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ABSTRACT
In this project, a novel electrospinning collection system was developed to
produce nanofibrous materials with improved organizational control. The system
functions by rapidly oscillating the deposition signal (RODS) of multiple
collectors, allowing significantly improved nanofiber deposition control by
manipulating the electric field which drives the electrospinning process. Other
modern electrospinning

techniques designed

to

impart deposited

fiber

organizational control, such as rotating mandrels or parallel collector systems, are
incapable of producing seamless constructs with high quality alignment in sizes
large enough to be of interest in real-world applications. Although these two
techniques represent the current state of the art in the alignment niche, rotating
mandrels produce poor quality alignment and parallel collectors have extremely
limited product size. In contrast, the RODS collection system produces deposited
fiber networks with highly pure alignment in a variety of product forms and sizes.
High quality alignment was produced in sizes and in shapes of flat
(3”x3”), tubular (0.5” dia), or rope-like microbundle (45 µm dia) samples from 8%
- 11% Fibroin:PEO (4:1) blended solutions.

The RODS collection system

produced 83±7% of its fibers aligned within 5°, nearly a three-fold improvement
over the rotating mandrel technique which aligned 30±19% of fibers, and a
twelve-fold increase over the standard collection system which only aligned
6±1% of fibers. Methanol treatment produced a general contraction of the fibrous
mesh and a subsequent reduction of void area in standard meshes by 81% to
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5.55±3%, while the void area of aligned fiber meshes red uced only by 45% to
6.03±2.41%. This was 8.6% more void area than was preserved by randomly
oriented meshes. Profilometry revealed mesh sample composed of fibers aligned
parallel to the axis were thinner than standard meshes. The thinnest aligned mesh
measured 2.80 µm in thickness, while the mean thickness of six samples was
5.26±2.26 µm. The randomly aligned samples had one member with a thickness
measurement of 13.03 µm, however, the mean thickness of six samples was
18.18±3.18 µm.
The meshes produced from 9% (w/v) Fibroin:PEO (4:1) using the RODS
collectors demonstrated significant mechanical anisotropy, which resulted from
high quality fiber alignment. In 37° C PBS, aligned samples produced a n ultimate
tensile strength (UTS) of 16.25 ± 2.06 MPa, a Young’s modulus of 13.17 MPa,
and a yield strength of 1.73±1.22 MPa with zero offset. The material was found
to be 81% stiffer, when extended in the direction of fiber alignment, and required
more than double the amount of force to be deformed, compared to aligned
meshes extended perpendicular to fiber orientation.

Regardless of extension

direction, Young’s moduli reveal the aligned meshes were 60- fold more stiff
when extended in 22° C ambient air conditions, compared to extension in 37° C
PBS.
9% (w/v) Fibroin:PEO (4:1) solution, with a lower cutoff of 8.5% (w/v),
produced from fibroin degummed for 40 minutes or less, and dissolved for longer
than 90 minutes gave consistently good results. It was found that a switch rate of
30/min, combined with a collector to spinneret distance of 9.5 inches, with a 4.25
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inch offset from the center of the collector plane angled at 45° most efficiently
drove and collected nanofibers evenly between collectors.
In this thesis, the traditional and RODS electrospinning processes are
described.

Electrospun materials with improved nanofiber organizations are

demonstrated.

The RODS technique can theoretically be applied to any

electrospinnable polymer, overcomes the limited uniformity and induced
mechanical strain of mechanical wheel techniques, and greatly surpasses the
limited length of the grounded bridge techniques. The RODS collection system
has also been demonstrated to be capable of producing exceptional electrospun
materials such as seamless, axially aligned, nanofibrous tubes and axially alignedto-random fiber orientation gradient silk meshes. Such meshes can potentially
accurately emulate the strength and elasticity of a variety of in vivo tissues
including blood vessels and ligaments and provide topological cues to developing
tissues.
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CHAPTER 1: Introduction

1.1 Electrospun Materials in Biomedical Applications

The combination of biocompatibility, degradability, porosity, and
mechanical properties dictate the potential of a product for biomedical
applications. Despite current limitations, there are benefits motivating a transition
to nanofiber biomaterials for such practices. Electrospinning is a cost effective
nanofiber production technique gaining popularity due to its ease of use, broad
polymer compatibility, and receptivity to system modifications. Electrospinning
configurations can be modified to tune the mechanical properties, degradability,
and porosity of the electrospun fibers for the application [Sell et al., 2008;
Yoshimatsu et al., 2008; Zhang et al., 2009; Z. Cai et al., 2010; Kempf et al.,
2011; Lee et al., 2011].

By passing a polymer solution through a charged

spinneret toward a counter electrode surface, an electrically induced bending
instability facilitates stretching and drying of the polymer solution jet,
transforming it into stiffened nanoscale fibers. These fibers form a nonwoven
mesh as they deposit onto the collector surface.
Because electrospun materials are nonwoven meshes generated by the
overlaying of stiffened fibers, larger diameter fibers will incorporate more void
space while thinner fibers will produce a tighter less porous mesh. Due to the
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relationship between electrospun porosity and fiber size, there is relatively good
control over the porosity of these materials.
These compact and easily reproducible meshes are very receptive to
augmentation designed to enhance many desirable properties.

As cellular

scaffolding, electrospun meshes demonstrate effective cell influential capabilities
which can be further enhanced when paired with various techniques such as
topological or chemical modifications [Murugan et al., 2007; Aviss et al., 2010;
Kempf et al., 2011]. Optimizing mesh characteristics such as surface chemistry,
conductivity, mechanical properties, topography, and fiber organization has been
very fruitful.
Electrospun materials can be produced using natural polymers or
polymers with natural coatings resembling native extracellular matrix (ECM).
This can provide desirable surface chemistry and promote recruitment of healing
factors. The option to use biodegradable polymers allows the material to be
integrated without need for explantation. Electrospinning allows fine laye ring of
thin fibrous sheets and texture gradients and can be used to produce complex
materials with minimal size [McClure et al., 2010; Sundararaghavan et al., 2011].
Electrically conductive electrospun nanofibers have been designed to
transmit or respond to external stimuli, accelerate the regeneration of nerves and
muscle, and exert mechanical work as bioactuators [Xie et al., 2009; Weber et al.,
2010; Ghasemi-Mobarakeh et al., 2011; Haastert-Talini et al., 2011; Li et al.,
2011].
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Mechanical properties of the biomaterial alone can sometimes provide
cues required to facilitate differentiation of developing tissues.

Electrospun

nanofiber meshes can be produced as very thin material, but are relatively
resilient when used as grafts and can support a range of physiological stress
[Zhang et al., 2009; X. Liu et al., 2010]. However, while the electrospinning
technique is able to produce versatile materials, it may not be appropriate for
some applications without modification.

For example, the flexible fibrous

structure has great potential as skin [Kempf et al., 2011] and vessel [Zhang et al.,
2009] grafts but might not support tissues such as bone without significant postelectrospinning modifications [Lee et al., 2011].

Fortunately, synthetic and

natural polymer fibers are receptive to chemical modifications, broadening the
range of applications [Sell et al., 2008; Yoshimatsu et al., 2008].
When cells are seeded onto electrospun meshes, the nanofibrous
topography has been shown to have a strong influence on cellular organization
and integration [Murugan et al., 2007; Aviss et al., 2010; Xie et al., 2010b]. The
surface texture of electrospun materials is created by the deposition of
overlapping fibers. Because the entirety of the electrospun material is composed
of these deposited fibers, the same texture is maintained throughout the material.
As the material degrades, or cells infiltrate deeper into the scaffold, the same
nanofiber topography will be presented. This is an improvement over materials
such as imprinted or molded thin films for which textures are available only at the
film surface.

Fiber organizations have a large effect on cell response and

subsequent effectiveness of the biomaterial [Figure 1]. Natural materials, such as
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silk and collagen, can be electrospun into various fiber morphologies and
organizations and can be completely degraded by naturally occurring enzymes
eliminating the need for removal after healing [Kempf et al., 2011].
Aligned Fiber

Random Fiber

A

B

C

Figure 1. Cell alignment on aligned (left) and standard randomly oriented (right) fiber meshes.
A) Fibroblasts orientation on radially aligned and random electrospun polycaprolactone
(Reproduced from [Xie et al., 2010b] with permission © 2010 American Chemical Society); B)
Myoblast organization on aligned and random oriented nanofibers (Reproduced from [Aviss et
al., 2010] with permission 2010 AO Foundation, Davos, Switzerland); C) Neural stem cells
aligning with fiber orientation [Murugan et al., 2007].
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Multiple spinneret systems can produce interesting material properties by
taking advantage of multiple polymer fiber properties and electrospinning
techniques.

A simple composite biomaterial can be made by simultaneously

using modified secondary spinnerets to electrospray or electrospin multiple
polymer components or coatings for improving nanofiber biocompatibility,
resiliency, strength, or conductivity [Weber et al., 2010; Hong et al., 2011].
Electrospun materials have been used in a variety of biomedical
applications such as wound dressings, tissue engineering, nerve guidance,
vascular grafts, drug delivery, and affinity membranes [Thakur et al., 2008;
Yoshimatsu et al., 2008; Zhang et al., 2009; Yao et al., 2009; Weber et al., 2010;
Ladd et al., 2011; Ma et al., 2011]. While these areas of research are quite
different, they are united in the fact that they all have benefited from the
development and implementation of novel hardware modifications imparting new
capabilities not previously available on standard electrospinning systems.

1.2 Key Modifications Enabling Innovative Mesh Functions

Electrospun Dressings for Wound Healing
Cultured epithelial sheets are fragile, and benefit from the support of a
biomaterial. Graft material must sufficiently protect the wounded area from fluid
loss while facilitating exchange and timely remodeling. The flexible nature and
porous structure of electrospun materials coupled with the ability to use natural
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polymers such as silk and collagen makes them an ideal candidate for skin and
wound applications. The tight porous network of fibers can protect a wounded
area from bacterial contamination as well as facilitate the exchange of fluids.
Electrospun materials have been demonstrated to support cellular attachment and
remodeling by keratinocytes and fibroblasts without inducing significant immune
response [Kempf et al., 2011].
Modifications to electrospinning hardware have been shown to enable the
production of novel materials capable of improved wound healing compared to
standard electrospun materials. Ring style collectors impart improved control
over fiber orientation and can be used to produce radially aligned fiber scaffolds.
Radially aligned scaffolds designed for use as potential wound dressings more
effectively promote cell fibroblast elongation and migration toward the center of a
healing wound [Xie et al., 2010b; Vaquette et al., 2011].
Electrospinning in Muscle Regeneration
Flexibility, elasticity, and high tensile strengths make electrospun
nanofiber materials an attractive option for use in muscle tissue engineering.
However, such a use requires more predictable patterns of fiber organization.
This is important for both cell orientation and reliable mechanical properties
critical to proper muscle function. Although standard electrospun meshes can be
composed of natural ECM components, when seeded on standard meshes
myoblasts orient themselves randomly resulting in poor contractive ability [Aviss
et al., 2010].
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Collector modifications such as the rotating mandrel or parallel fixed
setups designed to increase fiber alignment significantly improve the organization
and morphology of myoblasts, and improve the overall contractile ability [Aviss
et al., 2010].
Electrospun Tendon Grafts
Nanofibrous materials can be tuned to provide great strength and simulate
elastic profiles while still facilitating cellular integration.

A large challenge

facing potential tendon grafts is the difficulty of merging two interconnected
tissue types such as in muscle-tendon or ligament-bone junctions.

Harsh

transitions will localize stress and create sites with greater potential to be
reinjured.
Spinneret system modifications utilizing multiple reservoirs and extrusion
points can be used to produce materials with a gradient distribution of fiber type
and scaffold properties [Ladd et al., 2011]. When used in conjunction with fixed
collectors or rotating mandrels, mesh properties can be varied from end to end and
blended between. However, modern methods including the rotating mandrel are
incapable of producing a gradient of random to aligned fiber orientations blending
in the direction of fiber alignment.

This type of a structure is crucial for

engineering tissue such as the muscle-tendon interface where the graft would
depend on axially aligned fiber orientation for structural integrity. Hardware
modifications capable of producing strong axially aligned scaffolds with fiber
orientation and density gradients in the direction of alignment are still in need of
development.
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Electrospinning Potential in Bone Grafts
Generally, electrospun materials have poor compressive strengths. Still,
there is interest in using electrospun materials for applications such as bone and
cartilage regeneration. Several material modifications are popular for such a use.
Bone extracellular matrix differs from other tissues in that it undergoes
mineralization. Molecules such as chitosan or amorphous calcium phosphate
nanoparticles can be added to the electrospinning solution or adhered to the mesh
after electrospinning to facilitate mineralization and improve mechanical
properties [Li et al., 2009; Martins et al., 2010; Ma et al., 2011].
Modified collector plates with varying patterned small diameter holes can
be used to produce meshes with increased porosity or patterned low density spots
[Vaquette et al., 2011].

Bilayer composites composed of nonporous and

microporous electrospun layers designed for bone repair mimicking the laminar
organization of natural inner spongy cancellous tissue and the dense outer cortical
bone have been shown to promote different mineralization density within each
layer [Y. Cai et al., 2010].
Electrospun Vessel Grafts
Electrospinning can produce large surface-to- volume ratio, as well as a
high permeability and an interconnected pore structure, in a scaffold which lends
itself to various shapes including tubes, making it an optimal technique for use in
tissue engineered vascular grafts. Electrospun tube forms have demonstrated
resistance to dilation and can produce impressive burst strengths sufficiently
strong to support physiological burst pressures [Drilling et al., 2008; Zhang et al.,
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2009; McClure et al., 2010]. The rotating mandrel collector has been shown to
produce seamless electrospun tubes with resistance to burst pressures in the range
of 3,000 mm Hg without further modification [McClure et al., 2010].
However, all current methods, including the rotating mandrel, are
incapable of electrospinning axially aligned nanofibrous seamless tubes of lengths
suitable for practical applications. To ensure appropriate support while properly
influencing cell alignment and morphology, it is important to ensure the vascular
scaffold design utilizes fiber organization in the appropriate orientations.
Endothelial and smooth muscle cells benefit from a multi- layered matrix and
demonstrate improved morphology, orientation, coverage, attachment, and
resistance to shear stress [Zhang et al., 2009].

The innermost graft layer

representative of the Tunica intima should be composed of a seamless axially
aligned fiber tube providing support for the endothelial cells resisting strain in the
direction of blood flow and facilitate diffusion of nutrients.

Hardware

modifications capable of producing such axially aligned seamless tubes are still in
need of development.
Electrospun Nerve Guides
Research in nerve regeneration reveals the challenges of guiding neural
outgrowth. The chemistry and topography of neural extracellular matrix plays a
large role in nerve regeneration.

Electrospinning can be used to synthesize

relatively organized fibrous ECM using native extracellular components.
Aligned nanofibrous substrates produced with modified collector systems
have been shown to provide topological cues capable of guiding neural outgrowth
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[X. Liu et al., 2010; Griffin et al., 2011]. The ability to incorporate aligned
fibrous structure serves well as a directional template and demonstrates improved
neurite lengths when used as a neural conduit liner [Yao et al., 2009]. Nerve
guidance conduits have been developed to protect and assist neural outgrowth to
bridge severed neurons or innervate damaged areas in repair of injury.
Electrospun tubes spun onto 2 mm diameter mandrel collectors have been shown
to protect and facilitate such regeneration and outgrowth of myelinated nerve
fibers in vivo [J. Liu et al., 2010].
Electrospun Materials in Drug Delivery
In addition to use as cellular scaffolds and tissue grafts, degradable
electrospun products have shown potential as drug delivering materials. Drugs of
interest, including antibiotics and vitamins, can be incorporated into the mesh in
various ways such as direct solution blending or doping with loaded microspheres
[Shive et al., 1997; Beck-Broichsitter et al., 2010; Wang et al., 2010]. The druginfused blend can then be electrospun. The process effectively distributes the
drug within a porous polymer network. Electrospun meshes can be designed to
degrade at varying rates for a controlled drug release.
Modifications to the standard electrospinner configuration can be designed
to produce a more complex drug distribution. For example, multiple standard or
coaxial spinnerets can be used to produce a large range of release profiles by
electrospinning multiple drug solutions in a core and sheath or stacked manner
into a composite material. [Jiang et al., 2005; Thakur et al., 2008].
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In addition to proper degradation and mechanical properties, resilient
protection from microbial infection is required to suitably facilitate healing. If
contamination should occur, nanofibrous scaffolds will support the attachment
and proliferation of bacterial cells just as well as human regenerating tissues [Said
et al., 2011]. A graft infection would not only disrupt healing of native tissue but
may also pose life-threatening health risks. Composite solution blends consisting
of polymers and additives such as chitosan and fusidic acid can be used to
produce a wound dressing with multiple advantageous properties including
antimicrobial activity [Z. Cai et al., 2010; Chavez de Paz et al., 2011; Said et al.,
2011].

Antimicrobial agents directly added to polymer solutions prior to

electrospinning would be released into the developing area as the electrospun
mesh is degraded.

Accelerated bacterial degradation of the material would

increase drug release in isolated areas of contamination potentially preventing a
proliferative outbreak.
Electrospun Affinity Membranes & Biosensors
Affinity membranes have been used to purify biomolecules, proteins, cell
debris, virus particles, and other molecules from biological fluids. Biosensors
sense biological changes in a system or body.

Electrospun materials have

demonstrated potential serving as both [Yoshimatsu et al., 2008; Ma et al., 2009;
Guo et al., 2011; Marx et al., 2011]. Electrospinning polymer solutions can be
selected to be compatible with desired environmental and physiological
conditions.

The high surface area and broad selection of electrospinning

compatible polymers permits a high number of ligands to be immobilized
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throughout the nanofibrous mesh. Specific chemistry bound to the material can
selectively capture and interact with molecules of interest with low pressure drop
thanks to the highly porous nature of electrospun materials [Ma et al., 2009]. In
addition to post-electrospinning modification, specific ligands can also be added
directly to polymer solutions before electrospinning and will retain binding ability
after electrospinning [Yoshimatsu et al., 2008]. Depending on the application
there is no limitation to the selection of polymers.
Summary
To summarize briefly, by taking advantage of features of electrospun
materials it is possible to construct a material that more effectively integrates with
native tissue profiles when used as scaffolds for tissue engineering. In addition to
use as standalone materials electrospun fibers serve well in composites with other
biomaterials. Electrospun components can be combined with other biomaterials
to dramatically improve mechanical properties and impart bioactive chemistry
[Lee et al., 2011].

By layering or combining constructs created with other

techniques, more sophisticated composites can be fabricated. There are many
different tissue types of interest, and as electrospinning hardware progresses
technologically it will enable the production of more specialty electrospun
materials to cover a wider range of applications.
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1.3 Problem Statement and Research Objectives
The main focus of this work is to enable the production of nanofibrous
electrospun materials with morphologies and fiber orientations not previously
available, but much desired by the biomedical community for various uses.
Current state of the art electrospinning techniques designed to impart fiber
organizational control, such as rotating mandrels or parallel collector systems, are
incapable of producing sufficiently sized seamless constructs with high quality
alignment. Although these two techniques are relatively unchallenged in their
own alignment niches, rotating mandrels produce poor quality alignment and
parallel collectors have extremely limited product size.

Additionally, these

methods are incapable of producing more sophisticated electrospun constructs
such as seamless axially aligned tubular constructs or axially aligned fiber
orientation gradient meshes. Seamless axially aligned nanofibrous constructs
with controlled transitional fiber organization in usable dimensions are currently
highly sought after for use as vascular or tendon/ligament grafts.
Over the last decade, electrospinning has gained in popularity due to
widespread acknowledgement of its potential [Deitzel et al., 2001; Murugan et
al., 2007; Heath et al., 2010; Hong et al., 2011]. Although fiber organization and
alignment are being used for a variety of projects, most groups are forced to settle
for less than perfect fiber alignment [Murugan et al., 2007; Aviss et al., 2010; Xie
et al., 2010b; Timnak et al., 2011]. While many synthetic polymers can have
very regular molecular size and can produce very predictable results, natural
polymer solutions are significantly more difficult to electrospin.
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Because

molecular size and constitution dictate the response to the applied electrical
charge, the irregularity of natural polymers in solution is the main contributor to
the difficulty. Still, the popular demand for products produced with natural
polymers necessitates improvement of electrospinning capabilities.
Electrospun fiber control and morphology can be improved by two
different methods. First, a polymer solution can be modified to improve the
response to the electrospinning process by tuning qualities such as the
conductivity, viscosity or solvent vapor pressure. Second, the equipment and
techniques can be modified to more effectively drive the process.
Modifying the electrospinning solution has equal pros and cons. Natural
polymers have been modified to dissolve more uniformly into solution, respond to
electrical charge, and have more consistent molecular composition. However,
these processes severely increase solution preparation time and cost while slowing
production time down. They also distance the solution from the desirable raw
natural polymer qualities wanted for many applications. Furthermore, much
painstaking work will only produce improvements for a single polymer solution.
Modifying the electrospinning hardware enables the development of new
techniques.

One hardware modification can improve the electrospinning

performance of all polymer solutions without requiring chemical modificat ion.
Modifying hardware can more effectively improve electrospinning production
capabilities by optimizing or manipulating the factors driving the electrospinning
process. Therefore, any polymers capable of properly responding to standard
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electrospinning hardware and methods will be capable of responding to such
hardware optimizations.
The materials to be developed in this work are intended for future use in
biomedical applications.

As such, an important goal of this project is to

accomplish novel material development using historically proven polymer and
chemical components without inclusion of additional chemical substances which
would diminish biocompatibility, complicate processing, or impede federal
approval down the road. Additionally, for these no vel materials to have any
viability in a clinical setting, the designed production methods must first be
feasible, cost effective, and have the potential to evolve to support industrial
production.

For these reasons, engineering of innovative collector hardware

modifications was chosen as the method for acquiring higher nanofiber control
and driving novel biomaterial production. Modifications have the potential to
improve the electrospinning process indiscriminant of all polymer types while
retaining the desirable traits of natural polymers.
This project aims to improve upon current electrospun alignment ability
by development of a novel electrospinning collection method achieving refined
organizational control over nanoscale fibrous materials. Improved alignment is
demonstrated in both 2-D flat samples and 3-D tubes and microbundles. A silk/
PEO polymer blend was chosen to demonstrate the technique, due to its nanofiber
resiliency, potential strength, and popularity as a natural material groomed for
biomedical applications.
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The project was considered a success because the novel technique and
hardware developed provide the unprecedented ability to electrospin large
premium aligned nanofiber samples and long axially aligned nanofibrous
seamless tubes and microbundles which cannot currently be produced with
modern competing techniques. Our new electrospinning technique and hardware
modifications will not require intermittent handling or incorporation of material
seams and inconsistencies.
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CHAPTER 2: Background

2.1 Electrospinning Overview

Electrospinning is a process in which a polymer solution is passed through
a charged spinneret toward a counter electrode collection surface, creating an
electrically induced bending instability which facilitates s tretching and drying of
the polymer solution jet, transforming it into stiffened nanoscale fibers.

The

resulting polymer nanofibers are then deposited onto the collection surface as a
non-woven mesh. The electrospinning process is a quick, easy, and cost-effective
way to transform solutions into consistent nanofibrous materials. In particular,
electrospinning is interesting because it is able to produce extremely thin
materials which retain tough mechanical properties, wettability, and flexibility
[Zhang et al., 2009; McClure et al., 2010]. It is also possible to produce thick
samples composed of uniform and organized fibrous textures which are a benefit
over other material formats. The following is a basic overview of electrospinning
materials and components. Several electrospinning hardware modifications are
described which can be used to produce various electrospun materials,
particularly for improved control of fiber alignment and morphological features.
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2.1.1 The Electrospinning Process
The basic electrospinning technique involves the generation of a strong
electric field between a polymer solution contained in a reservoir such as a
syringe with a capillary tip or spinneret, and a grounded collection plate [Figure
2].

Figure 2. Standard electrospinner hardware and configuration. A polymer solution is charged,
by a high voltage power suply, as it is slowly pumped through a small diameter spinneret.
Once the applied charge exceeds a critical value, a droplet of extruding solution is deformed
into a Taylor cone which ultimately results in the prduction of a stable jet driven toward a
grounded collection surface. The process of liquid jet to solid fiber can be followed from the
Taylor cone to the collector plate. The violent instability region is where the most significant
transformation is driven.
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When the voltage reaches a critical value, the charge overcomes the
surface tension of the deformed drop (referred to as a Taylor cone) of the polymer
solution, producing a jet. This electrically charged jet undergoes a series of
electrically induced bending instabilities as solution fractions of varying remnant
charge repel and attract each other while traveling to the collection plate, which
results in extensive stretching through a violent whipping mechanism [Deitzel et
al., 2001]. This transforms the single fluid jet into thousands of stiffened nanoscale fibers, as the increasing surface area accelerates solvent evaporation, fur ther
reducing jet and fiber diameter. The extent of this is directly related to the size
and position of the collector [Gaumer et al., 2009].
Although electrospinning was patented in the 1930’s, it remains a
challenge to mathematically predict the orientations of actively electrospinning
nanofibers. The wild whipping mechanism responds quickly to local electrical
and aerodynamic bending instabilities which are also constantly changing.
Currently it is useful enough to estimate the outside shape of the whipping
mechanism. The shape of the whipping mechanism or instability region can be
thought of as a cone which originates from the spinneret but centers its base on
the collection system.

The size and curvature or diameter of the cone is

dependent on or limited by the shape, size, and position of the system collector
[Yarin et al., 2001].
The fiber diameter can be controlled by varying the processing parameters
such as polymer solution concentration, type of solvent employed, viscosity,
applied charge and electric field, distance from tip of the spinneret to the
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collection plate, flow rate, diameter and angle of the spinneret [Yarin et al., 2001].
The dried fibers are deposited on the surface of the collection plate.

By

modifying the processing of the starting polymer solution, materials with a wide
range of strength, porous, and degradable properties can be produced.
Fiber alignment is a useful manipulation.

When used as cellular

scaffolding, the fiber alignment of the electrospun mesh can influence cell
orientation,

strengthen

cell- matrix

interactions,

proliferation

rates

and

morphology [Murugan et al., 2007; Heath et al., 2010]. In addition to its effect on
cells, fiber control is important because of the influence it has on basic scaffold
mechanical properties. Small system and solution variations have a large effect
on the production of electrospun fibers. Features of electrospun materials such as
mechanical properties, control of fiber organization, high surface area, surface
chemistry, and impact on cell functions, have driven significant recent interest in
use of electrospun fibers for biomedical applications.

2.1.2 Cabinet Environmental Control
The desire to produce a strong yet biocompatible material heavily
influences polymer and solvent selection during formulation. Depending on the
solvent used, ambient air and temperature may be sufficient to facilitate solvent
evaporation during the fiber formation process. However, when electrospinning it
is possible to run into complications directly related to the solution blend, which
might not be foreseeable during formulation.
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It is often found that the

electrospinning environment imposes a higher than necessary vapor pressure for
the solvent [Larsen et al., 2004]. These issues may require the user to investigate
the electrospinning environment encased by a cabinet.
For example, many polymer-solvent blends are susceptible to frequent
clogging at the tip of the spinneret during the electrospinning process, causing
fiber inconsistencies and requiring constant manual intervention [Li et al., 2006].
This is due to solvent evaporation that is too rapid and subsequently results in
solidification at the tip.

To counteract this problem, a controlled cabinet

environment may be a remedy without requiring solution reformulation. Entire
cabinets can be designed with the ability to control humidity, temperature, and
atmospheric composition.
In some cases, a uniform controlled temperature or humidity within the
cabinet at both the locations of Taylor cone and completed nanofiber collection
system can facilitate proper fiber formation [Li et al., 2006]. However, some
polymer solutions may require a specific environment at the collector to properly
produce nanofibers, but require a different environment at the spinneret to prevent
clogging and maintain the Taylor cone. One interesting hardware modification
makes use of a coaxial style spinneret to create the separate environment around
the Taylor cone [Figure 3]. When the surface tension of a polymer solution is not
sufficient to maintain a stable electrospinning jet, polymer sputtering or
electrospraying occurs. A simple composite biomaterial can be made by using a
modified overlapping coaxial spinneret to simultaneously electrospray a second
solution for improving nanofiber production, biocompatibility, resiliency,
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strength, or conductivity [Weber et al., 2010; Hong et al., 2011]. Using coaxial
technology it is also possible to extrude the polymer jet in the core partition, and
simultaneously release a pure vaporized solvent or solvent rich polymer solution
from the sheath partition to prevent excessive evaporation, drying, or clogging at
the jet origin while allowing proper conditions at the collector [Larsen et al.,
2004].

