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Abstract 

Spinal cord injury presents many barriers to regeneration that have yet to be solved. 

Guidance conduits are a promising approach that allow regenerating tissue to bypass or traverse 

the injury site. Peripheral nerve autografts into the spinal cord have guided neurons and glia around 

an injury site and resulted in some functional recovery.  Synthetic guidance conduits made from 

electrospun fibers have shown an ability to guide robust regeneration after spinal cord injury. The 

surface topography of the electrospun fiber scaffolds is important for cell guidance, and can be 

modified by changing the fiber diameter, fiber alignment, and fiber surface nanotopography, 

among others. While the effects of these fiber physical characteristic on neuron guidance has been 

determined, it remains unknown how fiber diameter and surface nanotopography affect astrocytes 

- the most abundant cells in the CNS. Astrocytes maintain homeostasis in the healthy CNS and 

provide guidance and protection to neurons after injury. As a result, astrocytes should be 

considered an important therapeutic target for biomaterial approaches. The current thesis studied 

the effects of surface topography on astrocyte morphology and astrocyte phenotype.  

First, the astrocyte response to fiber surface nanotopography was tested. Astrocytes were 

cultured on three engineered surface topographies - smooth, pitted, or divoted fiber surfaces. 

Astrocytes isolated from the spinal cord were compared to astrocytes isolated from the cortex, to 

determine if there was a different response from astrocytes selected from different anatomical 

locations. The astrocyte morphological response was measured with immunocytochemistry, while 

the GFAP and vinculin protein expression was measured using Western blot techniques. The 

findings suggest that smooth fiber surfaces allowed for the longest cortical astrocyte extension 

after 4 days in culture, while the pits and divots reduced astrocyte elongation. The spinal cord 

astrocytes exhibited smaller elongation ratios over the times tested, compared to the cortical 
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astrocytes, and did not have significantly different responses to the fiber surfaces tested.  Since 

astrocyte elongation is correlated with neurite outgrowth, these data shows that the smooth fibers 

provide the greatest astrocyte elongation. The GFAP and vinculin expression were not 

significantly different among any of the surfaces or cell types tested. 

Second, the astrocyte response to fiber diameter was tested. Astrocytes were cultured on 

large (800nm) diameter, small (386nm) diameter, and film substrates, and the astrocyte 

morphology was analyzed over the first four days in culture. Astrocytes became significantly more 

elongated on the large fibers as early as two hours after culture, and remained significantly more 

elongated after four days.  The effect of fiber diameter on GLT-1, GLAST, and GFAP expression 

were examined by western blot. GLT-1 was significantly increased on the fiber substrates, 

compared to the film, but GLT-1 expression was not dependent on fiber diameter. A glutamate 

excitotoxicity assay was performed on an astrocyte/neuron coculture to determine if the increased 

astrocyte GLT-1 expression improved neuron protection. The findings suggest that fibrous 

surfaces improved cell survival, however the differences were not statistically significant from the 

film control.   Next neuron outgrowth was observed on the astrocyte surfaces prepared on each of 

the three topographies - small fiber, large fiber, and film.  Neurons were cultured on the 

astrocyte/fiber surfaces and compared to an astrocyte/film control. The results suggest that after 4 

days in culture, the astrocytes on the large fibers induced longer more directed growth, while the 

astrocytes on the small fibers induced comparatively shorter neurite growth with more neurite 

branching. 

Third, a novel biomaterial scaffold was prepared by incorporating superparamagnetic iron 

oxide nanoparticles (SPIONs) into the electrospinning solution. The purpose was to prepare an 

injectable electrospun fiber scaffold that could be magnetically oriented in situ. The surface 



xxiii 

topography was carefully controlled. The effect of incorporating increased amounts of SPIONs on 

the fiber dimeter, fiber surface nanotopography, and  fiber alignment was measured, and compared 

against the previous findings in this thesis and against a similar scaffold that has been successful 

in vivo.  The effect of the increasing SPION concentration on the fiber magnetization and on the 

speed of fiber alignment in viscous solutions was measured. From these data, the 6% SPION 

concentration exhibited the fastest fiber realignment times without significant changes to the fiber 

topography. As a result the 6% SPION fibers were tested in vitro by orienting the fibers to provide 

an aligned fiber scaffold within either a collagen/Matrigel or fibrin/Matrigel hydrogel. This 

fiber/hydrogel composite scaffold was tested by measuring the response of a primary rat dorsal 

root ganglion to the aligned fibers embedded within the hydrogel. The results showed that the 

magnetic electrospun fiber scaffold provided directional guidance to neurites, and increased both 

the length and alignment of the neurites within the three dimensional hydrogel. This design 

proposes to unite the guidance benefits of guidance scaffolds and the minimally invasive benefits 

of injectable hydrogels.  
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 Introduction1 

1.1 Spinal Cord Injury Demographics 

Spinal cord injury (SCI) is a debilitating condition that often results in paraplegia or 

tetraplegia. Currently there are no treatment schemes for SCI and less than 1% of victims 

experience full neurological recovery [1].  Because the average age of injury is 29 years old and 

the prognosis is severe, the National Spinal Cord Injury Statistical Center in Birmingham estimates 

that lifetime individual costs range from 1.5 – 4.7 million dollars [1]. Methylprednisolone is an 

anti-inflammatory steroidal treatment that has been approved by the Food and Drug 

Administration (FDA) for indications in spinal cord injury. However methylprednisolone only 

reduces the severity of the injury by treating inflammation [2], and has fallen out of favor because 

the risk of complications outweighs the benefits [3]. While there are ongoing trials for drug-based 

approaches to treat SCI, drug-only treatment schemes are not able to provide physical cues to 

combat the loss of structure after SCI.  

The human spinal cord is approximately 40-50cm long and 1.0 -1.5cm in diameter [4, p. 

3].  The healthy spinal cord is a cylindrical column made up of linear white matter tracts of 

myelinated axons surrounding a central core of gray matter. The grey matter consists of neuron, 

astrocyte, and oligodendrocyte cell bodies that process incoming sensory signals and regulate 

autonomic functions. Neurons in the gray matter project axons into the white matter to join other 

ascending or descending tracts of axons that transmit information between the brain and periphery 

[4]. In the white matter, oligodendrocytes wrap axons in thick sheaths of myelin to improve signal 

conduction rates [5], and astrocytes maintain homeostasis [6]. Astrocytes in the white matter take 
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fibers for drug delivery after spinal cord injury and the effects of drug incorporation on fiber properties,” Cells Tiss. 

Org., vol. 202, no. 1–2, pp. 116–135, Oct. 2016. 
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on an elongated morphology and help to regulate ion homeostasis, neurotransmitter clearance, and 

energy provision, among others. The white matter phenotype is known as a fibrous astrocyte and 

is distinguished from a protoplasmic astrocyte in the grey matter, which has a more ramified 

morphology [6], [7].  

Spinal cord injury (SCI) typically results when a high-energy fracture of the vertebra causes 

bone fragments to breach the spinal cord [8]. Bone fragments sever long axonal tracts at the site 

of injury and damage the neurons, oligodendrocytes, and astrocytes at the impact site. 

Additionally, mechanical insult at the injury site ruptures capillaries leading to an influx of blood 

circulating leukocytes. The release of several chemicals from the damaged cells and invading 

leukocytes create a chemical environment that is toxic to cells surviving the initial mechanical 

insult. This toxic environment leads to secondary SCI that causes the lesion to expand [9]–[11]. 

Astrocytes surviving the initial injury become reactive from both the mechanical insult and 

chemokines released by the inflammatory cells. Reactive astrocytes change phenotype by growing 

in size, proliferating at the lesion edge, and releasing axonal inhibiting chondroitin sulfate 

proteoglycans into the extracellular space [6], [12]. Within days, a cyst environment is established 

with a toxic penumbra surrounded by scar tissue [12]–[16]. Evidence suggests that white matter 

axons have the potential to regenerate when they migrate through healthy central nervous system 

(CNS) tissue, but cannot pass through the cyst [16]. 

1.2 Lessons from PNS Injury 

The barriers in the central nervous system limit functional recovery, which makes 

intervention necessary. Remarkably, the peripheral nervous system (PNS) is able to regenerate on 

its own, and the natural recovery mechanisms in PNS have helped to inform design in CNS 

regeneration strategies. There are two major differences between the CNS and the PNS. First, the 
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CNS is protected by the blood brain barrier, which restricts the molecules that can enter the CNS 

from the circulatory system. Second, the glial cells that populate each system are different. Glial 

cells are the non-neuronal cells in the nervous system. In the PNS, Schwann cells are the major 

glial cell. Schwann cells provide trophic support to neurons and myelinate axons [17]. In the CNS, 

these roles are split among two cell types: astrocytes and oligodendrocytes. Astrocytes provide 

trophic support to neurons, while oligodendrocytes myelinate axons [17].   

