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ABSTRACT 
 

An important part of creating artificial tissues is recreating the structure of the 

extracellular matrix. Some tissues have randomly oriented cellular structures, some aligned, and 

some transitioning between the two states. The tendon-to-bone interface is one such transition 

state, with the tendon consisting of aligned fibroblast cells and the bone consisting of randomly 

oriented osteoblast cells, with a thin gradient between these two regions. Electrospinning is a 

method to create polymer nano and microfibers that can be used as artificial cellular scaffolding. 

A target consisting of two parallel bars was electrospun with polycaprolactone (PCL) to recreate 

this structure of the tendon-to-bone interface. Fibroblast cells were seeded on the aligned fibers 

bridging between the parallel bars and osteosarcoma cells were seeded on the randomly 

oriented structure. These cells grew with the alignment of the fiber structure when incubated, 

with some cellular mixing in the transition region between the two orientations. A rotating cone 

was electrospun upon with a mixture of PCL and collagen type I to attempt to create a 

controllable gradient structure. Changing the rotational velocity and electrospinning distance 

resulted in significant effects on the fiber orientation relative to its position on the cone. 

Recreating the 3D structure of native tissue is crucial for the viability of an artificial 

tissue scaffold. Four different targets were tested with PCL to create a 3D fiber volume. Three of 

these, the four-sided bevel, cone, and square target, only produced thin bridging between the 

surfaces with a random orientation to the fibers forming the bridge. The two-sided bevel target 

reliably produced a 3D fiber volume consisting of relatively aligned fibers. This was then 

expanded to electrospinning with different mixtures of sodium alginate, polyethylene oxide, and 

triton X-100, a surfactant. These solutions created a 2D bridge spanning between the walls of 

the target, the height of which was determined to be related to the viscosity of the solution. The 

orientation of the fibers on the walls of the target was inversely related to the conductivity of 

the solution, which itself was related to the sodium alginate concentration. Testing with parallel 

bar targets of different sizes was used in an attempt to connect 2D and 3D electrospinning. 
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CHAPTER I      
 
INTRODUCTION 

Tendon injuries affect 100 million people globally and unfortunately they do not heal 

well due to their low cellularization and vascularity.1 Half of all patients who undergo surgical 

anterior cruciate ligament tear repairs report pain after a year.2 Rotator cuff repairs fail between 

11-95% of the time.2 Replacing the entirety of the tendon with artificial tissue is an avenue of 

research for correcting tendon issues.3 One method of creating artificial tissue is creating an 

artificial tissue scaffold to recreate the extracellular matrix which can then be seeded with cells 

and incubated.4 Recreating the tissue’s structure while providing a suitable substrate for cellular 

attachment and growth is crucial for the viability of the artificial tissue.5 The tendon consists of 

aligned fibers that transition to randomly oriented bone in a gradient structure referred to as 

the enthesis, which has to be recreated to create biomimetic scaffolding.2 Electrospinning is one 

such process to create artificial cellular scaffolds that have good characteristics for cellular 

attachment. 

Electrospinning is a process that creates a nanofiber mat out of a polymer solution. The 

polymer solution is supplied a positive voltage that causes the solution to spin in the air, 

stretching it into solid fibers that are then attracted to a target that is either attached to ground 

or negative voltage. The polymer fibers spin in the air while traveling between the source and 

target, which results in the fibers stretching and thinning. This process can create fibers that 

have diameters from the hundredths of a nanometer to multiple micrometers in size.  

Generally, a flat surface is used as a target when electrospinning resulting in a thin fiber 

mat that has randomly oriented fibers. Rotating cylinders have been used to create aligned 

fibers, and the fibers will span some gaps on a target which can also result in aligned fibers.6 

These different orientations can be crucial to recreating the physical structure of native tissues. 

Not all native tissues are uniform in their structure, therefore recreating gradient structures in 

the artificial scaffolding is vital to recreating the physical structure of tissues such as tendons 

and ligaments and how they connect to the bone.2 Additionally, natural tissues have a three-

dimensional structure that is not properly recreated with regular two-dimensional 

electrospinning. As such, three-dimensional electrospinning techniques have to be developed to 

accurately mimic these structures. 
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This document covers four studies, two that explore different methods to create 

alignment gradients by electrospinning and two that investigate the use of static three-

dimensional targets for the creation of 3D fiber volumes. These all explore the use of different 

electrospinning targets, both static and dynamic, and how the different target changed the 

resulting fiber structure for the purpose of creating a biomimetic scaffold. Furthermore, the 

effect the solution and electrospinning parameters have on the fiber structures created on these 

electrospinning targets was examined. 

 Chapter 2 covers the use of an electrospinning target consisting of two parallel bars that 

resulted in the creation of a random to aligned fiber gradient in a single process. Different 

electrospinning parameters were attempted and the changes that resulted were analyzed. 

Different cell types were seeded on the electrospun scaffold and incubated to recreate the 

tendon-to-bone interface. This experiment had promising results for the creation of an artificial 

tendon or ligament. 

 Chapter 3 explores the use of a rotating conical cylinder to create a gradual fiber 

gradient structure. A solution of polycaprolactone (PCL) and collagen type I was electrospun and 

the results were analyzed to determine the effects of the differing surface velocity and 

electrospinning height. This shows promise for a tunable gradient fiber structure. 

 Chapter 4 was a series of experiments that explored the creation of 3D fiber volumes 

using different 3D target designs. First, a cone shaped target was used for electrospinning PCL. 

Different variations of electrospinning parameters were attempted. Later, three additional 

target designs were used, a two- and four-sided bevel and a square target, in addition to the 

cone target. Different characterization techniques were used to examine the fiber structures.  

 Chapter 5 takes the successful results with a two-sided bevel target from the previous 

experiment and applied it to sodium alginate. Nine solutions of different concentrations of 

sodium alginate and polyethylene oxide (PEO) were electrospun upon a four-sided bevel target. 

While no 3D fiber volume was created, the results were analyzed to determine how different 

solution properties affected the resulting fiber structure. Additionally, a new testing 

methodology is proposed as an attempt to connect the results of 2D electrospinning and 3D 

electrospinning. 
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CHAPTER II      
 
ENGINEERING THE HARD-SOFT TISSUE INTERFACE WITH 
RANDOM-TO-ALIGNED NANOFIBER SCAFFOLDS4 

John Nowlin, Mehzubh A. Bismi, Baptiste Delpech, Patrick Dumas, Yingge Zhou, and George Z. 

Tan 

Originally published in Nanobiomedicine, Volume 5: 1-9, 2018 

 

ABSTRACT 

Tendon injuries can be difficult to heal and have high rates of relapse due to stress 

concentrations caused by scar formation and the sutures used in surgical repair. Regeneration of 

the tendon/ligament-to-bone interface is critical to provide functional graft integration after 

injury. The objective of this study is to recreate the tendon-to-bone interface using a gradient 

scaffold which is fabricated by a one-station electrospinning process. Two cell phenotypes were 

grown on a poly-ε-caprolactone (PCL) nanofiber scaffold which possesses a gradual transition 

from random to aligned nanofiber patterns.  We assessed the effects of the polymer 

concentration, tip-to-collector distance and electrospinning time on the microfiber diameter 

and density. Osteosarcoma and fibroblast cells were seeded on the random and aligned sections 

of scaffolds respectively. A random-to-aligned co-cultured tissue interface which mimicked the 

native transition in composition of enthesis was created after 96 hrs culturing. The results 

showed that the microstructure gradient influenced the cell morphology, tissue topology, and 

promoted enthesis formation. This study is significant because it demonstrates the feasibility of 

regenerating the tendon/ligament-to-bone interface through a one-station fabrication process. 

It can be further developed as a heterogeneous cellular composition platform to facilitate the 

formation of multi-tissue complex systems. 

 

INTRODUCTION 

 Tendons are fibrous connective tissues in the human body that connect muscle to bone.  

They allow for joint movement and are primarily made up of collagen type I fiber bundles along 
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with a small amount of other types of cells and materials.7 Healthy tendon fibers are oriented in 

a parallel manner and are capable of transferring high tensile loads between tendon and bone.8  

The interface in which the tendon connects to the bone is composed of a specialized transitional 

tissue with varying structures and compositions.7 More importantly, collagen fibers at the bone 

section of the interface are significantly less oriented when compared with fibers in the tendon.9 

 Tendinopathy, also known as disease or damage to the tendon, consists of various types 

of injury which can be caused by many different factors, both intrinsic and extrinsic.  Physical 

activity leading to excessive loading of tendons are the primary cause for degeneration.10 Also, 

intrinsic factors such as alignment and biomechanical faults account for two-thirds of athletes 

with Achilles tendon disorders.10 Injury of the tendon can be acute or chronic, and generally 

results in inflammation and/or degeneration, which can lead to tendon rupture. Current 

methods to reattach tendon to bone use sutures that result in increased stress concentrations, 

leading to high failure rates for surgical repairs.11 Additionally, while a healthy interface is made 

up of a gradient of different cell types which reduce stress concentrations between the bone 

and tendon, healing of this interface after damage can result in scar tissue formation, rather 

than a proper regeneration of the original tissue.12 Because of this complexity, there is a need to 

replace the tendon-to-bone interface.  

Tissue engineering has emerged as a promising therapeutic alternative for tissue injuries 

and lesions.13 To regenerate the native tissues, cells are harvested from their natural 

environment and grown in an artificial scaffold under controlled conditions. The ideal scaffold 

should provide not only a physical support for cell to attach and proliferate, but also 

microstructure cues to mimic the native extracellular matrix to guide the cell growth and 

organization. This scaffold orientation not only affects the direction of cellular growth but also 

results in different gene expression between different scaffold microstructures.5 It remains a 

challenge to establish an anisotropic microenvironment for a complex tissue structure with 

multiple cell types. To address this problem, this study focuses on the bone-to-tendon tissue 

regeneration using electrospun random-to-aligned nanofiber scaffold.7 

Electrospinning is a process that creates polymeric fibers with diameters ranging from 1 

micrometer to 100 nanometers.  A positive voltage is applied to a liquid solution which is then 

pushed through a needle. A target attached to ground or a negative voltage then attracts the 

solution. This target determines the orientation of the resulting fibers, with stationary flat 
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targets gathering randomly oriented fibers and targets rotating on an axis parallel to the 

electrospinning creating aligned fibers.6 Two stationary targets with a gap between them result 

in randomly oriented fibers on the targets and aligned fibers bridging between them.6 This 

process can be used for a wide variety of tissue engineering applications, such as 

nanocomposite/hybrid approaches for mimicking bone-tissue.14  

There have also been numerous different techniques attempting to improve various 

stages of the electrospinning process, including water-friendly core designs, 

nanocapsule/nanofibrous sheathes,14 and melt-electrospinning techniques.15 Electrospinning 

into a water bath with a solution of water soluble and non-water soluble polymers has shown to 

increase fiber porosity, which promotes cell attachment and growth.16 Coaxial electrospinning 

can be utilized to fine tune the mechanical properties of the scaffold without changing the 

overall fiber diameter or surface characteristics by adjusting the core fiber material and 

diameter.17 Co-electrospinning, or electrospinning with two materials simultaneously, has been 

successfully shown to create two distinct uniform regions with a gradient region in between 

which allows for the selection of materials with similar properties to the natural muscle tendon 

interface.18 A similar technique was used with one material doped with nanohydroxyapatite 

then submerged in simulated body fluid to selectively grow hydroxyapatite in a gradient.19  

To create the random-to-aligned nanofiber scaffold, we adopted a parallel-collector 

configuration in which two grounded metal bars were placed in parallel under the spinneret.  

The fibers collected on the target form two distinct regions, a randomized region on the metal 

bars, and an aligned region that spans between the parallel bars. Fibroblasts and osteosarcoma 

cells were seeded onto the aligned region and the random region respectively. These two types 

of cells were co-cultured in a single scaffold to mimic the cellular organization in the tendon to 

bone interface. We demonstrated that the gradients in scaffold microtopology will facilitate cell 

organization and promote the formation of the tendon-to-bone interface in a co-culturing 

environment in vitro. 

