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Abstract 

Nanofiber scaffolds have been well-documented for use in tissue engineering. 

These scaffolds are unique because they have a high surface area to volume 

ratio and can be specifically designed to mimic the naturally-occurring 

extracellular matrix, through both nanofiber diameter and alignment. Nanofiber 

scaffolds can be synthesized to mimic this structure by aligning the fibers through 

mechanical and electrostatic means. This dissertation is focused on controlling 

the alignment, fiber diameter, composition, and controlled drug release 

characteristics of nanofiber scaffolds for optimal tissue regeneration. 

 

Aim 1 ï Optimum alignment of nanofiber scaffolds for fibroblast response. 

Synthetic nanofiber scaffolds could be used to mimic the nanoscale extracellular 

matrix to speed up post-injury recovery time in nervous, bone, tendon, ligament, 

muscle, and arterial tissues. Aligned nanofiber scaffolds provide more directional 

cues for cellular response than random fibers, and are nanostructured similarly to 

nervous, ligament, muscle, and tendon extracellular matrices. Aligned nanofiber 

scaffolds can be readily synthesized by electrospinning onto a rotating mandrel. 

These experiments have yielded fibers with angular deviations that range from 3-

60 degrees and diameters that range from 60nm to a few microns. Our first aim 

is to determine how to produce the nanofiber scaffold that would have the best 

characteristics for tissue regeneration applications. These characteristics include 

polymer composition, diameter, and alignment. In studying the production of 

nanofiber scaffolds, we observed that as nanofiber diameters decrease the fibers 

become more difficult to align using a mandrel. We will measure the alignment of 

nanofibers of different diameters and of different polymers. Alignment will be 

examined for decreasing fiber diameters as well as different types of polymer, 

such as PLGA, PCL, or PPHOS (see glossary). We will also determine what 

nanofiber diameter and alignment elicits the best PC12 and Schwann cell growth 

and alignment.  

 

Aim 2- Characterizing release kinetics for coaxially electrospun fibers. Coaxially 

electrospun fibers with different polymers in the core and sheath are unique 

materials, not only because of their high surface area to volume ratio, but also 

because of their ability to elute encapsulated drugs ï for instance growth factors 

ï as the fiber degrades. This drug release, in combination with the micro- and 

nanotopographic cues provided by electrospun fibers can provide additional 

signaling factors to alter the proliferation and morphology of cells. The core and 
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sheath can elute different drugs, so that one drug can be introduced from the 

scaffold in the first phase of healing and another drug can be released in a later 

phase to trigger an optimum cell response. 

 

This improved understanding of the influence of alignment, fiber diameter, 

composition, and controlled release characteristics of nanofiber scaffolds on 

model cell systems, such as Schwann and PC12 cells, will enable the 

optimization of nanofiber scaffolds for tissue engineering applications. 
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d ï diameter 

Er ï repulsive alignment field from aligned nanofibers on patterned collectors 
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Ůr ï dielectric constant experienced by materials in response to a constant 

electric field. 

l - length 
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Glossary of terms 

 

Angular Deviation (AD) ï the degree of alignment or misalignment in a 

nanofiber sample. An angular deviation of zero is a set of perfectly aligned 

fibers. An angular deviation of 30ϊ or more is considered poorly aligned 

fibers. Angular deviation is determined first by calculating the angle of 

travel of each nanofiber. Then the standard deviation of all of the angles is 

tabulated. 

Axon ï a long projection of a nerve cell. Carries nerve signals as action 

potentials throughout the body. 

Biocompatible ï a material which is non-toxic and which does not trigger an 

immune response in the human body.  

Biodegradable ï a material which breaks down when exposed to conditions 

found in the body.  

Confluence ï a term used to measure the density of cells in a Petri dish. At 

100% confluence the cells occupy 100% of the surface area of the Petri 

dish. 

di-methyl-formamide (DMF) ï A common, polar organic solvent which contains 

nitrogen and two methyl groups. 

DiI ï a common labeling dye which absorbs light in the green spectra and 

fluoresces in the orange. 

DiO - a common labeling dye which absorbs light in the blue spectra and 

fluoresces in the green. 

Dulbecco's Modified Eagle Medium (DMEM) ï a common cell growth medium 

that contains vitamins and amino acids as well as glucose and essential 

salts. 

Evaporation ï (1) a common method of depositing thin films on a material under 

vacuum by evaporating a solid metal into a gas and allowing the metal to 

deposit on the target. (2) the process by which a liquid turns into a gas. 

f-actin ï an important component of a cellôs cytoskeleton 
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Fetal Bovine Serum (FBS) ï a very common cell growth culture additive which 

contains various proteins and growth factors. 

Hexafluoro-2-propanol (HFIP) ï an organic, polar, water soluble alcohol 

commonly used in electrospinning.  

High-performance Liquid Chromatography (HPLC) ï a chromatographic 

technique which can determine concentrations of a material in solution. 

Hydrolysis ï The breakdown of a molecule by the addition of a water molecule. 

One part of the chemical gains a hydrogen ion (H+) and the other part 

gains the hydroxide ion (OH-). Hydrolysis is a common means of 

breakdown of polymers. Hydrolysis can be promoted by acidic or alkaline 

media, by enzymes, etc. 

Laminin ï a cross-shaped (À) protein found in the extracellular matrix in almost 

all tissue. 

Mask ï an opaque plate which patterns incident light. 

Nanofiber (NF) ï any fiber with dimensions less than 1000 nanometers. 

Nanometer (nm) ï 1 / 1 000 000 000 or one billionth of a meter, or one 

thousandth of a micrometer 

Nanofiber coverage ï percentage of the area of a sample covered by 

nanofibers. Higher coverage indicates more nanofibers in the sample, 

similar to confluence. 

Neurite ï a projection from a nerve cell body, typically growing into an axon or 

dendrite. 

Pen-strep ï a solution of penicillin and streptomycin, common antibiotics for 

fighting Gram positive and negative bacteria. 

Scanning Electron Microscopy (SEM) ï a microcopy technique which uses an 

electron beam to determine characteristics of the surface of a material. 

These images typically have a magnification of 10 000X or greater. 

Schwann cell ï a type of cell in the peripheral nervous system responsible for 

creating myelin, an insulating substance, along the axon of a peripheral 

nerve cell. 
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Sputter coating ï a common technique for coating a material with a very thin 

layer of metal, typically to make it conducting as required for SEM 

characterization. 

Surfactant ï a compound which lowers the surface tension of a liquid. 

tetra-ethyl-ammonium chloride (TEAC) ï an organic, hygroscopic salt. 

tetra-hydro-furan (THF) ï a common, ring shaped, water-miscible organic 

solvent. 

Tissue Culture Polystyrene (TCPS) ï a type of plastic commonly used in Petri 

dishes. 

Transmission Electron Microscopy (TEM) ï a microscopy technique which 

passes an electron beam through a very thin sample to determine its 

structure. 
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Chapter 1: Introduction 

 

1.1 Tissue Engineering 

As Arthur C. Clark stated in 1962, ñAny sufficiently advanced technology is 

indistinguishable from magic.ò [1]. The ultimate goal of Tissue Engineering is to 

quickly repair damaged tissues in the human body. Tissue Engineering was first 

reported in the book of Genesis: ñSo the LORD God caused the man to fall into a 

deep sleep, and while he was asleep, he took part of the man's rib, and closed 

up the place with fleshéò [2,3]. Tissue engineering is necessarily a 

multidisciplinary field that incorporates biology, medicine, materials science, and 

engineering. The term ñTissue Engineeringò was not coined until the mid 1980ôs 

when Y. C. Fung proposed to establish a center for living tissues [4]. 