After PNS injury, a majority of Schwann cells survive and protect neurons from further 

injury, which results in higher rates of Schwann cell and neuron survival [17]. Schwann cells 

proliferate and secrete a basal lamina made from growth promoting laminin, type IV collagen, and 

heparin sulfate proteoglycans [18]. The basal lamina is organized into tubes that contain 

proliferating Schwann cells, which bridge the injury site.  These tubes, known as the bands of 

Büngner, provide channels that guide regenerating axons across the injury site [17], [19]. While 

this is a simplified view of a complex regeneration process in the PNS, it provides clues to improve 

engineered regenerative treatment schemes for the CNS. First, glial cells provide an essential role 

in protecting neurons after injury and providing a basement membrane for neuron migration and 

survival; second, guidance channels help to direct neurite growth across an injury site; and third, 

basement membrane proteins, in particular laminin, are important for neuron survival and 

regrowth. 

After spinal cord injury (SCI), a majority of astrocytes survive, but there is a 30-40% loss 

in oligodendrocytes and a large loss of neurons [17].  The injury results in a fluid-filled cyst at the 

injury site with a toxic penumbra surrounded by inhibitory glial scar tissue [12]–[16]. By 

definition, the scar tissue loses the natural organization of healthy tissue, and the irregularly-shaped 

fluid-filled cyst provides no guidance to regenerating cells [20], [21]. Guidance strategies – like 
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peripheral nerve grafts – have been successful in combination with other approaches in restoring 

limited function after spinal cord injury.  In a rat SCI model, peripheral nerve grafts were implanted 

to bridge the injury site and chondroitinase ABC was introduced to interrupt the glial scar barrier. 

The combination enabled robust axonal regeneration and restored respiratory function in rat 

models. Importantly, chondroitinase treatment alone was not sufficient to restore lost function, 

which shows the importance of the guidance strategy [22]. Similarly, partial hind limb function 

was achieved when peripheral nerve guides were combined with acidic Fibroblast Growth Factor 

(aFGF) [23].  Both studies show the importance of a coordinated effort between guidance strategies 

and drug approaches when restoring lost function. However, these current experimental successes 

involve autografts, which require a second surgery and loss of function from the donor site.  

1.3 Synthetic Treatments 

There is currently an exciting ongoing clinical trial, sponsored by InVivo therapeutics, to 

implant a resorbable polylactic-co-glycolic acid (PLGA) Neuro-Spinal Scaffold into the injured 

spinal cord [24], [25].  In the clinical trial pilot study, InVivo therapeutics implanted a 2x10mm 

porous PLGA scaffold into a T11-T12 human SCI. After 3 months, the injury was reduced from 

American Spinal Injury Association (ASIA) grade A to ASIA grade C. This classification indicates 

that the injury progressed from no sensory or motor function (Grade A) to motor function below 

the level of injury (Grade C). The Neuro-Spinal Scaffold is the first biomaterial approach to reach 

clinical trials. The PLGA-based scaffolds promote tissue remodeling and functional improvement 

in non-human primates [26]. In a separate study by Zhang and colleagues, functional recovery was 

reported when synthetic electrospun fiber-based scaffolds - designed to mimic the topography of 

the native ECM and provide topographical guidance to regenerating tissue - were implanted into 

the injured spinal cord [27]. The Zhang et al. findings corroborated a previous study by Gelain et 
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al., which found that hollow conduits of randomly oriented electrospun fibers enabled axonal 

regeneration, glial cell migration, and blood vessel formation within a chronic contusion rat model 

of SCI.  The electrospun fiber scaffolds reversed the effects of a chronic contusion SCI in rats, and 

exhibited thick bundles of extending axons, migratory glial cells, and blood vessels with a similar 

rostral-caudal alignment to natural tissue [28].  

Synthetic scaffolds that contain aligned electrospun fibers mimic the aligned organization 

of axonal tracts in the spinal cord white matter. The benefits of mimicking this aligned structure 

were shown in a study by Hurtado and colleagues, which established that scaffolds with highly 

aligned electrospun fibers achieved more robust, directed regeneration of axons than scaffolds with 

randomly oriented fibers in vivo [29]. These findings demonstrate both the importance and 

capability of synthetic guidance technology in spinal cord injury treatment schemes.  

There remains one major drawback to the guidance conduit approach. Guidance conduits 

are generally rigid and have a simple geometry - often a cylinder. Since contusive injuries are more 

complex in geometry and highly variable, tissue must be resected in order to implant the scaffolds. 

Rigid scaffolds are generally implanted using open surgical techniques, which increase the risk of 

infection and may sever undamaged white matter tracts within the spinal cord [30]–[32]. Complete 

or incomplete transection models of spinal cord injury (SCI) are often used as models because they 

provide a simple geometry to match the implant [29], [33]. Injectable hydrogels provide a 

minimally invasive alternative to guidance conduits, but are not able to provide directional 

guidance [32].  

1.4 Astrocytes 

Until recently, biomaterial approaches focused mainly on the neural response to materials. 

However, astrocytes outnumber neurons by nearly five-to-one in the CNS [34], making them an 
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important consideration in any potential therapy. In the healthy CNS, astrocytes reside in a 

supportive phenotype – in which they  maintain the blood brain barrier, recycle neurotransmitters 

like glutamate [34], reduce edema [35], supply neurons energy metabolites [36], and support 

neuronal plasticity [36]. After injury, astrocytes enter a reactive phenotype in which they become 

highly metabolically active, migrate to the edges of the lesion, proliferate, swell in size, strengthen 

their cytoskeleton with glial fibrillary acidic protein (GFAP), and initiate the glial scar. Reactive 

astrocytes manufacture negatively charged chondroitin sulfate proteoglycans (CSPGs), which are 

major components of the glial scar that inhibit axonal regeneration after injury [13], [14]. 

Astrocytes make excellent targets for therapy because they are essential in the CNS injury 

response, in neuron guidance, and in providing trophic support to neurons.  

Astrocyte glutamate uptake after injury removes glutamate from the extracellular 

environment, and protects neurons from excitotoxicity [34]. Glutamate excitotoxicity is a well-

known phenomenon that contributes to secondary injury after CNS injury. Excess glutamate in the 

environment causes overstimulation of neurons, leads to excessive calcium influx into the neuron, 

and causes a series cascades that result in neuronal toxicity [37]. The brain has approximately 5-

15mmol glutamate per kilogram of wet weight, while the normal extracellular fluid glutamate 

concentration is approximately 3-4µM [34]. The glutamate stored in the cells is released when 

cells are lysed as a result of injury. This has been shown to increase the local concentration of 

glutamate by 8-fold after ischemic injury in rats [38]. Astrocyte excitatory amino acid transporters 

(EAAT 1 and EAAT 2) are primarily localized on astrocytes, and EAAT2 accounts for more than 

90% of the glutamate uptake in the healthy CNS [39]. The homologues of human EAAT1 and 

EAAT2 are GLAST and GLT-1, respectively, in the rat [39]. Astrocyte glutamate uptake has the 

potential to protect a higher percentage of neurons from death after injury. 
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The reactive phenotype in scar-tissue astrocytes was thought to be permanent, however 

recent findings suggest that scar-like astrocytes have the ability to revert back to naïve astrocytes 

if removed from the scar tissue and transplanted into a healthy spinal cord [40]. This is an important 

finding because it indicates astrocyte phenotype is dependent on the environment. Immature 

astrocytes – in a manner reminiscent of Schwann cells – have the ability to bridge an injury site 

and to guide regenerating axons across [16], [21], [41]. Similar findings have been reported on 

biomaterial surfaces. Mattotti and colleagues prepared poly-methyl-methacrylate (PMMA) 

surfaces with aligned micro-patterned grooves that were either 2µm wide or 10µm wide and 

approximately 400nm deep, in order to study the effects of surface topography on astrocytes. 

Astrocytes cultured on the 2µm grooved surfaces reverted back to a precursor phenotype after 4 

days, without added biochemical factors, and neurons showed improved growth on astrocytes 

cultured on the 2µm grooved surfaces [42]. Astrocytes have shown a remarkable ability to transmit 

the guidance cues of the underlying surface topography to neurons growing on top of the astrocyte 

monolayer [42]–[44].  More recently, astrocytes cultured on electrospun fibers increased glutamate 

uptake compared to a flat surface control, an action that protects neurons from excitotoxicity [45]. 

The physical environment is an important regulator of astrocyte phenotype, and micrometer-sized 

grooved surfaces promote neurosupportive and neuroprotective astrocyte phenotypes. 