METHODOLOGY 

Electrospinning 

Electrospinning was performed with 15% and 20% w/v of polycaprolactone (PCL) in 

acetone and DMF (Dimethylformamide) solution with a ratio 1:1, which is often used for medical 
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applications.20 The solution was put in a syringe attached to a controlled rate pump, and a 

positive voltage was attached to a needle at the end of the syringe.  The pump rate and voltage 

were adjusted to ensure consistent electrospinning.  Parallel aluminum bars were placed 3.5 cm 

apart and connected to a negative voltage source, to use as the target. This setup can be seen in 

Figure 1.  Thin glass squares with side length of 2 cm were placed partially on the bar with the 

rest in the gap between the bars to facilitate sample preparation and prevent the material from 

folding on itself.  The distance between the tip of the needle and top of the target was set at 15 

cm and 20.5 cm, and the placement of the target was adjusted to keep the fibers centered on 

the target.  Once everything was set up and spinning without issue, the electrospinning process 

was run for 5 minutes and 10 minutes per sample.  The electrospun material was then cut along 

the edge of the glass square.  These samples were then used for imaging or for cellular growth.  

Some additional samples were spun in the same manner to start, but halfway through a cover 

was placed over the random section to reduce its fiber density. The fibers on the cover were 

then cut along the edge of the cover prior to its removal. This was done to achieve a more 

uniform fiber thickness between the random section and the aligned, because a large disparity 

in thickness would occur between these two sections if the electrospinning continued. 

 

Figure 1. Electrospinning configuration. (A) Represents the general configuration of our 
electrospinning technique. (B) Shows the result of the electrospinning for the second sample 

(15% PCL, 10 minutes’ duration, 15 cm height) 

Scaffold Characterization 

The electrospun samples were gold sputtered for 45 seconds using the sputtering 

equipment. One of the samples was then carefully placed onto a carbon taped sample holder 
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without air getting trapped between the sample and the carbon tape. Using both light optical 

and electron optical modes, the samples were observed under Phenom ProX SEM. Pro suite, the 

built-in equipment software was used to capture images of random, transition, and aligned fiber 

regions of the sample. 2000x magnification was used for determining the alignment of the fiber 

and 10000x was used to determine the diameter of the fiber. The saved images were then 

transferred to a computer to quantify the diameter distribution, fiber orientation as well as the 

porosity using ImageJ. The plugin OrientationJ from ImageJ software was used to obtain the 

distribution of fiber orientations, and DiameterJ was used to determine the fiber diameter. 

Cell Culture 

 Electrospun samples were sterilized by UV exposure for 30 minutes. Two different 

fluorescent cell trackers, CM-DIL and CMAC (CellTracker™ ThermoFisher Scientific) were used to 

label fibroblasts and osteosarcoma, respectively. First, stock solutions were created for each cell 

type using dimethylsulfoxide (DMSO) for the CMAC solution and phosphate-buffered saline 

(PBS) for the CM-DIL solution.  The CM-DIL solution was diluted to a 1-2µM concentration and 

the CMAC was diluted to a .5-25µM concentration.  Each was incubated for 15-45 minutes.  

Frozen cells were removed from the freezer and thawed in a water bath at 37°C.  They were 

then centrifuged at 2000 RPM for 4 minutes to separate the cells from the supernatant.  

Osteosarcoma cells were then added to the CMAC solution and incubated for 30 minutes at 

37°C while fibroblast cells were added to the CM-DIL solution and incubated for 5 minutes.  The 

CM-DIL-fibroblast solution was then chilled for 15 minutes at 5°C.  Each solution was then 

centrifuged at 2000RPM for 4 minutes to remove the supernatant. This resulted in dying the 

fibroblast cells red with an excitement wavelength of 553 nm and emission wavelength of 570 

nm and dying the osteosarcoma cells blue with an excitement wavelength of 353 nm and 

emission wavelength of 466 nm.  To estimate the initial cell viability after the staining, 100µL of 

each solution was mixed with 100µL of Trypan Blue and examined with a hemocytometer. The 

cell concentration was adjusted to approximately 100,000 cells / ml. 200µL of the 

osteosarcomas and fibroblasts were seeded to the random region and aligned region, 

respectively. The scaffolds were then incubated in complete growth medium (Eagle's minimal 

essential medium with 10% fetal bovine serum) at 37°C and monitored periodically for cellular 

growth.  



 
Texas Tech University, John Nowlin, December 2019 

8 
 

RESULTS 

Scaffolds Characterization 

 

Figure 2. Electrospun samples pictures taken by the SEM. For each sample, a picture in the 
aligned, transition and random regions were taken with a magnification of x2000 (Scale bar = 30 
µm). From the first row, each of the following samples was selected to have a direct comparison 

between each parameter (time, PCL concentration, distance). 

The SEM images of representative electrospun samples were shown in Figure 2 above. 

The anisotropic scaffolds are comprised of three regions: aligned fibers, random fibers, and the 

interface. The three regions are morphologically distinct but structurally continuous, and thus 

closely mimic the variation in collagen fiber orientation at the tendon/ligament-to-bone 
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insertion site.  The distribution of fiber orientation from a representative sample (15%PCL, 10 

minutes duration, 20.5 cm height) was shown in Figure 3A. The standard deviation of the 

orientation was considered when determining the overall alignment of each region.  A summary 

of fiber alignment at the aligned sections for all eight groups were shown in Figure 3B, where 

small degrees of orientation indicates a higher alignment (a perfect orientation, that is if all 

fibers are strictly aligned, will have a standard deviation of 1°). No statistical significance was 

found among the groups. Changing the process parameters did not influence the nanofiber 

alignment at the aligned region of the scaffold.  

 

Figure 3. Results from the Orientation analysis. (A) A sample fiber alignment plot (15%PCL, 10 
minutes duration, 20.5 cm height). (B) Fiber alignment summary for the aligned regions of the 

scaffolds. 

The analysis consists of segmenting the picture to obtain a black and white image, as 

shown in Figure 4C and D. Segmentation takes the grayscale images obtained from the SEM, as 

seen in Figure 4C, and sets anything above a certain threshold of brightness to white, and 

everything else to black, as seen in Figure 4D, which gives the images cutoffs for the software to 

calculate from. After that, the plugin analyzed the picture and gave percent porosity and 

diameter of the fibers with the average and standard deviation. The PCL percentage was 

positively correlated to the nanofiber diameter mean as well as the standard deviation. 15% PCL 

solution resulted in smaller nanofibers with a higher consistency, while 20% PCL solution 

resulted in a wider distribution in fiber diameter. However, there was no substantial difference 

with regard to the overall porosity of the nanofiber scaffolds. Highly porous scaffolds were 

obtained in all eight groups. 
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Figure 4. Results from the Diameter and Porosity analysis. (A) shows the diameter measured of 
each sample for the aligned and random region. (B) shows the porosity of each sample, 

calculated as the number of black pixels over the total number of pixels in the image. (C) and (D) 
are images from the random region of the 2nd sample (15% PCL, 10 minutes duration, 15 cm 

height) before and after the segmentation, respectively. Scale bar = 8µm. 

Cellular Growth 

After 1 day of cellular growth, both cell types have adhered to the scaffolding for their 

respective regions.  Red dyed fibroblast cells had aligned with the aligned fibers, as seen in 

Figure 5.  Blue dyed osteosarcoma cells on the random region did not have any clear 

orientation. After 4 days, there is a noticeable increase in cell density for both regions.  The 

fibroblasts in the aligned region have continued to grow aligned with the fibers of the scaffold.  

As expected, the osteosarcoma cells did not display any orientation on the random region.  
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Figure 5. (A) Day 1 results for aligned region. (B) Day 1 results for random region. (C) Day 4 
results for aligned region. (D) Day 4 results for random region. Fibroblast cells were dyed red 

and osteosarcoma cells were dyed blue. 

The transition region, seen in Figure 6, had a mix of both fibroblast and osteosarcoma 

cells.  Since this region was not directly seeded with cells, this indicates cellular migration to the 

transition region.  There did not appear to be fibroblast migration to the random region or 

osteosarcoma migration to the aligned region by day 4. There cells also did not appear to display 

any pattern of alignment along the transition region. 

 

Figure 6. Example of scaffold transition region 4 days after cellular seeding. 
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DISCUSSION 

The electrospinning process used produces a relatively thin mat, which is usable for 

experimentation but is not representative of the full 3D structure of a natural tendon and 

tendon-to-bone interface. Stacking multiple spun mats on top of each other creates a structure 

more akin to natural tissue.21 Cellular seeding can be done on a layer by layer basis as well, 

giving better control over the cell growth.21 Xie et al. first introduced an electrospinning 

configuration to fabricate an “aligned-to-random” fibrous scaffold by adopting a collector 

composed of two stapler-shaped metal frames.7 Fibroblasts cultured on this scaffold exhibited a 

morphology gradient induced by the fiber organization. Li et al. designed a continuously graded, 

bone-like calcium phosphate coating on a nonwoven mat of electrospun fibers.22 The gradient in 

mineral content resulted in a gradient in the stiffness of the scaffold and further influenced the 

activity of mouse pre-osteoblast MC3T3 cells. Rothrauff et al. compared two designs, stacked or 

braided, of multilayered scaffolds of aligned electrospun fibers.23  Human bone marrow-derived 

mesenchymal stem cells (MSCs) were seeded on both types of scaffolds. It was found that 

braided scaffolds exhibited improved tensile and suture-retention strengths, but cell infiltration 

was superior in stacked constructs, resulting in enhanced cell number, total collagen content, 

and total sulfated glycosaminoglycan content. 

In our study, we integrated the extracellular matrix (ECM) microstructure gradient and 

cellular heterogeneity for enthesis regeneration. Natural entheses exhibit gradients in tissue 

organization, composition, and mechanical properties that serve to effectively transfer stress 

between mechanically dissimilar materials and sustain the heterotypic cellular communications 

required for interface function and homeostasis.24 The aligned and parallel collagen fibers at the 

tendon/ligament start bending and intercrossing along the insertion, change their orientation, 

and become more disorganized closer to the bone.12 Through the parallel electrospinning 

technique, we fabricated biomimic nanofiber scaffolds for the enthesis. The aligned region, 

random region, and interface region were morphologically distinct but structurally continuous, 

which closely mimicked the variation in collagen fiber orientation at the tendon/ligament-to-

bone insertion site. The pore size and porosity of the scaffold were determined by the 

microfiber diameter and density.  

While PCL was chosen as the single material in the experiment, multiple materials with 

different mechanical properties, more similar to the tissue in the interface, could be used for 
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scaffold creation.18 The scaffold surface could be modified in its entirety or selectively after 

spinning to increase cell adhesion and growth.12 Co-electrospinning, or the spinning of multiple 

materials at once, can be done using multiple needles or using a single coaxial needle to create 

fibers with one material coated by another.6 It is possible to incorporate nanoparticles into the 

electrospun solution, and subsequently grow material off those nanoparticles to better recreate 

bone.25 The combination of some of these techniques with a multi-region scaffold as created in 

this experiment could greatly improve the mechanical and biological characteristics of the 

electrospun scaffold in future experimentation.   

Overall, the alignment of our samples in the aligned regions were in agreement with 

other studies, where it is estimated that an azimuthal orientation of 20° is very high for this PCL 

percentage.26 We observed that the fiber alignment for the aligned section was better in the 10 

minute samples than the 5 minute samples.  This may have occurred due to fiber deposition 

between the parallel bars being inconsistent in the alignment during the first few minutes of 

electrospinning, and the 5 minute samples were not thick enough to fully cover these initial 

fiber layers.  20% PCL solution had better alignment than 15%, however further analysis is 

needed to confirm this.  The sample which showed the best alignment was produced with 20% 

PCL solution at a height of 15 cm for 10 minutes. 

Average fiber diameter and sample porosity analysis results are presented in Figure 3. 