Figure 3. Schematic diagram showing the features of a coaxial solvent spray system. Here the
standard spinneret becomes the core, while a secondary, larger diameter spinneret is sheathed
over it. The sheath portion sprays a solvent solution designed to keep the Taylor cone moist
and prevent clogging at spinneret while allowing the collected fibers to properly dry.
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Fiber transformation times and solution viscosities are solvent dependent
as well. Environmental control can improve fiber results. For example, the
selection of natural biodegradable polymers combined with the use of a non-toxic
solvent such as water is a very desirable option for improving biocompatibility,
manufacturing difficulty, and costs of the biomaterial processing.

However,

proper nanofibrous shape is difficult to maintain when using more hydrophilic
polymers such as gelatin or denatured collagen and elastin. Since these polymers
will retain more solvent at the time of collector impact, the deposited fibers are
wetter and less developed than they would be if an alternative solvent with a
higher vapor pressure such as an organic solvent was used [Yan et al., 2011].
However these alternatives are more toxic and less desirable.
Electrospinning cabinets capable of maintaining an internal environment
above the glass transition temperature of the polymer can drastically reduce the
amount of solvent needed, eliminate the need for organic solvents, and accelerate
the evaporation/drying process [Li et al., 2006].
Other environmental changes such as humidity affect the way evaporating
solvent interacts with the forming fiber [Larsen et al., 2004]. Excess humidity
can cause evaporating droplets to stall on the surface of the fiber. Surface
droplets interfere with the stretch accelerated drying stage of the forming fiber,
leaving a superficial dimple or pore [Leong et al., 2009]. Humidity also plays a
role in increased charge dissipation. Above a humidity threshold, the remaining
charge on the fibers may not be enough to maintain a proper fiber elongation
process [Yan et al., 2011]. When increased humidity is used to prevent spinneret
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clogging by decreasing solvent vapor pressure, it is important to ensure humidity
levels do not excessively impede fiber elongation.

2.1.3 Electrospun Biomaterial Mechanical Properties
Any material placed in the body must be able to perform its function while
resisting local physiological stresses and strains. In order to properly evaluate
whether or not an electrospun material is sufficient for an application, its
mechanical properties must be assessed.

The standard properties used for

evaluation are ultimate tensile strength, elongation at failure, and modulus of
elasticity. Comparing these properties to the native tissue of interest will reveal if
the material is appropriate to pursue for the application [Table 1]. Furthermore, it
is important to investigate these properties under physiological conditions, or at
least in conditions simulating the physiological environment.
A material may not be able to maintain sufficient properties after
physiological exposure. Investigations could entail exposing the material for
extended periods of physiological strain such as repetitive tensile stress or
pulsatile flow loops [Zhang et al., 2009]. It could also involve extended exposure
to natural enzymes, temperatures, and cellular degradation with or without the use
of bioreactors. These tests may predict a lack of material resiliency in vivo.
Materials must be significantly altered if the desired properties are not sufficiently
retained during extended physiological conditions. Conversely, it is possible for a
material to be too resilient and resist proper degradation and integration.
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Ref
Baek et al., 2011
Baek et al., 2011
Baek et al., 2011
Leal-Egana et al., 2008
Baek et al., 2011

Material

Tensile Strength
(MPa)

Tensile Modulus
(MPa)

Ultimate
Strain (%)

Cellulose Acetate/poly(butyl acrylate)
90/10 (CA/PBA)
Cellulose Acetate/poly(butyl acrylate)
80/20 (CA/PBA)
Cellulose Acetate/poly(butyl acrylate)
70/30 (CA/PBA)

1.3 ± 0.2

30.3 ± 3.7

10.3 ± 1.8

2.1 ± 0.25

49.6 ± 5.1

15.1 ± 4.7

2.5 ± 0.41

41.3 ± 2.9

25.3 ± 4.4

A. diadematus (major ampulate silk)
Cellulose Acetate

1100
0.2 ± 0.04

19.2 ± 4.3

27
8.2 ± 2.9

0.22 ± 0.004

0.14 ± 0.03

109

Rnjak-Kov acina et al., 2011 20% (w /v ) solution of Tropoelastin dissolv ed in (HFP)
Timnak et al., 2011

Randomly Oriented Fiber Mesh
7% (w /v ) Collagen solution dissolv ed in (HFP):(AAc) (1:1)

Cai et al., 2010
Cai et al., 2010
Cai et al., 2010
Cai et al., 2010

0.6 ± 0.1

1.14 ± 0.03

Silk:Chitosan (20:80)
Silk:Chitosan (50:50)
Silk:Chitosan (80:20)
Silk Fibroin

1.0 ± 0.21
1.1 ± 0.22
1.2 ± 0.13
10.3 ± 0.24

1.3 ± 0.20
2.5 ± 0.25
3.8 ± 0.21
2.8 ± 0.22

Kundu et al., 2008

B. mori Gland Fibroin Film (1% w /v treated)

14.29 ± 3.41

372 ± 44.12

11.52

Kundu et al., 2008

B. mori Cocoon fibroin film (1% w /v treated)

15.09 ± 2.45

415 ± 40.12

13.77

Leal-Egana et al., 2008
Leal-Egana et al., 2008

B. mori cocoon silk (nativ e)
B. mori cocoon silk (degummed)

400-600
450-700

18-22
22

Timnak et al., 2011

Aligned Fiber Mesh
7% (w /v ) Collagen Collagen solution dissolv ed in (HFP):(AAc) (1:1)

5.2 ± 0.6

1.021 ± 0.002

Kundu et al., 2008

B. mori Cocoon fibroin film (1% w /v untreated)

8.09 ± 2.45

275 ± 30.12

10.77

Leal-Egana et al., 2008
Kundu et al., 2008

N. edulis dragline silk
B. mori Gland Fibroin Film (1% w /v untreated)

800-1300
9.98 2.33

177 ± 31.12

12-25
9.98

Claes et al., 2010
Vorp et al., 2003
Woon et al., 2010
Timnak et al., 2011

Coronary Artery Wall
Coronary Artery Wall
Acellularized Tendon
Human Normal Nerv e

0.39 ± 0.07
1.8 ± 0.24
25.93 ± 13.53
6.78 ± 0.57

Chandrashekar et al., 2010 Human Bone–patellar tendon-bone graft

61.4 ± 20.2

Bayraktar et al., 2004
Bayraktar et al., 2004
Milesi et al., 1998
Dunn et al., 1983

Human Femoral trabecular bone
Human Femoral cortical bone
Human Saphenous Vein
Human Skin

Leal-Egana et al., 2008

Kev lar

Han et al., 2010

8% Polyurethane (CH2 Cl2 Dissolv ed)

Leal-Egana et al., 2008

Polylactic acid

2800-5000

Han et al., 2010

10% Polyurethane (CH2 Cl2 Dissolv ed)

Han et al., 2010
Han et al., 2010

652.68 ± 353.91
0.61 ± 0.02
565 ± 2.10
18000 ± 2800
19900 ± 1800
0.71 ± 11
1.59

1.6
40

2.49

1381 ± 70

4.04 ± 0.16

2.49

1381 ± 70

12% Polyurethane (CH2 Cl2 Dissolv ed)

6.01 ± 0.14

2.49

1381 ± 70

15% Polyurethane (CH2 Cl2 Dissolv ed)

7.07 ± 0.44

2.49

1381 ± 70

3600
2.82 ± 0.16

PLLA diameter in µm 0.29 ± 0.08
Shanmugasundaram et al., PLLA diameter in µm 1 ± 0.4
2011
PLLA diameter in µm 5 ± 1.5
PLLA diameter in µm 9 ± 2.0

2.7
2-6

350
375
60
280

* HFP - 1,1,1,3,3,3-hexafluoro-2-propanol
* AAc - Acetic Acid
* Data at Physiological Conditions

Table 1. Mechanical properties of various biomaterials of interest at simulated physiological
conditions. Table cont ains representatives from biomaterial sectors including: allograft,
natural, synthetic, and natural/synthetic blended polymer films and electrospun meshes.

Materials designed for external use such as wound dressings may be
examined with tensile testing equipment at ambient temperatures or humidity [Z.
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Cai et al., 2010]. However, in addition to two-dimensional materials, electrospinning can be used to produce more complex shapes such as tubes and
chambers. It is important to be able to accurately measure the capabilities of
these different material formats as well. One such method is to use an angioplasty
balloon [Drilling et al., 2008]. By filling the balloon at a controlled rate until
bursting, the ultimate burst pressure can be recorded using a transducer. Diameter
measurements and diametric strain can also be taken throughout the expansion.
Other methods can be used to more accurately measure burst strength in simulated
physiological conditions. Bioreactors can be set up with a restrictive valve on the
effluent end of the tube [Zhang et al., 2009].

As the valve is restricted, a

transducer can be used to evaluate pressure. Such systems could be continuous or
pulsatile and test with a variety of fluids and investigate cellular response and
impact.
Suitable control over mesh mechanical properties improves potential for
biomaterials, and as devices. Electrospinning is interesting in that it can produce
a tough, highly flexible material out of polymers that would otherwise form brittle
materials when used as thin films. By creating an independent nanofiber network
electrospun materials are capable of relieving stress more effectively [Milleret et
al., 2011; Vaquette et al., 2011].
Manipulations of solutions and configuration settings affect the
mechanical properties of electrospun products, and dictate which biomedical
applications are appropriate for the resulting material. Many types of polymers
may be desired for use due to qualities such as biocompatibility. However, some
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desired polymers may not demonstrate sufficient mechanical properties when
produced using standard electrospinning techniques. In such a case, mechanical
properties of a base solution may be altered using three methods; polymer
solution formulation, post-electrospinning modifications, or by modifying
electrospinning hardware.

2.2 Polymer Solution Formulation

2.2.1 Popular Polymers for Electrospinning
Table 2 lists twenty popular natural and synthetic polymer solutions that
are commonly used in electrospinning. Proven successful solution concentrations
and solvents have been listed with their appropriate electrospinner configuration.
Many different polymer solutions have been reported, and detailed preparation
can be found for many applications. Each polymer type offers a unique set of
properties as well as challenges.

Depending on the polymer, special

configurations or components may be needed, such as organic solvents or heated
equipment.

Tuning combinations of polymers and electrospinning methods

allows production of different material properties.
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Popular Electrospun
Polymers

BD

Solvent Type

Conc. Voltage
(wt.%) (kV)

Flow
Rate

Spinneret
Distance
Diameter

B. m ori Silk fibroin

Yes

Formic acid

18%

16

-

-

10 cm

B. m ori Silk fibroin/PEO

Yes

W ater

7.65%

11

1.8 ml/h

16 ga

15 cm

Zhang et al.
2009

Gelatin

Yes

10% Ethanol

15%

22

3.6 ml/h 0.3 mm ID

15 cm

Li et al. 2006

Gelatin

Yes

Hexafluoro-

14%

30

30 cm

Zhang et al.
2010

(4:1)

-

27 ga

isopropanol

Ref.

Wei et al.
2011

Natural

(HFIP)
Gelatin/Hyaluronic acid

Yes

10% Ethanol

7%

22

3.6 ml/h 0.3 mm ID

15 cm

Li et al. 2006

(100:25)
Collagen Type I

Yes

HFIP

4%

24

0.2 ml/h

21 ga

12 cm

Lee et al.

Collagen Type II

Yes

HFIP

6%

22

2 ml/h

18 ga

Fibrinogen

Yes

HFIP

12%

25

3.5 ml/h

18 ga

12 cm

Elastin

Yes

HFIP

14%

30

-

27 ga

30 cm

Zhang et al.
2010

Cellulose Acetate

Yes

TFE

15%

15

2.4 ml/h

-

10 cm

Filion et al.
2011

2011
12.7 cm Barnes et al.
2007
Sell et al.
2008

Acetone
Poly lactic acid (PLA)

Yes

HFIP

17%

18

0.5 ml/h

19 ga

12 cm

Thakur et al.

Poly lactic acid (PLA)

Yes

Acetone

35%

15

2 ml/h

26 ga

15 cm

Fathi et al.

Poly lactic acid (PLA)

Yes

50:50 DCM/HFIP

10%

30

-

26 ga

10 cm

2010
Leong et al.

Poly(lactic-co-glycolic acid)

Yes

Acetone

30%

15

2 ml/h

26 ga

15 cm

2009
Fathi et al.

Yes

Chloroform

8%

20

4 ml/h

1 mm ID

20 cm

Sim onet et

Polycaprolactone (PCL)

Yes

Acetone

12%

24

20 ml/h

20 ga

15 cm

Gaum er et
al. 2009

Polycaprolactone (PCL)

Yes

Acetone

18%

24

20 ml/h

20 ga

15 cm

Gaum er et
al. 2009

Polycaprolactone (PCL)

Yes

HFIP

6.7%

24

20 ml/h

20 ga

15 cm

Drilling et al.
2007

Polyv inyl alcohol (PVA)

No

W ater

10%

15

2 ml/h

26 ga

15 cm

Fathi et al.
2010

Polyv inyl alcohol (PVA)

No

W ater

4-8%

22

-

0.6 mm OD

12 cm

Yan et al.

Polyethylene oxide (PEO)

No

W ater

10-22%

22

-

0.6 mm OD

16 cm

Yan et al.

Polyacrylonitrile (PAN)

No

Dimethylformamide

1-7%

22

-

0.5 mm OD

8.5 cm

Yan et al.

2008

2010

(50 : 50 PLGA)
Poly(lactic-co-glycolic acid)

al. 2007

Synthetic

(85 : 15 PLGA)

2011
2011
2011

(DMF)
Dimethyl sulfoxide
(DMSO)
ga: Gauge

Distance: Spinneret to Collector Distance

ID: Inner Diam eter

BD: Biodegradable

OD: Outer Diam eter

Table 2. Polymer solutions commonly used to produce electrospun biomaterials. Popular
natural and synthetic solution concentrations and solvents have been listed with
corresponding electrospinner configurations which have been proven successful with
traditional hardware in literature.
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2.2.2 Choosing the Right Polymer
When selecting a polymer, it is important to ensure its material properties
are appropriate for the intended application. This will require less processing and
post-modification leading to less expensive, easier, and more repeatable material
production.

Each polymer is a chain of repeating monomer units bound by

reactive functional groups or double bonds.

Ethenic polymers such as

polyethylene are formed by polymerizing monomers which contain a carbon-tocarbon double bond which is broken then used to form a link with the next
monomer unit [Sinha et al., 2000].

Condensation polymers like polyesters

polymerize via functional groups such as an alcohol and a carboxylic acid then
release a molecule of water or transfer a hydrogen in the process [Sinha et al.,
2000]. The chemistry of these monomers dictates their potential as electrospun
biomaterials.
Natural polymers are of great interest in biomedical applications.
Generally, natural polymers are proteins or polysaccharides which may or may
not be easily degraded. Many natural polymers serve well as cellular scaffolding
for use in tissue engineering due to the presence of specific protein sequences,
such as arginine-glycine-aspartic acid (RGD). These desirable RGD sequences
can also be bound to electrospun materials as a post-processing step. There are
several popular natural polymers used in electrospinning for various biomedical
applications. For example, silk fibroin can be electrospun into a slow degrading
material with robust mechanical properties and low immunogenicity [Cao et al.,
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2009]. The glycosaminoglycan hyaluronic acid, however, can be electrospun into
a quickly degrading material due to a number of physiologically occurring
hyaluronidases [Peattie et al., 2004]. There are many options available to modify
the degradation rates of electrospun materials. Blends of natural and synthetic
polymers can also be easier and less expensive to electrospin. Silk blends have
much potential for use in biomedical applications and are compatible with the
majority of electrospinning techniques and modifications.

However it is

important to confirm that any modification made does not eliminate
biocompatibility.

It is possible for post-electrospinning modifications of

otherwise non-toxic polymer materials to result in the release of toxic by-products
as they degrade [Sell et al., 2008]. Although there are many post-processing
techniques available to alter the properties of these materials, it is wise to use
these traits as criteria for selecting the polymer for the intended application.

2.2.3 Preparing Electrospinning Solution
The starting point to making an electrospun material is the solution
preparation. This is the first opportunity to optimize a material for the potential
application. The solvent has a large impact on solution potential and must be
capable of dissolving the polymer into a smooth consistent blend. Usually if one
is considering biocompatibility as an important factor then it is desirable to
minimize the amount of toxic substances used in processing steps. However, due
the nature of some polymers of choice, water may not be a sufficient solvent. For
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example, although silk and gelatin are both natural polymers, aqueous gelatin
often requires a heated and humidity controlled electrospinning system while
aqueous silk does not. This is because gelatin is a thermoreversible hydrogel
around the temperature of 37°C [Li et al., 2006].

To avoid the use of

environmentally controlled electrospinners, an organic solvent such as 1,1,1,3,3,3Hexafluoroisopropanol (HFIP) is often used to dissolve such molecules [Sell et
al., 2008; Zhang et al., 2010; Lee et al., 2011].

HFIP will dissolve most

molecules with receptive sites such as oxygen, double bonds, or amine groups due
to its capacity for strong hydrogen bonding [Yanagi et al., 2011].

Despite

preparing two identical 15% polymer solutions, if one uses an organic solvent but
the other is aqueously dissolved, the produced materials will be very different.
For example, the resulting aqueous gelatin mat will better facilitate cellular
adhesion, have a preferable topography, and degrade more quickly [Zhang et al.,
2011]. It is known that cells infiltrate and degrade aqueous scaffolds better a nd
more consistently due to a more successful interconnection of pores [Li et al.,
2006]. However, these aqueous products may also be more brittle and difficult to
handle compared to the solution prepared with HFIP. This is in part due to the
dependency on environmental control and significantly different solvent
evaporation dynamics during fiber formation.
Additionally, the choice of solvent will affect the solution viscosity and
conductivity. The solution must be blended such that the viscosity and s urface
tension are able to support a sufficient Taylor cone and jet formation. Depending
on polymer complexity, the collection of subunits may have small or large
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molecular weights. Generally, larger molecular weight means the polymer will be
harder to dissolve into an electrospinnable solution.

However, molecular

entanglement will be much higher during the electrospinning process and fiber
formation will be more successful at a broader range of concentrations [Shenoy et
al., 2005]. These factors have an extensive impact on critical voltage required to
initiate jet formation as well as the intensity of Coulomb forces which drive jet
stretching and fiber formation [Yarin et al., 2001]. In addition, it is also important
for the electrospinner cabinet to be able to maintain an environment capable of
facilitating appropriate solvent evaporation rates in order to complete a suitable
nanofiber [Larsen et al., 2004; Li et al., 2006]. Electrospinning modifications
exploiting these properties will have significant effects on fiber and subsequent
fiber mesh material properties and morphology.
Novel material properties can be achieved by altering or doping the stock
solution. Additives will affect the way the solution responds to electrospinning
process, the biocompatibility, and bioactivity of the resulting material [Z. Cai et
al., 2010; Chaves de Paz et al., 2011; Wang et al., 2011].

For example,

amorphous calcium phosphate nanoparticles, a precursor to calcium phosphates
including hydroxyapatite, can be added to polymer solutions prior to
electrospinning in preparation for bone tissue engineering [Ma et al., 2011]. This
imparts new hydrophilic surface chemistry and an increased rate of
mineralization.

Alternatively, this technique can also be used to impart

superhydrophobic properties by doping a polymer solution with components such
as epoxy–siloxane modified SiO 2 nanoparticles [Wang et al., 2011].
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2.2.4 Selection of Silk as a Polymer
Most fibrous proteins have physiological roles as protective, connective,
or structural materials. Silk fibroin of the larval silkworm Bombyx mori, a natural
polymer, is a popular option for biomedical applications due to is strength, low
immunogenicity, and processability. Silk is receptive to processing leading to
material formats such as films, sponges, solutions, or electrospun fibers likely due
to its polymorphic behavior.
Silkworm silk fibroin is synthesized within a pair of posterior silk glands
(PSG). Fibroin is composed of both 350 kDa heavy chain and 25 kDa light chain
portions linked by a single disulfide bond between Cys-172 of the L-chain and
Cys-c20 (twentieth residue from the C terminus) of the H-chain which prevents
formation of inclusion bodies [Inoue et al., 2000; Hossain et al., 2003].
Natural silk in glands and cocoon shells is actually a 13 piece 2.3 MDa
complex consisting of 6 heavy chains, 6 light chains, and one central 30kDa
glycoprotein named P25 [Inoue et al., 2000; Chaitanya et al., 2010].

P25

assembles and holds the fibroin complex non-covalently, mainly by hydrophobic
interactions, and enables a soluble silk form until the time of spinning from the tip
of the anterior silk gland [Inoue et al., 2000; Chaitanya et al., 2010]. Silk is
secreted into the lumen of PSG then transported through the middle silk gland
where it first comes in contact with sericin. The silk fiber is next formed and
spun toward the anterior part of the silk gland. Natural spun fibers are typically
10 to 20µm in diameter [Wang et al., 2005]. The linkage between heavy and light
chains is essential for natural secretion from the endoplasmic reticulum to Golgi.
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Mutants that cannot form this linkage secrete less than 1% of the quantity
compared to wild-type [Inoue et al., 2000].
The heavy chain of Bombyx mori silk fibroin is composed of two
chemically distinct repetitive blocks.

The heavy chain is composed of 12

repetitive insoluble crystallizable regions of hydrophobic GAGAGS amino acid
motifs separated by 11 amorphous GAGAGY regions [Wilson et al., 2000;
Hossain et al., 2003; Phillips et al., 2004; Wang et al., 2005]. The crystallizable
regions are very similar to the amorphous regions except that they have serine to
direct conformations while amorphous sequences have tyrosine as the periodic
hydrophilic residue. This difference allows the formation of a hydrogen bonded
antiparallel β-sheet structure [Wilson et al., 2000; Hossain et al., 2003]. The
comparatively hydrophilic light chain does not have such a repetitive region, and
is characteristic of higher contents of glutamic acid and aspartic acid residues
[Inoue et al., 2000].
The structure of silk may change to one of three main silk crystalline
conformations depending on the environment of the protein. This conformational
variability of silk may be due to a high Glycine content [Wilson et al., 2000]. The
three main silk crystalline conformations are random coil, beta sheet, or a
threefold extended helix. Sometimes referred to as silk I, silk II, or silk III, they
usually partially coexist and do so with a number of intermediates [Wilson et al.,
2000; Wang et al., 2005]. Random coil is considered the water soluble state,
while the water resistant crystalline beta sheet is often induced by methanol
treatment, solution concentration, or mechanical shear. The threefold e xtended
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helix is a rare state which typically forms at the water interface during film
production [Wilson et al., 2000].

2.3 Post-Electrospinning Modifications

2.3.1 RGD Modification
Fibrinogen is a naturally occurring glycoprotein synthesized by the liver
that plays a large role in the coagulation cascade leading to blood clotting and
wound healing. It is capable of being electrospun, and is commonly dissolved
with HFIP.

Fibrinogen contains two Arginine-Glycine-Aspartic acid (RGD)

integrin binding sites capable of binding many molecules necessary for wound
healing, so it is therefore of interest due to its association with tissue regeneration.
As a biomaterial, electrospun fibrinogen is considered to have a high level of
biocompatibility but also results in quick degradation due to naturally occurring
enzymes [Sell et al., 2008]. Fortunately, RGD segments can be bound to many
electrospun polymer meshes as a post-processing step. This type of processing
has become popular due to the ease at which favorable surface chemistry can be
paired with a more resilient fiber mesh.
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2.3.2 Cross-linking Modifications
Currently available electrospinning techniques may not be sufficient to
produce a biomaterial with the mechanical properties adequate for desired
applications.

It may become necessary to use post-electrospinning chemical

modifications to impart new properties to the material.
The use of chemical cross- linkers such as glutaraldehyde vapor, genipin,
or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to enhance the
mechanical properties and slow the degradation of electrospun materials can be
advantageous. For example, to slow the biodegradability a water soluble silk/
chitosan blend the resulting electrospun material can be cross- linked by exposure
to glutaraldehyde vapor [Z. Cai et al., 2010].

However, it is difficult to

accomplish this goal without negatively impacting bioactive aspects such as cell
migration and tissue integration. While glutaraldehyde is a very popular crosslinking agent it is also known to increase cytotoxicity. Genipin is a very effective
yet less cytotoxic cross- linking alternative and EDC is part of a special class of
cross- linkers which do not become a permanent part of the molecule, leaving a
less cytotoxic material [Sell et al., 2008]. Chemically cross- linking fast degrading
electrospun materials such as fibrinogen using glutaraldehyde, EDC, and genipin
will significantly reduce the rate at which these materials are degraded,
remodeled, and integrated [Sell et al., 2008].
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2.3.3 Thermal Annealing
Chemical modifications are not required to induce interfibrillar linkages.
Sufficiently wet or incomplete fibers will merge at points of contact upon
deposition. Mesh structure may settle and reduce porosity while drying.

A

similar process can be induced using a thermal annealing technique. A controlled
thermal- mechanical method of annealing electrospun fibers involves pressing the
fibers at temperatures above their glass transition [Filion et al., 2011]. Meshes
pressed under at their glass transition temperature will produce stronger and
stiffer fiber meshes increasing the elastic modulus and ultimate tensile strength
severalfold [Filion et al., 2011]. Thermal annealing has been demonstrated with
several natural and synthetic polymers such as cellulose acetate, collagen, and
polyethersulfone [Ma et al., 2009; Y. Cai et al., 2010; Filion et al., 2011].

2.3.4 Altering Material Porosity – Traditional Methods
Depending on the application, it may be desirable to alter the poro sity of
the material.

Native electrospun pores may be too narrow to facilitate cell

migration or sufficient molecular diffusion.

There are many options for

enhancing the occurrence and magnitude of pores in the fibrous mesh [Table 3].
Adding an additional polymer to the electrospinning solution can result in
enhanced phase separation as the resulting fiber dries. Later the additional phase
can be removed in a wash process step leaving behind pores on the fiber surface
and throughout the fiber mesh [Leong et al., 2009]. The second phase can have
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interesting effects on the electrospinning process such as altering the conductivity
or viscosity of the solution.
Ref.

Pore Forming
Method

Leong et

Composite Fiber

Simple procedure producing quick

Minimally effectiv e method for porosity.

al. 2009

Leaching

results. Requires only an additional

Destructiv e technique, damages integrity

phase added to the polymer solution.

of structural fiber.

Not all polymer blends will produce

Low control ov er porosity.

Benefits

Drawbacks

desired effects.
Lee et al.
2005

Salt Leaching

Incorporates pores without sacrificing

Does not improv e interconnectiv ity of

structural fiber.

pores.

Void size is controllable by granule size.

Salt granule deposition may be difficult to

Void density is controllable.

control.

W orks with most Polymers.

Requires additional hardware for salt
deposition.

Milleret et

Multiple polymer

al. 2011

and spinneret
Leaching

Incorporates pores without sacrificing

Material is density may not be consistent.

structural fiber.

Limited range of v oid density.

Material density can be altered by

Mechanical properties may be

adjusting structural/spacer fiber

unpredictable.

deposition ratio.

Additional hardware required nearly

W orks with most polymers.

doubling the components and cost of the
electrospinner.
Second polymer and leaching solv ent
must be carefully selected to maintain
integrity.

Saraf et al.

Coaxial Fiber

2009

Leaching

Incorporates porous structure

Leaching of core fiber may be destructiv e

throughout material fiber.

to integrity of structural fiber.

Consistent predictable v oid

Most difficult electrospinning technique.

placement.

Requires modified spinneret, multiple
power supplies and pumps.

Rebollaret

Laser Poration

et al. 2011

Precise pore placement with intricate

Destructiv e to structural fiber.

patterning and fast procedure.

Limited interconnectiv ity of pores.

