
Abstract 
 

GLUCK, JESSICA MARIE. Electrospun Nanofibrous Poly(ε-caprolactone) (PCL) 
Scaffolds for Liver Tissue Engineering. (Under the direction of Dr. Martin W. King.) 
 

 Electrospinning is a process utilized to fabricate nanofibers. The latest trend in 

tissue engineering has been to use these nanofibrous scaffolds for in vitro studies to direct 

the growth of cellular development. Due to the unique nature of the liver’s ability to 

regenerate itself, this organ has been commonly targeted for tissue engineering purposes.  

 The two main objectives of this study were to electrospin nanofibrous scaffolds 

from poly(ε-caprolactone) (PCL) and also to use these scaffolds for static hepatocyte 

culture. This two-phase study was divided as such. In order to electrospin PCL the correct 

solvents and process conditions had to be determined. In accordance with previous 

literature a solvent mix of chloroform and methanol was used in an initial ratio of 3:1 

respectively. The “optimized” electrospinning process conditions were defined as those 

that consistently produced fibers on a nanoscale and achieved “whipping” at a consistent 

applied voltage. The electrospinning trials were considered optimized with a plate 

distance of 12cm, a capillary of ID=0.5mm, capillary exposure of 0.7cm, a range of flow 

rates of 0.25mL/min to 0.30mL/min, and an applied voltage range of 40kV to 50kV. All 

samples were collected for a duration of 30 seconds. Upon optimization of the 

electrospinning process, an investigation was conducted to determine the most 

appropriate solvent ratio. The solutions examined were at 5% and 10% PCL 

concentration by weight. Within each concentration five different solvent ratios were 

examined, ranging from 1:1 to 5:1 chloroform:methanol. As the amount of chloroform 

increased in the solvent ratio, the viscosity and surface tension of the solutions also 



increased. A correlation was found between these physical features of the solutions and 

the fiber diameter produced, and it was determined that the “optimal” solution for 

electrospinning was a 3:1 chloroform:methanol mix and 10% PCL by weight. This 

solution became the solution used for further electrospinning trials and for the collection 

of samples to be used in cell culture. The average fiber diameter produced was 426 nm + 

186 nm.  

 The hepatocyte culture portion of this study was designed to demonstrate the 

biocompatibility of the PCL nanofibrous scaffolds and to facilitate proliferation in a static 

cell culture. These tests were conducted in conjunction with the Transplant Lab under Dr. 

David Gerber’s supervision at UNC-CH. The nanofibrous scaffolds when used in 

hepatocyte culture do not show any significant improvement in the rate of cell 

proliferation from the polystyrene control surface used. However, it was evident that the 

presence of PCL nanofibers promoted faster cellular growth compared to the 

polypropylene microfibers. After viability tests, it became clear both the nanofibers and 

the microfibers from the nonwoven collection fabric directed the growth pattern of the 

cells. In some cases, cells began to show a growth in 3-D, indicating the early signs of 

extracellular matrix formation. Using a marker for albumin production, the electrospun 

scaffolds’ cells showed both proliferation and functionality over a period of 14 days.  

 Overall, PCL can successfully be electrospun using a two solvent mix of 3:1 

chloroform to methanol. By varying the solvent ratio and polymer concentration, it is 

possible to manipulate the fiber diameter and pore size. These scaffolds can be used for 

tissue engineering applications and show promise in hepatocyte culture.  



ELECTROSPUN NANOFIBROUS POLY(e-CAPROLACTOIYE) (PCL)
SCAFFOLDS FOR LIVER TISST]E ENGINEERING

by
JESSICA MARIE GLUCK

A thesis submitted to the Graduate Facultv of
North Carolina State University

in partial fulfillment of the
requirements for the Degree of

Master of Science

TEXTILE TECHNOLOGY MANAGEMENT

Raleigh, North Carolina

2007

APPROVED BY:

Dr. Marian G. McCord

Chair of Advisory Committee



 ii

Dedicated to 

my parents, Penny and Bill  

and the world’s best little sister, Molly 



 iii

 

Biography 

 

 Jessica Marie Gluck was born 15 December 1983 in Sisseton, South Dakota to 

William and Penny Gluck. She has a younger sister, Molly. After living in South Dakota, 

New Jersey, California, and North Carolina, she graduated from Green Hope High 

School in Morrisville, NC. She entered North Carolina State University in the Fall of 

2002. She graduated Magna Cum Laude in 2005 with a  Bachelor of Science in Textile 

Technology, concentrating on Biomedical Textiles. While attending North Carolina State 

University, Jessica participated in many activities, including working for Technician, the 

daily student newspaper, as a graphics editor and writer; Phi Psi, a professional textile 

fraternity; Delta Zeta, a social sorority; and two study abroad programs, to Ecuador and 

Peru in the summer of 2003 and to Sevilla, Spain for the Spring Semester of 2004. 

During her undergraduate studies, Jessica worked with Dr. Martin W. King on projects 

relating to biomedical textiles and continued to work with him during her research for her 

Master of Science. Upon graduation, she plans on pursuing a PhD at the University of 

California, Los Angeles in Biomedical Engineering. 

 



 iv

Acknowledgements 

 

 First and foremost I’d like to thank my advisor Dr. Martin W. King for his 

tremendous support and guidance for the last five years. He has been a great mentor to 

me for not only my continuing studies, but in research. He was never one to readily hand 

out the answers, but always pushed me to seek the solutions on my own. For that, I am 

very grateful. I would also like to thank my minor advisor, Dr. Marian McCord. She 

opened the doors for me and showed me that anything truly is possible. She has been a 

great support for the last two years and I am glad to have gotten to know her, both 

professionally and personally. I would also like to thank Dr. Behnam Pourdeyhimi for his 

support and enthusiasm.  

 Special thanks should go out to Dr. Bhupender S. Gupta for his encouragement, 

financial support, and guidance. I also have to thank Dr. Gupta for inviting me to join his 

“electrospinning team” and the National Textile Center for their support through the F05-

NS04 grant. This would not have been possible without Dr. David Gerber or Lisa 

Samuelson, both of whom have been tremendously supportive. Lisa has seen this project 

from start to finish and has been a great teacher and help. I have to thank Dr. Gerardo 

Montero for his help with the electrospinning trials. Dr. Susan Bernacki helped bridge the 

gap between the materials world and the cell culture. I have lots of gratitude for Hoonjoo 

Lee, who helped me solve the hydrophobicity mystery. Dr. Bob Bagnell was very helpful 

with the SEM specimen preparation. Thank you to Chuck Mooney for spending long 

hours helping me out with the SEM. 



 v

I have to thank the friends I’ve made along the way.  Ajit Moghe, Sang won 

Chung, and Nilesh Ingle who have given me great guidance and support when I wasn’t 

the biggest fan of electrospinning. A big “thank you” goes to Julie Rae Gentry for always 

listening to my research stories and helping me unwind. I wouldn’t have made it without 

the support of everyone and all my friends. I can’t thank Michael Olsen enough for 

always being there for me, listening to all my stories, encouraging me, and keeping my 

stress levels as low as possible.  

None of this would have been possible if it weren’t for my family. They have 

always supported me no matter what. My parents always encouraged me to do something 

I love and they have been there with support through the great days and the long days. I 

would not be where I am today or the person I’ve become without my best friend, my 

little sister Molly. She always listened to the “science-y” talk and always had the best 

escapes from working too hard.  

 

Thank you everyone! 

Jessica Marie Gluck 

Raleigh, NC 

April 2007  



 vi

Table of Contents 

 

List of Tables .................................................................................................................... ix 

List of Figures.....................................................................................................................x 

1. INTRODUCTION..........................................................................................................1 

 1.1 Goals and objectives................................................................................................2 

 1.2 Definitions ...............................................................................................................4 

 1.3 Format of Thesis .....................................................................................................4 

2. REVIEW OF LITERATURE .......................................................................................5 

 2.1 Tissue Engineering .................................................................................................5 

2.1.1 Definition ........................................................................................................5 

2.1.2 Liver Tissue Engineering................................................................................6 

  2.1.2.1 Synthetic Resorbable Biomaterials ........................................................7 

2.1.2.2 Essential Properties and History ...........................................................8 

  2.1.2.3 Common Approaches ...........................................................................12 

  2.1.2.4 Scaffold Approach................................................................................15 

2.1.2.4.1 Essential Scaffold Properties ......................................................17 

 2.2 Electrospinning .....................................................................................................20 

2.2.1 Definition ......................................................................................................20 

2.2.2 Electrospinning Process Variables................................................................22 

2.2.3 Uses...............................................................................................................25 

 2.3 Polycaprolactone ...................................................................................................26 

2.3.1 Use in Tissue Engineering ............................................................................27 



 vii

3. EXPERIMENTAL .......................................................................................................31 

 3.1 Materials................................................................................................................31 

  3.1.1 Solution Preparation......................................................................................31 

 3.2 Testing of Solution Properties ..............................................................................32 

  3.2.1 Viscosity .......................................................................................................32 

  3.2.2 Surface Tension ............................................................................................33 

 3.3 Scaffold Fabrication .............................................................................................34 

  3.3.1 Electrospinning .............................................................................................34 

 3.4 Morphology of Nanofibrous Scaffolds.................................................................37 

  3.4.1 Scanning Electron Micrograph (SEM) .........................................................37 

  3.4.2 Fiber diameter and Pore Size Distribution by Image Analysis.....................39 

  3.4.3 Porosity .........................................................................................................40 

 3.5 In Vitro Testing .....................................................................................................41 

  3.5.1 Preparation of Scaffolds................................................................................41 

  3.5.2 Sterilization...................................................................................................42 

  3.5.3 Hepatocyte Culture Technique .....................................................................42 

  3.5.4 Viability Testing ...........................................................................................43 

  3.5.5 Proliferation Assay (ELISA).........................................................................44 

4. RESULTS AND DISCUSSION ..................................................................................46 

 4.1 Electrospinning .....................................................................................................46 

 4.2 Process Variables ..................................................................................................46 

  4.2.1 Effect of Applied Voltage.............................................................................46 

  4.2.2 Effect of Flow Rate.......................................................................................52 



 viii

  4.2.3 Effect of Plate Distance ................................................................................53 

 4.3 Morphology ...........................................................................................................56 

  4.3.1 Effect of Polymer Concentration ..................................................................58 

  4.3.2 Effect of Solvent Ratio..................................................................................63 

  4.3.3 Optimal Spinning Conditions .......................................................................69 

  4.3.4 Porosity and Pore Size Distribution..............................................................69 

 4.4 In Vitro Testing .....................................................................................................71 

  4.4.1 Hydrophobicity of Scaffolds.........................................................................71 

  4.4.2 Sterilization...................................................................................................73 

  4.4.3 Effect of Static Culture .................................................................................74 

  4.4.4 Viability Testing ...........................................................................................77 

  4.4.5 Proliferation ..................................................................................................83 

  4.4.6 Scanning Electron Micrographs (SEM)........................................................85 

  4.4.7 Comparison of Scaffolds vs. Control............................................................89 

  4.4.8 Comparison of Nanofibrous Scaffolds vs. Nonwoven .................................90 

5. CONCLUSIONS AND RECOMMENDATIONS.....................................................91 

 5.1 Conclusions ...........................................................................................................91 

 5.2 Recommendations for Future Work ....................................................................92 

6. REFERENCES.............................................................................................................95 

7. APPENDIX .................................................................................................................101 

Electrospinning Visual Classification Charts................................................................102 



 ix

List of Tables 

 

Table 2.1-Common Synthetic Biopolymers and Their Properties.......................................8 

Table 4.1-Highest Dripping Values (e-field, kV/cm) for 5% PCL solutions ....................55 

Table 4.2-Highest Dripping Values (e-field, kV/cm) for 10% PCL solutions ..................55 

Table 4.3-Lowest Whipping Values (e-field, kV/cm) for 5% PCL solutions ...................56 

Table 4.4-Lowest Whipping Values (e-field, kV/cm) for 10% PCL solutions .................56 

Table 4.5-Average Fiber Diameter Size, 5% PCL vs. 10% PCL ......................................62 

Table 4.6-Average Fiber Diameter for Each Solvent Ratio...............................................68 

Table 4.7-Optimal Spinning Conditions for Electrospinning Process Variables ..............69 

Table 4.8-Porosity of Electrospun Scaffolds .....................................................................70 

Table 4.9-Contact Angle (10μL) of Electrospun Scaffolds on Different Substrates.........72 

Table 4.10-Contact Angle (20μL) of Electrospun Scaffolds on Different Substrates.......72 



 x

List of Figures 

 

Figure 2.1-Schematic of Tissue Engineering Triad .............................................................6 

Figure 2.2-Schematic of Extracellular Matrix ...................................................................12 

Figure 2.3-Schematic of Nanofibers Produced from Typical Electrospinning  
        Setup ................................................................................................................21 

Figure 2.4-Typical Electrospinning Needle-tip to Collector Plate Apparatus...................22 

Figure 2.5-Typical Parallel-plate Electrospinning Apparatus ...........................................23 

Figure 2.6-Synthesis of PCL..............................................................................................26 

Figure 3.1-Tensiometer from Fisher Scientific..................................................................33 

Figure 3.2-Schematic of Electrospinning Equipment........................................................34 

Figure 3.3-Electrospinning Equipment Used.....................................................................35 

Figure 3.4-Syringe, Tubing, and Capillary Use for Electrospinning.................................36 

Figure 4.1-Electrospinning Visual Classification for 10% PCL solution in 3:1 solvent 
    Mix..................................................................................................................47 

Figure 4.2-Highest Dripping Values for 5% PCL solution................................................48 

Figure 4.3-Highest Dripping Values for 10% PCL solution..............................................48 

Figure 4.4-Lowest Whipping Values for 5% PCL solution...............................................50 

Figure 4.5-Lowest Whipping Values for 10% PCL solution.............................................50 

Figure 4.6-SEM micrograph Showing Typical Morphology of PCL Scaffolds................57 

Figure 4.7-Viscosity of 5% PCL solutions ........................................................................59 

Figure 4.8-SEM micrograph of 5% PCL in 3:1 solvent ratio solution ..............................60 

Figure 4.9-SEM micrograph of 10% PCL in 3:1 solvent ratio solution ............................60 

Figure 4.10-Fiber Diameter Distribution, 5% PCL in 3:1 solvent ratio solution ..............61 



 xi

Figure 4.11-Fiber Diameter Distribution, 10% PCL in 3:1 solvent ratio solution ............62 

Figure 4.12-Surface Tension Values for 5% PCL solutions..............................................64 

Figure 4.13-Surface Tension Values of 10% PCL solutions .............................................64 

Figure 4.14-SEM micrograph of 5% PCL in 1:1 solvent ratio solution ............................65 

Figure 4.15-SEM micrograph of 5% PCL in 5:1 solvent ratio solution ............................66 