For each set of parameters, the diameter did not significantly change between the random and 

aligned regions. These results are in accordance with what can been seen in terms of 

diameters27-29 and porosity.30 With DMF as solvent, similar fiber diameters were observed 

(between 300nm and 2µm). The PCL concentration played an influential role when determining 

the average fiber diameter.  15% PCL sample diameters were around 0.39 µm whereas 0.8 µm 

mean value were observed for 20% PCL samples, which complies with other studies.31  However, 

the normal variation between mean diameters should have been around 60%. While 15% PCL 

samples agree with this data, large variations were observed in 20% PCL samples (around 70% 

to 90%). The higher viscosity of the 20% PCL solution, coupled with the voltage being similar for 

all samples, may explain the variations for the 20% PCL samples, particularly for the 20.5 cm 

sample. While the voltage may have been enough to keep the diameter consistent for the lower 

viscosity 15% PCL solution, the electric field generated during electrospinning may not have had 

the strength to spin the 20% PCL solution to the same diameter, and the weaker field resulting 
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from the larger distance may have exacerbated the problem. Further testing with greater 

variations in voltages may be necessary to test for this. The inconsistency between each 

electrospun sample might have also played a role in these abnormal variations. A change in the 

solvent might be needed to better control the fiber diameter.27 Since fiber diameter has been 

shown to affect fibroblast cells, precise control over fiber diameter would improve cell growth 

characteristics.32 

Fiber porosity remained consistent between samples at approximately 50%.  There were 

slight increases in porosity in the aligned section when compared to the corresponding random 

section, but not substantial. The material was then porous enough to accept cells and allow for 

proliferation.33 After examining the cell culture results, there are a few noticeable outcomes 

worth mentioning. The increase in cell density along with the configuration of the fibroblast cells 

along the aligned region (Figure 3) shows promising biocompatibility for the electrospun 

scaffold. Similarly, the scaffold shows cell migration across both regions into the transition 

region (Figure 4). Previous studies using fibroblasts on electrospun scaffolds have shown similar 

results with cell proliferation and alignment along the aligned region of the scaffold, as well as 

cell migration abilities.34 The effect of electrospun PCL scaffold alignment on Schwann cell 

maturation was also reported, and results showed that cells cultured on the aligned region 

aligned and elongated along the fiber axes, which they attribute to a phenomenon known as 

contact guidance.35 This form of cellular alignment is also commonly seen among other studies 

using human fibroblasts and Schwann cells.36, 37 Additionally, a recent study was conducted in 

which natural polymers were used to create nanoparticles for electrospinning, which was found 

to create scaffolds with improved cell viability and attachment.38 Additional experimentation 

may be required to compare other solutions to PCL to potentially improve cell interaction. If a 

clinically usable product is to mimic the cell characteristics of the bone-tendon interface, it must 

have high levels of biocompatibility along with cell migration capabilities, which our scaffold 

appears to demonstrate.  

To help determine if the observed cellular activity represents an effective interaction 

between the cells and their environment, previous studies have often focused on a few key 

factors. First, the biological functionality of the cells can be generally determined based on 

whether they are able to maintain normal phenotypic shape within the scaffold.39  Second, cell 

adherence to the scaffold along with proliferation within the nanofibrous network suggests cell 
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approval of the structure.39 Finally, researchers often examine the cross sectional cellular 

activity to determine if the cells integrate with multiple layers of the scaffold to form a three-

dimensional network.39, 40 In this study, microtopographical cues, coupled with the intercellular 

interactions promoted the enthesis formation. While our cell culture analysis demonstrates the 

first two factors, a follow up study could be conducted to examine the three-dimensional 

capabilities of osteoblasts, fibroblasts and chondrocytes on a single gradient scaffold. Future 

work could also be done to incorporate nanoparticles, multiple materials, or scaffold 

modification to improve the cellular growth or the mechanical and biological properties of the 

resulting tissue. This research will not only promote future development of autograft therapy 

for soft-hard tissue damages, but may also inspire new strategies towards organ-on-chip for 

heterogeneous tissues. The scaffold generation method utilized in this research can be applied 

wherever a combination of random and aligned fibers on a single scaffold is needed. Further 

development of this research will benefit patients who need enthesis regeneration or 

musculoskeletal tissue repair. 

CONCLUSION 

This paper presents a novel technique for tendon-bone tissue regeneration. We 

adopted a parallel electrospinning method to fabricate the random-to-aligned nanofiber 

scaffolds. Fibroblasts and osteosarcoma cells were seeded on designated areas and co-cultured 

in the scaffold. The microtopology, specifically the nanofiber alignment, guided the cell 

organization. The co-cultured construct mimicked the tendon-bone interface microstructure. 

This paper provides an effective biomimetic model for tendon/ligament regeneration, and can 

be further developed as an organ-on-chip or a therapeutic alternative for heterogeneous 

tissues. 
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CHAPTER III      
 
CONE ELECTROSPINNING POLYCAPROLACTONE/COLLAGEN 
SCAFFOLDS WITH MICROSTRUCTURE GRADIENT41 

John Nowlin, Md Maksudul Islam, Yingge Zhou, and George Z. Tan 

Originally presented at MSEC 2019 

 

ABSTRACT 

Polycaprolactone (PCL) is a synthetic biomaterial that has been widely used for tissue 

engineering scaffolds. Collagen, a natural polymer found in various tissues in the human body, 

can be electrospun in combination with PCL to improve the scaffold’s biological characteristics 

for cell attachment, growth and differentiation. Recreating the physical structure which mimics 

the extracellular matrix of musculoskeletal tissues generally requires fibrous patterns, including 

aligned, random, or a mixture of both to form a gradient structure. This study introduced a 

novel cone rotation electrospinning technique for nanofiber scaffold with microstructure 

gradient. The effects of key process parameters on nanofiber attributes were evaluated through 

a factorial design of experiment. We found that changing the rotation speed, electrospinning 

distance, and position on the cone had significant effects on the structure gradient of nanofiber 

mats. This cone rotation technique extends the capability of conventional electrospinning to 

create tunable anisotropic nanofiber scaffolds as potential biomimetic solutions for tissue 

regeneration. 

 

INTRODUCTION 

As one of the essential pillars of tissue engineering, biomimetic scaffold provides 2D and 

3D artificial frameworks not only supporting the cells attachment and migration, but also 

enabling diffusion of vital cell nutrients and expressed products. In addition, scaffolds can exert 

certain mechanical and biological influences to modify the behavior of the cell phase.42-44 Ideal 

scaffolds for tissue engineering should mimic the extracellular matrix of the native tissue and 

recapitulates the in vivo milieu. It often requires a structural complexity close to native tissues, 
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which typically have non-homogenous nanostructures. For example, most musculoskeletal 

tissues possess structure gradient includes continuous variations in porosity, pore size, 

interconnectivity, and fiber diameter of 3D nonwoven fibrous matrices.45 This heterogeneous 

structure is considered to optimize the material's response to external loading 46, to enable 

specific cell migration during tissue regeneration 47, 48, and to influence the mechanical 

properties 49.  

Various methods have been developed for scaffold fabrication including solvent casting, 

self-assembly, porogen leaching, gas forming, phase separation, rapid prototyping, freeze 

drying, particulate leaching techniques,  and electrospinning.50 Electrospinning is versatile 

technique that is capable of producing micro- and nano-scale fibers from various materials 

ranging from synthetic polymers, natural polymers to mixed polymers embedded with 

functional additives. The electrospun nanofibers have controllable diameter, porosity, surface 

morphology, and fiber alignment.51-53 Electrospun scaffolds can be used for tendon-to-bone, 

cartilage-to-bone, and cartilage tissue engineering applications as it possesses large surface 

areas and high porosity.54, 55 Electrospinning is the process of creating fibers from polymeric 

solution or molten polymer using electrostatic forces by use of high-voltage power supplies 

capable of generating potential up to 50 kV.56 The polymeric solution is attracted towards an 

oppositely charged electrode and forms a conical protrusion called a Taylor cone off which a 

fiber which can have a submicron diameter is spun in the air and collected on the electrode.56, 57  

In this work, collagen Type I, a natural polymer, has been mixed with synthetic 

polycaprolactone (PCL) and dissolved in a solvent. This solution was then electrospun on a 

rotating conical cylinder and the resulting nanofiber scaffold was analyzed to determine the 

nanofiber diameter, orientation, and scaffold porosity. Generally, electrospun fibers have 

random orientation due to the spinning process, however using a cylinder rotating at sufficient 

speed results in the aligned fibers.6 Both aligned fibers and randomly oriented fibers, as well as 

fibers that are partially aligned, can be used to recreate the structure of the extracellular matrix 

of different tissues in the human body.4 Specifically, the interface between tendon/ligament and 

bone, known as the enthesis, exhibit gradients in tissue orientation, composition, and 

mechanical properties that serve to effectively transfer stress between mechanically dissimilar 

materials, and sustain the heterotypical cellular communications required for interface function 

and homeostasis.24 The use of a conical cylinder allows for the examination of this effect at 
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multiple cylinder diameters at once, and can result in a gradient of fiber properties across the 

length of the cylinder.45 Fine tuning the fiber properties and the overall alignment of the 

electrospun 2D fiber scaffold is of great benefit to tissue engineers. This study evaluated the 

effects of key process parameters on the nanofiber attributes. 

METHODOLOGY 

Materials 

PCL and 10% Hexafluoroisoproponol (HFIP) were purchased from Sigma Aldrich (St. 

Louis, MO). Collagen Type I powders were from Neocell (Irvine, CA). 10% PCL (w/v) and 10% 

collagen Type I were homogenized in HFIP at 40 oC for three hours. The solution was shelved at 

room temperature for over 24 hours for degassing. 

Cone electrospinning  

 

Figure 7: Diagram of conical electrospinning setup. 

The configuration of the cone rotation electrospinning is shown in Figure 7. A horizontal 

conical collector with a length of 12.5 cm was set on a rotation motor. The diameters of the 

narrow end and the wide end of the cone were 2 cm and 9 cm respectively. The cone collector 

would rotate on the cylindrical axis at a constant velocity (revolutions per minute, RPM). A 

syringe was located above the cone at a set distance and repeatedly moved along the length the 

cone to even out coverage of the material. The rotating conical cylinder was charged to -1 kV 

and the 21-gauge needle on the syringe was charged to 10.9 kV.  The material was pumped from 

the syringe at a rate of 2 ml/hr for a duration of 30 minutes. The resulting fiber scaffold was 

divided evenly into 4 sections along the axis of rotation for characterization. Two key process 
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parameters were evaluated in this study, namely rotation speed and needle height (tip-to-axis 

distance). The factorial design is shown in Table 1. 

Table 1: Parameters of Cone Electrospinning 

a b c d 

500 RPM 

9 cm 

500 RPM 

12 cm 

2000 RPM 

9 cm 

2000 RPM 

12 cm 

 

Scaffold characterization 

The fiber scaffolds were coated with gold via sputtering and observed in a scanning 

electron microscope (SEM, Phenom ProX, Nanoscience Instruments, Phoenix, AZ). Multiple 

images were captured at 1,000x magnification to examine the orientation and porosity of the 

scaffold, and at 10,000x magnification to determine the fiber diameter. The resulting images 

were analyzed in ImageJ with the plugin DiameterJ. The images were converted into black and 

white via segmentation in the plugin, seen in Figure 10. The software then provided the average 

fiber diameter and porosity. To determine fiber alignment, the percentage of fibers at each 

degree was determined with DiameterJ, then the sum of those percentages centered at the 

peak ±20°, ±10°, and ±5° was calculated. JMP was used to perform the analysis of variance 

(ANOVA) on the empirical data.  

 

Figure 8: 1,000x magnified images of fiber scaffold for each combination of parameters. 
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Figure 9: 10,000x magnified images of fiber scaffold for each combination of parameters. 

 

Figure 10: 1000x image before and after segmentation. 

 

Figure 11: Percentage of fibers oriented at each degree at 2000 RPM and 9 cm. 
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RESULTS 

SEM images of nanofibers with lower magnification and higher magnification were 

shown in Figure 8 and Figure 9 respectively. Smooth fibers without beads were found in all 

groups. Figure 10 shows the binary conversion of the SEM image for analysis. Table 2 

summarizes all factors which resulted in statistically significant effects (p<0.05) on nanofiber 

attributes based on the ANOVA. The nanofiber diameter, alignment and mat porosity were 

influenced by different factors.  

