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ABSTRACT
Engineered tissue is needed to repair defects of the human body that organ transplantation cannot
satisfy. Scaffold design for tissue engineering is continually evolving and there is a recent effort
to develop bioactive scaffolds that offer growth factor delivery to defective sites in vivo.
Electrospinning is an attractive means of processing bioactive scaffolds because their nanoscale
features resemble that of the naturally occurring ECM and they have a large surface area,
offering embedded biomolecules short diffusion pathways and good contact with cells. The goal
of this work was to prepare a bioactive silk-based electrospun mat that offers more controlled
release of incorporated proteins compared to blend electrospun mats. To achieve this goal,
coaxial electrospinning was used to process polyethylene oxide (PEO)-silk core-shell nanofibers.
A coaxial electrospinning system was designed and implemented to effectively encapsulate the
model protein BSA. Core-shell morphology was confirmed with SEM, TEM, and confocal
microscopy. An evaluation of BSA release from the core of the nanofibers showed that the
coaxial electrospun mats significantly suppressed the observed burst release of the incorporated
protein compared to blend electrospun mats. These results indicate that coaxial electrospun silkbased mats may be a viable bioactive scaffold for controlled growth factor delivery.
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COAXIAL SILK-BASED ELECTROSPUN MATS FOR CONTROLLED
GROWTH FACTOR DELIVERY
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CHAPTER 1: INTRODUCTION
1.1 THE STANDARD APPROACH TO TISSUE ENGINEERING

Engineered tissue is needed to repair defects of the human body that organ
transplantation cannot satisfy. Donor tissue supply is limited and there are many risk factors
associated with transplantation. Patients may suffer insuppressible immunological effects or
receive contaminated or diseased tissue (Zhang et al., 2009). In some cases, biomedical devices
may be used to temporarily restore function, but the need for an alternative that results in
functional tissue still persists. As such, tissue engineering technologies play a key role in the
advancement of modern medicine.
The standard approach to tissue engineering involves the implantation of scaffolds seeded
with pre-cultured cells that have been extracted and expanded in vitro (Figure 1) (Ji et al., 2011).
Scaffolds are matrices prepared from biomaterials, either natural or synthetic in origin, that
mimic the architecture of the naturally occurring extracelluar matrix (ECM). In native tissue, the
ECM is a network of polysaccharides called glycosaminoglycans (GAGs) and fibrous proteins
including collagen, elastin, fibronectin, and laminin (Zhang et al., 2009). The ECM provides
structural, biochemical, and biological cues necessary for regulating cell function (Baker et al.,
2010). Scaffolds commonly used for tissue engineering include three-dimensional porous
scaffolds, hydrogels, films, and electrospun mats. These constructs provide a temporary support
structure for cells in vivo, until cellular secretions elicit the formation of naturally occurring
ECM (Zhang et al., 2009).
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Figure 1: The standard approach to tissue engineering involves the implantation of scaffolds seeded
with pre-cultured cells that have been extracted and expanded in vitro. (Ji et al., 2011)

1.2 A NOVEL APPROACH TO TISSUE ENGINEERING – BIOACTIVE SCAFFOLDS

Scaffold design for tissue engineering is continually evolving and there is a recent effort
to develop “bioactive” scaffolds that offer growth factor delivery to defect sites in vivo. Growth
factors are proteins that bind to cell-surface receptors and stimulate cellular activities that
regenerate tissue (Ji et al., 2011). The growth factors released from bioactive scaffolds serve to
recruit progenitor cells for scaffold infiltration in vivo to help guide tissue regeneration (Figure 2)
(Ji et al., 2011). Bioactive scaffolds can be acellular, as the progenitor cells will proliferate and
differentiate appropriately in response to the released growth factor (Ji et al., 2011). Schneider et
al. recently demonstrated the effectiveness of bioactive silk-based scaffolds for accelerated
wound healing (Schneider et al., 2009). Using a three-dimensional model of wounded human
silk-equivalents, the researchers showed that bioactive silk mats effectively increases the rate of
wound closure by the epidermal tongue by 90% (Schneider et al., 2009). Bioactive scaffolds are
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an advantageous form of scaffold design because they provide the biochemical cues, in addition
to the structural support, necessary for tissue regeneration.

Figure 2: A novel approach to tissue engineering. Bioactive scaffolds loaded with biomolecules, such as
growth factor, recruit progenitor cell for scaffold infiltration in vivo. (Ji et al., 2011)

1.3 ELECTROSPUN SCAFFOLDS FOR TISSUE ENGINEERING

Electrospinning is an attractive means of processing scaffolds for tissue engineering
applications since the morphology of an electrospun mat closely resembles that of the naturally
occurring ECM. More specifically, the electrospinning process produces a nonwoven mesh of
fine polymeric fibers that are characteristically nanometer scale in diameter and the result is a
highly porous structure with large surface area that is able to support cell growth (Jin, 2004).
This fibrous network mirrors that composed of collagen in the naturally occurring ECM (Li et
al., 2006), in which fibrous proteins range from 50-500 nm in diameter (Zhang et al., 2009).
Electrospinning is also an adaptable technique for scaffold fabrication. A wide range of
biocompatible and biodegradable polymers, both synthetic and natural in origin, have been
successfully electrospun for tissue engineering applications (Table 1), because the processing
parameters of the electrospinning set-up can be easily modified. Such processing parameters
4

include polymer solution flow rate, applied voltage, and distance from the needle tip to the
collector. However, set-up related parameter modifications will not help all solutions electrospin.
For low viscosity solutions, such as pure 7.2% silk, the liquid jet formed during electrospinning
is unstable, resulting in the formation of beaded droplets instead of fibers on the collector (Jin et
al., 2002). In order to electospin low viscosity or non conductive solutions, the solutions
themselves must first be modified.
Table 1: Polymers electrospun for tissue engineering. (X. Zhang et al. 2009)

The Advantages of Electrospun Scaffolds for Growth Factor Delivery
Electrospun mats are appropriate scaffolds for growth factor delivery because they are
nanoscale and have a large surface area, offering embedded biomolecules short diffusion
pathways and good contact with cells already in the matrix as well as those in the surrounding
implantation environment in vivo (Yan et al., 2009). Proteins that have been loaded into
electrospun scaffolds by either blend or coaxial electrospinning are summarized in Table 2.
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Table 2: Proteins that have been loaded into electrospun scaffolds. (Ji et al., 2011)

1.4 SILK AS A BIOMATERIAL FOR TISSUE ENGINEERED SCAFFOLDS

Silkworm silk is a natural fiber derived from cocoons of the silkworm Bombyx mori that
has be used extensively in the textile industry for thousands of years (Jin et al., 2002). Silkworm
silk has also been used as a material for surgical sutures for decades due to its biocompatibility,
high mechanical strength, and biodegradability (Numata and Kaplan, 2010; Leal-Egaña and
Scheibel, 2010). Recent research investigating the reprocessing of silk cocoons into silk fibroin
has expanded its application to the field of tissue engineering (Jin et al., 2002). Silk is now being
used to process various tissue engineering constructs including three-dimensional porous
scaffolds (Correia et al., 2012), hydrogels (Diab et al., 2012), films (Lawrence et al., 2009), and
electrospun mats (Jin, 2004; Li et al., 2006; Zhang et al., 2008; Schneider et al., 2009). The
application of silk to the field of tissue engineering extends beyond the laboratory. Silkworm silk
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recently gained approval from the Food and Drug Administration (FDA) for expanded
biomaterials device utility (Numata and Kaplan, 2010).
Silk fibroin from the cocoon of silkworm Bombyx mori is comprised of two main
proteins, fibroin and sericin (Matsumoto et al., 2008). Fibroin is hydrophobic and made up of
heavy chains (390 kDa) and light chains (25 kDa) bound by a single disulfide bond (Matsumoto
et al., 2008). The core sequence in the heavy chain includes alanine-glycine repeats (Numata and
Kaplan, 2010). This primary structure of the silk is responsible for the anti-parallel beta-sheet
formation in the fibers and its high mechanical strength (Matsumoto et al., 2008). The
mechanical properties of silk fibers compared to collagen, Kevlar, and polylactic acid (PLA) are
outlined in Table 3.
Table 3: Mechanical properties of silk fibers. (Vepari and Kaplan, 2007)
Ultimate
Biomaterial
Modulus
Tensile
Strain
(GPa)
Strength
(%)
(MPa)
B. mori silk (sericin)
5-12
500
19
B. mori silk (no sericin)
15-17
610-690
4-16
Collagen
0.0018-0.047
0.9-7.4
24-68
Crosslinked collagen
0.4-0.8
47-72
12-16
Kevlar
3600
2.7
PLA

1.2-3.0

28-50

2-6

Reference

(Vepari and Kaplan, 2007)
(Vepari and Kaplan, 2007)
(Vepari and Kaplan, 2007)
(Vepari and Kaplan, 2007)
(Leal-Egaña and Scheibel,
2010)
(Vepari and Kaplan, 2007)

Sericin is a hydrophilic “glue-like” protein that serves to hold the fibroin monofilaments
together and accounts for 25-30% of the silk (Matsumoto et al., 2008). The sericin contained in
virgin silk has the potential to cause a Type I allergic reaction, but once it is removed during the
fibroin extraction procedure, no allergic response and excellent biocompatibility is observed
(Numata and Kaplan, 2010). In fact, in vitro and in vivo studies have shown that processed silk is
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more biocompatible and less inflammatory than biomaterials collagen and poly(lactide) (Numata
and Kaplan, 2010). Meinel et al. demonstrated that the cellular responses of human mesenchymal
stem cells (MSCs) to intramuscularly implanted collagen and PLA films were more
inflammatory compared to silk (Meinel et al., 2005). They observed an increase in the number of
macrophages and giant cells at the implant surface for collagen and PLA (Meinel et al., 2005).
The Advantages of Silk as a Biomaterial for Growth Factor Delivery
Silk is particularly suited for tissue engineering applications involving growth factor
delivery because it can be processed in an all-aqueous environment. All-aqueous processing
conditions help to preserve the bioactivity of the loaded proteins. The degradation rate of silk can
also be controlled by changing the crystalline state, or beta-sheet content, of the silk.
Degradation is prolonged with increased beta-sheet content. A study by Wang et al. showed that
processing with the organic solvent hexafluoroisopropanol (HFIP) extended the degradation rate
of three-dimensional porous silk scaffolds beyond 1 year (Wang et al., 2008). A degradation rate
of 2 to 6 months was observed for those processed in an all-aqueous environment (Wang et al.,
2008). Thus, the degradation rate of silk biomaterials can be tailored to control growth factor
release.
1.5 RESEARCH OBJECTIVE

The overall goal of this work was to prepare a silk-based electrospun mat that offers more
controlled release of incorporated proteins compared to previously electrospun bioactive silk
mats. To achieve this goal, a novel means of electrospinning was used to process polyethylene
oxide (PEO)-silk core-shell nanofibers that effectively encapsulate the model protein bovine
serum albumin (BSA).
8

CHAPTER 2: BACKGROUND
2.1 THE ELECTROSPINNING PROCESS
In the conventional electrospinning process, a charged liquid jet of polymer solution is
drawn out of a needle and accelerated towards a grounded collector when the electrostatic forces
due to the applied voltage overcome the surface tension of the polymer solution (Moghe and
Gupta, 2008). The electrospinning set-up includes the following key components: a polymer
solution, a syringe pump, a conductive needle, a high voltage power supply, and a grounded
collector (Figure 3A).
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Figure 3: A conventional electrospinning set up and an electrospun nonwoven mesh. (A) A syringe
containing a polymer solution is connected to a syringe pump. As the polymer solution travels through a
conductive needle, a voltage is applied. When the applied voltage is strong enough to overcome the
surface tension of the polymer solution, the droplet of polymer solution at the tip of the needle forms a
Taylor cone and a charged liquid jet is accelerated towards a grounded collector. (B) Scanning electron
microscope (SEM) image of the nanofibers that accumulate on the grounded collector to form a
nonwoven mesh. Modified from (Li et al., 2010).