Figure 4.16-Accumulative Fiber Diameter Distribution, 5% PCL Comparison of all 
   Solvent Ratios ..................................................................................................67 

Figure 4.17-Accumulative Fiber Diameter Distribution, 10% PCL Comparison of all 
   Solvent Ratios ..................................................................................................67 

Figure 4.18-Pore Size Distribution of 10% PCL solution in 3:1 solvent mix ...................71 

Figure 4.19-Contact Angle (10μL and 20μL) on Electrospun Scaffolds over Time.........73 

Figure 4.20-One Week After Sterilization.........................................................................74 

Figure 4.21-Setup for Samples in 6-well Culture Dish......................................................75 

Figure 4.22-Live (green) and Dead (red) cells in Control Well After 7 Days...................75 

Figure 4.23-Live (green) and Dead (red) cells on Nonwoven After 7 Days .....................76 

Figure 4.24-Live (green) and Dead (red) cells on Electrospun Scaffold After 7 Days .....77 

Figure 4.25-Setup for Samples in 6-well Culture Dish......................................................78 

Figure 4.26-Live Cells After 7 Days..................................................................................79 

Figure 4.27- Dead Cells After 7 Days ...............................................................................80 

Figure 4.28-Live Cells After 14 Days................................................................................81 

Figure 4.29-Dead Cells After 14 Days ..............................................................................82 

Figure 4.30-ELISA results .................................................................................................84 

Figure 4.31-SEM Micrographs of 7 Day Culture on Electrospun PCL Scaffolds.............85 

Figure 4.32-SEM Micrographs from Mondrinos53 ............................................................86 



 xii

Figure 4.33- SEM Micrographs of 7 Day Culture on Electrospun PCL Scaffolds at 700X 
           Magnification................................................................................................87 

Figure 4.34- SEM Micrographs of 7 Day Culture on Electrospun PCL Scaffolds, Typical 
           Cellular Definition ........................................................................................87 

Figure 4.35-SEM micrographs of 14 Day Culture on Electrospun PCL Scaffolds ...........88 

 



 1

1. Introduction 

 

Tissue engineering has been known to employ scaffold support systems to guide 

cellular growth.  Cellular regeneration needs the scaffold support to guide the growth and 

with the optimal pore size and three-dimensional (3-D) shape, extracellular matrices can 

be formed.  Cell proliferation and adhesion are dependent on the specifications of the 

scaffolds, especially the porosity.  The pore size and fiber diameter are vital aspects of 

guiding the cell growth and differentiation.  Pore size and fiber diameter can be 

controlled in many different ways, including the specifications of the fabrication process, 

phase separation, emulsion/freezing, solvent selection and membrane lamination. When 

using a bioresorbable polymer, the cells will then be able to stand alone as the polymer 

eventually degrades. These tissue structures are on the forefront of the biotechnology 

field and are likely to revolutionize organ transplantation in the future.1   

Initially researchers targeted the liver due to its unique ability of regeneration. 

When a patient is diagnosed with liver disease, there are limited treatment options. 

Different drug treatments are available for certain types of liver disease, including 

primary biliary cirrhosis and hepatitis C.2  However, liver transplantation is needed for 

most severe conditions of liver disease. 

Using electrospinning techniques, nanofibers can be formed into nonwoven 

meshes.  These meshes have fiber diameters much smaller than conventional techniques 

of textile fabrication and should be more able to encourage cells to develop an 

extracellular matrix (ECM). The long term goal is to characterize the manufacturing of 

these meshes and apply that knowledge to manipulate the meshes to provide the best 
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development of ECM, specifically targeting hepatocyte growth. By “best,” the aim is to 

produce an ECM that encourages cell proliferation and adhesion to the surface with the 

potential to penetrate inside the 3-D structure.  

Specifically the objective behind the research is to optimize the electrospinning 

process and to encourage cellular growth and development with the PCL scaffolds in 

static culture.  It is anticipated that PCL nanofibrous meshes and their easily manipulated 

characteristics will be able to encourage hepatocyte growth and provide the necessary 

support and structure to develop viable liver tissues that have the potential for successful 

transplantation in the future.  

 

1.1 Goals and Objectives 

 

 The goal of this study is to fabricate multi-layered electrospun nanofibrous 

scaffolds of the resorbable polymer poly(ε-caprolactone) and successfully use these 

scaffolds in static hepatocyte cell culture. Specifically, by incorporating these scaffolds 

into culture, they can one day be used to cultivate a patient’s liver cells and via in vitro 

techniques develop liver tissue for future implantation. The idea of using this unique 

method of fabrication is that the nanofibers will provide a greater surface area for direct 

cell adhesion and provide even more guidance of cell growth, as the cells grow along the 

fibers themselves. The resorbable nature of the polymer will allow for a minimum 

mechanical stability to support the initial cellular growth and provide an anchor for future 

implantation, but then allow the tissue to encourage regeneration at the site of 

implantation.  
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The study is divided into two main phases, “Electrospinning” and “Cell Culture.” 

Within these two phases, the specific objectives of the study are as follows: 

 

 Electrospinning 

1) To optimize the process variables of electrospinning a specific PCL solution 

via varying the plate distance, flow rate, and applied voltage used. 

2) To characterize the morphology and fiber diameter of the nanofibrous 

electrospun scaffolds. 

3) To optimize the electrospinning of PCL solutions through experimental trials 

of varying solvent ratios and process variables to determine a standard 

operating procedure. 

4) To evaluate the morphological changes of the nanofibrous webs in terms of 

nanofiber diameter and pore size distribution due to varying solvent ratios and 

solution concentrations of PCL used in the electrospinning process. 

 

Cell Culture 

5) To demonstrate the biocompatibility of the scaffolds, by the ability to 

effectively use the scaffolds in static hepatocyte culture 

6) To compare the proliferation of hepatocytes on the scaffolds in culture in a 

comparable manner to that of the control surface. 

 

*see 1.2 Definitions for description of “optimize” and other keywords 
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1.2 Definitions 

 

Several helpful definitions/key words used throughout the study: 

1. Optimize—in reference to the electrospinning process conditions. The “best” 

conditions are those that consistently produce fiber with a low fiber diameter variability 

and use as low an applied voltage as possible. The “best” conditions are specifically 

justified in the Results and Discussions section. There, the “standard operating 

procedure” for all future scaffold collections is defined.  

2. Spinnability—the ability and characteristics of a polymer solution during the 

electrospinning process to produce a continuous and stable threadline. This includes the 

specific range of applied voltage necessary to electrospin the solution. This also includes 

the idea of establishing a continuous and stable threadline for the duration of the 

collection of scaffolds.  

 

1.3 Format of Thesis 

 

 Within each chapter of the thesis, both aspects of the study will be discussed, 

“Electrospinning” and “Cell Culture.” Chapter 4, Results and Discussion will highlight 

the correlation and relationship between the two separate parts of the study.  
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2. Review of Literature 

 

2.1 Tissue Engineering 

2.1.1 Definition 

 

Tissue engineering has long been known to employ scaffold support systems to 

guide cellular growth.  Cellular regeneration needs scaffolds to guide the growth and 

stimulate the development of native extracellular matrix (ECM), and with the optimal 

pore size and three-dimensional (3-D) shape, ECMs can flourish.  Cell proliferation and 

adhesion are dependent on the specifications of the scaffolds, especially upon the 

porosity.  The pore size and fiber diameter are vital aspects of guiding the cell growth and 

differentiation.  Pore size and fiber diameter can be controlled in many different ways, 

including the specifications of the fabrication process, phase separation, 

emulsion/freezing, solvent selection and membrane lamination. When using a 

bioresorbable polymer for the scaffold construct, the cells will then be able to stand alone 

as the polymer eventually degrades. The cellular differentiation and demonstration of 

tissue-specific functions is dependent on the 3-D space the scaffold offers. These tissue 

structures are on the forefront of the biotechnology field and will revolutionize the use of 

more accurate cellular models as well as the future of organ transplantation 1.  

As a general rule, the triad of tissue engineering consists of the following 

elements: scaffolds, prosthesis, cells, and signals, as seen in Figure 1.  

Different methods have been known for fabrication techniques, including the 

development of different polymeric hydrogels, foaming agents, fibers—under different 
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construction techniques, and membranes. Most of these methods have been in use for 

quite some time. Overall, the targeted tissue will determine the method of fabrication of 

the prosthesis. In most cases, when trying to engineer soft tissue a mesh-like structure is 

the most appropriate. Specifically when trying to engineer soft tissue3, a support system 

is needed and using fibers has been found to be the most effective scaffolding.   

 

 

Figure 2.1-Schematic of Tissue Engineering Triad3 

 

2.1.2 Liver Tissue Engineering 

 

 Tissue engineering proves to be advantageous when addressing the issue of end-

stage liver failure, which can precipitate from numerous causes.  Most of these cases 

involve the necessity of a liver transplant. Through tissue engineering means, one could 

conceivably develop the necessary tissue outside the body on a type of scaffold and then 

implant the device, with the outcome being cellular ingrowth, general incorporation of 
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the device and regeneration of the targeted organ. The major indication for liver 

transplantation is end-stage liver disease. Other indications include liver cancer, acute 

liver failure, and life-threatening metabolic liver disease, such as Crigler-Najjar 

Syndrome.  More commonly, liver transplants performed on adults are for chronic 

Hepatitis C, alcoholic liver disease, primary biliary cirrhosis, sclerosing cholangitis, 

autoimmune hepatitis, Hepatitis B, nonalcoholic steatohepatitis, and cryptogenic 

cirrhosis. Acute liver failure accounts for 8% of transplants in adults and about 12% of 

children. About 5,000 transplants are performed each year in the US, with about 500 of 

those being in children.  Instead of an entire organ transplant, a lobe of the liver can be 

used to repair the damaged tissue. For children, the left lobe from a living adult donor can 

be used, while for adults the right lobe is necessary to provide the adequate liver mass.  

Currently there are about 17,000 people on the waiting list for a liver transplant.2 

 

2.1.2.1 Synthetic Resorbable Biomaterials 

 

 After receiving FDA approval for its use, poly(L-lactic acid) has been popular 

amongst tissue engineers, as it comes from and degrades into lactic acid4.  However, the 

polymer is very rigid and the degradation products can be toxic to the body.  Therefore, 

researchers have been exploring other possibilities. Other materials common for their use 

inside the body and thus importance for tissue engineering are poly(glycolic acid), 

copolymers of poly(lactic-co-glycolic acid), poly(ε-caprolactone), hylauronic fluid, 

polyurethanes, polydimethylsiloxane (PDMS), poly(tetrafluoroethylene), poly(methyl 

methacrylate), poly(2-hydroxyethylmethacrylate), poly(acrylonitrile), polyamides, 
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polypropylene, polyesters (namely Dacron polyester for permanent devices), poly(vinyl 

chloride), poly(ethylene-covinyl acetate), polystryrene, and poly(vinyl pyrrolidone)5. 

Table 2.1 reports common polymers used for tissue engineering and their properties.  

 Specifically when examining the previous work concerning tissue engineering 

with hepatocytes and targeting the liver there have been many different approaches. 

Namely, PCL6, 7, poly(lactic acid)8, hyaluronic acid9, and collagen10. PCL has been the 

target of many novel tissue engineering techniques. The biocompatibility of the polymer 

has been established through extensive research.  

 

Table 2.1-Common synthetic biopolymers and their properties11 

Polymer Melting 
point (oC) 

Glass 
transition 

temperature 
(oC) 

Degradation 
time to lose 
total mass 
(months) 

Tensile 
strength 
(MPa) 

Elongation 
(%) 

Modulus 
(GPa) 

PLGA Amorphous 45-55 Adjustable 41.4-55.2 3-10 1.4-2.8 

PLLA Amorphous 55-60 12-16 27.6-41.4 3-10 1.4-2.8 

PDLLA 173-178 60-65 >24 55.2-88.7 5-10 2.8-4.2 

PGA 225-230 35-40 6-12 >68.9 15-20 >6.9 

PCL 58-63 -65 >24 20.7-34.5 300-500 0.2-0.3 

 

 

2.1.2.2 Essential Properties and History 

 

 Currently, many researchers are investigating the use of biomaterials for tissue 

engineering. These initial approaches have examined the possibility of seeding cells on a 

film to stimulate the development of ECM and to facilitate possible tissue growth. With 

these 2-D models, the cells would proliferate, but differentiation was limited and showed 
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no signs of any tissue-specific function. However, when researchers began to develop the 

possibility of a 3-D model, cells responded in a very positive fashion. Especially when 

using a fibrous approach in a 3-D model, cells would grow along the fibers with 

increased differentiation. This idea was shown conclusively in a study done by Ng5. 

Using fibrous structures made of collagen nanofibers the hepatocytes showed increased 

differentiation when compared to the 2-D models. 

 Surgical fabrics have been in use since the 1980s as therapeutic tissue-engineering 

scaffolds. These fabrics were comprised of approximately 10 micron diameter fibers in  

degradable or bioresorbable aliphatic polyesters in felts or weaves12. Scaffolds were 

implanted directly to stimulate local tissue growth or provided additional support in a 

particularly weak area. These scaffolds were also be seeded with donor cells or host cells 

cultured in vitro to aid and stimulate tissue formation prior to implantation. Many surface 

modifications were added to further stimulate the process. Since the advent of the use of 

these types of textile-like materials, a wide variety of the synthetic approaches have been 

attempted. The isotropic nature of the fabrication of these scaffolds lends a definitive 

approach to hierarchical tissue formation. The nature of the manufacture is to construct a 

weave with a uniform random orientation of fibers. Manipulation of the manufacture is 

what enables different scaffold constructions and leads to different approaches of tissue 

engineering.   

 The focus has been split between using natural and synthetic polymers for the 

construction of these biomaterials.  There have been several ongoing studies to establish 

biocompatibility of the material with hepatocytes.  Presently, there are many different 

viable, biocompatible choices. There are many different ways to approach tissue 
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engineering when targeting hepatoctyes.  Among them are hepatocyte suspension, 

packed-bed bioreactors, and hollow-fiber bioreactors3, along with 3-D scaffold formation.  

 Focusing on the liver, the only human organ which can regenerate itself, one of 

the first approaches towards a synthetic substrate came from Masumura.  Hepatocyte 

suspension was developed by Matsumura 13 in 1987 based on hemodialysis against a 

suspension of hepatocytes.  This principle has been used with further developments with 

tissue engineering endeavors. The packed-bed bioreactor was first developed by Li 9 in 

1993. However, the last successful usage of this device was documented in a 10-year-old 

patient with fulminant hepatic failure, but there has been no further development.  Most 

recently hollow-fiber bioreactors have been in development, however using different 

techniques that originated by Li.  Wolf and Munkelt were the first to develop the device 

which contained a rat hepatoma cell line cultured on the exterior surface of the hollow 

fibers, which were contained in a plastic container14. While there have been several 

documented clinical trials, these have all focused on using an entire artificial liver support 

system.   