The clear link between the surface topography and astrocyte phenotype provides an 

opportunity for engineered electrospun fiber surfaces to promote neural guidance and support. 

Electrospun fiber substrates can be modified by changing the surface chemistry, alignment, 

diameter, density, and surface nanotopography of the fibers. In order to engineer the surfaces, it is 

important to understand how the electrospinning parameters affect the fiber dimensions. 
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1.5 Modification of Electrospun Fibers 

Electrospinning employs an electric voltage drop to draw a thin jet from a polymer-loaded 

capillary. The voltage drop also helps deposit the fiber onto a grounded collector. As the electrical 

field strength increases, the solution at the tip of the capillary forms a Taylor cone, with charge 

concentrating in the center of the cone. When a critical voltage value is reached - defined by 

viscosity, conductivity, and surface tension of the polymer solution - the electric force overcomes 

the surface tension of the solution and a polymer jet is propelled from the tip of the Taylor cone 

toward the collector [46]. The “jet” refers to the fluid cylinder just emitted from the tip of the 

Taylor cone, before the solvent evaporates to form a solid fiber.  As the jet whips unstably through 

the electric field, the solvent evaporates, bringing the polymer chains into contact with each other. 

The jet lengthens and thins until enough solvent evaporates for the polymer chain interactions to 

resist the coulombic forces exerted by the electric field [47]. The following sections describe how 

drugs or other materials may alter the fiber properties during the jet formation and the unstable 

whipping stage of the electrospinning process. This section is summarized in the flow chart in 

Figure 1-1, which shows the relationship between electrospinning solution parameters and the 

changes in fiber morphology. Figure 1-1 also lists methods to rescue the fiber morphology based 

on the references in this section. 

 Charge Carriers 

The electrospinning process is sensitive to the number of charge carriers in the 

electrospinning solution. The addition of a drug may decrease the fiber diameter if it increases the 

number of charge carriers in the solution. The increased coulombic repulsion initiates the unstable 

whipping stage earlier [48] and flow of charge increases the stretching force applied to the jet. 

Since the fiber is thinned during the whipping stage, the increased stretching force for a longer 
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period of time decreases the final fiber diameter (Figure 1-1) [48]–[51]. Choi et al. showed that 

fiber diameter was decreased when ammonium salts were added to a poly (3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV)/chloroform electrospinning solution. The addition of the salts 

increased the conductivity of the solution without significantly altering the surface tension or 

solution viscosity [50]. Zeng and colleagues confirmed the findings from Choi et al. but used 

volatile salts to reduce the diameter without leaving the salt ions in the fibers after electrospinning 

[51]. In general, adding a charged drug to the electrospinning solution will likely decrease the 

diameter of the fibers relative to a non-drug control.  

 Chain Entanglement 

The size of the drug incorporated may also influence fiber diameter by interrupting chain 

entanglement and altering the solution viscosity [52], [53]. (Figure 1-1D, E). During 

electrospinning, the jet is stretched until the molecules overlap and entangle enough to oppose the 

force induced by the electric field [47], [54], [55]. The critical chain entanglement (Ce) is the point 

at which there is sufficient chain overlap to form a fiber [54]. A plasticizer, in this case the drug, 

interrupts the contact between overlapping chains and decreases the solution viscosity. This 

process is also described as adding free volume. The lower viscosity solution emits a thinner jet 

from the Taylor cone, resulting in smaller diameter fibers.  

A larger sized (i.e. larger hydrodynamic volume) molecule introduces more free volume 

into the system, and will interrupt chain entanglement to a greater extent than a smaller molecule 

(Figure 1-1D, E). Similarly, increasing the concentration of a drug will introduce more free volume 

[56] and should therefore decrease fiber diameter further. To summarize these points, the more 

free volume that is inserted into the emulsion solution (higher drug concentration, increased drug 

size), the lower the viscosity of the solution (unless there are non-covalent interactions). As a 



 

10 

 

result, a thinner jet is emitted from the Taylor cone, and the jet must thin further before there is 

sufficient chain overlap to resist the drawing force. This results in smaller diameter fibers. 

 Non-Covalent Interactions 

Conversely, increased solution viscosity increases the diameter of the jet emitted from the 

tip of the Taylor cone [57], and therefore increases the fiber diameter in the drug loaded group 

[54], [58]–[60]. The increased viscosity is typically due to hydrogen-bonding or other non-

covalent interactions. For example, Ghitescu et al. incorporated vanillic acid and other polyphenols 

into a poly (2-hydroxyethyl methacrylate) (pHEMA) electrospinning solution and found that the 

fiber diameter increased with increasing concentrations of vanillic acid. The increases in fiber 

diameter were associated with increases in viscosity and were attributed to non-covalent 

interactions between the drug and the polymer [58]. (See Figure 1-1, column A). A drug’s chemical 

interactions may increase the diameter of the fibers, while the physical size of the drug may 

simultaneously reduce the diameter of the fibers.  

The most common method used to rescue fiber diameter is to adjust the percentage of 

polymer in the solution [61], [62]. Increasing the polymer weight percent increases the opportunity 

for chain entanglement, and therefore increases the viscosity of the solution. Alternatively, for 

drugs that cause an increase in fiber diameter, the weight percent of polymer in control fibers 

(without drug) may be increased to match diameters observed in the experimental group. The fiber 

diameter can also be reduced by adding salts, increasing the voltage, decreasing the flow rate, or 

increasing the gap distance. 

 Fiber Alignment 

Electrospun fiber alignment is a less studied parameter because it applies to more 

specialized cases. In SCI, aligned fibers have been shown to promote neurite outgrowth and faster 
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astrocyte migration [45], [63]. Fiber alignment is intricately related to fiber diameter. During 

electrospinning, the stretching and thinning forces elongate the smaller diameter fibers to a greater 

extent than larger fibers. As a result, small diameter fibers must be spooled at a higher rate in order 

to maintain the alignment. If the rotation speed is the same, a longer fiber will be less aligned than 

a shorter fiber. Incorporating a drug that decreases fiber diameter may reduce fiber alignment due 

to the increased length-per-volume of the fibers.  

 Surface Tension 

Surface tension is mainly determined by the solvent [64], but incorporating a drug may 

alter the surface tension of the polymer solution. Spherical shapes have lower surface energy than 

cylindrical jets, so increasing surface tension promotes beads instead of fiber formation. This 

tendency to bead is opposed by the coulombic repulsion and flow of charge that promotes the 

elongation of the jet into a cylindrical fiber [65]–[67]. The most common method for altering the 

surface tension is to introduce ethanol into the electrospinning solution [68], [69]. Ethanol lowers 

the surface tension and reduces the bead formation in poly (ethylene oxide) fibers [68], [70]. 

However, when a polymer was used that was not soluble in ethanol (Poly (vinyl alcohol)), the 

phase separation had the opposite effect, and fibers became beaded with added ethanol [69]. If an 

introduced drug creates beaded fibers, there are a two methods to rescue the smooth fiber 

morphology: Mix solvents to reduce the surface tension [68], [70] or increase the stretching force 

applied to the jet by either increasing the number of charge carriers by adding a salt, or increasing 

the voltage of the system [47], [69], [70]. 

 System Parameters 

Often, the system parameters can be adjusted to rescue changes in fiber morphology. These 

parameters have been discussed in many reviews [47], [57], [71] and will only be briefly addressed 
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here. The applied voltage affects the volume of the solution drawn from the tip of the Taylor cone. 

There is an operating range of applied voltage, and beaded fibers form when the voltage is either 

above or below this range [71]. The operating range is dependent on the interaction of many of the 

parameters mentioned above (solvent selection, viscosity, charge carriers) and must be determined 

in each case. Increasing the gap distance between the needle tip and collector increases the amount 

of time for solvent evaporation from the fiber. Doshi and Reneker showed that fiber diameter 

decreased with increasing gap distance because the fiber was subjected to strain for a longer period 

of time [72]. Finally, decreasing polymer solution flow rate decreases the diameter of the resulting 

fibers [73]. Intuitively, there is less polymer solution available at a slow pump rate for ejection 

from the capillary tip, which decreases fiber diameter. Thus, if the overall net result of drug 

inclusion into fibers is reduced fiber diameter, the applied voltage, gap distance, and solution flow 

rate may be adjusted to recover fiber diameter.  
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Figure 1-1: The diagram and flow chart summarize the effects a drug may have on the morphology of the 

fibers. The diagram is a cartoon of the electrospinning process that highlights the Taylor cone and initial 

jet formation and the unstable whipping region. The known primary variables that affect electrospinning 

are listed in the location in which they act. Below each caption, the primary factors that control the fiber 

morphology in those regions. The flow chart links the fiber outcomes (second to last row) with possible 

causes (third and fourth row). 
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1.6 Specific Aims 

 Aim 1: Determine How Electrospun Fiber Surface Nanotopography Affects Astrocyte 

Elongation and Guidance 

Rationale 1: Pitted and divoted structures frequently appear on the surface of electrospun 

fibers [52], [74], [75] and provide a greater surface area, however it is not known how changes in 

nanotopography affect the astrocyte populations that will interact with the surfaces. Fiber surface 

nanotopography can be modified by doping the polymer solution with a non-solvent and adjusting 

the humidity of the chamber during electrospinning. Using these two modifiers the surface of 

electrospun fibers can be engineered to have a divoted structure or a pitted structure. These pits 

and divots are on the scale of an integrin (~70nm) [76]. Since integrins are used to anchor a cell’s 

cytoskeleton to the biomaterial surface [76], the pitted and divoted surface features may interrupt 

cell adhesion and affect an astrocyte’s polarization. While many studies use cortical astrocytes as 

models to test the effects of fiber surface properties, it is still unknown how cortical astrocytes, 

which are predominantly of a protoplasmic phenotype, may respond differently to a surface than 

spinal cord astrocytes, which are predominantly of a fibrous phenotype [6], [16]. The distinct 

differences in fiber surface topography provide an opportunity to compare the response of cortical 

and spinal cord astrocytes on a series of surfaces. 