Researchers around that time had just published a case in which a synthetic 

polymer was used as a corneal replacement [5].  

 

Thus, Tissue Engineering grew out of the field of biomaterials into its own widely 

studied discipline [6]. The discipline aims to directly assist damaged body tissues 

with the regeneration process. When a tissue is damaged, after the initial clotting 

cascade takes place, vasoconstriction (narrowing of blood vessels with 

concomitant decreased blood flow) followed by vasodilation takes place. 

Platelets release growth factors and attract neutrophils and macrophages to clear 

the site of any foreign debris. Soon thereafter, fibroblasts enter the site and begin 

producing collagen type III and triggering angiogenesis (the growth of new blood 
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vessels). Collagen type III is replaced by collagen type I as the wound healing 

process concludes [7]. Collagen type III is immature collagen that can be 

manufactured quickly by young fibroblast cells. Collagen type I is the normal, 

mature collagen present throughout the body. The collagen type I scaffold forms 

the basis of the Extra-Cellular Matrix (ECM) which is needed for tissue 

regeneration.  If the wound is too large, surgeons can use skin grafts and other 

closure techniques to serve as an artificial ECM. Certain tissues regenerate very 

slowly, or cannot regenerate at all after birth. 

 

1.2 in vivo aligned tissues 

Certain types of tissue in the human body, such as spinal cord, peripheral 

nervous, and ligamentous tissues, have highly ordered, aligned ECMs. These 

tissues are more fragile than others because when they are damaged they either 

regenerate very slowly or not at all. Ligamentous tissue is used by the body to 

provide support between bones. It is composed primarily of collagen fibers. 

Ligament tissue is aligned to help distribute a load along both its length and the 

connected bones. Too much load at a single point can result in a torn ligament. 

In the case of ligament tissue in the leg, aligned collagen allows the load from 

walking to be distributed along the length of the fiber. After a ligament is torn, 

scar tissue forms and disrupts the overall alignment of the tissue. This newly-

formed scar tissue is weaker than the surrounding aligned tissue. If the torn 

ligament were reattached with an aligned scaffold, the tissue would heal more 
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quickly and have better mechanical properties [8]. Some torn ligaments must be 

sutured together in order for them to heal properly. This surgery can result in 

additional injury because of overstretching the two ends of the ligament. In such 

cases, an interposed aligned nanofiber structure would mimic the original tissue 

before it was injured. An aligned nanostructure will work better than a random 

nanofiber structure because of the better mechanical properties of aligned fibers 

along the axis of alignment. A random nanostructure would more closely mimic 

scar tissue. After an aligned nanostructure is implanted, ligament cells could then 

infiltrate the scaffold with the goal of reducing the amount of scar tissue in the 

healed ligament. Nervous tissue also heals better when provided with an aligned 

scaffold [9-11]. It has also been shown that many other cell types send out 

processes and otherwise grow and divide in such a way as to align themselves 

with aligned nanofibers [9].  

 

1.3 Nerve injury 

Peripheral nerves are a prime example of a tissue that cannot regenerate 

properly without outside aid. When the axon of a peripheral nerve cell is crushed 

or severed, the axon and Myelin sheath begin to degrade towards the terminus of 

the axon. This phenomenon, known as Wallerian degeneration, is depicted in 

Figure 1.1. Injuries such as this typically require surgical repair. 
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Figure 1.1 depiction of axon injury in nervous tissue. Note the crush injury 
indicated and breakdown of Schwann cells to the right of the injury. The diameter 
of the axon is approximately 10 microns [12]. 

 

Axons and their basal lamina, the thin outermost layer of a cell, are grouped 

together in bunches in the perineurium, several of which compose the 

mesoneurium, a large group of motor and sensory neurons. The perineurium is a 

cylindrical enclosure composed protects the endoneurium and myelinated axons. 

The endoneurium is made primarily of collagen I and III strands of 30-65nm in 

diameter and serves as a cushion to protect the myelinated axons [13-15]. The 

anatomical structure of the mesoneurium and related tissues is depicted in 

Figure 1.2. 
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Figure 1.2 The mesoneurium (M) and its interior components in the peripheral 
nervous system. A axon, BV blood vessel, E endoneurium, EE external 
epineurium, IE internal epineurium, M mesoneurium, P perineurium [15]. 

 

 

Axonal injury can be further classified by Sunderlandôs classification system, 

where depending on what part of the nervous tissue is intact (i.e. axon, 

endoneurium, perineurium, etc.) the spontaneous recovery time can be 

approximated, as shown in Figure 1.3. 

A axon 

BV blood vessel 

E endoneurium 

EE external epineurium 

IE internal epineurium 

M mesoneurium 

P perineurium 
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Figure 1.3: Sunderlandôs classification of nerve injury [16]. 

 

From Figure 1.3 it is obvious intervention is required to promote recover, 

especially in injury types III ï V where incomplete or no recovery occurs. 

Surgeons can currently address these recovery problems by one of several 

techniques: suturing together the two severed ends of the mesoneurium, 

implanting an allograft from cadaver tissue, implanting an autograft from a less-

important patient nerve, or implanting a nerve guidance conduit. Each technique 

has an associated set of drawbacks. Suturing together the two ends of the 

mesoneurium is perhaps the simplest fix, but this may result in further nerve 

damage as the nerve is often stretched and must grow along the mesoneurium to 

reinnervate their target [13,16]. Allografts are not always available and are prone 

to infection. They also run the risk of being rejected by the recipientôs immune 

system. Autografts can be less than ideal because a second incision is required 

and the patient may experience pain or numbness from the harvested nerve. 

Nerve guidance conduits can be expensive to manufacture, but recent 
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developments in the field of tissue engineering could make these scaffolds the 

preferred form of treatment. 

 

1.4 Tissue engineering scaffolds 

The goals of a tissue engineered scaffold are multiple. The scaffold must provide 

structural support for cells to grow and repair the wound. To do so, the scaffold 

material must not only be highly biocompatible, but also porous enough to allow 

cells a few microns across to infiltrate the scaffold and thus live inside the 

scaffold. The scaffold itself must also have similar mechanical properties to the 

surrounding tissue to prevent further injury, and the size and shape of the 

scaffold should be adjustable and adaptable. The long-term properties of the 

scaffold must also be considered: whether the scaffold is to be permanent, such 

as a stent in an artery, or if the scaffold is to degrade, such as certain types of 

sutures. If the scaffold degrades, its degradation products must be non-toxic and 

non-bioactive so that the body can remove and excrete the degradation products 

[16-17]. The many scaffolds currently under development in tissue engineering 

are made of polymers. Polymers are an ideal material as many are resorbable, 

biocompatible, and have tailorable mechanical strength [18]. Additional 

information on different polymers that can be used in scaffolds is located in 

Appendix A. Polymer degradation is discussed in Chapters 2 and 5. 
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1.5 Scaffold synthesis through electrospinning 