Pore pattern and size is instantly tunable

Additional hardware required to operate

to application and results.

laser.

W orks with all polymers.
Zhou et al.

Enzyme

Simple method.

Destructiv e to structural fiber.

2010

Nonspecific pore placement.
Limited selection of polymers.
Enzyme cost.

Sim onet
et al. 2007

Cryospinning

Does not require use of additional

Limits use of fibers at different stages of

chemicals.

completion.

Easy leaching method.

Requires humidity control and excess

Voids consistent throughout material.

ambient water v apor.

Does not require damage to structural

Limited range of v oid sizes.

fibers.
Vaquette

Specialized

et al. 2011

Collectors

Incorporates pores without sacrificing

Pore results differ with pore size.

structural fiber.

Pore results differ with polymer.

Collector component modifications are

Low density regions are not true pores.

cost effectiv e.

Minimum pore size is v ery large.

Controlled pattering of low density
regions.

Table 3. Examples of both destructive and non-destructive pore forming techniques.

38

Another technique makes use of an enzyme in a post-processing step to
degrade the electrospun materials. Pore size can be modified as a function of
enzymatic degradation time [Zhou et al., 2010].
A more controlled technique has been developed using laser irradiation
with femtosecond pulses to pattern desired pore sizes and schemes through
electrospun meshes [Rebollar et al., 2011].
It is important to note these types of pore forming techniques require
destructive removal of small portions of the fibrous structure. One must confirm
mechanically weak points resulting from severed fibers do not disqualify the
material from the desired application.

2.3.5 Altering Porosity using Hardware Modifications
Not all porosity modifications require damaging the structural fiber mesh.
It is possible to alter porosity by modifying hardware configurations, without
having to destroy or damage the structural fibers after electrospinning.

By

manipulating the polymer solutions and electrospinner configuration, it is possible
to affect porosities of electrospun fiber and subsequent fiber mesh products [Table
3]. For example, specialized collectors can be used to accumulate nanofibers into
a less dense nanofibrous mesh [Simonet et al., 2007; Vaquette et al., 2011]. Also,
multiple spinneret systems can be used to incorporate a secondary spacer fiber to
be removed in a wash step without harm to the structural fiber [Milleret et al.,
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2011]. This may be advantageous when maintaining consistent or predictable
mechanical properties is imperative.

2.4 State of the Art in Hardware Modifications
Manipulations of the electrospinner configuration and

hardware

components can impart favorable polymer specific properties that are often
required to produce viable biomaterials. A single stock solution will respond to
modified electrospinning production runs and can be used to produce a variety of
mesh structures.

2.4.1 Effects of Collector to Spinneret Distance
The fiber morphology and mechanical properties can be altered simply by
changing the distance between the collector and the spinneret [Yarin et al., 2001;
Gaumer et al., 2009; Yan et al., 2011]. For example, increasing the distance from
10 cm to an optimal distance of 20 cm, for standard polymers such as PCL, will
nearly double the resulting mesh mechanical strength independent of solution
concentration [Gaumer et al., 2009]. In addition to effects on tensile strength,
similar improvements in elongation at failure can be obtained.
Increasing distance results in longer travel time to the collector. The
polymer solution is then allowed to undergo extended stretching and solvent
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evaporation, resulting in further fiber elongation and fiber morphology changes.
The fibers will be thinner and greater in number per area. This may produce a
more tightly packed intrafibrilar polymer entanglement resulting in increased
strength. Also it greatly affects the interfibrillar interactions. Because the fiber
density is much greater there are more ways to distribute the strains under load
resulting in a tougher material [Gaumer et al., 2009].

Conversely, closer

spinneret-to-collector distances produce wetter fiber depositions resulting in fibers
more prone to necking and beading.
Varying spinneret distance also has a large effect on materials produced
with a rotating mandrel. It is interesting to note alignment performance of the
mandrel requires proper collector-spinneret distances.

For example, a close

spinner mandrel distance will not produce as good alignment compared to a
distance twice as far. Increased rotation speeds will also not produce significantly
better results at close distances [Gaumer et al., 2009].

This is because of

whipping dynamics. Close to the spinneret, developing fibers still retain a large
amount of solvent and electrically driven stretching is much shorter.
Additionally, travel speeds in the direction of jet flow are highest near the
spinneret. Therefore the rotating mandrel would not have adequate opportunity to
organize fibers before deposition. In order to have sufficient lateral fiber bending,
greater distances must be traveled before coming in contact with the collector.
Optimizing the distance to capture electrospun fibers at the ideal stage in
development will result in the highest yield of aligned fibers and maximize
material strength.
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Fiber alignment has a large effect on biomaterial properties. With the
capability to produce more complex fiber organizations comes the potential to
create better materials.

As previously stated, altering collector to spinneret

distance has a large impact on the properties of the resulting biomaterial.
Depending on distance, the collector will accumulate fibers at very different
stages of completion. Depending on fiber state upon deposition, the remnant
electrical forces which drive the electrospinning process will continue to have
effects.
In addition to affecting the dimensions and mechanical strength, fibers can
be manipulated into more sophisticated organizations other than simple
alignment.

While still in fluid state, charge applied to polymer jet induces

repulsive forces which drive a whipping bending instability. As the whipping jet
progresses it elongates into drying fibers. Careful collector positioning will
interrupt fiber progression at interesting points in the process. By doing so it is
possible to take advantage of another phenomenon. Once polymer fibers deposit
on the collector they are not able to form the electrically driven whipping
mechanism. However, the remaining charges will still attempt to repel each
other. Due to the restrictive action of surface tension the partially developed
fibers have the ability to self-assemble into honeycomb-patterned nanofibrous
structures [Yan et al., 2011]. Generally, the structures appear to be a network of
hexagonal pores or chambers with a radius ranging from a few to 100 µm.
Chamber size can be increased by increasing

voltage or decreasing

electrospinning distance. This is most likely due to the increased electrical field
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strength at shorter distances [Yarin et al., 2001; Gaumer et al., 2009]. The walls
forming the pore network appear to dry into aligned ribbon- like or beaded fibers
consistent with wet fiber deposition.
In addition to collector distance, the solution concentration also largely
affects the honeycomb organization.

For example, increasing the solution

concentration will increase the chamber size due to a higher remnant charge at
time of deposition. For each solution there are usually tight upper and lower
cutoffs outside of which self-assembly will not occur and a standard randomly
aligned mat or film will be produced. If depositing fibers are too dry, they cannot
organize into honeycomb structures because they are too stiff to be repelled by the
remaining electrical charges. In contrast, if the solution concentration is too low,
resulting in fibers that are too wet, then adequate drying and self-assembly cannot
occur.

The wet polymer depositions will settle into a uniform film when

viscosity, surface tension, and molecular proximity are insufficient [Yan et al.,
2011].

2.4.2 Patterned Pore Collectors
Specialized collectors can be used to produce a more porous electrospun
biomaterial without destructive pore forming techniques. Modifying the collector
shape and size directly influences the properties of the resulting material [Yarin et
al., 2001]. It is reasonable to expect the use of a porous collector would produce
a more porous sample. For example, by using collectors patterned with 750 µm
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sized holes, electrospun materials can be generated with close to 750 µm diameter
regions of low density spots [Vaquette et al., 2011].

A

B

C

D

Figure 4. SEM images displaying the morphology of the round patterned pore electrospun
meshes produced using collectors with an increasing hole diameter. Different porosities and
low fiber density regions can be produced using specialized collectors. Pore size is dependent
on collector hole diameter. A) 0.75 mm round hole collector; B) Electrospun mesh produced
using the 0.75 mm round hole collector; C) 3 mm round hole collector; D) Electrospun mesh
produced using the 3 mm round hole collector. Fewer fibers were deposited in the nonconductive hole as its diameter increased. At the same time the fiber density decreased.
Scaffolds were produced with PCL dissolved in a mixture of chloroform/dimethylformamide
(90/10 vol.%) at 15% w/v. This figure is reproduced from [Vaquette et al., 2011] with
permission © 2011 Elsevier Ltd.

However, electrospinning over a collector with 3 mm holes results in a
material with consistent pores nearly devoid of fibers. Depending on the diameter
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of the hole, the subsequent pore density will vary from a vacant spot, to a low
density electrospun region [Figure 4]. This is partly because it is more likely
fibers will able to support their weight suspended over a smaller gap.

The

opposite is true for fibers over larger gaps resulting in a void section with few to
no spanning fibers.
The main reason for the sparse deposition over collector holes is due to the
highly attractive grounding potential of the surrounding rim.

The electrically

driven bending instability between the spinneret and collector is often
unpredictable, and a fraction of the fiber bends will span over a void region on the
collector. However, without an underlying collector support fibers with remnant
charge will repel one another and preferentially deposit on the solid collector
portions.
This modification is designed to produce meshes which allow better cell
infiltration but can also be useful for tailoring mechanical properties. Because the
fiber depositions will mimic the collector pattern it is possible to incorporate low
density areas without having to destroy structural fibers. The resulting mat is able
to relieve tension by distributing strain throughout the fibers, whereas a
destructive technique would lead to tears at the site of pore formation. Under
tensile strain these porous mats become irreversibly deformed, likely due to
shifting of the fibers out of their positions and into the porous regions resulting in
decreased elastic modulus and ultimate tensile strength [Vaquette et al., 2011].
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2.4.3 Cryo-electrospinning Collector Plates
An alternative pore forming technique that does not cause significant harm
to individual nanofibers is called cryo-electrospinning. Cryo-electrospinning does
not require any chemical modifications and can be considered a hardware
configuration modification.

A collection device modified to reach subzero

temperatures is used to gather the electrospun fibers.

The low temperature

collector induces ice particle formation on the surface of the collector and
deposited fibers by condensing ambient water vapor [Simonet et al., 2007]. The
collector surface can be chilled in various ways such as dry ice packed drum
collectors, Peltier blocks, or liquid nitrogen circuits to induce ice crystal
formation. Ice crystals can later be melted away leaving voids without harm to
the scaffold.
Fiber spacing and material porosity are directly related to the amount of
ice crystal formation, which can be controlled by varying temperature and
environmental humidity inside the electrospinning cabinet [Simonet et al., 2007].
Using a fiber composed of chloroform dissolved poly(lactic-co-glycolic acid)
(PLGA) Simonet et al. (2007) demonstrated environments of 15% relative
humidity produced little to no void forming effect, while increasing cabinet
humidity above 30% produced much lower fiber density with pore size increasing
to several hundred micrometers.

The results of cryo-electrospinning will be

dependent on choice of polymer and solvent. For example, the process may have
a very different effect with aqueously dissolved fibers, such as gelatin or collagen.
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2.4.4 Coaxial Electrospinning

Figure 5. Schematic diagram showing features common to coaxial electrospinning systems.
The coaxial spinneret is what sets these systems apart from standard electrospinning
equipment. Here the standard spinneret becomes the core, while a secondary, larger diameter
spinneret is sheathed over it. Core and sheath spinnerets can receive individual polymer
solutions and charging potential. This allows the production of laminar composite nanofibers.

It is possible to produce hollow or dual phase laminar fibers using the
coaxial electrospinning technique [Figure 5].

Coaxial electrospinning uses a

modified spinneret to simultaneously produce laminar core- in-sheath fibers [Saraf
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et al., 2009]. The core and sheath are produced using different phases with the
permanent polymer residing in the sheath portion and a soluble second solution as
the core. These systems allow for dedicated power supplies and separate pump
controlled flow rates which can be independently calibrated for each polymer
solution.

The core portion can later be dissolved by a separate post-

electrospinning process step, leaving behind a hollowed nanoscale sheath or
porous shell [Saraf et al., 2009; Xie et al., 2010a].
This technique can also be used to produce a composite material for the
incorporation or fine tuning of additional functions. This technique has been
made popular for drug delivery applications. Various drugs of interest can be
loaded into the core portion while being protected by a more resilient sheath
polymer for controlled release applications. Sheath portions can also be designed
to coat desirable surface chemistries. Because the coaxial process is controlled at
the spinneret, the system is compatible with a variety of collector types.

2.4.5 Multiple Spinneret Systems
Multiple

polymer

solutions

can

be

independently

electrospun

simultaneously to produce a composite material by increasing the number of
spinnerets. One polymer can be designed as the structural material, while the
other can be used simply as a spacer to be dissolved out in a later processing step
[Milleret et al., 2011]. Once the second fiber is removed, the resulting material is
less dense than if the mat was produced with the structural fiber alone. The
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configuration requires a second pump, power supply, and spinneret, but both
polymer fibers are simultaneously collected on a single collector [Figure 6].

Figure 6. Schematic diagram showing features common to multiple spinneret electrospinning
systems. The system is similar to standard electrospinning equipment except for the use of
more than one spinneret. Each spinneret can receive individual polymer solutions and
charging potential with the use of multiple pumps and power supplies. Each spinneret can be
used simultaneously or intermittently. This allows the production of composite nanofiber
meshes.

Other than having the multiple spinnerets, the process is no different than
a standard single polymer system [Thakur et al., 2008; Ladd et al., 2011]. The
resulting material is an intermittent but consistent blend of layered fibers. The
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process works with both stationary and rotating mandrel collectors to produce
random or aligned materials [Milleret et al., 2011; Ladd et al., 2011]. By varying
the pump speeds, it is possible to adjust the ratios of polymer fibers within the
material. Flow rate will affect final fiber diameter, but that can be adjusted by
choosing a different diameter spinneret.
When choosing the secondary polymer it is important to first consider the
method with which it will be removed. The second polymer must be able to be
removed by a process or solvent that will not damage the structural fiber. The
more porous final product should better facilitate cellular and molecular
infiltration and degradation, but may have weaker mechanical properties [Li et al.,
2006; Milleret et al., 2011]. However, the individual fibers should retain integrity
with this method as opposed to using a two-phase single spinneret system which
requires dissolving out part of the structural fiber.

2.4.6 Hardware-controlled Fiber Organization
When a material’s demonstrated mechanical strength does not satisfy
requirements for the intended application, it may be necessary to alter the
mechanical strength using a process that does not require reformulating the
polymer solution. By avoiding chemical modifications, it is possible to reduce the
chance of imparting additional cytotoxicity, and simplify the process for future
regulatory issues. Fortunately, there are electrospinning modifications available
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that can alter material properties such as mesh and fiber size and strength without
the need for chemical modifications.
Organizational control of fiber alignment within the electrospun material
further enhances material mechanical properties. Electrospun fibrous structure
can also be reinforced by annealing of overlying fibers.
There are several popular hardware modifications which will lead to
significant product property changes. For example, standard collector systems are
only capable of producing randomly organized fiber meshes.

This may be

acceptable or perhaps ideal, depending on the application.

However, an

application may require production of a material with more anisotropic properties.
Several modern electrospinning components such as parallel collectors or rotating
mandrels are capable of producing biomaterials with increased fiber alignment
thereby increasing mesh strength in the direction of alignment.

2.4.7 Parallel Collectors
Parallel collector systems are simple modifications which can alter the
mechanical properties of the electrospun material [Figure 7]. By using a ring,
frame, or multiple collectors separated by a short gap, it is possible to collect
fibers between collectors or within the frame in an aligned manner [Xie et al.,
2009; Xie et al., 2010b]. Fibers spanning the short gap will make contact with
one collector first. A fraction of the fibers may deposit their untethered ends on
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the second collector before retracting toward the nearest collector to dissipate
charge.

Figure 7. Schematic diagram showing features common to parallel collection systems. The
system is similar to standard electrospinning equipment except for the use of more than one
collector surface separated by a small gap. Each collector receives the same grounding
potential or negative applied voltage. This allows the collection of nanofibers in an aligned
manner between the collector surfaces.

At first, the only fibers collected are those aligned between the two units
or within a frame. Fibers produced with weak properties, poor alignment, or
insufficient lengths, once deposited, are pulled towards either collector and away
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from the center, as illustrated in Figure 7. This can be considered as a sort of selfcleaning process. This happens predominantly with weak broken fibers, or fibers
that break because they are insufficiently dry upon collection and cannot support
their weight. This leaves a premium section in the center which can be excised as
a sample which may be large enough for research purposes. As the material
becomes denser with collected fibers it suffers from increased randomization as it
catches randomly oriented fibers like a web. This is a simple method but is
limited to low yield, material thickness, consistency, and length.

2.4.8 Rotating Mandrel Collectors
The most popular configuration for fiber alignment is currently the
rotating mandrel or wheel setup [Wolfe et al., 2009; McClure et al., 2010; Wu et
al., 2010].

The spinneret portion is the same as a standard system but the

collector is modified [Figure 8]. Hundreds to thousands of fiber segments deposit
onto a rapidly rotating mandrel collector at various angles.

The result is an

electrospun material with a much higher fraction of fibers aligned in the direction
of mandrel rotation.
Increasing rotation speed produces increased alignment and as a result
mechanical strength in the direction of alignment increases [Gaumer et al., 2009;
McClure et al., 2010]. The mandrel system has been made popular in the pursuit
of a thin walled nanofibrous tube for vascular repair. Mandrel tubes are sealed,
consistent, and thin, yet strength is maximized to resist dilation.
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Figure 8. Schematic diagram showing features common to rotating mandrel collection
systems. The system is similar to standard electrospinning equipment except for the use of a
conductive mandrel capable of rotating at high speed as the collection surface. The mandrel
receives the grounding potential or negative applied voltage. The rotation of the collection
surface plucks in-transit nanofibers and physically positions them in a circumferentially aligned
orientation.

However, the rotating mandrel collector is not without limitations. While
the mandrel systems are capable of producing much larger aligned fiber samples
compared to parallel collector techniques, the mesh alignment quality produced
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on rotating

mandrels is significantly

inferior.

The rotating

mandrel

simultaneously plucks fibers while they are at different stages of completion.
This introduces varying levels of mechanical strain to each fiber affecting fiber
diameters, causing fiber breaks, fiber fatigue, and plastic deformation.
During mechanical testing, layers of breaks and inconsistencies may
blend, but at the microscopic level two adjacent sections may have very different
properties.

Degradation and structural influences on cells would be greatly

different between sections. Additionally, wet fibers will deposit excess solvent
onto the developing material, possibly damaging earlier fibers that had already
been produced. Undesirable damaged fibers become encased within the material.
This level of inconsistency may or may not be acceptable for drug release
materials, but it could present a problem for applications such as ligament repair
where mechanical properties are vital.
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CHAPTER 3: Materials and Methods

In this project, a novel collection system has been designed, fabricated,
and tested to overcome production limitations of modern collection methods. The
system functions by manipulating the electric field which drives the
electrospinning process. By rapidly oscillating the deposition signal (RODS), the
collection system is able to produce superior fiber alignment without inducing
mechanical strain to the developing fibers or requiring the use of support backing.

3.1 Electrospinner Design and Features
The electrospinner was designed to support a variety of polymer
solutions, solvents, and collection systems.

Its components were chosen to

provide maximum functionality with minimal cost. The internal cabinet measures
30” high by 30” wide and 25” deep. An additional top cabinet was added
measuring 10” in height. An adjustable shelf was added to the main cabinet
supporting a broad range of heights and angles. The cabinets are made with 3/4”
particle board protected by melamine overlays. The top and main cabinets each
have separate polycarbonate doors for independent access. This design separates
the electrospinner into three enclosed compartments [Figure 9].
The top compartment houses the syringe pump, a dual zone d igital
thermometer and humidity meter, and a separate heating element.

The

temperature/humidity meter monitors the middle compartment via an external
probe. The top (compartment 1) houses a 120 VAC 500 watt heating element
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with thermostat (McMaster-Carr #36415K26) mounted on two 3” by 6” by 3/8”
stone tiles used to preheat and maintain the polymer solution reservoir
temperature. This is important when electrospinning solutions such as aqueous
gelatin, which must be kept above their glass transition tempe ratures.
temperature of 40°C can be consistently maintained to the nearest 0.2°C.

Figure 9. Electrospinner designed and used for this work. The 3 compartments separate the
environments and house the hardware necessary to perform the novel electrospinning
process.
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The middle section (compartment 2) is the dedicated electrospinning zone.
The floor of the middle compartment can be adjusted to decrease or increase
internal electrospinning area.

A 16- gauge stainless steel needle used as the

spinneret protrudes into the middle cabinet through a 3” long, 3/8” ID PVC tube.
The spinneret is supplied by the pump via a luer- lock fitting. The 1” by 3”
diameter aluminum focal plate is mounted to the spinneret and PVC down tube.
14-gauge high strand copper wire is used to ground or supply negative applied
voltage to the desired collector system. Other than the spinneret, focal plate, and
collector system, the entire compartment is free of conductive components that
might otherwise interfere with the electric field gradient critical to the
electrospinning process.

The melamine-protected particle board floor of the

middle compartment contains a 17” square hole. An 18” square ceramic tile sits
atop the opening in the floor. The ceramic tile floor can be raised with stone tiles
to share the environment with the bottom compartment if desired.
The bottom compartment can be used to alter the electrospinning
environment of the middle compartment. A hot plate and heat sink are used to
alter the temperature within the cabinet. Beakers of deionized water are placed on
a hotplate to alter humidity. The ceramic tile above the opening helps to keep the
cabinet environment uniform.
A variable output high voltage transformer (HV350, Information
Unlimited, Amherst NH) supported by a 12 volt, 12 amp power supply (Pyramid,
Brooklyn N.Y.) sits atop the electrospinner and supplies current to the spinneret
and focal plate via 14-gauge high strand copper wire.
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3.2 Preparation of Electrospinning Solutions
The capabilities of the RODS collectors were tested and optimized using
silk fibroin and blended 5.78-25.34% Fibroin:PEO (4:1) solutions due to the
tensile strength, low immunogenicity, and processability of resulting fibers
produced from these solutions. Following published procedures [Lovett et al.,
2008] a 5–7% (w/v) silk fibroin aqueous solution was prepared from Bombyx
mori silkworm cocoons (Tajima Shoji Co., LTD., Yokohama, Japan). In brief,
glue-like sericin proteins and wax were extracted from the silkworm cocoons by
boiling the cocoons in an aqueous solution of 0.02 M Na2CO3 for 20,25,30,40, or
60 minutes.

Different degumming times were compared for performance.

Afterwards, the degummed silk fibroin was rinsed in distilled water, then allowed
to dry at room temperature for 48 hours. The dry fibroin tufts were then dissolved
in 9.3 m lithium bromide for 60, 90, 120, 150, 180, or 200 minutes at 60 ᵒC
yielding a 20% (w/v) solution. Different dissolving times were compared for
performance. Next the resulting solutions were dialyzed against distilled water
using a Slide-a-Lyzer dialysis cassette (molecular weight cutoff MWCO, 3500,
Pierce, Rockford, IL) for 48 h. The resulting 5–7% (w/v) fibroin solution was then
concentrated by dialyzing against 20 wt% poly(ethylene glycol) (PEG) for
varying times to produce 5.78 – 25.34% (w/v) silk fibroin aqueous solution.
To produce large quantities of specific solution concentrations, multiple
batches were blended together then blended with deionized water to achieve
desired weight per volume.
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All silk fibroin solutions were stored at 4 °C until used to make
electrospun silk scaffolds. Before spinning, each solution below the concentration
of 20% was blended with 5% poly ethylene oxide (PEO) in the ratio of four parts
5.78 – 25.34% (w/v) aqueous silk fibroin to one part 5% PEO, to improve
electrospinnability and flexibility of the fibers. The resulting solutions were
Fibroin:PEO (4:1).

3.3 Novel Collector Evolution
Several collector modifications were designed in order to demonstrate the
ability to produce an assortment of biomaterials capable of contributing to various
areas of research such as vascular, neural, or muscle and ligament repair [Figure
10]. Initial type I collectors were basic, and modifications consisted of simple
experimentation with the standard collector plate as well as various shapes such
metal washers [Figure 10A]. Varying the collector rim size and hole diameter
affected the density of the slightly aligned patch in the center. The transition from
radially aligned mesh in the center to random mesh over the rim was very
interesting but did not lend itself more than one organization. In order to better
take advantage of the phenomenon a method of control and a user interface had to
be incorporated.
Several studs were mounted on a plastic sheet in a ring pattern to create
the type II collector [Figure 10B], which is the first model used to attempt counter
electrode location switching. Two sections of 20 ga single stranded wire were
used to ground two studs at a time. The opposite end of each wire was connected
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to a standard manual 15 amp single-pole double switchbox.

The effect of

changing the location ground, simultaneously or consecutively, while actively
electrospinning was investigated. The use of multiple collectors produced aligned
fibers between many active pairs of collectors. Alternating the location of ground
enabled production of aligned fibers across greater distances. However the close
proximity of neighboring non-active studs still seemed to interfere with the
process.

Removing several studs prevented interception of deposition and

produced much cleaner aligned fiber collection.
Type III independent, free-standing collectors were designed to quickly
study effects of collector position on the performance of the intermittent
activation system [Figure 10C].

The addition of an automated switchboard

allowed for more precisely timed activation.

These collectors allowed

pinpointing of successful collector spacing and positioning for achievement of
extended length aligned fiber production. The mobility of the type III collectors
facilitated a significant advancement toward RODS collection system.
Optimization of the alignment and collection process required collector
shape modularity and a better mechanism for precise angling of the collection
plane. Therefore, ten- inch ceramic collector stands with central threaded collector
mounts were paired with PVC adjustable legs [Figure 10D]. The stands could be
angled and spaced by adjusting the leg positions then locked into place with
nonconductive plastic bolts.
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TYPE I
TYPE II

Standard; Random or Short
Alignment

A
B

Early Control, Multiple
Deposition Sites

C
Mobility for Optimization

TYPE III

D

First Premium Aligned and
Aligned-to-Random
Gradient Meshes, Modular
Collector Heads,
Repeatable Results.

TYPE IV

E

First Axially Aligned
Nanofiber Tubes, Manual
Rotation.

TYPE V

F
Automated Production of
Axially Aligned Nanofibrous
Tubes and Microbundles.

TYPE VI

Figure 10. Images detailing the progression of the rapidly oscillating deposition signal (RODS)
collection system. Multiple collector types and complexity were developed in this project and
are required for production of the novel materials. A-C) Progression from standard to mobile
collection towers, used only during development. D) Latest revision of collectors used to
produce the majority of planar aligned meshes for this project. E) First manual rotation tubular
collectors. F) Latest revision of the automated rotation tubular/microbundle collectors.

Optimization of the collector plane allowed the production of flat linearly
aligned biomaterials with special characteristics suitable for use as ligament,
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muscle, or endothelial scaffolds described later. Several modular collector head
plates were created to quickly swap styles during optimization trials [Figure 11].
Each modular plate was threaded to mate with the collector base.

Figure 11. Modular collector set. Each of the 5 collector plates can be quickly interchanged and
mounted to the ceramic stands. The various types are used to produce thin, wide, or tubular
samples.

Further collector modifications enabled the production of more complex
shapes such as seamless aligned fiber tubes, a structure not previously possible.
Utilizing the same activation system, dual tubular collectors were mounted onto
the ceramic stands to create the type V system [Figure 10E].
After successful tubular collection, an automated type VI collection
system was fabricated allowing synchronous rotation of tubular collectors
producing consistent aligned fiber tubes [Figure 10F]. The rotation of the tubular
collectors is driven by compact 12 VDC, 1.3 rpm gearmotors (McMaster-Carr),
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1" OD acetal timing belt drive pullies (McMaster-Carr), and 3/8" neoprene timing
belts (McMaster-Carr). By independently varying the rotatio n speed of each
collector several new structures can be produced such as nanofibrous
microbundles and microtubules described later.

3.4 Electrospinning Flat Random Meshes
In the standard random oriented fiber mesh electrospinning process, a high
electric potential was applied to a droplet of silk fibroin or silk fibroin/PEO
blended solution at the tip of a 16-gauge stainless steel needle spinneret (as shown
in Figure 2). A focal plate was used to help guide the electrospinning fibers
towards the type I solid stationary collector or ring style collector. A voltage of
10 kV was applied to the needle, focal plate, and the silk solution at a flow rate of
40µL/minute. A single grounded aluminum collector wrapped in aluminum foil
or bare stainless steel ring collector was positioned 9” from the droplet.
Electrospinning process was allowed to continue until mesh samples were thick
enough to harvest.

