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ABSTRACT
More than one million bone grafting procedures occur each year at costs reaching into the
millions of dollars. Although synthetic biomaterials have great potential, 80% of bone grafts are
dependent upon donor material in the form of autografts or allografts. Should a synthetic bone
graft be developed whose grafting efficacy matches that of autografts, the current gold standard,
then the dependence on donor materials can be eliminated. Current synthetic grafts lack a crucial
property of an ideal bone graft: osteoinduction, or the ability to induce stem cell differentiation
down an osteoblastic lineage. Through the use of nanofiber surface modifications, it is hoped that
synthetic grafts can become innately osteoinductive and replace other grafting technologies.
An empirical approach was used to develop nanofibers with diameters ranging from <100
nm to >1 μm. This range of diameters would permit the testing of a theory first proposed by
Vogel et al.: that the curvature induced by the cell membrane bending around a small nanofiber
will promote the adhesion of arfaptin, a GTPase binding vesicle trafficking protein, which will
then release Rac1, a GTPase associated with focal adhesion turnover, lamellipodial extension,
and proliferation. Electrospinning resulted in the formation of three distinct nanofiber groups
80±40 nm, 270±53 nm, and 1,048±353 nm. Immunostaining of MC3T3 cells adherent to these
fibers and a control surface revealed that active Rac1 localizes along the smallest nanofibers but
not the control or larger fibers. Quantitative G-LISA results on POR1 siRNA treated cells
showed that small nanofibers do lead to elevated levels of active Rac1, but that these levels were
enabled by POR1, not inhibited by it. The results suggest that POR1 binds active Rac1 and acts
as a competitive inhibitor of GTPase-activating protein (GAP), thus decreasing the rate at which
Rac1 is inactivated.
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Chapter 1
Introduction
Nearly one million bone grafting procedures are performed annually in the United States,
leading to millions of dollars in medical costs.1–3 These procedures largely require donor material
in the form of autografts and/or allografts, with autografts being the most preferred type of
material.1 However, both of these options are limited by their dependence on donor material,
which is in short supply. Development of a synthetic biomaterial for use in bone graft scaffolds
would be advantageous since it is not subjugated to donor shortages.

The Ideal Bone Graft
In addition to having the appropriate mechanical properties, there are four characteristics
required for an ideal bone graft: osteointegration, osteoconduction, osteoinduction, and
osteogenesis. Osteointegration is the ability of a graft to chemically bind to bone without an
intermediate layer of fibrous tissue. Should the material’s surface be capable of harboring and
supporting bone growth it is said to be osteoconductive. Osteoinduction refers to the ability of
the graft to induce the differentiation of pluripotent stem cells into osteoblasts. If the osteoblasts
within the graft can form new mineralized bone the graft is osteogenetic. Synthetic bone grafts,
which account for 13% of the bone graft market, currently only have the properties of
osteointegration and osteoconduction.1–3 At this point in time, only autografts have all four
properties; however, only synthetic grafts eliminate the dependence on donor material.
Even though autografts are currently the gold standard for bone grafts, they are far from
perfect. Donor sites—typically the fibula or iliac crest—are prone to post-harvest morbidity, with
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18-39% of patients reporting pain more than a year after surgery.4 Additionally, the degree of
osteogenesis is heavily dependent on the number of osteoblast precursor cells that survive
transplantation. Finally, there is also an increased risk of infection since both the donor and
recipient sites are exposed during the autograft operation.1 Despite these drawbacks, autografts
are still used in 48% of all bone grafting procedures.3
Allografts offer three of the four elements of an ideal bone graft and are used in 32% of
grafting procedures.3 Since there are no living cells within an autograft, allografts are not capable
of osteogenesis. However, even if the graft is demineralized, an allograft can have osteoinductive
properties.3 Fracture rate is one of the largest problems associated with allografts and has been
reported to be as high as 19%. Bacterial infection is present in 10% of large allografts, and
although rare, viral transmissions have been reported: HIV, 1:1,500,000; hepatitis B, 1:100,000;
and hepatitis C, 1:60,000.1,5 Finally, immune rejection by the host is possible since the tissue
comes from a foreign source (i.e. a cadaver), but this is the tradeoff when eliminating the risk of
donor site morbidity.1
Bone grafts made from synthetic materials only exhibit two of the characteristics of an
ideal bone graft: osteointegrativity and osteoconductivity.6,7 Like allografts, osteogenesis cannot
be achieved unless the graft is seeded with the host’s osteoblasts or progenitor cells prior to
implantation. The lack of osteoinductive properties is the largest shortcoming of synthetic grafts.
Osteoinduction can be achieved through the addition of growth factors such as bone
morphogenetic proteins. However, at a cost exceeding $5,000 per treatment, they are not a costeffective solution to solve synthetic grafts’ lack of osteoinduction.5 Despite these deficiencies,
synthetic grafts do not pose the increased risk of infection, donor site pain, or disease
transmission that are associated with auto- and allografts. Furthermore, synthetic grafts can be
tailored to fit specific shape and mechanical requirements depending on the recipient’s needs.
Recently, research has turned towards studying the effects of graft surface geometry in order to
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make synthetic grafts innately osteoinductive. Some examples of these geometries are included in
the following section.

Examples of Synthetic Bone Grafts
Synthetic bone grafts vary greatly in material composition and morphology; however,
they all have similar metrics that they strive to meet. Ideally, these grafts should have mechanical
properties similar to those of native bone, such as the elastic modulus, which is approximately
10.4 GPa in trabecular bone and 18.6 GPa in cortical bone.8 This is of particular importance in
order to avoid stress shielding, a problem commonly seen in total hip replacements. When the
compressive modulus of a graft/implant exceeds that of the native tissue, the implant will bear the
lion’s share of the bone’s compressive loads. When the surrounding bone tissue is subjected to
less compression, the body begins to reabsorb it, leading to weakening of the bone tissue. In
addition to matching the mechanical properties, the materials used to make the grafts should be
biocompatible, induce minimal immune/scarring response, and facilitate the remodeling and
ingrowth of new bone. Many grafts are made from calcium, silicon, titanium, or aluminum, but
there is an increasing movement towards the use of biocompatible polymers due to their easy
modification during manufacturing and their potential for reabsorption after implantation.1,3,9
Despite the potential advantages of synthetics, their utility is plagued by a limited cell supply
used to seed the grafts and low engraftment efficiency.10
Bjursten et al. demonstrate how the smallest of changes on materials can have large
effects on implant efficacy.11 Titanium is widely used for bone implants because of its corrosion
resistance, bio-inertness, and mechanical strength. However, the mechanical strength of titanium
can lead to stress shielding by the native bone and implant failure due to separation between the
metal and its coating have occurred due to the differences in mechanical properties of the bulk
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titanium and its surface. Through sandblasting or oxidation of the surface of the titanium, the
topology of the metal surface becomes rough. Roughening allows for enhanced implant
integration with native bone without fear of separation from an external coating. When a planar
sandblasted surface was compared to an oxidized nanotube surface (80 nm inner diameter, 100
nm outer diameter) in a rabbit tibial implant, the nanotubes proved to have the superior bonding
strength, bone formation, and calcium deposition. The authors proposed that further modification
of the nanotubes, such as their diameter and surface chemistry, may yield more favorable
results.11 Another study of titanium nanotubes by Das et al. showed that titanium oxide nanotubes
(50-100 nm diameter) not only have preferential cell attachment on the nanoporous nanotubes,
but that the nanotubes also had higher alkaline phosphatase expression, indicating greater
osteoblastic differentiation.12
Carbon nanotubes have also been shown to be successful bone implants, as both a surface
coating and the bulk material of a scaffold. Sitharaman et al. studied the effect of ultra-short
single-walled carbon nanotubes as a surface coating as a means to reinforce porous biodegradable
scaffolds. The scaffolds were implanted into the femoral condyles and subcutaneous pockets of
rabbits. After twelve weeks of implantation, there was no difference in degradation of the
underlying porous scaffolds. The nanotube coated scaffold, however, exhibited a three-fold
improvement on bone ingrowth, an increase in connective tissue organization, and a decrease in
the number of inflammatory cells present; all of which indicate osteogenetic and osteoconductive
responses.13
As a bulk material, carbon nanotubes are known for their impressive strength and their
ability to act as electrical conductors, which can be useful in certain biomedical applications.
Zanello et al. studied the effect of the electrical charge of carbon nanotubes (1.5-30 nm diameter)
on cell differentiation. Based upon his results, cells cultured on neutral nanotubes resulted in the
greatest levels of cell growth and extracellular matrix production.14 Li et al. showed in vitro that
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multi-walled carbon nanotubes (90 nm diameter) had greater protein adsorption than the block
graphite control. The nanotubes were also able to produce several osteoblastic differentiation
markers from adipose-derived stem cells, such as alkaline phosphatase, cbfa1, and COLIA1 gene
expression. The control did not exhibit such expression. When incubated in fetal bovine serum
prior to cell seeding, these effects were amplified. After intramuscular implantation into ddy
mice, the nanotube scaffolds were capable of inducing ectopic bone formation whereas the
control did not. Li suggests that the ability of the nanotubes to concentrate bone-inducing proteins
may be responsible for the ectopic bone formation.15 Nanotubes, regardless of the material, are
capable of osteoinduction, osteogenesis, and osteointegration.
Other types of composite scaffolds have been used to improve implants. Spalazzi et al.
attempted to mimic the natural appearance of tissues by creating a stratified scaffold with each
layer tailored to mimic a specific tissue region: ligament, interface region, and bone. Each layer
was cultured with specific cell types (fibroblast, chondrocytes, and osteoblasts, respectively). The
scaffolds were made by sintering polymer meshes and microspheres. After eight weeks of
subcutaneous implantation, the tri-cultured scaffold showed native tissue integration and matrix
production while maintaining separation between layers. This study provided proof of concept of
a single implantable graft for multiple tissue types.16
Increasing the porosity of a material has also shown to make it more amenable for bone
implantation. Fujibayashi et al. demonstrated that titanium, typically a bio-inert material, is
capable of inducing cell differentiation after undergoing surface treatments. After twelve months
of implantation in the dorsal muscle of beagle dogs, only heat and chemically treated porous
(300-500 μm diameter) titanium blocks were capable of forming bone. Untreated titanium
blocks, treated titanium meshes, and untreated titanium meshes (50-450 μm diameter) did not
form bone. This bone formation took place without the addition of calcium or phosphate, which
are usually found to be necessary additions to achieve osteogenesis and osteoinduction. The
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formation of bone can therefore be attributed to the scaffold having the appropriate micro and
macrostructure, and that any material capable of forming an apatite layer may also be
osteoinductive if it has the proper porous structure.17