1.6.1.1 Hypothesis 1.1 

Engineered Nanotopography on Electrospun Fiber Surfaces Nanotopography Will Reduce 

Astrocyte Elongation and Neurite Outgrowth.  

1.6.1.2 Hypothesis 1.2 

Spinal Cord and Cortical Astrocytes Will Respond Similarly to Changes in Electrospun 

Fiber Surface Nanotopography Despite Their Distinct Anatomical Sources. 



 

15 

 

 Aim 2: Determine How Electrospun Fiber Diameter Affects Astrocyte Elongation, 

Neuron Guidance, and Neuroprotection 

Rationale 2: Electrospun fiber diameter is a key parameter in oligodendrocyte myelination 

[77] and in neurite elongation [63]. Oligodendrocyte myelination appears to be dependent on fiber 

diameter. However it is unknown how astrocytes respond to electrospun fiber diameter. Two fiber 

diameters were chosen to represent immature axon calibers (<400nm) and maturing axon calibers 

(>400nm) [77]. Surfaces that were engineered to induce astrocytes to elongate, have been shown 

to have an ability to organize adhesive glycoproteins and repulsive proteoglycans into pathways 

that guide neurons in the direction of the underlying substrate, even though the neurons are not in 

contact with the substrate [43]. We reasoned that if neurite guidance was affected by the underlying 

topography, changes in the topography (by altering the fiber diameter) should influence neurite 

guidance. Recently, it was found that astrocytes on 1.2µm diameter PLLA electrospun fibers had 

a significant increase in GLT-1 expression and glutamate uptake [45]. This result was clearly the 

effect of the substrate topography, so we hypothesized that GLT-1 expression was diameter 

dependent.  

1.6.2.1 Hypothesis 2.1 

Decreasing the diameter of the substrate’s electrospun fibers will reduce astrocyte 

elongation.  

1.6.2.2 Hypothesis 2.2 

The decreased astrocyte elongation on the small diameter fibers will yield shorter neurite 

outgrowth.  

1.6.2.3 Hypothesis 2.3 

Decreasing electrospun fiber diameter will proportionately reduce GLT-1 mediated 

astrocyte protection of neurons.  
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 Aim 3: Design a Magnetically Controlled Scaffold with Fiber Dimensions That 

Promote Neurite Outgrowth 

Rationale 3: Implantable electrospun fiber scaffold conduits have shown promise as a 

treatment for spinal cord injury [27]–[29]. However, rigid implants prepared from electrospun 

fibers designs cannot match the irregular geometry of a contusion [78]. Injectable biomaterials, 

such as hydrogels, are able to match the unique geometry but are not able to provide topographical 

guidance cues [32]. Therefore, an injectable scaffold that is able to provide directional guidance 

to regenerating cells will be able to capitalize on the benefits and address the limitations of both 

biomaterial types. This thesis proposes a smart biomaterial scaffold that is able to be injected, then 

moved in situ with an external magnetic field to provide directional guidance to regenerating cells. 

Although magnetic materials have previously been proposed, the current technology has a weak 

magnetic response and is not able to provide continual guidance to neurons [79], [80]. Electrospun 

fibers naturally provide continual guidance, and may be augmented by allowing for magnetic 

control of their orientation. We hypothesize that thee magnetic response of the fibers could be 

increased by increasing the superparamagnetic iron oxide nanoparticle (SPION) content within the 

electrospun fibers. However, incorporating a material into the electrospun fibers may interfere with 

the alignment, diameter, and surface nanotopography of the fibers [78].  It is important to 

understand how SPION incorporation may affect the guidance benefits of the conduit, in order to 

compare the neurite outgrowth on the injectable scaffold to that in a standard amorphous hydrogel. 

This thesis proposes an in vitro system to test how the magnetic fibers can be oriented to provide 

directional guidance to CNS cells within a three-dimensional hydrogel model.  

1.6.3.1 Hypothesis 3.1 

Increasing the SPION content in the electrospinning solution will produce fibers with 

increasing magnetic response and will have little effect on the fiber topography. 
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1.6.3.2 Hypothesis 3.2 

Electrospun fiber conduits can be injected into a hydrogel and magnetically oriented to 

provide directional guidance to neurons within the amorphous hydrogel. 
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 A Comparison between Cortical and Spinal Cord Astrocyte 

Response to Engineered Nanotopography on Electrospun 

Microfibers2 

2.1 Abstract 

Aligned electrospun fibers provide topographical guidance for regenerating neurons and 

glia after central nervous system injury. When designing these scaffolds, it is important to control 

parameters that affect the fiber surface topography. While the effects of electrospun fiber diameter, 

alignment, and density are known to affect topographical guidance, there are still topographical 

features that are not fully understood.  In particular, nothing is known about how engineered 

nanotopography on the surfaces of electro-spun fibers will affect astrocyte populations. Astrocytes 

are major components of the glial scar and the blood brain barrier and help to establish and 

maintain homeostasis in the central nervous system. Studying the astrocyte response to biomaterial 

surfaces may provide insights into how a biomaterial surface affects reactivity in astrocytes. To 

study the effects of electrospun fiber nanotopography on astrocytes, poly L-lactic acid fibers were 

electrospun with a smooth, pitted, or divoted surface nanotopography.  To study the effects of 

surface nanotopography, either primary rat cortical astrocytes or primary rat spinal cord astrocytes 

were cultured on the surfaces for 1 and 3 days. The results showed that cortical astrocyte 

morphology was significantly shorter and broader on the pitted and divoted fibers compared to 

those on smooth fibers. However, spinal cord astrocyte morphology did not show significant 

differences in length or width on the smooth, pitted, or divoted surfaces after three days. These 

 

This chapter has been submitted to: C.D.L. Johnson, A.R. D’Amato, D.L. Puhl, A. Vesperman, and R.J. Gilbert. “A 

comparison between cortical and spinal cord astrocyte response to engineered nanotopography on electrospun 

microfibers,” submitted for publication. 
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findings indicate that astrocytes from unique anatomical locations respond differently to the 

presence of nanotopography and suggest a need for careful study of astrocyte response to 

biomaterials developed for central nervous system applications. Multiple cytoskeletal proteins 

were quantified using Western blotting from astrocytes cultured for 3 days on the fiber scaffolds.  

The differences observed in morphology were not associated with significant increases in GFAP, 

actin, or vinculin in either population despite the differences in elongation in the cortical 

astrocytes. Since GFAP is often used as one marker for astrocyte reactivity, these findings suggest 

that engineered fiber surface nanotopography does not induce a reactive phenotype in either 

cortical or spinal cord astrocytes. 

2.2 Introduction  

Spinal cord injury (SCI) affects 17,000 individuals in the United States every year [81]. 

The prognosis of SCI is severe, and often results in paralysis below the level of injury. After the 

initial mechanical injury to the spinal cord, a cascade of secondary injury mechanisms causes 

additional tissue dieback. Ultimately, a fibrotic glial scar forms, which presents a major barrier to 

regenerating axons.  Individuals with SCI endure life-long paralysis in part due to the glial scar 

barrier.  

Astrocytes are the main cell responsible for the formation of the glial scar.  After injury, 

astrocytes migrate to the edge of the lesion, become hypertrophic, proliferate, overlap, and 

strengthen their cytoskeleton with intermediate filaments like glial fibrillary acidic protein (GFAP) 

and vimentin [6], [82].  The resulting dense population of astrocytes at the edge of the lesion 

reestablish the blood brain barrier to protect undamaged tissue from additional injury.  The dense 

scar remains after the injury has subsided and continues to restrict axonal extension. While this 

scarring process was once thought to be irreversible, a recent study showed that when scar-like 
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astrocytes are placed into an uninjured spinal cord environment, they revert back to a non-reactive 

state [40].   