3.5 Electrospinning Flat Aligned Meshes
In the premium aligned fiber electrospinning process, a high electric
potential was applied to a droplet of silk fibroin or silk Fibroin:PEO (4:1) blended
solution at the tip of a 16- gauge stainless steel needle spinneret. A focal plate was
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used to help guide the spinning fibers toward the type IV collectors. A voltage of
10 kV was applied to the needle, focal plate, and the electrospinning solution at a
flow rate of 40µL/minute. Two separately grounded type IV collectors positioned
3” to 9” from each other were placed 9” from the droplet. The collector plane
was tested at various angles to optimize the collection process. An automated
switch was used to oscillate the ground signal location to only one collector at a
time. Oscillation time was adjusted to a periods of 3, 2, or 1.3 seconds for
optimization and to investigate effect. Aligned fibers were collected between the
two collectors.
For comparison, aligned samples were also produced using a mandrel
collector at 3000 RPM, at a charging voltage of 9.5 kV, from 9% (w/v)
Fibroin:PEO (4:1) solution at a flow rate of 40µL/minute.

3.6 Electrospinning Fiber Orientation Gradient Meshes
In the gradient mesh electrospinning process, a high electric potential was
applied to a droplet of 8% - 11% silk Fibroin:PEO (4:1) blended solution at the tip
of a 16- gauge stainless steel needle spinneret.

These lower solution

concentrations were selected to induce a higher rate of fiber breaking and
recoiling. A focal plate was used to help guide the spinning fibers toward the type
IV collectors. A voltage of 10 kV was applied to the needle, focal plate, and the
electrospinning solution at a flow rate of 40µL/minute. Two separately grounded
collectors positioned 3” to 5” from each other were placed 9” from the droplet.
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The collector plane was tested at various angles to optimize the collection
process. An automated switch was used oscillate the ground signal location to
only one collector at a time at 2 second intervals. Aligned fibers were collected
between the two type IV collectors blended with a higher degree of dense broken
fiber deposits at each end.

3.7 Electrospinning Seamless Aligned Tubes
In the tubular electrospinning process, a high electric potential was applied
to a droplet of 9% silk Fibroin:PEO (4:1) blended solution at the tip of a 16-gauge
stainless steel needle spinneret. A focal plate was used to help guide the spinning
fibers towards the type V or type VI tubular style rotary collectors. A voltage of
10 kV was applied to the needle, focal plate, and the silk solution at a flow rate of
40µL/minute. Two separately grounded tubular collectors positioned 5” from
each other were placed 7” from the droplet. An automated switch was used to
oscillate the ground signal location to only one collector at a time while both
collectors rotated in sync at 1.3 rpm. Aligned fibers were collected between the
two rotary style tubular collectors.

3.8 Electrospinning Nanofibrous Microbundles
In the microbundle electrospinning process, a high electric potential was
applied to a droplet of 9% Fibroin:PEO (4:1) blended solution at the tip of a 16gauge stainless steel needle spinneret. A focal plate was used to help guide the
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spinning fibers towards the type VI collectors. A voltage of 10 kV was applied to
the needle, focal plate, and the silk solution. Two separately grounded, type VI
tubular collectors positioned 5” from each other were placed 7” from the droplet.
An automated switch was used to oscillate the ground signal location to only one
collector at a time while both collectors rotated in sync at 1.3 rpm. After the
desired quantity of aligned fibers was collected between the two collectors,
rotation was stopped. Next, rotation was initiated at 1.3 rpm for one collector in
the pair while the other was fixed. This process was continued until the fibers
were wound into an acceptable length rope-like microbundle.

3.9 Electrospinning Solution Performance
Comparing quantitative success of various polymer solutions with the
RODS collection system is difficult due to the discriminating co llection of strong
aligned fibers. The generation of or absence of aligned fibers is typically all or
none. Solutions will either work or they will not. However, a qualitative scale
was created to compare the degree of experienced failure of various solutions
which may help guide future solution formulations [Table 4].
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Solution Performance Scale
Rating

Description

10

Multiple linear fibers accumulate quickly and ev enly forming a thick premium
linear mesh. Electrospinning process and production is completely optimized.
No self-cleaning fiber recoiling or broken fiber build-up is exhibited. Solution is
extremely consistent and Taylor cone is completely stable without dripping.
Zero solution waste and mesh production is completely efficient.

9

Multiple linear fibers accumulate quickly and ev enly forming a thick premium
linear mesh. Fiber production nearly optimized and requires little to no selfcleaning fiber recoiling. There is nearly no dense build-up of broken fibers
near each collector.

8

Multiple linear fibers form within 5 minutes and ev enly accumulate faster than
the breaking speed forming a thick linear mat. It appears as though all weak
fiber breaking occurs while fibers retain enough solv ent and charge to recoil
towards each collector leaving a clean premium aligned section.

7

Multiple linear fibers form within 5 minutes and ev enly accumulate much
faster than the breaking speed, leav ing an imperfect but quite uniform and
hearty aligned mesh with few tears. These small tears are due to a small
amount of weak fiber breaking after drying prev enting recoiling. These mats
are capable of being sampled and handled.

6

Multiple linear fibers form between the collectors at a rate fast enough to be
seen with the naked eye within 5 minutes. They accumulate in a non-uniform
manner leav ing large gaps during electrospinning. Large quantities of fibers
ultimately break after drying resulting in section hanging rather than fiber
recoiling. The aligned mesh is clearly structurally weak but contains some
portions capable of being sampled for imaging purposes only.

5

Few linear fibers form between the collectors at a rate fast enough to be
seen with the naked eye within 5 minutes. Howev er the breaking rate is near
the formation rate prev enting accumulation. Once the system is turned off,
the sparse fibers at rest continue to break and recoil until entire sample is
destroyed.

4

A thin amount of fibers spanning the collector gap in a repulsion induced
bowing manner can be seen with the naked eye. Howev er these fibers do
not accumulate faster than their breaking rate, and do not result in a tight
aligned mesh between the collectors.

3

Solution responds as expected to manipulations of v oltage and pump.
Protrusions align with but do not span the collector gap. They are v isible with
the naked eye as fibrous projections.

2

Solution responds to the electrospinning process by producing a haze and
protrusions which reach a short distance from the collectors. It is not possible
to distinguish with the naked eye whether the protrusions are due to recoiling
of weak broken fibers or repulsiv e self-assembly.

1

Solution responds to the electrospinning process by producing a haze on the
collector surfaces. No fibers are ev ident between the collectors and it is not
possible to distinguish with the naked eye whether the haze is a result of
electrospinning or electrospraying.

Table 4. Qualitative scale created to compare the performance of electrospinning solutions and
their capability to facilitate aligned fiber production using the RODS collection system.
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3.10 Flat Random Electrospun Sample Removal
After adequate electrospinning time produced a satisfactory sample on the
foil, the electrospinner was powered down and the foil was unwrapped from the
collector plate. The electrospun mesh coated foil was then set aside for imaging
or chemical treatment.

3.11 Flat Aligned Electrospun Sample Removal
After production of a satisfactory sample between the collectors, the
switch and electrospinner were powered down. A premium section in the center
of the mesh was excised as a sample, leaving portions of retracted and undesirable
nanofibrous mesh behind. The aligned electrospun meshes were stored inside
folded pieces of non-stick foil, then set aside for imaging or chemical treatment.
When sampling for fiber orientation gradient meshes, the entire portion between
the collectors was excised.

3.12 Electrospun Tube Removal
After desired tube wall thickness was achieved, the electrospinner and
drive motors were powered down. A small incision was made near the collector
tip. To prevent accidental occlusion of the tube walls before methanol treatment,
one scissor blade was inserted into the tube and used to cut the remainder of the
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attached tube. The process was repeated for the other end, then the tube was set
aside for imaging or chemical treatment.

3.13 Electrospun Microbundle Removal
After desired microbundle length was achieved, the electrospinner and
drive motor were powered down. Each bundle end was gripped with forceps to
maintain structure while cutting.

The excised sample was next mounted on

conductive imaging tape or submersed in methanol to induce beta sheet formation
and set aside for imaging.

3.14 Methanol Treatment of Electrospun Samples
The random electrospun mesh coated foils were directly submersed in
99.9% methanol for 5 minutes to induce β-sheet formation for increased water
resistance. Afterwards, the meshes were allowed to dry then peeled off of the foil
backing.
The aligned fiber meshes, both premium and gradient aligned, were
handled by gripping two sides with 10” stainless steel lockable forceps.
Microbundle samples were gripped on both ends with using two 4” stainless steel
lockable forceps.

The forceps were used to quickly submerse the samples in

99.9% methanol without losing the flattened sheet form.

Samples were

submersed in 99.9% methanol for 5 minutes to induce β-sheet formation.
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Afterwards, the meshes were released from the forceps then laid on Parafilm and
allowed to dry.
Electrospun tubes were sleeved onto 1 /4 ” - 3 /8 ” diameter aluminum rods
wrapped in non-stick aluminum foil. The rods were used to preserve shape and
control the degree of constriction. The assembly was submersed into 99.9%
methanol for 5 minutes. Afterwards the tube was allowed to dry. The non-stick
aluminum foil was next slid off of the aluminum rod.

The foil was easily

removed from the fibroin tube leaving a consistent lumen.

3.15 SEM Analysis
Samples were mounted on aluminum pegs, then sputter coated with gold
nanoparticles for 1 minute.

The features of various mats were analyzed by

comparing sections at high magnifications using scanning electron microscopy
with a Zeiss model SUPRA 55VP ultra high resolution FE-SEM. An accelerating
voltage of 2 kV was used with an Everhart- Thornley side mounted or an Inlens
overhead mounted secondary electron detector.

3.16 Alignment Analysis
Two methods were used to calculate percent alignment of fiber
orientation.

Each method was calculated manually using 5 SEM images of

samples per category. The first method measures the angle of each fiber, while
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the second method counts fibers maintained within the boundaries of aligned
frames.
5 SEM images with a fiber density of at least 100 fibers per frame were
selected from each category.

The categories were; as-spun standard random

fibers, methanol treated standard random fibers, as-spun aligned fibers produced
using the novel collectors, methanol treated aligned fibers produced using the
novel collectors, as-spun aligned fibers produced using the rotating mandrel. The
angles of each fiber were measured by overlaying straight lines using ImageJ
software (http://imagej.nih.gov/ij) as shown in Figure 12. To compensate for the
bending of individual fibers, the overlaying line was broken into segments until
the measured fiber stayed within one fiber diameter of the line at all bends. The
angle of each resulting segment was measured and represented with equal weight
in the histogram. The measurements from each image were placed into 5° bins
ranging from -180° to 180°. The largest bins from each image were zeroed for
correction and the resulting data was placed into a histogram into 5° bins ranging
from -180° to 180°.
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A

B

C

Figure 12. The angle of electrospun fibers were measured by overlaying each fiber with line
segments in ImageJ software. Measurement was performed for fiber meshes produced with
the: A) the RODS collection system; B) standard collectors; and C) the rotating mandrel.

With the second method, alignment of fibers was compared to a line
drawn parallel to a representative fiber selected as the standard. Frames were
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created to measure the fiber alignment while allowing a specific amount of fiber
bending or curvature. Fiber alignment of each sample was grouped into three
categories; alignment within 5°, alignment outside 5° but within 10°, and not
aligned within 10° of the standard fiber. Figure 13 demonstrates the method used
to distinguish alignment. A line bisecting the standard line forming an angle of
2.5° at the point of intersection was drawn extending to the frames of the image.
Lines from the points of intersection with the frame were drawn parallel to the
standard line forming a frame (green zone) around it. This frame was scanned
across the frame from left to right. Any fibers that originated and ended within
this frame without bending outside the boundaries of it were designated as being
within 5° of alignment. The process was repeated with another line intersecting
the standard line at 5° (forming the yellow zone). Any fibers that originated and
ended within this yellow zone frame without bending outside the boundaries of it
were designated as being within 10° of alignment. Any fiber found bending
outside of the 10° yellow zone frame were considered as being outside of 10° of
alignment (red zone).
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A

B

Figure 13. Explanation of the manual alignment calculation method. A) Color coded regions.
White line is a standard fiber. Alignment variance restricted to the: green zone is within 5 °,
yellow zone is within 10°, red zone is not aligned within 10°. B) Illustration of fiber appearance
for various compliance levels.
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3.17 Mesh Void Area Fraction
5 SEM images, produced using an Everhart-Thornley detector, at 2500x
were selected from each category. The categories were; as-spun standard random
fibers, methanol treated standard random fibers, as-spun aligned fibers produced
using the novel collectors, methanol treated aligned fibers produced using the
novel collectors, as-spun aligned microbundles produced using the novel
collectors, methanol treated aligned microbundles produced using the novel
collectors. Using ImageJ software, the threshold of each image was set to exclude
void space as demonstrated in Figure 14. The ratio of excluded pixels to total
pixels per image was used to estimate void area fraction and porosity.

A

B

Aligned

Standard

Figure 14. Demonstration of the ImageJ processing used to calculate void area fraction. A)
Threshold set to exclude void space (red). B) Processing completed revealing void area fraction
(black).
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3.18 Geometric Measurements
The dried scaffolds were laid on parafilm and length and width were
measured with calipers. The selection process for samples was to choose the
thinnest samples of axially, perpendicularly, and randomly aligned nanofibrous
mats capable of being handled and mounted for analysis by the profilometer
without crumbling or tearing. A Veeco Dektak 6M stylus profilometer was then
used to accurately measure sample thickness and roughness. Samples labeled as
axial were removed from the Parafilm by pulling in the direction of fiber
alignment. Samples labeled as perpendicular were removed from the parafilm by
pulling perpendicular to the direction of fiber alignment.

After drying,

electrospun silk meshes with either random or aligned fiber orientations were cut
into small sections.

Figure 15. Mounting preparation of 8 mesh sections for profilometry. Yellow line illustrates
direction of tip movement during measurement of sample thickness.

The sections were mounted on glass slides and fixed with a drop of 99%
methanol [Figure 15]. The profilometer stylus had a radius of 12.5 µm and force
was set at 3mg. All samples were examined by passing the tip transversely across
the samples. To improve accuracy of profilometry, the tip was not passed along
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the direction of nanofiber alignment. The roughness average (Ra) of each sample
was calculated as the arithmetic average of the absolute values of the vertical
deviations of the roughness profile from the mean line using the following
∑

formula:

| |

3.19 Mechanical Testing
1-D mechanical testing comparison of random and aligned fiber meshes
was performed on an Instron model 3366 universal testing machine (Instron,
Norwood, MA). Samples were excised using a stencil in a shape such that the
cross sectional area of the specimen smoothly reduced to 12 mm in the center
[Figure 16].

Figure 16. Stencil shape used during the sample excision process. Samples were excised
following this stencil perimeter.

This shape was selected to increase the stress in the sample center since
stress is inversely proportional to the cross sectional area under load,
⁄

. Shapes of aligned samples were cut in the direction of alignment as

well as perpendicular to the direction of alignment. The samples were prepared
such that they had the same weight, width, and length. The thinnest width of the
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stencil was 12 mm and the length between clamps was 35 ± 3 mm. Mass for the
excised samples was kept to 9.5 ± 2 mg. The thickness varied between the
random and aligned meshes due to the different orientation and packing of the
fibers, but they contained close to the same amount of fiber material. Samples
were configured this way to investigate the effect different orientations had on the
same quantity of fiber material. Samples were pre-cycled for three 30 second
intervals at a rate of 1 mm per minute. Random and aligned mats were then
pulled at a rate of 1 mm per minute until failure.

3.20 Electrostatic Illustrations
To gain further insight into the electric fields that govern the
electrospinning process, electric fields in parallel and RODS apparatus were
simulated using the commercial software COMSOL MultiPhysics (AltaSim
Technologies, Inc.). The built- in COMSOL Electrostatics module was selected to
illustrate the variation in the electric field and electric potential produced when
using a standard parallel collection system at close range, standard parallel
collectors spaced 8”, and the RODS collectors spaced 8”.
The simulated components were drawn full-scale using the default
material properties for aluminum, concrete, and air.

Two 3” x 1” x 1/8”

aluminum collectors mounted on 6” concrete stands, a 2.5” long 16 gauge
aluminum spinneret, and a 1” thick aluminum focal plate with a 1.5” radius were
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positioned inside a 30” x 24” x 17.5” block of air which was used to simulate the
internal electrospinning cabinet. The spinneret to collector distance was 9.5” with
a 4” offset.
Within the COMSOL Electrostatics module, an electric potential of 10 kV
was applied to the focal plate and spinneret, while ground was applied to the
collectors. Arrow Volume 3D plot group was used to illustrate the electric field.
The direction and proportion of the black arrows illustrate the direction and
magnitude of the electric field which drives the electrospinning process.

F

The electric force experienced by a stationary point charge

qt

The charge of the test particle in the electric field

E

The electric field wherein the evaluation point is located

Q

The source charge of the particle creating the electric force

r

The distance from the particle with charge Q to the electric field evaluation
point

̂

The unit vector pointing from the particle with charge Q to the electric field
evaluation point

ε0

The electric constant = 1/(μ0 c2 ) ≈ 8.85×10−12 F·m−1

ke

The Coulomb force constant = 1/(4ΠԐ 0 ) = (c2 μ0 )/4Π

μ0

The magnetic constant = 1/(Ԑ 0 c2 ) = 4π × 10−7 H·m−1

c

The speed of light in vacuum = √(1/(μ0 Ԑ 0 )) = 2.99×108 m·s −1

ρ

The charge density

Φ(x,y,z)

The scalar field representing the electric potential at a given point

Table 5. Symbols used in the COMSOL calculation.
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The electric field (E) intensity is defined as the force (F) per unit positive
charge that would be experienced by a stationary point charge ( qt), at a given
location in the field, with the sign of qt, being positive or negative, determining
the direction of the force. The direction of the electric field is the direction of the
force it would exert on a charged particle. The electric field points away from
positive charges and towards negative charges:

⁄

(1)

Because electric fields are generated by electrically charged particles,
moving the source charge will alter the electric field distribution. Therefore,
placing charges with successively smaller electric charge in the vicinity of the
source distribution and measuring the force exerted on the point charges as their
charge approaches zero allows the electric field to be determined from the
distribution of its source charges.

(2)

The magnitude and sign of the electrostatic force (F) between two point
charges (q1 ) and (q2 ) separated by a distance (r) as expressed by Coulomb's law,
is given by:

(3)
The Coulomb force constant (ke ), is calculated based on the speed of light:

(4)
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According to electromagnetic theory, the speed of light (c), or electromagnetic
waves, in a vacuum, is 2.99×108 m·s−1 , the magnetic constant (μ0 ) is set at 4π ×
10−7 H·m−1 , and the electric constant (ε0 ) is ε0 = 1/(μ0 c2 ) ≈ 8.85×10−12 F·m−1 .
According to Coulomb's law, the electric field (E) is dependent on
position. The electric field due to any single charge (Q) falls off as the square of
the distance (r) from that charge. Based on Coulomb's law for interacting point
charges, the contribution to the electric field (E) at a point in space due to a
single, discrete charge located at another point in space is given by the following:

( ⁄

)( ⁄ )̂

(5)

Because electric fields follow the superposition principle, the total electric
field at any point is equal to the sum of the electric fields that each object would
individually create:

(6)

∑

The superposition of the contribution of each individual point charge is therefore
the total electric field due to a quantity of point charges, (nq):

(7)
∑

∑( ⁄
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)( ⁄ ) ̂

If this principle is extended to an infinite number of infinitesimally small elements
of charge, where ρ is the charge density per unit volume, then the following
formula results:

( ⁄

)∫( ⁄ )̂

(8)

The electric field (E) at a point is equal to the negative gradient of the electric
potential, where Φ(x,y,z) is the scalar field representing the electric potential at
a given point. Here the interest is in determining E as a field quantity at all points
in the cabinet. E is governed by:

(9)
(10)

with:
subject to boundary
conditions:

kV, at spinneret surface
kV, at collector surface

(11)
(12)

The system of equations 9 through 12 was solved by COMSOL. Results
were plotted using the Gradient Contour function within COMSOL. Gradient
Contour 3D plot group was used to illustrate the electric potential gradient. Color
Contours were used to illustrate the full electric potential ranging from 10kV at
the spinneret to ground at the collectors. 500 contour lines were also used to
emphasize midrange electric potential (4kV-4.5kV) to display the differences in
electric fields produced by the different collection systems.
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CHAPTER 4: Results and Discussion

As noted previously, the capabilities of the RODS collectors were tested
and optimized using silk fibroin and blended 5.78-25.34% Fibroin:PEO (4:1)
solutions due to the tensile strength, low immunogenicity, and processability of
resulting fibers produced from these solutions.

4.1 Material Characterization
4.1.1 Aligned Material Morphology

Figure 17. Appearance of premium aligned silk fibroin meshes. Left: Top demonstrates a
horizontal sheen due to extremely high fiber alignment. Bottom shows vertical sheen. Right:
SEM image of these meshes overlayed.

Figure 17 shows 3” by 3” finished aligned nanofiber meshes produced
using the type IV RODS collector system. These samples were thick and tough
enough to be handled. More importantly, in contrast to samples produced with
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parallel collectors, they were large enough to suggest the potential for future
actual clinical uses rather than strictly small scale research applications. SEM
images revealed high quality alignment not possible with rotating mandrel
techniques. The RODS collection system successfully coupled the high quality
alignment native to parallel collectors with the large material size capabilities of
the rotating mandrel. The image also demonstrates that the finished mats have a
distinct sheen, revealing the high quality fiber orientation. Wrinkling the material
demonstrates the interesting way the aligned fibers reflect light [Figure 18].
These mats show consistent alignment characteristics even at low magnification
[Figure 19].

Figure 18. Appearance of 3” x 3” highly aligned electrospun 9% Fibroin:PEO (4:1) sample after
wrinkling to emphasize its sheen and interesting reflective surface.
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Figure 19. SEM images of aligned 9% Fibroin:PEO (4:1) meshes produced with the RODS
collectors. These meshes show high quality alignment at both low and high magnification.

Figure 20 demonstrates the appearance of an electrospun mesh produced
with 25.34% (w/v) pure silk fibroin solution. The aligned silk sample shows a
noticeable sheen, revealing fiber orientation similar to the Fibroin:PEO (4:1)
blended samples. However, rather than the plastic-like or nylon- like feel of the
Fibroin:PEO (4:1) blended samples [Figure 21], the pure silk samples have a
much looser mesh, and for lack of a better description, resemble a gauze- like or
dryer-sheet texture.

This is due to the ability of finer fibers to pack closer

together upon deposition. Higher silk concentration produces larger diameter
fibers. Additionally, higher concentrations are able to retain mor e electrostatic
charge, and repel neighboring fibers leading to a looser arrangement upon
deposition.
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Figure 20. Image of a highly aligned electrospun mesh produced with the RODS system from
25.3% pure silk fibroin solution. The aligned silk sample shows a noticeable sheen, revealing
fiber orientation. However, the pure silk samples have a much looser mesh, due to the ability
of higher concentrations to retain more electrostatic charge, and repel neighboring fibers
leading to a looser arrangement upon deposition.
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Figure 21. This image demonstrates the appearance of an electrospun mesh produced with the
RODS system from a 9% Fibroin:PEO (4:1) solution. The aligned silk sample shows a noticeable
sheen, revealing fiber orientation. These samples have a tight mesh and exhibit a plastic-like
feel. The lower concentration of silk results in production of finer fibers which dissipate
remnant charge quickly thereby allowing tighter mesh packing upon deposition.

4.1.2 Fiber Alignment Analysis
Figure 22 is a collection of 12 SEM images, which shows a cross
comparison of electrospun meshes produced with a standard collector or with the
RODS collection system. All samples in Figure 22 were produced from 9%
Fibroin:PEO (4:1) solutions, under conditions described in methods. Both nontreated and methanol-treated samples are shown.
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Figure 22. Comparison of random and RODS aligned meshes produced from 9% Fibroin:PEO
(4:1) solution, with an applied voltage of 10 kV, and collector distance of 9 .5”. A-C) Random
untreated; D-F) random methanol treated; G-I) aligned non-treated; J-L) aligned methanol
treated.
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SEM images of electrospun meshes produced using a standard collector, a
rotating mandrel collector, and the RODS collection system were analyzed using
ImageJ for a comparison of fiber alignment quality. The angles of each fiber
were measured using two different techniques as described in methods.
The first technique measured the angle of individual fiber alignment by
strictly overlaying line segments. Each angle measurement line was segmented
until a tracing of each fiber was completed, without any fiber portion distanced or
veering off more than one fiber diameter from an overlying segment.

The

resulting measurements calculated using this technique were displayed in
histograms with 5° bins, ranging from -180° to 180° as seen in Figure 23 and
Figure 24.
The second technique used a frame fitting approach to measure the
compliance of fiber alignment to the orientation of a standard fiber, selected from
the most frequent bin in each histogram. It is useful to supplement the previous
technique with this method because it ignores the curvature of each fiber as long
as it does not leave the bounds of each frame. As described in methods, each
fiber was measured for compliance to one of three frames; aligned within 5°; not
aligned within 5° but aligned within 10°; and not aligned within 10° of the
standard fiber. The resulting measurements, calculated using this technique, are
displayed in Figure 25.
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Figure 23. These histograms detail the measured alignment for as-spun samples produced
using the standard, rotating mandrel, or the RODS collection system. The angle of individual
fiber alignment was measured by overlaying line segments onto SEM images until a tracing of
each fiber was completed, without any fiber portion veering off more than one fiber diameter
from an overlying segment. The resulting measurements are displayed 5° bins, ranging from 180° to 180°. Y-scale is percent of total fibers within each bin.
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Figure 24. These histograms detail the measured alignment for methanol-treated samples
produced using the standard, or RODS collection system. The angle of individual fiber
alignment was measured by overlaying line segments onto SEM images until a tracing of
each fiber was completed, without any fiber portion veering off more than one fiber
diameter from an overlying segment. The resulting measurements are displayed 5° bins,
ranging from -180° to 180°. Y-scale is percent of total fibers within each bin.

Histograms of the individual fiber angles demonstrated the improved
alignment made possible with hardware modifications. As expected the new
technique produced higher alignment than standard random or rotating mandrel
as-spun meshes [Figure 23].

The rotating mandrel technique produced 30±19%
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of fibers aligned within 5°, a five- fold improvement over the standard collection
system which only produced 6±1% of fibers oriented in the same direction.
However, the RODS collection system nearly tripled the performance of the
rotating mandrel, with less variance, by aligning 83±7% of its fibers, a significant
improvement. This was a twelve- fold increase in alignment over the standard
collection system. When the bins were broadened to compare the alignment
within 10°, the samples produced with the rotating mandrel technique had
47±29% of fibers aligned within 10°. This was nearly four times the 13±6% of
fibers found aligned in standard meshes.

However, the variance more than

doubled. The RODS collection system nearly doubled the performance of the
rotating mandrel, without increasing variance, by aligning 88±6% of its fibers
within 10°.

This was a seven- fold increase in alignment over the standard

collection system
It is also interesting to see that alignment held up after methanol treatment
[Figure 24]. After methanol-treatment, the RODS meshes were able to maintain
alignment of 56±12% of its fibers within 5°, and 70±9% of its fibers within 10°.
Although fiber alignment, within 5°, in meshes produced with the RODS system
reduced by 32% after methanol treatment, the alignment was still an 87%
improvement over non-treated samples produced with the mandrel. However,
fiber alignment, within 10°, in meshes produced with the RODS system reduced
only by 20.4% after methanol treatment and was still a 33% improvement over
non-treated samples produced with the mandrel.

Variance, after methanol-

treatment, more than doubled for RODS meshes, however, it still remained a
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fraction of the variance produced with the rotating mandrel. After methanoltreatment, the alignment of fibers composing standard meshes reduced to 3±2%
within 5°, and 11±3% of fibers within 10°.
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Figure 25. Graphical representation of the measured alignment for as-spun samples produced
using the standard, rotating mandrel, or the RODS collection system, and methanol-treated
samples produced using the standard, or RODS system. This technique used a frame fitting
approach to measure the compliance of fiber alignment to the orientation of a standard fiber,
selected from the most frequent orientation. Each fiber in SEM images of each mesh type was
measured for compliance to one of three frames; aligned within 5°; not aligned within 5° but
aligned within 10°; and not aligned within 10° of the standard fiber. Y-scale is percent of total
fibers within each bin.