 As with any tissue specific target, the formation of extracellular matrix (ECM) is 

vital for the proliferation and viability of the cell, much less tissue formation. Many 

researchers have noticed that when taking primary hepatocytes from the host 

environment, the cells will detach from the ECM and undergo apoptosis within the  

following 7 days. 6,15 

 The main goal when constructing an artificial ECM is to take into account the 

need for native cellular components to be present. Some of the commonly found ECM 

proteins are collagen fibrils, collagen non-fibrils, fibrin, elastin, and proteoglycans12.  
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Many researchers have taken advantage of this knowledge and incorporated these 

components into the fabrication of the in fibrous scaffolds. A major obstacle to overcome 

is to process these components into the scaffold without damage to the ECM proteins.  

Others have taken the development of artificial ECMs to a further level by incorporating 

different adhesion molecules, such as fibronectin, or the incorporation of different growth 

factors3 which have been shown to stimulate the cellular response. These growth factors 

include transforming growth factor-β (TGF β)16, vascular-endothelial-cell growth factor 

(VEGF), and hepatocyte growth factor (HGF).  

 When constructing a scaffold or support system to stimulate ECM formation, the 

selection of the polymer is extremely important. Many different polymers have been used 

commonly in tissue engineering, including poly(lactic acid) and poly(glycolic acid), both 

of which are bioresorbable and have already been approved for human use by the FDA. 

Bioresorbable polymers are used so the ECM formation will be able to support the tissue 

growth. These polymers can be divided into two main categories, synthetic and natural 

polymers. Synthetic polymers used are PCL, hyaluronic acid, poly(ethylene oxide), and 

poly(dimethyl siloxane). Hyaluronic acid, alginate, chitosan, collagen types I and VI have 

also been used, normally in conjunction with a synthetic polymer. The synthetic polymer 

gives the support system the needed mechanical and tensile strength to support and guide 

the cellular growth. The natural polymers enhance the biocompatibility.  In some cases, 

surface modification enhances cellular proliferation by using known ECM protein 

components and growth factors. 
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Figure 2.2-Schematic of Extracellular Matrix12 

 

The mechanical properties of ECM are determined by the composition, architecture, and 

degree of crosslinking.  

 

2.1.2.3 Common Approaches 

 

Exploration into culturing hepatocytes has been delicate as the cells are anchorage 

dependent. These cultures then have limited lifespans ex vivo.  In many studies, using 

hepatocytes has proven to be a very delicate procedure. Many have witnessed the cells to 

become detached from the ECM and undergo apoptosis within eight days of culture. The 

primary factor to overcome has been the lack of actin survival signal, which is caused by 

a functional loss of the β1-integrin dependent signal pathway6, ultimately leading to the 
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cellular detachment. Keeping this in mind, it is necessary to design a scaffold, that not 

only promotes cell adhesion, but also that will maintain adhesion longer than eight days 

and demonstrate signs of liver-specific function. These scaffolds will provide a synthetic 

ECM support system and facilitate the development of hepatic ECM.  

 Hyaluronic acid has been used in scaffolds by Zavan 8 in 2005, which has shown 

great promise in engineering tissue.  The hyaluronic acid was derived from the total 

esterification of hyaluronan with benzyl alcohol (which is referred to commercially as 

HYAFF-11™). This was in turn fabricated into a nonwoven mesh, consisting of fibers 

with a diameter of about 50 microns. The hepatocytes were shown to have developed 

stable aggregates and remained within their extracellular matrix the implanted mice. The 

hepatocytes were observed to form aggregates and proliferated along the length of the 

fibers and then further proliferation lead to cellular growth in 3-D by growing into the 

pores of the HYAFF meshes. Biochemical analyses showed that these hepatocytes  

survived up to 4 weeks in vitro and demonstrated albumin secretion for the first 7 days. 

The hepatocytes were shown to be functional since they eliminated ammonia and 

synthesized urea. Although the metabolic functions diminished over time, the initial 

results are positive.  

 Polysulfone hollow fibers were used by Meng10 and showed promise in the 

formation of hepatic spheroids. The spheroids provided indications of how the potential 

liver-specific functions are needed for the construction of a bioartifical liver. Spheroids 

similar to Zavan’s aggregates, more closely resemble the hepatoctye structure in vivo. 

The hollow fibers used were constructed to have an outer diameter of 1mm and an inner 

diameter of 0.7mm.  Upon cellular suspension the fibers were sealed and arranged in 
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circular formation in the culture dishes with a hepatic culture plus Type I collagen. The 

study showed an interesting phenomenon in the correlation between collagen 

concentration and cellular proliferation. Extremely high and low concentrations seemed 

to limit the growth. Another development showed reorganization within the developing 

aggregates of hepatocytes. Dead cells would be dispersed and detached from the 

spheroids.  These phenomena were seen in an earlier study by Meng. From these studies, 

spheroid formation was shown to be dependent on the effects of electrostatic and 

hydrophobic interactions between cells and soluble matrices. The spheroids proliferated 

and demonstrated liver-specific functions (albumin and urea secretion levels) for at least 

8 days in culture, with the concentrations of albumin and urea increasing steadily over 

that period.  

 Hydrogels made of alginate have shown promise in the formation of primary 

hepatocyte spheroids. However, due to rapid loss of liver-specific function, the alginate 

scaffolds were cross-linked with galactosylated chitosan (GC). The alginate alone 

resisted hepatocyte adhesion and spreading due to the hydrated anionic surface, which 

resulted in a rapid decrease of cell viability. The study by Seo17 focused on applying a 

coculture of the hepatocytes with NIH3T3 fibroblasts, specifically with the application of 

binding multivalent galactose to the asialoglycoprotein receptors (ASGPRs). The 

interaction of the GC and the ASGPRs on hepatocytes were examined by the adhesive 

nature of the primary hepatocytes. The adhesion significantly increased the liver-specific 

functions in the hepatocyte cultures, namely albumin secretion, ammonia elimination 

rates, and ethoxyresorufin-O-deethylase activity by cytochrome P4501A1. What is 

interesting to note, is that along with a multicellular spheroid formation, came rapid 
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expression of Cx32 and E-Cadherin and increased albumin production. This indicates the 

liver-specific functions could be mediated by the cell-cell adhesion during the spheroid 

formation.  

 Through a microprinting technique using collagen and polyethylene glycol the 

necrosis experienced at the core of hepatocyte spheroids can be overcome. Because there 

is little control in the in vitro environment over the spheroid diameter and adhesion, 

necrosis eventually occurs as oxygen is depleted from the core. In an effort to overcome 

this obstacle, Fukada7 demonstrated that by using a porous scaffold system, microprinting 

techniques and an agitation tank, the spheroids were able to maintain liver-specific 

functions at higher levels for longer periods of time. For example, albumin secretion was 

maintained for the duration of two weeks. Another major indication of a success by 

Fukada was the urea cycle, which is an essential pathway for the elimination of ammonia. 

The cultures showed the micropinted chip provided a much more realistic metabolic 

model, and subsequently better system of hepatocyte culture than its predecessors.  

Several studies have been able to manufacture tissue-engineering scaffolds and 

increase the success in vitro by applying additional surface modifications. Some of these 

modifications include typical ECM proteins, specific ECM proteins for the target tissue, 

and even growth factors.  

 

2.1.2.4 Scaffold Approach 

 

 Ohashi6 took typical ECM protein components and developed a scaffold using 

laminin and Type IV collage as a control group. Another scaffold system comprised of 
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the same scaffold construction had epidermal growth factors, EGF and IGF1 added to the 

surface. The study used ECMs extracted from murine Engelbreth-Holm-Swarm (EHS) 

tumor cell lines because of the rich nature of ECM component proteins. The study 

showed the hepatocytes proliferated well with the EHS-ECMs, but showed increased 

survival and differentiation with the addition of growth factors.  

 The addition of oncostatin M (OSM), which is a member of the interleukin-6 

family, to the culture medium has been shown to rapidly promote liver-specific function 

in its early stage of culture, which coincidentally is the most vulnerable period for  

cellular development. Ehashi18 used a porous polyvinyl formal resin as a 3-D scaffold for 

the culture of fetal liver cells (FLCs). When OSM was used in the culture medium, there 

was an increase in albumin secretion at low density, when compared to basal medium 

culture. In addition, by adding cortisol and dexamethasone, two adrenocortical hormones, 

the facilitation of gluconeogenesis was increased in the liver. These hormones increased 

the liver-specific functions, including albumin-secretion and urea synthesis.  

 Microporous and nanoporus scaffolds have enabled cellular growth along the 

length of the fibers. Because of the diminutive size of the fibers, the cells have been able 

to form junction points and thus forming an ECM.  

 Connexin 32, E-cadherin, and claudin 3 have been identified as present in several 

hepatocyte spheroid models6, 7, 19. Connexin 32, a gap-junction associated protein is 

typically expressed in hepatocytes and is very important in regulating signal transduction 

in the liver. In vitro the expression of Connexin 32 was maintained at about 80% of that 

of the native liver7. E-cadherin is a very important molecule involved in maintaining 

differentiation20. It was shown to be expressed in several studies and gave promising 
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hopes of further culture survival rates. In 2-D models, E-cadherin was lost almost 

completely and associated with necrosis of the entire culture, however, in 3-D models, 

the levels increased significantly5, 12. Claudin 3, a tight junction molecule contributes to 

the cellular polarity21 and has been studied in limited quantities in conjunction with 

hepatocyte cultures. However, the initial theories indicate claudin 3 is regulated by E-

cadherin or connexin 32 or a combination of the two22.  

 Another unusual event witnessed in recent hepatocyte studies has been the co-

culture of hepatocytes with other cell lines.  When co-cultured with non parenchymal 

cells like stellate cells (myofibroblast-like cells), Kupffer cells (resident liver 

macrophages) and endothelial cells together in the culture create a vital blood flow and 

show better proliferation than without the coculture23. The last of the three lines has been 

the most commonly studied. The major indication of this unusual parameter has been the 

significant increase in albumin synthesis, P450 activity, and gap junctional activity when 

cocultured with endothelial cells15.  

 

2.1.2.4.1 Essential Scaffold Properties 

 

 When reviewing the progress that has been seen over the past few years in 

scaffold development, it is necessary to take note of those strategies which have proven 

successful. In many cases the porosity and pore size are key factors to the success of 

fibrous scaffold performance. The fiber diameter influences those properties and is 

likewise another extremely important variable to consider in the fabrication of the 
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scaffold. The surface of the scaffold is the site of first contact for the cells, and therefore 

surface topography and surface energy are the next most important variable to consider.  

 When examining the porosity, the cellular ingrowth is a very important variable to 

consider. A highly porous scaffold will allow for cellular migration and good cell 

adhesion24, 25. The scaffold needs to allow for capillary ingrowth as well. With the fresh 

blood supply, comes the supply of fresh oxygen and nutrients necessary for cellular 

survival. Along with the vascularization, the ability to dispose to cellular waste also 

becomes available. Adequate porosity promotes vascularization and encourages 

angiogenesis4. However, too much porosity can cause the scaffold to lose all mechanical 

integrity and be unable to support the cellular growth. Most previous researchers have 

demonstrated that highly porous structures are required with overall porosity values in the 

order of 90% as to have successful results26. 

 The pore size is another important aspect to consider. When hoping to encourage 

the growth of a 3-D structure, there needs to be consideration for the size of the target 

cell. Typically, hepatocytes are about 40-60μm in diameters, depending upon the 

maturity of the cell3. However, when using a biodegradable polymer, the fibers will 

naturally decrease in diameter over time as surface erosion begins. This will create a 

larger pore size and can then allow for proper cell migration and ECM formation11.  

 Fiber diameter is a crucial component of tissue engineering with fibrous scaffolds. 

The natural phenomena witnessed by many researchers when using fibrous scaffolds is 

the trend of cells to proliferate along the length of the fiber. In this case, the diameter size 

needs to be large enough to support the growth, but also small enough to provide close 

proximity to its neighbors. When the cells grow along the fibers and the fibers direct that 
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growth towards each other, this contributes to ECM formation27. This latest revelation is 

why there has been a push towards fabricating nanofibrous scaffolds.  

 Surface coatings are another important aspect to include in the scaffold 

production. There has been significant success with the inclusion of natural polymers in 

conjunction with biodegradable synthetic polymers. The natural polymers and growth 

factors encourage the cell growth with no concern for cytotoxic effects. Zhang28, 29 has 

shown the ability of a collagen coating to significantly increase cell growth compared to 

that of pure PCL fibers. Given that the fiber surface is the first point of contact for the 

cells during the culture process, it can play an important role in mediating the success of 

the study.  

 Overall, the field of tissue engineering has evolved rapidly throughout the last 25 

years. From the advent of using implantable surgical fabrics to now being able to 

fabricate nanofibrous scaffolds for specific tissue targets has shown significant progress. 

Through the fabrication process and ensuring the scaffold has 3-D shape and appropriate 

porosity and pore size distribution, as well as the necessary mechanical and tensile 

strength, the scaffold can also be made to include vital biological factors. These factors 

can be native ECM proteins or growth factors to stimulate tissue regeneration and 

healing. The most effective method to date has been the recent discovery of the 

advantages of coculture techniques. The field of tissue engineering tissue-specific 

extracellular matrices has come a long way since its beginning and still has a great 

potential to revolutionize the field of biotechnology.  



 20

 

2.2 Electrospinning  

 
 Current research has pointed to the use of electrospun scaffolds for novel tissue 

engineering.  Electrospinning enables a nonwoven scaffold to be constructed directly 

from nanofibers.  This process allows for the steps of yarn spinning, weaving, knitting, 

braiding, or bonding to be skipped altogether.  The polymer can be spun into a scaffold 

directly from a solution.  Not only can the solution be spun directly, but the fibers are 

smaller in diameter than can be achieved by any other spinning or extrusion process.  

Electrospinning was introduced in the 1930s and is an acceptable fabrication technique 

for polymer nanofibers with submicron diameter30 

 The process of electrospinning is revolutionizing the field of tissue engineering by 

enabling us to make nanofiber webs31.  The smaller fiber diameters cause the scaffolds to 

have numerous smaller pores.  Throughout the field of tissue engineering, the pore size 

has been determined to impact the success of cell proliferation more than any other 

factor.  With nanofibers, the electrospun scaffolds are more compact when compared to 

any other type of scaffold that has been fabricated from a nonwoven or other process.  

This has been interpreted to mean that smaller pore size allows for more cell 

proliferation.   

 

2.2.1 Definition 
 
 
 To take a polymer solution and to directly produce a nonwoven web or membrane 

requires finesse.  Electrospinning takes an electrical potential and uses it to draw the 
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polymer from the solution32.  A schematic of how electrospinning can produce nanofibers 

is shown in Figure 2.3. 