A syringe containing a polymer solution is connected to a syringe pump. As the polymer
solution travels through a conductive needle, a voltage is applied. The applied voltage generates
an electrostatic field which causes the droplet of polymer solution at the tip of the needle to form
a shape called a Taylor cone (Figure 4). When the applied voltage is strong enough to overcome
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the surface tension of the polymer solution, a charged liquid jet of the polymer solution exits the
tip of the needle and accelerates towards the grounded collector (Moghe and Gupta, 2008). At
the onset of electrospinning, the path of the liquid jet is straight, but soon after exiting the tip of
the needle, the jet succumbs to bending instabilities created by the repulsion between charges
remaining in the jet, and accelerates towards the grounded collector in a continuous but random
whipping motion (Moghe and Gupta, 2008; Garg and Bowlin, 2011). While in the air, the jet
elongates and the solvent in the liquid jet evaporates, resulting in the deposition of randomly
oriented nanofibers on the surface of the grounded collector (Garg and Bowlin, 2011). As the
electrospinning process continues, the deposited nanofibers accumulate to form a nonwoven
mesh (Figure 3B).

Figure 4: A representation of the Taylor cone formation and the resulting liquid jet elongation observed
during the electrospinning process. (Taylor, 1969)

2.2 BLEND ELECTROSPINNING

Electrospun mats are appropriate scaffolds for growth factor delivery because they are
made from fibers that are nanoscale in diameter and have a large surface area, offering embedded
biomolecules short diffusion pathways and good contact with cells already in the matrix as well
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as those in the surrounding implantation environment in vivo (Yan et al., 2009). Currently, the
most commonly used technique for the fabrication of bioactive electrospun scaffolds is blend
electrospinning, where the growth factor is simply mixed into the polymer solution prior to
electrospinning. The result is a nanofiber that has heterogeneous growth factor loaded throughout
(Figure 5). To date, researchers have used blend electrospinning to load growth factors including
bone morphogenic protein 2 (BMP-2) (Li et al., 2006), epidermal growth factor (EGF)
(Schneider et al., 2009), and basic fibroblast growth factor (bFGF) (Sahoo et al., 2009).

Figure 5: To prepare bioactive nanofibers via blend electrospinning, the growth factor is added directly
to the polymer solution. The result is a nanofiber that has heterogeneous growth factor loaded
throughout.

The Limitations of Bioactive Scaffolds Prepared by Blend Electrospinning
Although blend electrospinning is a popular technique for the incorporation of growth
factor, it has some obvious limitations when it comes to achieving effective growth factor
delivery. The main concern is that the electrospinning process may negatively impact the
bioactivity of the incorporated growth factor, since growth factors can lose activity with
chemical or physical processing (Ji et al., 2011). This is especially true for electrospun scaffolds
that require an organic solvent for processing, since organic solvents are thought to cause
12

conformational changes in proteins which may hinder their bioactivity (Ji et al., 2011). This
argument is less valid for blend electrospinning that occurs in a mild aqueous environment, as is
the case for electrospun silk scaffolds. Electrospun silk/PEO mats loaded with BMP-2 by blend
electrospinning have been shown to retain their bioactivity throughout the electrospinning
process (Li et al., 2006). However, this result may be partially due to the incorporation of PEO.
Several studies have shown hydrophilic carrier polymers such as PEO and polyethylene glycol
(PEG) can help to improve protein stability (Li et al., 2006; Casper et al., 2009).
Even if the bioactivity of the incorporated growth factor is preserved, blend
electrospinning does not offer controlled release of the loaded growth factor. For bioactive
scaffolds prepared by blend electrospinning, a standard burst release is observed within 24 h,
followed by controlled release that is dependent on diffusion and polymer degradation (Ji et al.,
2011). The observed burst release is likely a result of protein migration to the surface of the fiber
during the electrospinning process, storage of the scaffold, or a combination of the two (Ji et al.,
2010). Such burst release expends the majority of the loaded protein, thereby reducing the longterm effectiveness of the growth factor at the site of implantation (Zhang et al., 2006). Scaffolds
prepared with slowly degrading polymers exhibit linear release post burst release, while those
prepared with rapidly degrading polymers exhibit linear release that becomes enhanced at the
onset of polymer degradation (Ji et al., 2011). Thus, researches must slow the rate of polymer
degradation to extend the release of growth factors loaded by blend electrospinning.
2.3 COAXIAL ELECTROSPINNING

Coaxial electrospinning is a novel means of preparing electrospun mats for growth factor
delivery and has recently become a preferred alternative to blend electrospinning. In coaxial
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electrospinning, two solutions are electrospun independently, but simultaneously, though a
coaxial spinneret to form composite nanofibers with distinct core-shell structure (Figure 6).

Figure 6: A coaxial electrospinning set-up. The coaxial spinneret is made up of an inner and outer
needle, and when the inner needle passes through the outer needle, a concentric coaxial needle is
formed. The coaxial spinneret serves to keep the core and shell solutions separate throughout the
electrospinning process until they exit in parallel from the tip of the coaxial spinneret. A compound
Taylor cone is formed when a voltage is applied. As the compound liquid jet accelerates towards the
grounded collector, composite nanofibers with distinct core-shell structure accumulate to form a coaxial
nonwoven mesh. (Kurban et al., 2010)

14

The coaxial spinneret is made up of an inner and outer needle, and when the inner needle
passes through the outer needle, a concentric coaxial needle is formed. The coaxial spinneret
serves to keep the core and shell solutions separate throughout the electrospinning process until
they exit in parallel from the tip of the coaxial spinneret. A compound Taylor cone is formed
when a voltage is applied. As the compound liquid jet accelerates towards the grounded
collector, composite nanofibers with distinct core-shell structure accumulate to form a nonwoven
mesh comprised of coaxial nanofibers.
The two solutions used during coaxial electrospinning have very defined functions when
the research aim is to encapsulate growth factor for tissue engineering. The core solution acts as
a carrier for the growth factor to be encapsulated, while the shell polymer offers the
biocompatibility, biodegradability, and mechanical integrity necessary for the intended tissue
engineering application. To date, researchers have used coaxial electrospinning to encapsulate
growth factors including platelet-derived growth factor-bb (PDGF-bb) (Liao et al., 2006), nerve
growth factor (NGF) (Yan et al., 2009), and bFGF (Sahoo et al., 2009). The combination of these
studies support that bioactive coaxial electrospun scaffolds have the capacity to sustain cell
growth.
The Advantages of Bioactive Scaffolds Prepared by Coaxial Electrospinning
Compared to blend electrospinning, coaxial electrospinning is considered an
advantageous means of growth factor encapsulation because it provides increased protection of
the protein from the harsh electrospinning environment. During coaxial electrospinning, the
majority of the electrostatic charges due to the applied potential accumulate on the outer surface
of the charged liquid jet so they are contained within the shell polymer solution (Ji et al., 2011;
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Moghe and Gupta, 2008). The compound Taylor cone formation results when the stresses
generated in the shell polymer solution cause shearing of the core solution known as “viscous
dragging” (Figure 7) (Moghe and Gupta, 2008). As long as the compound Taylor cone is stable
during the electrospinning process, viscous drag will result in uniform distribution of the core
solution, thus the growth factor, throughout the fibers.

Figure 7: A representation of the compound Taylor cone formation via viscous dragging observed during
coaxial electrospinning. (A) Stresses begin to accumulate on the surface of the shell solution due to the
applied voltage. (B) The stresses generated in the shell solution cause shearing of the core solution via
viscous dragging. (C) Continued viscous dragging of the core solution results in a compound Taylor cone
formation. (Moghe and Gupta, 2008)

Since the core solution containing the loaded growth factor is not itself electrospun,
coaxial electrospun scaffolds retain more bioactivity than their blended electrospun counterparts
(Ji et al., 2010). A study by Ji et al. demonstrated that the coaxial electrospinning process
preserved 75% of bioactivity compared to the 50% achieved via blend electrospinning (Ji et al.,
16

2010). The incorporation of PEG into the core solution has been shown to contribute to the
increased bioactivity of the loaded protein (Ji et al., 2010). The same study by Ji et al. found that
the bioactivity of coaxial nanofibers increased from 15 to 75% with PEG added to the core (Ji et
al., 2010).
Coaxial electrospun fibers also provide more controlled growth factor release than blend
electrospun fibers. Their core-shell morphology results in reservoir-type release that is dependent
on shell polymer permeability and degradation, since the shell acts as a barrier between the
environment and the core (Zhang et al., 2006). Although diffusion effects still cause an initial
burst release from coaxial nanofibers, the burst release is less significant and continued release is
more sustained compared to nanofibers prepared by blend electrospinning (Zhang et al., 2006;
Yan et al., 2009).
Since coaxial nanofibers exhibit reservoir-type release, their release can also be
controlled by tailoring the material properties of the shell polymer, including morphology,
porosity, and composition (Yan et al., 2009). Researchers have shown that the incorporation of a
porogen, such as PEG, into the shell polymer solution helps to control the rate of protein release
(Liao et al., 2006; Jiang et al., 2006). Since PEG is water soluble, when it is included in the shell
polymer, its dissolution causes pore formation that act as pathways for release of the loaded
protein. With increased shell permeability, release becomes independent of fiber morphology
and shell polymer composition. Manipulation of the molecular weight and concentration of the
incorporated porogen offers further control over growth factor release (Liao et al., 2006; Jiang et
al., 2006). Increased molecular weight and decreased concentration of the porogen have been
shown to decrease the rate of release (Liao et al., 2006).
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2.4 PROCESSING PARAMETERS – INFLUENCE ON NANOFIBER FORMATION AND MORPHOLOGY

For the conventional electrospinning process, various processing parameters have been
shown to directly impact fiber formation and morphology. Optimal processing parameters result
in the formation of a stable Taylor cone that produces continuous and uniform nanofibers.
Optimization is solution and set-up specific, and requires researchers to balance all parameters
involved. Key solution parameters include viscosity and conductivity. Those that relate to the
electrospinning set-up include the applied voltage, polymer solution flow rate, and distance
between the needle tip and the collector. Although the parameters used to successfully
electrospin single solution nanofibers may not directly translate to those necessary to electrospin
coaxial nanofibers, it is important to understand their influence on fiber formation and
morphology. The parameters used to electrospin single solution nanofibers can serve as a starting
point for the experimental determination of those required to achieve coaxial nanofibers.
Solution Viscosity
Solution viscosity is dependent on the extent of chain entanglement in a polymer solution
so higher molecular weight polymers are more viscous. Highly concentrated solutions are also
more viscous, and due to its exponential dependence on solution viscosity, changing the polymer
concentration is the most effective means of controlling solution viscosity (Kurban et al., 2010).
High molecular weight polymers are commonly electrospun because for low viscosity solutions,
the liquid jet is unstable and breaks up into droplets as it is accelerated towards the grounded
collector (Sill and von Recum, 2008). The result is the formation of bead droplets or beaded
fibers. However, the viscosity of a solution can also be too high to electrospin. If solution
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viscosity is too high, the solution cannot pass through the needle at a controlled flow rate,
making it difficult to maintain a stable Taylor cone.
Researchers have reported electrospinning polymer solutions with viscosities ranging
from 1 to 215 poise (Bhardwaj and Kundu, 2010). However, for a given polymer solution, there
is a unique range of viscosities that will form continuous and uniform nanofibers. A study of
electrospun PEO nanofibers showed that PEO solutions with viscosities ranging from 100 to
2000 centipoise can be electrospun to form continuous nanofibers, with more viscous solutions
forming fibers with increased diameter (Fong et al., 1999). When the solution viscosity was less
than 100 centipoise, bead droplets were observed (Fong et al., 1999). The extent of beading in
the PEO nanofibers gradually decreased with an increase in solution viscosity (Figure 8) (Fong et
al., 1999). Those electrospun from solutions 1000 centipoise or greater displayed the greatest
uniformity.