Figure 25 displays the results of calculating fiber alignment using the
frame- fitting method. The measured alignment is shown for as-spun samples
produced using the standard, rotating mandrel, or the RODS collection system,
and methanol-treated samples produced using the standard, or RODS system. By
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using the frame scanning technique, long fibers with overall high alignment but
had slight curvatures within specified boundaries were grouped together. The
results of the fiber alignment analysis measured using frame boundaries were
segregated into three groups: aligned within 5°; not aligned within 5° but aligned
within 10°; and not aligned within 10°. These frames allow a quick compariso n
of the highly aligned and poorly aligned fractions found in each mesh type.
Overall the percent alignment calculated with the frame fitting technique
was very similar to the results produced with the segment tracing method.
However, while fiber alignment calculated increased for all mesh types, except
for standard meshes, the measurements improved most drastically for the RODS
meshes. 88±5.5% of the as-spun fibers, composing meshes produced with the
RODS collectors, exhibited alignment within 5°, while 94±2.6% exhibited
alignment complying within the 10° frame. Only 5±3% of the fibers, composing
as-spun RODS meshes failed to comply with the 10° alignment frame. After
methanol-treatment, 73±1% of fibers composing the RODS meshes were still able
to maintain alignment within 5° frame, and 87±2.7% of fibers were still within the
10° frame.
The alignment within 5° of fibers composing as-spun RODS meshes was a
188% improvement over meshes produced using the rotating mandrel, for which
only 33±13% of fibers exhibited compliance to the 5° frame. Similarly, the
alignment within 10° of fibers composing as-spun RODS meshes was a 93%
improvement over meshes produced using the rotating mandrel, for which only
49±6.2% of fibers exhibited compliance to the 10° frame. It should be noted that
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both as-spun and methanol-treated meshes, produced with the RODS collection
system, contained a higher fraction of fibers which complied to the 5° alignment
frame, than the fraction of fibers composing mandrel produced meshes complying
to the 10° frame.
Meshes electrospun using the RODS collectors clearly had superior
alignment compared to meshes produced with the rotating mandrel or with
standard collectors.

The large majority of fibers composing RODS meshes,

88±5.5%, were aligned within 5° while only 5±3% of the fibers failed to comply
with the 10° alignment frame. The same cannot be said for mandrel collected
meshes. Although the rotating mandrel produced higher alignment than standard
collectors, the largest majority of fibers composing mandrel collected meshes,
44±15%, is actually the group which failed to comply with the 10° alignment
frame. Also, independent of measurement method used, the variance between
mandrel collected samples was higher than the variance calculated for all other
mesh types. This fiber alignment data, measured using both the fiber segment
tracing and frame fitting techniques, is summarized in Table 6.
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Fiber Alignment - Fiber Segment Tracing
Fraction Aligned Within 5°

Mesh Type
RODS Collection
RODS Treated
Rotating Mandrel
Standard Random
Random Treated

σ

σ
83
56
30
6
3

±
±
±
±
±

7
12
19
1
2

%
%
%
%
%

Fraction Aligned Within 10°

2

49
144
361
1
4

σ2

σ
%
%
%
%
%

88
70
47
13
11

±
±
±
±
±

6
9
29
6
3

%
%
%
%
%

36
81
841
36
9

%
%
%
%
%

Fiber Alignment - Frame Fitting
Fraction Aligned Within 5°

Mesh Type
RODS Collection
RODS Treated
Rotating Mandrel
Standard Random
Random Treated

σ

σ
88
73
33
6
2

±
±
±
±
±

5.5
1.0
13
4.4
0.7

%
%
%
%
%

Fraction Aligned Within 10°

2

30
1
169
19
0.5

%
%
%
%
%

94
87
49
18
12

Not Aligned Within 5° but Within 10 °

σ

σ
RODS Collection
RODS Treated
Rotating Mandrel
Standard Random
Random Treated

7
14
16
12
10

±
±
±
±
±

5.4
5.5
6.2
3.2
2.2

%
%
%
%
%

±
±
±
±
±

2.6
2.7
6.2
1.6
1.0

%
%
%
%
%

6.76
7.29
38
2.56
1.0

%
%
%
%
%

σ2

σ
%
%
%
%
%

2

Not Aligned Within 10°

2

29
31
38
10
4.8

σ

σ

5
14
44
81
88

±
±
±
±
±

3.0
7.1
15
3.0
1.7

%
%
%
%
%

9.2
51
219
9.2
2.8

%
%
%
%
%

Table 6. The follow ing four tables summarize the results of the fiber alignment analysis using
either the segment tracing or frame fitting technique. Alignment was measured for as-spun
samples produced using the standard, rotating mandrel, or the RODS collection system, and
methanol-treated samples produced using the standard, or RODS system.

The reduction in alignment of RODS meshes, calculated after methanol
treatment, using the frame fitting method was 17% for the 5° frame but only 7.4%
for the 10° frame, however, reduction of alignment calculated using the segment
tracing method were 32% and 20.4%, respectively. This is due to the fibers
curving in response to the induced crystallization; however, they are able to
maintain overall alignment due to the high density of aligned neighboring fibers.
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The full length aligned nanofibers preserved alignment after methanol
induced β-sheet transition, and bundled with neighboring nanofibers [Figure 22JL]. When viewed at higher magnification, the method of maintaining transverse
integrity is revealed.

The mesh maintained transverse integrity due to fibers

originating in one bundle crossing over to another. The aligned nanofibrous mesh
became somewhat of a latticework.
As bundles compact, crevices open between them. At all magnifications,
these crevices also seem to be aligned and appear as elliptical pores oriented with
the direction of the fiber bundles. Smaller crevices may serve to enhance cellinfluencing topography, while larger ones sho uld serve to isolate individual cells
from one another, preventing cell–cell interactions, and hindering cellular
processes, thereby leaving long term pores in slowly degrading silk meshes. This
technique produces cavities that may simulate vasa vasorum when used as tissue
scaffold.

4.1.3 Void Area Fraction Analysis
SEM images were processed using ImageJ software to estimate void area
fraction by setting the color threshold to exclude void space, as described in
section 3.17 [Figure 26].
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Figure 26. Comparison of void area shape of random and premium aligned meshes produced
from 9% Fibroin:PEO (4:1) solution. A-C) Random untreated; D-F) random methanol treated; GI) aligned non-treated; J-L) aligned treated.
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An Everhart-Thornley secondary electron detector was used to make the
SEM images of as-spun and methanol-treated samples produced using a standard
collector, the RODS type IV flat collectors, or the RODS type VI microbundle
collection system. These meshes and microbundles were produced from a 9%
Fibroin:PEO (4:1) solution with a charging voltage of 10 kV at a collection
distance of 9.5 inches, as described in methods. Comparing void area fraction,
calculated using this technique, reveals an interesting response to induced
crystallization by methanol treatment [Figure 27].
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Figure 27. Graphical representation of the void area fraction, measured using SEM images, of
both as-spun and methanol-treated samples produced using a standard colle ctor, the RODS
type IV flat collectors, or the RODS type VI microbundle collection system. Five SEM images,
created using an Everhart-Thornley secondary electron detector at a magnification of 2500X,
were used per group.

Randomly-oriented, as-spun fiber meshes created using a standard
collector had the greatest void fraction, which was calculated to be
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29.15±16.75%. Aligned fiber meshes created using the RODS collection sys tem
exhibited the second largest void area fraction, at 11±4.59%. Compared to the
standard random meshes, the as-spun aligned meshes exhibited a 62% lower void
area due to tighter interfiber packing upon deposition [Figure 26B,H]. However,
after methanol treatment an interesting fiber rearrangement can be observed.
Inducing β-sheet structure, in randomly-oriented meshes, by methanol-treatment
resulted in a general contraction of the fibrous mesh and a subsequent reduction
of void area by 81% to 5.55±3% [Figure 26D-F; Figure 27]. The void area of
aligned fiber meshes reduced only by 45% to 6.03±2.41%, after methanoltreatment, which is 8.6% more void area than was preserved by randomly oriented
meshes. The twisted microbundles were found to have the lowest void area, at
8.48±2.37%, before methanol- treatment, and also had the most extreme response
to methanol-treatment by exhibiting a reduction in void area by 93.6% to
0.54±.34%. This is likely due to the mechanical twisting or winding applied to
the fibers, as part of the microbundle production process, by the type VI collectors
[Figure 28].

The mechanical force exerted by the asynchronously rotating

collectors is able to overcome much of the remnant interfibrillar charges thereby
bringing fiber depositions into closer proximity, allowing tighter interfiber
interactions during induction of β-sheet formation.
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Figure 28. The mechanical twisting or winding applied to the fibers, as part of the microbundle
production process, by the type VI collectors, as seen in (A), most likely caused the
microbundles to have the lowest void area, of 8.48±2.37%, before methanol-treatment (B), and
the extreme reduction in void area by 93.6% to 0.54±.34%, aft er methanol treatment as seen in
(C). The mechanical force exerted by the asynchronously rotating collectors was likely able to
overcome much of the remnant interfibrillar charges thereby bringing fiber depositions into
closer proximity, allowing tighter interfiber interactions during induction of β-sheet formation.
SEM images, of both as-spun and methanol-treated samples produced using the RODS type VI
microbundle collection system were created using an Everhart-Thornley secondary electron
detector, at magnifications of 1.5K X and 15KX.

4.1.4 Geometric Measurements
The thickness and surface profile of 18 representative samples, from three
mesh types, were measured using a Veeco Dektak model 6M stylus profilometer.
The results are displayed in Figure 29. The three mesh types were segregated by
fiber organizations. Axially aligned fiber meshes were produced with the RODS
collectors and excised such that the fiber orientations were parallel to the sample
axis. Perpendicularly aligned fiber meshes were also produced with the RODS
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collectors but were excised such that the fiber orientations were perpendicular to
the sample axis. Standard meshes were composed of randomly oriented fibers
produced with a standard collector. The meshes were produced from 4 mL of 9%
Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate of 40
µL/minute, and a collector distance of 9.5” as described in methods. Profilometry
was performed only after samples were treated with methanol, due to the risk of
equipment damage that would be caused by the tacky properties of as-spun fibers.
In general, the axially aligned samples were found to be capable of being
handled and prepared at thinner thicknesses as demonstrated by the profilometer
measurements displayed in Figure 29 and Table 7. As described in sections 3.4-6
the samples were methanol-treated to induce β-sheet structure, then laid on
Parafilm and allowed to dry. Six axially aligned samples were pulled from the
Parafilm backing in the direction of fiber alignment and demonstrated the thinnest
sample measurement of 2.80 µm. The mean thickness of the six axially aligned
samples measured was 5.26±2.26 µm. Six perpendicularly aligned samples were
pulled from the Parafilm backing perpendicular to the direction of fiber
alignment, demonstrated one thin measurement of 4.15 µm but the mean
thickness was 7.68±2.34 µm. However, the difference between the means of the
axially and perpendicularly aligned samples was not significant at 5%. The six
randomly aligned samples had one member with a thickness measurement of
13.03 µm; however, the mean thickness was 18.18±3.18 µm.
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Perpendicularly Oriented Fiber Meshes

30
Height (μm)

25
20
15
10
5

1

0
-5 0

2
5000

3

4

5

10000

15000

20000

6
25000

30000

Horizontal Distance (μm)

35

Standard Randomly Oriented Fiber Meshes
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Figure 29. Surface profile measurements of standard random and RODS aligned meshes
produced from 9% Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate of
40µL/minute, and a collector distance of 9.5”. Measurements were taken after methanol
treatment only. Axially aligned fibers are oriented with the length of the sample.
Perpendicularly aligned fibers are oriented perpendicular to the sample length. Samples from
each group are labeled 1 through 6 from left to right. Graphs display sample thickness and
roughness. Data is summarized in Table 6.
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This outcome demonstrated the RODS collection technique can be used to
electrospin handleable materials that are 71% thinner, on average, than thin
meshes produced with a standard collection method.

This result was quite

surprising, because the RODS aligned meshes were expected to have less
structural support, compared to randomly oriented meshes, due to less interfiber
entanglements.
The randomly oriented meshes have fibers providing support in all
directions, although each does not necessarily span the entire length of the sample
in any one direction. The aligned meshes have full sample- length fibers, however
they are all oriented in one direction. Although when pulled off the backing in the
direction of alignment, increased strength can be expected, it does not initially
make sense that mats pulled perpendicularly to the direction of fiber alignment
would resist tearing better than the randomly oriented counterparts. The ability to
obtain an improved resilience of the aligned meshes, in both axial and
perpendicular directions, compared to random fiber mats, at extremely thin
thicknesses, is likely due to the collector style and collection method used. The
random mats are produced on flat collectors covered with an aluminum foil
backing. During the electrospinning process, excess solvent and wet broken
fibers will continue to seep to the fiber/collector foil interface, and perhaps
strengthen adhesion of fibers to the foil. When the collection period is complete,
the random samples, still adhered to the foil, must be submersed in methanol to
induce β-sheet conformation for handling and water resistance. Afterwards the
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sample must be pulled from the foil. Removal from the foil may impart some
damage to random mats which may become significant when they are very thin.
In contrast, the RODS alignment collection method does not require
electrospinning onto any backing or support. Samples can be judged as complete
as soon as they are opaque. The aligned samples can be excised easily from
between the collectors then submersed into methanol. There is no backing to
remove after methanol treatment, and no deposition layer of excess solvent, or
damaged wet fibers.

The ability of the technique and hardware to collect

electrospun nanofibers without requiring a backing support may be the main
feature facilitating the production thinner materials.
The randomly oriented fiber meshes exhibited a significantly rougher
surface, with roughness average (Ra) of 1.58±1.43 µm, compared to axially or
perpendicularly aligned fiber meshes, which exhibited roughness averages of
0.57±0.27 µm and 0.45±0.13 µm respectively.

The three- fold roughness

difference is most likely not a reflection of mesh porosity, because both RODS
aligned and standard meshes were shown to have similar void area fractions, after
methanol treatment. The increased roughness exhibited by randomly oriented
meshes could be caused by non-uniform contraction and rippling, of the fibrous
network composing the mesh, due to random inclusions of varying fiber
properties and breaks responding differently to β-sheet induction by methanoltreatment. In contrast, the meshes produced with the RODS collection system
would experience less non-uniform contraction and rippling due to the intrinsic
continuous self-cleaning process inherent to the RODS technique.
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Summary of Electrospun Mesh Surface Profilometry and Geometric Measurements
Axially

Perpendicularly

Randomly

Aligned

Oriented

Oriented

Thickness

Ra

Thickness

Ra

Thickness

Ra

(µm)

(µm)

(µm)

(µm)

(µm)

(µm)

1

3.22

0.24

8.55

0.64

18.63

2.06

2

2.80

0.56

9.38

0.44

13.03

0.93

3

5.52

0.45

6.64

0.53

17.97

0.97

4

8.49

0.68

4.15

0.28

23.06

4.25

5

4.29

0.46

6.69

0.44

18.33

0.91

6

7.25

1.02

10.71

0.36

18.09

0.34

5.26

0.57

7.68

0.45

18.18

1.58

2.26

0.27

2.34

0.13

3.18

1.43

5.11

0.07

5.47

0.02

10.13

2.03

W idth

A'

W idth

A'

Sample #

σ
σ

2

W idth

A'

(mm)

2

(mm )

(mm)

(mm2)

0.040

12.25

0.105

12.35

0.230

12.38

0.035

12.17

0.114

12.22

0.159

3

12.39

0.068

12.30

0.082

12.19

0.219

4

12.20

0.104

12.32

0.051

12.30

0.284

5

12.35

0.053

12.30

0.082

12.28

0.225

6

12.34

0.089

12.20

0.131

12.37

0.224

12.34

0.065

12.26

0.094

12.29

0.223

0.07

0.028

0.06

0.028

0.07

0.040

0.00

0.001

0.00

0.001

0.00

0.002

Sample #

(mm)

2

(mm )

1

12.35

2

σ
σ

2

Thinnest Obtainable Sam ple
Axially Aligned

2.80

µm

Perpendicular

4.15

µm

13.03

µm

Randomly Oriented

Table 7. Summary of surface profile and geometric measurements of standard random and
RODS aligned meshes produced from 9% Fibroin:PEO (4:1) solution, with an applied voltage of
10 kV, a flow rate of 40µL/minute, and a collector distance of 9.5”. The length and width of
each mesh were measured with calipers. A Veeco Dektak model 6M stylus profilometer was
used to measure sample thickness and roughness. Measurements were taken after methanol
treatment only. Axially aligned fibers are oriented with the axis of the sample.
Perpendicularly aligned fibers are oriented perpendicular to the sample axis. Samples from
each group, labeled 1 through 6, correspond to the labels in Figure 29. Ra is the roughness
average calculated as described in section 3.18. A’ is the sample cross sectional area.
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4.1.5 Mechanical Properties
The anisotropic mechanical properties of aligned methanol-treated,
electrospun silk meshes formed from 9% Fibroin:PEO (4:1) solution were
measured in simulated physiological conditions, in 37° C PBS, and in ambient air
at 22° C [Figure 30]. In simulated physiological conditions, aligned samples
produced a UTS of 16.25 ± 2.06 MPa [Figure 30A]. This was more than double
the tensile strength of randomly oriented fiber meshes and 10 times the UTS of
transverse counterparts which failed at 1.57 ± 0.58 MPa. Strength is comparable
to silk film UTS reported in literature, however the meshes maintain a much
higher degree of flexibility than the comparatively brittle film counterparts
[Kundu et al., 2008; Rajkhowa et al., 2011]. Superior flexibility of the meshes
can be attributed to the high surface area and independence of the individual fiber
network allowing redistribution of stress by fiber shifting and rearra ngement not
possible with films. In simulated physiological conditions, aligned meshes also
produced a Young’s modulus of 13.17 MPa, which demonstrates the material was
81% stiffer, when extended in the direction of fiber alignment, compared to
extension perpendicular to fiber orientation, which produced a Young’s modulus
of 7.26 MPa [Figure 30A]. When extended in the direction of fiber alignment, the
meshes produced a yield strength of 1.73±1.22 MPa with zero offset, which was
more than double the 0.72±.09 MPa of force required to deform meshes extended
perpendicular to fiber orientation.

108

20
18

Tensile St rengt h - Elect rospun Fibroin:PEO (4:1) from 9% solut ion
Simulat ed Phy siological Condit ions
37° C PBS, 0.25 mm/min, N = 3

A

Axial

UTS = 16.25 MPa

Transverse

16

St ress (MPa)

14
12
10
8

6

E = 13.17 MPa
σy = 1.73 MPa

4

UTS = 1.57 MPa

2

E = 7.26 MPaσy = 0.72 MPa

0
0%

50%

100 %

150 %

200 %

250 %

St rain
20
18

Tensile St rengt h - Elect rospun Fibroin:PEO (4:1) from 9% solut ion
Dry Ambient Air
22° C, 0.25 mm/min, N = 3
Axial

B

UTS = 17.55 MPa

Transverse

16
14

St ress (MPa)

σy = 13.23 MPa
12

E = 774 MPa
10

UTS = 7.68 MPa

8
6

σy = 4.22 MPa
E = 459 MPa

4
2
0
0.00%

1.00%

2.00%

3.00%

4.00%

5.00%

6.00%

7.00%

8.00%

9.00%

10.00%

St rain

Figure 30. Demonstration of the anisotropy in mechanical properties due to the high fiber
alignment in meshes produced using RODS collectors, from 9% Fibroin:PEO (4:1) solution, with
an applied voltage of 10 kV, a flow rate of 40µL/minute, and a collector distance of 9.5”.
Measurements of tensile strength in the direction of (blue line) or perpendicular to (red line)
fiber alignment were taken after methanol treatment only. Three samples per group were
tested in both simulated physiological conditions in PBS at 37 °C (A), and in ambient air at 22 °C
(B). Stress vs. strain (ε vs. σ), yield strength (σy), ultimate tensile strength (UTS), and Young’s
modulus (E) are labeled.
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Aligned meshes exhibited rippling in the direction of the stretch and
stress-strain curves show oscillations at the peak that continued as the material
relieved tensile strain until failure. Ultimate tensile strength of aligned samples
was not significantly different in dry and wet conditions. Under dry, ambient
conditions the aligned meshes produced a UTS of 17.55 ± 1.87 MPa [Figure
30B].

This was more than double the tensile strength of meshes extended

perpendicular to fiber orientation, which failed at 7.68 ± 0.58 MPa. Under dry,
ambient conditions, aligned meshes produced a Young’s modulus of 774 MPa,
which demonstrates the material was 69% stiffer, when extended in the direction
of fiber alignment, compared to extension perpendicular to fiber orientation,
which produced a Young’s modulus of 459 MPa. The Young’s moduli reveal,
regardless of extension direction, the aligned meshes were 60- fold more stiff
when extended in ambient 22° C air, compared to extension in 37° C PBS.
When extended in the direction of fiber alignment in ambient 22° C air,
the meshes produced a yield strength of 13.23±2.52 MPa with zero offset, which
was more than triple the 4.22±.17 MPa of force required to deform meshes
extended perpendicular to fiber orientation. This was more than 6 times the force
required to deform meshes under simulated physiological conditions.
Although UTS was similar in both conditions, failure strain and modulus
were significantly different under ambient air and simulated physiological
conditions as summarized in Table 8.
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Anisotropy of Mechanical Properties Due to High Alignment of RODS Fiber Meshes
Simulated Phys - Axial Simulated Phys - Trans
ε
σ
Strain Stress
(%) (MPa)

Std
Dev

ε
σ
Strain Stress
(%) (MPa)

Std
Dev

Ambient Air - Axial
ε
σ
Strain Stress
(%) (MPa)

Std
Dev

Ambient Air - Trans
ε
σ
Strain Stress
(%) (MPa)

Std
Dev

1

0.52

0.42

5

0.43

0.12

0.25

0.24

0.03

0.25

0.18

0.06

10

1.73

1.22

10

0.72

0.09

0.50

0.54

0.06

0.50

0.77

0.22

20

2.34

1.78

15

0.77

0.17

0.75

1.01

0.16

0.75

1.76

0.31

30

2.70

2.18

20

0.95

0.25

1.00

1.88

0.68

1.00

2.88

0.29

40

3.46

2.85

25

1.16

0.44

1.25

3.39

1.58

1.25

4.22

0.17

50

3.97

3.08

30

1.11

0.30

1.50

5.12

2.23

1.50

5.42

0.05

60

4.22

3.09

35

1.17

0.26

1.75

7.23

2.64

1.75

6.42

0.17

70

4.74

3.30

40

1.24

0.19

2.00

9.23

2.67

2.00

7.11

0.34

80

5.32

3.45

45

1.26

0.25

2.25

11.41

2.57

2.25

7.54

0.60

90

5.98

3.58

50

1.28

0.25

2.50

13.23

2.52

2.50

7.68

0.84

100

6.64

3.85

55

1.28

0.36

2.75

14.14

2.63

Failure
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7.37

3.82

60

1.44

0.34

3.00

15.86

2.44

σy = 4.22 MPa

120

8.45

4.14

65

1.46

0.45

3.25

16.78

2.23

UTS = 7.68 MPa

130

9.68

4.75

70

1.40

0.53

3.50

16.78

2.99

E = 459 MPa

140

10.68

5.21

75

1.57

0.58

3.75

17.28

1.94

150

11.86

5.74

Failure

4.00

17.55

1.87

160

12.83

5.78

σy = 0.72 MPa

Failure

170

13.77

5.36

UTS = 1.57 MPa

σy = 13.23 MPa

180

14.65

4.50

E = 7.26 MPa

UTS = 17.55 MPa

190

15.27

3.36

200

16.07

2.38

210

16.04

2.26

220

16.25

2.06

E = 774 MPa

Failure
σy = 1.73 MPa
UTS = 16.25 MPa
E = 13.17 MPa

Table 8. Summary of mechanical properties of axially meshes tested for tensile strength in the
direction of or perpendicular to fiber alignment. Aligned meshes produced using RODS
colle ctors, from 9% Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate of
40µL/minute, and a collector distance of 9.5”. Me asurements were taken after methanol
treatment only. Three samples per group were tested in both ambient air at 22° C, and in
simulated physiological conditions in PBS at 37°C. Stress vs. strain (ε vs. σ), yield strength (σy),
ultimate tensile strength (UTS), and Young’s modulus (E) are listed.
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While aqueous conditions are known to facilitate interaction of amorphous
regions leading to higher extensibility, in the case of this material, they may also
facilitate enhanced sliding of individual fibers and fiber bundles. There are two
clear processing factors directly related to our novel collection method which may
explain the large differences.
The first factor is that the RODS collector system does not induce
excessive mechanical strain to the fibers during the electrospinning process. The
collected fibers composing the mesh should have more extensibility compared to
meshes collected using the standard rotating mandrel system.
The second factor is due to the absence of a counter electrode support.
Fibers deposited between multiple-collector systems have remnant charges
throughout the fiber body upon the instant of deposition. The remnant charges
cause interfiber repulsion and produce a bulb- like haze of repelling fibers around
the main standard aligned fiber mesh until the charges dissipate [Figure 31]. The
contrast of Figure 31 was enhanced in effort to demonstrate the bowing haze of
repelling fibers. Fibers may dissipate charge by interacting with the atmosphere
or recoil at both ends toward each collector serving to shorten the fiber.
Clearly, the fiber curvature due to repulsion at time of deposition
demonstrates the fiber length is longer than the distance between collectors.
Depending on the rate of fiber shortening due to recoiling, the fiber may still
exhibit some curvature and remain longer than the gap distance at time of contact
with the next layer of fiber deposition. Should this occur, it is possible for newer
layers of fibers to deposit onto and compress the bulbous haze of older bowing
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fibers. By compressing the bulb, the mesh may become a collection of aligned
fibers which span the collector gap with very slight repeating S-shaped
curvatures. This would explain how the strictly aligned full- length fibers exhibit
such interfibrous bundling critical to maintaining transverse integrity. Ultimate
tensile strength is a measure of the reconstituted fibroin fiber. The large extension
could be explained if the fibers required a much longer period of extension before
becoming taut.

A

B

C

Figure 31. A) Illustration of the manner in which fibers bow and repel each other, as they
deposit, due to the absence of a grounding support resulting in slower dissipation of remnant
charge. B-C) High contrast images demonstrate the repulsive bowing behavior during both
microbundle and tube production. Arrows highlight fibers which span the collector gap, but
are bowing away from the mesh center due to remnant charges.
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Under extension perpendicular to the direction of alignment, as shown in
the red curves of Figure 30, a great difference in strength is observed. In this
case, the ultimate tensile strength is not a measure of the reconstituted fibroin
fiber but a demonstration of the ability of each fiber to adhere to neighboring fiber
bundles. Dry samples were nearly 5 times stronger tha n in wet conditions
producing a UTS of 7.68 ± 0.84 MPa. In wet conditions the loose hydrophobic
and electrostatic interactions are more easily dissociated as tensile stress pulls
apart the elliptical crevices.
The results demonstrate there was a clear preservation of anisotropy, by
the aligned meshes, in both dry and simulated physiological conditions. The
increase in anisotropy may be a disadvantage of fiber alignment for some
applications. While the process may increase mechanical strength in the direc tion
of alignment, it substantially decreases strength and integrity in the transverse
direction [Tong et al., 2011]. This is due to the lack of randomly oriented fibers
which would normally be present providing support.

By layering sheets of

aligned fibers at alternating angles it is possible to improve mechanical properties
in all directions. As with all techniques, the benefits imparted by fiber alignment
are specific to the application.
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4.2 Mechanism of Alignment
Parallel collector systems have been used to produce small samples of
aligned electrospun material, in both this project and by other authors [Figure 32].
By using a type I ring, frame, or more than one collector, separated by a gap, it is
possible to collect fibers between collectors or within the frame in an aligned
manner [Xie et al., 2009; Xie et al., 2010b]. Fibers spanning the gap will make
contact with one collector first before falling in a bending fashion toward the
nearest collector. These fibers are driven toward each collector due to remnant
charge and settle in a manner which minimizes distance resulting in alignment.