 

Figure 2.3-Schematic of Nanofibers Produced From Typical Electrospinning Setup33 

 

The degree to which the potential is drawn can create a “whipping” effect.  As the 

polymer exits the capillary or tip, it is still in the form of a liquid polymer dissolved in 

solution.  Once it is in between the two plates, an electrical current draws the polymer 

directly downward34, 35.  In this case, if there is a steady and direct stream of polymer 

from the tip to the collection plate, this is called “stable.”  As the potential is increased, it 

causes the stable stream to rotate in a whipping, swirling motion.  Once “whipping” is 

achieved, the polymer is collected at random36.  The interstices where the polymer fiber 

overlaps with another layer will fuse when it is still in solution form in some case. 

However, when using organic solvents like acetone or chloroform they will evaporate 

before fiber fusion occurs.  This is how the mesh is formed.  A Taylor cone should be 

present during the stable and whipping phases37. The cone is very similar to the cone 

achieved during extrusion of a polymer.  However, in electrospinning the cone can be 

visible at the tip of the capillary or it is able to migrate to inside the capillary so all that is 
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visible is a whipping polymer stream.  Normally, because nanofibers are being produced, 

a strobe light or a similar form of light source is needed to see the process actually 

occurring. 

 

2.2.2 Electrospinning Process Variables 

 

 In many studies, the setups are different. Figures 2.3 and 2.4 report the two typical 

setups used in studies.  

 

Figure 2.4-Typical Electrospinning Needle-tip To Collector Plate Apparatus38 
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Figure 2.5-Typical Parallel-Plate Electrospinning Apparatus36 

 

  Electrospinning conditions in general are very hard to reproduce.  Because there 

is no standard setup, it becomes difficult to reproduce another researcher’s exact 

conditions.  Typically, the most commonly used setup is the one illustrated in Figure 2.3. 

A syringe pump is used to supply the polymer solution at a known rate to the needle 

where the high voltage is applied. The collector plate is grounded. 

This particular study examines electrospinning phenomena using a parallel-plate 

setup, Figure 2.4, and bases most of its initial research on the study done by Rutledge39. 

The main difference between the two types of setups is the electrical field they produce. 

The needle-tip setup generally requires less applied voltage and creates webs of a larger 

size. However, the parallel-plate setup creates a uniform electrical field. The user can be 

assured that each fiber is created under more uniform and better controlled electrical 

conditions.  
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When looking at the plates used for these types of setups, they can come in any 

diameter.  Most plates used to develop scaffolds for tissue engineering are smaller, about 

100mm or less in diameter.  Plates used for general electrospinning studies tend be larger.  

The difference in the size of the plates accounts for the difference in amount of potential 

available between the plates.  Smaller plates mean that the charge is distributed over a 

smaller area and so a lower amount of voltage is needed to achieve a whipping effect.  

Larger plates have a larger distribution of electrical potential over the plates.  This means 

there needs to be a higher amount of voltage to achieve the same whipping effect as seen 

with the smaller plates.  This element makes reproducibility difficult.  Some setups will 

spray the polymer to a vertical collection plate, while others will allow gravity to help the 

process and collect on a horizontal plate. In either case, the setup can greatly influence 

different properties of the final product and also influence the variables necessary to 

produce a nanofiber web or membrane via electrospinning40, 41.  

Other setup methods include different ways to potentially mass-produce meshes 

via electrospinning. These methods involve a rotating drum to collect the fibers and then 

process them through a conventional textile method, such as weaving, knitting, or even a 

nonwoven process. Some studies are trying to find a way to collect the fibers in mesh 

form, but in a way such that the fibers are parallel and aligned in a particular direction 

(i.e. either in the machine- or the cross-directions)42. 

 Another parameter of electrospinning that is very crucial is the flow rate.  The 

flow rate of the solution proves to be very temperamental. Too slow a flow rate 

accompanied by a low voltage will result in a dripping effect, where no fibers are being 

formed.  Too fast a flow rate accompanied by a high voltage can result in an out of 
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control whipping effect.  The optimal flow rate can be difficult to find under different 

spinning conditions.   

 The solution used during the electrospinning process also proves to be yet another 

parameter to consider when undertaking this process.  The solvents needed for each 

polymer can be researched and used accordingly33, 43.  However, not all solvents are the 

optimal choice for electrospinning.  Not only does the solubility hold a key to having a 

successful electrospinning process, but the conductivity of the solution is also important.  

In order for the solution to “whip” it has to react to the electrical potential between the 

plates.  The amount of conductivity from the solution will indicate how well the solution 

is able to “whip.” Salt can be added to solutions to help whipping occur or to improve the 

whipping action.   

 The electrospun matrix can be collected in a variety of manners.  Typically the 

fibers are collected on a collection plate.  However, recently the fibers have been 

collected on a rotating drum, in efforts to use the spun nanofibers in a tubular form.  

Normally the force on the fibers comes from gravity and the electromagnetic field.  The 

relative importance of these two forces will depend on the set up used, whether it is a 

vertical collection, or a horizontal collection system.  

 

2.2.3 Uses 

 

Several uses for electrospinning include biomedical applications and filtration 

systems. Within biomedical applications, a main use is developing scaffolds for research 

in tissue engineering. Tissue engineering involves the use of scaffold support systems to 
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guide cellular growth, promote cellular regeneration, and develop ECM. To achieve this 

the porous resorbable scaffolds need to have three-dimensional (3-D), and optimal pore 

size. The electrospun meshes or webs produced during electrospinning, contain 

nanofibers with increased surface area, which theoretically improves the chances for cell 

attachment. Electrospinning for tissue engineering has traditionally used resorbable 

polymers44, 45 so that the cells will eventually be able to stand alone once the polymer has 

degraded. Such tissue structures are in the forefront of the biotechnology field and will 

likely revolutionize organ transplantation in the future. Using electrospinning techniques, 

nanofibers can be formed in nonwoven meshes.  These meshes have pore sizes much 

smaller than conventional techniques of textile fabrication and should be more able to 

develop extracellular matrix.  With this main objective in mind, we embark upon this 

study to develop meshes suitable for the support of hepatocyte growth. 

 

2.3 Polycaprolactone 

 

 

Figure 2.6-Synthesis of PCL 

 

 PCL is an aliphatic polyester known for its extremely low Tg (-60oC)and long-

term degradation properties (>24 months to lose total mass).  PCL is an attractive 
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polymer to use based on its elastomeric properties and high elongation46. For biomedical 

applications, PCL has been approved for use by the FDA since the 1970s and can be 

found in many common sutures and suture components. In the recent past, PCL has been 

used more and more by tissue engineers.  

 Specifically with PCL, some of its attractive qualities are its enhanced solubility 

in organic solvents, ability to be processed at low temperatures, and its non-toxic 

degradation byproducts. One of its most attractive qualities for use in biomedical 

applications is its slow rate of degradation. PCL degrades by hydrolysis and will lose 

about 50% of its strength in 8 weeks using an in vitro degradation test47. Because of its 

attractive mechanical properties and ability to blend easily, many researchers have turned 

to using co-polymerizations of PCL with various starches to reduce production costs and 

to also encourage cell growth with the presence of a natural biopolymer. When blended 

with starch, the non-isothermal crystallization rate of PCL is increased. This reinforced 

PCL and its damping properties, provide attractive qualities for biomedical applications 

that undergo extensive mechanical strain, such as orthopaedic implants48. PCL has also 

been blended with higher amounts of starch to increase its degradation rate. With higher 

starch content, PCL is more susceptible to enzymatic degradation by proteinase K49. PCL 

has been blended with several other polymers, including PEO, PLA, and PGA in the past 

and has been used in many studies relating to biomedical applications.  
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2.3.1 Use in Tissue Engineering 

 

 PCL has been used for several tissue engineering endeavors, specifically as 

electrospun nanofibrous scaffolds. The advantage to using these PCL scaffolds has to do 

with its desirable biostability and mechanical qualities of that ensure its long-term 

presence and elasticity.  

One study in particular has shown the use of PCL for skin grafts as a mix of 

collagen and PCL in a composite film50. The objective was to monitor the degradation of 

the collagen in a cultured environment and monitor the cell adhesion over several days.  

The study followed the behavior of several variations of the mixture of PCL and 

collagen.  The resorption rate of about one year of the PCL showed promise for the use 

for developing skin grafts for burn victims.  The PCL phase also provided the necessary 

stability for a graft of this nature.  Unique for this study, was the ability to control the cell 

growth and adhesion by the amount of collagen in the initial mixture with PCL.  

Solutions with a higher PCL content showed ECM production with higher cell adhesion.  

This also suggested that there can be a way to manipulate the PCL/collagen solution 

within the scaffolds to develop a drug delivery system to continue the healing of the 

wound site.  The resorption of the PCL over a year’s time also aided in the healing 

process of the wound site and made the wound more apt to heal effectively.   

Specific to using electrospun PCL scaffolds for tissue engineering, there have 

been several successful studies examining cardiovascular, endothelial, mammary, and 

smooth muscle cells. These studies have been used as a reference for the cell culture 

aspect of the current experimental work.  
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Electrospun PCL solutions were used to develop a nonwoven mesh upon which 

cultures of rat ventricular cells grew.  The PCL was used in a similar manner to that in 

the current research conducted.  A 10% by weight solution was made using PCL 

(Aldrich, 80,000 Mw) in a 1:1 chloroform : methanol solution.  The cardiomyocytes were 

taken from newborn rats and used in the study to examine the potential of a myocardial 

patch for patients who have suffered extensive infarction. The meshes were suspended on 

wire rings, which acted as a passive support system.  The scaffolds were initially coated 

with collagen to further support cell growth.  What this study showed was the potential 

for cell growth using similar electrospun meshes.  After 14-days in culture, the study 

showed that the cardiomyocytes had retained their character and had been overrun by 

fibroblasts.  The cell growth was promising and the approach warrants further 

investigation.51 

 What is encouraging about this study is that the cells were able to penetrate the 

10μm thickness of the mesh.  As the cardiac region is particularly muscular, the 

researchers hypothesized that it might be possible to develop layers of muscle by stacking 

a series of different synthetic patches on top of each other.  This was seen in a separate 

study using electrospun PCL with a collagen coating for the culture of human coronary 

artery smooth muscle cells (SMCs). The coating enhanced the SMCs ability to migrate 

along the nanofibrous surface and to form functional smooth muscle tissue52. With these 

two studies, it is encouraging to see the development of functional tissue. Each study 

suggests the possibility of layering the synthetic scaffolds to form a fully functional 3-D 

smooth muscle ECM. 
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 These studies have shown that PCL can be used effectively used in soft tissue 

engineering. In any scientific method it is especially important to select a basic approach. 

Overall, the field of tissue engineering has been making significant advances in the 

development of regenerative tissues. Electrsopun nanofibrous scaffolds have been shown 

to provide the optimal porosity, pore size, and fiber diameter to promote soft tissue 

growth. 
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3. Experimental 

 

3.1 Materials 

 

 Poly(ε-caprolactone) was obtained from Sigma-Aldrich with a molecular weight 

of Mw=65,000 and Mn=42,500 in pellet form. The two solvents selected for use with 

PCL were determined from the literature review. These two solvents were chloroform 

and methanol. The solvents used to prepare the solutions for electrospinning were also 

obtained from Sigma-Aldrich. The chloroform used was at ≥99% purity and the methanol 

used was at ≥99.8% purity.  

 

3.1.1 Solution Preparation 

 

 All solutions used for electrospinning purposes were made in 50 mL quantities. 

Due to the toxic nature of the solvents and the need for careful handling, all solutions 

were prepared under a chemical hood. The concentration of polymer used varied from 

5% PCL by weight to 10% PCL by weight. Solutions were made with varying solvent 

ratios, ranging from 1:1 chloroform:methanol to 5:1 chloroform:methanol. The solvent 

mix selected was based upon work by Rutledge.39 When preparing the solutions, the 

chloroform was added first into a glass jar using a graduated cylinder. The methanol was 

added next. In order to obtain a homogeneous solution, the two solvents were agitated on 

a magnetic stir plate first for five to 10 minutes before the addition of the polymer. The 

polymer pellets were then weighed, 2.5g or 5g, for 5% and 10% concentration solutions 
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respectively. The polymer pellets were then added to the solution while on the magnetic 

stir plate. The glass jar was then sealed and the solution remained on the stir plate at a 

medium setting (about 275 rpm) overnight before use. All solutions were prepared at 

room temperature. All solutions were used for physical testing or electrospinning trials 

within 14 days of the date of mixture.  

 

3.2 Testing of Solution Properties 

3.2.1 Viscosity  

 

 One of the 3 major physical characteristics of a solution that will determine the 

spinnability of a solution in an electrospinning trial is the viscosity of the solution. One of 

the major objectives of this study was to determine how varying the solvent ratio of 

chloroform and methanol influence the overall morphology of the nanofibrous scaffolds 

produced via electrospinning. In order to compare the solutions, the viscosity was 

determined and correlated to the average fiber diameter for the scaffold. 

An ATS RheoSystems Stresstech HR rheometer was used in conjunction with a 

parallel plate configuration to determine a sample’s zero shear rate viscosity. A small 

sample of the solution was placed into the sample holder at the bottom plate of the setup 

using a transfer pipette. The top plate was calibrated to a 0.400 mm gap and temperature 

regulator was placed over the sample to maintain a constant temperature of 25 oC. The 

viscosity of the sample was determined as a function of stress and/or shear rate. The 

average viscosity was then read from the sample’s raw data and analyzed accordingly. 
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3.2.2 Surface Tension 

 

 The principle of electrospinning is to overcome the surface tension with the 

intensity of the electrical field. In order to determine the relationship between the 

spinnability of the solutions and any existing correlations between the fiber diameter and 

the solvent ratio, the surface tension was used as a common factor for comparison. 

 

 

Figure 3.1-Tensiometer from Fisher Scientific 

 

 The tensiometer was used to determine the surface tension of each solution. In 

accordance with the ASTM standard, D971-99A, Standard Test Method for Interfacial 

Tension of Oil Against Water by the Ring Method, each solution was tested in triplicate. 

After calibration, the tensiometer was first tested with distilled water to ensure both 

proper prior cleaning and operator acclimation. In order to eliminate operator bias, all 

measurements were collected in one sitting. Another precaution taken to eliminate any 

potential bias was to measure the chair height for the particular operator. Once the 

solutions were prepared, the testing was ready to begin. A standard Petri dish was used 

and filled with 30mL of solution for each measurement, for a total of 90mL of solution to 
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be tested. With the platinum-iridium alloy ring attached to the tensiometer and the 

measurement reading zero, the measuring bar was locked in placed and the ring was 

placed in the solution. Once in place, the operator released the measuring arm and began 

measurement collection. The results were reported in dynes/cm. In between solutions, 

both the glassware used and the ring itself were thoroughly cleaned as per the instructions 

given in both the standard method and tensiometer user guide.  