19

Figure 8: Effect of solution viscosity on the beading observed in electrospun PEO nanofibers. Continuous
fiber formation occurs at 100 centipoise. Increasing the viscosity of the PEO solution decreases the
extent of beaded fiber formation. The beads also become larger and begin to exhibit more spindle-like
shape when solution viscosity is increased. The length of the horizontal edge of each image is 20
microns. (Fong et al., 1999)

A low viscosity polymer solution can be successfully electrospun if it is blended with
another high viscosity polymer solution or its polymer concentration is increased. Research has
shown that in order to electrospin low concentration pure silk solution, researchers must blend in
high viscosity PEO (Jin et al., 2002). Increasing the concentration of pure silk solution will also
help it to electrospin continuous nanofibers.
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Solution Conductivity
The polymer and solvent, as well as the ionisable salt content, determine the conductivity
of a solution (Bhardwaj and Kundu, 2010). A highly conductive solution carries more surface
charge than a solution with low conductivity and as a result, the liquid jet produced from a highly
conductive solution experiences a greater tensile force in the presence of an electric field (Sill
and von Recum, 2008). Thus, an increase in solution conductivity decreases fiber diameter. If the
conductivity of a solution is too high, there is an increase in the bending instability and the liquid
jet becomes unstable (Hayati et al., 1987) . If the solution conductivity is too low, the decreased
surface charge density causes intermittence in jet elongation and beading is observed (Bhardwaj
and Kundu, 2010). Ionic or protonic salts can be added to increase solution conductivity (Sill and
von Recum, 2008; Kurban et al., 2010). NaCl added to solutions of PEO (Fong et al., 1999) and
poly(vinyl) alcohol (PVA) (Zhang et al., 2005) increased conductivity and decreased beaded
fiber formation.
In general, semiconducting solutions produce the most stable Taylor cone formations in
the presence of a strong electric field (Hayati et al., 1987). Thus, leaky dielectric solutions are
optimal for the electrospinning process. Leaky dielectrics quickly conduct applied charge and
form a stable Taylor cone in the presence of a strong electric field (Angammana and Jayaram,
2010). An insulating solution does not carry enough surface charge to form a Taylor cone and
will instead remain in droplet form when a voltage is applied (Figure 9) (Angammana and
Jayaram, 2010).
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Figure 9: Representation of the surface charge density of an insulating solution. An insulating solution
does not accumulate enough surface charge to form a Taylor cone when a voltage is applied.
(Angammana and Jayaram, 2010)

Applied Voltage
Applied voltage determines the strength of the electric field acting on the polymer
solution droplet at the tip of the needle. To electrospin, the applied voltage must be sufficient to
overcome the surface tension of the solution accumulating at the tip of the needle. Otherwise, the
polymer solution remains in droplet form and no Taylor cone formation is observed (Bhardwaj
and Kundu, 2010). Once the applied voltage is sufficient to overcome the surface tension of the
polymer solution and form a stable Taylor cone, a further increase in the applied voltage
increases the rate at which the solution is electrospun, thereby decreasing the size of the droplet
suspended at the tip of the needle. As such, with increasing applied voltage, droplet volume
decreases and the Taylor cone formation moves closer to the tip of the needle (Figure 10). The
Taylor cone remains stable with increasing voltage, until the rapid accumulation of electrostatic
forces in the liquid jet cause the jet to elongate before any droplet can accumulate. In this case,
Taylor cone formation occurs within the tip of the needle and an increased amount of beaded
fibers are electrospun (Sill and von Recum, 2008; Bhardwaj and Kundu, 2010). Increases in
applied voltage decrease fiber diameter due to the increased rate of jet elongation.
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Figure 10: The effect of increasing applied voltage on the Taylor cone formation. Increasing the applied
voltage causes a more rapid accumulation of electrostatic forces in the liquid jet, thereby increasing the
rate at which the polymer droplet at the tip of the needle is electrospun. If the applied voltage is too
high, the volume of the polymer droplet at the tip of the needle is decreased so severely that Taylor
cone formation occurs inside the needle and an increase in the number of beaded fibers is observed.
(Sill and von Recum, 2008)

Flow Rate
Since the flow rate determines the volume of the solution droplet at the tip of the needle,
it inherently determines the velocity of the liquid jet. When the polymer flow rate is set high, the
volume of the droplet increases and solution enters the Taylor cone faster than it is ejected in the
liquid jet. When the volume in the Taylor cone becomes too large, the surface tension of the
solution is no longer able to prevent dripping. Frequent droplet drip during the electrospinning
process is inefficient and disrupts the Taylor cone formation, resulting in discontinuous fiber
formation. Beaded or ribbon-like fiber formation is also observed at high polymer flow rates
because the liquid jet is accelerated towards the collector before the solvent has time to fully
evaporate (Sill and von Recum, 2008; Bhardwaj and Kundu, 2010). However, a minimum flow
rate must also be maintained to sustain Taylor cone formation. For a given polymer solution,
there is a wide range of flow rates that will generate a stable Taylor cone. Increasing the flow
rate increases the size of the Taylor cone, thereby increasing fiber diameter.
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Needle-to-Collector Distance
In order to electrospin dry nanofibers from a polymer solution, the solvent in the solution
must evaporate before the fibers are deposited on the collector. Therefore, there is a minimum
needle-to-collector distance required to electrospin dry nanofibers. If the needle-to-collector
distance is not adequate, the solvent in the solution does not have time to evaporate before the
fibers reach the collector, and beads are formed (Sill and von Recum, 2008). However, beads can
also form at increasingly far needle-to-collector distances, because the fibers stretch too
extensively in the air before they reach the collector. Researchers have observed the formation of
flatter fibers with a decrease in needle-to-collector distance (Bhardwaj and Kundu, 2010).
Rounder fibers with decreased diameter are observed with increasing needle-to-collector
distance. For a given polymer solution, there is an optimal needle-to-collector distance for the
formation of dry, round, and uniform nanofibers.
2.5 PROCESSING PARAMETERS–INFLUENCE ON COAXIAL NANOFIBER FORMATION AND MORPHOLOGY

Since there are two independent solutions involved in the coaxial electrospinning process,
it is a much more complex process of nanofiber formation compared to conventional
electrospinning. The basic trends observed during conventional electrospinning involving fiber
formation and morphology still apply, but during coaxial electrospinning, the material properties
of each solution, as well as the interaction between the two solutions, play a large role in
successful fiber formation. Also, since the optimal set-up related processing parameters of the
two solutions will almost certainly differ, it is necessary to experimentally determine parameters
that are conducive to both solutions in order to achieve successful coaxial fiber formation.
Although all the parameters that influence the coaxial electrospinning process are not yet fully
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understood, there are some established principles that govern the formation of core-shell
nanofibers Figure 11.

Figure 11: Established solution parameters that govern the formation of core-shell nanofibers. (Moghe
and Gupta, 2008; Kurban et al., 2010)

Solution Viscosities
As previously described, the shell solution encapsulates the core solution via viscous
dragging. As such, the viscosity of the shell solution should exceed that of the core solution to
form a compound Taylor cone. Otherwise, the viscous drag applied to the core solution will not
be sufficient to overcome the interfacial tension between the two solutions and the core solution
will remain in a quasispherical shape above the Taylor cone formation (Díaz et al., 2006). The
viscosity of the core solution is considered less crucial to compound Taylor cone formation and
currently there are no established viscoelastic requirements of the core solution (Kurban et al.,
2010). Researchers have observed core-shell morphology using core solutions including olive oil
(Loscertales et al., 2004), water (Liao et al., 2006; Yan et al., 2009), mineral oil (Moghe and
Gupta, 2008), and ammonia borane (Kurban et al., 2010). However, it is theorized that the core
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solution must exhibit a minimum viscosity to be encapsulated by the shell solution to prevent jet
breakup (Moghe and Gupta, 2008).
Solution Conductivities
During coaxial electrospinning, a compound Taylor cone is formed when the stresses
generated in the shell solution due to the applied voltage cause shearing of the core solution. As a
result, only the shell solution has to be conductive, or electrospinnable, to produce a compound
Taylor cone. Although the core solution does not have to electrospin for encapsulation,
conductive core solutions are often electrospun. In such cases, the shell solution should have
higher conductivity than the core solution so the surface charge density in the shell is sufficient
to elongate the jet (Kurban et al., 2010).
Flow Rates
The flow rates of the shell and core solutions are commonly reported in studies involving
the preparation of coaxial nanofibers because they determine the extent of encapsulation and the
diameter of the core and shell. To encapsulate the core solution via viscous drag, the shell
solution flow rate has to be higher than that of the core. If the core solution flow rate is too high,
electrospraying will occur (Wang et al., 2006). However, the core solution flow rate also has to
be sufficient for continuous encapsulation or else core-shell morphology will be intermittent
throughout the fibers. For an encapsulating shell solution flow rate, there is a series of core
solution flow rates that will produce core-shell nanofibers. A study by Jing et al. of PCL-PEG
core-shell nanofibers showed that core solution flow rates ranging from 0.6 to 2 mL/h resulted in
coaxial nanofibers (Jiang et al., 2005). Increasing the core solution flow rate from 0.6 to 2 mL/h
increased the diameter of the core within the shell (Figure 12) (Jiang et al., 2005). A study by
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Wang et al. agreed with this finding and demonstrated that the shell diameter increases with shell
solution flow rate and the core diameter increases with core solutions flow rate (Wang et al.,
2006). However, they also found that the change in shell diameter observed with a 5-fold
increase in core solution flow rate was minimal (Wang et al., 2006).