The correlation between needle height and fiber diameter was shown in Figure 11. It 

was found that increasing the height from 90 mm to 120 mm led to a larger variance of fiber 

diameter as well as an increase in mean value by 90 nm. The effect of rotation speed on fiber 

alignment was summarized in Figure 12. At both levels of rotation speed, the fiber alignment 

decreased from the narrow end to the wide end. Increasing the rotation speed from 500 RPM to 

2000 RPM enhanced the fiber alignment only at the narrow end. Figure 13 shows the effect of 

needle height on the fiber alignment. No substantial difference was found between 90 mm and 

120 mm.  

As shown in Figure 13, the needle height and rotation speed had a significant interactive 

effect on the nanofiber mat porosity. With a rotation speed of 500 RPM, no substantial 

difference in porosity was detected between the two levels of needle height. However, when 

the rotation speed increased to 2000 RPM, the needle height of 90 mm resulted in a 5% 

decrease in overall porosity compared to that of 120 mm. Figure 14 shows more detailed 

information on this interactive effect. With a needle height of 90 mm, the porosity was relatively 

consistent at the four areas of the collector. When the height increased to 120 mm, we 

observed a nonlinear gradient in porosity from the narrow end to the wide end of the collector.  

Table 2: Significant Results from ANOVA 

Result Parameter P-Value 

Fiber 

Diameter 

Needle Height .0036 

Fiber 

Orientation 

Position on Cone and 

Rotation Speed 

.0061 

Fiber 

Orientation 

Position on Cone and Needle 

Height 

.0208 

Porosity Needle Height and Rotation 

Speed 

.0380 

Porosity Needle Height and Position 

on Cone 

.0030 
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Figure 12: Plot of fiber diameter relative to needle height. 

 

Figure 13: Percent orientation ±20° around peak compared to rotation speed and cone position. 

 

 

Figure 14: Percent orientation ±20° around peak compared to needle height and cone position. 
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Figure 15: Plot of scaffold porosity compared to rotation speed and needle height. 

 

Figure 16: Plot of scaffold porosity compared to needle height and cone position. 

DISCUSSION 

The major benefits of using electrospun fiber mats as cellular scaffolding are their high 

porosity, very high surface-to-volume ratio, high pore interconnectivity, and nanoscale fiber 

diameter since these attributes help the fibrous layers mimic the structure of the extracellular 

matrix and facilitates application of electrospun scaffolds in the field of tissue engineering and 

nanomedicine.6, 58 Also, the structure of electrospun fibrous meshes has superior properties for 

application in liquid and air purification for excellent sieve membrane characteristics.59 

PCL/collagen composite scaffolds have been studied for connective tissue regeneration, and 

have exhibited excellent biological performance in mimicking human tissues.60 Beyond tendon 

and ligament, PCL/collagen scaffolds could also be a promising approach for repairing cartilage 

which lacks self-healing capability due to its avascular nature.61 In addition to musculoskeletal 

tissues, Sharif et al. demonstrated the feasibility of adopting collagen-coated PCL nanofiber 

scaffold for skin tissue engineering, where collagen was grafted on the electrospun PCL scaffold 
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through plasma treatment.62 Care had to be taken due to the HFIP used as a solvent for the 

collagen/PCL solution, as it can be dangerous if handled improperly. The solution had to be 

handled under a fume hood to prevent inhalation of any fumes, which can cause respiratory 

issues if inhaled. Additionally, care had to be taken to ventilate the electrospinner when 

interacting with it to avoid inhalation of any fumes. 

In this work, nanofibrous polycaprolactone (PCL)/collagen scaffolds with microstructure 

gradients have been fabricated and characterized as a potential solution for musculoskeletal 

tissue engineering. The collagen/PCL nanofibers created in this experiment demonstrated a 

gradient in fiber alignment. Due to the results from the statistical analysis, further 

experimentation is needed to determine how the combinations of position and cone rotation 

speed and position and needle height affect the overall fiber alignment. Additionally, the 

parameters that affected porosity had similar interactions, with needle height interacting with 

position and rotation speed to change the porosity. Additional single factor experimentation 

with straight walled cylinders may be necessary to determine the effects of the individual 

parameters on both fiber orientation and porosity. Future testing to determine if the position on 

the cone is more affected by the difference in surface velocity or height between different 

positions is also recommended. While the flow rate remained constant in this experiment, 

altering it may affect the resulting fibers as well. 

The needle height was the only factor that significantly affected the fiber diameter, with 

the larger height resulting in slightly larger diameter fibers. This could be the result of a weaker 

electric field due to the longer distances involved, resulting in less spinning and stretching of the 

fibers when compared to shorter distances. The stronger electric field associated with the 

shorter needle height may result in an increase in the amount of spinning of the fibers in the air, 

even over the shorter distance. The results for the individual positions were not statistically 

significant relating to the fiber diameter, however a larger sample size may indicate otherwise.  

For the statistical analysis for the fiber diameter, a total of 92 samples were taken, 

divided between all parameter variations, and from this 78 usable samples were selected to 

analyze the mean diameter. For scaffold porosity and fiber orientation, 3 usable samples were 

randomly chosen for each combination of parameters. Additional samples and parameter 
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variations may help separate out some of the effects of the interactions between different 

parameters. 

CONCLUSION 

This study demonstrated a novel electrospinning technique with rotational cone-shape 

collector to fabricate nanofiber mats with microstructure gradients in fiber diameter, fiber 

orientation, and overall porosity. This method provides a potential solution for biomimetic 

scaffolds which mimic the anisotropic fibrous structures in the extracellular matrix of 

musculoskeletal tissues. The structure gradient of the electrospun scaffold can be fine-tuned by 

process parameters including rotation speed and needle height. In addition, composite scaffold 

can be fabricated by integrating functional materials into the substrate polymer. 
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CHAPTER IV      
 
THREE-DIMENSIONAL ELECTROSPINNING WITH 
POLYCAPROLACTONE WITH MULTIPLE TARGET DESIGNS 

John Nowlin 

 

ABSTRACT 

Electrospinning is a process that creates polymer micro- and nanofibers that accumulate 

to create a thin randomly oriented mat. A number of experimental processes have been 

developed to directly create a 3D fiber volume that could be used as a cellular scaffold for 

tissues and organs after seeding with cells. Four target designs were investigated for their ability 

to create a 3D fiber volume when electrospun with polycaprolactone (PCL). Each target had a 

hollow interior volume to accumulate fibers within. The two-sided bevel target reliably created a 

3D fiber volume with aligned fibers filling the majority of the target. The four-sided bevel, 

square, and cone target resulted in accumulation on the upper portion grounded interior 

surfaces of the targets, continuing downwards until the formation of a thin bridging structure 

between grounded surfaces. Continued development could lead to a viable single process 

method to create 3D cellular scaffolding for tissue engineering. 

INTRODUCTION 

The process of electrospinning creates polymer nanofibers and microfibers using high 

voltage applied to a solution, generally forming a two-dimensional fiber mat with random fiber 

orientation on a two-dimensional target, however with some target arrangements the resulting 

fibers may be aligned or partially aligned.4, 63, 64 As seen previously, multiple regions can be 

created with different orientation types through the use of gaps between targets, which the 

material may bridge across.4, 64 Complicated mixtures of orientations can be created using many 

different grounded targets.63 Different techniques can even result in a fiber mat that can be 

directly controlled via a computer.65 These fiber mats, when made with a biocompatible 

polymer, can be used for cellular scaffolding as they have high porosity, and when seeded with 

cells those cells will mimic the orientation of the fiber structure.4   
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However, most tissues in the human body are three dimensional, and as such to 

accurately recreate tissues and organs 3D scaffolds have to be created.66 A number of different 

methods to generate 3D scaffolds via electrospinning have been attempted. The fiber mat can 

be manipulated after spinning to create a 3D structure.66, 67 The thickness of the fiber mat can be 

increased by applying certain chemicals.68 Certain target shapes can result in the creation of a 

3D fiber mat that can subsequently be used for growing tissues on.69 3D printing can be 

incorporated with electrospinning to make composite scaffolds with improved characteristics.70 

Fiber gradients can even be made in combination of a 3D printed structure.71 

Previous research has shown that electrospinning with polycaprolactone (PCL) on a 

target consisting of two grounded rectangular metal targets perpendicular to each other in a “V” 

shape (hereafter referred to as a two-sided bevel target) will result in a three-dimensional 

volume of fibers generated between the surfaces.72  However, not all tissues are the shape of a 

triangular prism with cells aligned in a single direction, and as such there is a need to create 

other shapes in 3D.  This preliminary experiment explores the structure generated when 

electrospinning with PCL on different 3D electrospinning targets. This experiment was done in 

two parts, with the first focused specifically on an inverted cone target, and the second 

expanded to cover various other target designs. The developments in this research are expected 

to be applicable to more complicated shaped 3D structures, and as such could lead to a viable 

cellular scaffold that could be created in a single process. 

METHODOLOGY 

Materials 

For the first part of this experiment, 20% polycaprolactone (PCL) dissolved in a 1 to 1 

mixture of dimethylformamide and chloroform was used initially, however subsequent testing 

used 15% PCL in 1 to 1 mixture of dimethylformamide and chloroform to examine the effects of 

a lower viscosity solution. The second portion of this experiment was limited to the 15% PCL 

solution.  PCL was selected for its easy electrospinning and since it has been shown to be a 

viable material for cellular scaffolding with cells grown on it taking the orientation of the fibers.4 

Electrospinning Targets 

 Targets with an inverted cone shape (Figure 17) were 3D printed using an Autodesk 

Ember, a digital light projection stereolithography 3D printer. The inner cone shape was then 
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lined with aluminum foil that was then grounded.  The cone had an upper diameter of 2.5 cm 

with a slope of 45° and was truncated at 1 cm in height, resulting in a hole at the bottom of the 

inverted cone with a diameter of 5 mm.  Additionally, two rings (Figure 18) with diameter 1.5 cm 

and 2.5 cm were made out of aluminum foil to isolate and examine certain aspects of the results 

from the cone testing. 

 

 

 

 

Figure 17: Cone Target Side and Top View 

 

Figure 18: Ring Target Top View 

 A variety of target styles were used for the second portion of this experiment. The cone 

target design (Figure 17) from the first portion of this experiment was used, although the 

dimensions were different. A two-sided bevel target (Figure 19), a four-sided bevel target 

(Figure 20), and a square target (Figure 21) were designed to compare different target 

variations. All targets had an upper dimension of 40 mm with heights varying from 5-10 mm, 
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with a gap between opposing surfaces at the bottom of the target. All targets had a wall angle of 

45°. Later targets were printed in such a way to allow viewing with a microscope through that 

resulting gap. Larger two-sided bevel targets (Figure 19) were printed on a fused deposition 

modeling 3D printer with a 40 mm height and 45° walls, both with and without a gap. All targets 

had the internal surface covered in aluminum foil for grounding. 

 
 

Figure 19: Two-Sided Bevel Target Side and Top View 

 

 

 

 

 

Figure 20: Four-Sided Bevel Target Side and Top View 

 

 

 

 

 

Figure 21: Square Target Side and Top View 
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Electrospinning 

Electrospinning was performed on a Tong Li Tech TL-Pro-BM. Initially, two cone samples 

were electrospun using 20% PCL solution for 12 minutes with a flow rate of 1 ml/h, with a 

voltage of 11 kV, and at a height of 8 cm.  The 2.5 cm ring was electrospun with the same 

parameters and duration.  The 1.5 cm ring was electrospun with the same parameters, but only 

for 9 minutes because material accumulation had ended on the sample and only bridging 

between the sample and needle occurred.  Two more cone samples were electrospun at 15 cm 

at 11 kV for 12 minutes.  Subsequently, 15% PCL solution was used on the cone samples at 10 

cm, 8 cm, 6 cm, and 4 cm needle heights.  A flow rate of .8 ml/h was used to reduce dripping 

from the lower viscosity solution, with electrospinning time increased to 15 minutes to 

compensate so approximately the same volume of material was used.  A 1.5 cm ring sample was 

tested at 4 cm following the results of the 15% PCL cone tests which was stopped when at 9 

minutes which was when even material accumulation on the target stopped.  The 

electrospinning parameters and order the samples were created in can be seen listed out in 

Table 3. If the needle clogged during electrospinning, the pump was stopped, the chamber was 

opened, and the needle tip was wiped clean, then the process was restarted. 