Coathup et al. further demonstrated the

importance of scaffold porosity on implant efficacy. Macroporous (>50 μm pore diameter)
calcium phosphate (CaP) and silicate-substituted calcium phosphate (SiCaP) implants with
varying porosities were implanted intramuscularly into sheep. Twelve weeks after implantation,
the implants were excised and evaluated. Both scaffold types exhibited increased bone formation
with increasing porosity; however, the SiCaP scaffolds had higher bone formation than the CaP
scaffolds at 30% porosity, the largest porosity tested, indicating a possible increase in
osteoinduction.18 Chuenjitkuntaworn et al. used solvent casting and particulate leaching to create
polycaprolactone/hydroxyapatite composite scaffolds with an average pore diameter of 480-500
μm. The implants were inserted into calvarial defects in mice for six weeks. Once excised, the
composite scaffold showed greater bone formation than the neat polycaprolactone scaffold and
the control. In vitro testing demonstrated that the composite had increased levels of type I
collagen MRNA (the type of collagen that forms bone) and osteocalcin.19 Porosity can therefore
be used to increase all four attributes of an ideal bone scaffold.
Sintered microspheres have also been shown to be effective scaffolds for load bearing
materials, as first show by Laurencin et al. in 1998.20 Since that time, numerous groups have
developed new generations of sintered microsphere bone grafts, such as Nukavarapu et al. who
combined amino acid ester substituted polyphosphazenes and 100 nm sized hydroxyapatite to
form a novel composite scaffold. The spheres were sintered using a dynamic solvent sintering
approach to form a resulting scaffold with a compressive modulus of 46-81 MPa. In vitro cell
culture with primary rat osteoblasts verified that the scaffolds had good osteoblast adhesion,
proliferation, and alkaline phosphatase expression, indicative of osteogenesis.21

Borden et al.

yielded similar results using heat sintered poly(lactide-co-glycolide) (PLGA) microspheres and
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human osteoblasts, which were able to maintain their phenotype throughout their in vitro
incubation.22 Later in vivo testing of a segmental ulna defect by Borden showed that the PLGA
microsphere scaffolds were capable of forming bone at the bone-implant interface—an
osteoconductive and osteointegrative response. With the addition of bone morphogenetic protein
7 and bone marrow to the implant, the scaffold was even more effective at repairing the defect.
Mature bone was formed by six weeks after implantation, and bone growth occurred throughout
the scaffold.23

Nanofiber Surface Coatings
Many times mimicking nature can yield the best results. Synthetic nanofibers closely
resemble the collagen fibers found in native bone, as illustrated in Figure 1-1. Note that the rough
surface of the collagen fibers in bone is due to calcium mineralization. Unlike other synthetic
materials, nanofibers lack the required compressive strength and are largely used for surface
coatings as opposed to a scaffold’s bulk material. Numerous studies, as detailed below, have
demonstrated that nanofibers are capable to increasing levels of several marker proteins for bone
differentiation: alkaline phosphatase activity, calcium phosphate mineralization, osteocalcin, and
osteopontin.
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A.

B.

Figure 1-1: Mineralized collagen fibrils in human bone (A) and polymer nanofibers (B).
Sources: Fantner69 and Liu70

Kim et al. developed a novel composite scaffold of bioactive glass nanofibers (diameter
320 nm) and type I collagen. The nanofiber composite scaffold rapid formed a bone-like apatite
layer typically found in bone implants when cultured in vitro. Osteoblasts seeded on the scaffolds
also showed elevated alkaline phosphatase activity over controls.24

Yoshimoto et al.

experimented in vitro with rat mesenchymal stem cells on poly(e-caprolactone) (PCL) nanofibers
with an average diameter of 400 nm. After one week of culture, the cells had already penetrated
the nanofiber scaffold and began forming extracellular matrix. By the end of the four week study,
the cells were producing type I collagen—an osteoinductive response.25 Ruckh et al. also noted
similar results with marrow stromal cells on PCL nanofibers with a diameter of 372 nm. Not only
did the nanofiber scaffolds exhibit greater cell adhesion in his study, but they also had higher
levels of alkaline phosphatase activity, calcium phosphate mineralization, osteocalcin, and
osteopontin.26 Similarly, in a study conducted by Brown et al., the same proteins and
osteoinductive markers were shown to be elevated when cells were seeded on a nanofibermicrosphere composite as opposed to the microspheres alone.27
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Curvature Sensing
Numerous studies have shown that cells are sensitive to and can detect the geometry of
their substrates, as highlighted in a review by Ozdemir et al.28 Unpublished data from the Brown
lab has shown that cell membranes have the ability to curve around nanostructures. As seen in
Figure 1-2, cells have been seeded onto nanofiber scaffolds and imaged using TEM. When the
fibers are large—approximately >1 μm (Figure 1-2A)—the cell sits atop of the fiber as if it were
a flat surface. However, when the nanofiber diameter decreased below 1 μm (Figure 1-2B) the
cell membrane bends around the fiber. Bending is mirrored on the cell’s interior, where specific
cytoplasmic proteins have the ability to adhere to the curved membrane. This ability of proteins to
“sense” the curvature of the membrane is not well delineated, but has been loosely defined as an
increase in the density of proteins on highly curved membranes when compared to less curved or
flat membranes.29

Figure 1-2: Cross-sectional TEM image of a cell on nanofibers. If the nanofibers are large, the
cell rests on top of the fiber (A). When the radius of the nanofiber decreases, cells will bend
around the nanofiber (B). Source: Brown, unpublished data
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One of the first curvature sensors discovered is ArfGAP1.30 ArfGAP1 catalyzes the
hydrolysis of GTP in Arf1, a G-protein that drives the assembly of COPI coats used to stabilize
vesicles as they travel from the Golgi apparatus to the rough endoplasmic reticulum.31 By
catalyzing this reaction, ArfGAP1 effective controls the disassembly rate of the COPI coat. It has
been shown that the activity of ArfGAP1 increases with membrane curvature.31–33 Activity
continues to increase until the curvature of the bilayer reaches 50 nm, the radius of a typical
transport vesicle.33 COPI is capable of inducing membrane curvature, thus there is the possibility
of a negative feedback look when COPI induces membrane curvature too far and leads to
ArfGAP1 catalyzing the hydrolysis of the coat.31,32
The entirety of ArfGAP1 is not necessarily involved in curvature sensing.32 Bigay et al.
discovered that a central sequence of forty amino acids is responsible for ArfGAP1’s ability to
sense curvature. This sequence is able to bind to small liposomes with the same radius sensitivity
as ArfGap1. Named the ArfGAP1 Lipid Packing Sensor, or ALPS, this motif is conserved from
yeast to mammals and is found throughout the ArfGAP family.32 When binding to liposomes with
a radius greater than 100 nm, ALPS is generally soluble; however, when the radius drops below
50 nm, it adsorbs to the surface with complete binding observed by 30 nm.30 Interestingly, the
ALPS sequence lacks charged residues, thus eliminating electrostatics as its mechanism for
sensing curvature.30 Instead, binding is accomplished by the insertion of an amphipathic alpha
helix into packing defects in the lipid membrane.30–32 Thus, ALPS does not explicitly sense
membrane curvature, but rather senses and binds to defects in lipid packing. Packing defects, as
defined by Antonny,30 are when a region of the lipid bilayer has a lower time-averaged atomic
density. Illustrated in Figure 1-3, when the radius of a membrane is 30 nm, two lipid head groups
that are 2 nm apart when flat will have two degrees of tilt between them.30 Though the separation
is subtle, the packing of lipids in the membrane becomes sufficiently loose to permit the
penetration of the amphipathic helix.32,34 Simulations conducted by Cui et al. have concluded that
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a defect must have an area of at least 0.5 nm2 in order to permit the insertion of the amphipathic
helix.35 In the same simulations, Cui found that although defects also exist in flat and concave
membranes that the defects are either too small or too low in density to permit insertion. Giving
further evidence for the packing defect theory, ALPS can bind to large liposomes if the lipids
heads are conically shaped, which results in a larger “gap” between lipid molecules.30 As
expected, high lipid packing will exclude the ALPS motif.36 When lipid packing is sufficiently
loose, ALPS will weakly bind to the membrane. At high concentrations, the individually weak
bonds of ALPS will combine to yield a net bond that is strong. This type of bonding is
comparable to Velcro, but on a molecular scale. Each hook (or ALPS motif) forms a weak
physical connection with the looped surface (or membrane lipids). In large numbers the net
strength of the bond is strong though the individual bonds are quite weak.30