 

3.3 Scaffold Fabrication 

3.3.1 Electrospinning 

 

 The custom design electrospinning apparatus (Figure 3.2) consisted of a high-

voltage power supply (Gamma High Voltage Research), a syringe pump (New Era Pump 

System), a plastic, disposable syringe, a custom-made capillary (outer diameter 3.2 mm, 

inner diameter 0.5mm), and two parallel plates made of stainless steel, each 30cm in 

diameter.  

 

Figure 3.2-Schematic of electrospinning equipment used 
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Figure 3.3-Electrospinning Equipment Used 
 
 

For collection of test samples, the bottom plate of the step up was wrapped with 

aluminum foil. After solution preparation, a 30mL syringe was used to extract the 

solution directly from the jar. Plastic tubing (Cole-Parmer, outer diameter 4.775mm, 

inner diameter 3.175mm) was used to connect the syringe to the capillary, approximately 

8 inches in length. The capillary was then inserted at the other end of the tubing.  

 

Top plate, grounded 

bottom plate, applied voltage 

Syringe pump 

12 cm gap  
between plates 
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Figure 3.4-Syringe, Tubing, and Capillary Used for Electrospinning 

 

Once the syringe was secure in the pump, the capillary was then inserted into the 

hole in the center of the top plate. After several trials, it was determined necessary to 

expose the capillary into the electrical field by 0.7cm. The top plate of the system was 

grounded, while the voltage was supplied to the bottom plate. As the distance between 

the two plates can be varied, it was determined to the keep the two plates 12cm apart. 

Once the syringe, syringe pump, tubing, and capillary were all in place, the system was 

deemed ready to begin collection. For these test samples, they were collected directly on 

the foil wrapped bottom plate.  

The flow rate and applied voltage were the independent variables manipulated 

during the first of one of the two main objectives of the study. However, the general 

procedure was to apply the voltage to the system and use a lab computer to run the 

accompanying program for the syringe pump to control the flow rate. The average 

collection time was 30 seconds. After the correct flow rate was selected in the computer 
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system, the time for collection would begin. After 30 seconds, a “STOP” command was 

entered and after about 10 to 15 seconds passed, the voltage was discontinued. Upon safe 

discharge of the voltage, the sample was removed from the system.  

When determining the optimal electrospinning process conditions, the solution 

used was first subjected to a pre-established voltage and then the range of flow rates was 

applied. Each flow rate was evaluated using a common visual evaluation technique 

associated with electrospinning. During electrospinning, it is commonly used to label a 

solution’s response to the trial as “dripping,” “stable,” and “whipping.” Dripping refers to 

a solution dripping from the capillary. This is a broad category and refers to dripping 

when both a Taylor cone is present and when it is not. Either way, fibers are not being 

produced. Stable refers to the solution leaving the capillary with a Taylor cone present in 

a controlled jet fashion. Whipping refers to when a Taylor cone is present and the jet 

leaving the cone appears to whip around the collection surface.  

 

3.4 Morphology of the Nanofibrous Scaffolds 

3.4.1 Scanning Electron Micrograph (SEM) 

 

 In order to view the morphology of the collected electrospun scaffolds, it was 

necessary to view them under a scanning electron microscope (SEM). These images were 

acquired using two separate systems depending upon availability and necessary 

resolution. In order to maintain a uniform image acquisition a set of conditions were 

established and the same operator collected all images. A JEOL 6400F Field Emission 
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Scanning Electron Microscope and a Hitachi S-3200 Scanning Electron Microscope from 

the Analytical Instrument Facility (AIF) were both used throughout the study.  

 Samples were prepared by cutting long, thin rectangles the length of the radius of 

the sample. In accordance with good lab practices, all samples were handled with gloved-

hands. These were then mounted on aluminum stubs with conductive carbon tape. The 

outer “edge” of each sample was identified to differentiate between the center of the 

sample and the outer edge. Following the mounting, the samples were then sputter coated 

with gold/palladium using a Denton Vacuum Desk II, following the standard operating 

procedure. These samples were coated for single time a total of 90 seconds.  

 Following the procedures for aligning the microscope, an overall view was 

obtained to ensure the sample contained nanofibers. In order to check the uniformity of 

the samples, random images were obtained from each sample with no noticeable 

difference between the “edge” of the original sample to the center. Several images were 

obtained at multiple magnifications. The image acquisition software for each microscope 

was as follows: The JEOL 6400F Field Emission SEM uses NIH Image for all image 

acquisition and the Hitachi S-3200 SEM uses Pinnacle Studio 9. Both of these image 

acquisition software packages utilize a ‘video grabber,’ which essentially takes an image 

of the SEM screen output. This ensures the scale bar associated with the newly acquired 

image remains intact and visual with the final image. All images used for morphological 

measurements were taken at 5,000X magnification and 5kV accelerating voltage, 

regardless of the system or scope used for image acquisition.  

 In order to prepare samples for SEM viewing after exposing the samples to cell 

culture the following special preparation technique was used: 
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 The samples were first washed three times with phosphate buffered saline (PBS), 

pH 7.4. Each wash was allowed to sit for one minute. The samples were then fixed using 

a 2% paraformaldehyde, 2.5% glutaraldehyde in a1N, 0.15m solution. The fixative was 

allowed to sit for ten minutes. The samples were then washed two times with PBS, each 

cycle for 5 minutes. The samples were then dehydrated using an ethanol gradient. The 

samples were washed with 30% ethanol twice, each for five minutes. This was followed 

by 50%, 75%, and 90%, each for a total of five minutes. The final 100% ethanol wash 

was done twice, each for 5 five minutes. The samples then set in hexamethyldisilizane 

(HMDS) solution, 50/50 HMDS/100% ethanol, followed by 100% HMDS. These cycles 

were each for ten minutes. Upon the last ten minute cycle, the remaining HMDS was 

vacuumed off and the samples were allowed to air dry. They were covered, wrapped in 

parafilm, and placed in a plastic container with desiccant overnight. The samples were 

then mounted and prepared following the same standard SEM procedure.  

 

3.4.2 Fiber Diameter and Pore Size via Image Analysis 

 

 The images obtained of the electrospun scaffolds were analyzed by measuring the 

fiber diameters and pore sizes. These measurements were collected using ImageJ (Java 

version) NIH image software. As per the image acquisition, a scale bar was included with 

each image. Upon initiation of image analysis, each image was calibrated using the “SET 

SCALE” feature of the software. The filaments of the scaffolds were analyzed manually, 

by measuring the diameters and pore sizes of randomly selected fibers and pores. To 

ensure randomization, fibers and pores were selected via their location in a coordinate 
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plane. The coordinates were generated via the random number generator feature of 

Microsoft Excel. Three micrographs, all at 5,000X magnification (as discussed 

previously) were used for each sample.  

 Before beginning the image analysis, the contrast and threshold of each image 

was optimized to attempt to identify the top layer of fibers in the scaffolds. Every effort 

was made to ensure only the pores of the top layer of the scaffold were measured. The 

results of the measurements were then exported to Microsoft Excel for further statistical 

analysis.   

 

3.4.3 Porosity 

 

 Because the overall porosity could not be measured directly,  indirect calculation 

was used to determined the theoretical porosity using the density of the polymer and the 

density of the scaffold. The overall porosity was reported as a percentage.  

Porosity (P) = {1-(ds/dp)} x 100 

  = [1-{(ms/vs)/dp}] x 100 

  = [1-{(ms/(πd2 x t))/dp}] x 100 

Where,  ds = density of the scaffold (g/cm3) 

dp = density of the polymer (g/cm3) 

ms = mass of the scaffold (g) 

vs = volume of the scaffold (cm3) 

d = diameter of the scaffold (cm2)* 

*The approximate diameter was measured of the scaffolds. Due to the small nature of the scaffold and the 

delicate nature of the scaffolds, they were not cut to a uniform shape.  
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 The density of the polymer (dp) was found in the literature and reported as 1.145 

g/cm3. The mass of the scaffolds was measured gravimetrically at the time of collection 

using a scientific balance accurate to + 0.01mg.  

 

3.5 In Vitro Testing 

3.5.1 Preparation of Scaffolds 

 

 For cell culture, 6-well polystyrene culture dishes were used. The wells of the 

dishes each measured 35mm in diameter. The scaffolds were electrospun as previously 

described in Section 3.3.1. The samples used for in vitro testing were those collected on 

top of the polypropylene nonwoven fabric. The fabric was cut into squares three inches 

by four inches. The polypropylene nonwoven fabric had a porosity of 99.99%, an average 

thickness of 0.26mm, and an average mass of 0.17g. The average fiber diameter of the 

fabric was 24.6μm + 0.4μm. Each sample was then cut into a 35mm diameter circle. As 

there were six wells in each dish, three wells were occupied by samples as described 

above. One well was occupied by a sample of only the polypropylene nonwoven fabric in 

a 35mm diameter circle. An extra sample was cut into the prescribed circular shape, only 

to have the electrospun nanofibrous scaffold gently peeled off the nonwoven fabric. 

Should the sample rip in any way, it was discarded and not used. These samples were 

typically smaller than 35mm in diameter. These occupied one of the wells. The last well 

was left empty to serve as a control.  

 One limitation arose during the in vitro testing. This problem was the apparent 

hydrophobicity of the scaffolds. This will be further discussed in section 4.5.1. In order to 
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counteract this issue, samples were “glued” to the bottom of the wells of the dish. A 

silicone adhesive (Dow Corning Silastic Type A Medical Adhesive) was applied to the 

bottom of the well in a circular fashion, covering the middle 50 to 75% of the well. The 

sample was then placed in the well and slight pressure was applied by a gloved hand.  

 

3.5.2 Sterilization 

 

 Before using the scaffolds in culture, each dish of samples needed to be sterilized. 

Simple UV light was used with no contamination issues. After preparing the samples as 

described above, each dish was placed in a sterile hood and each side of the dish (top and 

bottom) was exposed to UV light for a period of at least 30 minutes.  

 

3.5.3 Hepatocyte Culture Technique 

 

 The standard hepatocyte American Type Culture Collection cell line AML12 

(ATCC Catalog No. CRL-2254) was used following a static culture technique. The 

culture media used was Dulbeccos Modified Eagle Medium from Gibbs. The following 

ingredients were added to the medium: 10% fetal bovine serum, 20mM Hepes, 10mM 

nicotinamide, 30mg/L L-proline, 1mM L-asorbic acid 2-phosphate, 2μM dexamethasone, 

1x antimycotic-antifungal, 0.5mg/L insulin-transferrin-selenium. The samples were 

prepared and soaked in culture media for at least two hours. Prior to cell plating with 

500,000 cells per well on the nonwoven fabric and the electrospun scaffolds. The samples 

were then incubated at 37oC in 5% CO2. In lieu of changing the media within several 
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hours of plating the cells, as is the standard protocol, the scaffolds sat overnight before 

the first renewal to allow for cell adhesion. The medium was then renewed every two to 

three days. The culture was carried out for 7, 10, and 14 day time periods.  

 

3.5.4 Viability Testing 

 

 The particular dilemma occurring when dealing with a biomaterial scaffold in cell 

culture is the evaluation and analysis of cell growth and function. The presence of the 

biomaterial makes it particularly difficult to get a visual confirmation of how the cells are 

attached to the scaffold and the pattern of growth. In addition, the presence of the 

polymer may cause an interaction with several common assays used to determine cell 

growth and count the live cells present.  

 To overcome this problem, a fluorescent Live/Dead® Viability/Cytotoxicity stain 

kit for mammalian cells (Invitrogen) was used for these scaffolds. Each kit consisted of 

calcein AM (two vials, 40μL each, 4mM in anhydrous DMSO) and ethidium homodimer-

1 (two vials, 200μL each, 2mM in DMSO/H20 1:4 v/v). The preparation of the stain was 

modified to accommodate the background noise from the polymer in the scaffold when 

viewed under fluorescence and the amount of cells used for the tests. To prepare the 

stain, 10mL of sterile PBS was needed. 5μL calcein was added with 20μL ethidium-

homodimer-1. The stain was mixed in a vortex mixer and then ready for use. After the 

designated time in culture (either 7, 10, or 14 days), the scaffolds were removed from 

incubation. The culture media was vacuumed out of the wells. The cells and scaffolds 

were then washed two consecutive times with sterile PBS. After the final PBS wash was 



 44

vacuumed off, the stain was ready to be added. For our scaffold 1.5mL of stain was 

added to each well. The entire culture dish was then placed back in the incubator for a 

total of 15 minutes, so as to avoid exposure to direct light until ready for viewing under 

the fluorescence microscope.  

 Once the stain was ready to be viewed, the dish was placed under a Zeiss 

Axiovert S 100 microscope. The images were acquired via the program Axiovision. In 

some cases, the scaffolds could be removed from their respective wells and viewed alone 

while stained to visualize how many cells had firmly attached to the scaffold material. 

This was deemed to be a good approximation of the amount of cells adhering to the 

scaffold. While removing the scaffold from the individual well, it is possible to shake any 

loose cells off the scaffolds and thus, the cells appearing on the scaffold was considered a 

“good approximation.”  

 

3.5.5 Proliferation Assay (ELISA) 

 

 In order to determine whether or not the cells on the scaffolds were functioning as 

viable hepatoctyes an Enzyme-Linked ImmunoSorbent Assay (ELISA) test was 

performed at designated time points. Specifically the assay is designed to detect the 

presence of antibody or antigen in a sample. The assay uses two antibodies: one is 

specific to the antigen and the other reacts to antigen-antibody complexes and is coupled 

with an enzyme. The second antibody is the one that is used as a probe and can identify 

the presence of different markers. In this case, the marker is albumin, a common protein 

produced by healthy and functional hepatocytes. By detecting the presence of albumin 
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from the scaffolds, it shows the cells are not only growing, but are functioning as they 

would in vivo.  
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4. Results and Discussion 

 

4.1 Electrospinning 

 

 In determining the “optimal” electrospinning process, the spinnability of the 

solution was examined (as mentioned in 1.3 Definitions). Many factors were taken into 

consideration, including the applied voltage, the flow rate, the plate distance, the polymer 

concentration, and solvent ratio.  

 

4.2 Process Variables 

4.2.1 Effect of Applied Voltage 

 

 In order to evaluate the spinnability of the solutions used, a common visual 

classification system was used34, 37, 54. Each solution was subject to a visual evaluation of 

the status of the solution during the electrospinning trials. These classifications were 

“dripping,” “stable,” and “whipping,” as described in Section 3.3.1.  Due to the unique 

nature of the electrospinning status of PCL, the stable region was never achieved. This 

phenomena has yet to be explained, as other researchers have in fact seen a stable region. 