Scaffolds can be created from many biocompatible polymers. Most scaffolds 

have a cross sectional area of interest of at least 1cm2 and a variable height on 

the order of a few microns to hundreds of microns. A relatively high throughput is 

required of the fabrication technique to achieve the desired scaffold dimensional 

volume. Other factors to consider are the focal adhesion sites for the cells, a 

property closely related to how textured (ñroughò or ñsmoothò) a scaffold is, and 

the macroscopic material properties of the scaffold such as its rigidity and 

flexibility [17,19]. Cells prefer a rougher scaffold onto which protein can more 

easily adsorb. A cellôs focal adhesion complexes are typically on the order of a 

square micron, and are used to anchor the cell to the ECM. To successfully 

synthesize a scaffold with appropriate dimensions for cellular integration, one 

may choose one of two approaches: top-down or bottom-up. A top-down 

approach involves taking a bulk material and patterning it on the nanoscale such 

as gas-foaming a material, etching a material with an electron beam, micro-

printing, or electrospinning. Gas foaming materials yields highly micro-textured, 

porous, rigid foam scaffolds [20].  Etching a material with an electron beam 

provides precise control when patterning a material on a nanoscale, but 

patterning large areas is cost- and time-prohibitive, and one can only write one 

line at a time with an electron beam, making it very difficult to construct elaborate 

3D structures [19]. Micro-printing a material uses a polymer solution and can 

ñprintò dots of material down to a few microns, similar to the way that an ink-jet 

printer works on the macro scale. This micro-printing technique works only for 
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certain materials, and provides poor control of 3D scaffolds. Electrospinning 

requires a polymer solution and can produce either nanofibers or nanobeads with 

very high throughput [21].  

On the other hand, a bottom-up approach involves creating small molecules and 

allowing the molecules to self-assemble into a scaffold, for instance, the way that 

microtubules are formed. Bottom-up approaches are difficult because they rely 

on association kinetics in chemical reactions which are usually very low yield 

[22]. Of all these available techniques, only electrospinning yields a large (many 

square centimeter), thick mesh of nanofibers which closely resemble the collagen 

matrix of the ECM. 

 

1.6 Unique nanofiber surface area and volume characteristics 

As fiber diameter decreases, the volume decreases more quickly than the 

surface area. These can be approximated by the standard geometry formulae for 

volume and surface area of a cylinder where V= volume, SA=surface area, r = 

radius, and l = length. The end caps of the cylinders are not important because 

nanofibers collect as unbroken, continuous fibers [18]. 

Eq. 1.1             ὠ “ὶὰ 

 

Eq. 1.2          Ὓὃ ς“ὶὰ 
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For a characteristic length, ὰȟ as r decreases the volume decreases more rapidly 

than the surface area. If r decreases to ½ of the initial value, then the surface 

area decreases to ½, but the volume decreases ¼ of initial. Once the fibers 

reach the nanometer scale, they have very interesting properties because the 

ratio of the surface area to volume is very large.  

 

1.7 Electrospinning 

One way to create nanofibers is to use an electrostatic field to ñspinò the fibers 

onto a collector, much in the way that one would spin thread from wool on a 

macro scale. Electrospinning is a process which yields many similar nanoscale 

fibers, requiring only a ñspinnableò solution and a high voltage source. A 

spinnable polymer solution can be readily made from any of a number of 

polymers in an organic solvent such as chloroform or in an inorganic solvent 

such as water. Current theory about solvent action in polymers is that the solvent 

enters between the polymer chains to allow motion between the polymer 

molecules [23]. This interaction allows the polymers dissolve in the solution. This 

solution is then loaded into a syringe and the syringe is placed into a syringe 

pump.  
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Figure 1.4: Electrospinning on a mandrel. Liquid is pumped out of the syringe 
(blue triangle) towards the rotating mandrel. Nanofibers, shown here as an 
orange line, form after undergoing a looping and whipping instability region 
before they collect on the rotating mandrel. Typically the mandrel is wrapped with 
aluminum foil so that it will conduct electricity. 

 

A ñspinnableò solution must be electrostatically polarizable and must have 

enough surface tension to form droplets when pumped out of the syringe. 

Electrostatically polarizable means that an applied electric field causes the 

solvent molecules in the solution to line up positive to negative, an event which 

allows the solution to stretch into a nanofiber during the time that an electric field 

is applied to the syringe. When the high voltage of this electric field is applied to 

the polymer solution ejected by the syringe, the solution is stretched from a cone-

shaped droplet at the end of a conducting needle. This stretched droplet is called 

a Taylor cone, named after Sir Geoffrey Ingram Taylor [24]. At the tip of the 

Taylor cone, the polymer undergoes stretching in an instability region, where the 

solution is greatly stretched as like charges repel each other and the solvent 

evaporates. This stretching allows the formation of a continuous micro- or 

nanofiber. Nanofiber ñcoverageò or number of fibers per unit area is very difficult 
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to control. Only one publication aims to directly analyze fiber density, and found 

that increased fiber density correlates with increased cell attachment [25]. Fiber 

density is further discussed in Appendix B. Microspheres, also called 

microbeads, can be created in the electrospinning process when the voltage, 

flow rate, needle diameter, or solution viscosity parameters are not optimized 

[18]. Typically in these cases the polymer solution viscosity is too high.  

 

1.8 Nanofiber Synthesis 

A variety of polymers have been electrospun into nanofibers [26-28]. Some of the 

most commonly used fibers for electrospinning are PLGA, PCL, PVA, PAN, 

PPHOS, and PEO. Common polymers used in nanofiber synthesis are described 

in Appendix A. Using electrospinning, one can also create biologically active 

nanofibers by loading the solution with materials such as collagen (collagen 

alone is difficult to electrospin) [29-31], or by mixing unspinnable polymers with 

spinnable ones. Polymers are uniquely advantageous in creating biological 

scaffolds, because their biocompatibility as well as their degradation properties 

can be tailored to specific needs. For instance, rigid polymers such as PPHOS 

can be used in bone scaffolds [32], and less rigid polymers such as PCL can be 

used in tendon scaffolds. The degradation of a polymer can also be altered 

through blending a slowly degrading polymer with one that degrades more 

quickly. Another way of tailoring polymer degradation can be to change the 

molecular groups on the polymer backbone.  



28 
 

 
 

 

Polymers with alternating units in the polymer chain, that is, a co-polymer, can be 

modified to give desired degradation times. These units can repeat in a pattern or 

randomly along the backbone of the polymer. The best example of a degradable 

copolymer is PLGA, in which the ratio of lactic acid to glycolic acid can be varied. 

Lactic acid in PLGA has an extra methyl-group which glycolic acid lacks, and 

thus the extra methyl group makes lactic acid more resistant to hydrolysis [33]. 

By increasing the amount of lactic acid relative to glycolic acid one can easily 

increase the degradation timeframe from a few weeks to several months. Other 

techniques with blending polymers can be used to tailor the porosity, for instance 

by dissolving away one polymer to leave behind a more porous polymer structure 

[34-36]. Blending a degrading polymer with drugs or growth factors can cause 

the polymer to elute drugs or growth factors as the polymer degrades. This 

technique can be used to modify cell behavior around the scaffold, and to 

promote or hinder blood vessel formation. 