Figure 1-3: Lipid packing is tighter on when the membrane is flat (A) than when the
membrane is curved (B). Loose packing of the lipids permits the insertion of amphipathic
helices into the membrane.
In addition to the ALPS motif, another sensor of membrane curvature is the BinAmphiphysin-Rvs (BAR) domain.33 The members of the BAR superfamily—classic BAR, N-
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terminal amphipathic helix BAR (N-BAR), BAR-Pleckstrin Homology (BAR-PH), PhoX-BAR
(PX-BAR), Fes/CIP4 Homology-BAR (F-BAR), and Inverse-BAR (I-BAR)—all have a similar
structure: a dimer consisting six coiled-coils with an overall banana shape whose concave face is
positively charged (Figure 1-4).29,36,37 Having a positively charged, rigid curvature, BAR is
shaped to adhere to negatively charged membranes with a radius of 11 nm. The closer the
membrane is to this radius, the tighter BAR will bind to it.36 Both the monomer and dimer have
been show to target curved membranes, though once bound to the membrane the monomer’s local
concentration will increase and the proteins will dimerize.29 The K d of the monomer:dimer is 6
μM, indicating that the two are in equilibrium in vivo.36 In addition to dimerizing with itself, BAR
proteins have been show to dimerize with other members of its superfamily, indicating possible
crosstalk of different functional pathways.38 BAR is also commonly found with other binding
domains, such as pleckstrin homology domains, which bind phosphoinositides, and phox domains
which bind 3-phosphorylated phosphoinositides, giving rise to the hypothesis that some BAR
proteins may act as a logical AND gate.39

Figure 1-4: List of the different types of BARs. Source: Frost37
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Despite initial theories that attributed BAR’s ability to sense membrane curvature to its
structure,36 it has now been shown that BAR functions similarly to ALPS: curvature sensing
through the insertion of amphipathic alpha helices into lipid packing defects. The N-terminal of
the BAR domain has been shown to increase in helical content when bound to lipids, indicating
that an amphipathic helix is found on the N-terminal of the BAR domain.29,30,36,38–40 This region is
the only conserved feature of the BAR domain from yeast to humans.36 By modifying the
hydrophobic motifs in the helix, Bhatia et al. showed that BAR was unable to sense curvature
when the motifs were altered.29
The only commonality that explains protein’s ability to sense curvature is the
membrane.40 Hydrophobic insertion into lipid packing defects, as evidenced in the BAR, ALPS,
and, more recently, Barkor/Atg14(L) autophagosome targeting sequence (BATS) domains,
explains the ability of proteins to sense and bind to curved membranes. Unrelated secondary
characteristics, such as alpha helices and alkyl chains, are able to sense membrane curvature,
further strengthening the argument that curvature sensing is a property of curved membranes
promoting the localization of hydrophobic structural elements and not the proteins that “sense”
them.41
Recently, more attention has been given to BAR’s ability to induce membrane curvature.
The binding energy of BAR to a curved membrane is similar to the energy required to bend the
membrane,42 so it is not farfetched that the two are not exclusive of one another.37 Should the
energy required to bind to a curved membrane be more than the energy required to deform a flat
membrane, then deformation will occur. However, if the binding energy is not sufficient to permit
deformation, a protein may still preferentially bind to an existing curved membrane.36 Assuming a
membrane bending modulus (k b ) of ~20k B T (where k B is Boltzmann’s constant and T is
temperature) and the space occupied by the BAR to be equal to roughly one quarter of a cylinder
with a length of 5nm (L) and a radius of 11 nm (R), the bending energy required to bend a flat
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membrane to one with a radius of 11 nm can be calculated using the equation: 𝐸𝑏 =

𝜋𝑘𝑏 𝐿
𝑅

. When

solved using the assumed values, the bending energy required by four BAR domains to bend a
membrane into a full cylinder is approximately 28k B T or 7k B T per BAR (approximately 5

kcal/mol). To achieve this amount of energy, there must be at least 5-10 basic amino acids in the
peptide in order to bend the membrane. Should the membrane have a larger bending modulus or
if there are fewer basic residues, then the BAR will bind to the membrane as opposed to bend it.42
When in high concentrations, BAR can stabilize curvature and even induce the formation
of tubules.39,43 One theory behind this is that the binding of a single BAR causes local
deformations in the membrane which, in turn, initiates a positive feedback loop that recruits more
BAR molecules.37 Despite the hydrophobic insertion theory, mutation of the positive charges on
the concave surface of the BAR has been shown to prevent the formation of tubules in vitro.36
Even though research interests has shifted towards deforming membranes, there still may be
members of the BAR family that solely sense curvature and have yet to be studied.30
The sensing mechanism presented here were all tested in vitro. There are very few
instances of validated in vivo curvature sensing (i.e. testing with live cells as opposed to testing
with isolated liposomes and proteins). Reasoning behind this dearth of knowledge is due in part to
the young age of the field, but more so to difficulties in the experimental techniques required to
isolate and localize protein function on nanoscale membrane curvature.40 However, a better
understanding of these curvature sensing mechanisms can have a profound impact in tissue
engineering. Some sensing molecules, such as arfaptin—a curved helix bundle with a C-terminal
domain similar to BAR—have the ability to bind to the small G-proteins Arf, Arl, and Rac
independently of membrane binding.36,39 Some researchers have even proposed that by
controlling cell membrane curvature that these binding relationships can be controlled.44 This
coupling of curvature sensing with enzymatic activities offers exciting potentials, including the
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regulating Rho GTPase activity, which has been shown to control cytoskeletal remodeling and the
polymerization of actin.39

Rac1 and Arfaptin
Rac1,which is found in all eukaryotic cells, is a small—approximately 21 kDa—GTPbinding protein (GTPase) that has been associated with endocytosis, cytoskeletal rearrangement,
vesicle transport, focal adhesion turnover, lamellipodial extension, and proliferation.38,45–47 Rac1
is a member of the Ras superfamily and Rho subfamily of proteins and has been described as a
“molecular switch” that is inactivated when bound to guanosine diphosphate (GDP) and activated
upon phosphorylation to guanosine triphosphate (GTP).46–48

As illustrated in Figure 1-5,

inactivation (dephosphorylation) of Rac1 occurs via a GTPase-activating protein (GAP) and
activation (phosphorylation) occurs via a guanine nucleotide exchange factor (GEF). BARdomain proteins, such as amphiphysin and arfaptin, are capable of binding GTPases (Figure
1-6).38,45,48 Once freed from a BAR-domain, Rac1 can be easily activated through integrin-linked
kinases or other proteins.44
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Inactive

Pi

Rac1

Rac1

Active
Figure 1-5: Mechanism of Rac1 activation and inactivation via GEF and GAP. Source:
modified from Alberts55

Rac

Arfaptin (monomer)
Figure 1-6: Arfaptin, a member of the BAR domain superfamily, is capable of binding
GTPases such as Rac. Source: Vogel44
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These BAR-domain proteins do not exclusively bind GTPases, as they have been
reported to sense and bind to membrane curvature. As a vesicle trafficking protein, arfaptin is fine
tuned to adhere to curved membranes with a radius of curvature similar to that of vesicles or
naturally occurring fibers (<100 nm).38,44 Vogel et al. proposed that that arfaptin has an either/or
relationship between adhering to the membrane and binding a GTPase, as illustrated in Figure
1-7.38,44 Should her hypothesis be correct, the levels of free Rac1 can be elevated if the cell
membrane bends around a sufficiently small structure, such as a nanofiber, to promote arfaptin
binding to the membrane, thus resulting in the release of Rac1.
More free Rac1 should lead to more activated Rac1, which can then act to accelerate
Rac1-mediated mitogen-activated protein kinase (MAPK) signaling, an evolutionarily conserved
signaling cascade responsible for cell proliferation and differentiation, leading to an
osteoinductive response and accelerated proliferation.49 As seen in Figure 1-8, inactive Rac1
(bound to GDP) is phosphorylated by GEF to form active Rac1 (bound to GTP). Active Rac1
then activates two parallel MAPK pathways, ultimately leading to the activation of p38 and
JNK.50,51 Both p38 and JNK have been shown to be involved with osteoblastic differentiation.
p38 is associated with early osteoblastic differentiation as indicated by its effect on levels of
alkaline phosphatase, an early bone marker.52,53

JNK is associated with mature, or late,

osteoblastic differentiation as indicated by its effect on matrix mineralization.54
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A.

B.

Figure 1-7: Arfaptin can bind to either a GTPase, such as Rac (A), or to a curved cell
membrane (B). It is necessary that the curvature is sufficiently small in order for Arfaptin to
bind. Source: Vogel44
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Figure 1-8: Rac1mediated signaling pathway beginning at inactive Rac1 and ending at p38
MAPK and JNK. Source: modified from Thomson Reuters71
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Rac activation is also associated with cell ruffling.51,55 Shown in Figure 1-9 (red arrow),
ruffling occurs when a cell’s lamellipodium fails to adhere to a substrate, resulting in the
lamellipodium to lift upward and backward rapidly.55 Experiments involving the injection of Rac
into fibroblasts show that once injected, Rac immediately causes the cell ruffling followed by
focal adhesion and stress fiber formation 5-10 minutes later.56 One may argue that increased
Rac1 levels may be the results of ruffling and not due to nanofiber curvature. The ruffles, as seen
in the electron micrograph in Figure 1-9, are considerably larger than the 100 nm curvature that
will be generated by small nanofibers. Therefore any local increase in Rac1 can be attributed to
the nanofibers and not ruffling. Filopodia, or microspikes (indicated by the yellow arrow in
Figure 1-9), are closer in size to the expected curvature caused by nanofibers. However, filopodia
are a result of cdc42 signaling, another monomeric GTPase of the Rho protein family. Therefore
filopodia should not have significant local concentrations of Rac.51

Figure 1-9: Electron micrograph of cell ruffling. Black outlined arrow indicates the direction
of movement. Red arrow points to an example of a ruffle. Yellow arrow points to a
filopodium. Scale bar is 5 μm. Source: Alberts55

20
Clinical Need, Objectives, Hypothesis, and Outline
The simple question to ask is why. Why does it matter that nanofibers can increase Rac1
levels and lead to an increased proliferation rate?
biochemical factors to promote proliferation?