In lieu of a stable region, a “spraying” was seen. As a drop of solution entered the 

electrical field between the two plates, it would not drop directly to the bottom plate, as 

dripping is explained. This drop would spray out in a whipping fashion.  
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Figure 4.1-Electrospinning Visual Classification of 10% PCL solution in 3:1 solvent mix 

 

However, this could not be classified as whipping because it was not a continuous 

whipping filament or threadline, but periodic in a dripping consistency. As seen in Figure 

4.1, it can be assumed the area in between “dripping” and “whipping” is considered 

where “spraying” was observed. More of these charts were made for each of the solutions 

examined and can be found in the Appendix. With this in mind, the values for the highest 

level of dripping are reported in Figures 4.2 and 4.3.   
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Figure 4.2-Highest Dripping Values for 5% PCL solutions 
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Figure 4.3-Highest Dripping Values for 10% PCL solutions 
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 Figures 4.2 and 4.3 demonstrate the relationship between the applied voltage and 

the dripping feature observed. In accordance with the definition from 1.3, the “best” 

solution is the one that requires the lowest amount of applied voltage.  

 Due to the nature of the visual classification system, each solution was observed 

during the electrospinning process at different applied voltage values. As the voltage 

increased, the characteristics of the Taylor cone formed and the nature of the 

electrospinning was noted. The general trend amongst the solutions during 

electrospinning was that as the applied voltage increased, the Taylor cone began to take a 

more distinctive shape. In most cases with the dripping phase, a Taylor cone was formed, 

but only produced drops on to the collection plate. These drops of solution were 

essentially shot from the Taylor cone directly on to the collection plate. This type of 

dripping was observed in all cases as soon as the applied voltage was greater than 20kV.  

Another trend that can be inferred from these two figures and the dripping phase 

of electrospinning PCL is that the higher the concentration of polymer, the lower the 

value of highest dripping is. In both figures, dealing with both concentrations of polymer, 

the general trend of the solvent ratios as the applied voltage increases is to see an almost 

parabolic-like trend. The highest value of dripping decreases as the applied voltage 

increases to a point. After reaching that point (in general around 0.25mL/min) the highest 

value of dripping begins to again increase as the applied voltage increase. This is a 

general assumption, but can be observed when examining the entire data set.  

The phase of electrospinning which produces nanofibrous scaffolds is during the 

whipping phase. The lowest values of whipping are reported in Figures 4.4 and 4.5. It can 

be assumed that in between the highest values of dripping and lowest values of whipping, 
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there was a spraying region, as previously mentioned and can be seen in both the 

Appendix and Figure 4.1.  
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Figure 4.4-Lowest Whipping Values for 5% PCL solutions 
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Figure 4.5-Lowest Whipping Values for 10% PCL solutions 
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Overall, the comparison between Figures 4.4 and 4.5, show a parabolic-like trend 

in the amount of applied voltage. The whipping values between the two concentrations 

are extremely different. These values show the point at which nanofibers are beginning to 

be formed. The visual classification system used described whipping as being the “true” 

whipping and was not recorded as such when any spraying took place. In all these trials, 

whipping was observed when a distinct Taylor cone was present outside of the capillary. 

In some cases the whipping was seen by the entire Taylor cone moving in a circular 

fashion, and in other cases the whipping was observed as the stream of polymer solution 

exiting the Taylor cone was moving about in a circular fashion. Upon noticing this 

distinction, several more trials were conducted to see if the trend in whipping followed a 

pattern of any sort, only to see both whipping fashions happen with the same solution. 

Several solutions were examined and in all cases, both styles of whipping were observed.  

 Between Figures 4.4 and 4.5 the difference in the concentration of polymer as the 

applied voltage varied is clear. The 5% PCL solutions required on average a higher 

amount of applied voltage to achieve whipping (average=43.2 kV, stdev=4.6 kV) while 

the 10% PCL solutions required a lesser amount of applied voltage on average 

(average=34.6 kV, stdev=8.0 kV). With increased polymer concentration, came a 

decreased need for applied voltage. However, upon more close examination, the solvent 

ratio did not seem to influence the amount of applied voltage necessary to achieve 

whipping. No apparent trend was observed in either polymer concentration. Again, as 

seen in the dripping figures, a parabolic-like trend was present for the solutions in 

relationship to the flow rates. The “mid” flow rates (0.20mL/min, 0.25mL/min) were 

where a dip occurred in the amount of applied voltage necessary.  



 52

 Overall, from the highest dripping values and lowest whipping values collected, 

the 10% PCL solutions were seen as requiring less voltage. Within the 10% PCL 

solutions, the solvent ratio with the consistent lowest whipping value was the 3:1 

chloroform to methanol solution.  With this in mind, the recommended range of applied 

voltage to consistently produce nanofibers is 40-50kV. At this voltage, though higher 

than that seen in the previous figures, there will be consistent, controllable whipping.  

 

4.2.2. Effect of Flow Rate 

 

 When examining the effect of the flow rate on spinnability of PCL solutions, it is 

necessary to re-examine Figures 4.2, 4.3, 4.4, and 4.5. These figures address both effect 

of applied voltage and the effect of flow rate. Each solution was run at a constant flow 

rate, with increasing applied voltage. As seen in the figures, there seemed to be a 

parabolic-like trend between the flow rates and applied voltage. With the middle flow 

rates, the amount of applied voltage necessary for whipping decreased (Figure 4.4 and 

4.5). During the visual classification of the characteristics of the electrospinning process, 

the higher the flow rate, the more “out-of-control” the whipping became.  To keep a 

controllable amount of whipping and to reliably produce nanofibers, paired with the 

recommended range of applied voltage at 40-50kV, the recommended flow rate range is 

0.25mL/min to 0.30mL/min. Within this range, using any PCL solution with this setup 

should consistently produce nanofibers in a random electrospun web.  
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4.2.3 Effect of Plate Distance 

 

 The effect of plate distance can influence both the spinnability of the solution and 

the size of the fiber diameters. Due to the nature of the plates used, a uniform electrical 

field can be derived by grounding the top plate and applying voltage to the bottom plate. 

The plates are both 30cm in diameter. In previous studies by Theron43and Reneker34 the 

distance between the plates used has been typically between 10 cm and 14cm. This study 

based the basic electrospinning parameters on those two previous successful 

electrospinning setups. In taking a middle approach, the plate distance used was 12 cm.  

 However, different to those two studies was the setup of the electrical field. In 

previous studies electrospinning PCL solutions of various organic solvents, many have 

used a grounded collector plate and a metal-tipped syringe. The power supply was 

directly applied to either a metal pin directly in the solution or to the metal-tipped 

syringe. In this study, there were two aluminum plates of equal size to create the uniform 

electrical field. When examining the previous study, it was clear most researchers had 

used setups involving a metal-tipped syringe. For a novel approach, the two plate method 

was suggested and employed.  

Because of the plates used, a small hole, 3mm in diameter, was drilled in the 

direct center of the top plate. A metal capillary was inserted in this hole to deliver the 

polymer solution to the electrical field. At first the capillary was placed flush against the 

smooth surface of the plate. However, during the beginning trials to determine which 

solvent to use, it was observed that the Taylor cone was difficult to visually describe 

because of the capillary being flush to the plate surface. Upon examination of Theron’s 
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study, the surface charge density at the formation of the Taylor cone changed due to the 

cone diameter changing as the flow rate introduces more solution. It was found in the 

study the surface charge density stabilized in the region 2mm down from initial 

introduction to the electrical field. Thus, in an effort to visualize the Taylor cone more 

clearly and attempt to stabilize the jet, the capillary protruded slightly from the plate 

surface by 7mm. This projection of the capillary led to having a more defined Taylor 

cone through the visual classification.  

Initial electrospinning trials at a gap of 12cm between the plates had successful 

results. When examining the difference of different plate distances, the closer the plates 

were to each other, less voltage was required to achieve whipping. However, when at 

10cm apart, the whipping was not consistent and was described as being “erratic” and 

“out-of-control.” At a larger distance, 14cm, whipping was not achieved. With this quick 

lab test, it was determined to continue all experiments at a fixed distance of 12cm. All 

morphology examined was from fibers created at the fixed distance of 12cm.  

The uniform electrical field is described in standard reporting methods in Tables 

4.1 through 4.4. The standard method of reporting an electrical field is to divide the 

applied voltage by the distance between the plates.  
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Table 4.1-Highest Dripping Values (e-field, kV/cm) for 5% PCL solutions 

Solvent 
Ratio 
(chloroform: 
methanol) 

Flow Rates, (mL/min) 
 
 
    0.10             0.15               0.20             0.25             0.30              0.35  

1:1 2.708 2.708 2.292 2.500 2.292 2.292 

2:1 3.125 3.125 2.500 2.708 2.912 2.708 

3:1 3.125 3.125 2.500 2.500 2.500 2.708 

4:1 3.333 3.333 3.333 3.333 3.333 3.125 

5:1 2.912 2.500 2.912 2.912 2.912 2.912 

 

Table 4.2-Highest Dripping Values (e-field, kV/cm), for 10% PCL solutions 

Solvent 
Ratio 
(chloroform: 
methanol) 

Flow Rates, (mL/min) 
 
 
    0.10             0.15               0.20             0.25             0.30              0.35  

1:1 2.292 2.292 2.292 2.083 1.875 1.667 

2:1 2.917 2.292 1.667 2.083 1.667 1.667 

3:1 2.292 1.667 1.667 1.25 1.875 2.083 

4:1 2.500 2.083 1.875 1.25 1.875 2.083 

5:1 2.708 2.292 1.875 1.667 2.292 2.500 

 

These values represent the highest value at which dripping was still observed. In 

relation, the next two tables, Tables 4.3 and 4.4, show the lowest values at which 

whipping occurred. It is under the whipping condition that nanofibers are formed.  
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Table 4.3-Lowest Whipping Values, (e-field, kV/cm) for 5% PCL solutions 

Solvent 
Ratio 
(chloroform: 
methanol) 

Flow Rates, (mL/min) 
 
 
    0.10             0.15               0.20             0.25             0.30              0.35  

1:1 3.542 3.542 2.912 3.125 3.125 3.125 

2:1 4.167 3.750 3.750 3.958 3.750 3.750 

3:1 3.750 3.542 3.333 2.500 3.333 3.542 

4:1 3.958 3.958 4.167 4.167 3.958 3.750 

5:1 3.750 3.750 3.750 3.542 3.333 3.333 

 

Table 4.4-Lowest Whipping Values, (e-field, kV/cm) for 10% PCL solutions 

Solvent 
Ratio 
(chloroform: 
methanol) 

Flow Rates, (mL/min) 
 
 
    0.10             0.15               0.20             0.25             0.30              0.35  

1:1 2.917 2.917 2.917 2.708 2.500 2.292 

2:1 3.1250 2.500 2.083 2.500 1.875 2.708 

3:1 3.1250 2.917 1.875 1.667 2.083 2.917 

4:1 3.958 3.542 2.708 2.500 3.125 3.542 

5:1 4.167 3.750 2.917 2.708 3.750 4.167 

 

 

4.3 Morphology 

 

 The morphology of the nanofibers was examined in the following two sections in 

terms of the fiber diameter and the pore size distribution. There was no attempt to 
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measure the actual pore size, due to the extreme differences in shapes and inconsistent 

sizes. Another limiting factor when analyzing the pore size is the image analysis 

techniques. In each image it is possible to see several layers of fibers and difficult to 

differentiate the top layer from the others. Thus, only the pore size distribution was 

measured and it is a best approximation.  

 A representative micrograph is reported in Figure 4.6 and shows the typical 

morphology of the PCL nanofibrous scaffolds produced. These fibers are generally 

interconnected and have various sizes and shapes of the pores.  

 

 

Figure 4.6-SEM micrograph showing typical morphology of PCL scaffolds 
Scale bar (red) represents 10μm 

 

The average fiber diameters and their relationships to the polymer concentration 

and solvent ratios are reported in the following sections.  
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4.3.1 Effect of Polymer Concentration 

 

 The polymer concentrations used were 5% and 10% by weight. When 

determining the spinnability of the solutions, the viscosity became an apparent variable 

that needed to be investigated. However, due to the rapid evaporation and reaction of the 

polymer with the moisture in the air, the viscosity became a very difficult variable to 

measure. The polymer reacted with the moisture in the air to form a film, making the 

viscosity of increasing polymer concentrations near impossible to measure with the 

resources at hand. After attempting the viscosity of the 10% PCL solutions with three 

different sets of equipment, only the 5% PCL solutions’ viscosity are reported. It can be 

inferred that the general trend seen in the 5% PCL solutions will apply to the 10% 

solutions as well.  

 Figure 4.7 reports the viscosity measurements as measured and described in 

Section 3.2.1.  
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Figure 4.7-Viscosity of 5% PCL solutions 

 

 The apparent trend as seen in Figure 4.7 is with an increased viscosity the fiber 

diameters increased as well. General assumptions can lead to the idea that with a higher 

polymer concentration, there will be a higher viscosity. This assumption lends to the idea 

with an increased polymer concentration, the fibers produced will likewise be larger in 

diameter.  

 This can be seen from the micrographs of the PCL nanofibrous scaffolds. Figures 

4.8 and 4.9 compare two scaffolds from the same solvent ratio and were taken at the same 

magnification. The only difference between them is the polymer concentration.  
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Figure 4.8-SEM micrograph of 5% PCL in 3:1 solvent ratio solution 
Red scale bar represents 10μm. 

 
 

 

Figure 4.9-SEM micrograph of 10% PCL in 3:1 solvent ratio 
Red scale bar represents 10μm. 
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 As evident from these two figures, there is a difference in the morphology 

between the two images. The only physical difference between the samples was the 

polymer concentration. These two micrographs are typical of the entire set and show the 

5% PCL concentration produced smaller diameter fibers, but did so in lesser volume of 

fibers. The quality of fibers is poor. As seen in Figure 4.8, illustrated by the yellow box, it 

is easy to see how the fibers are subject to breaking and have little to no mechanical 

integrity. Overall, the polymer concentration influenced the diameter of the fibers, but 

also the quality of the fibers.  

 The fiber diameter distribution for these two sets of polymer concentrations are 

reported in Figures 4.10 and 4.11. 

 

0

5

10

15

20

25

30

35

40

45

100 200 300 400 500 600 700 800 900

Average Fiber Diameter (nm)

Fr
eq

ue
nc

y

 

Figure 4.10-Fiber Diameter Distribution, 5% PCL in 3:1 solvent ratio solution 
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Figure 4.11-Fiber Diameter Distribution, 10% PCL in 3:1 solvent ratio solution 

  

The average fiber diameter for the distribution in Figure 4.10 is 157 nm + 50nm. The 

average fiber diameter for the distribution in Figure 4.11 is 426 nm + 186nm. With the 

bin range being the same for each histogram, it is clear to see the difference in the two 

polymer concentrations and how that affects the diameter of the fibers produced.  