Electrospinning is also unique among the micro- and nano-fabrication techniques 

described because one can alter fiber alignment during the spinning process. 

When nanofibers are electrospun, they are typically collected on an aluminum foil 

substrate as a random mesh, much like a pile of yarn. There are two techniques 

for aligning the nanofibers. One technique is to align the fibers as they form with 

electrostatic forces and a patterned dielectric gap collector. This technique is 

commonly referred to as plate electrospinning. Another technique is to align the 

fibers mechanically with a rotating mandrel, like winding yarn on a spindle as we 
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have seen in Figure 1.5 [18]. Fibers can be collected on aluminum foil wrapped 

around the mandrel. Electrostatically aligned fibers are advantageous because 

the functional groups on the backbones of the polymers are aligned with respect 

to the electric field, a phenomenon which does not occur during rotating mandrel 

alignment [37-38]. Fibers collected on a rotating mandrel can be synthesized on 

a very large scale, on the order of hundreds of square centimeters versus those 

made on gap or dielectric collectors which are typically less than ten square 

centimeters in area. Sheets with collected nanofibers can then be unwrapped 

and used in cell culture. If the nanofiber collection is great enough scaffolds can 

be carefully removed or circularly wrapped from the sheet on the mandrel [9-

10,39]. Alignment of the nanofibers can be measured a number of ways. For the 

purposes of this research we will use the technique of measuring fiber angular 

deviation (AD), which is the standard deviation of the angles of the nanofibers, so 

that a lower number defines a better aligned mesh. Examples of aligned and 

misaligned nanofibers are shown in Figure 1.5. 
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Figure 1.5: examples of aligned (right) and mis-aligned (left) nanofibers on a 
gold-coated MylarÊ  substrate. The aligned fibers have an angular deviation of 
less than 5°. 

 

1.9 Creating smaller fibers 

Polymer nanofibers on the order of less than 200nm have been successfully 

synthesized [27,40-41]. To reach these small scales, one or more of the following 

four techniques must be utilized: (1) decreasing the amount of polymer in 

solution, (2) increasing the charge in the solution, (3) decreasing the surface 

tension of the solution by the addition of a surfactant, or (4) increasing the 

dielectric properties of the solution. We shall discuss these in turn. 

(1) The first is decreasing the amount of polymer in solution. This works in 

some cases, but when too low a concentration is reached, the polymer is 

no longer electrospinnable [18].  

(2) Another option is increasing the charge of the polymer solution. This 

alteration can be done by the addition of a salt [42-43] or by increasing 

the charge density of the polymer, such as using a polymer with a net 



31 
 

 
 

charge, such as polyphosphazene (PPHOS) with a charged nitrogen 

group, instead of a more typical neutrally charged polymer. Many salts 

have been studied, but the more notable ones are Li+Br-, Na+Cl-, and 

tetraethylammonium chloride (TEAC).  

(3) Surfactants have also been studied to create smaller nanofibers. 

Surfactants can lower the surface tension of the polymer solution and thus 

lower its viscosity. Their surfactants allow the fiber to stretch more during 

flight (and thus become smaller in diameter) under the same electrostatic 

force.  

(4) The final way of creating smaller fibers is to increase the overall dielectric 

constant of the polymer solution. This technique is most commonly 

performed by adding a small amount of a high dielectric solvent to a low 

dielectric solvent (i.e., by mixing two different solvents in the same 

solution). A solution with a higher dielectric coefficient stretches faster 

than a solvent with a low dielectric coefficient, because a greater internal 

electric field is formed in opposition to the applied electric field. Again, the 

greater stretching produces a narrower fiber. Changing the dielectric 

constant of the solution can be easily accomplished by adding di-methyl-

formamide (DMF) to the electrospinning solution. DMF has a dielectric 

constant greater than 30, and its addition will greatly increase a solutionôs 

typical dielectric constant of around 18.  
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1.10 Cellular interaction with nanofibers 

Cells in a growth medium will multiply through cell division. When a cell is 

introduced to a nanofiber substrate, its membrane expresses proteins so it can 

attach to the substrate. Recent work has shown that a cell will differentiate 

depending upon the substrate and nanostructured environment a cell encounters 

[44]. Fiber alignment is of great interest because cells tend to align themselves 

with respect to the direction of the fibers [9,39,45]. Aligned groups of cells are 

found in many ligament and nervous tissues. Research suggests if nanofibers 

are all aligned in a certain direction then the cells will orient, elongate, and align 

themselves with the nanofibers. Cells anchor themselves to the nanofiber 

meshes through anchoring proteins, such as vinculin. Vinculin is attached to actin 

and makes up the ñendoskeletonò of the cell, providing it structure and support 

[46]. When a cell adheres to a nanofiber mesh, the cells will have different areas, 

different major axis/minor axis ratios (of an ellipse encompassing the cell), and 

different angular deviations. As the cells themselves multiply the new cells also 

align themselves with the nanofibers. The aligned fibers allow for a 

macroscopically aligned group of cells, and would be ideal for a ligament or 

nervous tissue scaffold. Later chapters will explain how bi-polymer ñcoaxialò 

fibers can be synthesized and how these fibers may be used to deliver drugs. 
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1.11 Current state of the art in small, aligned nanofibers 

The best current researchers either have good control of alignment [45,47-48] or 

nanofiber diameter [9,49]. Goldsteinôs group [9] was able to synthesize 

nanofibers of different diameters, but when their diameter decreased the angular 

deviation of the fibers increased to 30°. Other groups have synthesized small 

nanofibers (60nm) with high alignment, but these techniques require the use of 

magnetic nanoparticles or other additives to the nanofibers, and these additives 

can be harmful to the cellular environment [50-51]. In addition, no one has 

synthesized small fibers of controllable diameter which also have good 

alignment. There is not currently reported in literature a detailed study on cellular 

response to the size effects of nanofibers of different sizes less than 1000nm in 

diameter which maintains a high degree of fiber alignment (<15°) at this small 

size.  
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1.12 Conclusions 

In this chapter we introduced tissue engineering as a valuable approach to 

quicken the repair of damaged tissues. Electrospinning aligned nanofiber 

meshes to mimic the native ECM could be a valuable tissue engineering 

approach. There are several current methodologies to aligning nanofiber 

meshes, each with their respective advantages and disadvantages. Finally, the 

interaction of cells with their environments was discussed, as improved speed of 

cell growth and improved alignment of cell growth would likely lead to faster and 

better recovery.  
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Chapter 2: Aligning small and large nanofibers 

2.1 Abstract 

In this chapter, we closely examine synthesis and alignment techniques of small 

(140nm) and large (700nm) nanofibers. Current research indicates small, aligned 

nanofibers provide faster regeneration in tissue regeneration applications [52]. 

However, researchers have so far been unable to systematically synthesize 

nanofibers of selected smaller diameters (<300nm) while maintain a high degree 

of alignment (AD <15°) without the use of nanoparticle additives to their 

electrospinning solutions [50-51]. In the following, we show how we solved these 

problems by creating a method by which one can tune nanofiber diameter to any 

desired size and overcome the challenges of aligning small nanofibers. We 

achieved this result through applications of our groupôs well-developed model of 

the stretching and repulsive electric fields present in electrospun nanofibers. 