Why not use growth factors or other

In short, the answer is that these chemicals

complicate the cellular growing process and are prohibitively expensive to use long term.
Chemicals are quickly depleted and need to be replenished by either direct addition of new
material or through a slow release from a biodegradable polymer. Once implanted in the body,
maintaining localization of these chemicals becomes a logistical nightmare.

By using the

substrate as the control mechanism, there is no need to worry about chemical additions to
maintain a high rate of proliferation and differentiation.
Components of this study have previously been tested individually for other unknowns,
but never before have all of the components been incorporated into a single series of experiments
with the specific target of active Rac1. The techniques employed by previous studies will be
modified to fit the needs of this project. Based upon my review of the current literature, I have
developed objectives that will be the focus of my thesis: 1) develop an electrospinning technique
to fabricate small nanofibers with a diameter of <100 nm, 2) use immunofluorescence imaging to
determine the localization of active and total Rac1, and 3) quantify the amount of active Rac1 in
cells on small nanofibers, larger nanofibers, and a control.
Modifying Vogel’s hypothesis,44 I hypothesize that nanofibers with a diameter of <100
nm will result in arfaptin-nanofiber complexes, leading to the release and subsequent activation of
Rac1. The three objectives of this thesis will each be delineated in its own chapter with methods,
results, and discussion subsections. Conclusions will then be given along with a proposed
mechanism to explain the results of the experiments. Additional details regarding the
electrospinning solvents and diameter quantification will be given in the appendices.

Chapter 2
Objectives and Preliminary Data

Objective 1: Nanofiber Synthesis
Desirable attributes of the fibers for this study, in addition to a small diameter, include
being highly interconnected, insoluble in water, and uniform. Due to the large number of
desirables, electrospinning will be used to fabricate the fibers. Electrospinning is particularly
advantageous over other nanofiber fabrication methods, such as thermal induced phase separation
and mechanical spinning, because it is easily modifiable, efficient, and cost-effective to create
nanofibers with a wide range of sizes and densities.57 Illustrated in Figure 2-1 and Figure 2-2,
electrospinning creates nanofibers by using an electric field to drive material from a high-voltage
source to a low-voltage target. Natural materials, such as collagen and spider silk, as well as
synthetic polymers are capable of being electrospun; however, synthetic polymers allow for
greater control over the chemical and mechanical properties of the resulting nanofibers.9,57 Fiber
diameter can be controlled by changing the distance between the source and target, the
concentration of the polymer, the polymer solvent, the flow rate of the polymer solution, and the
applied voltage. In addition to the volatility of the solvent, its electrical conductivity has been
shown to have a significant role in fiber diameter and quality.58 Density of the fibers can be
controlled via the length of time electrospinning.
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High Voltage Source

Syringe
Filled with
Polymer
Solution

Fiber Formation

Coverslip
Figure 2-1: A schematic of the electrospinning process. In the procedure to be used for this
experiment, the syringe is connected to a syringe pump to control the flow rate of the solution and
a coverslip is placed on a region of exposed copper on the otherwise wax-insulated negative
electrode.
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A.

B.
Figure 2-2: Image of single fiber (A) and a cone of fibers (B) during electrospinning.
An empirical process will be used to determine the electrospinning conditions that will
yield the smallest fibers. One of the largest problems facing the development of small nanofibers
is fiber uniformity. Typically, as fiber diameter decreases the amount of inconsistencies between
fibers increases. Two of the largest inconsistencies are beading, where the fiber diameter
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dramatically increases for a short region of the fiber’s length, and spraying of the polymer
solution. An example of spraying and beading can be seen in Figure 2-3A and Figure 2-3B. Ideal
fibers with a uniform diameter without beading or spraying can be seen in Figure 2-3C.
The process of developing ideal nanofibers is one of trial and error. Even when using the
electrospinning parameters of other researchers as a starting point, they must be fine-tuned for the
specific electrospinning apparatus and environmental conditions (temperature and humidity).
Humidity has a more significant effect on the fiber diameter than does temperature, because the
relative humidity controls the rate at which the polymer’s solvent evaporates. Therefore a
constant humidity must be maintained to achieve repeatable results. To ensure that the fibers are
of highest uniformity, they must be spun of a single polymer solution within one day.
Scanning electron microscopy (SEM) was used to image the nanofibers, which will be
sputter coated with gold prior to imaging. Samples will be evaluated under high vacuum using a
secondary electron detector. ImageJ will be used to measure the diameters of the fibers using the
scale bar from the SEM image. Fibers must be made of the same polymer—though different
solvents may be used—and fall into one of three ranges of diameters: <100 nm, 250-500nm, and
>1,000nm. To be deemed uniform all fibers must be less than 70% different from the average
within each diameter range as determined by the following equation:

Percent Difference=

|Value-Average Value|
× 100
(Value+Average Value)⁄2
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A.

B.

A.

Figure 2-3: An example of poor
electrospinning results: splattering (A) and
beading (B). Ideal nanofibers have a
uniform appearance and no spraying or
beading (C). Source (A and C): Liu70

C.
Polyacrylamide (PA) was the first polymer used in an attempt to generate small
nanofibers. PA was chosen because the resulting elasticity can be easily modified by adjusting the
ratio of acrylamide:bis-acrylamide during its synthesis. An adjustable elasticity is desirable
because the stiffness of a cell’s substrate has been shown to have a significant impact on cell
activity and differentiation.59–61 Generally, stiffer substrates require larger and stronger focal
adhesions so the cell can counteract the tensions generated by the increased stiffness, as seen in
Figure 2-4.62 In larger focal adhesions, the there is an elevated level of focal adhesion kinase
(FAK). FAK, which is most active during assembly and disassembly of focal adhesions, is
capable of activating Rac1 by phosphorylating βPIX which then activates Rac1, as illustrated in
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Figure 2-4.63,64 An elevated amount of FAK should lead to more Rac1. Rac and Rho make up a
subgroup of the Ras superfamily and they have similar functions, such as being involved in cell
motility and adhesion.46 Substrates can become so stiff to the point that Rho, and thus Rac,
activity no longer increases.62

Figure 2-4: Substrate stiffness has shown to increase the amount of Rho activity in bound
cells. Rho and Rac are part of the Ras superfamily and have similar functions involving focal
adhesions. Source: Peyton62
The electrospinning conditions used in a study conducted by Lui et al. served as the
starting point for PA nanofiber fabrication, though these conditions were slightly modified to
meet the desired qualities of the finished fibers.

A 22x22 mm coverslip coated in a 3%

poly(HEMA) solution (wt/vol, MW 20 kDA) in 95% ethanol served as the target. Coating the
coverslip with poly(HEMA) prevents cells from adhering to the glass subsurface, ensuring that
cells are only attaching to the nanofibers. The coverslip was placed on a section of exposed
copper on the Parafilm-coated copper plate (the counter electrode).

Interconnectivity and

resistance to water solubility was tested via a “wash test:” soaking the nanofiber-coated
coverslips for 10 minutes in DI water and allowing them to dry overnight. The coverslips will
then be qualitatively observed using a light microscope. This step is critical to ensure that the
fibers do not dissolve or detach from the coverslip during incubation with cells.
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PA concentration, molecular weight of PA, distance to target, flow rate, and applied
voltage were optimized to generate the smallest fibers. The resulting fibers were analyzed
qualitatively using a transmitted light microscope. Additionally, two crosslinking mechanisms
were assessed to determine which would allow for greatest interconnectivity of fibers.
Glutaraldehyde, which was used in Liu’s method, was initially used, but failed to pass the wash
test with DI water (i.e. the fibers were either dissolved or detached from the surface). Instead, a
photoinitiator, Irgacure 2959, was added in a 1:1 molar ratio to the 19:1 acrylamide:bisacrylamide solution to crosslink the nanofibers. Once coated with nanofibers, a coverslip was
immediately exposed to UV light for four minutes to crosslink the fibers. The peak absorbance
wavelength of Irgacure is 280 nm, but another UV wavelength can be used if the exposure time is
increased.65 A 40% (wt/vol) of acrylamide:bis-acrylamide solution and Irgacure 2959 was used
and crosslinked via exposure to UV light; however, the fibers did not pass the wash test. When
the solution was increased to 80%, the fibers did pass the wash test.

Washing the fibers

qualitatively decrease the diameter.
PA was commercially obtained in 50% solutions in water (wt/vol) with molecular
weights of 1,500 and 10,000 Da. PA with an unknown molecular weight (MW) was synthesized
in the laboratory. It is believed that this PA has a MW >10,000 Da due to the considerable
amount of time necessary to dissolve in water (>8 hours for 32% wt/vol solution in water). The
PA was synthesized by dissolving 1 g of >95% pure acrylamide into 5 mL of DI water. 37.5 mg
of ammonium persulfate and 30 μL of tetramethylethylenediamine (TMED) were added to the
mixture to act as catalysts. After thoroughly mixing, 10 mL of ethanol was added to precipitate
the PA. After removal of the aqueous layer, the PA was washed with ethanol and further dried in
a vacuum desiccator. Once dry, the PA was ready to be used in electrospinning. The MW of this
PA would be determined using gel permeation chromatography should it be chosen as the PA for
making nanofibers.
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Holding all other conditions constant, it was determined that higher molecular weight PA
resulted in smaller fibers. Distance to target was varied from 4 cm to 50 cm. Nanofiber diameter
decreased with increased distance to target; however, no significant decrease in diameter was
noticed after 24 cm. The following PA concentrations were tested: 5, 10, 12, 14.5, 16, 20, and
25% (wt/vol). Higher concentrations resulted in splattering and lower concentrations resulted in
spraying of PA. 14.5% PA yielded the smallest fibers with the least incidence of defects. Flow
rate had no apparent effect on fiber diameter as long as a bead of polymer solution remained on
the needle tip. At extremely low flow rates (0.05 mL/hr), the density of fibers was severely
diminished for a given amount of spinning time when compared to a high flow rate. A rate of 0.5
mL/hr was chosen as the ideal flow rate because it allowed for a sufficient solution bead to form
on the needle tip without wasting material. Applied voltage was varied between the extremes of
the voltage supply (8 and 20 kV). Lower voltage yielded smaller fibers; thus a voltage of 8 kV
was used. Spin time could be increased or decreased to adjust the density of the nanofibers. An
18G needle tip was used in combination with a copper discoid “shield,” which was used to direct
the nanofibers towards the target as opposed to the grounded syringe pump. Additional
experimentation of individually adding glycerol, PBS, SDS, and Tween-20 to the PA spinning
medium and resulted in no significant change of fiber diameter. Changing the solvent from water
to acetic acid also yielded no noticeable change in fiber diameter.
The following conditions were used to electrospin the nanofibers: 14.5% PA (wt/vol,
MW >10,000 Da) in DI water, 0.5 mL/hr, 24 cm, 8 kV, 4 minutes of UV treatment (broad
spectrum with a peak at 305 nm), and 1 minute of heat treatment at 120oC to remove any residual
water.