The trend illustrated between these two sets of polymer concentrations is 

demonstrative across all the solvent ratios. The average fiber diameters are reported in 

Table 4.5.  

Table 4.5-Average Fiber Diameter Size, 5% PCL vs. 10% PCL 

5% PCL solutions 
Avg. Fiber Diameters (nm) 

10% PCL solutions 
Avg. Fiber Diameters (nm) 

173 

Stdev=73 

504 

Stdev=222 
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 As reported, the lesser polymer concentrations result in produced nanofibers with 

smaller fiber diameters. 

 

4.3.2 Effect of Solvent Ratio 

  

 The effect of different solvent ratios on the fiber diameters was examined in 

efforts to determine the best solvent ratio to use with the higher polymer concentration. 

While the smallest fiber diameter possible was only one of the objectives of the study, the 

ease of control of the fibers and consistency of the fibers were both equally important 

variables to judge.  

 While viscosity was used to evaluate the polymer concentration, an equally 

important characteristic measuring similar properties is the surface tension of the 

solution. During electrospinning the formation of the nanofibers is based on the electrical 

field overcoming the surface tension of the solution to produce the fibers54. The surface 

tension of the solutions is reported in the following two figures, Figures 4.12 and 4.13. 
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Figure 4.12-Surface Tension Values for 5% PCL Solutions 
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Figure 4.13-Surface Tension Values for 10% PCL Solutions 

 

The trend within the surface tension follows a similar trend to that of the 

viscosity. These two properties are closely linked and likewise show a similar trend. As 

the amount of chloroform in the solution increased, the surface tension increased. 
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Because electrospinning is essentially using an electrical field to overcome the surface 

tension of a solution, the trend seen with increasing surface tensions is correlated to that 

trend seen in Figures 4.2 through 4.5. The amount of applied voltage also increased as the 

solvent ratio increased.  

 When evaluating the morphology of the fibers, the average fiber diameter is the 

most important factor to consider. Figures 4.14 and 4.15 show two micrographs that are 

representative of the difference between solvent ratio.  

 

 

Figure 4.14-SEM micrograph of 5% PCL in 1:1 solvent ratio solution 
scale bar in red, 10μm 
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Figure 4.15-SEM micrograph of 5% PCL in 5:1 solvent ratio solution 
scale bar in red, 10μm 

 
 

 These two figures show the nature of differing solvent ratios. With equal polymer 

concentration, it can be seen that the lesser the amount of chloroform in the solution, the 

smaller the fiber diameter may be, however the fibers were extremely fragile and broke 

easily as seen in the image (Figure 4.14). These fibers were also lesser in volume as 

compared to Figure 4.15. When there was a greater amount of chloroform in the solution, 

the fibers had a much larger fiber diameter and did not dry as quickly as the 1:1 solutions. 

This caused the beads to form along the fibers as seen in the image. These fibers were 

also poorly defined. The sheer volume of fibers was lower than that of the 5:1 solvent 

ratio, as seen in Figure 4.15. The average fiber diameter distribution for each of the 

solvent ratios can be seen in Figure 4.16.  
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Figure 4.16-Accumulative Fiber Diameter Distribution, 5% PCL Comparison of all Solvent Ratios 
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Figure 4.17-Accumulative Fiber Diameter Distribution, 10% PCL Comparison of all Solvent Ratios 
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Table 4.6-Average Fiber Diameters for each Solvent Ratio 

Solvent Ratio 
 

5% PCL 
Average Fiber Diameter 

(nm) 

10% PCL 
Average Fiber Diameter 

(nm) 
1:1 123 

stdev=42 
373 

stdev=86 
2:1 140 

stdev=55 
406 

stdev=81 
3:1 157 

stdev=50 
426 

stdev=186 
4:1 183 

stdev=49 
571 

stdev=224 
5:1 262 

stdev=71 
730 

stdev=239 
 

 From Table 4.6 it is evident the 4:1 and 5:1 solvent ratios for the 10% PCL cause 

the greatest amount of variance. In Figures 4.16 and 4.17, the comparison shows the 

difference in the solvent ratio as it increases, within either the 5% or 10% polymer 

concentration and the shift of the average fiber diameters is evident. The average fiber 

diameter distribution gradually shifts to the larger-sized fiber bins. Even though the 

scales are not the same between the fiber diameter distribution charts, the basic gradual 

shift of increasing fiber diameter size is seen. Based on the extremes, as seen in the 

previous micrographs, and the fiber diameter comparison, the conclusion from the study 

involving the solvent ratio is to use the 3:1 solvent ratio. This is based on its consistency 

for fiber diameter and appearance of the fibers themselves.  
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4.3.3 Optimal Spinning Conditions 

 

 The effect of each of these process variables (applied voltage, flow rate, plate 

distance, polymer concentration, and solvent ratio) is presented in the following with a 

view to recommending the “optimal” electrospinning conditions for this particular 

polymer and solvent system. Having assessed the role of the various electrospinning 

process variables, the optimal spinning conditions for electrospinning PCL polymer in 

chloroform and methanol are illustrated in Table 4.7. The conditions are set in ranges due 

to the great variability that comes with electrospinning.  

 

Table 4.7-Optimal Conditions for Electrospinning Process Variables 

Process Variables Optimal Conditions 

Applied Voltage 40-50 kV 

Flow Rate 0.25 to 0.30 mL/min 

Plate Distance 12 cm, with capillary exposed 7mm 

Polymer Concentration 10% PCL by weight 

Solvent Ratio 3:1 Chloroform : methanol 

 
 

4.3.4 Porosity and Pore Size Distribution 

 

 One of the key characteristics of scaffolds for the specific end-use of tissue 

engineering is the porosity and pore size distribution. A natural phenomena occurs during 

cellular proliferation when a fibrous material is present in the cellular culture43, 1. The 
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cells tend to grow along the fibers. Many researchers believe the structure, shape, and 

orientation of the fibers can influence the cellular growth and direction.  

 Because the final solution selection was to use a 10% PCL polymer concentration 

with a 3:1 solvent ratio, this was the solution used to collect samples for this property 

measurement. Table 4.8 reports the average mass, diameter, and thickness of the 

electrospun scaffolds and the porosity of the scaffolds. The average porosity was reported 

at 87.0%, with a minimum of 85.4% and a maximum of 87.2%. 

 

Table 4.8-Porosity of Electrospun Scaffolds 

Total  
Number of 

Samples 

Average 
Mass (g) 

Average 
Diameter 

(cm) 

Average 
Thickness 

(cm) 

Density 
of PCL 
(g/cm3) 

Porosity 
(%) 

42 0.017 

Stdev=0.013 

2.43 

Stdev=0.54 

0.045 

Stdev=0.026 

1.145 87.0% 

Stdev=0.3 

 

 In accordance with the idea of cells growing along the length of the fibers, the 

pore size is equally important. The only scaffold the pore size was applicable to was the 

10% PCL, 3:1 solvent ratio. This scaffold was deemed the optimal via the electrospinning 

trials and selected for use in tissue engineering applications. A pore size distribution was 

compiled and reported in Figure 4.18. The average pore size was 12μm + 8μm. The 

standard deviation is so high, representing the high variance amongst the scaffolds and 

irregular nature to the production of the nanofibers. These pores are big enough for the 

smaller hepatocytes, whose average diameter is typically 40-80μm3. 
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Figure 4.18-Pore Size Distribution of 10% PCL in 3:1 solvent mix 

 

4.4 In Vitro Testing 

4.4.1 Hydrophobicity of Scaffolds 

 

 When first beginning the in vitro portion of this study, the scaffolds were prepared 

as described earlier. When media with the cells was added to the scaffolds, the liquid 

formed beads on the surface of the scaffolds and rolled off the scaffolds. The scaffolds 

demonstrated extremely hydrophobic behavior. This was very perplexing due to the 

hydrophilic nature of PCL in general.  

 The contact angle of the surface of the nanofibrous scaffold was measured 

following the ASTM standard D5946-04 Standard Test Method for Corona-Treated 

Polymer Films Using Water Contact Angle Measurements. The samples used for this 

mini-study was a scaffold collected on aluminum foil, one collected on a dry nonwoven 
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fabric, and one collected on a wet nonwoven fabric. The contact angle droplets were left 

on the surface of each sample for a period of 65 minutes. Two different-sized water 

droplets were used, 10μL and 20μL. Over time, the sample became more hydrophilic. 

The results are reported in Table 4.9. 

 

Table 4.9-Contact Angle (10μL) of Electrospun Scaffolds on Different Substrates 

Time (min) Al Foil (degrees) Dry Nonwoven 
(degrees) 

Wet Nonwoven 
(degrees) 

0 115 121 120 
15 95 102 102 
30 73 97 95 
45 27 58 61 
50 10 49 49 
55 0 22 23 
60 0 10 10 
65 0 0 0 

 

Table 4.10-Contact Angle (20μL) of Electrospun Scaffolds on Different Substrates 

Time (min) Al Foil (degrees) Dry Nonwoven 
(degrees) 

Wet Nonwoven 
(degrees) 

0 115 121 121 
15 95 105 105 
30 83 97 98 
45 65 80 85 
50 44 58 70 
55 22 47 53 
60 0 10 10 
65 0 0 0 

 

 These contact angles illustrated that after about an hour of leaving the liquid, in 

this case deionized water, on the surface of the electrospun scaffold it became 

hydrophilic. This is again illustrated in Figure 4.19.  
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Figure 4.19-Contact Angle (10μL and 20μL) on Electrospun Scaffolds over Time 

 

 Discovering this phenomenon with the surface chemistry of these scaffolds 

enabled us to further prepare the scaffolds by soaking each scaffold in the culture media 

for at least two hours prior to plating the cells. The hydrophobic nature of the PCL 

electrospun scaffolds has not been observed by anyone else.  

 

4.4.2 Sterilization 

 

 When the in vitro testing first began, there were several issues with 

contamination. In conjunction with a concurrent project, the effectiveness of sterilization 

techniques for nanofibers and nanofibrous structures was being investigated. The plate of 

scaffolds was prepared and sterilized as described in Section 3.5.1. To each well of the 6-

well dish, culture media without the antibiotic agent was then added. The plate was left in 

the incubator for one week. The plate free of contamination after one week is reported in 

Figure 4.20.  
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Figure 4.20-One Week after Sterilization 

 

 From the image above, the white colored material in each of the wells was the 

actual scaffold and not a mold or bacteria growing. The culture media was naturally 

colored a pink color. Here there is no contamination after one week due to the lack of 

presence of any mold/bacteria or other contaminants. The media was still clear and its 

natural color. It was therefore assumed that the standard sterilization method is indeed 

effective.  

 

4.4.3 Effect of Static Culture 

 

 Upon sterilization, each plate of scaffolds was ready for a static cell culture. 

These cultures were allowed to grow for a period of 7, 10, or 14 days. The scaffolds were 

prepared as described in Section 3.5.1. The samples were arranged according to the order 

in Figure 4.21.  
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    1               2                   3 

 

  A 

 

 B 

 

Figure 4.21-Setup for Samples in 6-well Culture Dish 

A1-control, no scaffold; A2 and A3-electrospun sample 
B1and B2-electrospun sample with nonwoven fabric backing; B3-only nonwoven 

 

In order to determine the effect of static culture, a viability stain was applied to 

the scaffolds after being in culture for at least 7 days. The live cells were stained green 

and the dead cells were stained red.  

 

 

Figure 4.22-Live (green) and Dead (red) cells in Control Well After 7 days 
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 The control provides a typical image of hepatocyte cell growth. When using an 

immortal cell line similar to the one used, more dead cells appear than with a primary 

line. The cells of this line grew very rapidly and were subject to a high death rate.  

 

 

Figure 4.23- Live (green) and Dead (red) cells on Nonwoven After 7 Days 

 

When examining the cells on the scaffolds, it was necessary to highlight the fact 

that the PCL could at times emit green light similar to that of the stain. The background 

therefore may at times have appeared as a light, green color instead of the typical black 

background. 

 In Figure 4.23, the cells are seen to be growing on the nonwoven fabric composed 

of microfibers. While there are not nearly as many cells (live or dead) present on the 

scaffold, it is important to recall the objective of the in vitro testing was to demonstrate 

cell growth. Here, the yellow circles point out the region which is out of focus. These 

regions indicate the cells are growing in a different plane, other than the one upon which 

the light microscope is focused. This is encouraging for this study because it suggests that 

the cells are growing into the scaffold or growing from the bottom of the well towards the 
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scaffold. In either case, the cells are growing in a 3-D manner, which is initially 

indicative of the first steps towards ECM formation.  

 

 

Figure 4.24-Live (green) and Dead (red) cells on Electrospun Scaffold After 7 Days 

 

 Figure 4.24 reports the cellular growth upon the nanofibrous portions of the 

electrospun scaffold. It is important to notice the cells are growing along the fibers, which 

is why they form a somewhat erratic shape.  

 Overall, the static culture method has demonstrated the aptitude of the hepatocyte 

cell line to grow on the scaffolds. While there is no apparent significant improvement 

between that of the control and the scaffolds, the scaffolds are proven to demonstrate 

biocompatibility and the ability to support cellular growth.  

 

4.4.4 Viability Testing 

 

 Due to the unique nature of the nanofibrous scaffolds used in this study, it became 

increasingly difficult to evaluate the growth of the cells. Because of the microfibers in the 
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nonwoven fabric serving as the collection material, there were many fibers impairing the 

field of vision and making focusing on the cells difficult. When looking at the 

nanofibrous scaffolds, the small-scale nature of the fibers and density of the fibers created 

an opaque area. Thus, a light microscope could not be used to visualize the cell growth. 

Viability staining became essential to compare the cellular growth and notice any 

comparisons or differences between the direction and manner of cell growth.  

 The typical setup for the samples in the 6-well dish consisted of a control well, 

with no fibrous material present. Two samples of solely nanofibrous scaffolds and two 

samples of electrospun scaffolds with the nonwoven collection material were present. 

One well was reserved for just the nonwoven fabric, in an effort to compare the 

performance of the microfibers and nanofibers.  

 

                             1                2                   3 

 

  A 

 

 B 

 

Figure 4.25-Setup for Samples in 6-well Culture Dish 

A1-control, no scaffold; B1-only nonwoven; A2 and B2-electrospun sample 
A3 and B3-electrospun sample with nonwoven fabric backing 

 

 The typical growth of cells after seven days is reported in Figure 4.26 below.  
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Figure 4.26-Live Cells After 7 Days 

A-Control well, B-electrospun scaffolds 
C and D-electrospun scaffolds with nonwoven collection 

E-only nonwoven 
 

 From Figure 4.26 it is evident that the best results for the scaffolds stem from 

Sample C, which is comprised of both electrospun nanofibers and microfibers. On 

Samples C and D, there appears to be a pattern or shape that influences the direction of 

the cell growth. Sample E with only a nonwoven substrate showed limited cell growth.  