Figure 32. Small diameter stationary type I ring style collectors were used to determine the
tendency of the solution to produce aligned fibers within a collector gap. Note: Although the
collector surfaces, the short distance between collectors, and non-conductive wood block have
all been covered in electrospun polymer depositions, the diameter of the 3/8” hole of the large
ring collector (left) is too great to facilitate fiber accumulation, from 9% Fibroin:PEO (4:1)
solution, using a standard electrospinning system.

The whipping mechanism responds to the size and shape of the collector.
The resulting shape of the whipping mechanism can thought of as a cone
115

originating from the spinneret. The base of this cone depends on the collector
system. Using multiple collectors introduces complexity. However, at close
range, the electric field between parallel collectors has sufficient magnitude to
cause the electrospinning instability region to take a shape with a single base
spanning both collectors as illustrated in Figure 33.

As the collectors are

positioned further apart, in attempt to produce longer samples, electrodynamics is
changed, and the field at the center of the collectors weakens significantly as
shown in Figure 34. As a result, the electric field intensity which surrounds
parallel collectors at close range and is critical to successfully driving the
development and collection of fibers between them, is moved out of range once
collectors are distanced, as illustrated in Figure 34.
This is in agreement with Coulomb's law, which is an expression for the
magnitude and sign of the electrostatic force between two point charges and
separated by a distance.

Coulomb's law states that: "The magnitude of the

Electrostatics force of interaction between two point charges is directly
proportional to the scalar multiplication of the magnitudes of charges and
inversely proportional to the square of the distances between them."

This

relationship is described in section 3.20.
This is the reason for the limited fiber length achievable with these
systems. The instability region either centers its base on one preferred collector at
a time, or develops fibers to a different stage at time of deposition, thereby
stopping the production of aligned fibers between collectors.
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The magnitude of the electric field between the collectors can be increased
by adding negative applied voltage directly to the collectors.

However,

depending on the polymer solution, this fairly common technique can have
significant adverse consequences on the stability of the jet making the
electrospinning process difficult. Attempts to alleviate the issue at the spinneret
require an unpractical distance to be placed between the spinneret and collector.
The travel speed from the tip of a spinneret to the collector is very rapid.
A standard distance of 15cm is commonly traveled in less than 15ms [Yarin et al.
2001]. Due to this high travel speed, electrically induced bending instability in
the axial direction has negligible effect on the area of mesh deposition.
Additionally, axially induced bending instability is closely tied to the applied
voltage critical to initiating and maintaining a stable jet and Taylor cone.
Significant changes to this delicate balance will result in absence of a jet, or a
sputtering phenomenon without production of stable fibers. As a result, bending
instability in the lateral direction, which is directly dependent on collector shape,
has the most significant impact on the diameter of deposition area.
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A

φE Figure B

φE Figure A

B

Figure 33. COMSOL model illustrates the variation in the
electric field and electric potential produced using a standard
parallel collection system at close range. The direction and
proportion of the black arrows illustrate the direction and
magnitude of the electric field which drives the
electrospinning process. Color gradient illustrates the electric
potential gradient. A) Color illustrates full electric potential
ranging from 10kV at the spinneret to ground at the
collectors. B) Color gradient displays midrange electric
potential (4kV-4.5kV) which emphasizes the difference in
electric field produced compared to the different collection
systems shown in Figure 34 and Figure 35.

118

A

φE Figure B

φE Figure A
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Figure 34. COMSOL model illustrates the variation in the
electric field and electric potential produced using parallel
collectors spaced 8". The direction and proportion of the
black arrows illustrate the direction and magnitude of the
electric field which drives the electrospinning process. Color
gradient illustrates the electric potential gradient. A) Color
illustrates full electric potential ranging from 10kV at the
spinneret to ground at the collectors. B) Color gradient reveals
the midrange electric potential (4kV-4.5kV) which is able to
drive aligned collection at close range (Figure 33) is distanced
out of range with increasing collector spacing.
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Figure 35. COMSOL model illustrates the variation in the
electric field and electric potential produced using the RODS
collection system, spaced 8", after a collection switch. The
direction and proportion of the black arrows represent the
direction and magnitude of the electric field which drives the
electrospinning process. Color gradient illustrates the electric
potential gradient. A) Color illustrates full electric potential
ranging from 10kV at the spinneret to ground at the
collectors. B) Color gradient displays midrange electric
potential (4kV-4.5kV) which emphasizes the tightly focused
electric field compared to the parallel collection systems
shown in Figure 33 and Figure 34.
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The RODS collection system has been designed to induce additional
lateral instability by intermittently activating one collector in a pair. Because
electric fields follow the superposition principle, the total electric field at any
point is equal to the sum of the electric fields that each object would individually
create (section 3.20). The superposition of the contribution of each individual
point charge is therefore the total electric field due to a quantity of point charges.
Therefore, by reducing the number of activated collectors in the electrospinning
system is it possible to better focus the electric field on the desired collec tor
without requiring an in increase in electric voltage at the spinneret and polymer
reservoir.

Figure 36 is a schematic diagram illustrating the hardware

configuration of the RODS collection system electrospinning unit, when used
with two collectors. The high voltage power supply can be used at a range of 1025 kV. A conduit ties the power supply to the stainless steel focal plate and 16gauge spinneret to pass charge to the solution. The novel modification, which
distinguishes the RODS collection system from modern systems reported in
literature, is the use of an automated switch designed to induce additional lateral
bending instability by oscillating the location of ground signal, or negative
applied voltage, between multiple, electrically independent, ceramic insulated
collectors. The automated switch is located beneath the collector set, in a separate
compartment, and can be configured to precisely control the activation or
deactivation of one or more collectors in a set, for the specified amount of time, in
a specified sequence.
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Figure 36. Schematic diagram showing the hardware configuration of the rapidly oscillating
deposition signal (RODS) collection system. The novel modification, which distinguishes the
RODS collection system, is the use of an automated switch designed to induce additional
lateral bending instability by oscillating the location of ground signal, or negative applied
voltage, between multiple, electrically independent, ceramic insulated collectors. The
automated switch is located beneath the collector set, in a separate compartment, and can be
configured to precisely control the activation or deactivation of one or more collectors in a set,
for the specified amount of time, in a specified sequence. This allows the collection of longer
nanofibers, compared to traditional parallel collection systems, in an aligned manner between
the collector surfaces.

Figure 35 illustrates the differences in the electric field used to drive the
electrospinning process of the RODS collection technique. Due to the oscillating
collector activation, the magnitude and direction of the electric field is more
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focused on the collector in the RODS system [Figure 35], compared to collectors
used in standard, constantly active parallel collection systems [Figure 34].
As fibers are electrospinning preferentially toward the activated collector,
the deposition area is centered on the single collector. The color gradient shown
in Figure 35B illustrates the midrange electric potential (4-4.5 kV), which drives
aligned collection for close range parallel collectors [Figure 33], is contained
tightly at the single collector. Once activation of the deposition signal is switched
to the second collector, the electrodynamics of the system changes, thereby
shifting the body of electrospinning fibers toward the most recently activated
collector. The intensity of induced lateral instability enhances the expansion of
the whipping mechanism by disallowing it to obtain equilibrium by settling on a
single collector. As the bending instability drives the whipping mechanism to
leave the deactivated first collector and shift to the activated second collector,
fibers are extended and deposited, bridging both collectors.

Because the

instability is generated intermittently between two parallel collectors rather than
radiating from a single collector, the resulting nanofiber extensions are also
generated in a more parallel aligned manner even before coming in contact with a
collector surface. This active collection process is what imparts the capability to
produce aligned fiber materials with a much greater length than a standard parallel
collection system.
Fiber alignment using this method is not 100% efficient. The fraction of
total electrospun nanofibers which will be influenced and captured in an aligned
manor is dependent on the rate of collector switching.
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Additionally, the

successful induction of alignment per switch is limited to a portion of
electrospinning nanofibers at a specific stage of completion at the time of
collector switch. The electrospinning fibrous mesh in air between the spinneret
and collector is a single whipping non-uniform extension of the original jet at
various stages of completion.

With increased time and distance from the

spinneret, the jet will increase in viscosity and stiffness as solvent and charge are
expelled during the fiber finishing process.
Figure 37 displays a schematic illustration of separate collectors, between
which an automated switch is actively oscillating the electrospinning deposition
signal. The instability region has been divided into two zones. The top zone,
defined by the top brace in Figure 37, represents the travel distance during which
the developing fibers still contain a large fraction of so lvent and are fluid enough
to freely respond to electrical changes in the deposition signal at the collection
plane, but may still end up in any orientation. The second zone, defined by the
bottom brace in Figure 37, represents the travel distance during which the forming
fibers have expelled a large amount of solvent and are near completion, but are
still flexible enough to make final electrically driven elongations toward the
newly activated collector. These final stretches finish the nanofiber by exposing
and evaporating remaining solvent, leaving the fiber too stiff to respond to
remaining electrically induced bending instabilities or other perturbations. At the
final moments before deposition, nanofibers have become relatively locked in
alignment.
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Due to the violent and unpredictable nature of the whipping mechanism, at
any point in time, each fiber is composed of non- uniform segments at various
stages of completion. While traveling toward the collector prior to the activation
switch, inconsistent charges, stretching, and subsequent solvent evaporation will
transform fiber portions to a stage of completion which leaves them very stiff.
After the switch, the remaining segments which are still sufficiently fluid are
driven toward the new collector. However, these fluid segments are still tethered
to the stiffer segments which will not respond to the switch or have deposited on
the first collector. This results in fibers elongating to span the gap between
actively oscillating collectors. In this manor, fibers become comparatively locked
in alignment before they have completely landed on both collectors. Because
success of this technique is dependent on acting on fibers at a very specific nonuniform stage of completion, collector positioning is very important. Figure 37
demonstrates the blended nature of fiber completion critical to the electrospinning
process.

The resulting increased elongation enhances fiber drying and fiber

completion at a closer distance to the spinneret origin. However this amount of
fiber finishing can be alleviated if needed by repositioning the collectors closer.
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Figure 37. Illustration, not to scale, of the blended nature of fiber completion and development
during various stages of the electrospinning process. As the polymer jet is driven toward
collection systems it is non-uniformly transformed into a finished fiber. RED: signifies portions
of the developing fiber which are still too wet to have any structural integrity. YELLOW:
signifies fiber portions finished to a stage capable of maintaining structure with the aid of a
traditional underlying support but cannot yet support their own weight over significant gaps
and will break. GREEN: signifies finished stiff fiber development with enough structural
integrity to support its own weight and accumulate into an aligned fiber mesh using the novel
collection system. TOP BRACE: fluid zone is where fibers are too wet. BOTTOM BRACE: rubber
zone contains fibers at developmental stage with the best chance of success.
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4.3 Electrospinning Solution Performance
The aligned fiber forming performance of each solution was ranked using
a qualitative scale created for this purpose [Table 4], as described in section 3.9.
A score of 7 is the cutoff for producing a usable aligned fiber sample with the
RODS collectors.

A score below 7 indicates the solution is not capable of

producing an aligned fiber mesh with this system. After rating the performance of
each production run, the scores were compared to analyze the different effects
varying concentration, degumming time, or dissolution time.

4.3.1 Effect of Polymer Concentration
Solution concentration strongly affects electrospun mesh production
ability and has a large effect on fiber morphology. Good polymer concentrations
will electrospin suitable fibers readily.

Lower than ideal concentrations of

polymer result in a beaded fiber or droplet spray, while higher concentrations
result in a ribbon-like appearance.
96 electrospinning trials were performed to investigate the effect varying
polymer concentration has on the ability of the RODS collection system to
produce aligned fibers from aqueous Fibroin:PEO (4:1) solution.

Solution

concentrations ranged from 5.78% to 25.34% Fibroin:PEO (4:1).

Solution

performance was qualitatively evaluated by inspection. The performance results
were divided into 5 series which varied in degumming time (20, 25, 30, 40, and
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60 min), as plotted in Figure 38. The solution concentrations, number of trials,
and performance results are summarized in Table 9.
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Elect rospun Fibroin:PEO (4:1)
10kV, 40µL/min, 22° C, 46 RH%
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Performance Rat ing

8
7

6
5
4
20 Min
3

25 Min
30 Min

2

40 Min
60 Min

1
5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Fibroin:PEO (4:1) Solut ion Concent rat ion % (w /V)

Figure 38. Graphical representation of the electrospinning performance of various
electrospinning solutions. Electrospinning trials were configured using RODS collectors, with
5.78-25.34% Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate of
40µL/minute, and a collector distance of 9.5”. 4mL of solution was used per trial. Five groups
of trials, which varied in degumming time (20, 25, 30, 40, or 60 min) are plotted. Y -scale is the
score rated using the created qualitative performance scale described in methods. Results
indicate altering both fibroin concentration and degumming time have a large effect on the
ability of the RODS collection technique to produce aligned fibers from aqueous Fibroin:PEO
(4:1) solution.

Aqueous solutions of 9-12% (w/v) Fibroin:PEO (4:1), produced from
fibroin degummed for 40 minutes or less, were found to perform well, producing
a visible amount of aligned nanofibers within the first few seconds of run time.
With adequate lighting and backdrop, fiber deposition could be observed with the
naked eye within a few seconds.
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Concentration Dependent Solution Performance Rating
N

3
3
1
3
3
3
11
7
3
3
3
3
8
3
3
3
3
3
3
3
2
3
3
2
3
2
3
3

Degum Fibroin:PEO
Time

(4:1)

(min)

% (w/V)

20
20
20
20
25
25
25
25
30
30
30
30
30
30
30
30
40
40
40
40
40
60
60
60
60
60
60
60

7.41
10.65
10.85
25.34
5.98
7.67
9.87
10.98
5.84
7.20
8.41
10.07
10.47
10.58
10.67
10.85
7.27
8.85
10.47
11.67
18.69
5.78
6.36
8.19
7.41
8.19
9.65
11.34

Voltage

Trav el

Collector

(kV)

Distance

Spacing

(in)

(in)

9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Rating

6
8
8
8
3
4
8
8
2
6
8
8.5
8
8
8
8
2.5
8
8
8
7.5
2
3
2
5
5
2
2

Table 9. Summary of the electrospinning settings and results, of various electrospinning
solutions. Electrospinning trials were configured using RODS collectors, with 5.78-25.34%
Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate of 40µL/minute, and a
collector distance of 9.5”. 4mL of solution was used per trial. The data was partitioned into
five groups of trials, which varied in degumming time; 20, 25, 30, 40, or 60 min. The Rating was
scored, based on inspection, using the created qualitative performance scale described in
methods. Results indicate altering both fibroin concentration and degumming time have a
large effect on the ability of the RODS collection technique to produce aligned fibers from
aqueous Fibroin:PEO (4:1) solution.

Lowering the concentration of the aqueous fibroin solution had significant
effects on the aligned fiber production capability. Current literature demonstrates
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fiber diameter and electrospinnability decrease with decreasing polymer content
[Larsen et al., 2004; Shenoy et al., 2005; Li et al., 2006].

Nanofiber

accumulation became noticeably thinner and harder to see with the naked eye
even after several minutes of deposition. 8.5% (w/v) Fibroin:PEO (4:1) seemed
to be the lower cutoff while still maintaining the ability to spin across the
collector distances larger than 3 inches.

A

B

7.82% (w/v) Fibroin:PEO (4:1)

C

8.6% (w/v) Fibroin:PEO (4:1)

9.4% (w/v) Fibroin:PEO (4:1)

Figure 39. Demonstration of the effects of using different solution concentrations. One batch
of silk was divided into 3 different dialysis cassettes and each was concentrated for a different
amount of time to produce different solution concentrations. A) 7.82% (w/v) Fibr oin:PEO (4:1)
produced a spiking effect due to majority deposition of wet and weak fibers. B) 8.6% (w/v)
Fibroin:PEO (4:1) produced a large number of sufficiently strong aligned fibers but also has a
high ratio of wet broken fibers recoiling towards each collector producing a smooth transition
of loose aligned fibers to tight aligned fibers with a high inclusion of dense random fibers. C)
9.4% (w/v) Fibroin:PEO (4:1) is more than adequate for production of aligned fibers with
minimal breakage upon deposition. 4mL of each solution were used with voltage of 10 kV, at a
flow rate of 40µL/minute, collector spacing of 4”, and a collector-spinneret distance of 9.5

Figure 39 demonstrates the comparative performance o f several silk
solution concentrations and supports the data which indicated 8.5% (w/v)
Fibroin:PEO (4:1) was the lower cutoff for aligned fiber production using RODS
collection.

Figure 39C demonstrates successful, aligned fiber mesh produced

with 9.4% (w/v) Fibroin:PEO (4:1) using the RODS collection system. Reducing
130

the concentration to 8.6% (w/v) still allowed aligned fiber production however the
fiber breaking rate was much higher. This resulted in a mesh composed of a less
dense but highly aligned central portion surrounded by dense random inclusions
[Figure 39B]. The aligned fibers still extended from collector to collector, but the
lower concentration produced a significantly higher number of wetter and weaker
fibers which tended to break after deposition. After breaking, these immature
fibers were attracted to the most intense deposition signal. By the process of
recoiling toward the collector, they produced the denser sample borders. This
fiber organizational gradient may be a promising option for providing a scaffold
tuned for the transitional areas between tissue types such as the tendon-bone
interface. The contrast of the orientation gradient can be controlled by varying
the fiber breaking rate, which can be manipulated using several methods such as
altering the solution concentration.
Figure 39A demonstrates the effect of lowering the polymer concentration
to 7.82% (w/v). The lower concentrations were not sufficient to produce aligned
samples with the RODS system. At 7.82% the fibroin molecules were too sparse
to generate sufficient entanglement critical to providing sufficient integrity. At
time of deposition, the developing fibers were retaining excessive solvent, further
weakening structural integrity, leading to immediate fiber breaking and retraction
toward collectors. The excess solvent combined with excess remnant charges
produced spiking at the collector tips.

This may be alleviated by further

distancing the collector system from the spinneret to increase allotted fiber travel
time thereby increasing fiber stretching and solvent evaporation.
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Low voltage, poor response to voltage, or low polymer concentration is
known to result in formation of drops or beaded fibers, due to low entanglement
and associated inability to overcome the surface tension of the drop [Wang et al.,
2005]. Increasing the concentration improves flow and fiber regularity. Without
PEO, a 21.8% aqueous silk solution tends to intermittently electrospin fibers and
sputter droplets toward the collector. However, blending with the 21.8% solution
with 5% PEO allows consistent yet slightly difficult fiber production. At 25.34%,
silk solution has sufficient molecular chain entanglements to allow the
electrostatic stresses to further elongate the jet into fibers without PEO, though
the resulting fibers and material are notably stiffer and less flexible. Higher
concentrations have more than enough polymer content to avoid the beading or
electrospraying issue but tend to be unstable and inhomogeneous producing
irregular sputters or ribbon shaped fibers. In addition, silk concentrations can be
too viscous to facilitate proper electrospinning or solvent evaporation. Aqueous
silk is also a non-Newtonian fluid demonstrating a high shear thinning effect,
which is dependent on polymer concentration [Wang et al., 2005]. Therefore,
deposition of the wet, forming fiber onto the collector surface reduces the chargeinduced shear stress, which quickly increases fiber viscosity and impedes solvent
evaporation. This causes excessively wet fiber depositions to settle or flatten into
ribbon shape as they dry. Increasing electrospinner voltage helps with higher
concentrations but runs the risk of gelling the solutions at the spinneret.
Additionally, concentrating silk solutions also induces beta sheet formation. As
the solution concentration increases the relative amounts of β-sheet portions
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increase, because the soluble random conformations can only be maintained at
low concentrations where molecules exhibit low entanglement [Wang et al.,
2005].

Additionally, increasing the field too much will accelerate the fiber

spinneret-collector travel time to a rate that is too fast for the solvent to properly
evaporate. This will also lead to wet fibers at time of deposition producing
irregular or ribbon shaped fibers.

4.3.2 Effect of Degumming Time
The synthetic polymer polyethylene oxide blends well in water, and
becomes a uniform solution which creates consistent fibers in a range of
electrospinning settings. The natural polymer B. mori fibroin silk, however,
requires careful preprocessing steps. The heated process of degumming is used to
remove sericin and waxes which may otherwise induce an immune response if left
in biomaterials [Jin et al., 2004].
85 electrospinning trials were performed, to investigate the effect varying
degumming time has on the ability of the RODS collection system to produce
aligned fibers from aqueous Fibroin:PEO (4:1) solution. Solutions were produced
from fibroin tufts which were exposed to one of five different degumming times;
20, 25, 30, 40, or 60 min. These solutions were then split and individually
concentrated to produce six groups of trials, which varied in concentration ranges
(5-6%, 6-7%, 7-8%, 8-9%, 9-10%, and 10-11% (w/v) Fibroin:PEO (4:1)).
Solution performance was qualitatively evaluated by inspection and results were
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plotted in Figure 40. The degumming time, solution concentrations, number of
trials, and performance results are summarized in Table 10.

10

5 to 6%

Elect rospun Fibroin:PEO (4:1)
10kV, 40µL/min, 22° C, 46 RH%
9.5" Trav el Dist ance , 4" Collect or Spacing

9

6 to 7%
7 to 8%

8 to 9%
8

9 to 10%

Performance Rat ing

10 to 11%
7

6
5
4
3
2
1
20

25

30

35

40

45

50

55

60

65

Fibroin Degumming Time @ 105° C (min)

Figure 40. Graphical representation of the effect of altering degumming time (20, 25, 30, 40, or
60 min) on electrospinning performance. Electrospinning trials were configured using RODS
collectors, with 5-11% Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV, a flow rate
of 40µL/minute, and a collector distance of 9.5”. 4mL of solution was used per trial. Six groups
of trials, which varied in concentration ranges (5-6%, 6-7%, 7-8%, 8-9%, 9-10%, and 10-11%
(w/v) Fibroin:PEO) are plotted. Y-scale is the score rated using the created qualitative
performance scale described in methods. X-scale is the length of fibroin degumming time @
105° C in minutes. Results indicate altering both fibroin concentration and degumming time
have a large effect on the ability of the RODS collection technique to produce aligned fibers
from aqueous Fibroin:PEO (4:1) solution.

Figure 40 displays the performance of solutions which vary by time
exposed to the degumming process. All solutions between 8-11% produced from
fibroin degummed for 40 minutes or less, were demonstrated to be high
performers. These solutions produced strong resilient fibers successful in all
configurations. Silk degummed for 60 minute periods were more difficult to
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electrospin. These fibers were frailer, seemed thinner upon deposition, and did
not produce adequate accumulation between collectors. This suggests aligned
fibers were breaking at a rate similar to production. All solutions produced from
silk degummed for more than 40 minutes were incapab le of producing long
aligned fibers between the rapidly oscillating deposition signal collectors at the
chosen positions. Results were similar to those produced using low solution
concentrations.
Solution

chemistry

dictates

the

dissolution,

assembly,

and

biocompatibility of the fibers, but what must also considered is the stock polymer
response to processing steps.

Degumming time had a large effect on the

performance of the electrospinning solution, as can be seen in Figure 40. The
length of the step correlates with increased intermolecular and intramolecular
degradation.
While the monomer chemistry will remain the same, a degumming step of
30 minutes will result in higher MW portions around 200 kDa compared to a
degumming step of 60 minutes, which results in a blend of 150 to 20 kDa polymer
fragments [Teh et al., 2010; Wadbua et al., 2010]. This greatly affected the
electrospinning process because solution viscosity increased with molecular
weight. Greater surface tension requires a higher voltage to produce a stable jet,
and the solution viscosity dictates the jet response to the applied electrical charge
[Yarin et al., 2001; Wadbua et al., 2010].

Even though the two different

degumming times may produce very similar solutions, the resulting polymer jet
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and subsequent electrospun material may be very different due to different
molecular entanglement dynamics [Shenoy et al., 2005].

Degumming-Time Dependent Solution Performance Rating
N

Degum Fibroin:PEO (4:1) Voltage
Time

% (w/V) Range

Trav el

Collector

Distance

Spacing

(in)

(in)

10

9.5

4

2

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

2
5
2
2
3
6
6
2
6
8
8
3
8
2
8
8
8
8
8
8
8
8
8
2

(kV)

(min)
2
3
2
4
3
3
3
2
3
3
2
2
3
11
2
3
7
2
8
2
3
3
2
4
3

20
30
60
20
30
60
20
30
40
60
30
40
60
25
60
20
25
30
30
30
30
30
30
40
60

5 to 6
5
5
6
6
6
7
7
7
7
8
8
8
9
9
10
10
10
10
10
10
10
10
10
10

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

6
6
7
7
7
8
8
8
8
9
9
9
10
10
11
11
11
11
11
11
11
11
11
11

Rating

Table 10. Summary of the electrospinning settings and results, of electrospinning solutions
which were degummed for 20, 25, 30, 40, or 60 min. Electrospinning trials were configured
using RODS collectors, with 5-11% Fibroin:PEO (4:1) solution, with an applied voltage of 10 kV,
a flow rate of 40µL/minute, and a collector distance of 9.5”. 4mL of solution was used per trial.
The data was partitioned into five groups of trials, which varied in concentration range; 5 -6%,
6-7%, 7-8%, 8-9%, 9-10%, and 10-11% (w/v) Fibroin:PEO. The Rating was scored, based on
inspection, using the created qualitative performance scale described in methods. Results
indicate altering degumming time has a large effect on the ability of the RODS collection
technique to produce aligned fibers from aqueous Fibroin:PEO (4:1) solution, regardless of
concentration.
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One contributing factor to this phenomenon is the complexity of the
polymer. The simple subunit of synthetic polymers like PEO and poly(lactic
acid) (PLA) translates into easier processing and consistency.

In contrast, the

fibroin protein is more complex, consisting of different regions of both crystalline
and amorphous chemistries which have different properties [Inoue et al., 2000;
Yucel et al., 2010]. Highly crystalline regions confer stronger, stiffer, but more
brittle properties while amorphous portions are prone to random arrangement and
confer flexibility and looser associations [Jin et al., 2004; Wadbua et al., 2010;
Yucel et al., 2010]. It is for this reason inconsistent or excessive processing
induced polymer degradation may produce different solutions from natural stock
materials.

4.3.3 Effect of Dissolution Time
72 electrospinning trials were performed, to investigate the effect varying
fibroin dissolution time in 9.3M LiBr has on the ability of the RODS collection
system to produce aligned fibers from aqueous Fibroin:PEO (4:1) solution.
Solutions were produced from fibroin tufts which were exposed to one of six
different dissolution times; 60, 90, 120, 150, 180, or 200 min. These solutions
were then split and individually concentrated to produce three groups of trials,
which varied in concentration ranges (5-8%, 8-10%, and 10-11% (w/v)
Fibroin:PEO (4:1)). The process was repeated to make one small group of
solutions produced from fibroin tufts degummed for 60 minutes, for comparison.
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Solution performance was qualitatively evaluated by inspection and results were
plotted in Figure 41.

The dissolution time, degumming time, solution

concentrations, number of trials, and performance results are summarized in Table
11.
The effect of varying dissolution time is displayed in Figure 41. The use
of a broad range of dissolution times between 90 to 200 minutes did not seem to
reveal any large performance disparities. Any dissolution time within this range
should be successful. However, it was found that dissolving the silk in 9.3M LiBr
for less than 90 minutes resulted in significant performance reduction of the
subsequent polymer solution. Although 10% fibroin content degummed for 30
minutes was generally a top performer, the resulting solution failed to produce
aligned fiber meshes when manufactured from silk dissolved for only 60 minutes.
Natural fibroin molecules exist as a complex or elementary unit consisting
of six fibroin molecules attached with the help of the glycoprotein P25. This
association is maintained by ionic bonding between COO- ions of the fibroin
molecules and divalent metallic ions such as Ca2+ or Mg2+, and by hydrophobic
interaction among the hydrophobic parts of the fibroin chains [Hossain et al.,
2003; Phillips et al., 2004]. These intermolecular bonds and the hydrophobic
nature of these crystalline regions are sufficient to resist their dissolution to pure
water. However, fibroin will readily dissolve in water with very concentrated
amounts of a chaotropic salt such as LiBr [Hossain et al., 2003].