 

2.2 Rationale for smaller nanofibers 

For the purposes of this research, nanofibers are considered fibers with a 

diameter of a few hundred nanometers. The natural extracellular matrix ï 

collagen and laminin ï have some functional parts smaller than 100nm. In order 

to mimic the natural extracellular matrix (ECM), nanofibers approximately 50 to 

900nm in diameter are needed [53]. Specifically, the small scale and surface 

area of these fibers are very similar to collagen I and laminin [9-10,53]. By 
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replicating the surface characteristics of the ECM, researchers aim to quicken the 

tissue regeneration process. 

Nanofibers on this scale can be produced readily by electrospinning polymers 

with specific solvents and conductivities, however, they are not well aligned 

(ADå20Á) [18,35]. Solvents and conductivities must be carefully selected to 

create fibers on this scale. There is controversy in the current literature over 

whether nanotopographic cues from fibers less than 500nm enhance [39,45,52] 

or hinder cell adhesion [9,35,54], with the majority of papers favoring fibers less 

than 500nm stating it provides better nanotopography. The reason is that cues at 

the nanoscale enhance cellular adhesion [55]. One side of the debate suggests 

that the cells will anchor easily to the smaller fibers and align themselves 

accordingly. The other side states that as the fibers get smaller, in other words, 

the cells have fewer attachable focal adhesion sites and will therefore have more 

difficulties in aligning [9,40].  

 

2.3 Creating small aligned nanofibers 

Current researchers are creating smaller aligned nanofibers with a variety of 

electrospinning alignment techniques: patterned plate collectors, a rotating 

mandrel, dielectric substrates, and nanoparticles in the nanofibers. Research 

groups are approaching the sub 60nm size and good alignment with a variety of 

polymer types. There are, however, many difficulties associated with creating 

smaller, aligned nanofibers as evident in Figure 2.1.  
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Figure 2.1: Lack of highly aligned (AD<15°), small (300nm) nanofibers in the 
literature. Graph shows fiber diameter vs. angular deviation for a variety of 
polymer types. Standard deviation bars were omitted for cleanliness. 
Exceptionally well aligned, small fibers are created with magnetic nanoparticles. 
An approximate polynomial based curve has been fitted to the data points. Note 
how angular deviation increases for small (sub-300nm) nanofibers. Figure based 
on survey of literature [26-27,29-31,39,45,48-51,56-61].  

 

One can see from Figure 2.1, that as nanofibers get smaller, they have a 

tendency to be misaligned. The exceptions in Figure 2.1 in the sub 200nm yet 

highly aligned fiber regime utilize plate electrospinning with magnetic iron 

nanoparticles [27] and thermosetting by heating well aligned 1.3 micron fibers 

into smaller aligned nanofibers [26]. Other groups have used plate collectors to 

synthesize aligned nanofibers ~60nm in diameter with less than 8 degrees 
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angular deviation; however, these techniques require the use of magnetic or 

other additives to the nanofibers, and these additives can be harmful to a cellular 

environment [50-51].  

Small, highly aligned nanofibers have not been synthesized using mandrel 

alignment techniques. When small nanofibers are synthesized using this 

technique, they are typically quite misaligned [9]. The reasons for the difficulties 

in aligning smaller nanofibers are not well understood or explained in the 

literature. Current research has also shown that by using dielectric collectors with 

dielectric constants around 10 (Ůr å 10) yield highly aligned nanofibers, but 

aligning smaller fibers with dielectric materials has not been thoroughly explored 

[62]. 

 

Figure 2.2: Electrospinning on a patterned collector. The electrospinning needle 
is located at the top, with the grounded patterned collector at the bottom of this 
image. Fibers are extruded from the needle, experience a high electric field in the 
form of a high voltage applied from the needle to the grounded collector. Note the 
stretching force on the fibers, Ex, and the repulsive force between the fibers, Er 
[63]. 
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As described in Chapter 1, electrospinning has a large area of instability in which 

the polymer and solvent loop back and forth as nanofibers are formed. This 

instability region needs to be overcome with one of the electrospinning alignment 

techniques such as electrostatic plate gap, mandrel, patterned mandrel, or 

dielectric block. Since most polymers used are non-conducting, they retain their 

electrical charges and thus they form charged fibers on the collector. This 

charged layer interferes with the alignment of additional incoming nanofibers, 

because the incoming nanofibers have the same positive charge and they are 

repelled by the fibers already present [63].  

In Figure 2.2, it is seen that there are two forces in the electrospinning process, 

Ex and Er. Ex is the electric field which causes a stretching force on the 

electrostatically charged nanofiber towards the metallic edges of the grounded 

collector. This force is present only very near the edges of gap or dielectric 

collectors. Er is the repulsive force between undischarged deposited nanofibers, 

and is present in all electrospun nanofibers especially where the stretching 

electric field is at a minimum, in the center of the gap collector. Without careful 

adjustment of Ex and Er, nanofibers will collect unaligned. Intuitively, a smaller 

gap width will result in a stronger Ex (large gap widths do not align nanofibers). 

The stretching electric field is depicted in Figure 2.3 
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Figure 2.3: Graphical representation of Ex and Er. The stretching forces are 
dominant over a greater spatial extent for smaller gap widths [63]. 

 

From Figure 2.3, one can see that the stretching force is dependent on the 

insulator gap width. Larger gap widths provide less of a stretching electric field 

(lower Ex), while smaller gap widths provide a greater electric field (higher Ex). At 

the center of the gap width, the electric field is at a minimum (seen by the apex of 

the parabolas). Therefore, fibers at the center of the gap only experience the 

repulsive forces from deposited nanofibers. A nanofiber approaching the center 

of the gap would be repelled by the electric field due to the residual charge, Er, 

and then pulled towards either edge by the stretching electric field, Ex. This figure 

also shows increasing Ex through decreasing gap width is more effective than 
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decreasing Er because of the larger spatial width over which the stretching field 

exists. 

 

2.4 Polymer selection 

A key factor in determining the biocompatibility of a nanofiber mesh is the 

inherent properties of the selected polymer. This is because the biocompatibility 

of the mesh structure is governed entirely by the interactions of cell anchoring 

proteins with the nanofiber mesh. Not all common polymers are biocompatible. 

The polymer used in creating nanofibers is the most important aspect of a 

nanostructure [64]. A biocompatible material elicits little to no immune response 

after implantation [17]. Common polymers, such as poly-vinyl-pyrrolidone (PVP), 

may be readily electrospun into aligned structures [51], but this polymer is not 

especially biodegradable and may require the addition of other compounds to its 

spinning solution to improve its biocompatibility and degradation properties [65-

66].  

Some polymers are stable forever in the tissue. Other polymers are 

biodegradable, that is, they are broken down in the tissues by hydrolysis or 

enzymes. These polymers can be tailored to degrade as the tissue self-repairs. 