 

A B 

C D 

E
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Figure 4.27-Dead Cells After 7 Days 

A-Control well, B-electrospun scaffolds 
C and D-electrospun scaffolds with nonwoven collection 

E-only nonwoven 
 

Overall, from Figures 4.26 and 4.27, it is apparent that the cells thrive when PCL 

is present and that their proliferation and pattern of growth is promoted in the direction of 

the nanofibers. However, the cells tend to form clumps on the nanofibers. The nonwoven 

shows limited cellular presence. After seven days, it seems that the best cell growth 

comes with Samples B and C; thus it can be assumed that the presence of PCL nanofibers 

is beneficial to the cellular growth of hepatocytes.  

A B 

C D 

E
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Figure 4.28-Live Cells After 14 Days 

A-Control 
B, C, D-electrospun scaffolds (no nonwoven) 

E-electrospun scaffold with nonwoven substrate F-microfiber from nonwoven 
 

A B 

C D 

E F 
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Figure 4.29-Dead Cells after 14 Days 

A-Control 
B, C, D-electrospun scaffolds (no nonwoven) 

E-electrospun scaffold with nonwoven substrate F-microfiber from nonwoven 
 

 

 When examining the 14-day culture viability assay results, there is a distinct 

pattern to the cellular growth on Samples B, C, and D. These are the scaffolds with the 

nanofibers present. Only on Sample B is there evidence of part of the cells being out of 

focus. This would indicate the cells are growing in a different plane than that which is 

A B 

C D 

E F 
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being focused upon. However, there is no conclusive evidence of 3-D growth. The 

nanofibrous scaffolds supported and encouraged surface growth. Sample E showed 

strong cellular growth with both the PCL nanofibers and nonwoven substrate present. 

Only with the nonwoven is there any presence of the cells growing in a 3-D pattern. 

These scaffolds also yielded very little cellular growth and were not included in this data 

set.  

 Overall, the viability tests showed significant growth for a 14-day culture. The 

hepatocytes responded well to having PCL nanofibers present, but did not begin the 

initial steps for forming ECM. The cells continued to grow along the lengths of both the 

microfibers in the nonwoven and the nanofibers. The assays showed the nanofibrous 

scaffolds support a 2-D growth along the surface of the scaffold, but there was no 

evidence of 3-D growth. The PCL had a distinct effect on the pattern of the cell growth. 

The PCL if woven into a distinct pattern would direct the cell growth in that distinct 

pattern. Because the scaffolds have fibers arranged in a random pattern, there is some 

direction, but the cells have grown in a random pattern similar to that of the control.  

 

4.4.5 Proliferation 

 

 Using an ELISA test, the functionality of the cells was measured. This was 

accomplished over a 14-day period and the amount of albumin production was the 

targeted protein. Albumin is a protein indicative of liver cell function and shows the cells 

are not only alive, but growing and are functional. These results are reported in Figure 

4.30.  
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Figure 4.30-ELISA results 

 

 From these results, seen in Figure 4.30, the PCL nanofibers on top of the 

nonwoven scaffold had the most cell growth. The PCL nanofibers had the next greatest 

amount of albumin production. The production of albumin shows the hepatocytes were 

not only viable and proliferating cells, (as established previously) but were also 

functioning as healthy hepatocytes. These results are encouraging and showed that having 

the PCL is a helpful presence in encouraging cellular growth and function. The presence 

of the nanofibers is also seen as a key ingredient for encouraging cell growth.  
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4.4.6 Scanning Electron Micrographs  

 

 

Figure 4.31-SEM micrographs of 7 Day Culture on Electrospun PCL scaffolds 
A- at 400X, scale bar represents 100μm 
B- at 1,200X, scale bar represents 25μm 

 

 Even though the images in Figure 4.31 A and B are at different magnifications, it 

is clear to see the cellular growth on the scaffolds. Figure 4.31A showed how the 

preparation technique caused small cracks in the cellular material. This can be seen in 

many of the following SEM images and is caused by the HMDS preparation technique. 

Figure 4.31B showed how the cells began to attach and “spread” out on the PCL 

nanofibrous scaffolds. The cell was clearly attached to the scaffold and seemed to be 

spreading along the length of the fibers. In a study done by Mondrinos53 scaffolds were 

made of PCL (via different fabrication technique) and also targeted hepatocytes. The 

resulting SEM micrographs, similar to those in Figure 4.31, report very comparable 

cellular growth patterns. In Figure 4.31, the cellular growth is in a 2-D manner only. 

Mondrinos’s study shows 2-D growth in Figure 4.32A and 3-D growth in Figure 4.32B. 

A B



 86

 

Figure 4.32-SEM micrograph from Mondrinos53 

 

 Figures 4.31 and 4.32A show similar growth patterns and indicate a strong cell 

adhesion and proliferation on the scaffolds. These results are in accordance with the 

theory the cells grow along the length of the fibers. Because the nanofibrous scaffolds are 

produced to have random alignment of fibers, the cellular growth pattern along the length 

of the fibers was hard to detect. If the scaffolds are produced with a specific pattern in 

mind, the cellular growth would mirror that pattern. Here, the cellular growth was 

random, but some attachment to fibers can be seen in these SEM images. The PCL 

nanofibrous scaffolds were encouraging a 2-D growth. Figure 4.31 did not show the same 

“stacking” as seen in Figure 4.32B, indicating a 3-D growth pattern. However, the cell 

definition and clear proliferation can be seen further in Figures 4.33 and 4.34.  
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Figure 4.33-SEM micrographs of 7 Day Culture on Electrospun PCL scaffolds at 700X Magnification 
scale bar represents 50μm 

 

 

Figure 4.34-SEM micrographs of 7 Day Culture on Electrospun PCL Scaffolds, 
Typical Cellular Definition 

A, B- at 1,000X, scale bar represents 50μm 
 

 

 These micrographs follow the previous theory that cells grow along the length of 

the fibers. In these images, it is clear the cells have adhered to the fibers with the largest 

diameter in the area examined. Especially in Figure 4.34A, the edge of the cell can be 

seen to be attached to single fibers and extend its growth along that length of fiber. The 

cells have also only ventured into the pores immediately surrounding the fibers. The 

results were typical of those seen with nanofibrous scaffolds. Because the pore sizes were 

A B

A B
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large, there was the ability for the cells to grow off of the fibers and into the pores, which 

can be seen in Figure 4.34. However, because of the density of the layers of the fibers in 

the scaffold, there was no growth into the scaffold in a 3-D fashion. It is also clear in 

these images to see the cellular definition and proliferation on the surface of these 

scaffolds. The assumption of good cellular proliferation was made based upon the 

confluency of the cells seen in Figures 4.33 and 4.34. 

 

 

 
Figure 4.35-SEM micrographs of 14 Day Culture on Electrospun PCL Scaffolds 

A,B,C,D- at 450X, scale bar represents 100μm 
 

 The four micrographs in Figures 4.35 showed cellular proliferation after 14 days 

in culture. When comparing these micrographs to the 7 day culture images, there was 

clearly more cellular development along the surface of the scaffolds. The 14 day culture 

A B

C D
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images suggested that the scaffolds were able to support the growth for at least a two-

week period. When combined with the ELISA data from Figure 4.30, there was evidence 

to suggest the scaffolds can support and encourage growth for up to a 14-day period. 

From these micrographs, the growth was clearly in a 2-D manner, and stayed along the 

surface of the nanofibrous scaffolds.  

 

4.4.7 Comparison of Scaffolds vs. Control 

 

 When analyzing the cell growth, it is necessary to distinguish those images 

gathered from the control well (where no fibrous material is present) from those where 

scaffolds are present, both microfibers in the nonwoven and nanofibers in the electrospun 

scaffolds. A comparison can be seen from previous Figures 4.24 through 4.27.  

 The advantage to including the scaffolds was the ability to direct the cellular 

growth in any sort of pattern. Upon examination of Figures 4.31, 4.33, 4.34, and 4.35, 

there was clear evidence of cellular growth on the nanofibrous scaffolds. The fibers have 

directed the direction and manner of the growth. This type of growth was not typically 

seen of these cells when in culture with no scaffold. The confluent cells present in 

Figures 4.33, 4.34, and 4.35 was also an advantage. The scaffolds encouraged the fibers 

to grow along the length and using the nanofibrous scaffolds, the cells were in close 

proximity. This allowed for confluent cells to proliferate. Not only were the cells 

proliferating in a confluent manner, but they were also functioning, healthy hepatocytes. 

Figure 4.30 confirmed the functionality of the cells. There was a clear advantage to 

having the nanofibrous scaffolds present in culture.  
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Another advantage to having a scaffold present, regardless of the size of fibers, 

was that when microfibers are present, the beginnings of ECM formation were detectable. 

When looking at Figures 4.26 and 4.22, there was evidence of the cells growing in a 3-D 

pattern, suggesting the beginning of an ECM. This is a huge advantage over standard cell 

culture dishes.  

 Overall, there is a clear advantage to using fibrous scaffolds for liver tissue 

engineering. The scaffolds prepared for this study using a nonwoven fabric and 

electrospun PCL scaffolds have proven to be effective and successful in culture.  

  

4.4.8 Comparison of Electrospun Nanofibrous Scaffolds vs. Nonwoven 

 

 Are nanofibers the answer to tissue engineering? While this study can not answer 

that question, it is clear from the viability tests, SEM micrographs, and ELISA data that 

nanofibers did not only supported the growth of hepatocytes, but enhanced it. The main 

difference seen between the nanofibers and microfibers of the nonwoven collection fabric 

was the evidence of a possible 3-D growth pattern. The nanofibrous scaffolds clearly 

encouraged a growth in only the 2-D fashion. However, the evidence of the SEM 

micrographs showed a strong cellular growth. Both the micro- and nanofibers have 

strongly supported cellular growth. The viability tests have shown a slight favoritism of 

the cells towards the presence of PCL in culture. This could suggest that fabricating 

either large scale nanofibers (diameters of 800-900nm) or microfibers would provide 

even more cellular growth.  
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5. Conclusions and Recommendations 

 

5.1 Conclusions 

Electrospinning Conclusions 

 

1) The optimal electrospinning of PCL was characterized extensively. The 

optimal conditions were to use a solution of varying solvent ratios of chloroform and 

methanol, with a distance between plates of 12cm, a flow rate range of 0.25mL/min to 

0.30mL/min, and an applied voltage range of 40-50kV. A range was recommended to 

accommodate for any PCL solution (regardless of polymer concentration and solvent 

ratio). These ranges should consistently and reliably produce nanofibers similar to the 

results shown in this study.  

2)  The characterization of the morphology and fiber diameters of the nanofibrous 

scaffolds was carried on the initial samples prepared from a solution of 10% PCL with a 

solvent ratio of 3:1 chloroform to methanol. The general morphology showed a range of 

fibers in a random web, with an average fiber diameter of 426 nm + 186 nm.  

3)  The optimal solution of PCL for electrospinning nanofibrous scaffolds was 

found to be a 10% PCL concentration in a 3:1 chloroform to methanol solvent ratio. This 

solution was found to achieve whipping at the lowest applied voltage range for several 

different flow rates.   

4)  The different solvent ratios of PCL solutions produced a wide range of 

nanofibrous webs. These webs ranged in average fiber diameters from 123nm + 42nm 

(5% PCL in 1:1 solvent ratio) to 730nm + 239nm (10% PCL in 5:1 solvent ratio). The 
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difference in electrospinning the different solvent ratios was characterized by the solution 

properties (viscosity and surface tension) and correlated to the morphological properties, 

average fiber diameter and pore size distribution.  

 

Cell Culture Conclusions 

 

5)  The biocompatibility of the electrospun scaffolds was established by achieving 

successful cell growth with the scaffolds’ presence in culture. In order to use the 

scaffolds successfully in culture, it was determined that the electrospinning process does 

affect the hydrophobicity of the surface produced. The scaffolds produced were 

extremely hydrophobic and only returned to a hydrophilic state after being soaked in 

culture media for at least two hours prior to cell plating.  

6)  The scaffolds were effectively used in cell culture and produced cellular 

growth comparable to that of the control group with no scaffolds present. The SEM 

images also confirm the adhesion of the cells to the scaffold material. The cells were seen 

to grow in a confluent manner. The viability assay confirmed the presence of live cells 

after both seven days and 14 days in culture.  

7) These cells were not only proliferating at a rapid growth as seen in the viability 

assays, but were also functional cells. The ELISA results confirm the functionality of the 

cells and show the presence of PCL in the culture produces more viable and functional 

cells than those culture wells without it. The scaffolds also show significant growth and 

more functionality than that of the control well, with no scaffolds present.  
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8) When comparing the difference between using nanofibers or the microfibers 

found in the nonwoven fabric, no clear conclusion can be made. The nanofibrous 

scaffolds supported cellular growth and exhibited better growth, confluency, and 

proliferation along the surface of the scaffold in a 2-D growth pattern. However, the only 

3-D growth seen in the study was from cultures with the microfibers from the nonwoven 

fabric.  

 

5.2 Recommendations for Future Work 

 

 The next obvious phase work resulting from this study would be to test the 

conclusion of the benefits of PCL microfibers. These fibrous scaffolds could be produced 

using conventional nonwoven technologies and used in the same tests as the nanofibrous 

scaffolds for cellular development.  

 An immediate investigation can be done based on this study in regards to the cell 

culture SEM micrographs. It may be necessary to substantiate the claims that no cells 

have produced a 3-D growth pattern. Using TEM technology it would be possible to 

examine a cross-sectional area to confirm or deny the presence of any cells inside the 

scaffold. 

 The scaffolds could also be used in a dynamic cell culture. One study by Yasuda55 

has examined the use of nanofibrous scaffolds in both static and dynamic culture. Future 

work would be beneficial to determine the best culture technique to use for these 

nanofibrous scaffolds.  
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 The mechanical properties of the electrospun scaffolds were not able to be 

evaluated due to the delicate nature of the scaffolds and the small size of the scaffolds 

produced. A technique to determine the mechanical properties of nanofibers would be 

useful if the scaffolds were used in a dynamic cell culture.  

 Finally, investigating the possibility of generating a 3-D growth with these 

scaffolds would be an interesting study. These scaffolds have proven their ability to not 

only support hepatocyte growth, but to direct the growth pattern and enhance 

functionality of the cells. To see if stacking the “sheet-like” scaffolds after a 7 day culture 

would produce a 3-D growth would be interesting.  

 Overall, this work has provided the necessary preliminary research for future 

studies and has proven the effectiveness of nanofibers in hepatocyte culture.  
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