Figure 12: Core-shell fibers electrospun with PCL as the shell and BSA loaded PEG in the core. The core
solution flow rate was (a) 0.6 mL/h (b) 1 mL/h and (c) 2 mL/h. The diameter or the core increased with
increasing flow rate. (Jiang et al., 2005)

Solution Solvents
To achieve a stable compound Taylor cone and round coaxial fibers, the use of low vapor
pressure solvents, in both the core and shell solution is required (Moghe and Gupta, 2008). High
vapor pressure solvents, such as chloroform, evaporate rapidly compared to low vapor pressure
solvents, such as water. Rapid evaporation from the shell solution hinders the generation of a
stable Taylor cone, while rapid evaporation from the core solution initiates fiber collapse. Moghe
& Gupta observed the formation of ribbon-like fibers when chloroform was electrospun in the
core solution during the preparation of poly(vinyl alcohol) coaxial nanofibers (Moghe and
Gupta, 2008).
Solution Compatibility
Interfacial tension is a measure of the adhesive forces existing at the interface of two
immiscible solutions. Low interfacial tension between the core and the shell solutions is
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important for the generation of a stable compound Taylor cone (Moghe and Gupta, 2008). Diaz
et al. were able to form a compound Taylor cone when electrospinning oil-poly(vinyl
pyrrolidone) (PVP) core-shell nanofibers due to the low interfacial tension between the oil and
PVP (Figure 13) (Díaz et al., 2006). For high values of interfacial tension, encapsulation via
viscous dragging cannot occur because the viscous drag exerted on the core solution is not
enough to overcome the interfacial tension between the two solutions (Díaz et al., 2006). Instead,
the core solution will remain in a quasispherical shape above the Taylor cone formation (Díaz et
al., 2006). This effect is similar to that observed with a low viscosity shell solution.

Figure 13: A photograph of the compound Taylor cone formed from solutions with a low value of
interfacial tension. The core solution is oil and the shell solution is PVP. (Díaz et al., 2006)

The value of interfacial tension may be reduced by using the same solvent in the core and
shell solutions (Yu et al., 2004), but doing so increases the miscibility of the two solutions. Some
researchers argue that mixing can occur when miscible solutions are electrospun as the core and
shell. Kurban et al. found that fiber morphologies depend greatly on the miscibility of the core
and shell solutions and that immiscible core and shell solutions produce uniform coaxial
structure while semi-miscible solutions produce fibers with core solution inclusions extending
throughout the fibers (Figure 14) (Kurban et al., 2010).
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Figure 14: SEM showing the difference in core-shell fiber morphology obtained from (A) semi-miscible
and (B) immiscible core and shell solutions. (Kurban et al., 2010)

However, others have shown that miscible solutions can be electrospun to form core-shell
nanofibers. Sun et al. successfully electrospun PEO-PEO core-shell nanofibers reasoning that the
process of electrospinning is too short to allow diffusional spreading, or mixing, of the core and
shell solutions (Sun et al., 2003). Both Yu et al. and Wang et al. agree that the travel time of the
liquid jet in air is too short to allow mixing and have successfully electrospun Silk-PEO coreshell nanofibers (Yu et al., 2004; Wang et al., 2006).
2.6 RESEARCH AIMS

The first aim of this research was to design a coaxial spinneret that worked with the
laboratory’s existing electrospinning set-up and could be easily modified as a means to control
fiber morphology. The second aim was to determine the processing parameters necessary to
prepare silk-based coaxial nanofibers with core-shell morphology. Variations in the core solution
and core and shell solution flow rates were investigated. Fiber morphology was assessed using
SEM, TEM, and confocal microscopy. The final aim of this work was to effectively encapsulate
the model protein BSA and evaluate its release from the core.
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CHAPTER 3: MATERIALS AND METHODS
3.1 THE ESTABLISHED ELECTROSPINNING SET-UP
For efficiency, the coaxial spinneret had to be compatible with the laboratory’s
previously established electrospinning set-up (Figure 15A). It also had to be easily removed from
the electrospinning set-up when not in use. In the pre-existing set-up, the electrospinning process
occurs inside a 25"D X 25"W X 33"H chamber composed of plexi-glass. The chamber contains a
shelf supported by a scissor lift on which an aluminum collector resides that is 10 cm in
diameter. An Orion Sage M362 syringe pump (Thermo Electron Corporation) sits on top of the
chamber and an ES30P-5W high voltage power supply (Gamma High Voltage Research, Inc.) is
to the left. The temperature and humidity of the chamber are unregulated, but the chamber door
latches shut so the electrospinning process can continue safely and without any environmental
disruption.
There are three holes drilled into the top of the chamber to allow the insertion of two 2"
nylon socket head cap screws and a 2" 16 gauge (ID 0.047", OD 0.065") stainless steel
dispensing needle with a luer lock hub into the chamber (McMaster-Carr) (Figure 15B). The 16
gauge needle mates with a barbed polypropylene luer lock connector that is connected to silicone
tubing through which the injected polymer solution travels (McMaster-Carr).
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Figure 15: The laboratory’s pre-existing electrospinning set up. (A) Electrospinning occurs in a closed
chamber composed of plexi-glass. The syringe pump is located on top of the chamber and the high
voltage power supply is on the left. An aluminum collector resides on a shelf that is raised and lowered
by a scissor lift. The chamber door latches shut to contain the electrospinning process. (B) The 16 gauge
needle is stabilized within the chamber by an aluminum focal plate suspended by two nylon socket head
cap screws. There are three holes drilled in parallel into the top of the chamber to allow entry of the 16
gauge needle and the 2" cap screws into the chamber.
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The 16 gauge needle is stabilized within the chamber by an aluminum focal plate 10 cm
in diameter. The focal plate also acts as a counter electrode that guides the electrospun fibers to
the grounded collector. There are three holes drilled in parallel into the top of the focal plate
complementary to those drilled into the top of the chamber (Figure 16A). The 16 gauge needle
rests in the center hole and the socket head cap screws are threaded into those adjacent. The only
hole drilled through the focal plate is the center hole in which the 16 gauge needle exits (Figure
16B).

Figure 16: The aluminum focal plate suspended within the chamber stabilizes the 16 gauge needle
during the electrospinning process. (A) There are three holes drilled into the top of the focal plate
complementary to those drilled into the top of the electrospinning chamber. (B) The center hole
through which the 16 gauge needle must exit is the only hole drilled through the bottom of the focal
plate.

3.2 THE COAXIAL SPINNERET

The coaxial spinneret developed in this work is similar to that reported by Saraf et al.
(Saraf et al., 2009) and is pictured in Figure 17A. The body of the coaxial spinneret is a
machined reservoir that is 3.4 cm long and 2 cm in diameter (a). The reservoir is threaded on the
top, bottom, and one side. Two barbed male luers were purchased from McMaster-Carr for
assembly with the reservoir. The barb was removed from one of the luers and the appropriate
threads were added so the luer could screw into the bottom of the reservoir (b). A 2" 16 gauge
(ID 0.047", OD 0.065") stainless steel dispensing needle with a luer lock hub was connected to
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the luer at the base of the reservoir (McMaster-Carr) (Figure 17B). The remaining luer was also
threaded so it could screw into the top of the reservoir (c). A 4" 20 gauge (ID 0.016", OD 0.028")
stainless steel dispensing needle with a luer lock hub was cut to 9.5 cm and connected to the luer
located at the top of the reservoir (McMaster-Carr) (Figure 17B). The 20 gauge needle was cut
so it was flush with the 16 gauge needle at the tip of the concentric needle formation (Figure
17C). A brass hose-to-threaded male pipe adapter (McMaster-Carr) was screwed into the side of
the reservoir (d). However, insertion of the barbed pipe adapter into the reservoir does not
impede the available volume of the reservoir to any degree (Figure 17D).
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Figure 17: The coaxial spinneret. (A) The body of the coaxial spinneret is a reservoir (a) threaded on the
top, bottom, and one side. A barbed male luer that has been threaded is attached to the top of the
reservoir (c). Another threaded luer is attached to the bottom of the reservoir (b). A brass hose-tothreaded male pipe adapter is screwed into the side of the reservoir (d). (B) A 16 gauge needle with a
luer lock hub is connected to the luer at the base of the reservoir. A 20 gauge needle with a luer lock
hub is connected to the luer at the top of the reservoir. (C) The 4" 20 gauge needle has been cut so it is
flush with the 16 gauge needle at the tip of the concentric needle. (D) The insertion of the barbed pipe
adapter into the reservoir does not impede the available volume of the reservoir.

An Advantageous Design for the Application of Controlled Growth Factor Delivery
The coaxial spinneret simply serves to keep the core and shell solutions separate during
the electrospinning process until the formation of the compound Taylor cone and researchers
have utilized a number of syringe-inside-a-syringe designs for the formation of core-shell
nanofibers. However, the design reported here is modular, making it particularly advantageous
for the application of controlled growth factor delivery.
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With a modular design, the core and shell needles can be easily changed so needle
diameter can be used as a parameter to control fiber morphology and release. The effect of core
and shell needle diameter on fiber morphology is not well documented, but it is known that the
diameter of the core and shell is dependent on the flow rate of the core solution. Researchers
have found that increasing the flow rate of the core solution increases the diameter of the core
within the shell (Jiang et al., 2005; Wang et al., 2006) and increasing the flow rate of the shell
solution increases the diameter of the shell (Wang et al., 2006). A subsequent study by Jiang et
al. demonstrated that the release rate of encapsulated BSA could by controlled by varying the
flow rate of the core solution (Jiang et al., 2006). An increase in the flow rate of the core solution
increased the loading of BSA and accelerated release (Jiang et al., 2006). A similar result is
expected for increases in core needle diameter. As such, needle diameter can also be used to
control release. This may be especially advantageous in cases where the compound Taylor cone
is unstable with an increase in core solution flow rate.
3.3 THE COAXIAL ELECTROSPINNING SET-UP

In the coaxial electrospinning set-up (Figure 18A), the coaxial spinneret, is suspended by
the focal plate within the electrospinning chamber (Figure 18B). The coaxial spinneret rests
above the focal plate, stabilized by nylon socket head cap screws, as the concentric needle
protrudes into the electrospinning chamber. However, the 2" nylon socket head cap screws used
to suspend the focal plate in the pre-established set-up were not long enough to suspend the
coaxial spinneret. Instead, 3" nylon socket head cap screws were used (McMaster-Carr). An
additional syringe pump from New Era Pump Systems Inc. was also added to the set-up, simply
placed to the left of the original one on top of the chamber.
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Silicone tubing connected to the brass barbed pipe adaptor exiting the reservoir of the
coaxial spinneret carries the shell solution and is fed by syringe pump 1. Silicone tubing
connected to the barbed luer on the top of the reservoir in the coaxial spinneret carries the core
solution and is fed by syringe pump 2. The shell solution fills up the reservoir and is then forced
down the 16 gauge needle. The core solution travels straight down the 20 gauge needle. As
described, the core and shell solutions do not interact until they exit the tip of the concentric
needle formed by the coaxial spinneret. During the coaxial electrospinning process, the
concentric needle remains stable due to the luer lock design.
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Figure 18: The coaxial electrospinning set-up. (A) A syringe pump was added to the pre-established
conventional electrospinning set-up so the core and shell solutions could be independently fed through
the coaxial spinneret. (B) The coaxial spinneret rests above the focal plate which is suspended in the
chamber by two 3" nylon socket head cap screws.
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3.4 SHELL SOLUTION SELECTION AND PREPARATION