A high

concentration of these ions is capable of disrupting the intermolecular ionic and

138

hydrogen bonding which are required to maintain β-sheets structure, thus enabling
dissolution [Hossain et al., 2003; Phillips et al., 2004].
10

Elect rospun Fibroin:PEO (4:1)
10kV, 40µL/min, 22° C, 46 RH%
9.5" Trav el Dist ance , 4" Collect or Spacing

9

Performance Rat ing

8
7
6

5
4

60 min Degum,
5-12 % (w/V)
30 min Degum,
10-1 1% (w/V)
30 min Degum,
8-10 % (w/V)
30 min Degum,
5-8% (w/ V)

3
2
1
60

70
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100

110
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130

140

150

160

170

180
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200

210

220

230

Dissolut ion Time in 9.3M LiBr @ 60° C (mins)

Figure 41. Graphical representation of the effect of altering varying fibroin dissolution time in
9.3M LiBr has on the ability of the RODS collection system to produce aligned fibers from
aqueous Fibroin:PEO (4:1) solution. Solutions were produced from fibroin tufts which were
exposed to one of six different dissolution times; 60, 90, 120, 150, 180, or 200 min. 72
electrospinning trials were configured using RODS collectors, with 5-11% Fibroin:PEO (4:1)
solution, with an applied voltage of 10 kV, a flow rate of 40µL/minute, and a collector distance
of 9.5”. 4mL of solution was used per trial. Three groups of trials, produced from 30 minute
degummed fibroin, which varied in concentration ranges (5-8%, 8-10%, and 10-11% (w/v)
Fibroin:PEO) are plotted. A fourth group of solutions, produced from fibroin tufts degummed
for 60 minutes, was also plotted for comparison. Y-scale is the score rated using the created
qualitative performance scale described in methods. X-scale is the length of fibroin dissolution
time in LiBr @ 60° C, in minutes. The use of dissolution times between 90 to 200 minutes did
not seem to reveal any large performance disparities; however, dissolving the silk in 9.3M LiBr
for less than 90 minutes resulted in significant performance reduction of the subsequent
polymer solution.

Because the silk dissolution process in aqueous 9.3 M LiBr is extensive
and takes place at the high temperature of 60°C, the glycoprotein P25 is probably
denatured [Hossain et al., 2003]. As a result, P25 most likely loses its ability to
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maintain its unique structure, further associate with fibroin, or restore the
elementary unit. This may contribute to diminished fiber strength compared to
natural unprocessed fibroin fibers.
Subsequent diffusion of untethered fibroin chains in dialyzed water
solution, devoid of metallic ions required to make intermolecular COO associations or functional P25, results in single fibroin molecules or aggregation
driven by the hydrophobic interactions of the H-chain [Hossain et al., 2003;
Phillips et al., 2004]. The apparent size of the aggregates is about 210 nm. As
concentration decreases, the size of the clusters decrease, and the fibroin chains
participating in the cluster start to dissociate from the cluster [Hossain et al.,
2003].
The results in Table 11 do not indicate any adverse effects of longer
dissolving times. It seems as though the dissolution process is completed near
125 minutes of time and solutions produce similar results thereafter. It is possible
that dissolution less than 125 minutes does not allow sufficient disruption of the
intermolecular bonding or denaturing of the P25 glycoprotein, resulting in poor
solution performance.
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Performance Rating Dependent on Fibroin Dissolution-Time in 9.3M LiBr
N

Degum Dissolution

Fibroin:PEO (4:1) Voltage

Trav el

Collector

Av erage

Distance

Spacing

Rating

(in)

(in)

10
10
10

9.5
9.5
9.5

4
4
4

2
4.2
2

10
10
10
10

10
10
10
10

9.5
9.5
9.5
9.5

4
4
4
4

3
8
8
8

to
to
to
to
to
to

11
11
11
11
11
11

10
10
10
10
10
10

9.5
9.5
9.5
9.5
9.5
9.5

4
4
4
4
4
4

6
7.8
8
8
8
8

to
to
to
to

12
12
12
12

10
10
10
10

9.5
9.5
9.5
9.5

4
4
4
4

2
2
4
2

Time

Time @ 60°

% (w/V) Range

(min)

C (mins)

2
6
2

30
30
30

60
90
180

5 to 8
5 to 8
5 to 8

3
2
2
11

30
30
30
30

60
120
150
200

8
8
8
8

to
to
to
to

3
2
2
2
6
16

30
30
30
30
30
30

60
90
120
150
180
200

10
10
10
10
10
10

2
2
6
3

60
60
60
60

60
90
120
180

5
5
5
5

(kV)

Table 11. Summary of the electrospinning settings, specifications, and results, of
electrospinning solutions which were produced from fibroin tufts which were exposed to one
of six different dissolution times (60, 90, 120, 150, 180, or 200 min) in LiBr @ 60 ° C. 72
electrospinning trials were configured using RODS collectors, with 5-11% Fibroin:PEO (4:1)
solution, with an applied voltage of 10 kV, a flow rate of 40µL/minute, and a collector distance
of 9.5”. 4mL of solution was used per trial. The rating was evaluated by inspection using the
created qualitative performance scale described in methods.
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4.4 System Optimization
To optimize system performance, tests runs were performed for a series of
different configurations which varied in collector positioning and activation time.
2 mL of 9% Fibroin:PEO (4:1) solution per test run, at flow rate of 40 µL/min
were used at 22° C and 44-46 relative humidity.

4.4.1 Collector Positioning
Collector position has a large effect on the efficiency of the system. As
described previously, the fiber elongation and alignment technique is dependent
on the drying distance and fall time. Optimal collector distance is uniquely
dependent on the concentration, viscosity, conductivity, and solvent vapor
pressure of the specific electrospinning solution.
Figure 42 is a schematic drawing of a side view of an electrospinning unit,
which defines the various position settings which were adjusted to optimize
uniform aligned fiber collection. The 3” type IV planar collectors were used
because they had largest surface area and increased the area capable of catching
aligned fibers.

The positioning settings adjusted were: stage angle, angle of

collection plane, offset, and collector to spinneret distance.

The effect of

collector to spinneret distance was tested at 7, 7.5, 8, 9.5, 10, and 11 inches. The
collection plane angle was adjusted in 10° increments, from 35° to 55°, by a
combination of changing the stage angle and position of the collector legs. Angle
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was measured using a protractor. The offset is important, because it prevents
mesh destruction that would be caused by dripping of excess polymer solution
directly below the spinneret. The offset was tested at 3, 3.5, 4, 4.25, and 5 inches.
Greater offsets could not be tried due to the limited electrospinning cabinet size.
Spinneret Tip

Figure 42. This schematic drawing, of a side view of an electrospinning unit, defines the
various position settings which were adjusted to optimize fiber collection. The positioning
settings adjusted were: stage angle, angle of collection plane, offset, and collector to spinneret
distance. The highest point on the right side of the figure is the location of the spinneret tip.

For many of the adjustments, the flat collector pair exhibited non- uniform
collection, with heavy accumulation and bare portions on opposite ends of each
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collector, rather than even coverage. For example, many positions would only
capture fibers on the lower or upper half of the collectors, depending on distance
to the spinneret, leaving the other half devoid of fiber deposition. The results are
summarized in Table 12.
Collection Plane Positioning
Collection
Collector to
Offset Collector
Angle
Spinneret Distance (in) Spacing
(in)
(in)

Voltage
(kV)

Collector Portion Deposition Coverage
Spinneret Side

Midsection

Far Side

Aligned Fiber
Formation
Rate

35

7

3.5

4

10

Thick

Bare

Bare

Slow

45-55

7

3-5

4

10

Bare

Bare

Bare

None

35

7.5

3.5

4

10

Thick

Bare

Bare

Slow

45-55

7.5

3-5

4

10

Bare

Bare

Bare

None

35

8

4

4

10

Thick

Thin

Bare

Slow

45

8

4

4

10

Thick

Thin

Bare

Slow

55

8

3-5

4

10

Bare

Bare

Bare

None

35

9.5

3

4

10

Thin

Thin

Bare

Fast

35

9.5

3.5-5

4

10

Thick

Thin

Bare

Fast

45

9.5

4.25

4

10

55

9.5

3-5

4

10

Bare

Thin

Thick

Fast

35

10

3-5

4

10

Bare

Bare

Bare

None

45

10

3.5

4

10

Thick

Thin

Bare

Medium

45

10

4.25

4

10

Thin

Bare

Bare

Slow

55

10

4

4

10

Thick

Thin

Bare

Slow

55

10

4.25

4

10

Bare

Bare

Bare

None

35-45

11

3-5

4

10

Bare

Bare

Bare

None

55

11

3

4

10

Thick

Thin

Bare

Slow

55

11

3.5-5

4

10

Thin

Bare

Bare

Slow

Uniform, full coverage

Fast

Table 12. Summary of the various position settings which were adjusted to optimize fiber
collection and the qualitative performance results which varied greatly. 2 mL of 9%
Fibroin:PEO (4:1) solution per test run, at a flow rate of 40 µL/min were used at 22 ° C and 4446 RH%. The positioning settings adjusted were: angle of collection plane, offset, and collector
to spinneret distance. For 9% Fibroin:PEO (4:1) solution, a collector to spinneret distance of 9.5
inches with a 4 - 4.5 inch offset from the center of the collector plane angled at 45° was most
effective at producing even coverage.

For 9% Fibroin:PEO (4:1) solution, it was found that a collector to
spinneret distance of 9.5 inches with a 4.25 inch offset from the center of the
collector plane angled at 45° would efficiently drive and collect nanofibers evenly
between the total surface of both collectors.
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It is interesting to notice the

geometry of optimal collection [Figure 43]. For proper angle, the collector plane
must be tilted such that the line perpendicular to the center of the collection plane
forms the hypotenuse of an isosceles right triangle with the equal legs being the
collector offset and a bisection of the line extending perpendicular from the offset
to the spinneret tip.

For 9% Fibroin:PEO (4:1) this position is optimal for

interacting with the instability region of electrospinning nanofibers at a
compatible level of development. When collectors are positioned as little as one
inch farther it results in a slower fiber deposition rate, non-uniform collection, or
failure to collect aligned fibers. Changing the collection plane angle to 35°
resulted in fiber deposition on the midsection to spinneret side of the collectors
only, while increasing the collection angle to 55° limited fiber deposition to the
far side. Fiber accumulation is reduced when the collectors interact with a portion
of the instability region composed of fibers at non-desirable stages of completion.
Wet fibers will snap, recoil, and fall damaging any nearby depositions resulting in
spiking at the collector surface.
Reducing the collector to spinneret distance to 8 inches resulted in reduced
aligned fiber collection rate and coverage. Collector plane angles of 35°-45° with
an offset of 4 inches were the only positions able to produce aligned fibers at a
collector to spinneret distance of 8 inches, but only managed to cover the side of
the collectors closest to the spinneret. Also, a collector plane angle of 35° with an
offset of 3.5 inches was the only position able to produce aligned fibers at
collector to spinneret distances of 7-7.5 inches but also managed only to cover the
side of the collectors closest to the spinneret.
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Figure 43. This schematic drawing, of a side view of an electrospinning unit, defines the
optimal position settings for fiber collection of 9 % (w/v) Fibroin:PEO (4:1) solution. The
positioning settings adjusted were: stage angle, angle of colle ction plane, offset, and colle ctor
to spinneret distance. The highest point on the right side of the figure is the location of the
spinneret tip. Red circle highlights the critical area in which fiber development is most
receptive to the RODS collection technique.
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Similar, uneven collection was produced at a collection angle of 45°-55°
with an increased collector to spinneret distance of 10 inches between offsets of
3.5 to 4 inches. Other configurations at 10 in collector to spinneret distances
failed to produce aligned fibers. Also, a collector plane angle of 55° with offsets
between of 3-5 inches were the only positions able to produce aligned fibers once
the collector to spinneret distance was increased to 11 inches.

4.4.2 Effects of Varying Activation Time
The RODS technique is not a continuous process, but produces results
with each oscillation of deposition signal to the next collector. Varying the
alternating collector activation time greatly affected the rate at which nanofibers
are aligned, extended, and collected.
21 test runs using 2 mL of 9% Fibroin:PEO (4:1) solution per test run, at a
flow rate of 40 µL/min at 22° C and 44-46 RH%, were performed to qualitatively
evaluate the effect varying switch oscillation time had on RODS collection
performance. Oscillation time was adjusted to 3, 2, or 1.3 seconds between
switches. The effect of varying switch oscillation time was also evaluated by
electrospinning with the RODS system actively working for 20 minutes, then with
the system disabled during 20 additional minutes of electrospinning.
Figure 44 demonstrates the effect of adjusting the collector deposition
signal switch period from 0.33 Hz (A) to 0.5 Hz (B). Both runs used 2 mL of 9%
Fibroin:PEO (4:1) solution however, increased oscillation rate produced a denser
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collection in the same amount of time, and with the same amount of solution.
This is due to the increased numbers of nanofibers elongated and aligned in
response to the alternating activation. There were not any noticeable differences
produced by increasing the switch period from 0.5 Hz to 0.77 Hz seconds, for 2
mL of solution.

A

System @ 3-second Intervals

B

System @ 2-second Intervals

Figure 44. Effects of varying activation time. Increasing the colle ctor deposition signal switch
rate from once every 3 se conds (A) to once every 2 se conds (B) resulted in increased aligned
fiber production rate. The increased production r ate produced a larger number aligned fibers
and a more even fiber coverage on and between the rotating collectors (B).
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Figure 45A shows a normal 40 minute electrospinning production run,
with the RODS collection system activated.

Figure 45B demonstrates a 20

minute run using the system, then 20 minutes with it deactivated. The first 20
minutes were enough to produce aligned fibers between the collectors, but once
the system was turned off, fiber alignment was lost and the samples became
destroyed with noticeable spiking common to wet fiber deposition. This was
likely due to the lack of extended stretching and solvent evaporation. Without
focused intermittent active collection to manipulate the electric field driving the
electrospinning process, the instability region of electrospinning fibers is
reshaped. The deposition then centers on one collector and fibers do not span the
extended gap between the collector pair. Fiber deposition becomes disorganized,
which is reminiscent of the chaotic state of standard electrospinning instability
regions.

A

B

System On 40 min

System On 20 min, then Off 20min

Figure 45. Effects of disabling the oscillating mechanism during the electrospinning production
run using 9% (w/v) Fibroin:PEO (4:1) solution. (A) RODS system is actively working during 40
minutes of electrospinning. Without focused intermittent active collection to manipulate the
electric field driving the electrospinning process, the instability region of electrospinning fibers
is reshaped, and fiber deposition becomes unorganized (B).
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4.5 Development of Novel Materials
4.5.1 Fiber Organization Gradient Scaffolds
Nanofibrous materials can be tuned to provide great strength and simulate
elastic profiles while still facilitating cellular integration. Electrospun scaffolding
can be composed of ECM materials while providing mechanical support and a
porous aligned template. Flexibility, elasticity, and high tensile strengths make
electrospun nanofiber materials an attractive option for use in connective tissue
engineering.
A large challenge facing potential tendon grafts is the difficulty of
merging two interconnected tissue types such as in muscle-tendon or tendon-bone
junctions. Harsh transitions localize stress and create sites with greater potential
to be reinjured. Current materials capable of providing adequate support fail to
offer biodegradable ability. It is difficult to design a single biomaterial capable
of supporting the development of multiple unique tissue types.
Such a use requires controllable patterns of fiber organization. This is
important for both cell orientation and reliable mechanical properties necessary
for controlled muscle, tendon, or ligament function. Aligned fiber scaffolds are
capable of guiding and aligning elongation of C2C12 myoblasts, and facilitate
transformation to multinucleated myotubes faster and more completely without
requiring additional surface modifications [Aviss et al., 2010].

Without an

aligned template, myoblasts will orient themselves randomly, resulting in poor
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contractive ability [Aviss et al., 2010]. However, newly developing muscle tissue
must somehow smoothly integrate with bone.
Multiple spinneret systems can be used to produce materials with a
gradient distribution of fiber type and scaffold properties [Ladd et al., 2011].
However, standard stationary and rotating mandrel collector systems do not allow
fiber alignment in the direction of the grad ient, which would be necessary for
proper muscle alignment and morphology.
The aligned nanofiber meshes produced with the RODS system have an
interesting quality not previously achievable by other methods. While the high
degree of fiber alignment is by itself desirable, applications such as ligament
repair may require smooth transitions in mechanical properties.

Our novel

material has the potential to provide a smooth transition, which may better
support or simulate the bone/tendon/muscle & bone/ligament/bone transitional
interfaces.
Figure 46 shows an image of an aligned silk scaffold in the early stages of
production. As mentioned before, the intermittent activation collector system is
capable of producing aligned fibers between greatly distanced independent
collectors. However, deposited aligned fibers, which span the collector gap but
do not have the structural integrity to support themselves, break and recoil
towards each collector producing denser, less aligned portions at each end of the
scaffold [Figure 46D]. As fiber collection progresses, the highest alignment is
preserved in a premium section [Figure 46A, Blue]. Continuous occurrence and
compacting of recoiling fibers creates a symmetric gradient of mesh organization.
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A

Section for Ligament/Tendon Scaffold

B

C

D

Premium Aligned Fiber Section
Figure 46. A) Comparison of the excising par ameters for premium aligned (blue) or orientation
gradient (yellow) scaffolds. B-D) Demonstration of the increased inclusion of randomly
oriented fibers with closer proximity to each collector end.
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Scaffold morphology and mechanical properties are well known to
influence cellular behavior and development [Murugan et al., 2007; Aviss et al.,
2010; Kempf et al., 2011]. Excising the entire sample [Figure 46A, yellow box]
for use as a scaffold, may influence different behavior from cells seeded in the
highly aligned portions [Figure 46B] than it will for cells seeded on the denser
blend [Figure 46D] of aligned and random fiber mesh. Finished meshes produced
using this slightly modified technique exhibit a clear gradient of fiber orientation
compared to premium aligned samples [Figure 47]. While the central aligned
sections exhibit a uniform aligned appearance from end left to right [Figure 47A],
the gradient mesh contains a loose aligned central portion which blends into
denser more randomized borders [Figure 47B]. The mesh gradient transition can
be altered by manipulating the fiber breakage rate, with methods such as varying
the solution concentration.

These features are also preserved after methanol-

treatment, and in aqueous conditions [Figure 47C]. Figure 48 demonstrates the
difference in appearance of these sections, after longer production time, using
SEM magnified images.
Aligned silk meshes produced with the RODS collector system produced
an ultimate tensile strength of 16.25 ± 2.06 MPa, which is in the range of passive
flexion extension of flexor tendons in the hand [James et al., 2011] and other
tissues [Table 1]. Intermediate fiber organizations within the gradient such as
those in Figure 46B should serve to blend or smooth the transition of material
properties and developing cell behaviors. These scaffolds may have the potential
to act as intermediaries between the various junctions.
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A

B

C

More Dense &
Random Inclusions

Highest Alignment
Self-cleaning Area

More Dense &
Random Inclusions

Figure 47. Comparison of the finished products. A) Typical premium aligned fiber sample
produced using 9% Fibroin:PEO (4:1) and excised from the center of the production area
between the collectors where fiber alignment is highest. Note the relatively uniform
appearance from left to right. B) Typical orientation gradient sample produced using 8.5%
Fibroin:PEO (4:1) solution and excised near the collector tips. Note the strikingly different
appearance moving from left to center to right. C) Orientation gradient sample submersed in
PBS after methanol-treatment. The center section reveals high fiber alignment, with vertical
sheen. The high fiber alignment and sheen decreases toward each end section, and becomes
more dense and opaque.
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A

B

C

Figure 48. SEM image demonstrating the dense inclusion of broken recoiled fibers blended
with aligned fibers near each collector end. A) Highly aligned fibers in the central section. B-C)
Fiber meshes near each collector end contain a higher density of randomly oriented fibers due
to recoiling of broken fibers, a result of the self-cleaning process. However, non-broken fibers
in these sections still maintain an aligned orientation amongst the random fibers. Yellow
arrows highlight the direction of the aligned members of the more dense and random end
sections of methanol-treated gradient meshes produced from 8.5% Fibroin:PEO (4:1) solution,
with the RODS collectors.
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4.5.2 Axially Aligned Tubular Collection
The active collection technique is capable of producing more complex
fibrous structures. This is because the bending instability and nanofiber collection
are controlled by separated collection points rather than standard fixed collectors
such as frames or mandrels. By taking advantage of the multi-point system, it is
possible to produce 3-dimensional electrospun structures composed of aligned
nanofibers oriented in directions not previously possible. For example, the RODS
technique can be used with novel modified collectors to produce long seamless
axially aligned electrospun nanofibrous tubes.
The type V and VI tubular collectors developed in the work make use of a
symmetric pair of collectors compatible with active collection, and are capable of
producing aligned materials in a seamless tubular form. The result is the first
generation of seamless electrospun, axially aligned nanofibrous tubular meshes.
These tubular meshes may prove to be promising as tubular grafts and scaffolds
[Figure 49]. This is a feat not possible with rotating mandrel collection systems,
which are only capable of producing randomly or circumferentially aligned
nanofibrous tubes.
The scaffold diameter is directly dependent on the collector dimensions,
while overall tube length is dependent on the distance between the collector pair.
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Figure 49. Finished look of an axially aligned electrospun tube using the novel type V manual
rotation collection system.

Type V collectors are limited to manual rotation. While this approach
successfully produces tubular meshes, it requires intermittent manual intervention.
Accordingly, to produce a more repeatable axially aligned tubular mesh an
automated system was developed. Figure 50 illustrates the original design of the
belt driven type VI automated tubular collection system.

The motor

simultaneously rotates both collectors at 1.3 RPM, enabling a continuous even
distribution of full- length axially aligned fibers as can be seen in Figure 51.
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Figure 50. Schematic diagram of the RODS type VI automated tubular collection system. The
motor, drive shaft, and belts used to synchronously rotate the tubular collectors are shown.

Figure 51. Production of an axially aligned electrospun tube using the novel type VI collection
system. This image was taken at an early stage in production to demonstrate the successful
seamless aligned tubular collection over long distances. 9% Fibroin:PEO (4:1) solution, at a
flow rate of 40 µL/min electrospun at ambient conditions of 22° C and 44 -46 RH%.
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SEM images of cross sections of these aligned tubes, shown in Figure 52,
confirm the fibers in both the luminal and exterior surfaces maintain axial
alignment.

1 mm

A

B
200 µm

1 mm

C

D

Figure 52. SEM images of cross-sections of seamless axially aligned tubes produced using the
RODS type VI collection system from 9% Fibroin:PEO (4:1) solution, at a flow rate of 40 µL/min
at ambient conditions of 22° C and 44-46 RH%. A) Fibroin:PEO (4:1) axially aligned fiber tube
mounted with double coated carbon conductive tape onto an aluminum stud prior to SEM
imaging. Yellow box highlights portion magnified in (B-C). B) 50X magnified image
demonstrates the axial fiber alignment composing both the luminal and exterior surfaces. C)
At 50X the luminal fiber alignment can be clearly seen. D) 150X; Higher magnification of the
yellow box in figure (C).
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4.5.3 Nanofibrous Microbundles
The type VI automated tubular collectors can also be used to enable the
production of additional materials. Synchronous rotation is imperative to the
production of axial aligned tubular products. However, by rotating the collectors
asynchronously, the aligned nanofibers can be twisted into a rope- like bundle.
The ability of our technique to produce long aligned fibers enables production of
longer bundle lengths.
Figure 53 demonstrates the transformation from thin walled Fibroin:PEO
(4:1) tube to twisted microbundle during the production process, as described in
section 3.8. A thin layer of aligned nanofibers are collected using the tubular
collection technique [Figure 53A]. The thickness of this layer dictates the fiber
density and bundle thickness of the final rope- like product.

Figure 53B

demonstrates the early appearance after the rotation of one collector has been
stalled. A small pinch in the center of the fiber tube as the fibers are wound about
each other initiates microbundle formation. The process continues until desired
bundle length is achieved.
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B

C

D

Figure 53. Process of transforming thin-walled aligned fiber tubes into microbundles from 1.5
mL of 9% Fibroin:PEO (4:1) solution, at 10 kV, with a flow rate of 40 µL/min at ambient
conditions of 22° C and 44-46 RH%. A) Starting apperance of thin walled axially aligned
electrospun silk tube produced using the type VI collector sytem. B) Initial appearance of
microbundle formation at winding origin after rotation of one collector has been stopped. C)
Continuation of the microbundle elongation.
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A

B
Microbundle
Origin

Figure 54. A) Active Fibroin:PEO (4:1) microbundle production (yellow box highlights
microbundle origin). B) SEM 150X magnification of the microbundle formation origin
highlighted in the yellow box of figure A. White arrows follow the overlapping sheets of fiber
alignment leading to the microbundle origin (white braces).

SEM images demonstrate the appearance of the Fibroin:PEO (4:1) fibers
at the microbundle origin [Figure 54]. Figure 54B shows a magnification of the
boxed section of Figure 54A. The white arrows represent the orientation of fiber
alignment, which can be clearly seen.

The lack of rotation by the opposite

collector produces enough tension to reduce the fibers to a tightly bound bundle.
The fibers maintain alignment as they overlap in layers leading to the point of
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microbundle origin. Areas of the aligned fiber mesh and bundle topography
which appear to be masked are artifacts produced by the gold sputtering process.

A

B

Everhart-Thornley

Inlens

Figure 55. SEM magnifications of Fibroin:PEO (4:1) microbundles imaged using EverhartThornley (left) and Inlens (right) secondary electron detectors to examine the winding
orientatin of the microbundle fibers. A) The appearance of the microbundle at the point of
severance. The area within the yellow boxes are further magnified in B).
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Figure 55 shows SEM magnified

views of Fibroin:PEO (4:1)

microbundles simultaneously imaged using both Everhart-Thornley (left) and
Inlens (right) secondary electron detectors. While the Everhart-Thornley was
used to enhance topography, the overhead Inlens detector was used to enhance the
image detail by sacrificing image depth in exchange for collecting signal from
deeper structures. The image reveals the appearance of an excised microbundle
sample before methanol treatment. The left of Figure 55A shows the cut face of
the microbundle. The microbundle extends toward the right with helical fiber
organization.

Figure 55B is a magnified view of the yellow boxed sections,

clearly demonstrating a slight helical wind which is maintained after the section is
cut. There are sections of both treated and non-treated microbundles which do not
display such a pronounced helical pattern. The long-term maintenance of the
helical fiber organization for non-treated microbundles may have been in some
part supported by the adhesive imaging substrate they were mounted on.
The ability to produce long, full length fibers should impart the most
predictable and reliable tensile properties.

However, the dimensions of the

microbundle make tensile testing difficult. Figure 56 displays sections originating
from the same bundle. It demonstrates the fine diameter of a single bundle before
[Figure 56A] and after methanol treatment [Figure 56B]. After β-sheet structure
is induced, there is a general contraction of the material similar to what is seen
with flat aligned fiber meshes. The scale bars and magnification of the images
reveal the diameter of the bundle reduced from 100µm to 45µm after methanol
treatment, which is slightly less than half of its original diameter. The small
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diameter of 45µm is significant because it is near the 20µm diameter of natural
silk bundles [Wang et al., 2005]. Figure 56B demonstrates the type VI collection
system is able to compact a quantity in the range of 80,000 fibroin nanofibers
(with an estimated average diameter of 250nm) into a cross sectional area of
1500µm2 . In contrast, it is only possible to fit 2-8 natural fibroin fibers into the
same area due to the larger fiber diameter of natural fibroin. The larger fiber
density has the potential to impart more uniform, controlled porosity, a higher
fiber surface area for integration, and better ability to relieve stress. Although
neighboring fibers associate much closer after methanol treatment, alignment is
highly preserved.
The images of methanol treated and non-treated bundles have been
separately scaled to most easily compare the differences in features betwee n them.
The Everhart-Thornley secondary electron detector mounted at a low angle was
selected to emphasize the topographical differences. By detecting at a low angle,
more of the secondary electrons will be obstructed by neighboring fibrous
structure producing dark areas revealing the differences in distance and height
between them. While Figure 56A reveals a large amount void space, Figure 56B
reveals the tight compressed structure. The brightness of the bundle is a result of
the compressed fibers in close arrangement reducing the void space and overall
topography.
Figure 57 examines a methanol treated bundle at much higher
magnifications. Figure 57A reveals the relatively good regularity of the fibrous
microbundle. Figure 57B is a magnification of the boxed section of Figure 57A,
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and reveals clearly that the fibers appear to have an axial rather than helical
alignment.