These fibers all successfully passed the wash test. A FEI Quanta 200 Environmental

SEM was used to quantify the size of unwashed nanofibers as seen in Figure 2-5. The fibers were
sputter coated with gold at an unknown deposition rate.
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A.

B.
Figure 2-5: ESEM images of unwashed PA
nanofibers. 1,000x (A), 10,000x (B), and
20,314x (C) magnification shows that the
fibers
are
randomly
aligned
and
homogeneous.

C.
The nanofibers were measured using the 20,314x magnification image (Figure 2-5C) in
ImageJ. Diameters can be found in Table 2-1. The fibers were all <70% different from the
average and were therefore considered uniform. It is important to note that nanofibers were
unwashed before imaging.

After the images were taken, washing the nanofibers further

decreased the diameter, although this decrease was not quantitatively measured.
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Table 2-1: This table shows the diameter of 12 randomly selected nanofibers from Figure 2-5C.
The percent difference from the average was then calculated using the above equation.
Diameter
(μm)
1
0.533
2
0.441
3
0.442
4
0.436
5
0.524
6
0.466
7
0.434
8
0.366
9
0.367
10
0.460
11
0.432
12
0.448
Average
0.446
Fiber

% Difference
from Average
17.83
1.07
0.84
2.21
16.14
4.44
2.67
19.65
19.38
3.15
3.13
0.50
7.58

As seen in Table 2-1, even the parameters that resulted in the smallest PA nanofibers
were not adequate to produce nanofibers below 100 nm. Due to the inability to electrospin
nanofibers below 100 nm, the true molecular weight of the synthesized PA was never determined.
A different polymer, poly(L-lactic acid), was chosen to continue nanofiber development, which
are elaborated upon in Chapter 3.

Objective 2: Immunofluorescence Imaging
Before quantitatively analyzing active Rac1 levels in nanofiber adherent cells in
Objective 3, it is important to determine where in the cell active Rac1 localizes. MC3T3-E1
Subclone 4 cells were chosen for this phase of experimentation. These cells are preosteoblasts
and were chosen because they are a well-documented model for studying in vitro osteoblastic
differentiation.

Additionally, MC3T3s are relatively inexpensive and provide an excellent
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analogue for mesenchymal stem cells that would be seeded onto nanofiber scaffolds if used in
vivo. Passage number for the cells should remain under forty, at which point the cells begin to
lose their preosteoblastic phenotype. Preliminary results in Figure 2-6 through Figure 2-10
suggest that active Rac1 localizes along nanofibers.

A.

C.

B.

D.

Figure 2-6: MC3T3-E1 Subclone 4 cells on flat PLLA controls (A and C) and PLLA
nanofibers (B and D) stained for active Rac1. Two time points were used: 6 hours (A and B)
and 24 hours (C and D). At both time points, active Rac1 tends to localize in processes along
the nanofibers, whereas the controls exhibit no such localization. Brightness and contrast have
been adjusted to minimize background. All images are of the same scale show in D (100 µm).
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Line 3
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Line 2
C.
Figure 2-7: 6 hour Control cells - RGB
line graphs (B-D) of three lines in image
A. Red channel is active Rac1, green
channel is total Rac1, and the blue channel
is the DIC surface image. The yellow
boxes in each line graph represent the
approximate edges of the cell/nanofiber
and the horizontal axis is the distance
along the plotted line in inches. There
appears to be no increase in active Rac1
along the nanofibers.
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Figure 2-8: 6 hour Nanofiber adherent
cells - RGB line graphs (B-D) of three
lines in image A. Red channel is active
Rac1, green channel is total Rac1, and the
blue channel is the DIC surface image.
The yellow boxes in each line graph
represent the approximate edges of the
cell/nanofiber and the horizontal axis is
the distance along the plotted line in
inches. This data indicates that active
Rac1 localizes along the nanofibers.
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Figure 2-9: 24 hour Control cells - RGB
line graphs (B-D) of three lines in image
A. Red channel is active Rac1, green
channel is total Rac1, and the blue channel
is the DIC surface image. The yellow
boxes in each line graph represent the
approximate edges of the cell/nanofiber
and the horizontal axis is the distance
along the plotted line in inches. There
appears to be no increase in active Rac1
along the nanofibers.
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Figure 2-10: 24 hour Nanofiber adherent
cells - RGB line graphs (B-D) of three
lines in image A. Red channel is active
Rac1, green channel is total Rac1, and the
blue channel is the DIC surface image.
The yellow boxes in each line graph
represent the approximate edges of the
cell/nanofiber and the horizontal axis is
the distance along the plotted line in
inches. This data indicates that active
Rac1 localizes along the nanofibers.
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In addition to staining for active and total Rac1, vesicle trafficking proteins, such as
arfaptin, clathrin, and caveolin can also be immunostained. In Figure 2-11, MC3T3s have been
seeded on nanofibers in the 200- 500 nm range. The conditions for electrospinning to create these
fibers were 25G needle, 0.5 ml/hr, 14 cm, and 18 kV with a solution of 1% PLLA (MW 650 kDa)
in 70% DCM: 30% pyridine. The fibers were uniform in size, morphology, and were relatively
bead free. Other solutions and conditions tested resulted in fibers that were not uniform, beaded,
or too large. Immunostaining showed that clathrin tended to localize along nanofibers whereas the
control slides did not (Figure 2-11). This indicates that the cell membrane was sufficiently curved
on nanofibers with diameters 200-500 nm to promote the binding of vesicle binding proteins to
the cell membrane. Further testing with smaller nanofibers may demonstrate localization of the
other vesicle proteins to the nanofibers.
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A.

B.
Figure 2-11: Cells adhered to PLLA control (A) and nanofibers (B). Immunostaining
coloring is purple-DAPI, light blue-actin, green-vinculin, and red-clathrin. Clathrin
localization indicated with arrows in B. Scale bar is 50 μm
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Objective 3: Quantification of Active Rac1
Pulldown assays and Western blots can be used to quantitatively measure the amount of
total and active Rac1 in nanofiber adherent cells. It is predicted that if nanofibers are sufficiently
small (<100 nm in diameter) that the amount of active Rac1 in the cells will significantly increase
in comparison to larger nanofibers and planar surfaces traditionally used in cell culture.
Furthermore, we propose that this mechanism is related to arfaptin’s ability to bind Rac1 and that
if arfaptin is removed from the system that Rac1 activation will increase. To test this hypothesis,
one group of cells will be transfected with siRNA to disrupt the synthesis of arfaptin and another
group of cells will be transfected with control siRNA that does not affect its synthesis. Both
groups of cells will be seeded onto small (<100 nm), medium (250-500nm), and large
(>1,000nm) nanofibers and a flat control surface. After predetermined time points the cells will
be lysed and the levels of Rac1 will be measured. An Odyssey Infrared Imaging System will be
used to quantify the results of the western blots. This will yield the total amount of arfaptin
and Rac1 in the cell.

Chapter 3
Objective 1: Nanofiber Synthesis
As indicated in Chapter 2, polyacrylamide nanofibers were unable to be electrospun
below 450 nm. In response to this, a new polymer was chosen to continue experimentation. Poly
(L-lactic acid) (PLLA) was chosen because it is a biodegradable, FDA-approved polymer for use
in medical devices. Additionally, PLLA has been successfully electrospun into uniform, bead-free
nanofibers with an average diameter as small as 19±6nm.58

Methods
Numerous combinations of PLLA electrospinning solutions and conditions were
examined for their potential to generate nanofibers with the target diameters before arriving at the
final parameters used to create the small, medium, and large nanofibers. All of the solvents used
to dissolve PLLA in 1-5% (wt/vol) solutions for electrospinning can be found in Table A-1 in
Appendix A –Teas Graph. Ranges of the physical electrospinning conditions were can be found
in Table 3-1. Time for electrospinning varied based upon the desired density of nanofibers.
Table 3-1: Ranges of physical electrospinning conditions
Parameter
Distance from
tip to target
Needle gauge
Flow rate
Voltage