One must also consider the potential toxicity of the degradation byproducts and 

their effects on the surrounding tissue, because it is important that the 

byproducts are non-toxic and non-inflammatory. For this work, we chose poly-

lactic-co-glycolic acid (PLGA) because of its biocompatibility and the limited 

toxicity of its degradation byproducts: lactic and glycolic acids [33]. These acids 
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occur naturally in the human body, and they are readily broken down in 

enzymatic reactions in the human body, and although they may slightly lower the 

local pH, slightly increased concentrations of these weak organic acids are 

benign. PLGA is unique in the sense that one can tailor its degradation rate 

simply by altering the ratio of lactic to glycolic acid, as discussed Chapter 1 Part 

7: nanofiber synthesis. Although lactic acid has a very similar chemical structure 

to glycolic acid, the additional methyl (CH3) group makes lactic acid less 

susceptible to hydrolysis, the primary mechanism of degradation for PLGA in 

aqueous environments (i.e., the body). 

Figure 2.4: poly-glycolic acid (PGA) and poly-lactic acid (PLA). Note the extra 
methyl group (CH3) present in PLA. 

 

By increasing the amount of lactic acid in the polymer one can slow down the 

polymerôs degradation in vivo [33]. PLGA can be denoted with a simple ratio that 

represents the percent lactic and glycolic acids. The formula is commonly written 

as: 

 

Eq. 2.1      ὖὒὋὃ ὒȡὋ 



43 
 

 
 

where L is the percent lactic acid and G is the percent glycolic acid. For example 

PLGA 50:50, with 50% lactic acid and 50% glycolic acid, has a degradation 

timeframe of a few weeks, as opposed to PLGA 85:15 which degrades over 

several months [33,67-68].  PLGA nanofibers have been examined for their use 

in a variety of implants. Previous research has aligned PLGA using plate, 

mandrel, patterned mandrel, and dielectric block techniques [9,41,47,69-72]. 

 

Figure 2.5: fiber diameter vs angular deviation for PLGA nanofibers aligned with 
both plate and mandrel techniques as reported in literature. Figure created from 
survey of literature [9,41,56,70]. 

 

As one can see from Figure 2.5, PLGA nanofibers have been synthesized down 

to sub-200nm, but the angular deviation is around 30°. Currently, no small (less 

than 300nm), highly aligned (AD < 15°) PLGA nanofibers have been described in 

the literature. 
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There is also no systematic way to vary fiber diameter described in literature. 

Most groups have polymer recipes which vary polymer concentration to yield 

different nanofiber diameters [9,18,47,73], however, varying the polymer 

concentration does not always correlate to predictably smaller fiber diameters. It 

has been hypothesized that varying the dielectric constant of polymer solutions 

would yield different sized nanofibers [18,73-74], however it has yet to be 

systematically explored. Ideally, one would have a formula by which any desired 

diameter nanofiber could be readily synthesized. 

In our experiments, we created highly aligned PLGA 85:15 nanofibers with 

different diameters and angular deviations through altering the dielectric constant 

of the polymer solution. We chose PLGA 85:15 because its longer degradation 

times make it more suitable for implantation. In this research, we created aligned 

nanofibers through the use of four different alignment techniques: electrostatic, 

mandrel, patterned mandrel, and dielectric block. 

 

2.5 Materials and methods for creating successively smaller nanofibers 

PLGA 85:15 was dissolved in varying mixtures of tetrahydrofuran (THF) and 

dimethylformamide (DMF). The ratio of THF:DMF was altered to change the 

dielectric constant of the polymer solution. Altering the ratio of THF:DMF acts to 

increase or decrease the effective dielectric constant of the electrospinning 

solution and therefore allows Ex to have a greater or lesser effect. 

Tetraethylammonium chloride (TEAC) was added to the solution in a few 
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milligram per mL quantities to further increase the solutionôs charge and 

decrease viscosity. It has been shown previously that adding TEAC helps not just 

to reduce beading, but also to decrease fiber diameter because TEAC acts as a 

surfactant to enable easier stretching of the nanofiber in flight [teac sources]. 

HFIP was also used as a solvent to synthesize nanofibers. Previous work 

[47,56,75] has shown that HFIP gives very well aligned fibers. DMF and TEAC 

were added to polymer solutions with HFIP as the primary solvent to lower fiber 

diameter. After creating our model for varying diameter of PLGA nanofibers, we 

will compare PLGA nanofiber diameters to similarly electrospun GEG PhPh 

nanofiber diameters to observe if this method is applicable to different polymers. 

After reviewing the literature, we decided to use MylarÊ as our collecting 

substrate because it would best provide mechanical support for our nanofiber 

meshes and not interfere with cellular adhesion. MylarÊ makes an ideal 

substrate because it is transparent, and thus good photomicrographic images 

can be taken during later cell culture experiments. The substrates used for fiber 

collection were either MylarÊ, gold/titanium coated MylarÊ, or aluminum foil. 

Gold/titanium coated MylarÊ is semi-transparent, as the coating is only 50nm 

thick. Its conductivity allows the incoming nanofibers to discharge, and the loss of 

charge further assists nanofiber alignment. Dielectrically aligned nanofiber 

samples required no substrate as they were collected in air between the two 

dielectric blocks.  

After their creation, the nanofibers were then dried under a 10-4 Torr vacuum at 

22 ↔C for at least 24 hours. Finally, samples approximately 1cm2 were taken from 
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these nanofibers for Scanning Electron Microscope (SEM) analysis and the cell 

studies presented in Chapter 4. The typical mesh thickness of the nanofiber 

samples is very small, on the order of a millimeter or a few thousand layers of 

nanofibers. Samples for SEM were sputter coated with a 12nm thick film of 

gold/palladium to make the nanofibers electrically conductive, a requirement for 

good SEM images. The resulting images were analyzed using ImageJ [61] and 

Microsoft Excel for fiber diameter and angular deviation. 

 

2.6 Aligning nanofibers 

Nanofibers were aligned using one of four different alignment techniques: 

insulator gap plate collectors, rotating mandrel, rotating patterned mandrel, and 

dielectric block. 

 

2.6.1 Insulator gap plate collectors 

Insulator gap plate collectors were used in aligning many of the fibers in Figures 

2.1 and 2.5. A plate collector is two conductive strips separated by an insulating 

gap. Additional research has shown that nanofibers will also align with an air gap 

and a plate collector made from material with a dielectric other than air [62]. Our 

research has led us to create plate collectors by patterning gold and titanium on 

MylarÊ. 
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Figure 2.6: A patterned MylarÊ plate collector, made from gold/titanium used for 
plate electrospinning. The clear plastic film is not visible in this image. The gap 
width is 2mm. 

 

To make a patterned MylarÊ collector, one must first use a laser cutter to pattern 

the fingers in another sheet of MylarÊ to use as a mask in evaporation. We used 

a CO2 50 watt laser, model number x660M to cut fingers in the layer of MylarÊ. 