Silk fibroin solution was electrospun as the shell solution because silk-based biomaterial
scaffolds offer the biocompatibility and mechanical strength necessary for tissue engineering.
Silk is also an appropriate choice for electrospinning and growth factor delivery applications.
Silk fibroin solution is electrospun without the use of an organic solvent so it will not threaten
the bioactivity of the encapsulated protein during processing. It also can support the
incorporation of additional protein, which could be importation for future applications. The
degradation rate of silk can also be controlled by changing the beta-sheet content of the silk.
Thus, the degradation rate of the silk shell can be used to control release.
Silk fibroin solution was prepared following a previously established processing
procedure (Jin et al., 2002; Jin, 2004; Li et al., 2006; Schneider et al., 2009). Cocoons of Bombyx
mori silkworm (Tajima Shoji Co., LTD., Yokohama, Japan) were boiled for 30 min in an
aqueous solution of 0.02M Na2CO3 to extract the glue-like sericin proteins. The degummed silk
was rinsed thoroughly with distilled water and allowed to dry overnight. The dried silk fibroin
was then dissolved in 9.3M LiBr solution at 60⁰C for 4 h, yielding a 20% (w/v) solution. The
20% (w/v) solution was dialyzed in distilled water using a Slide-a-Lyzer dialysis cassette (Pierce,
MWCO 3,500) for 48 h to remove the salt, resulting in 5-7% (w/v) silk fibroin solution.
The 5-7% silk fibroin solution was concentrated by osmotic stress (Li et al., 2006). The
5-7% silk fibroin solution was dialyzed in 20 wt% PEG (10,000 g/mol) using a Slide-a-Lyzer
dialysis cassette (Pierce, MWCO 3500). The water molecules in the silk fibroin solution moved
into the PEG solution through the dialysis membrane by osmotic stress, producing a more
concentrated silk fibroin solution. The silk solution was concentrated to 8-12%. Final
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concentration was determined by weighing the remaining solid after drying (Li et al., 2006). The
concentrated silk fibroin solution was stored at 4⁰C.
To prepare the electrospinning solution, 8-12% silk fibroin solution was blended with 5
wt% PEO (900,000 g/mol). As previously described, 5% PEO is a necessary addition to increase
the solution viscosity of low concentration silk solutions for successful electrospinning.
Homogenous 5% PEO was prepared by stirring with distilled water for 3 days at room
temperature. Four parts silk fibroin solution was blended with one part 5% PEO. The Silk:PEO
solution was kept as 4⁰C prior to electrospinning.
3.5 CORE SOLUTION SELECTION AND PREPARATION

Solutions of 20 wt% PEG (10,000 g/mol) and 2 wt% PEO (900,000 g/mol) were
investigated as core solutions for the silk-based coaxial mats. For the application of growth
factor delivery, the core solution acts as a carrier polymer in which growth factor is incorporated.
PEG and PEO, analogous polymers that differ only in molecular weight, are good carrier
polymers because they are hydrophilic and biocompatible. PEG has been reported as a core
solution in the formation of coaxial fibers with the shell polymer poly(ε-caprolactone) (PCL)
(Jiang et al., 2005; Zhang et al., 2006; Saraf et al., 2009; Ji et al., 2010). PEO has also been
reported as a core solution in the formation of coaxial fibers with the shell polymer PEO (Sun et
al., 2003). Researchers have successfully encapsulated proteins dissolved in distilled water (Liao
et al., 2006; Yan et al., 2009), but such an approach was avoided in this work based on the theory
that the core solutions must exhibit a minimum viscosity to allow continuous compound Taylor
cone formation (Moghe and Gupta, 2008). Additionally, the incorporation of PEG into the core
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solution has been shown to significantly increase the bioactivity of the loaded protein (Ji et al.,
2010).
Solution Parameters – Compatibility, Viscosity, and Conductivity
Previous researchers have electrospun silk-PEO core-shell nanofibers thereby
demonstrating the compatibility of silk fibroin solution with PEG and PEO (Yu et al., 2004;
Wang et al., 2006). The solutions are compatible because there is low interfacial tension between
them due to their common solvent. The low interfacial tension should prevent stresses at the
interface and the use of a common low vapor pressure solvent should prevent fiber collapse. The
solutions are miscible, but a study by Wang et al. verified that the short travel time of the liquid
jet in air is not enough for significant mixing (Wang et al., 2006). Thus, the solutions fulfill the
compatibility requirements outlined above for the formation of a stable compound Taylor cone.
The viscosity of the silk/PEO blend exceeds that of 20% PEG and 2% PEO, so the shell
solution will have the capacity to encapsulate the core solution via viscous dragging. Although
silk solution has low viscosity, 40 mPas and 250 mPas for 17% and 28% respectively (Wang et
al., 2005), PEO is highly viscous. A 4% PEO solution has a viscosity of 2000 mPas (Jin et al.,
2002) so a small portion of 5% PEO in the silk solution increases the viscosity. The conductivity
of the silk/PEO blend is also higher than that of 20% PEG and 2% PEO so the charge build-up in
the shell solution should elongate the liquid jet. A previous study that investigated electrospun
silk/PEO showed that the conductivity of any silk/PEO blend exceeds that of PEO due to the
high conductivity of silk. Specifically, Jin et al. found the conductivity of a 4:1 blend of 7.2%
silk:1.8% PEO to be 191.9µS compared to 61.3µS for 4% PEO (Jin et al., 2002). A test of the
conductivity values for the silk and PEO solutions prepared here confirm that the high
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conductivity contribution of silk will increase the conductivity of a silk/PEO blend beyond that
of PEG or PEO (Table 4).
Table 4: The conductivity of prepared silk and PEO solutions.

Solution

Conductivity
(µs/cm)
94
154
252
356
809

20% PEG
2% PEO
5% PEO
6% silk fibroin
12% silk fibroin
3.6 ELECTROSPINNING COAXIAL MATS

To electrospin coaxial mats, the coaxial spinneret was assembled and secured into the
focal plate inside the electrospinning chamber. During assembly, all connections to the reservoir
were sealed with parafilm to prevent leakage. Leakage is rare, but can occur at the high flow
rates used to fill the reservoir. Alligator clips that carry voltage were connected to the 16 gauge
shell needle. The collector was covered in non-stick aluminum foil and placed on the scissor lift
at the desired position. Alligator clips carrying ground were connected to the collector. The
silk/PEO blend was prepared by mixing until it was homogenous. The blend was stored at 4⁰C
for 30 min to dissipate any bubbles and increase solution viscosity. It was loaded into a 10 mL
syringe, attached to the silicone tubing exiting the side of the reservoir, and placed on syringe
pump 1. The 20% PEG or 2% PEO was loaded into a 10 mL syringe, attached to the silicone
tubing exiting the top of the reservoir, and placed on syringe pump 2. The coaxial spinneret was
filled until both the core and shell solutions dispensed from the tip of the needle. The syringe
pumps were then set appropriately, and a voltage was applied. The electropsinning chamber door

41

was latched shut and the electrospinning process was allowed to continue uninterrupted until the
nanofibers accumulated into a nonwoven mat on the grounded collector.
Established Silk Electrospinning Parameters – A Starting Point
The parameters used to electrospin silk mats in previous work were used as a starting
point to determine those required for coaxial electrospinning (Table 5). The core solution flow
rate was then experimentally determined.
Table 5: Published parameters for electrospinning silk fibroin with a 16 gauge needle.
Needle-toBiomaterial
Applied
Flow Rate
collector
References
Voltage
(mL/min)
Distance (cm)
(kV)
10-12
0.02-0.05
20
(Jin, 2004)
B. mori cocoon silk
12
0.02
21.5
(Li et al., 2006)
B. mori cocoon silk
10-11
0.02
15-21
(Schneider et al., 2009)
B. mori cocoon silk
12
0.02
(Kang et al., 2009)
B. mori cocoon silk

3.7 METHANOL TREATMENT AND LEACHING OF THE CORE
The electrospun mats were submerged in 100% methanol for 15 min to induce beta-sheet
formation in the silk, thereby making the shell insoluble in water. Once dry, the mats were
peeled off the aluminum foil with a pair of tweezers and placed in a Petri dish filled with distilled
water. The mats were leached on a shaker for 72 h to remove the soluble core (Figure 19). Coreshell fibers will appear hollow after leaching of the core. The leaching also removed the 5% PEO
from the fibers, creating a porous shell.
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Figure 19: Core-shell nanofibers will appear hollow after the core is leached in water.

3.8 FREEZE-FRACTURE AND SCANNING ELECTRON MICROSCOPY

After leaching the core, the electrospun mats were allowed to dry. The mats were then
freeze-fractured in liquid nitrogen to expose the cross-section morphology. Without freezefracture, the fibers remain continuous in the electrospun mat and the cross-section morphology
cannot be observed (Figure 20).

Figure 20: SEM image of a coaxially electrospun mat that has not been freeze-fractured in liquid
nitrogen. The cross-section morphology of the fibers cannot be observed.

The freeze-fractured sections were then mounted on aluminum pegs using copper or
carbon tape and sputter coated with gold nanoparticles for 1 min. The sections were imaged
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using scanning electron microscopy (SEM) with a Zeiss SUPRA 55VP FESEM (Harvard
University) or a Zeiss Ultra Plus FESEM (Harvard University). The samples were mounted in
the SEM using a 45⁰ mount so the cross-section morphology could be easily assessed. An
accelerating voltage of 2 kV was applied to the samples and the Everhart-Thornely secondary
electron detector was used for imaging. Samples electrospun with 20% PEG and 2% PEO core
solutions were analyzed.
3.9 TRANSMISSION ELECTRON MICROSCOPY

Samples were collected for transmission electron microscopy (TEM) during
electrospinning to observe the structure of the core-shell fibers. Fibers were electrospun directly
onto 400 mesh copper Formvar/carbon coated grids for 5 s. The fibers were then imaged using a
Zeiss Libra 120 Energy Filtered Transmission Electron Microscope (Harvard University). An
accelerating voltage of 120 kV was used during imaging and the Omega filtering system was
engaged for some of the samples. Gold colloid (5 nm) or iron oxide nanopowder (<50 nm) was
loaded into the core of some of the electrospun fibers in an attempt to confirm the position of the
core within the shell. Samples electrospun with 2% PEO core solution were analyzed.
3.10 CONFOCAL MICROSCOPY

Confocal microscopy was completed using an Olympus FV300 Confocal Fluorescence
Microscope (Harvard University). The core solution was doped with either Rhodamine B (442
g/mol) or Rose Bengal Sodium Salt (1,017 g/mol), or loaded with Fluorescein isothiocynatedextran (250,000 g/mol). During electrospinning, samples of the fibers were collected on glass
slides for 1 min. The fibers were then secured with #1.5 glass coverslips and imaged with the
appropriate excitation wavelength and filter set. Rhodamine B and Rose Bengal Sodium Salt
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emit in the red spectrum, while Fluorescein isothiocynate-dextran emits in the green spectrum.
An overlay of the emission and white light images revealed the placement of the dye or labeled
dextran in the fibers. Samples electrospun with 2% PEO core solution were analyzed.
3.11 A RELEASE STUDY – BOVINE SERUM ALBUMIN AS A MODEL PROTEIN