Value
5-30 cm
18-30G
0.1 – 2.0 mL/hr
8-20 kV
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All nanofibers were electrospun onto 22x22 mm glass coverslips coated with either 3%
poly(2-hydroxyethyl methacrylate) (polyHEMA) dissolved in 95% ethanol (100 μL) or
Sigmacote (50 μL) and spun at 5,000 rpm for 10 seconds to ensure a uniform surface coating.
Sigmacote covered coverslips were heated at 100oC for 30 minutes to harden the coating. These
coatings were added to the coverslips to ensure that cells would only adhere to the nanofibers and
not the underlying subsurface. Coverslips were placed on a copper counter-electrode insulated
with Parafilm wax. A 6x6 cm square of copper was left exposed. Coverslips were affixed to the
exposed copper using double-sided tape.
Temperature and humidity at the time of electrospinning were recorded to improve future
repeatability. Three different molecular weights of PLLA were used (MW 50, 125, and 650 kDa);
however, only the highest molecular weight was used to generate the target diameters. The 650
kDa PLLA was obtained from Purac under the name Purasorb PL 65. All solvents were obtained
neat from Sigma-Aldrich or VWR. Solutions were heated to accelerate the dissolution of PLLA.
The final solutions and physical electrospinning parameters to create the nanofibers can be found
in Table 3-2. Note that in all electrospinning methods a copper shield was used to direct the flow
of nanofibers away from the needle pump and towards the target. Control slides were made using
a spin coater (5,000 rpm for 10 seconds) to evenly coat the surface of a 22x22mm glass coverslip
with 250 μL of 1% PLLA (wt/vol) in chloroform.
All nanofibers were imaged using a FEI Quanta 200 Environmental SEM Quanta. For the
small nanofibers a FEI NanoSEM 630 FESEM was used to obtain images with better resolution.
Gold was sputter coated at an unknown deposition rate onto the nanofibers prior to imaging. The
images were processed with ImageJ to measure the diameters of the nanofibers.
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Table 3-2: Electrospinning conditions to generate the final nanofibers: condition 1 lists
components of the polymer solutions, condition 2 lists the physical parameters of electrospinning,
and condition 3 lists the environmental conditions at the time of electrospinning.
Nanofiber Size
Small

Medium

Large

Electrospinning Conditions
1.
2.
3.
1.
2.
3.
1.
2.
3.

1% (wt/vol) in 65/35 THF/Pyridine (vol/vol)
0.3 mL/hr, 10 cm between tip and target, 10 kV, 4 minutes
30G needle, 28% humidity, 24oC, polyHEMA coated coverslips
1% (wt/vol) in 40/60 Pyridine/Acetone (vol/vol)
0.5 mL/hr, 25 cm between tip and target, 18 kV, 1.5 minutes
30G needle, 20% humidity, 24oC, Sigmacote coated coverslips
3% (wt/vol) in 40/60 Pyridine/Acetone (vol/vol)
1 mL/hr, 20 cm between tip and target, 10 kV, 1 minute
30G needle, 20% humidity, 24oC, Sigmacote coated coverslips

Results
Several qualitative trends regarding fiber quality and diameter were observed during the
numerous iterations of physical and chemical electrospinning parameters tested before arriving at
the final conditions. Generally, fiber diameter decreased as distance between tip and target
increases. After a certain distance the diameter no long decreased because the solvent had
evaporated, thus stopping the extrusion process. If the distance was too small, splattering would
occur. Smaller diameters were able to be obtained by using a lower weight percentage of
polymer in the solution. At the same concentration, higher molecular weight PLLA created larger
fibers. However, the higher molecular weight allowed for less concentrated PLLA solutions and
thus smaller fibers. Lower flow rates also resulted in smaller fibers, but they also increased the
amount of bead formation. No consistent trend was found for the effect of voltage on nanofiber
diameter. Note that if the conditions used were not suitable for fiber formation electrospraying
and splattering of the polymer solution occurred.
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The final nanofiber solutions resulted in small nanofibers with a diameter of 80±40 nm,
medium nanofibers with a diameter of 270±53 nm, and large nanofibers with a diameter of
1,048±353 nm, as illustrated in Figure 3-1.
magnification can be seen in Figure 3-2.

Images of the three fiber types at 2,000x

Although bead-free fibers were the ideal target,

electrospinning conditions could not be found that yielded nanofibers with a diameter of <100 nm
without beads. Average bead sizes approached 1 μm. The large and medium fibers were beadfree. More example images of the nanofibers and histograms of the diameter distributions can be
found in Appendix B – Nanofiber Measurement Data.
1600
1400

Diameter (nm)

1200
1000

Small Nanofibers
800
600

Medium Nanofibers
Large Nanofibers

400
200
0

Figure 3-1: Average nanofiber diameters with standard deviation error bars. All groups are
statistically significant from one another with a p-value of <0.05 by a one-way ANOVA with a
Tukey-Kramer post-hoc test.
The size of the small nanofibers pushed the limit of resolution for the FEI Quanta 200
Environmental SEM Quanta. To achieve higher resolution images, a field emission SEM (FEI
NanoSEM 630 FESEM) was used. Image quality was significantly improved, as seen in Figure
3-3, and diameters of nanofibers were able to be more accurately measured.
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A.

B.
Figure 3-2: Environmental SEM images
of large (A), medium (B), and small (C)
nanofibers at 2,000x magnification with a
scale bar of 50.0 μm. A secondary
electron detector was used with a charging
voltage of 15.0 kV and a spot size of 3.0
(A and C) or 4.0 (B). Table 3-2 lists the
electrospinning conditions used to
generate each fiber size.

C.
Due to the lack of fibers in the visual field the original test of to determine uniformity of
the fibers (<70% different from the average diameter) could not be used. Instead the diameters of
all fibers in the visual frame were measured at multiple locations along the fiber to determine the
average diameter. These diameters were compiled for three different magnifications of the same
fibers. A one-way analysis of variance (ANOVA) test with a Tukey-Kramer post-hoc test was
used to determine if the fiber diameters were significantly different.
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A.

B.

Figure 3-3: Small nanofibers imaged using Environmental SEM at 150,000x (A) and Field
Emission SEM at 112,742x (B). Note how the resolution on the FE-SEM is superior to that of
the ESEM.

Discussion
Through an extensive iterative process, nanofibers were fabricated that fell within the
target diameter ranges of <100 nm, 250-500 nm, and >1,000 nm (actual values were 80±40 nm,
270±53 nm, and 1,048±353 nm, respectively). These diameters were chosen so that a wide range
of membrane curvature would be observed. As seen in Figure 1-2, when the diameter exceeds 1
μm the cell does not curve around the fiber and attaches as it would to a flat surface. When
diameter drops below 1 μm the cell curves around the fiber, resulting in curving of the inside
layer of the cell membrane. Having a nanofiber of <100 nm means that the radius of curvature of
the cell membrane will be approximately equal to the radius of transport vesicles, which have also
been reported to be <100nm.66 This gives rise to the potential that vesicle trafficking proteins,
such as arfaptin, may bind to the cell membrane in addition to vesicles, thus increasing the
potential that more Rac1 will be released and activated.
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Fiber quality and repeatability were the main hindrances that prevented this project from
moving forward at a faster rate. As nanofibers became smaller, the number of flaws (i.e. beading,
spraying, etc.) became greater. In order to achieve fibers within the smallest target range, the
presence of minimal beading on the nanofibers was deemed tolerable. The largest factor that
affected repeatability was the environmental conditions during electrospinning. Though a
desiccant was placed inside the electrospinning box to control humidity, humidity could vary
anywhere from 20-40%. Humidity significantly affected the diameter of the electrospun
nanofibers even when keeping all other physical and chemical parameters constant.
Due to the large number of variables that can influence fiber size and quality—distance
between needle and target, polymer concentration, polymer solvent, flow rate of the polymer
solution, applied voltage, temperature, and humidity—obtaining repeatable results with
electrospinning is as much of an art as it is a science. In order to control as many parameters as
possible to yield the most consistent fibers I recommend electrospinning in a temperature and
humidity controlled clean room with an electrically insulated box. The clean room will eliminate
foreign debris from contaminating the nanofibers and will also provide consistent conditions
when electrospinning over multiple days. A voltage source with a voltage regulator should be
used to eliminate inconsistencies in voltages from the power grid. Polymers can be further
separated based on molecular weight to increase uniformity of the polymer solutions. Adding a
geared track to precisely control the distance between the tip and target would also increase
repeatability. All of the properties of electrospinning can be improved upon in similar manners,
but eventually a point of diminishing returns will be reached.

Chapter 4
Objective 2: Immunofluorescence Imaging
Preliminary data indicated that vesicle trafficking proteins, such as clathrin, and active
Rac1 may localize along nanofiber surfaces (Figure 2-6 through Figure 2-11). Localization of
active and total Rac1 needed to be tested with the final nanofiber diameters before different sized
nanofibers before progressing onto the quantification of active Rac1.

Methods
MC3T3-E1 Subclone 4 cells with a passage number of 35 were seeded at 15% confluence
onto control and nanofiber coverslips that had been sterilized under ultraviolet light. Twenty-four
hours after seeding, the cells were fixed and immunostained with the following protocol:
1. Wash quickly with 1xPBS with protease and phosphatase inhibitors
2. Fix with 3.7% paraformaldehyde in 1xPBS for 30 minutes (fixation buffer)
3. Aspirate FB and wash 3x with PBS for 5 minutes each
4. Incubate with 2% bovine serum albumin in 1xPBS with 0.1% Triton X-100
(permeabilization buffer – PB)
5. Add New East Biosciences Anti-Active Rac1-GTP Mouse Monoclonal Antibody
in 1:1,000 dilution in PB for 45 minutes
6. Aspirate and wash 3x with PBS
7. Add Santa Cruz Rac-1 Rabbit Polyclonal Antibody in 1:200 dilution in PB for 35
minutes
8. Aspirate and wash 3x with PBS
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9. Add secondary antibodies in the following concentrations and incubate for 30
minutes in the dark.
a. Anti-mouse 488 – 1:300
b. Anti-rabbit 550 – 1:200
c. Phalloidin 350 – 1:1,000
10. Mount slides on a coverslip with ProLong® Gold Antifade Reagent and seal with
nail polish after 24 hours
The immunostained slides were then imaged using a 40x water-immersion objective on a
Leica DM5500 upright microscope. Aperture and exposure times were kept constant for the
active and total Rac1 channels (L5 and N21 respectively) so that the images could be
qualitatively compared for the relative amounts of Rac1 between samples. Exposure time was 2.5
seconds for L5 and 776.8 milliseconds for N21.

