dispersion. Although dispersion of metal particles can be a problem, Pt Nps do not have any 

added surface chemistry when electrospun into fibers [2-6]. Both Ruiz-Rosas et al. and Cavaliere 

et al. show TEM images of electrospun fibers with well dispersed Pt Nps [4, 5]. However if 

better dispersion methods are necessary, possible surface chemistries can then be investigated.  
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8.2.2 Crosslink Poly(acrylic acid) 

Currently the PAA/PVA hydrogel in our scaffold system only has the PVA chemically 

crosslinked using a glutaraldehyde (GA) solution. During electrical stimulation, some of the 

PAA appears to be leaching out of the scaffold and may be affecting scaffold actuation. Peppas 

and Wright showed that a PAA/PVA interpenetrating network (IPN) using 0.5% ethylene glycol 

dimethacrylate (EGDMA) and glutaraldehyde (GA) crosslinking agents respectively. The two 

polymers plus their crosslinking agents were then heated in an oven for three hours at 60°C to 

create the hydrogel [7]. We propose to make our PAA/PVA solutions with EGDMA and then 

electrospin the PCL-MWCNT-PAA/PVA scaffold. Scaffolds will be placed in a desiccator to 

allow the solvents to evaporate. The PAA will be crosslinked first in the oven, allowed to cool, 

and then soaked in the glutaraldehyde solution to crosslink the PVA. One concern is that the 

PAA crosslinking temperature is on the lower end of the given range for the melting temperature 

of PCL, 59-64°C, and the scaffold could lose its microfibrous structure [8]. A possible 

alternative would be to use a method from EGDMA cross-linked PAA gels. Tavakoli et al. 

combined EGDMA with PAA and cross-linked the gel at 50°C for two hours [9]. In a later study, 

the cross-linking occurred at 50°C for one hour followed by a 12 hour curing period at 30°C 

[10].   

We theorize that having both hydrogel polymers crosslinked will aid in scaffold actuation 

speed and repeatability. Further investigation into actuation repeatability and PAA/PVA 

degradation under simulated physiological conditions are needed. The PAA thermo-crosslinking 

method may also aid in the development of a more three-dimensional (3-D) scaffold. Electrospun 

scaffolds could be layered together and then heated to bind neighboring crosslinks. An 

alternative method for creating 3-D scaffolds would be to use one of the hydrogel components as 

a glue to hold scaffolds together and then crosslink the glue component.   

8.2.3 Elastomers 

If further mechanical property improvement is necessary, elastomer polymers can be 

utilized for their rubberlike elasticity and replace the poly(ε-caprolactone) (PCL) in our scaffold 

[11]. Although not all elastomers are able to be electrospun due to their curing process, 

polyurethanes (PUR) are an option. However, one drawback is biodegradability and the by-

products produced [11, 12]. In order to make PUR biodegrade, polyesters such as poly(ethylene 
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oxide), poly(D,L-lactide), PCL, and poly(glycolide) have been incorporated into the polymer 

backbone [12]. Stylianopoulos et al. electrospun semi-aligned mats of poly(esteruretheane-urea) 

onto a mandrel and tested them under tension. The resulting average elastic moduli for fibers 

running parallel with mandrels rotating at 2.0 m/s and 4.4 m/s were 0.89 ± 0.44 MPa and 3.04 ± 

1.89 MPa respectively [13]. Riboldi et al. also tested a poly(esterurethane) electrospun scaffold 

in tension and found the elastic modulus to be 10.15 ± 0.69 MPa. The skeletal muscle mouse cell 

line (C2C12) was seeded onto the Matrigel® coated scaffold and within three days had 

elongated, multinucleated, and myosin expressing cells [14]. Both of these scaffolds have much 

lower elastic moduli compared to our PCL-MWCNT-PAA/PVA scaffolds and closer to those of 

skeletal muscle [15-17]. PUR combined with polyesters provide an alternative polymer for our 

composite scaffold in order to decrease mechanical properties to better match those of skeletal 

muscle. 

8.2.4 Growth Factors 

Growth factors can stimulate or block many cellular actions including proliferation, 

differentiation, migration, motility, and adhesion [18]. Some possible growth factors to 

investigate include insulin-like growth factor-1 (IGF-1), nerve growth factor (NGF), and 

vascular endothelial growth factor (VEGF). The first growth factor to be evaluated should be 

IGF-1 as it encourages muscle growth by stimulating satellite cells and inducing their 

differentiation [19]. Czifra et al. evaluated the effect of IGF-1 on human skeletal muscle cells 

cultured in vitro and showed an increase in proliferation plus an increase in multinuclear 

myotube formed [20]. Another important growth factor to be utilized is NGF as it may trigger 

peripheral neurite extension into the regenerating muscle area [18]. Although some 

vascularization of the scaffold occurred in the in vivo study, a larger and faster response may be 

necessary thus, VEGF can be delivered to the area. Some possible growth factor delivery 

methods include soaking the sterilized scaffold before implantation, direct bolus injection, 

microsphere encapsulation, and/or a secondary polymeric carrier for paracrine delivery 

implanted near the wound site [18, 21]. It is most likely that a combination of growth factors and 

delivery methods are necessary to ensure the best tissue regeneration response. 

8.2.5 In vivo Studies 
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Longer in vivo studies are necessary in order to determine the effect of the scaffold over 

time. The variables to be examined include continued decrease in inflammation, continued 

muscle cell proliferation and attachment to the scaffold, fusion into myotubes, continued 

decrease of fibroblasts attached to the scaffold, and continued scaffold neovascularization. 

Although the initial study showed scaffold biocompatibility, changes in the scaffold composition 

may cause further biocompatibility studies to be necessary. The ability of the scaffold to aid in 

muscle regeneration will be investigated by excising muscle, suturing the scaffold into place, and 

using immunohistological stains to determine muscle repair and growth. Once a positive 

regenerating response has been recorded in lower order animals, studies using larger animals can 

be conducted.  

8.2.6 Electrical Stimulation 

 As no commercially available bioreactor with electrical stimulation is currently available, 

one must be fabricated. Several other laboratories have already created devices that can deliver 

electrical pulses to cells and/or scaffolds cultured in vitro. Tandon et al. connected petri dishes in 

series to an electrical stimulator that was placed outside the incubator. Collagen sponge scaffolds 

seeded with cardiac cells were successfully cultured and electrically stimulated for five days 

[22]. Serena et al. constructed a larger bioreactor that contains 16 chambers out of 

poly(dimethylsiloxane) (PDMS). Electrodes were placed opposite one another in each chamber  

5 mm apart [23]. Barash et al. also created a bioreactor with electrical stimulation using petri 

plates but also introduced flow into the system. Primary muscle cell seeded scaffolds will be 

anchored at one end in each bioreactor chamber and electrical pulses of 2V/3mm every 24ms at 1 

Hz will be delivered for at least two hours as contractile activity in vitro was observed at this 

point [24]. Electrical pulse values can then be varied to determine the best contractile activity 

response. Future studies will also include the development of an external device to be used in 

conjunction with the implanted scaffold.  
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