Once the solution and processing parameters required to electrospin coaxial silk-based
mats were established, samples were prepared for a release study. Bovine serum albumin (BSA)
(66,000 g/mol) was selected for use as a model protein because of its overwhelming presence in
other research investigating the release response of coaxial mats prepared for the application of
controlled growth factor delivery (Zhang et al., 2006; Liao et al., 2006; Yan et al., 2009; Ji et al.,
2010).
Sample Preparation
BSA was loaded into the selected core solution of 2% PEO. The electrospinning process
was continued until 1 mL of BSA/2% PEO (200 mg/mL) was encapsulated into the cores of the
nanofibers with the theoretical encapsulated amount being 200 mg per sample. Standard coaxial
mats and BSA blended mats were also prepared for comparison. To prepare standard coaxial
mats, the electrospinning process was continued until 1 mL of 2% PEO was encapsulated into
the core of the nanofibers with the theoretical BSA encapsulation amount being 0 mg per sample.
To prepare blended mats, 1 mL of BSA/2% PEO (200 mg/mL) was mixed into the silk/PEO
blend with the theoretical loaded amount being 200 mg per sample. A single 16 gauge needle
was used to electrospin the blended mats.
The mats were water vapor annealed for 24 h to induce beta-sheet formation. Water
vapor annealing is another commonly used method to regulate silk structure (Hu et al., 2011) and
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was used to avoid the use of any organic solvents and to prevent the pre-release of BSA from the
mats.
Evaluation of BSA Release
The water annealed electrospun mats were sampled with a 14.1 mm punch. Mats
weighing 13.4 ± 0.1 mg were placed in a 12 well plate filled with 1.5 mL PBS per well. The
samples were incubated at 37⁰C under static conditions. The entire well contents were sampled
at various time intervals (1h, 2h, 4h, 6h, 8h, 10h, 24h, 48h, 96h, 168h, and 240h) followed by
complete replacement of PBS. A Pierce BCA Protein Assay Kit (Thermo Scientific) was used to
determine the BSA content in the release medium. Samples of the standard coaxial mat were
used to mitigate any interference from the silk or PEO. The release study was continued for 240
h, at which point the silk started to degrade and interference could no longer be mitigated. A
two-tailed unpaired Student’s t-test was used to determine any significant difference between the
observed release profiles. The released samples were also prepared for SEM analysis.
3.12 ELECTROSPINNING PURE SILK AS THE SHELL SOLUTION

To electrospin pure silk as the shell solution, the silk solution was concentrated to 1825% silk fibroin. Increasing the concentration of low viscosity 5-7% silk fibroin increases the
surface tension and viscosity of the solution so it is electrospinnable without the addition of high
viscosity PEO. To prepare 18-25% silk, 5-7% silk was dialyzed in 20 wt% PEG (10,000 g/mol)
using a Slide-a-Lyzer dialysis cassette (Pierce, MWCO 3500) for 12-15 h. Final concentration
was determined by weighing the remaining solid after drying.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 SEM EVALUATION OF COAXIAL MORPHOLOGY TO ESTABLISH PROCESSING PARAMETERS

SEM analysis to reveal leaching of the soluble 2% PEO core was the easiest and most
reliable method of evaluating core-shell morphology. As such, SEM analysis was used to
experimentally determine the processing parameters for electrospinning silk-based coaxial
nanofibers. Variations in the core solution, as well as the core and shell solution flow rate, were
used to establish the optimal parameters for achieving core-shell morphology. The results are
summarized in Table 6.
Table 6: Summary of the coaxial parameter variation experiment.

Shell
Solution

Core
Solution

7.3% silk
7.3% silk
8.0% silk
8.0% silk
8.1% silk
8.1% silk
8.1% silk
11.7% silk
11.7% silk
11.7% silk
11.7% silk
11.7% silk
11.7% silk
11.7% silk

20% PEG
2% PEO
20% PEG
2% PEO
2% PEO
2% PEO
2% PEO
20% PEG
2% PEO
20% PEG
2% PEO
2% PEO
2% PEO
2% PEO

Shell
Solution
Flow Rate
(mL/hr)
2
2
2
2
2
1.5
0.2
1
1.3
1.5
1.2
1
1.2
1.2

Core
Solution
Flow
Rate
(mL/hr)

Flow Rate
Ratio
Shell:Core

Core-shell
Morphology
(Hollow Core)

0.2
0.2
0.25
0.25
0.3
0.25
0.1
0.1
0.2
0.25
0.2
0.2
0.4
0.6

10
10
8
8
6.7
6
2
10
6.5
6
6
5
3
2

No
No
No
Yes
No
Yes
No
No
Yes
No
Yes
Yes
No
No

The voltage (8-12 kV) and needle-to-collector distance (~25 cm) were derived from
previous experiments that electrospun silk fibroin. The silk solution flow rate was initially
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increased to 2 mL/h so that that the amount of silk contained in the droplet at the tip of the
concentric needle would be comparable to that of previous experiments (1.2 mL/h), however the
effects of the reservoir on the flow rate soon became apparent and the flow rate was decreased
accordingly. The previously reported parameters for electrospinning silk were used in an effort to
achieve stable and uniform electrospinning for all combinations of core solution and core and
shell solution flow rates. As a result, no beaded or discontinuous fibers were observed
throughout the experiment. Any cracks in the electrospun mats observed with SEM are effects of
handling and breaking in liquid nitrogen. The slight variation in voltage made during
electrospinning allowed us to compensate for changes in the volume of the droplet at the tip of
the needle due to variations in solution flow rates. Since the most stable electrospinning and
Taylor cone formation occurs when there is minimal drip from the droplet at the tip of the
needle, the applied voltage was increased when the volume of the droplet accumulated as a result
of increases in core or shell solution flow rate. The applied voltage was decreased when the
volume at the tip of the needle was not substantial enough to sustain a stable Taylor cone.
Core-shell nanofibers ranging from 300-500 nm were observed in most of the electrospun
mats, however, core-shell morphology was only considered present when a significant number (>
75%) of core-shell fibers were observed. Core-shell morphology was the least evident when the
ratio of the Shell:Core flow rates was below 5. In such cases, the flow rate of the shell solution
was not high enough to encapsulate the core. The fibers appeared porous due to the leaching of
5% PEO from the shell, but showed no hollow morphology after freeze-fracture (Figure 21).
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Figure 21: SEM image of a leached coaxial mat electrospun with 8% silk in the shell and 2% PEO in the
core. The shell and core flow rates were 0.2 mL/h and 0.1 mL/hr, respectively. The fibers appear porous
due to the leaching of the 5% PEO from the shell, but no hollow core morphology after freeze-fracture is
evident.

There was also no significant core-shell morphology observed in mats processed with
20% PEG in the core. A core solution of 2% PEO was the most effective at producing coaxial
nanofibers for two reasons. Firstly, a core solution of 2% PEO (900,000 g/mol) is more viscous
than 20% PEG (10,000 g/mol). Although coaxial electrospinning has the capacity to encapsulate
any core solution less viscous than the shell solution, core solutions that exhibit some minimum
viscosity are more easily encapsulated. A core solution of 2% PEO is also less miscible with the
shell solution than a core solution of 20% PEG. Thus, there is a decreased chance that mixing
will occur. Based on our results, a core solution of 2% PEO was advantageous, and used for the
remainder of the experiments.
Core-shell morphology was overwhelmingly evident when the shell solution flow rate
was below 1.5 mL/hr and the core solution flow rate was between 0.2-0.25 mL/hr (Figure 22).
After leaching, there was a distinct border observed between the core and shell. When the shell
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solution flow rate is higher than 1.5 mL/h the droplet at the tip of the needle becomes too large
before it is electrospun, which increases the amount of drip and may allow time for mixing of the
core and shell solutions. When the core solution flow rate is below 0.2 mL/h, the extent of
encapsulation is minimal compared to the amount of fibers composed solely of the shell material.

Figure 22: SEM image of a leached coaxial mat electrospun with 11.7% silk in the shell and 2% PEO in the
core. The shell and core flow rates were 1.3 mL/h and 0.2 mL/h, respectively. The fibers appear hollow
due to leaching of the core.

Although core-shell fibers are still apparent, SEM images of samples with a shell solution
flow rate of 1.5 mL/h reveal that there may be slight mixing of the miscible core and shell
solutions during electrospinning. This may be due to an increase in the flow rate of the shell
solution, which allows too much time for mixing at the tip of the needle. In these fibers, the core
appears porous, not hollow (Figure 23). The porosity of the core is too extreme to be due to
contributions of the 5% PEO in the silk, indicating encapsulation and leaching of the core, but
the fibers have less defined core-shell structure than previously observed.
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Figure 23: SEM image of a leached coaxial mat electrospun with 8.1% silk in the shell and 2% PEO in the
core. The shell and core flow rates were 1.5 mL/h and 0.25 mL/h, respectively. These fibers have less
defined core-shell structure, which may be due to mixing of the semi-misible core and shell solutions
during electrospinning. However, the distinct shell and porous core still demonstrate encapsulation of
the core solution.

The concentration of the silk solution did not seem to impact fiber formation or core-shell
morphology. This is likely because the electrospinning of the shell is dependent on the viscosity
and surface tension of the shell solution. The 5% PEO in the silk makes the greatest contribution
to the viscosity and surface tension of the shell solution and as such, the concentration of the silk
in the shell solution does not dramatically impact the electrospinning process. For very high
concentrations of silk in the shell, the diameter of the shell would be expected to increase, but the
range of concentrations used here (7.3-11.7%) was too narrow to observe any significant changes
in fiber morphology.
It is important to note that the majority of the coaxial fibers imaged maintained their
mechanical integrity after leaching. In general, the fibers appeared uniform and round.
Occasionally, the cross-sectional morphology appeared slightly compacted, but not collapsed, as
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would be expected if the silk shell did not retain structure. The compacted morphology is thought
to be an effect of the freeze-fracture in liquid nitrogen. If the entirety of the mats did not stay
frozen during freeze-fracture, some fibers may not break as cleanly as others and they may
appear somewhat compressed. Some of the fibers also have wet globs present at the crosssection, as if some of the silk shell was pulled at during freeze-fracture.
Established Coaxial Processing Parameters
This experiment successfully yielded the processing parameters necessary to electrospin
silk-based coaxial mats. In particular, the optimal core solution and core and shell flow rates
were determined. The established processing parameters for electrospinning silk-based coaxial
nanofibers are outline in Table 7. Minor changes made to accommodate particular batches of silk
solution and daily electrospinning conditions should not impede core-shell fiber formation as
long as a stable Taylor cone is present during electrospinning.

Table 7: Established coaxial processing parameters.