The study by Hara and colleagues indicated that astrocyte response is highly dependent on 

the environment. Therefore, recreating certain aspects of healthy tissue could alter scar formation, 

or possibly even remove chronic scars.  One approach to change the environment after SCI is to 

bridge the lesion with a biomaterial guidance scaffold that mimics the anisotropy of the uninjured 

spinal cord. The anisotropy of aligned electrospun fibers directs axonal regeneration and glial 

migration into the lesion site while limiting glial scar formation in models of SCI [27], [29]. In 

vitro, aligned electrospun fibers promoted elongation of astrocytes [45], which are able to confer 

the underlying aligned topography to neurons growing along the top of the astrocyte layer [43].  

The potential of electrospun fibers for topographical guidance of cells is clear, so additional 

studies seek to determine how specific fiber physical characteristics alter the cell response in the 

central nervous system. These physical characteristics mainly include fiber diameter, alignment, 

and density, which can be adjusted by modifying the electrospinning parameters. Previous studies 

showed that changing fiber diameter can affect how cells respond to electrospun fiber scaffolds. 

Electrospun fibers over a certain diameter (0.4µm) induced differentiation and myelination by 

oligodendrocyte precursor cells in culture [77], and the diameter dictates the thickness and length 

of the myelin sheath [83]. In neurons, larger fiber diameters (>760 nm) promoted increased neurite 

lengths compared to fibers with diameters near 290 nm [63]. Fiber alignment also can affect the 

cell migration rates. In a surface of aligned fibers, crossing fibers restricted neurite extension from 

a dorsal root ganglion (DRG) [84], and astrocyte migration was increased on aligned electrospun 

fibers compared to randomly oriented fibers [45]. Fiber density (fibers/mm) can influence the 

direction of migration of cells. Neurites respond to low density fibers by following the alignment 
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of the fibers, but when density is increased past a threshold (~1500 fibers/mm), neurites begin to 

migrate perpendicular to fiber alignment [85].   

While fiber diameter, alignment, and density are parameters that are known to affect neurite 

extension and glial migration, electrospun fibers can also contain surface nanotopography. Surface 

nanotopography is created during electrospinning when the organic solvent evaporates. 

Evaporative cooling on the fiber surface causes water vapor in the environment to condense on the 

surface of the fiber. When the water evaporates from the surface, a divot is left behind in its place. 

This process is known as vapor induced phase separation (VIPS) [74], [86], [87], and can be 

controlled by changing the humidity electrospinning jet. The fibers become increasingly pitted as 

the amount of non-solvent in the electrospinning solution is increased in the presence of humidity 

[74]. It is believed that the pits on the fiber surface form when the electrospinning solution is doped 

with a non-solvent because the decrease in temperature during the VIPS process causes phase 

separation within the electrospinning jet. This creates pores of polymer-free non-solvent that 

crystalize in place as the solvent evaporates. However, these pores only form pits in a humidified 

environment [87]–[89]. By adjusting the humidity in the electrospinning environment and 

dimethyl sulfoxide (DMSO) non-solvent concentration, an electrospun poly-L-lactic acid (PLLA) 

fiber surface nanotopography can take the form of either divots or pits [88].   

Surface pits on fibers increase neurite length and alignment compared to smooth surfaces 

[90].  Surface nanotopography increases human mesenchymal stem cell proliferation [91], reduces 

RAW 246.7 macrophage elongation [74], and modestly changes cytokine expression from bone 

marrow derived macrophages [88].  However, it is unknown how nanotopography influences 

astrocyte behavior. 
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The goal of this study was to examine how fiber surface nanotopography influenced 

astrocyte morphology and GFAP, vinculin, and actin expression. Three distinct electrospun fiber 

scaffolds were fabricated and characterized with scanning electron microscopy (SEM). The three 

distinct scaffolds consisted of fibers without nanotopography (smooth), fibers with shallow 

grooves (divoted fibers), or fibers with small indentations (pitted fibers).  The fiber processing 

parameters were adjusted so that there were no statistical differences between the diameters, 

alignments, and densities of the fibers within the scaffolds. This approach allowed us to isolate the 

variable of fiber nanotopography and study its effect on the astrocyte response. Next, either cortical 

or spinal cord astrocytes were cultured on the surface of each scaffold type.  After 1 or 3 days in 

culture, astrocyte morphology was assessed using GFAP immunocytochemistry for each fiber 

type.  To determine if surface nanotopography alters the expression of cytoskeletal markers, 

vimentin, actin, and GFAP protein expression were quantified after 3 days in culture using a 

Western blot.    

2.3 Materials and Methods 

 Electrospun Fiber Fabrication and Analysis 

2.3.1.1  Electrospinning Apparatus 

The electrospinning apparatus used is described in detail in previous publications [78]. To 

create fibers with divots or pits, the electrospinning apparatus was placed in a humidity controlled 

glove box made from dissipative PVC (Terra Universal, Fullerton, CA). To supply a controlled 

humidified environment to the glove box, a desktop humidifier was used to humidify the room 

while the glove box was open. Once the desired humidity level was reached, all inlets and outlets 

to the box were closed and relative humidity remained constant within ±2% throughout the 

duration of electrospinning.  
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2.3.1.2 Electrospun Fiber Fabrication 

High molecular weight poly-L-lactic acid (PLLA, part # 6201D) was purchased from 

Cargill Dow LLC (Minnetonka, MN), and chloroform from Fisher Scientific (Waltham, MA) was 

used as the organic solvent. Prior to electrospinning, thin PLLA films were cast onto 15x15mm 

coverslips (Knittel Glass, Brausenweig, Germany) as previously described [45]. Fibers were 

electrospun onto the thin film coated glass coverslips. The purpose of the thin PLLA film was to 

secure the fibers to the glass coverslip and stop astrocytes from contacting the glass.  The thin-

film-coated coverslips were fixed to a rotating mandrel to collect the aligned fibers.  Three different 

electrospun fiber groups were electrospun: smooth fibers, divoted fibers, and pitted fibers. Table 

1 shows the formulation protocol of each electrospinning solution, along with any special 

electrospinning parameters that were required to obtain fibers with desired topographical features.  

All fibers were electrospun from a solution of PLLA in chloroform using the following electrospun 

parameters unless otherwise noted in Table 1: 22½G needle (Becton-Dickenson, Franklin Lakes, 

NJ), 15 kV voltage drop between the needle tip and spinning mandrel, 5 cm needle-to-mandrel 

distance, 1000 rpm rotating mandrel speed (22 ½ cm diameter mandrel), and a 2 mL hr-1 solution 

flow rate. To created pitted fibers, dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) 

was used as a non-solvent. 

Table 2-1: Electrospinning parameters for smooth, pitted, and divoted fibers. 

Fiber Type 
Polymer wt % 

in Solvent 

Non-Solvent wt % 

in Solvent 
Humidity 

Fiber Collection 

Time 

Smooth 10* N/A ≤ 21% 10 min 

Pitted 8 1.8% 28 – 32% 10 min 

Divoted 8 N/A 28 – 32% 10 min 
* Solvent mixture of 70% CHCl3 and 30% CH2Cl2. 
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2.3.1.3 Adjustment of Smooth Fiber Diameter 

Initially, smooth fibers were generated with the same PLLA concentration and solvent as 

the pitted fibers (8% PLLA in chloroform with 1.8% DMSO).   However, the smooth fibers were 

significantly smaller in diameter than both the pitted and divoted fibers. To increase the smooth 

fiber diameter, the PLLA concentration was increased to 10% (w/w) in chloroform. With the 

increased PLLA concentration, the solvent did not efficiently evaporate from the fibers.  To 

counteract this deficiency, 30% dichloromethane by weight was added to increase the evaporation 

rate of solvent. Dichloromethane (Macron Fine Chemicals, Center Valley, PA) (376 mmHg) has 

more than twice the vapor pressure compared to chloroform (169mmHg) at room temperature [92].   

2.3.1.4 Scanning Electron Microscopy of Electrospun Fibers 

After fabrication, electrospun fiber scaffolds were imaged via scanning electron 

microscopy (SEM) using a FEI Versa 3D DualBEAM SEM (Hillsboro, OR). A low accelerating 

voltage (2-5 kV) was used while imaging electrospun fibers to avoid fiber melting. Prior to SEM, 

fiber scaffolds were sputter coated with a 5 Å Au-Pd layer using a Technics Hummer V sputter 

coater (Anatech Ltd., Denver, NC). 