The MylarÊ was adhered to a moistened cardboard backing to help dissipate 

heat from the laser and cool the MylarÊ. This laser patterned ñmaskò of MylarÊ 

is taped onto un-patterned clear acetone washed MylarÊ. 10nm of titanium 

followed by 50nm of gold are evaporated on both the patterned and un-patterned 

MylarÊ. This procedure is done under high vacuum with electron beam 

evaporation techniques. Finally, the laser patterned MylarÊ is removed, yielding 

the patterned MylarÊ  seen in Figure 2.6. Each patterned MylarÊ sheet has 

several patterned collectors. The gap width is constant on each sheet, and it 

ranges from 2mm to 5mm. This technique can also be used to create un-

patterned gold-titanium MylarÊ for use with rotating mandrels. By lowering the 

gap width from 5mm to 2mm, Ex is increased. This approach is depicted in Figure 

2.3. The aim is to increase alignment by increasing the stretching electric field on 

the incoming nanofibers. 
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Fibers grown though plate and electrospinning have oriented polymer groups 

[37-38]. This orientation occurs because of the repulsion of like-charged groups 

on the polymer backbone [37-38,76-80]. Not only does the incoming fiber layer 

not only aligns itself to the previously deposited fiber layer, but charges within the 

backbone of the polymer, for instance, methyl or C=O groups, orient themselves 

with respect to the applied electric field, to the most energetically favorable state. 

This gives molecular oriented ñhot spotsò throughout the fiber mesh, which 

enhance cellular adhesion [55]. This issue is further discussed in Chapter 4. 

 

2.6.2 Mandrel collection 

For this research, we used a repurposed Sherline 4400 lathe with a high speed 

adapter to serve as our rotating mandrel. This lathe is capable of rotating a 5cm 

in diameter cylindrical rod up to 10000 rpm. The nanofibers were collected on 

this grounded mandrel at 6000 rpm. We used a variety of solid and hollow core 

mandrels. One type of mandrel used was a 5cm in diameter hollow plastic tube. 

This mandrel was then wrapped with grounded aluminum foil. Clear, uncoated 

MylarÊ was then wrapped on the grounded aluminum foil to allow for easy 

transfer of the nanofibers to SEM and cell culture. In other experiments, we used 

a solid gold/titanium coated MylarÊ sheet to collect nanofibers without an 

insulating MylarÊ layer between the nanofibers and our ground. In mandrel 

electrospinning, there is no stretching force due to a patterned electric field. The 

fibers are only aligned from the shear force from the mandrel and by 
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manipulating the residual charge. We varied residual charge on the deposited 

nanofibers through the ionic salt additive, TEAC, to determine how to synthesize 

optimally aligned, small nanofibers. 

 

2.6.3 Patterned mandrel collection 

Additionally, patterned conductive strips can be attached to the MylarÊ film to 

combine both the rotational alignment forces from mandrel collection with the 

electrostatic alignment forces. Sheets of MylarÊ as seen in Figure 2.7 are 

wrapped around an insulating mandrel. Care is taken to ground each 1cm wide 

conductive strip to ensure proper fiber collection. The chuck on the front end of 

the mandrel is grounded, and a resistance of less than 8 ohms from the metal 

strips to common ground was verified before each run. We tested patterned 

mandrels because in theory, they should align nanofibers better than solid 

mandrels. The reason is that fiber collection in this case relies on the 

combination of both electrostatic attraction of the nanofiber to the four different 

ground points and the shear force of the rotating mandrel [81]. 
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Figure 2.7: patterned Mylar. Gold/titanium coated Mylar is glued onto a sheet of 
Mylar. The conductive strips are 1cm in width and are spaced with a 2.5cm gap 
between strips. The sheet is wrapped widthwise around the mandrel such that 
the strips are parallel to the axis of rotation and conductive strips are grounded. 

 

 

2.6.4 Dielectric block collection 

For this research, we used materials exhibiting different dielectric constants. The 

collectors used were 2.5 cm x 2.5 cm x 10 cm rods of (1) wood (Ůrå2-8), (2) 

aluminum (Ůrå8-10, ignoring complex components), or (3) AlNiCo magnets 

(Ůrå12.5-13). (Note that the dielectric constant of a material, Ůr, is not the same as 

the electric field from charged, deposited nanofibers, Er.) The materials were 

spaced between .7 and 3cm apart to create a patterned dielectric air gap. The 

ceramic magnets were spaced with non-magnetic sticks and secured with strong 

tape, as the magnetic field was on the order of 2 Tesla [47]. By changing the 

dielectric constant of the material, Ex can be increased (materials with higher 

dielectric strength) or decreased (materials with lower dielectric strength). Ex can 

be further increased by decreasing the air gap between the dielectric materials. It 

was hypothesized in [47] that the magnetic field aids in alignment of nanofibers. 
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Other collectors such as wood and aluminum have magnetic permeability but are 

considered non-magnetic. We examined nanofiber collection on each of these 

collectors to determine both if magnetic electrospinning is a valid hypothesis, and 

attempt to determine which dielectric provides optimal fiber alignment. We also 

attempted to align smaller nanofibers using dielectric block collectors. 

 

 

2.7 Varying the residual and stretching electric fields 

We varied Er by (1) increasing the charge in the polymer solution by adding the 

salt TEAC, and (2) utilizing a solvent with a higher vapor pressure.  

To explore the effect of TEAC on the alignment of nanofibers on dielectric blocks, 

3:1 THF:DMF nanofibers with concentrations of TEAC of 1 or 2 mg/mL were 

electrospun on dielectric wooden block collectors with varying gap width between 

0.5cm and 2cm. The effect of decreasing gap width increases the effect Ex has 

on the incoming nanofiber by allowing greater stretching across the entire 

collector, as seen in Figure 2.3. 

The vapor pressure of the polymer solvent was changed to allow the solvent to 

leave the nanofibers more quickly, thereby trapping residual charge in the 

deposited nanofiber layer. If there is solvent left in the nanofibers after 

electrospinning, it is possible that the solvent will allow the nanofibers to 

discharge to the ground, as the solvent is a conductive fluid and it will create a 
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conduction pathway, thus the nanofibers would have a smaller residual 

charge[mol orient pbt NFs]. For this set of experiments, 20% weight/volume of 

PLGA was dissolved in HFIP (Ůr = 16.75, vapor pressure = 120mmHg ), 2:1 

THF:DMF (Ůr å 17, vapor pressure å 96 mmHg), and 3:1 THF:DMF (Ůr å 15, vapor 

pressure å 107 mmHg) to compare solvents with similar dielectric strength but 

different vapor pressures. Ambient temperature in our basement laboratory was 

constant at 69.5 °F. The working distance used was 10cm, voltage of 20kV, 21 

gauge needle, and flow rate of 0.3mL/hr. 

 

2.8 Results 

First, a method to reliably reproduce nanofibers of different diameters was 

discovered by varying the ratio of THF:DMF in the polymer solvent with or 

without the presence of TEAC. Initially it was found that nanofibers of different 

diameters were produced in a straightforward fashion when the ratio of THF:DMF 

was varied, with or without TEAC. These results are listed in Table 2.1. 

THF:DMF ratio TEAC (mg/mL) Fiber diameter ± S.D.(nm) 

1:1 2 150±46 

1:1 1 140±35 

2:1 2 260±50 

2:1 1 340±240 

2:1 1 270±98 

3:1 1 450±370 

3:1 0 700±310 

Table 2.1: Electrospun fiber diameter and angular deviation aligned with the 
mandrel. 
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Nanofibers were electrospun with each of the four different alignment techniques 

to determine which technique provided the best results given the fiber diameter.  

Figure 2.8 contains nanofibers electrospun on gold coated MylarÊ plate 

collectors with diameters which varied depending on the solvent ratio in the 

polymer solution. Note how smaller nanofibers typically have larger angular 

deviations except in certain cases. 