Parameter
Applied Voltage
Needle-to-Collector Distance
Shell Solution
Shell Solution Flow Rate
Core Solution
Core Solution Flow Rate
Ratio of Shell:Core Flow Rate

Recommendation
8-12 kV
25 cm
4:1 blend of 8-12% silk/5% PEO
1-1.3 mL/h
2% PEO
0.2-0.25 mL/h
5-6.5

High Magnification Imaging of Core-Shell Morphology
Although imaging the cross-section morphology of hollow nanofibers with the SEM
affirmed core-shell morphology, it proved difficult to accomplish at high magnifications. Even
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with the 45⁰ SEM mount, it was difficult to obtain a clear cross-section views of the hollow
nanofibers head-on. The silk charged quickly during imaging so charging effects were often
present during image acquisition. The single silk fibers also moved around frequently at high
magnifications, making them difficult to focus and acquire. Table 8 contains various high
magnification cross-section views of the core-shell morphology that were successfully acquired.
From these images, it is evident that the electrospun fibers are 300-500 nm in diameter with a
~200 nm core. A decrease in the shell solution flow rate resulted in a decrease in overall fiber
diameter.
Table 8: High magnification SEM cross-section views of core-shell morphology.

Processing Parameters

SEM Image

Analysis

Silk Concentration: 8.0%
Shell FR: 2 mL/hr
Core Solution: 2% PEO
Core FR: 0.25 mL/h
Ratio Shell:Core - 8

Fibers are 400-500 nm
with a 200 nm core.
There is distinct core
shell structure, but the
core needle might be
slightly misaligned and
some fibers appear
more swollen.

Silk Concentration: 8.1%
Shell FR: 1.5 mL/h
Core Solution: 2% PEO
Core FR: 0.25 mL/h
Ratio Shell:Core - 6

Fibers are 300 nm with
a 200 nm core. There is
distinct core-shell
structure, but the wet
globs present at the
cross-section indicate
inadequate freezefracture.
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The Importance of Core Needle Orientation
Poor core needle orientation results in flawed core-shell morphology. Although the
coaxial spinneret is designed to keep the core and shell needles locked in place during
electrospinning, the improper set-up of the concentric needle changes the morphology of the
core. If the core and shell needles are not concentric, misalignment of the core will be observed
(Figure 24). The small diameter and length of the core needle make it flimsy compared to the
shell needle. As such, the core needle is not consistently concentric with the shell needle when
locked into the top of the reservoir. Thus, it must be routinely checked before electrospinning so
any necessary adjustment or replacement can be made.

Figure 24: SEM image of a leached coaxial mat electrospun with 8.0% silk in the shell and 2% PEO in the
core. The shell and core flow rates were 0.2 mL/h and 0.1 mL/hr, respectively. Misalignment of the core
needle was obvious.

There was some investigation into the effect of the protrusion of the core needle from the
shell needle (Figure 25) on core-shell fiber formation and morphology.
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Figure 25: Representation of the coaxial needle with a protruding core needle.

The protruding core needle did not seem to impact coaxial fiber formation, but slight
defects were observed in the shells of some of the fibers (Figure 26). It is not known if these
defects are related to the core needle protrusion or some other component of processing.
However, since the protrusion of the core needle did not increase the presence of core-shell
morphology, it was not explored any further in this work.

Figure 26: SEM image of a leached coaxial mat electrospun with 8.0% silk in the shell and 2% PEO in the
core. The shell and core flow rates were 2 mL/h and 0.25 mL/h, respectively. These fibers were prepared
with a protruding core needle which did not impede core-shell fiber formation, but may be the cause of
defects observed in the shell.
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4.2 TEM EVALUATION OF COAXIAL MORPHOLOGY

Once the processing parameters were established, TEM was used to confirm coaxial
morphology in the electrospun nanofibers. With TEM, contrast between the silk shell and PEO
core is evident due to variations in electron wave scattering from the different materials. For
analysis, coaxial nanofibers were electrospun with 8.0% silk in the shell and 2% PEO in the core
with shell and core flow rates of 1 mL/h and 0.2 mL/h, respectively. The lower limits of the
established processing parameters were applied to minimize the rate of drip from the tip of the
needle, as well as the likelihood of mixing between the core and shell solution. Gold colloid (< 5
nm) was added to the 2% PEO core solution in order to verify the position of the core within the
shell. Distinct core-shell morphology was observed, however, the majority of the core-shell
nanofibers were smaller in diameter (200 nm) than previously observed with SEM analysis
(Figure 27). This may be due to the decreased flow rate of the shell solution. Sampling for TEM
also occurs very rapidly, and may have been completed soon after a drip, further enhancing the
effects of the decreased shell solution flow rate.
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Figure 27: (A) TEM image of coaxially electrospun silk-based nanofibers with shell and core flow rates of
1 mL/h and 0.2 mL/h, respectively. There is distinct contrast between the core and the shell. Total fiber
diameter is 180 nm, with a 140 nm core. (B) A higher magnification TEM image of the same fiber.

As expected, TEM also revealed that coaxial morphology was intermittent in the fibers
(Figure 28). SEM imaging demonstrated hollow nanofibers, but also demonstrated the presence
of pure silk cross-section morphology, indicating intermittence of the core throughout the fibers.
Figure 28 clearly shows the discontinuous incorporation of the core solution along the length of
the nanofibers. Intermittence of the core has been previously observed in the fabrication of coreshell nanofibers (Tiwari et al., 2010) and may be minimized by an increase in core solution flow
rate. However, this work presented here did not develop coaxial processing parameters that
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achieved continuous incorporation of the core within the shell, and incorporation was
intermittent.
Although the gold colloid in the core of the fibers was not well observed, the small dark
spots observed in Figure 28 may indicate the presence of the gold nanoparticles. The gold colloid
was difficult to image because such a low concentration was added to the core solution, which
was done to minimize interference with the electrospinning process. Since amount of
incorporated core solution in the nanofibers is low, a high concentration of nanoparticles is
required for visualization. Although well homogenized, the nanoparticles may also have settled
out of the core solution during electrospinning.

Figure 28: TEM image shows the intermittence of the core throughout the nanofibers. The small dark
spots may indicate the presence of gold nanoparticles within the shell, but the concentration of gold
colloid was too low for true visualization.

In another attempt to visualize the position of the core within the shell, iron oxide
nanopowder (< 50 nm) was loaded into the core solution at a high concentration. The particles
were visible in the core solution upon preparation. Again, however, the nanoparticles were not
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readily observed. As this point in the analysis, TEM was well understood and the Omega filter
was used to further correct the contrast difference between the silk and PEO. It is not know
whether the Omega filter or the iron oxide nanopowder increased the contrast between the silk
and PEO, but the PEO core appeared darker compared to previous analysis. Distinct core-shell
structure was again observed, but this time the total fiber diameter was similar to that observed
with SEM analysis (Figure 29). The total fiber diameter was 420 nm, with a 270 nm core, even
though the shell and core flow rates were still 1 mL/h and 0.2 mL/h, respectively. This may be
because TEM sampling occurred when the volume at the tip of the needle was maximized,
immediately before a drip. The presence of a pure silk fiber is further indication that
incorporation of the core was intermittent. Without incorporation of the core, a decrease in fiber
diameter was observed.

Figure 29: TEM image of PEO-Silk core-shell nanofibers containing iron oxide nanopowder in the core.
There is distinct contrast between the core and the shell. However, the PEO core appears darker than
previous analysis and the total fiber diameter is increased to 400 nm. A pure silk fiber is also evident
(350 nm). These observations support that the sampling occurred immediately prior to drip from the tip
of the needle.
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Movement of the Core
TEM analysis also revealed irregular movement of the core within the shell (Table 9).
Slight movement of the core was commonly observed in the core-shell nanofibers (Figure 27),
but movement of the core so very close to the surface of the fiber was atypical. In such cases,
one core-shell boundary is distinct, while the other it is much less obvious. Since core-shell
nanofibers with properly centralized cores were observed in the same TEM sample (Table 9), the
movement of the core observed here is not thought to be caused by misalignment of the core
needle. Instead, it may be an effect of inconsistencies in the viscosity of the shell solution, which
allow mixing with the core solution. Such inconsistencies may also cause the core solution to
resist encapsulation in a part of the fiber.
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Table 9: TEM images that demonstrate the irregular movement of the core component to the fiber
surface compared to a properly located core.
Centralized Core Component
Movement of the Core Component

-Properly located core in the center of the
fiber
-Two distinct core-shell boundaries

-Irregular movement of the core to the
fiber surface
-One distinct core-shell boundary

Core: 160 nm
Shell: 200 nm

Core: 250 nm
Shell: 300 nm

4.3 EVALUATION OF COAXIAL MORPHOLOGY WITH CONFOCAL MICROSCOPY

For confocal microscopy, coaxial nanofibers with 8% silk in the shell and 2% PEO in the
core were electrospun with shell and core flow rates of 1 mL/h and 0.2 mL/h, respectively. To
start, the 2% PEO core solution was doped with either Rhodamine B or Rose Bengal Sodium
Salt, which both fluoresce red, for visualization of the core. Core-shell morphology was difficult
to observe in fibers doped with Rhodamine B or Rose Bengal Sodium Salt. At lower
magnifications both Rhodamine B and Rose Bengal Sodium Salt appeared intermittent
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throughout the fibers (Figure 30A), an indication of coaxial morphology, but at higher
magnifications, an overlay of the white light and fluorescent magnifications showed no clear
distinction between the core and the shell at the expected coaxial regions (Figure 30B). The low
molecular weight of both Rhodamine B (442 g/mol) and Rose Bengal Sodium Salt (1,017
g/mol), may contribute to their movement or diffusion into the shell. This movement likely
occurred within the compound Taylor cone during electrospinning, or in the liquid jet as the
solvents evaporated.

Figure 30: Confocal overlay images of coaxial nanofibers that have Rose Bengal Sodium Salt in the core.
(A) 40X Magnification of the fibers demonstrate intermittent core encapsulation, implying coaxial
morphology. (B) The dye appears to have diffused into the shell of the fibers at 100X magnification.

Based on our suspicion that the low molecular weight dyes were diffusing through the
polymers and into the shell of the fibers during electrospinning, FITC-dextran (250,000 g/mol)
was loaded into the core. FITC-dextran fluoresces green and has a much higher molecular weight
than Rhodamine B and Rose Bengal Sodium Salt, so it should not diffuse into to the shell as
readily during electrospinning. For analysis, samples were again prepared with 8% silk and
electrospun with shell and core flow rates of 1 mL/h and 0.2 mL/h, respectively. At low
magnifications, the FITC-dextran fluoresced intermittently throughout the core of the fibers, in a
manner similar to that observed with Rhodamine B and Rose Bengal Sodium Salt. However,
unlike Rhodamine B or Rose Bengal Sodium Salt, FITC-dextran remained in the core of the
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nanofibers and distinct core-shell structure was observed at high magnifications (Figure 31A).
This observation confirmed that the electrospun fibers are indeed coaxial and FITC-dextran is
large enough to remain encapsulated by the shell throughout the electrospinning process.
However, the coaxial regions are still intermittently present throughout the length of the fibers.
As would be expected with the intermittent incorporation of an addition material, these coaxial
regions can appear as bulging areas of the fibers (Figure 31B).