2.3.1.5 Electrospun Fiber Morphological Characterization 

Since the purpose of the study was to examine if the presence of fiber surface topography 

influenced astrocyte morphology and GFAP expression, it was important to ensure that fiber 

diameter, alignment, and density remained constant between the different sample types.  Scanning 

electron micrographs of fibers were analyzed to verify consistency in fiber diameter, alignment, 

and density.  

To analyze fiber diameter, images were analyzed using FIJI software (Bethesda, MD). 

Each fiber image was loaded into FIJI, and a line was drawn perpendicular to fiber orientation 

spanning the width of one fiber. The pixel length of this line was then converted to a micrometer 
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length using the image’s accompanying scale bar. This measurement was repeated on 100 fibers 

per fiber scaffold. Scaffolds were fabricated and analyzed in triplicate (N = 3), providing a total of 

300 diameter measurements for each fiber type.  

Fiber alignment was analyzed by measuring the angle of orientation of each fiber in the 

SEM images using FIJI software. The angle of 100 fibers was measured per fiber scaffold for three 

independently fabricated scaffolds (N = 3). The mean fiber alignment was calculated from the 

population and was then subtracted from each fiber angle measurement to determine the angle 

each fiber deviated from the mean alignment. The angle of deviation from the mean was compiled 

into a histogram with the mean alignment set to 0 and the “Degree Variation from Mean” grouped 

into 10 degree bins.  Each histogram represents the entire population of the three independently 

produced scaffolds (at least 300 measurements). 

Fiber density was determined using FIJI software. For aligned electrospun fibers, the 

density is measured as the number of fibers that intersect with a 1mm line drawn perpendicular to 

the fiber alignment. Fibers that were cut off by the edge of the image were not counted. This was 

repeated for at least 100 fibers each from three independently fabricated scaffolds (N = 3). The 

length of the line was used to calculate fibers/mm. The diameter density product (DDP) was 

determined by multiplying the average fiber density by the average fiber diameter calculated 

above. 

 Cell Culture 

2.3.2.1 Primary Rat Cortical and Spinal Cord Astrocyte Isolation 

All animal procedures for this study followed NIH guidelines for the care and use of 

laboratory animals. Procedures used to obtain primary astrocyte cultures were approved by the 

Institutional Animal Care and Use Committee at Rensselaer Polytechnic Institute.  
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2.3.2.2 Cortical Astrocyte Isolation 

The cortical astrocyte isolation protocols followed those previously published by Zuidema 

and colleagues [45].  Briefly, four P2 Sprague-Dawley rat pups (Taconic Biosciences, Hudson, 

NY) were euthanized and the cortices were removed to sterile OptiMEM (Invitrogen, Grand 

Island, NY). The meninges, hippocampi, and basal ganglia were removed using a dissecting 

microscope. Cells were extracted from the cortices in three, 10 minute, incubations in a solution 

of TrypLE (Invitrogen): OptiMEM (1:1 by volume) warmed to 37°C. The second incubation was 

supplemented with 1mg/ml DNase I (Sigma-Aldrich). Suspensions were pelleted by centrifugation 

(5 minutes at 0.5 RCF), then raised in astrocyte media (50 U/mL penicillin, 50 µg/mL 

streptomycin, 10% by volume heat inactivated horse serum in Dulbecco’s Minimum Essential 

Medium (DMEM)) (all from Invitrogen). The cell concentration was determined using a 

hemocytometer, and astrocytes were plated at a concentration of 200,000 cells/ 75mm2 on poly-D-

lysine (Sigma-Aldrich) coated flasks in astrocyte media. The cortical astrocytes were cultured for 

2 weeks, with full media changes every 3-4 days. The astrocytes were seeded onto fibrous scaffolds 

when the flasks were approximately 90% confluent. 

2.3.2.3 Spinal Cord Astrocyte Isolation 

Ten P2 Sprague-Dawley rat pups were euthanized, and spinal cords were removed. All 

meninges and spinal nerves were removed, and spinal cords were placed in ice-cold OptiMEM. 

Spinal cords were then dissociated mechanically using trituration. Spinal cords were drawn into a 

30 mL syringe through a 16 ½ gauge needle three times to perform a rough dissociation of the 

tissues while taking care not to introduce air bubbles to the slurry. The tissue slurry was then drawn 

through an 18 ½ gauge needle three times to further dissociate the tissue. Needles (16, 18 G) and 

syringes (5 mL and 30 mL) were purchased from Becton Dickinson (Franklin Lakes, NJ). The 

slurry was then centrifuged at 0.5 RCF for five minutes, and the supernatant was vacuum aspirated. 
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The cell pellet was reconstituted in 100 mL of DMEM culture media containing 10% HIHS, 50 

U/mL penicillin, and 50 µg/mL streptomycin. The cell suspension was dispensed into ten plug-

seal T75 tissue culture flasks that were pre-coated with poly-D-lysine to promote astrocyte 

attachment. Cells were grown to confluency (~2.5 weeks). Prior to seeding onto the fiber scaffolds, 

the T75 flasks were shaken overnight at 100rpm in an incubated shaker to remove microglia, 

oligodendrocyte precursor cells, or neurons attached to the top of the astrocyte layer. After shaking, 

astrocytes were supplied with fresh media and allowed to equilibrate for at least 48 hours prior to 

culture on fiber scaffolds.  

 Astrocyte Culture onto Electrospun Fibers 

Each astrocyte experiment was conducted in biological and material triplicate. For each 

fiber condition (smooth, pitted, or divoted), at least three independently prepared astrocyte cultures 

from the spinal cord or cortex were generated. The fibers were treated with 70% ethanol in water 

(by volume) for 10 minutes then dried before the astrocytes were seeded - to sterilize the fibers 

and remove residual solvent [93]. After the 70% ethanol solution evaporated for 2 hours in a sterile 

tissue culture hood, the fiber samples were treated in a plasma cleaner (Harrick Plasma, Ithaca, 

NY) on the medium setting for 90 seconds to increase the hydrophilicity of the fibers to better 

support cell attachment. Astrocyte cultures were lifted from the T75 culture flask with warm 

(37°C) TrypLE for 10 minutes, pelleted by centrifugation (0.5RCF for 5min), and resuspended in 

astrocyte media. Astrocytes were counted using a hemocytometer and plated to achieve a seeding 

density of 1,000 cells per mm2. One of the objectives was to analyze astrocyte morphology, so 

astrocytes were seeded at this lower seeding density to observe individual astrocytes. Only 

individual cells, as determined by the nuclei, were used for morphological analysis.  Astrocyte 
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morphology was assessed at two time points to determine how astrocytes respond initially to fibers 

(1 day) and whether astrocytes change their morphology over time (3 days). 

2.3.3.1 Cell Fixation, Immunocytochemistry, and Imaging 

At the 1 or 3 day time points, astrocytes were fixed for 15 minutes with 4% 

paraformaldehyde by volume in 25% PBS, 50% astrocyte culture media, and DI water (37°C) 

(Electron Microscopy Sciences, Hatfield, PA). Astrocytes were permeabilized and blocked for 1 

hour at room temperature with a solution of 0.4% by volume Triton-X100 (Sigma-Aldrich), 5% 

wt/vol bovine serum albumin (BSA, Sigma-Aldrich), in phosphate buffered saline (PBS, Fisher 

Scientific). After blocking, the astrocytes were incubated at 4°C overnight with a 1:700 dilution 

of rabbit anti-glial fibrillary acidic protein primary antibody (GFAP, DAKO, Carpinteria, CA) in 

0.1% by volume Tween-20 (Sigma-Aldrich), 5% wt/vol BSA, PBS incubation solution. Astrocytes 

were washed using a 0.1% by volume Tween-20, PBS buffer three times for 5 minutes before 

incubation with a 1:1000 dilution of Alexa Fluor 488 goat anti-rabbit (Invitrogen) secondary 

antibody in incubation solution for 1 hour at room temperature. The astrocytes were washed three 

times for 5 minutes in PBS, then incubated for 15 minutes in PBS with a 1:1000 dilution (vol/vol) 

of DAPI (Sigma-Aldrich) at room temperature. Samples were washed in PBS three times for 5 

minutes each before imaging. Images were taken with a 20x objective using an inverted Olympus 

IX-81 confocal microscope (Olympus, Tokyo, Japan). Images were stacked by maximum intensity 

projection, filtered with a rolling ball background subtraction algorithm (radius = 50), and 

assembled using the MosaicJ plugin on FIJI (Adobe, San Jose, CA). 