Table 3: Initial Electrospinning Samples and Parameters 

Sample Material Target Height Flow Rate Duration 

1 20% PCL Cone 8 cm 1 ml/h 12 Minutes 

2 20% PCL Cone 8 cm 1 ml/h 12 Minutes 

3 20% PCL 1.5 cm Ring 8 cm 1 ml/h 9 Minutes 

4 20% PCL 2.5 cm Ring 8 cm 1 ml/h 12 Minutes 

5 20% PCL Cone 15 cm 1 ml/h 12 Minutes 

6 20% PCL Cone 15 cm 1 ml/h 12 Minutes 

7 15% PCL Cone 8 cm .8 ml/h 15 Minutes 

8 15% PCL Cone 10 cm .8 ml/h 15 Minutes 

9 15% PCL Cone 6 cm .8 ml/h 15 Minutes 

10 15% PCL Cone 4 cm .8 ml/h 15 Minutes 

11 15% PCL 1.5 cm Ring 4 cm .8 ml/h 9 Minutes 

 

 For the second portion of this experiment, a 10 cm height was used to remain 

consistent. Voltage ranged from 10.96-12 kV, with most done at 11 kV. The first four samples 
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had a flow rate of .2-.5 ml/h with all subsequent samples done at .4 ml/h. The majority of 

samples were electrospun for 10 minutes. A full list of these parameters can be seen in Table 4. 

Electrospinning was stopped to wipe clogs from the needle tip then restarted when necessary. 

To reduce the need to clean the needle tip during electrospinning, the needle was flushed with 

isopropyl alcohol between most samples, then allowed to dry. Following this the pump was set 

to a high flow rate until the solution filled the length of the needle, then electrospinning would 

commence once the solution stopped dripping from the needle tip. 

Table 4: Expanded Electrospinning Samples and Parameters 

Sample Target Duration Flow Rate Voltage 

12 10 mm Two-Sided Bevel 10 min .4 ml/h 11.15 kV 

13 5 mm Two-Sided Bevel 10 min .5 ml/h 12 kV 

14 10 mm Two-Sided Bevel 5:20 min .2 ml/h 11 kV 

15 5 mm Two-Sided Bevel 10 min .2 ml/h 11 kV 

16 8 mm Two-Sided Bevel 10 min .4 ml/h 10.96 kV 

17 8 mm Four-Sided Bevel 10 min .4 ml/h 10.96 kV 

18 8 mm Cone 10 min .4 ml/h 10.96-11.52 kV 

19 8 mm Cone 10 min .4 ml/h 11 kV 

20 8 mm Square 10 min .4 ml/h 11 kV 

21 8 mm Two-Sided Bevel 10 min .4 ml/h 11.01 kV 

22 8 mm Cone 10 min .4 ml/h 11.01 kV 

23 8 mm Square 2 min .4 ml/h 11.01 kV 

24 40 mm Two-Sided Bevel 5 min .4 ml/h 11.01 kV 

25 40 mm Two-Sided Bevel 10 min .4 ml/h 11.01 kV 

26 40 mm Two-Sided Bevel 10 min .4 ml/h 11.01 kV 

 

Characterization 

Some initial cone target samples were characterized with a Phenom ProX Scanning 

Electron Microscope.  For samples that had a single layer of bridging between the surfaces of 

the aluminum foil, depending on the area available samples were taken to image the top, 

bottom, or both surfaces and attached to a sample holder using double sided carbon tape.  For 

samples without bridging, the material on the surface of the aluminum foil was secured in the 
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same manner.  Samples were then coated with gold via sputtering and observed at 1,000x and 

10,000x magnification in the SEM.   

 Samples from the second portion were photographed to record the electrospun 

structures. Some samples from this experiment were observed in an optical microscope to 

examine their fibers. The thickness of the fiber structure was measured by focusing on the 

bottommost fibers and adjusting the height on the microscope until reaching the topmost 

fibers, then calculating the distance traversed. Variations in fiber structure and density were 

recorded during this process. 

RESULTS 

The two cone samples electrospun at a height of 8 cm resulted in the creation of a 

bridge across the surface at a diameter of approximately halfway up the cone, however the 

height and bridging were inconsistent between samples, with one sample having full bridging 

and the other with thinner coverage on approximately 1/4th of the sample.  For both samples, 

fibers attached to the foil coated sides of the cone above the bridged area, with no noticeable 

fibers attaching to the surface below it.  The bridge was effectively a single layer, however there 

was some inconsistent buildup of material in places on the surface itself resulting in an 

inconsistent thickness.  The sample with better bridging was imaged in the SEM to inspect the 

top and bottom surfaces of the bridged section, while the other one was destructively examined 

in the lab. 

 From the SEM images, the top surface of the bridged section had some very strange 

results, with some merged or webbed sections on the fibers caused by excess nonfibrous 

material accumulation (Figure 22).  These sections were also inconsistent along the sample, with 

some sections (Figure 22, Figure 23) having some coverage, while other parts having near 

complete coverage of the area (Figure 24).  Closer magnification of the fibers showed some 

variation of fiber diameter and some fiber merging (Figure 25), and areas with excess material 

formation (Figure 26) still appearing to have some fibers surrounded by this material formation. 
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Figure 22: Top side of bridged section of 8 cm sample at 1,000x magnification. 

 

Figure 23: Top side of bridged section of 8 cm sample at 1,000x magnification. 
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Figure 24: Top side of bridged section of 8 cm sample at 1,000x magnification. 

 

Figure 25: Top side of bridged section of 8 cm sample at 10,000x magnification. 
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Figure 26: Top side of bridged section of 8 cm sample at 10,000x magnification. 

 The bottom side of this sample was fairly difficult to image as the structure itself 

effectively had no fibers to focus on.  The structure appears to be some sort of nearly 

continuous material with irregular surface topography when examined at 1,000x magnification 

(Figure 27, Figure 28).  Parts of this material appear to be nearly perfectly smooth (Figure 29, 

Figure 30), although this may be a result of the difficulty in imaging this material or could be the 

result of large-scale formations of some of the structure seen in closer magnification (Figure 34).  

Holes or pores appear in the surface of the material with irregular sizing and shape (Figure 27, 

Figure 29), as well as shadows from the material overlapping itself (Figure 28).  10,000x 

magnification failed to reveal any fibers in the material, and instead showed a surface that 

appears to be similar to ridges, wrinkles, or fur (Figure 31, Figure 32, Figure 33).  Additionally, 

some portions of smooth material appear as a sort of covering over this (Figure 34). 
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Figure 27: Bottom side of bridge section of 8 cm sample at 1,000x magnification. 

 

Figure 28: Bottom side of bridge section of 8 cm sample at 1,000x magnification. 
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Figure 29: Bottom side of bridge section of 8 cm sample 1,000x magnification. 

 

Figure 30: Bottom side of bridge section of 8 cm sample at 1,000x magnification. 
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Figure 31: Bottom side of bridge section of 8 cm sample at 10,000x magnification. 

 

Figure 32: Bottom side of bridge section of 8 cm sample at 10,000x magnification. 
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Figure 33: Bottom side of bridge section of 8 cm sample at 10,000x magnification. 

 

Figure 34: Bottom side of bridge section of 8 cm sample at 10,000x magnification. 
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 Neither of the two 20% PCL samples spun at a height of 15 cm resulted in bridging, 

instead there was coating on the sample across the majority of the inside of the cone.  Both 

samples were imaged in the SEM to image the fibers on the sides of the cone.  On visual 

inspection of the SEM results, these samples had a large amount of coiling and inconsistent fiber 

diameters, visible at 1,000x and 10,000x magnification (Figure 35, Figure 36, Figure 37, Figure 

38). 

 

Figure 35: First 15 cm sample at 1,000x magnification. 
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Figure 36: Second 15 cm sample at 1,000x magnification. 

 

Figure 37: First 15 cm sample at 10,000x magnification. 
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Figure 38: Second 15 cm sample at 10,000x magnification. 

 After observation of the bridging on the 8 cm height 20% PCL samples, two rings, one 

with a diameter of 1.5 cm and one of 2.5 cm, were made to examine the effects of a circular 

target without the rest of the cone structure.  The 2.5 cm ring had an accumulation of fibers in a 

band along the top part of the inner edge of the ring but did not have any meaningful bridging 

occur.  The 1.5 cm sample had bridging, seemingly with an inconsistent height along the bridged 

surface (Figure 39), with more fiber accumulation in the middle, however this thickness 

inconsistency may be the result of spinning for too long of a duration given the size of the ring 

target.  The 1.5 cm sample was imaged in the SEM, and from these images there are some 

differences in fiber appearance, with some regions near the center having fibers with a rough or 

wavy appearance accompanied with the appearance of webbing or merging occurring between 

fibers (Figure 40, Figure 41), juxtaposed with straighter fibers nearer to the ring structure (Figure 

42).  These irregular fiber structures can again be seen at higher magnification, with fibers 

nearer the center (Figure 43, Figure 44) having more inconsistencies compared to fibers near 

the ring (Figure 45). 
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Figure 39: 1.5 cm ring visual image with 20x visual magnification. 

 

Figure 40: Ring sample at 1,000x magnification from center region of bridge structure. 
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Figure 41: Ring sample at 1,000x outside of center of the bridged area. 

 

Figure 42: Ring sample at 1,000x from edge of bridged area near the ring target. 
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Figure 43: Ring sample at 10,000x magnification from center region of bridge structure. 

 

Figure 44: Ring sample at 10,000x outside of center of the bridged area. 
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Figure 45: Ring sample at 10,000x from edge of bridged area near the ring target. 

 Samples with 15% PCL solution were made following the characterization of the 20% 

PCL samples.  Samples done at a height of 10 cm, 8 cm, and 6 cm did not have bridging occur 

during electrospinning (Figure 46).  The sample at 4 cm had partial bridging occur over no more 

than 50% of the sample (Figure 47), although this may just be excess material buildup.  The 1.5 

cm ring sample at 4 cm had a thin layer of fibers bridge across the surface (Figure 48), however 

the formation of this layer did not begin until a few minutes into the 9-minute electrospinning 

time.  Excess material buildup can be seen on one side of the sample as well. 
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Figure 46: 15% PCL sample at 8 cm. 

 

Figure 47: 15% PCL sample at 4 cm.  Partial bridging can be seen on the upper left portion of the 
sample. 
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Figure 48: 1.5 cm ring sample at 4 cm. 

 Following these experiments, it was decided to branch out to other target designs. The 

two-sided bevel targets, excluding sample 13 (Figure 49) and 15 (Figure 50) which had 

interference from the supporting structure of the target, resulted in the formation of a 3D fiber 

volume (Figure 51). From visual examination of the 3D fiber volume, the fibers formed 2 distinct 

layers: a thicker, more uniform section on the lower and middle portion of the target and a 

thinner area above that decreased in density as it transitioned upwards on the target with fibers 

that became increasingly convex (Figure 52). This structural formation occurred for both smaller 

(Figure 53) and larger (Figure 54) two-sided bevel targets. With the larger two-sided bevel 

targets that did not have a gap, the thicker section continued to the intersection of the walls of 

the target. 

 

Figure 49: Two-Sided Bevel Target Sample 13 
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Figure 50: Two-Sided Bevel Target Sample 15 

 

Figure 51: Two-Sided Bevel Target at 2 angles 

 

Figure 52: Large Two-Sided Bevel Target with Distinctive Upper Thin Region and Thicker Uniform 
Lower Region 

 

Figure 53: Small Two-Sided Bevel Target 
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Figure 54: Large Two-Sided Bevel Target 

 Electrospinning on the four-sided bevel target (Figure 55) and cone target (Figure 56) 

did not result in the formation of a 3D fiber volume. A single square target, sample 23 (Figure 

57), resulted in the formation of a 3D fiber volume, while other samples did not (Figure 58). The 

unsuccessful targets had material collect on the upper portion of the grounded aluminum foil 

with a thinner amount accumulating below this region. A thin layer of bridging occurred at the 

lower region of these targets. The four-sided bevel target had bridging occur between the edges 

of adjacent target edges. 