Results
Images for control (Figure 4-1), large nanofibers (Figure 4-2), medium nanofibers
(Figure 4-3), and small nanofibers (Figure 4-4) are presented below. Active Rac1 is found in all
four cell groups, with high concentrations apparent in focal adhesions and along the leading edge
of migrating cells. Typically the nucleus had much lower concentrations of active Rac1 than the
rest of the cell. Total Rac1 appears to be more centralized, typically at higher concentrations
around the cell’s nucleus. When found in clusters, cells lacked active Rac1 in regions of cell-cell
adhesions (Figure 4-5). Extensions between cells commonly contained active Rac1 (Figure 4-6).
All images are presented in their raw format with a common scale bar.
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Figure 4-1: MC3T3-E1 Subclone 4 cells 24 hours after seeding on PLLA control surfaces.
Active Rac1(A, C, E, G) is present in cellular extensions, concentrated in focal adhesions,
whereas total Rac1(B, D, F, H) is not . The scale bar in the overlay images is 50 μm.
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Figure 4-2: MC3T3-E1 Subclone 4 cells 24 hours after seeding on large PLLA nanofibers.
Active Rac1 (A, C, E, G) is present in cellular extensions and concentrated in focal adhesions,
whereas total Rac1 (B, D, F, H) is not. There is no definitive alignment of active Rac1 along
nanofibers. The scale bar in the overlay images is 50 μm.
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Figure 4-3: MC3T3-E1 Subclone 4 cells 24 hours after seeding on medium PLLA nanofibers.
Active Rac1 (A, C, E, G) is present in cellular extensions, concentrated in focal adhesions,
whereas total Rac1 (B, D, F, H) is not. There is no definitive alignment of active Rac1 along
nanofibers. The scale bar in the overlay images is 50 μm.
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Figure 4-4: MC3T3-E1 Subclone 4 cells 24 hours after seeding on small PLLA nanofibers.
Active Rac1 (A, C, E, G) is present in cellular extensions, concentrated in focal adhesions,
whereas total Rac1 (B, D, F, H) is not. Active Rac1 appears to align along nanofibers as
evidenced by the line of active Rac1 passing through the nucleus (marked by the red arrows).
In all other nanofiber samples, the active Rac1 does not pass through the nucleus. The scale
bar in the overlay images is 50 μm.
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Figure 4-5: MC3T3-E1 4 cells 24 hours after seeding on PLLA control surfaces (A, B), large
nanofibers (C, D), medium nanofibers (E, F), and small nanofibers (G, H). There are no
regions of concentrated active Rac1 in areas of touching adjacent cells. The scale bar in the
overlay images is 50 μm.
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Figure 4-6: MC3T3-E1 Subclone 4 cells 24 hours after seeding on PLLA control surfaces (A,
B) and medium PLLA nanofibers (C, D). Note the cellular extensions stretching between
cells. These regions, indicated by arrows, present with high concentrations of active Rac1. The
scale bar in the overlay images is 50 μm.
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Discussion
Based upon the immunofluorescence imaging, it appears that active Rac1 localizes solely
on the leading edge of migrating cells and protrusions from the cell body in control, large
nanofiber, and medium nanofiber samples. These results are expected because Rac1 is associated
with focal adhesion turnover. Though there is no definitive reasoning as to why active Rac1 is
elevated in these protrusions, it may be possible that the curvature of protrusion is such that it
promotes the binding of vesicle trafficking proteins and the subsequent release of Rac1. Images
of the small nanofibers show that active Rac1 localizes along nanofibers as evidenced by the line
of active Rac1 extending through the nucleus of the cell. In all other samples the nucleus was
void of such active Rac1 formation. These results support the theory that arfaptin localizes along
the nanofibers and releases its bound Rac1.
Future experiments with staining for arfaptin and other vesicle trafficking proteins may
be able to validate this claim. These studies should also include small nanofibers (<100 nm in
diameter) to determine if there is any localization of these trafficking proteins along nanofiber
substrates. No localization of active Rac1 was found along the perimeter of clustering cells. This
suggests that cadherin adhesions are more stable than integrin adhesions and are not turned over
as quickly, thus leading to less Rac1 activation.

Chapter 5
Objective 3: Quantification of Active Rac1
Levels of Rac1 were initially quantified using pulldown assays and Western Blots;
however, due to experimental difficulties it was decided to use a more robust technique: an active
Rac1 targeting G-LISA from Cytoskeleton, Inc.

The experimental groups were the small,

medium, and large nanofibers as described in Chapter 3 and flat PLLA surfaces were the control.
Furthermore to test if arfaptin was responsible for any changes in the levels of Rac1, siRNA was
used to disrupt (knockdown) the production of arfaptin in half of the experimental groups. The
other half of the experimental groups was transfected with a control siRNA that did not affect
arfaptin synthesis.

Methods
MC3T3-E1 Subclone 4 cells (passage 36) were divided into four 15 cm dishes and grown
to 70% confluence. The siRNA transfection media was prepared as directed by Santa Cruz
Biotechnology’s protocol for POR1 siRNA. Note that POR1, Partner of Rac1, is another name for
arfaptin. 32 μL of control siRNA or 64 μL of POR1 siRNA was added to 1 mL of serum-free
siRNA transfection medium included with the transfection kit (solution A). 60 μL of siRNA
transfection reagent was diluted in a separate 1 mL of siRNA transfection medium (solution B).
Solution A was added slowly to solution B and the resulting mixture was diluted to a final
volume of 10 mL with siRNA transfection medium. Cells were incubated in this mixture for
seven hours. 12 mL of MEM-alpha with 20% FBS was added and the cells were left to incubate
overnight.
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Similarly transfected cells (i.e. control or POR1 siRNA) were transferred from the 15 cm
growth plate and seeded into 6-well plates containing 6 coverslips of PLLA control, small
nanofibers, medium nanofibers, or large nanofibers. Twenty-four hours after seeding the cells
and coverslips were washed with cold 1xPBS, transferred to a new 6-well plate, and lysed in 100
μL of protease inhibited lysis buffer from the Cytoskeleton, Inc. G-LISA kit. The 6-well plates
were then snap frozen using liquid nitrogen before being transferred to the -80oC freezer for
storage.
Though recommended by the G-LISA protocol, protein levels of the samples were not
measured and therefore the samples were not normalized prior to running the assay.

The

remainder of the assay was completed as per directed by the G-LISA instruction manual. A
PicoGreen assay was used after the G-LISA so that the levels of active Rac1 could be normalized
against DNA. Outliers were removed from the data sample if they failed the 1.5 interquartile
range (IQR) test (i.e. if value was less than Q1-1.5*IQR or greater than Q3+1.5*IQR). A oneway analysis of variance (ANOVA) test with a Tukey-Kramer post hoc test was conducted on the
outlier-free data set to determine if there was any statistical significantly difference between the
levels of active Rac1.
Additionally, two 3.5 cm tissue culture polystyrene dishes were seeded with each of the
transfected cell types. These dishes were also snap frozen, and their lysates were used in a
Western Blot to confirm that POR1 was successfully knocked down. The Western Blot was run
on a 10% polyacrylamide gel at 130V for 6.5 hours. After transferring proteins from the gel to a
membrane (80 minutes at 80V), the membranes were incubated overnight (eight hours) at 4oC
with POR1 antibody diluted to 1:500 in 5% bovine serum albumin (BSA) in Tris-Buffered Saline
with 0.1% Tween20 (TBST). The membrane was then washed five times for 5 minutes with
TBST before a half hour incubation with α-tubulin (1:1,000 in 5% BSA in TBST). Another five
washes with TBST were conducted before adding the secondary antibodies—anti-rabbit 680RD
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and anti-mouse 800CW, both diluted to 1:10,000 in 5% BSA in TBST—for a 45 minute
incubation. Three final washes with TBST and one of TBS were completed before imaging using
Odyssey Infrared Imaging System. The associated software with this system was used to analyze
the resulting scans.

Results
The purpose of this study was to test if small nanofibers (<100 nm) would lead to
increased levels of active Rac1 via an arfaptin-nanofiber complex. The results of the G-LISA,
normalized against DNA from the PicoGreen assay, can be found in Table 5-1 and are illustrated
in Figure 5-1through Figure 5-2. The control siRNA cells (i.e. those without interrupted arfaptin
production) seeded on small nanofibers had significantly more active Rac1 than all other samples
besides the control siRNA on medium nanofibers. This significance was determined by a oneway ANOVA with a Tukey-Kramer post hoc test with a p-value of < 0.01. Western Blots
confirmed that POR1 production was approximately halved in cells transfected with POR1
siRNA when compared to the control (Figure 5-4). The error bars on the graphs are the positive
and negative standard deviation. Each test group had a sample size (N) of six with the exception
of control siRNA cells adhered to the control substrate, which had an N = 5 due to having an
outlier.
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Table 5-1: Active Rac1 concentrations
Control siRNA

POR1 siRNA

(ng/mL)

(ng/mL)

Control

98.0±9.84

111.4±33.8

Large Nanofibers

103.7±28.4

85.3±14.1

Medium Nanofibers

140.9±34.4

113.5±37.5

Small Nanofibers

190.6±51.5

105.9±14.4

Sample

300
**
**

Active Rac1 (ng/mL)

250

200

150

100

50

0
Control

Large

Medium

Small

Figure 5-1: Concentration of active Rac1 in control siRNA treated MC3T3-E1 Subclone 4 cells
seeded on flat PLLA surface (control), large PLLA nanofibers, medium PLLA nanofibers, and
small PLLA nanofibers. Active Rac1 levels were statistically different between small nanofibers
and both large nanofibers and control surfaces. ** indicates a p-value of <0.01 as determined by a
one-way ANOVA with a Tukey-Kramer post hoc test. N=6 for all samples except for the control
(N=5 due to an outlier that failed the 1.5*IQR test). Error bars denote positive and negative
standard deviation for each sample group.
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Figure 5-2: Concentration of active Rac1 in POR1 siRNA treated MC3T3-E1 Subclone 4 cells
seeded on flat PLLA surface (control), large PLLA nanofibers, medium PLLA nanofibers, and
small PLLA nanofibers. There was no statistical significant difference between all samples based
as determined by a one-way ANOVA with a Tukey-Kramer post hoc test. N=6 for all samples.
Error bars denote positive and negative standard deviation for each sample group.