 

 

Figure 2.8: Nanofibers grown on gap collectors. Note fibers retain good 
alignment (<10° AD) even when fiber diameter dropped below 200nm. Each 
sample point is from a different electrospinning run carried out in recent 
experiments.  

 

Nanofibers ranging from 140nm to 700nm were successfully created and aligned 

by the mandrel by varying the ratio of THF:DMF and adding TEAC. The diameter 

of the nanofibers decreased as more DMF was added to the solution. The 
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smallest nanofibers were highly sensitive to gap width, collecting well only on the 

smallest collectors (2mm gap size). The medium-sized nanofibers collected well 

on the mid range (3mm gap size). This is in agreement with our model: smaller 

nanofibers require a small gap width. 

 

 

Figure 2.9: Graph of the electrospun nanofibersô diameter versus the nanofibersô 
angular deviation for nanofibers collected on a smooth, non-conducting surface 
on a conducting, rotating mandrel and patterned mandrel. Note the poorer 
alignment (increase in Angular Deviation beyond 10 degrees) when the nanofiber 
diameter falls below 400nm and improved alignment for smaller size fibers on the 
patterned mandrel. 
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Figure 2.10: Nanofibers of varying size grown on different dielectric materials of 
increasing dielectric strength spaced at 1cm.   
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Figure 2.11: Adding TEAC to decrease fiber diameter and increase residual 
charge. These nanofibers were grown on dielectric wooden blocks at a width of 
1cm. Note the decrease in diameter by the addition of TEAC alone. Also note the 
increase in Angular Deviation with the drop in fiber diameter. 

 

 

Figure 2.12: Residual charge indicated by arching of deposited nanofibers. 
These fibers were collected using pure HFIP as the solvent between two 
aluminum block collectors with a spacing of 2cm. Note the significant arching in 
the Z direction. Fibers are being viewed along the y axis as depicted in Figure 
2.17. Nanofibers are aligned horizontally between the two aluminum dielectric 
blocks. Electrospinning needle is located above the sample.  
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2.9 Discussion 

These results yielded several advances over the current state of the art. Firstly, a 

method to synthesize nanofibers of any diameter was presented. Secondly, the 

importance of residual charge and stretching electric fields as presented in our 

groupôs previous research [63] was thoroughly verified. Thirdly, the required 

alignment techniques to produce well-aligned nanofibers of a selected size were 

categorized. Finally, by incorporating the dielectric strength of the PLGA solution, 

stretching electric fields, and residual electric fields small <300nm highly aligned 

(AD<15°) nanofiber meshes were synthesized using gap, mandrel, and patterned 

mandrel alignment techniques. 

 

2.9.1 Altering fiber diameter 

From these results, one can see that by changing the dielectric strength of the 

polymer solution we can create smaller nanofibers. The nanofiber diameter and 

approximate dielectric constant are located in Figure 2.13. As the amount of THF 

in the electrospinning solution increases, the size of the nanofibers increases, as 

shown in Table 2.1. A direct correlation between fiber diameter and dielectric 

constant can be extracted from Figure 2.13.  
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 Figure 2.13: Relationship between fiber diameter and dielectric constant of 
polymer solution. THF and DMF alone are pure solvents and do not electrospin 
fibers well. Concentration of polymer is kept constant at 20%. The estimated 
dielectric constants can be seen in the 4th column. These numbers are derived by 
taking the weighted average of the dielectric constants of pure solvents [82]. 

 

Increasing the dielectric strength of the polymer solution lowers nanofiber 

diameter. As more THF was added the resulting fibers increased in size. The 

vapor pressure of the associated solvents also plays a role in the electrospinning 

process. Solvents with lower vapor pressure remain in a nanofiber for longer 

which allows the nanofiber to stretch more. HFIP and THF have similar vapor 

pressures (120 and 143mmHg respectively), whereas DMF has a vapor pressure 

of only 2.2mmHg. Therefore HFIP and THF evaporate quickly and DMF 

evaporates slowly (fibers are spun at room temperature and atmospheric 
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pressure). As seen in Figure 2.13, both the higher dielectric strength and lower 

vapor pressure contribute to smaller nanofibers. Increasing the amount of DMF 

beyond a critical point will prevent the formation of bead free nanofibers. This is 

because the polymer remains in solution for too long a time during the 

electrospinning process. From Figure 2.14 we can correlate fiber diameter with 

dielectric strength of the solvent. Smaller nanofibers grown with 2:1 THF:DMF 

and 1:1 THF:DMF required 1mg/mL of TEAC to electrospin properly. The exact 

vapor pressure of a mixture of solvents is very difficult to calculate, as the 

majority of the solvent THF leaves the fiber during flight because of its high vapor 

pressure. Further stretching of the nanofiber during electrospinning cannot take 

place once the solvent has evaporated, as the fiber breaks rather than stretches. 

 

Figure 2.14: PLGA 85:15 fiber diameter vs. solution dielectric strength. A power 
function provided the best fit line. Graph created from data of electrospun fibers. 
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Equation 2.4 can then be used to calculate the required dielectric constant (Ů) of 

the solvent to achieve the desired fiber diameter (d). 

 

Eq. 2.4      ‐ χψȢςz Ὠ Ȣ  

    

 For example, if one wanted 550nm nanofibers the required dielectric strength of 

the solution is 16.35. Next, the proper ratio of THF:DMF of the polymer solution 

with 1mg/mL of TEAC is calculated using equation 2.5. 

Eq. 2.5    ὝὌὊ υȢρφχzὨ
πȢςυ

ςȢπτςȾὨ
πȢςυ

ρπȢτς 

 

From equation 2.5, the required ratio of THF:DMF is 2.48:1. The diameter 

tailoring process can be applied to additional polymers, provided their viscosities 

are similar. This was verified by electrospinning 25% PN GEG PhPh, a 

polyphosphazene, with 3:1 THF:DMF as seen in Figure 2.15. The higher 

concentration was used to give the polymer solution a lower viscosity for 

electrospinning. 
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Figure 2.15: comparison between PLGA and blended PN GEG PhPh : PLGA 
nanofibers. Note the similarities in diameter. 

 

Further discussion of PN GEG PhPh polymer electrospinning can be found in 

Chapter 3. 

 

2.9.2 Insulator plate gap 

The gold coated MylarÊ plate collectors worked well to align smaller nanofibers. 

From interpreting our results in Table 2.1, one can see that the smallest 

nanofibers required a very small gap width to align well. This is directly depicted 

in Figure 2.16. 
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Figure 2.16: small nanofibers require a small gap. Note how distorted the 
nanofibers become when the insulator gap width increases from 2mm to 5mm. 

 

Understanding the alignment process requires a through discussion of the 

electric fields involved. Nanofibers stretch when they encounter a patterned 

dielectric material which influences the charges on the nanofiber. As described in 

Chapter 1, when a nanofiber is stretched during the looping and whipping 

instability phase in electrospinning it is propelled by an attraction of opposite 

charges. The positively charged solution is attracted toward a source that will 

supply electrons, in this case the ground. Any patterned dielectric, either 

dielectric blocks or a metal-on-insulator (such as our patterned MylarÊ) collector 

will apply a stretching force via a charged particle moving in an electric field on 

the nanofiber while it is in flight. The strength of the stretching electric field on the 