Figure 57C is further magnified and better reveals the highly

organized and dense fibrous structure. Alignment is preserved extremely well
with minimal stray fibers. The close proximity of neighboring fibers can clearly
be seen in Figure 57C. There is some evidence of necking [Figure 57C, Braces].
The rare occurrences of necking are most likely due to tensile strain induced by
the winding procedure driven by the motorized collector.
A

B

Figure 56. SEM images comparing morphology of sections of the same microbundle before and
after methanol treatment. A) Microbundle before methanol treatment. Note the larger
inclusion of void space and diameter of 100µm. B) Microbundle after methanol treatment.
Microbundle is highly compact and void space has been significantly reduced. Diameter has
been reduced 50% to 45µm.
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Figure 57. SEM m agnifications of a methanol-treated Fibroin:PEO (4:1) microbundle. A) SEM
at low magnification demonstrates the relative uniformity of the microbundle . B)
Magnification of Figure-A demonstrating the tightly compacted silk nanofibers with relatively
maintained fiber alignment. C) Further magnified im age better reveals the highly organized
and dense fibrous structure. The braces surround fiber portions which reveal some evidence of
necking. The rare occurrences of necking are most likely due to tensile strain induced by the
winding procedure driven by the motorized collector.
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4.6 Direct Advantages over Competitive Techniques
4.6.1 Superior Uniform Nanofiber Alignment
Figure 58A is a high magnification image, typical of the type found in
publications, of fiber alignment produced with the rotating mandrel technique at
approximately 3000 RPM from 9% Fibroin:PEO (4:1) solution, with an applied
voltage of 9.5 kV, a flow rate of 40µL/minute, and a collector distance of 9.5”. It
is extremely difficult to find a low magnification image of mandrel style fiber
alignment. It is near impossible to low magnification of natural biopolymers such
as silk or collagen. At first glance Figure 58A seems to demonstrate good fiber
alignment. Alignment is relatively high considering this degree of fiber alignment
is not possible using a standard stationary collector plate. However, reducing the
magnification ten- fold reveals the fiber alignment is actually very poor, and the
mesh is riddled with broken and unorganized fibers as shown in Figure 58B.
Reducing the magnification 10 fold once again reveals the fibrous mesh is very
inconsistent and unorganized [Figure 58C]. While randomly organized fiber
meshes exhibit isotropic mechanical properties, aligned fiber meshes are designed
to impart controlled anisotropic properties. Samples produced using the mandrel
do not have reliable regularity. The rotating mandrel is prone to inconsistencies
for several reasons tied to its alignment methods. First, the mechanical rotation
directly induces mechanical stain to developing fibers. Second, the mandrel
collector cannot discriminate between good fibers or poor fibers. Third, the
mandrel captures all depositions and permanently incorporates them into the
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mesh.

In contrast, Figure 58D demonstrates the RODS collection system

produces highly reliable alignment.

A

B

C

Everhart-Thornley

Inlens

D

Figure 58. SEM images revealing the superiority of the fiber control of the novel collection
system compared to alignment produced with the rotating mandrel. This image demonstrates
the fiber alignment produced with the rotating mandrel technique at approximately 3000 RPM
from 9% Fibroin:PEO (4:1) solution, with an applied voltage of 9.5 kV, a flow rate of
40µL/minute, and a collector distance of 8”. A) Aligned silk fiber image and magnification
typically demonstrated in publications. B) Lower magnification of Figure-A revealing the truly
poor alignment. C) Further decrease in magnification of Figures A-B. These images reveal
mesh inconsistency. D) Superior alignment results produced with the RODS alignment
collection system from Fibroin:PEO (4:1) solution, as described in methods. These results
demonstrated at all magnifications are clearly improved over results produced with the
rotating mandrel technique.
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These results are also supported by work found in current literature shown
in Figure 59 [Murugan et al., 2007; Timnak et al., 2011].

The alignment

produced with the RODS collection system demonstrates superiority over current
techniques. Figure 59D does not exhibit the significant fraction of random or
skewed fiber orientations found in meshes produced with the rotating mandrel
technique shown in Figure 59A-C [Murugan et al., 2007; Timnak et al., 2011].
A

B

C

D

Figure 59. Scanning electron micrographs compare the alignment performance of the industry
standard rotating mandrel found in current literature to the novel rapidly oscillating deposition
signal (RODS) collection system. A) Type I collagen fibers produced with a 4500 RPM mandrel
collector exhibiting what is considered fair alignment [Murugan et al., 2007]; B) Type I collagen
produced with the 4500 RPM mandrel exhibiting what is considered good alignment [Murugan
et al., 2007]; Aligned collagen mesh produced with a 2600 RPM mandrel exhibiting what is
considered very good alignment [Timnak et al., 2011]; D) Silk fibroin fibers with superior
alignment produced with the RODS collection system.
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4.6.2 Fiber Alignment without Deformation
Figure 60 presents a schematic diagram that explains some of the
improvements and major differences between the RODS process and the rotating
wheel or mandrel collection method which remains the most popular and
relatively unchallenged alignment method. In contrast to the wheel or mandrel
technique, multiple collector systems with timed activation have the ability to
influence the fiber orientation while electrospinning. The RODS system has been
designed to induce additional lateral bending instability in order to manipulate the
spinning fibers to extend specifically oriented towards the activated collector,
rather than in random extensions. This is achieved because the instability is
generated intermittently between two parallel collectors rather than radiating from
a single collector. Subsequently, the resulting nanofiber extensions are also
generated in a more parallel aligned manner before coming in contact with a
collector surface.
In contrast, the rotating mandrel technique does not have the ability to
influence the fiber orientation before deposition. The mandrel collecting surface
will simply collect randomly aligned fibers at high rpm, which has some very
undesirable consequences. The right side of Figure 60 shows the mandrel setup.
Nanofibers in this technique are always electrospinning in randomly oriented
bending

manor before deposition.

Hundreds to

thousands of fibers

simultaneously contact the rotating mandrel collector at various angles. The
rotating mandrel collection method does not gently reel in the partially completed
nanofibers.

It tears them from their electrospinning path.
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The rotation

simultaneously plucks numerous nanofibers while they are at different stages of
developmental completion.

Figure 60. Comparison of fiber alignment processes. A) RODS collector system produces fibers
spanning collector gaps. Poor fibers are pulled toward each collector and away from the
sample center. B) Rotating mandrel technique can produce larger samples but may induce
mechanical strain and tears into fiber structure. Poor fibers are incorporated into mesh.

This introduces varying levels of mechanical strain to each fiber causing
fiber breaks, varying fiber morphology, fiber fatigue, necking, and plastic
deformation. In addition to inconsistencies between nanofibers, this technique
produces a large number of inconsistencies within each nanofiber. As explained
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previously, because each forming fiber may be composed of segments of varying
stages of completion, each segment will respond differently to the mechanical
strain induced by the rotating mandrel.

Although layers of breaks and

inconsistences may blend when testing a large sample, two adjacent segments
may have very different properties at the cellular level. Figure 58B and Figure
60B illustrate a fiber mesh which is highly aligned yet exhibits a large number of
fiber breaks and inconsistencies that became incorporated into the mesh and are
supported by the underlying mandrel collector. In contrast, high inclusion of fiber
breaks is not possible with the RODS collection system because there is no
support for the aligned fibers during production, other than their own tensile
integrity.
Furthermore, the ability to gently organize aligned fibers is critical to
some specialty techniques.

For example, coaxial electrospinning requires

preservation of a sheath polymer jet around a drug, solvent, nutrient, or polymer
core. Attempting to align coaxial fibers with a rotating mandrel will produce
sections with cracking or shattered sheath, which can lead to untimely or nonuniform release of core components.

However, again in contrast, the RODS

active collector system aligns fibers without inducing additional mechanical
strain, ensuring fibers will be deposited as intended. This enables production of
more desirable materials with more accurate and predictable coaxial factor
release.
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4.6.3 Self-cleaning Fiber Organization
Unlike the mandrel collection technique, the RODS system is intrinsically
self-cleaning. Figure 60 illustrates the difference in collecting behavior of these
two different methods after deposition.

The left side illustrates the RODS

technique with two spaced collectors capturing aligned fibers between them. At
first the only fibers collected are those aligned between the two units. One
important thing to note is the collected sample is actually created between
separate collectors, and is not supported by anything other than its own tensile
strength. However, there will always be at least a small number of fibers with
weak properties, poor alignment, or insufficient lengths. These fibers, should
they land, recoil towards either collector away from the center, as illustrated. This
happens predominantly with weak broken fibers, or fibers that break because they
are insufficiently dry upon collection and can’t support their own weight. It
provides a self-cleaning process that our technique shares with collection methods
that do not provide supplemental fiber support such as standard parallel or ring
style collectors.
Figure 61 demonstrates the aligned fiber material produced from 9%
Fibroin:PEO (4:1) solution, at a flow rate of 40 µL/min at ambient conditions of
22° C and 44-46 RH%. The cleaner, more aligned section between the collectors
demonstrates the results of this self-cleaning process. This leaves a less dense but
highly aligned section in the center, which can be excised as a premium sample.
The sections near each collector are more dense and opaque due to the high
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inclusion of recoiled broken fibers. The same phenomenon is exhibited with both
flat type IV and type VI tubular collectors.

A

B
Figure 61. The self-cleaning process occurs in all types of fiber collection using the RODS
collection system can be observed at the early stages of electrospun mesh production.
Premium aligned fibers can be seen constituting the center section of each mesh type
suspended and supported only by their own integrity while the broken fibers recoil and
accumulate at each collector end forming more opaque sections. A) Tubular production using
type VI collectors. B) Flat mesh production using type IV collectors.
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In contrast to multiple collector systems, rotating mandrels support the
collection of poor or unfinished nanofibers along with the intended axial fibers.
Short broken fibers quickly accumulate on the mandrel without a self-cleaning
mechanism [Figure 58C]. This quickly generates a material composed of loose
connections rather than the strong full length fiber materials produced with
multiple collectors.

4.6.4 Longer Fiber Length
The active collector system is an advancement in aligned electrospinning
techniques. It allows the production of materials with qualities not previously
available with the most popular current techniques, the parallel collectors or
rotating mandrel techniques.

It also overcomes the length limitations of the

stationary coil or bridge method. While the maximum achievable length has not
been measured, we were able to easily obtain aligned samples 1 - 9 inches in
length [Figure 62], and were limited only by the dimensions of the electrospinner
cabinet, since to increase fiber length, collectors must be distanced from the
spinneret as they are spread from each other.
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Figure 62. Aligned fibers can be achieved at lengths longer than any previous techniques using
the specialized collectors and system. Here, the white line appearing over the dark backdrop is
actually long aligned fibers spanning the collector gap.

4.6.5 Improved Solvent Evaporation
By suspending the nanofibers between multiple collectors, the RODS
system can also facilitate better solvent evaporation after deposition. These leads
to more properly complete nanofibers. Mandrel-collected fibers do not have this
benefit.

Excessively wet fibers will still be collected on the mandrel style

collectors. These fibers, as well as over-sprayed solvent droplets will deposit
excess solvent directly into the mesh. Solvent will then spread across the material
and throughout to the collector or may be propelled from the spinning mandrel
after contact.

Without 3-dimensional solvent evaporation or a self-cleaning

process, these wet collections will damage earlier depositions. Fiber and material
inconsistencies will accumulate throughout mandrel collections.
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4.6.6 Production of Historically Impossible Constructs
The technique does not require a collector surface to support or drive the
collection of all parts of the mesh. This enables electrospinning from point to
point and may perhaps lead to much higher resolution organizations. The main
benefit of the new technique and collector system is the creation of materials that
were not previously available such as premium aligned meshes, axially gradient
meshes, and axially aligned nanofibrous tubes.
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4.7 Possible Future Applications

4.7.1 Bone/Tendon/Muscle & Bone/Ligament Interfaces
The smooth gradient scaffolds have much potential in supporting
transitional interfaces [Figure 46, Figure 47]. However, fiber alignment alone
may not be enough to promote proper development of all tissues. The flexible
fibrous material may be very appropriate for tendon or muscle; however,
transition to bone may be improved if the scaffold gradient is enhanced with
mineralization.
Bone extracellular matrix differs from other tissues in that it undergoes
mineralization.

Molecules can be added to the electrospinning solution or

adhered after electrospinning to facilitate mineralization and improve mechanical
properties [Li et al., 2009; Martins et al., 2010].

Precursors to calcium

phosphates such as hydroxyapatite which is used in bone tissue engineering can
be added to the polymer solution prior to electrospinning [Ma et al., 2011]. Other
natural molecules, such as chitosan have also been added to polymer blends to
improve the structural properties, texture, and compressive modulus of
electrospun materials [Martins et al., 2010].
A mineralization gradient can be easily produced by submerging one end
of the electrospun material into a solution rich with calcium and phosphate ions
[Li et al., 2009].

Mouse preosteoblast cells (MC3T3) have been shown to

preferentially adhere to and proliferate in sites of higher mineralization.
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Mineralization can be increased by adding NaHCO 3 to the solution.

The

junction sites can be further smoothed by transitioning from one fiber orientation
to another, such as aligned-to-random gradients [Xie et al., 2010a].

Fiber

orientation alone has been shown to influence stem cell differentiation. Human
tendon stem/progenitor cells will express high amount of tendon-specific genes
and develop into organized spindle morphologies on aligned nanofibers; however
they will undergo osteogenesis when seeded onto randomized nanofibers [Yin et
al., 2009].

4.7.2 Vessel Grafts
Graft design is of critical importance for clinical use. The components
must have appropriate sustainable mechanical properties, biocompatibility, and
integrative potential at time of implant. This technology allows for fine control
over fiber morphology, alignment, and scaffold thickness. Fiber diameters can be
produced ranging from tens of nm to several μm [Mo et al., 2004]. Furthermore,
electrospinning can produce large surface-to-volume ratio, as well as a high
permeability and an interconnected pore structure, in a scaffold which lends itself
to various shapes including tubes, making it an optimal technique for use in tissue
engineered vascular grafts.
When the graft must also serve as cellular scaffolding, other features such
as degradation rates, porosity, and cytocompatibility become critical. In addition
to cellular support, scaffolds must be compatible with growth factors, and make
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use of cell influencing topography to ensure proper cell development and
orientation.

Furthermore, the majority of organs and tissues make use of a

laminar structure, consisting of highly organized cell and structural linings.
For this reason it is appropriate to design a vascular graft consisting of
multiple layers of varying properties, and cell types in order to maintain the gamut
of required functions [Figure 63]. Endothelial and smooth muscle cells benefit
from a multi- layered matrix and will demonstrate improved morphology,
orientation, coverage, attachment, and resistance to shear stress [Zhang et al.,
2009].

Figure 63. Potential composite vascular graft design using electrospun seamless tubular
scaffolds of varying orientations, chemistry, and mechanical properties. A variety of fiber
layers can be optimized then sheathed to support the organization and function of various cell
types.

Electrospun tube forms have demonstrated resistance to dilation and can
produce burst strengths sufficiently strong to support physiological burst
pressures [Drilling et al., 2008; Zhang et al., 2009; McClure et al., 2010].
Electrospun tubes have the greatest resistance to burst pressures when they are
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produced as one-piece seamless tubes rather than rolled assembled constructs.
Multi layered grafts composed of polycaprolactone, elastin, and collagen with
burst strengths in the range of 3,000 mm Hg have been produced with diameters
as small as 2 mm using rotating mandrel collectors [McClure et al., 2010]. The
rotating mandrel collector has the ability to produce seamless electrospun tubes;
however, it can only be used to produce randomly or circumferentially aligned
fiber tubes.
It is important to ensure the vascular scaffold design utilizes fiber
organization in the appropriate orientations. This will provide better support and
influence cell alignment and morphology. The graft layer representative of the
Tunica intima should be composed of a seamless axially aligned fiber tube
providing support for the endothelial cells resisting strain in the direction of blood
flow and facilitate diffusion of nutrients. Electrospun tubular scaffolds composed
of polydioxanone and polycaprolactone have demonstrated minimal risk of
thrombosis when compared to expanded polytetrafluoroethylene (e-PTFE)
vascular grafts which are the modern clinical preference [Wolfe et al., 2009]. The
graft layer representative of the T. media should be composed of a seamless
circumferentially aligned fiber tube providing support for smooth muscle cells
resisting rupture and strain due to pressure induced dilation. The graft layer
representative of the T. externa should be composed of a seamless fiber tube
providing fail safe support for the entirety of the graft, and should be sufficient to
resist all forms of strain. Also, the laminar structure should facilitate different
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sequences of assembly and varying wall thicknesses to support a range of vessels,
from the aorta to smaller peripheral grafts.
Previous methods, including the rotating mandrel, are incapable of
producing sufficiently long axially aligned nanofibrous seamless tubes. Our
novel collection system may be the first to produce seamless axially aligned
nanofibrous silk tubes ideal for endothelial layers.
Small crevices between fiber bundles may serve to enhance cellinfluencing topography, while larger ones should serve to isolate individual cells
from one another, preventing cell–cell interactions, and hindering cellular
processes, thereby leaving long term pores in slowly degrading scaffolds. This
technique produces cavities that may simulate native vasa vasorum.

Due to

sufficient tensile strength electrospun tubes have great potential to serve as vessel
grafts.

4.7.3 Nerve Guides and Microvessels
Electrospun materials have been used in some applications which may
seem surprising. Research in nerve regeneration has uncovered the challenges of
guiding neural outgrowth. The neural extracellular matrix plays a large role in
regeneration.

Electrospinning can produce synthetic ECM using native

extracellular components. Aligned nanofibers as a substrate have been shown to
provide topological cues capable of guiding neural outgrowth [X. Liu et al., 2010;
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Griffin et al., 2011]. The ability to incorporate aligned fibrous structure serves
well as a directional template and demonstrates improved neurite lengths when
used as a neural conduit liner [Yao et al., 2009]. Nerve guidance conduits have
been developed to protect and assist neural outgrowth to bridge severed neurons
or innervate damaged areas in repair of injury. Electrospun tubes spun onto 2 mm
diameter mandrel collectors have been shown to protect and facilitate
regeneration and outgrowth of myelinated nerve fibers in vivo [J. Liu et al.,
2010].

Figure 64. Proposed procedure for the production of nanofibrous microbundles. The
procedure is similar to the production of m icrobundles, except for the insertion of a sm all
diameter rod before the winding stage . After insertion the fibers can then be wound around
the controlled diameter rod to facilitate the production of hollow micro-sized fibrous tubes.
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The novel tubular collection system is capable of producing small
diameter nanofibrous hollow tubes with more axially aligned fiber orientation.
The collection method is similar to the technique used to create microbundles
with the automated tube collection system. This particular technique is something
I would like to perfect in future work. The process is explained in Figure 64. A
shaft piece is inserted through one collector into the center of the axially aligned
fibers before halting the rotation of one collector. The asynchronous rotation will
pinch off the partially formed tube around the shaft. Continuous rotation of one
collector will wind the fibers around the shaft extending its length. This process
can be done after the electrospinner is powered down, or while it is still actively
electrospinning to produce interesting results.
The fibers will be wound around the shaft in the same helical manner that
they wind about themselves when forming microbundles. Afterwards the shaft
can be removed for post processing, such as fiber crosslinking, if needed. The
helical fiber orientation may facilitate nerve guidance through the conduit more
effectively than randomly or circumferentially oriented fiber organizations.
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CHAPTER 5: Conclusions

To overcome the limitations of current electrospinning systems, a novel
RODS collection system has been designed, fabricated, and tested.

By

manipulating the electric field which drives the electrospinning process, the novel
rapidly oscillating deposition signal collection system was able to produce
superior fiber alignment without inducing mechanical strain to the developing
fibers.

Histograms of the measured fiber angles demonstrated the RODS

collection system produced 83±7% of its fibers aligned within 5°, which was
nearly a three- fold improvement over the rotating mandrel technique which
aligned 30±19% of fibers, and a twelve- fold increase in alignment over the
standard collection system which only produced 6±1% of fibers oriented in the
same direction.

After methanol- treatment, the RODS meshes were able to

maintain alignment of 56±12% of its fibers within 5°, and 70±9% of its fibers
within 10°. Although fiber alignment, within 5°, in meshes produced with the
RODS system reduced by 32% after methanol treatment, the alignment was still
an 87% improvement over non-treated samples produced with the mandrel.
The void area fraction calculated for RODS aligned meshes revealed less
reduction in porosity after methanol-treatment compared to standard random
meshes. As-spun aligned fiber meshes created using the RODS collection system
exhibited a void area fraction of 11±4.59% which was 62% lower void area than
found with standard meshes.

However, after methanol treatment a general
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contraction of the fibrous mesh and a subsequent reduction of void area in
standard meshes by 81% to 5.55±3%, while the void area of aligned fiber meshes
reduced only by 45% to 6.03±2.41%. This was 8.6% more void area than was
preserved by randomly oriented meshes.
The randomly oriented fiber meshes exhibited a significantly rougher
surface, with roughness average of 1.58±1.43 µm, compared to axially or
perpendicularly aligned fiber meshes, which exhibited roughness averages of
0.57±0.27 µm and 0.45±0.13 µm respectively.
In general, the axially aligned samples were found to be capable of being
handled and prepared at thinner thicknesses as demonstrated by profilometry. Out
of the six measured axially aligned samples produced with the RODS collectors,
the thinnest sample measurement was 2.80 µm.

The mean thickness was

5.26±2.26 µm. The six randomly aligned samples measured had one member
with a thickness measurement of 13.03 µm, however, the mean thickness was
18.18±3.18 µm.
The meshes produced from 9% (w/v) Fibroin:PEO (4:1) using the RODS
collectors demonstrated significant anisotropy, which results from high quality
fiber alignment. In simulated physiological conditions aligned samp les produced
a UTS of 16.25 ± 2.06 MPa. This was more than double the tensile strength of
randomly oriented fiber meshes and 10 times the UTS of transverse counterparts
which failed at 1.57 ± 0.58 MPa. Also, in simulated physiological conditions,
aligned meshes produced a Young’s modulus of 13.17 MPa, which demonstrates
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the material was 81% stiffer, when extended in the direction of fiber alignment,
compared to extension perpendicular to fiber orientation, which produced a
Young’s modulus of 7.26 MPa.

When extended in the direction of fiber

alignment, the meshes produced a yield strength of 1.73±1.22 MPa with zero
offset, which was more than double the 0.72±.09 MPa of force required to deform
meshes extended perpendicular to fiber orientation. Ultimate tensile strength of
aligned samples was not significantly different in dry and wet conditions. Under
dry, 22° C ambient conditions the aligned meshes produced a UTS of 17.55 ±
1.87 MPa. This was more than double the tensile strength of meshes extended
perpendicular to fiber orientation, which failed at 7.68 ± 0.58 MPa. Also, under
dry, ambient conditions, aligned meshes produced a Young’s modulus of 774
MPa, which demonstrates the material was 69% stiffer, when extended in the
direction of fiber alignment, compared to extension perpendicular to fiber
orientation, which produced a Young’s modulus of 459 MPa.

The Young’s

moduli reveal, regardless of extension direction, the aligned meshes were 60- fold
more stiff when extended in ambient 22° C air, compared to extension in 37° C
PBS. When extended in the direction of fiber alignment in ambient 22° C air, the
meshes produced a yield strength of 13.23±2.52 MPa with zero offset, which was
more than triple the 4.22±.17 MPa of force required to deform meshes exte nded
perpendicular to fiber orientation. This was more than 6 times the force required
to deform meshes under simulated physiological conditions.
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Collector positioning, solution concentration, and processing steps, such
as fibroin degumming and dissolution time, had a large effect on the aligned fiber
collection capability.

Aqueous solutions of 9-12% (w/v) Fibroin:PEO (4:1),

produced from fibroin degummed for 40 minutes or less, were found to perform
well, producing a visible amount of aligned nanofibers within the first few
seconds of run time. Silk degummed for 60 minute periods were more difficult to
electrospin. 8.5% (w/v) Fibroin:PEO (4:1) seemed to be the lower cutoff while
still maintaining the ability to spin across the collector distances larger than 3
inches. The use of a broad range of dissolution times between 90 to 200 minutes
did not seem to reveal any large performance disparities. Although 10% fibroin
content degummed for 30 minutes was generally a top performer, the resulting
solution failed to produce aligned fiber meshes when manufactured from silk
dissolved for only 60 minutes. For 9% Fibroin:PEO (4:1) solution, it was found
that a collector to spinneret distance of 9.5 inches with a 4.25 inch offset from the
center of the collector plane angled at 45° would efficiently drive and collect
nanofibers evenly between the total surface of both collectors. When collectors
are positioned as little as one inch farther it results in a slower fiber deposition
rate, non-uniform collection, or failure to collect aligned fibers. Changing the
collection plane angle to 35° resulted in fiber deposition on the midsection to
spinneret side of the collectors only, while increasing the collection angle to 55°
limited fiber deposition to the far side.
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Collector oscillation timing had a large effect on the rate at which aligned
fiber production could be collected from 2 mL of 9% Fibroin:PEO (4:1) solution.
Adjusting the collector deposition signal switch rate, from once every 3 seconds
to once every 2 seconds, produced a denser collection in the same amount of time,
and with the same amount of solution.

Without focused intermittent active

collection to manipulate the electric field driving the electrospinning process, the
instability region of electrospinning fibers is reshaped, and fiber deposition
becomes unorganized.
This work has demonstrated the development of a set of novel hardware
modifications which enable superior electrospinning capabilities surpassing
previous techniques. This method also enables the ability to manipulate fiber
organizations not previously possible.

Because the process is a support- free

method, it allows electrospinning from point-to-point rather than relying on the
motion of a physical collector. This enables the productio n of axially aligned
structures such as axially aligned fiber tubes, microbundles, and fiber orientation
gradients which were not possible with current methods.
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CHAPTER 6: Future Directions

A number of further steps could be pursued to improve the functionality of the
RODS collection system, and properties of the resulting fibrous materials. These
include:
1. Automated Stage control
A cabinet floor with programmable stage motion could be implemented.
As described in this thesis, collector positioning has a large effect on fiber
deposition and subsequent mesh properties.

Facilitating floor motion

would allow real-time positioning control of the electrospinning collector.
Repositioning the collector during the electrospinning process would
enable layered deposition of different fiber mesh properties, which would
produce composite meshes. Elimination of the production pauses needed
for human intervention, by incorporating programmable stage motion
during electrospinning, would allow normal interfiber interactions and
seamless integration between layers.
2. Microtube Collector System
A modification to the type VI automated tubular collectors, which uses a
retractable spacer capable of maintaining specified lumen diameters
during a nanofiber winding process could be fabricated. Once fabricated,
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a working spacer would allow production of axially aligned microbundles
with luminal diameters as small as 100 µm.

After fabrication, the

properties of the novel tubes could be contrasted to currently available
alternatives.
3. Fiber Orientation and Mineralization Gradient Meshes
The fiber gradient scaffolds described in this project have much potential
in supporting transitional interfaces.

The transitional fiber orientation

scaffolds could be enhanced with a mineralization gradient produced by
submerging one end of the electrospun material into a solution rich with
calcium and phosphate ions.
4. Cellular Response
The cellular response of human aortic endothelial cells to the tubular
meshes and mesenchymal stem cells to the gradient meshes could be
investigated. Using the results found, the properties of the meshes could
be tuned with the goal of improving the viability of these materials as
potential tissue research models and grafts.
5. Improved Predictive Modeling
Finite element modeling software, such as COMSOL Multiphysics, is a
useful tool to estimate and explain solutions to complicated problems. In
this project, COMSOL was used to illustrate and compare the electric
fields which drive different electrospinning systems.
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In future work,

COMSOL could be used to estimate and illustrate the shape of the
instability region in response to these generated electric fields. This would
be useful for predicting the response of specific electrospinning polymer
solutions, such as Fibroin:PEO (4:1), to custom electrospinning hardware.
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