 

Figure 55: Four-Sided Bevel Target 
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Figure 56: Cone Target 

 

Figure 57: Square Target with 3D Fiber Volume at Multiple Angles 

 

Figure 58: Square Target with Thin Fiber Bridging 

 A two-sided bevel target (Figure 59, Figure 60), cone target (Figure 61, Figure 62), and 

the square target that had a 3D fiber volume (Figure 63, Figure 64) were observed with an 

optical microscope to examine the fibers and measure the thickness of the fiber structure. All 
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three targets had a vertical height of 8 mm. The 3D fiber volume of the two-sided bevel target 

had a thickness of 5.04 mm, the thicker section had a thickness of 2.88 mm and the thinner 

section had a thickness of 2.16 mm. The cone target had a fiber volume that was 1.92 mm thick, 

divided into a thicker section of .48 mm and a very thin section of 1.44 mm. The square target 

had a thickness that was larger than the vertical travel of the optical microscope, so exact 

measurement of this fiber thickness was impossible with this measurement technique. The 

target had a vertical height of 8 mm with fibers filling the entirety of this volume.  

 

Figure 59: Two-Sided Bevel Target Observed via Microscope 

 

Figure 60: Two-Sided Bevel Target Observed via Microscope 
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Figure 61: Cone Target Observed via Microscope 

 

Figure 62: Cone Target Observed via Microscope 
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Figure 63: Square Target with 3D Fiber Volume Observed via Microscope 

 

Figure 64: Square Target with 3D Fiber Volume Observed via Microscope 

 Due to the nature of the observed fibers being in and out of plane, computer analysis of 

the fibers observed with optical microscope was not possible. The fibers on the two-sided bevel 

target had a large amount of fibers spanning across the target in a similar direction. Fibers on 

the cone target and square target had more randomized orientations. 

DISCUSSION 

 The two-sided bevel target has shown to be a reliable method to generate a 3D fiber 

volume. While difficult to examine under a microscope due to the 3D nature of the fibers, they 

did appear to have a predominantly aligned structure with some crossing fibers. This method 
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was easily reproducible within the limitations of electrospinning with consistent results, 

particularly when compared to other 3D targets tested. Unfortunately, other target designs did 

have fiber formations that were not only on the grounded surfaces, they predominantly failed to 

generate a similar 3D fiber volume. Instead, the majority of other targets resulted in thin 

bridging that were inconsistent in their characteristics. Initial testing with the cone target and 

ring target resulted in material accumulation that was inconsistent in nature due to the shorter 

distances used. These shorter distances were tested with because they resulted in relatively 

thick material accumulation in the bridged section when doing preliminary testing, which upon 

examination with the SEM did not appear useful for tissue scaffolding. Later testing with the 

cone target, four-sided bevel target, and square targets did not appear useful for creating 3D 

fiber structures. The volume of fibers generated is minimal when compared to the two-sided 

bevel target, both in thickness and density. 

 With the initial cone targets, when bridging occurred it occurred when the cone had a 

diameter of roughly 1-1.5 cm, which was also occurred with the 20% PCL ring targets, with 

bridging occurring at 1.5 cm but not 2.5 cm diameters.  Considering that parallel bar targets 

have been successfully electrospun with both 15% and 20% PCL with a gap of 4 cm, this cannot 

be simply because of the distance the fibers have to span with these ring and cone targets.4  

Something related to the geometry of the target is affecting the bridging, which may be 

correlated with the height and viscosity of the solution.  It is possible that the bridging is being 

limited due to some interaction of the diameter of the target and the fiber spinning in the air 

prior to reaching the target. This would explain why the two-sided bevel target had a 3D fiber 

volume, but targets with continuous or 4 sides resulted in the fibers being obstructed when 

spanning between the walls. Alternatively, the electric field generated by targets with more 

than two sides may not be conducive to the creation of 3D fibers during the electrospinning 

process. 

 The excess material structure on the bridged sections seen in the SEM with the initial 

samples is presumably due to the short distance resulting in electrospraying instead of only 

electrospinning, as this material formation was not seen when electrospinning at larger 

distances.  The inconsistency of the structure itself with these short distances combined with 

the topography changing on each side of the mat would limit its viability as a cellular scaffold.  

While regular electrospun nanofiber mats can be used as a cellular scaffold, there is no way to 
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know without further testing how cells may adhere and grow on this bridged structure 

generated in these tests, due to its mixture of flat and rippled topography and low porosity. 

 A single square target (Figure 57) resulted in the creation of thick 3D fiber volume, but 

this sample was not created in the same manner as other samples were. A drop of material fell 

from the needle during the initial stages of electrospinning and this drop spun into a large 

volume of fibers extremely rapidly upon nearing the target. Due to the large volume of fibers 

formed in the initial moments of electrospinning, the sample was stopped prematurely. While 

dripping can occur from the electrospinning needle, the effect observed with this sample was 

abnormal. It is possible that there was excess isopropyl alcohol from cleaning the needle tip that 

did not fully evaporate prior to the beginning of electrospinning, which coupled with the process 

to refill the needle, resulted in abnormal changes in solution characteristics as it left the needle. 

When dripping occurs normally, as can happen when refilling the needle or with excessive flow 

rate, even when the voltage is on the drip generally remains coherent until it impacts upon 

something. Unfortunately, this result was not seen in other samples and the precise 

circumstances of its occurrence are unknown. 

 Needle clogging has been a reoccurring problem with solutions containing PCL in both 

this and previous experiments. Material buildup on the needle leads to inaccuracies, both due to 

changes in the flow through the needle and from having to pause the electrospinning process to 

clean away the built-up material. Flushing the needle between samples did help reduce material 

build-up but it increases the time required between samples and results in wasted material. 

Additionally, as seen in one sample this can result in abnormal results during the electrospinning 

process. 

 Characterization of 3D fiber volumes as seen in these samples is heavily limited due to 

the 3D nature of the samples examined. Observation in an optical microscope results in fibers 

that are partially out of focus due to the limited depth of field. Flattening the fibers to examine 

them on a slide or for attaching to a sample holder for the SEM destroys the 3D structure of the 

fiber volume that is of interest. Sectioning the sample into multiple flattened regions still loses 

some information regarding the structure and may result in damages to the remaining volume 

as this process occurs. A method to observe and characterize the fibers in 3D space would be 

highly valuable for continued study on 3D fiber structures, particularly if this method was 

nondestructive as it would allow the sample to be used after it was characterized.  
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CONCLUSION 

Electrospinning on a two-sided bevel target reliably results in the creation of a 3D fiber 

volume with fibers that are generally aligned traversing between the walls of the target. The 

cone target, square target, and four-sided bevel target generally did not result in a 3D fiber 

volume and instead resulted in a thin 3D fiber bridge. The geometry of the target may result in 

interference during the electrospinning process resulting in fibers not in the same manner as 

occurs with a two-sided bevel target. Adjusting the solution properties may result in in a 3D 

fiber volume with these target variations, but these variations needed may result in a process 

that is not strictly electrospinning. Further research with different target design variations could 

result in other viable methods of generating 3D fiber volumes as well as improvements for 2D 

fiber mats. Determining how to create and shape an electrospun 3D fiber volume could be a 

vast improvement over current electrospinning techniques for the creation of artificial tissue 

scaffolding. 
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CHAPTER V      
 
THREE-DIMENSIONAL ELECTROSPINNING WITH SODIUM 
ALGINATE AND POLYETHYLENE OXIDE 

John Nowlin 

 

ABSTRACT 

Sodium alginate is a natural polymer that can be electrospun similarly to 

polycaprolactone (PCL) when combined with polyethylene oxide (PEO) and triton X-100, a 

surfactant. Sodium alginate fibers can be used as cellular scaffolding when crosslinked as this 

makes it insoluble in water. 9 solutions with varying amounts of sodium alginate (0.5%, 1.0%, 

1.5%) and PEO (3%, 4%, 5%) were electrospun on a two-sided bevel target to attempt to create 

a 3D fiber volume. This resulted in the creation of a 2D bridge forming between the walls of the 

target. The height of this bridge was found to be related to the viscosity of the solution. The 

fiber diameters were unchanged for any of the solutions. Conductivity, which was directly 

related to sodium alginate concentration, was found to be inversely related to the fiber 

alignment on the surfaces of the target. Parallel bar targets of different sizes were tested as a 

possible method to connect 2D and 3D electrospinning results. Further experimentation is 

necessary to determine if sodium alginate is usable with this method of creating 3D tissue 

scaffolding. 

INTRODUCTION 

Previous experiments have shown that electrospinning polycaprolactone (PCL) with a 

two-sided bevel target results in a 3D volume of fibers rather than a 2D fiber mat. PCL has also 

been shown to be suitable for use as artificial tissue scaffolding with its ability to support cells 

grown upon it.4  However, PCL is not the only electrospinnable material suitable for the creation 

of artificial tissue scaffolding.  

Sodium alginate is a natural biopolymer created from brown algae that has received 

intense study in biomedical applications.73, 74 It can be electrospun similarly to PCL, however it is 

soluble in water and does not require solvents that are potentially dangerous.73 Sodium alginate 
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has also been used as a scaffold for artificial tissue for growing dermal fibroblast cells.75 The 

resulting fibers can even be processed post-electrospinning to adjust their properties.76, 77 Since 

sodium alginate is water soluble it requires crosslinking to stabilize its structure and prevent its 

degradation in water.76 When crosslinked, sodium alginate forms a hydrogel.75 Sodium alginate 

can be electrospun to create 3D structures.78 And just like with PCL, cells will grow on sodium 

alginate will grow in alignment with the electrospun fibers.79 

While sodium alginate is a good candidate material for artificial tissue scaffolding, it 

cannot be electrospun on its own.77 Polyethylene oxide (PEO) is often mixed with sodium 

alginate to create a solution that is electrospinnable.73 The solution characteristics can be 

modified by adjusting the concentration or molecular weight of the PEO used in the solution.73, 

80 After electrospinning and crosslinking of the sodium alginate, the PEO can be leached out of 

the fibers to leave only pure sodium alginate.75 A surfactant can be used when electrospinning a 

sodium alginate and PEO solution, but it is not necessary.73, 78 

 Various solutions of sodium alginate and PEO were used in an attempt to recreate the 

3D structure generated when electrospinning PCL on a two-sided bevel target. Different 

electrospinning parameters were explored in an effort to create a 3D volume of fibers. 

Unfortunately, the only structure that was created was a thin layer of material bridging between 

the two surfaces, rather than the large volume that results from electrospinning PCL. Analysis of 

the fibers and their structure indicated that there were some differences between the solutions 

that may be related to the solution viscosity. 

METHODOLOGY 

Materials 

 Sodium alginate (SA) and polyethylene oxide (PEO) were mixed in deionized water to 

make 9 solutions of varying concentrations (0.5%, 1.0%, 1.5% SA and 3%, 4%, 5% PEO). 0.5% 

Triton X-100, a surfactant, was added to assist with electrospinning. PEO and SA were mixed 

simultaneously on a heated magnetic stirring plate until the polymers were fully dissolved, then 

allowed to cool to ambient temperature before adding the triton X-100. 

 The viscosities of the solutions were measured with an Alpha Series Rotational 

Viscometer from Fungilab . Conductivities of the solutions were measured with a Cole-Parmer 

PC200. Both were measured between 22°-23° Celsius. 
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Electrospinning 

Two-sided bevel targets (Figure 65) with wall angle of 45° and height of 20 mm were 

fabricated with fused deposition modeling 3D printing then covered in aluminum foil which was 

grounded. Double-sided control targets (Figure 65) with aluminum only on one of the angled 

walls and single-sided control targets (Figure 65) were fabricated for control testing. A series of 

parallel bar targets (Figure 65) were fabricated with a bar distance ranging from 5 mm to 45 mm 

in 5 mm increments as well. 