2.3.3.2 Metamorph Image Analysis and Elongation Ratio 

Astrocyte morphology was analyzed using Metamorph (Molecular Devices, Sunnyvale, 

CA) image analysis software either 1 day or 3 days after seeding on each fiber type. GFAP and 

DAPI channel maximum intensity projections of astrocyte were overlaid to differentiate individual 
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astrocytes from clustered astrocytes. Cell images were thresholded against light objects, which 

segmented the foreground from the background. The threshold was used to define the perimeter 

of the astrocytes. From the perimeter, the length and width of the cells were calculated in 

Metamorph software. The longest cellular aspect was divided by the shortest cellular aspect to 

determine the aspect ratio.  An aspect ratio of 1 shows a rounded morphology, while an aspect 

ratio greater than 1 indicates the cell is elongated. To eliminate potential bias, individuals 

performing the analysis were blinded to the astrocyte cell source and fiber type. 

 Western Blot 

2.3.4.1 Astrocyte Culture and Lysis 

Western blots were performed using a higher cell density of 16,666 cells per mm2.   In 

order to achieve a high enough protein concentration for the blot, four coverslips were pooled for 

each data point. Either spinal cord or cortical astrocytes were lifted with TrypLE and plated on 

smooth, pitted, divoted fibers, or tissue culture plastic (TCPS) as a second control. Western blot 

analysis was performed after 3 days in culture. The 3 day time point was determined after 

measuring GFAP intensity in astrocyte immunocytochemistry at the 1 and 3 day time points. There 

were no significant differences in GFAP intensity between the 1 and 3 day time points (data not 

shown), so GFAP was measured at the 3 day time point only. The 3 day time point was selected 

for Western blot analysis because previous literature suggests that astrocytes take  days to respond 

to an injury in vivo [40]. After culture, the astrocytes on the coverslips were removed from the 

tissue culture incubator and washed three times with 37°C PBS to remove residual media. 

Astrocytes were then lysed for 5 minutes on ice with RIPA cell lysis buffer 3 (Enzo Life Sciences, 

Farmingdale, NY) doped with complete ULTRA enzyme inhibitors (Roche, Branford, CT) and 

PhosSTOP phosphatase inhibitors (Roche). Samples were run through a 28 gauge needle (Becton 

Dickenson) to break up any DNA complexes. Samples concentrations were measured using a 
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nanodrop spectrophotometer (Thermo Scientific, Rockfort, IL), then 4X concentrated Laememli 

sample prep buffer containing β-mercaptoethanol (SPB, RPI Research Products, Mt. Prospect, IL) 

was added to achieve 1X SPB concentration. Samples were frozen at -80 degrees until the Western 

blot procedure was performed.  

2.3.4.2 Western Blotting Technique   

4%/10% SDS-PAGE gels were prepared in 1mm plastic single use cassettes (BioRad, 

Hercules, CA) according to the Abcam procedure (Abcam, Cambridge, MA). Gels were stored at 

room temperature until use. Buffer containing lysed astrocyte samples were thawed and prepared 

for gel loading by adding appropriate amounts of water and SPB to achieve 2µg protein in each 

20µl loading sample. Prior to loading, samples were heated in a 100°C heat block for 2 minutes, 

then centrifuged for 2 min at 14,000 rpm.  Gel cassettes were washed with MQ water, samples 

were loaded into the wells along with the molecular weight standard (BioRad), and the gel was 

run for 60 minutes at 150V in 1L of running buffer (0.025M Tris-Base, 0.192M Glycine, 0.1% 

wt/vol SDS).  

Immun-blot PVFD membranes (BioRad) were soaked in methanol for 15 seconds to 

activate the membranes, then soaked in transfer buffer (25mM Tris-base, 192mM glycine, 20% 

methanol)  (Sigma-Aldrich) for 5 minutes. Gels were removed from the gel cassettes and washed 

with MQ water to remove SDS. Gels were then assembled into the transfer cassette with the 

activated membrane and run at a constant current of 0.2Amp for 90 minutes in transfer buffer. 

Care was taken to keep the cassettes cool by packing ice around the system during transfer.  

2.3.4.3 Western Blot Immunostaining and Imaging 

After transfer of protein from the gel to the membrane, the cassettes were disassembled 

and the PVFD membranes were transferred to a blocking buffer of freshly prepared 1% Tween-20 

(Sigma-Aldrich), 20mM Tris, 150mM NaCl (TBST, Thermo Scientific) with 5% wt/vol instant 
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nonfat dried milk, pH 7.6. The membranes were blocked for 1 hour at room temperature on a 

rocking platform shaker (VWR) at a setting of 2. The blocking buffer was removed and replaced 

with a primary antibody (see below) in incubation solution (TBST, 5% wt/vol instant nonfat dried 

milk). The primary antibody was incubated overnight at room temperature on the rocking platform 

shaker. After the primary antibody incubation, the incubation buffer was removed and the 

membranes were washed three times for 5 minutes with TBST. The final wash was replaced with 

a horseradish peroxidase conjugated secondary antibody diluted 1:10,000 in TBST, 5% (wt/vol) 

instant nonfat dried milk. The secondary antibody was incubated with the membrane on the 

rocking platform shaker for 2 hours, then removed and washed three times for 5 minutes. 

Meanwhile, the AmershamTM ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, 

Chicago, IL) was prepared according to the manufacturer’s instructions. After washing, the 

detection reagent was applied to the surface and incubated for 2 minutes. The detection reagent 

was removed, and the membrane was imaged using a ChemiDoc XRS system with the Chemi Hi 

Resolution protocol in the ImageLab Software (BioRad). The molecular weight standard was 

imaged immediately after (without moving the membrane) using the colorimetric protocol in the 

ImageLab Software. 

Immediately after imaging, the samples were returned to TBST for the stripping procedure 

to remove the GFAP primary and secondary antibodies. The membranes were stripped with two 

10 minute incubations in stripping buffer (200mM glycine, 3.5mM SDS, 1% Tween-20, pH 2.2) 

all from Sigma-Aldrich. After stripping, the membranes were washed three times for 5 minutes in 

PBS, then two times for 5 minutes in TBST. The membranes were then probed for actin using the 

immunostaining procedure above. 
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Vinculin (117 kDa) was detected with a primary monoclonal mouse anti-vinculin antibody 

(1:500, Sigma) followed by a HRP-conjugated donkey anti-mouse antibody (1:10,000, Jackson 

Research). GFAP (55kDa) was detected with a rabbit anti-GFAP (1:2000, DAKO) primary 

antibody, and a (HRP)-conjugated Donkey anti-rabbit secondary antibody (Jackson 

ImmunoResearch, West Grove, PA).  Actin (42kDa) was detected with a primary mouse anti-actin 

antibody (1:2000, Abcam) and a secondary HRP-conjugated donkey anti-mouse antibody 

(1:10,000, Jackson Research). The resulting vinculin, GFAP, and actin bands and molecular 

weight standard band intensities were analyzed using FIJI software. At least three independently 

produced fibers and cell cultures were used to determine the mean for each condition. The tissue 

culture plastic TCPS served as a flat surface control. Each group consists of at least three 

independently produced scaffold replicates, and three separate astrocyte isolations. 

 Statistics 

Statistical analysis was performed using Sigma Plot 11.0 software (Systat Software Inc., 

San Jose, CA). Data in the text are reported as mean ± standard deviation, while the error bars in 

bar graphs represent the standard error. All groups were tested for normality using a Kolmogorov-

Smirnov test. If the data was normally distributed, an ANOVA was run with a Tukey HSD post 

hoc analysis. If the samples were not normally distributed, a non-parametric ANOVA was run on 

ranks. Statistical significance was assigned for all groups where p < 0.05. All data was analyzed 

by using at least three independently fabricated fiber replicates containing three independently 

isolated batches of astrocytes unless otherwise specified.  Analysis of fiber alignment differences 

between each fiber groups was performed using the Brown-Forsythe test in JMP software (SAS, 

Cary, NC). 
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2.4 Results 

 Preparation of Smooth, Divoted, and Pitted Fibers 

Smooth, pitted, and divoted fibers were prepared to determine if fiber surface features 

influenced astrocyte morphology and GFAP production. Smooth fibers result when the 

electrospinning solution was electrospun in a low humidity chamber (< 21%) (Figure 2-1A). Pitted 

fiber surfaces are formed by incorporating the non-solvent (DMSO) and electrospinning in a higher 

humidity chamber (28-32%) (Figure 2-1B). Shallow divoted fiber nanotopography was generated 

by electrospinning at the higher (28-32%) humidity, but without including the non-solvent DMSO 

(Figure 2-1C).  Fiber diameter, alignment, density, and solvent retention were measured and 

controlled in order to analyze the ability of surface nanotopography to influence astrocyte 

morphology and GFAP production. 