Figure 31: Confocal overlay images of coaxial nanofibers that have FITC-dextran loaded into the core. (A)
100X Magnification of the fibers demonstrate distinct core-shell structure with FITC-dextran confined to
the core. (B) 100X Magnification of the fibers also shows slight bulging at the coaxial regions.

In general, confocal analysis showed that incorporated protein must exhibit some
minimum molecular weight to remain encapsulated by the shell of the fibers during
electrospinning. The incorporation of the core also appeared to be decreased to ~50% in this
analysis (Figure 32). However, similar to TEM analysis, confocal analysis only reveals the
morphology of a small sampling (1 min) of the nanofibers.
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Figure 32: Confocal overlay image at 40X magnification of coaxial nanofibers that have FITC-dextran
loaded into the core. The incorporation of the core appears to be decreased (~50%) in this analysis.

4.4 EVALUATION OF BSA RELEASE FROM THE CORE

For the ultimate application of controlled growth factor delivery, it was important to
evaluate the release of the model protein BSA from the core of the coaxial electrospun mats.
BSA (66,000 g/mol) was loaded into 2% PEO and encapsulated via coaxial electrospinning using
the established processing parameters. The flow rates of the shell and core solutions were 1 mL/h
and 0.2 mL/h, respectively. It is important to note that BSA has a more moderate molecular
weight than the previously encapsulated FITC-dextran, so it may diffuse more easily into the
shell of the nanofibers during electrospinning.
The electrospun mats studied for release included coaxial silk/PEO/BSA mats, blended
silk/PEO/BSA mats, and control coaxial silk/PEO mats. The control coaxial silk/PEO mats were
used to mitigate any interference with the protein assay caused by either silk or PEO.
Interference was present, but it was minimal for the duration of the release study and was
subtracted from that data obtained for both the coaxial silk/PEO/BSA and blended silk/PEO/BSA
mats. The theoretical amount of BSA in the loaded mats was 200 mg as spun. However,
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considering the loss in solution due to drip from the needle, the actual amount of encapsulated
BSA was less than 200 mg per mat. The mats were sampled with a 14.1 mm punch, but due to
variations in mat thickness, the 14.1 mm punches were not all the same weight. As such, punches
totaling 13.4 ± 0.1 mg were collected for analysis in an attempt to equilibrate the total amount of
BSA release per well.
The release samples were incubated at 37⁰C under static conditions and the observed
release profile is presented in Figure 33. Since the actual starting amount of BSA per sample was
unknown, the percent cumulative release was calculated with 240 h set as 100% BSA release. At
240 h the release study was discontinued because the silk began to degrade causing increased
interference with the protein assay. For both groups, release beyond 96 h was minimal and not
statistically significant so it has been omitted from the profiles for improved visualization of the
primary release.
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Figure 33: BSA release profiles for the for the electrospun scaffolds. Samples weighing 13.4 ± 0.1 mg
were assessed for release with approximately 4 mg BSA loaded per sample. n = 3, mean ± standard
deviation.

Figure 33 shows the cumulative protein release data for the coaxial and blended silk
mats. A large burst release was observed within 1 h for both groups, which was 44.20% ± 2.37%
and 63.41% ± 8.0% for the coaxial and blended mats, respectively, and these values were
significantly different (P < 0.05). Release from the mats continued rapidly for both groups, and
at 10 h the coaxial and blended mats released 82.84% ± 3.63% and 92.28 ± 3.21% of the loaded
BSA, respectively, and these values were also significantly different (P < 0.05). However, by 48
h both groups had released over 90% of the loaded BSA and the observed release was no longer
significantly different (P > 0.05).
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Loading BSA in the hydrophilic core polymer of PEO lowered the burst release of the
protein compared to the blended mats, thereby signifying effective encapsulation and
suppression of release by the silk shell. However, release was not controlled due to the presence
of pores in the silk shell. As observed with SEM, the soluble PEO present in the silk/PEO shell
acts as a porogen, creating nanopores in the shell of the fibers. The inclusion of a porogen in the
shell of coaxial nanofibers has previously been proven as a means for achieving controllable
release (Liao et al., 2006; Jiang et al., 2006). However, the porosity of the silk/PEO shell as spun
in this work proved too great for controlled release. As soon as the pores in the silk shell
formed, the release medium had easy access to the core polymer causing swelling of the PEO
and rapid release from the surface of the core. Thus, there was no partitioning between the core
and shell (Tiwari et al., 2010). As such, the release was mostly burst and rapid and the coaxial
mats failed to offer more sustained delivery compared to the blended mats.
A decrease in the release rate from the core of coaxial nanofibers is most effective when
the rate-controlling factor is partitioning, and the partition coefficient of the drug is low (Tiwari
et al., 2010). As such, the high partition coefficient of BSA (Ji et al., 2010) may have also
contributed to its rapid release from both groups of electrospun mats. Since drugs with high
partition coefficients have an affinity for hydrophobic compartments (Tiwari et al., 2010), the
BSA may have preferentially moved into the silk thereby increasing the rate of release. However,
the significant difference in initial burst release suggests that the BSA did not move into the silk
shell during electrospinning.
The loading level of BSA in the nanofibers may also have contributed its rapid release.
Research shows that BSA release is accelerated at higher loadings for both blended (Zhang et al.,
2006) and coaxial (Jiang et al., 2006) electrospun mats. In general, the suppression of the burst
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release observed for the coaxial mats successfully demonstrated the effect core-shell morphology
has on release. However, reduced permeability of the silk/PEO shell needs to be investigated in
order to achieve more controlled delivery. A decrease in the loading may also achieve more
controlled release, as well as provide a more accurate indication of growth factor release.
SEM Analysis of Released Electrospun Mats
SEM analysis of the electrospun mats post-release was completed to observe the
influence of BSA encapsulation and release on fiber morphology (Figure 34). As expected, BSA
encapsulation did not appear to hinder the electrospinning process. Both the coaxial BSA and
control coaxial mats showed bead-free and continuous nanofiber formation (Figure 34) Fiber
morphology was also uniform for the blended electrospun mats (not pictured). For all groups, the
nanofibers appeared porous at higher magnifications due to the dissolution of PEO in the silk,
however, the porosity of the fibers was homogenous, and no obvious pits and cavities were
present.

Figure 34: SEM images of the coaxial electrospun mats post-release showed bead-free and continuous
fiber formation. (A) Coaxial BSA mats after 240 h in vitro release. (B) Control coaxial mats after 240 h in
vitro release.

The cross-section morphology of the released electrospun mats was also observed to
reveal any effects of the release or water anneal on fiber morphology. Hollow fibers were present
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in the coaxial BSA and coaxial control electrospun mats and no fiber collapse was evident,
though swelling of the silk was apparent (Table 10). Based on the evaluation of PEO/BSA
release from the hydrophilic core, swelling of the fibers was expected. However, the extent of
swelling observed for the water annealed samples compared to the methanol treated samples
(Table 8) may indicate that the water anneal treatment significantly impacts fiber morphology.
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Table 10: SEM images of coaxial electrospun mats post-release.

Sample Type and Analysis

SEM Image

Coaxial BSA:
Water annealed
Core-shell morphology
No observed fiber collapse

Control Coaxial (no BSA):
Water annealed
Core-shell morphology
Swelling of silk shell is apparent
No observed fiber collapse

Control Coaxial (no BSA):
Water annealed
Core-shell morphology
Swelling of silk shell is apparent
No observed fiber collapse
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4.5 EVALUATION OF ELECTROSPINNING PURE SILK AS THE SHELL SOLUTION

Efforts to electrospin pure silk as the shell solution were unsuccessful. The surface
tension and viscosity of higher concentration silk (18-25%) proved insufficient for the formation
of a stable Taylor cone. Movement of the droplet at the tip of the needle was observed when a
voltage of 10 kV was applied, but no Taylor cone formation was visible and no fibers were
deposited on the collector. Instead, beaded droplets indicative of electrospraying were apparent.
Increasing the voltage to 20 kV caused the silk solution to be pulled from the tip of the needle
towards the collector. However, this fiber formation was not nanofibrous and no electrospinning
was observed.
Since 18-25% silk does not readily electrospin, pure silk may not be a viable shell
solution for coaxial fiber preparation. Shell solution stability is essential for continuous
compound Taylor cone formation and the solution viscosity of 18-25% silk fibroin may be
insufficient for encapsulation of the core. Decreased shell solution viscosity may also increase
miscibility with core, increasing the likely mixing will occur during electrospinning. Although
further increases in silk concentration will continue to increase solution viscosity, silk fibroin
solution has a tendency to gel rapidly at high concentrations. Thus, an increase in the silk
concentration in combination with a decrease in the amount or concentration of blended PEO
may be a more viable means of reducing the porosity of the shell for more controlled release.
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CHAPTER 5: CONCLUSIONS
This work effectively designed and implemented a coaxial spinneret for the preparation
of silk-based coaxial nanofibers. The processing parameters for coaxial electrospinning coreshell PEO-silk nanofibers were established using SEM analysis. For shell and core solutions of
8-12% silk and 2% PEO, the optimal shell and core solution flow rates were determined to be 1
mL/h and 0.2 mL/h, respectively. Core-shell morphology was confirmed with TEM and confocal
microscopy. Such analysis revealed intermittent coaxial morphology (~50%). The diffusion of
low molecular weight molecules into the shell during electrospinning was also observed with
confocal microscopy. However, higher molecular weight FITC-dextran and BSA were
successfully encapsulated. BSA release from the PEO core of the nanofibers was evaluated over
a period of 240 h. The released mats showed signs of swelling upon SEM analysis, but core-shell
morphology was preserved. It was determined that the core-shell morphology of the coaxial
electrospun mats significantly lowered the burst release of the protein compared to the blended
electrospun mats. However, suppression of BSA release from the core was lost upon dissolution
of the PEO from the silk shell. To decrease the porosity of the shell and further control the
release from the core, pure 18-25% silk was electrospun as the shell solution. However,
electrospinning pure 18-25% silk was unsuccessful due to the decreased surface tension and
solution viscosity.
Future Directions
This works served as a preliminary investigation into coaxial silk-based electrospun mats.
With a coaxial set-up in place and the effective processing parameters established, variations in
the shell solution, core needle diameter, and core solution flow rate can now be explored to
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observe their influence on core-shell morphology. Any significant variation in core-shell
morphology can be used to further control release from the core.
The release of growth factor from the core of the silk-based electrospun mats as spun also
deserves investigation. The release profile of growth factor may differ from that of BSA.
Variations in protein loading level, size, and partitioning coefficient may alter the release. The
method of beta-sheet formation in the mats should also be considered.

Lower beta-sheet

formation in water annealed samples (47%) compared to methanol treated samples (74%) has
been observed (Zhang et al., 2009) and the composition of the matrix of the shell polymer is
known to alter release (Zhang et al., 2006).

Differences in the content or distribution of

crystallinity are also known to effect degradation (Vepari and Kaplan, 2007), an additional
parameter of release that requires investigation. Most importantly, seeding and culture of the
bioactive coaxial mats in vitro should be assessed to demonstrate the effectiveness of the
encapsulated protein on cell response. Successful completion of a cellular experiment will
validate the use of bioactive coaxial silk-based mats for the intended application of tissue
engineering.
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