Two-Sided Bevel Target Double-Sided Bevel Target 

  

Single-Sided Bevel Target Parallel Bar Target 

  

Figure 65: Electrospinning Targets 

Initial testing utilized a variety of parameters to select final electrospinning parameters 

(Table 5). Subsequent electrospinning was done with a needle height of 20 cm at 1 ml/h for 10 

minutes and +20 kV. Some samples were then crosslinked in a solution of 1% calcium chloride in 

deionized water. 
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Table 5: Initial Electrospinning Parameters 

Solution Distance Voltage Flow Rate Result 

1.5% SA 5% PEO 10 cm 17 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 10 cm 17 kV 1 ml/h 2D Bridge 

1.5% SA 5% PEO 10 cm 13.5 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 10 cm 20 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 10 cm 17 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 15 cm 17 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 20 kV 1 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 22.5 kV 1.2 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 25 kV 1.2 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 25 kV 1.2 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 20 kV 1 ml/h 2D Bridge 

1.5% SA 5% PEO 20 cm 20 kV .5 ml/h 2D Bridge 

1.5% SA 5% PEO 14 cm 20 kV 1 ml/h 2D Bridge 

 

Characterization 

 Targets were photographed and measured after electrospinning. Targets were divided 

into different sections to examine the fibers accumulated on the angled walls of the target and 

to examine material formed between the walls, coated with gold via sputtering, and examined 

in a Phenom ProX Scanning Electron Microscope (SEM). A total of 1,114 SEM images split 

between 1,000x and 10,000x magnification were analyzed in ImageJ with the plugin DiameterJ 

to determine fiber diameter and orientation. Analysis of variance (ANOVA) was performed using 

JMP to determine statistical significance of the results. 

RESULTS 

Solution Properties 

 The results from viscosity testing are shown in Table 6. The rotational viscometer gives 

results in real time that are continually changing, and these results were recorded then 

averaged together. Increasing PEO concentration clearly resulted in an increase in viscosity. The 

relationship between sodium alginate and viscosity is less clear, increasing then decreasing as 

concentration increased. The combined effects can be seen in Figure 66. 
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Table 6: Solution Viscosity (mPa*s) 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 1059.4 1724.6 1411.1 1398.3 

4% PEO 1017.7 1387.6 846.9 1084.1 

3% PEO 899.2 810.6 966.3 892.0 

 992.1 1307.6 1074.8 Mean 

 

 

Figure 66: Solution Viscosity 

The results from conductivity testing are shown in Table 7. There is a clear relationship 

between sodium alginate and the conductivity of the solution, with an increase in sodium 

alginate concentration increasing the conductivity as seen in, as seen in Figure 67.  

Table 7: Solution Conductivity (µS/cm) 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 796 1470 1960 1409 

4% PEO 792 1447 2130 1456 

3% PEO 814 1706 2190 1570 

 801 1541 2093 Mean 
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Figure 67: Solution Conductivity 

Fiber Structure 

 No PEO SA solution resulted in the creation of a 3D fiber volume with a two-sided bevel 

target like there was with PCL in previous experiments (Figure 68, Figure 69, and Figure 70). 

Fiber accumulation occurred on the top surface of the walls of the target and continued 

downwards until terminating at a relatively consistent height for each solution. If this 

termination point was higher than where the walls intersected, material formed a bridge 

between the walls in a single layer (Table 8). From the ANOVA, it was determined that the 

interaction effects of PEO and SA concentration was significant with regards to this height 

(Figure 71), with a p value of 0.004. Additionally, it was determined that the viscosity was 

significant with regards to bridge height (Figure 72), with a p value of 0.0155. Both of these 

relationships were similar, with an increase in concentration or viscosity generally resulting in an 

increase in bridge height. 
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 0.5% SA 1.0% SA 1.5% SA 

5% PEO 

 
  

4% PEO 

   

3% PEO 

   

Figure 68: Two-Sided Bevel Target Top View 

 0.5% SA 1.0% SA 1.5% SA 

5% PEO 

  
 

4% PEO 

  
 

3% PEO 

  
 

Figure 69: Two-Sided Bevel Target Angled View 
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 0.5% SA 1.0% SA 1.5% SA 

5% PEO 

 

 

 

4% PEO 

  
 

3% PEO 

   

Figure 70: Two-Sided Bevel Target Side View 

Table 8: Bridge Height (mm) 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 11.25 7.5 13.33 10.69 

4% PEO 8.5 13.67 9.33 10.5 

3% PEO 0 6.5 8.25 4.92 

 6.58 9.22 10.31 Mean 

 

 

Figure 71: Bridge Height vs Solution Components 
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Figure 72: Bridge Height vs Viscosity 

Fiber Diameter  

 The diameters of the fibers were determined using 10,000x magnification images 

(Figure 73). As seen in Table 9, there is no meaningful trend or change detected in the fiber 

diameter for any solution. DiameterJ calculates fiber diameter based on pixel count, and 

therefore is limited in its accuracy by the number of pixels spanning the diameter of the fiber. If 

there were changes smaller than .1 µm, higher image resolution or higher magnification would 

be required from the SEM. The SEM used was unable to focus on the fibers at any meaningful 

magnification beyond 10,000x, and attempts to examine the fibers at magnification that 

resulted in the fibers being large enough to make a difference to DiameterJ left the fibers too 

blurry to be usable. 
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 0.5% SA 1.0% SA 1.5% SA 

5% 

PEO 

   

4% 

PEO 

   

3% 

PEO 

   

Figure 73: 10,000x Magnification SEM Images (scale bar 8 µm) 

Table 9: Fiber Diameter (µm) 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 0.2 0.2 0.2 0.2 

4% PEO 0.2 0.2 0.2 0.2 

3% PEO 0.2 0.2 0.2 0.2 

 0.20 0.2 0.2 Mean 

 

Fiber Orientation 

 Both 1,000x and 10,000x magnification images were used for examining the orientation 

of fibers accumulated on the walls of the sample (Figure 74). Samples were compared using 
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ANOVA by adding together a 11° and 21° range to find the percentage of fibers aligned within 

those ranges. 11° and 21° were chosen to have the range centered on a single point with the 5° 

and 10° on either side included, rather than having a different range selected on either side. 

Samples were oriented to have the top 21° range at 10,000x magnification centered at 0 

degrees in order to compare the results between the 1,000x and 10,000x magnification as seen 

in Figure 75 and Figure 76.  

 0.5% SA 1.0% SA 1.5% SA 

5% PEO 

   

4% PEO 

   

3% PEO 

   

Figure 74: 1,000x Magnification SEM Images (scale bar 80 µm) 
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Figure 75: 10,000x Magnification Fiber Orientations 

 

Figure 76: Orientation Comparison of 1% Sodium Alginate 5% PEO 

 From the ANOVA, there is a significant relationship between fiber orientation and the 

interaction effects of sodium alginate and PEO at 1,000x magnification within a 11° range (Table 

10 and Figure 77) and 21° range (Table 11 and Figure 78), with p values of 0.0101 and 0.0020 

respectively. Unfortunately, due to the way ANOVA works this cannot be separated beyond this 

to determine if the effect is due to the sodium alginate or PEO, statistically. From the data there 

is a trend of decreasing alignment as sodium alginate increases, but the relationship with 

regards to PEO is less clear. Additionally, there is a significant inverse relationship between fiber 
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alignment and solution conductivity at 10,000x magnification within a 11° range (Table 12 and 

Figure 79), with a p value of 0.0338. 

Table 10: Orientation within 11° at 1,000x Magnification 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 11.19% 11.71% 8.96% 10.62% 

4% PEO 17.27% 13.64% 11.56% 14.16% 

3% PEO 9.24% 9.23% 10.03% 9.50% 

 12.57% 11.53% 10.18% Mean 

 

 

Figure 77: Fiber Orientation within 11° at 1,000x Magnification vs Solution Components 

 

Table 11: Orientation within 21° at 1,000x Magnification 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 20.30% 20.48% 16.89% 19.22% 

4% PEO 29.57% 22.60% 20.23% 24.13% 

3% PEO 17.30% 17.60% 18.67% 17.85% 

 22.39% 20.23% 18.60% Mean 
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Figure 78: Fiber Orientation within 21° at 1,000x Magnification vs Solution Components 

 

Table 12: Orientation within 11° at 10,000x Magnification 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 12.26% 13.87% 10.74% 12.29% 

4% PEO 17.78% 16.63% 12.75% 15.72% 

3% PEO 15.49% 12.02% 12.72% 13.41% 

 15.18% 14.18% 12.07% Mean 

 

 

Figure 79: Fiber Orientation within 11° at 10,000x Magnification vs Conductivity 
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 When looking at a per sample average, however, there is an inverse relationship 

between fiber alignment and sodium alginate concentration at 10,000x magnification within a 

11° range (Table 13) as seen in Figure 80, with a p value of 0.0256. There is also an inverse 

relationship between fiber alignment and solution conductivity at both 10,000x magnification 

within a 11° range (Table 13) and 21° range (Table 14) as seen in Figure 81, with a p value of 

0.0081 and 0.0490 respectively. 

Table 13: Sample Average Orientation within 11° at 10,000x Magnification 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 12.27% 14.13% 6.17% 10.86% 

4% PEO 14.66% 12.05% 11.60% 12.77% 

3% PEO 13.33% 9.73% 9.71% 10.92% 

 13.42% 11.97% 9.16% Mean 

 

 

Figure 80: Sample Average Fiber Orientation within 11° at 10,000x Magnification vs Sodium 
Alginate Concentration 

 

Table 14: Sample Average Orientation within 21° at 10,000x Magnification 

 0.5% SA 1.0% SA 1.5% SA  

5% PEO 21.37% 24.91% 12.07% 19.45% 

4% PEO 25.80% 21.30% 22.96% 23.35% 

3% PEO 24.37% 19.75% 19.65% 21.25% 

 23.85% 21.99% 18.23% Mean 
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Figure 81: Sample Average Fiber Orientation within 11° and 21° at 10,000x Magnification vs 
Conductivity 

 While it was not possible to acquire SEM images of all of the bridging material, and 

therefore computer analysis of this material was not conducted, the fibers forming the bridge 

that were examined were predominantly aligned (Figure 82). Without computer analysis it is 

impossible to say if there are changes in the alignment between different solutions.  

0.5% SA 5% PEO 1.5% SA 5% PEO 

  

Figure 82: Fiber Bridge 
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Control Targets 

Two different control targets were used with 5% PEO and 1.5% SA solution to determine 

if the physical properties of the target interfered with the electrospinning process (Figure 83). 

The fiber diameters were the same for all targets (Table 15). At 10,000x magnification, there 

was little difference between the two-sided bevel target and double-sided control target, but an 

increase in alignment with the single-sided control target, but this was not statistically 

significant (Table 16). At 1,000x magnification, there were statistically significant changes 

between all of the control targets when compared to the two-sided bevel target except for the 

double-sided control target with a 11° range, and when comparing the control targets to each 

other (Table 17). While there was no bridge height to compare, there did not appear to be a 

change in the area of the side covered by electrospun material between the targets. 

Double-Sided Control Target Single-Sided Control Target 

  

Figure 83: Electrospun Control Targets 

Table 15: Control Targets Fiber Diameter 

Two-Sided Bevel Target 0.2 

Double-Sided Control Target 0.2 

Single-Sided Control Target 0.2 
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Table 16: Control Targets Fiber Orientation 

 11° 1,000x 21° 1,000x 11° 10,000x 21° 10,000x 

Two-Sided Bevel Target 8.96% 16.89% 10.74% 19.65% 

Double-Sided Control Target 12.40% 23.59% 10.05% 19.07% 

Single-Sided Control Target 6.12% 11.84% 15.87% 25.77% 

 

Table 17: Control Targets P Values at 1,000x Magnification 

 11° 21° 

Control Overall 0.0001 <0.0001 

Double-Sided Control Target 0.0551 0.0308 

Single-Sided Control Target 0.0424 0.0418 

Comparison between Controls <0.0001 <0.0001 

 

Crosslinking 

 When crosslinked, the fiber structure became transparent, and the bridged structure 

shrunk in width and in some cases changed its position (Figure 84). Samples became extremely 

fragile, and multiple samples had the 2D bridge section break when even slightly adjusted. Some 

samples were examined in the SEM (Figure 85, Figure 86, and Figure 87). Additional samples 

were produced using parallel bar targets to observe in an optical microscope (Figure 88, Figure 

89, and Figure 90). 
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Figure 84: Crosslinked Two-Sided Bevel Target 

 

Figure 85: Crosslinked 1% SA 4% PEO at 1,000x Magnification (scale 8 µm) 
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Figure 86: Crosslinked 1% SA 4% PEO at 10,000x Magnification (scale 8 µm) 

 

Figure 87: Crosslinked 1.5% SA 5% PEO at 10,000x Magnification (scale 8 µm) 
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Figure 88: Optical image of fiber bridge with 1.5% SA 5% PEO 

 

Figure 89: Optical image of crosslinked fiber bridge with 1.5% SA 5% PEO 
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Figure 90: Optical image of edge of crosslinked fiber bridge with 1.5% SA 5% PEO 

Parallel Bar Targets 

 A series of parallel bar targets were electrospun with 5% PEO 1.5% SA solution to 

examine the effect of wall distance in isolation (Figure 91). The bridging for this solution on the 

two-sided bevel targets had a bridge distance on average of 18.3 mm. The bridging in the 

parallel bar testing was thickest for the 20 mm distance, with 15 mm being the second thickest. 
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Figure 91: Parallel Bar Results 
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DISCUSSION 

 Unlike the results seen with PCL, no solution tested in this experiment resulted in a 3D 

fiber volume. The sodium alginate and PEO fibers were also half the diameter of the PCL fibers 

in previous experiments.4 It was initially believed that the fibers did not have the tensile 

strength to span beyond a certain length and were breaking, with those fibers then collapsing 

into the single layer bridge that did form. To strengthen this hypothesis, some samples has 

portions of the bridge collapse when the targets were rotated for examination. Unfortunately, 

due to the setup of the electrospinner and the small size of the fibers, visual observation to 

confirm or rule out this phenomenon was not possible. 