76

Control siRNA
300

POR1 siRNA
**

Active Rac1 (ng/mL)

**
**

250

200

150

100

50

0
Control

Large

Medium

Small

Figure 5-3: Concentration of active Rac1 in control and POR1 knockdown MC3T3-E1 S4 cells
seeded on flat PLLA surface (control), large PLLA nanofibers, medium PLLA nanofibers, and
small PLLA nanofibers. Active Rac1 levels were statistically different between the POR1 and
control siRNA treated cells on small nanofibers, and between control siRNA treated cells on
small nanofibers and both large nanofibers and control surfaces. ** indicates a p-value of <0.01
as determined by a one-way ANOVA with a Tukey-Kramer post hoc test. N=6 for all samples
except for the control surface seeded with control siRNA cells (N=5 due to an outlier that failed
the 1.5*IQR test). Error bars denote positive and negative standard deviation for each sample
group.
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Figure 5-4: Results from Western Blot show that the siRNA successfully knocked down POR1 by
a factor of approximately two (1:0.52). N=1

Discussion
Data from the G-LISA supports the hypothesis that more Rac1 is activated when cells are
adhered to smaller nanofibers; however, the mechanism by which this occurs does not directly
follow the curvature sensing hypothesis. According to the hypothesis, arfaptin must bind to the
curved cell membrane in order for its bound Rac1 to be released and activated. When arfaptin
production was interrupted by siRNA, there should have been more free—and therefore more
active—Rac1 than the control. This is not what was observed in the experiment.
Upon further review of the literature, these results can be explained. Literature searches
prior to conducting this study revealed that structural biologists believe that the physical structure
of arfaptin made it amenable to binding both active (GTP-bound) and inactive (GDP-bound)
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Rac1.48 However, when arfaptin was originally discovered by Van Aelst et al., it was found that
arfaptin only binds to active Rac1, as evidenced in Figure 5-5.67 Taking into the consideration of
the results of Van Aelst’s study, it appears that arfaptin is not an inhibitor of Rac1 activation, as
alluded to by Vogel, but rather it binds active Rac1 and inhibits its deactivation by GAPs.

Figure 5-5: Western blot indicating that arfaptin (POR1) only binds to active, or GTP-bound,
Rac1. GST (glutathione S-transferase) is a fusion protein used in the purification process of
Rac1. MBP (maltose-binding protein) is another fusion protein used to prevent the
aggregation of POR1. Source: Van Aelst67
When BAR domains were discovered by Peter et al. to be sensors of membrane
curvature, he conducted assays on their binding specificity to liposomes of various diameters
(Figure 5-6). He found that the BAR domain of amphiphysin (Amph1) had greater binding
affinities for smaller diameter liposomes (100 and 50 nm) than it did for larger diameters (800
and 400 nm). The BAR domain of Amph1 is a good analogue for arfaptin because arfaptin only
contains a BAR domain (Figure 5-7). Therefore, as liposome diameter decreased, the percentage
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of bound arfaptin should increase. These results correlate well with the concentrations of active
Rac1 found by this study (Figure 5-1): smaller nanofibers resulted in increased activation of
Rac1. The exact mechanism behind these two similarly trended results must be delineated. I
hypothesize that arfaptin has increased local concentrations along nanofibers, and that these
molecules are constantly alternating between binding the membrane and active Rac1. In doing
so, arfaptin inhibits the dephosphorylation of active Rac1, thus leading to a net increase in Rac1
activity. These hypotheses can be tested via ELISA or pulldown assays to quantify the amount of
arfaptin to see if it is upregulated, and through immunostaining active Rac1 and arfaptin to
identify any possible co-localization along nanofibers.

Figure 5-6: Binding of curvature sensing proteins to liposomes isolated from the brain.
Liposomes were separated into groups based on diameters of 0.8, 0.4, 0.1, and 0.05 μm. The
curvature sensitivity of the rat Amph1 BAR is a good model for arfaptin because arfaptin
contains a BAR domain (Figure 5-7). Source: Peter36
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Figure 5-7: An illustration of the various BAR binding domains found in proteins. Note that
arfaptin (bottom of the image) only contains a BAR domain. Source: Peter36
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Chapter 6
Conclusions
Through an iterative empirical technique in which the various physical and chemical
parameters of electrospinning were systematically altered, nanofibers within the target diameters
were successfully fabricated.

The final fiber diameters were 80±40 nm, 270±53 nm, and

1,048±353 nm. Though the two larger fiber diameters were relatively bead-free, a small amount
of beading was deemed acceptable in the small nanofibers in order to achieve the target diameter
range of <100 nm. Future studies could eliminate these defects by continuing to alter the
parameters of electrospinning under more closely controlled environmental conditions,
specifically temperature and humidity.
Immunofluorescence imaging indicated that there is localization of active Rac1 in cells.
However, this localization was not along the medium or large nanofibers as predicted, but rather
on the leading edges of migrating cells, in focal adhesions, and in cellular protrusions between
cells. Active Rac1 was found to localize along small nanofibers. More studies with the small
nanofibers and other vesicle trafficking proteins must be completed before definitive conclusions
about the co-localization of these proteins and nanofibers can be drawn.
Quantitative testing of active Rac1 showed that small nanofibers lead to an elevation of
active Rac1 levels.

However, it was found that this response is dependent on the vesicle

trafficking protein arfaptin, contrary to the theory proposed by Vogel.44 Though not definitively
proven, it is hypothesized that arfaptin binds to active Rac1 and competitively inhibits the
deactivation of Rac1 by GAPs, thus leading to higher levels of active Rac1. An illustration of
this process can be found in Figure 6-1. The exact mechanism as to why Rac1 is more activated
has yet to be determined, but the results of this study suggest that using small nanofibers as graft
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surface coatings does have the potential to improve the osteoinductivity of synthetic bone grafts.
Future studies looking at the effects of small nanofibers on levels of alkaline phosphatase, or
other marker proteins, could test if the increase in active Rac1 also means an increase in
osteoblastic differentiation as predicted by the modified signaling pathway in Figure 6-2.

Figure 6-1: Proposed mechanism of how arfaptin binds active Rac1 and prevents its
inactivation via GAP.
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Figure 6-2: Rac1mediated signaling pathway beginning at inactive Rac1 and ending at p38
MAPK and JNK. POR1 and nanofibers act to increase the concentration of active Rac1.
Source: modified from Thomson Reuters71

Appendices

Appendix A –Teas Graph of Solubility Parameters
This graph depicted in Figure A-1, developed by IBM, plots the hydrogen bonding, polar,
and dispersion forces of solvents against one another. The solvents highlighted in yellow are
solvents used in the Musculoskeletal Regenerative Engineering Lab to dissolve poly(L-lactic
acid). Numbers on the Teas Graph correspond to the numbers associated with the solvents in
Table A-1. Note that the point designating dimethylformamide (DMF) was added manually and is
represented by the red box. Solvents were used individually and in various combinations with one
another to evaluate their effect on the size and uniformity of the nanofibers.

Table A-1: The solvents used to dissolve poly(L-lactic acid) for electrospinning purposes.
2 – Acetic Acid

4 – Acetone

46 – Chloroform

150 – Methylenechloride

157 – Nitromethane

192 – Pyridine

203 – Tetrahydrofuran

219 – Water

Red Box – Dimethylformamide
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Figure A-1: IBM Solubility Parameter Teas Graph for solvent used to dissolve poly(L-lactic acid)
for electrospinning purposes. The numbers highlighted in yellow were the solvents used in this
study (see Table A-1) with the red box representing DMF. Source: Balakrishnan68
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Appendix B – Nanofiber Measurement Data
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Figure B-2: Histograms of fiber diameter distributions based on FE-SEM and ESEM images for
small (A), medium (B), large nanofibers (C), and an overlay of all three (D).
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Table B-2: Statistical analysis of measured nanofiber diameters
Diameter (nm)

Small Nanofibers

Medium Nanofibers

Large Nanofibers

Average

82

270

1,048

Standard Deviation

40

53

353

Median

70

258

1,021

Minimum

29

183

364

Maximum

195

495

2,018
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A.

B.

C.

D.

E.
F.
Figure B-3: Small nanofibers imaged using Field Emission SEM at 112,742x (A), 80,030x
(C), and 380,689x (E) and Environmental SEM at 10,000x (B), 20,000x (D), and 50,000x (F).
The rough surface on the FE-SEM images is the gold sputter coating.
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A.

B.

C.

D.

E.
F.
Figure B-4: Medium nanofibers at two different locations (A/C/E and B/D/F) at 2,000x (A/B),
10,000x (C/D) and 20,000x (E/F).
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A.

B.

C.

D.

E.
F.
Figure B-5: Large nanofibers at two different locations (A/C/E and B/D/F) at 1,000x (A/B),
5,000x (C/D) and 10,000x (E/F).
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