A large amount of analysis done in this experiment was therefore spent on examining 

the orientation of the fibers in order to prove or disprove this hypothesis, the idea being that 

the broken fibers would fall downwards upon breaking and create an increase in overall 

alignment in the sidewalls. While the alignment of the fibers did change with the solution 

concentrations, this did not correspond with the height of the bridge formed between the sides 

of the target. While there was a relationship found relating viscosity with this bridge height, 

there was not one found relating to fiber orientation. Conductivity was not found to affect 

bridge height, but it did affect fiber alignment. Additionally, the fiber alignment, while 

statistically significant, was only slightly higher than it would have been if the fibers were 

randomly distributed, which does not indicate that fibers were breaking and falling due to the 

effects of gravity. 

Control testing was done to provide another point of comparison. The double-sided 

control target resulted in an increase in alignment at 1,000x magnification, which would not be 

the case if the fibers were breaking and falling downwards in an aligned manner. In a somewhat 

related manner, the single-sided control target at 1,000x magnification was effectively randomly 

oriented, indicating that the physical structure of the target is affecting the fiber alignment. 

Upon analysis of these results, the only conclusion that can be drawn is that the initial 

hypothesis was incorrect, that the fibers were not breaking due to the length of span, and that 

there must be some other reason behind the inability of the solutions to form a 3D fiber volume. 

This is corroborated with the parallel bar testing, in which fibers were able to span much longer 

distances than the bridge distance for the corresponding solution. 
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 The electrical conductivity of the solution is a possible reason for its failure to create a 

3D fiber volume. The sodium alginate used in this experiment created a solution that was 

electrically conductive, which while not enough to interfere with electrospinning, could have 

resulted in the fibers releasing their charge when attached to ground, even when spanning 

between the walls of the target. This bridge layer could then act as a continuation of the 

grounded walls, attracting the charged fibers as they were electrospinning and precluding them 

from forming independent fibers. This could also explain an effect observed during the 

electrospinning process. On the first day of parallel bar electrospinning, excess fiber material 

accumulated external to the targets and formed a large mostly free-floating sheet. Upon visual 

observation, material accumulated in a loose volume above this sheet, then routinely collapsed 

into the sheet, at which point this process would repeat. Unfortunately, this occurrence was not 

replicable on subsequent electrospinning attempts, and as such was not included in the results.  

One limitation of this experiment is that since it failed to produce a 3D structure to 

similar to previous PCL 3D fiber volumes, there are no points to compare between the sodium 

alginate/PEO solution and PCL once electrospun on a two-sided bevel target. Examining the 

material on the beveled walls when using PCL in a similar manner as was done in this 

experiment would be inaccurate due to the 3D fiber structure interfering with the material 

adhering to the walls. Comparing the 2D bridge structure with the 3D fiber volume does not 

work without a better understanding of the transition between the two different structures. The 

parallel bar test performed may provide some insight into this comparison. PCL has been 

successfully electrospun on parallel bars in previous experiments, and by conducting a range of 

distances as done in this experiment it would provide a deconstructed series of 2D bridges that 

could provide reference points to the 3D fiber volume formed under similar electrospinning 

parameters.4  

As evidenced from the results of the solution characteristics and the different effects 

they have on the resulting fibers, with conductivity being inversely related to fiber alignment 

and increasing viscosity generally resulting in an increase in bridge height. Conductivity is mainly 

affected by sodium alginate concentration, but while increasing PEO concentration increased 

viscosity, increasing sodium alginate concentration had a more complicated effect. There are 

also other solution parameters that could be examined though. The molecular weight of the 

constituent polymers and the ratio of polymers and the percentage of polymer in a solution can 
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all affect the electrospinning characteristics, none of which were examined in any detail here.73 

Further study into the solution composition and how that affects solution parameters and 

electrospinning characteristics are necessary. 

CONCLUSION 

 Electrospinning on a two-sided bevel target with variations of sodium alginate and PEO 

did not result in a 3D fiber structure as was seen previously with PCL. Instead, a 2D bridge 

structure formed between the walls of the target, with the height of this directly influenced by 

the viscosity of the solution. Fiber alignment on the walls of the target were inversely related to 

the solution conductivity, although its unknown how this could relate to a 3D fiber volume. It 

was determined that the tensile strength of the fibers was not the reason for the lack of 

formation of a 3D fiber volume. Electrospinning on parallel bar targets could be a way to 

deconstruct the two-sided bevel target and provide a way to compare results between solutions 

that generate a 3D fiber volume and those that do not. Further experimentation and study are 

necessary to refine 3D electrospinning as a technique. 
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CHAPTER VI      
 
CONCLUSION 

The experiments in this document covered a variety of electrospinning targets that were 

used to attempt to recreate different 2D and 3D structures for the creation of artificial tissue 

scaffolding. Different materials and the effects of electrospinning parameters upon those 

materials were examined with an emphasis on the physical structure of the resulting fiber 

structures. 

 A potential technique for recreating the 2D structure of the tendon-to-bone interface 

was explored by utilizing a pair of parallel bars created randomly oriented fibers on the 

grounded bars that was then connected by a bridge of aligned fibers with a transitionary region 

that mimicked this. Seeding and incubating fibroblast and osteosarcoma cells in their 

appropriate positions on this scaffold. This resulted in the fibroblast cells growing oriented to 

the aligned fibers and the osteosarcoma cells growing without any overall orientation with some 

mixing of cells in the gradient region of the scaffold. Further refinement of this structure could 

eventually result in a viable replacement tissue for tendons and ligaments. 

 Electrospinning on a rotating cone was shown to be a practical method to generate a 

fiber structure with an orientation gradient along the axis of rotation. The changing height and 

surface velocity of the cone resulted in a process that can be tunable by changing the rotational 

velocity and needle height. This technique was shown to be possible for utilizing a solution 

consisting of two different materials, in this case PCL and collagen type I. 

 3D electrospinning using PCL with different target designs was done in an attempt to 

recreate the 3D structure of natural tissue. A two-sided bevel target was successful in creating a 

3D fiber volume consisting of relatively aligned fibers spanning between the walls of the target. 

The four-sided bevel, cone, and square target created a thin bridge section between the inner 

surfaces of the target. This may be a result of the geometry of the target interfering with the 

electrospinning process. 

 Following the success with the two-sided bevel target was expanded upon with a 

mixture of sodium alginate, polyethylene oxide, and a surfactant, triton X-100. This resulted in a 

2D bridge structure instead of the expected 3D fiber volume. The viscosity was found to 



 
Texas Tech University, John Nowlin, December 2019 

85 
 

influence the bridge height of the structure, with an increase in viscosity correlating with an 

increase in bridge height. Analysis of the fiber mat accumulated on the walls of the target found 

that there was an inverse relationship between the fiber orientation and conductivity of the 

solution, which was directly affected by the sodium alginate concentration. Testing on parallel 

bars of different distances showed some correlation with the results found with the two-sided 

bevel target. further testing may show if this is a useful technique to connect 2D and 3D results. 
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APPENDIX A: CHAPTER 2 ELECTROSPINNING SETUP IMAGES 
 

 

Figure 92: Picture of Electrospun Parallel Bar Target 

 

Figure 93: Picture of Electrospun Parallel Bar Target 
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Figure 94: Picture of Electrospinning Parallel Bar Setup 

 

Figure 95: Picture of Electrospun Parallel Bar Target 
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APPENDIX B: CHAPTER 2 ADDITIONAL SCANNING ELECTRON 
MICROSCOPE IMAGES 
 

 

Figure 96: 15% PCL 15 cm 5 min Sample 

 

Figure 97: 15% PCL 15 cm 5 min Sample 



 
Texas Tech University, John Nowlin, December 2019 

96 
 

 

Figure 98: 15% PCL 15 cm 10 min Sample 

 

Figure 99: 15% PCL 15 cm 10 min Sample 
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Figure 100: 15% PCL 15 cm 10 min Sample 

 

Figure 101: 15% PCL 20 cm 5 min Sample 
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Figure 102: 15% PCL 20 cm 5 min Sample 

 

Figure 103: 15% PCL 20 cm 10 min Sample 



 
Texas Tech University, John Nowlin, December 2019 

99 
 

 

Figure 104: 15% PCL 20 cm 10 min Sample 

 

Figure 105: 15% PCL 20 cm 10 min Sample 
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Figure 106: 20% PCL 15 cm 5 min Sample 

 

Figure 107: 20% PCL 15 cm 5 min Sample 
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Figure 108: 20% PCL 15 cm 5 min Sample 

 

Figure 109: 20% PCL 15 cm 10 min Sample 
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Figure 110: 20% PCL 15 cm 10 min Sample 

 

Figure 111: 20% PCL 15 cm 10 min Sample 
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Figure 112: 20% PCL 20 cm 5 min Sample 

 

Figure 113: 20% PCL 20 cm 5 min Sample 
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Figure 114: 20% PCL 20 cm 5 min Sample 

 

Figure 115: 20% PCL 20 cm 10 min Sample 
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Figure 116: 20% PCL 20 cm 10 min Sample 

 

Figure 117: 20% PCL 20 cm 10 min Sample 
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APPENDIX C: CHAPTER 5 ORIENTATION GRAPHS 
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Figure 118: 10,000x Magnification Fiber Orientations 
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Figure 119: 1,000x Magnification Fiber Orientations
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APPENDIX D: CHAPTER 5 ADDITIONAL SCANNING ELECTRON 
MICROSCOPE IMAGES 
 

 

Figure 120: 0.5% SA 3% PEO 10,000x 

 

Figure 121: 0.5% SA 3% PEO 1,000x 
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Figure 122: 1.0% SA 3% PEO 10,000x 

 

Figure 123: 1.0% SA 3% PEO 1,000x 
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Figure 124: 1.5% SA 3% PEO 10,000x 

 

Figure 125: 1.5% SA 3% PEO 1,000x 
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Figure 126: 0.5% SA 4% PEO 10,000x 

 

Figure 127: 0.5% SA 4% PEO 1,000x 
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Figure 128: 1.0% SA 4% PEO 10,000x 

 

Figure 129: 1.0% SA 4% PEO 1,000x 
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Figure 130: 1.5% SA 4% PEO 10,000x 

 

Figure 131: 1.5% SA 4% PEO 1,000x 
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Figure 132: 0.5% SA 5% PEO 10,000x 

 

Figure 133: 0.5% SA 5% PEO 1,000x 
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Figure 134: 1.0% SA 5% PEO 10,000x 

 

Figure 135: 1.0% SA 5% PEO 1,000x 
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Figure 136: 1.5% SA 5% PEO 10,000x 

 

Figure 137: 1.5% SA 5% PEO 1,000x 