 Adjusted Electrospinning Process to Increase the Smooth Fibers Diameters 

The initial attempts to create smooth fibers yielded fibers with smaller diameters than either 

the divoted or pitted fibers. Since the pitted and divoted fibers had similar diameters, the smooth 

fiber diameter was adjusted by increasing the weight percentage of PLLA content in the 

electrospinning solution (Figure 2-5). As weight percentage of PLLA in chloroform increased, 

fiber diameter increased. The average diameters for the 8%, 9%, and 10% wt/wt was 1.64±0.37µm, 

1.75±0.38µm, and 2.11±0.36µm, respectively (Figure 2-5). Electrospinning the 10% PLLA 

solution required the inclusion of a more volatile solvent. Chloroform solution was doped with the 

more volatile dichloromethane to help facilitate solvent removal from higher weight percentage 

PLLA solutions. The resulting smooth fibers had a mean fiber diameter of 2.11±0.36µm which 

was not statistically different when compared to the mean fiber diameters of pitted and divoted 

fibers (2.02±0.40µm and 2.06±0.31µm, respectively) using an ANOVA (Figure 2-1G).  
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 Characterization of Fiber Alignment and Density   

After the diameter of the smooth fibers was adjusted to have similar diameters to divoted 

and pitted fiber diameters, the alignment and density of the fibers were measured to guarantee their 

consistency between fiber groups. The alignment of the fibers within the scaffolds was measured 

for each group in terms of deviation from the primary axis of orientation (Figure 2-1D-F). For all 

groups, the fibers were highly aligned within ±15° of the primary axis and none of the groups 

showed statistical differences in fiber alignment. The densities of the fibers were 181±35, 192±24, 

and 180±12 fibers/mm respectively for the smooth, pitted, and divoted fibers. An ANOVA 

analysis confirmed that there were no statistical differences between the fiber densities in different 

groups (Figure 2-1H). The fiber coverage of each scaffold was quantified by multi-plying the fiber 

diameter by the fiber density (Diameter Density Product (DDP)). The results are displayed in terms 

of micrometers covered while traveling along a two-dimensional line oriented perpendicular to the 

long axis of the fibers (Figure 2-1I). For example, the smooth fibers covered 392µm of every  
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1000µm, or 39.2% coverage. For smooth, pitted, and divoted fibers, the coverage was 

39.2±5.3 %, 39.7±4.7 %, and 38.4±2.1 %, respectively. There were no statistical differences 

between the coverages for all groups (Figure 2-1I).  

 

 

Figure 2-1: Fiber morphology analysis of smooth, pitted, or divoted fibers to verify consistency of 

alignment, diameter and density between groups. SEM micrographs of (A) smooth, (B) pitted, and (C) 

divoted fibers show the differences in surface structure. SEM micrographs were used to determine 

corresponding fiber alignment histograms for (D) smooth, (E) pitted, and (F) divoted fiber groups. There 

were no significant differences in alignment between groups (n = 3). (G) There were no significant 

differences in fiber diameter between groups. (H) There were no significant differences in fiber collection 

density between groups. (I) bar graph of diameter density product to estimate fiber coverage on the 

surfaces. There were no significant differences between groups. n = 3 for all groups. Scale bar = 5µm. 
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 Cortical Astrocyte Changes in Length in Response to Nanotopography 

After ethanol treatment, solvent in the fibers totaled less than 0.5% of the total weight of 

the fibers (Figure 2-8). The small amount retained was not statistically different between the three 

fiber groups and is unlikely to severely impact astrocyte behavior. Overall, fiber diameter, 

alignment, density, and solvent retention were carefully con-trolled to remove their influence on 

the astrocyte response, and to isolate the surface nanotopography as the primary physical variable 

influencing the astrocyte response to the fibers.  

Cortical astrocytes were cultured on the surfaces of the smooth, pitted, and divoted 

electrospun fiber scaffolds to determine if nanotopography presence influenced astrocyte 

morphology (Figure 2-2).  The purity of both cortical and spinal cord astrocytes were measured to 

be greater than 98% in culture (Figure 2-6). Astrocyte morphology was selected as a parameter for 

investigation because astrocytes that quickly elongate on fibers may have an enhanced ability to 

direct subsequent axonal regeneration [43]. On the smooth fibers, at the 1 day time point, cortical 

astrocytes had a mean length of 135±76µm (Figure 2-2A), while those on the pitted and divoted 

fibers had mean lengths of 141±56µm (Figure 2-2C) and 159±82µm (Figure 2-2E), respectively. 

After 3 days in culture, cortical astrocyte length increased on all scaffold types (Figure 2-2B, D, 

F, and G). The cortical astrocytes on the smooth fibers increased in length the most, and more than 

tripled in length to 474±144µm (Figure 2-2G) compared to the 1 day time point (Figure 2-2A). 

The cortical astrocytes cultured on fibers with pitted and divoted nanotopography increased in 

length to 242±157µm on the pitted fibers, and to 287±120µm on divoted fibers. These changes in 

length on the smooth fiber control fiber were significantly larger than those seen on the pitted or 

divoted fibers (Figure 2-2G). Thus, for cortical astrocytes, nanotopography presence does still 
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allow for astrocyte elongation, but to a lesser extent compared to astrocyte extension on smooth 

fibers.  

 Cortical Astrocyte Changes in Aspect Ratio in Response to Nanotopography  

One measure of astrocyte elongation is astrocyte length.  However, length does not measure 

the thickness of the astrocyte.  Aspect ratio evaluates the ratio of length to width of an individual 

astrocyte, with a value of 1 describing a circular astrocyte, and values greater than 1 describing 

increasingly long and thin astrocytes.  Aspect ratio was assessed to examine the ability of 

nanotopography to influence an astrocyte to spread along individual fibers or groups of fibers.  

Additionally, the aspect ratio is a valid metric since a majority of the astrocytes presented a bipolar 

morphology that extended along the length of the fibers (Figure 2-2A-D). Aspect ratio differences 

(Figure 2-2G) mirrored differences observed with astrocyte length (Figure 2-2H). After 1 day on 

smooth fibers, the cortical astrocytes had an aspect ratio of 5.7±3.9 (Figure 2-2H). The aspect 

ratios on pitted and divoted fibers were slightly increased with values of 6.7±3.9 and 7.9±5.2, 

respectively (Figure 2-2H). After 3 days in culture, the aspect ratio of cortical astrocytes cultured 

on smooth fibers increased significantly to 10.0±4.2, but decreased on the pitted and divoted fibers 

to 4.7±2.2 and 6.4±2.5, respectively (Figure 2-2H). The decrease in the aspect ratio observed in 

the cortical astrocytes on the pitted and divoted fibers indicated that the astrocyte was broadening 

faster than it was lengthening. In cortical astrocytes, pitted and divoted nanotopography was 

associated with astrocytes spreading perpendicular to the alignment of the fibers.  

 Spinal Cord Astrocyte Changes in Length in Response to Nanotopography 

Cortical astrocyte response to biomaterials is more studied than that of spinal cord 

astrocytes.  If fibers are meant to direct axonal regeneration in the spinal cord, it is important to 
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understand how spinal cord astrocyte populations respond to fibers with different surface features 

compared to cortical astrocytes.  

After 1 day of culture, spinal cord astrocytes had mean lengths of 215±87µm on smooth 

(Figure 2-3A), 116±70 µm on pitted (Figure 2-3C), and 160±67µm on divoted fibers (Figure 

2-3E). There were no significant differences between the mean lengths of any group at the 1 day 

time point. After 3 days in culture, spinal cord astrocytes cultured on all three fiber types increased 

modestly in length to 241±91µm, 220±97 µm and 265±123µm on smooth (Figure 2-3B), pitted 

(Figure 2-3D), and divoted fibers (Figure 2-3F), respectively. Like the cortical astrocytes, the 

spinal cord astrocytes increased in length over time, but unlike the cortical astrocytes, there were 

no differences in the change of length on the different fiber scaffolds (Figure 2-3G). 
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Figure 2-2: Cortical astrocyte morphology on smooth (A, B), pitted (C, D), or divoted fibers (E, F). 

Confocal micrographs of cortical astrocytes at 1 day (A, C, E) and 3 Day (B, D, F) time points after 

seeding. Astrocytes were immunostained for GFAP (green) and DAPI (blue). Cortical astrocyte 

morphology measures of length (G) and aspect ratio (H) as a function of surface type are presented as the 

difference between measurements taken at 1 day and 3 days. The * indicates statistically significant 

differences between   astrocytes cultured on smooth compared to pitted or divoted (p<0.05). The data in 

graphs G and H show the mean with standard error from three independent astrocyte cultures on 3 

independently fabricated fiber surfaces. Scale bar = 20µm. 
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Figure 2-3: Spinal cord astrocyte morphology on smooth (A, B), pitted (C, D), or divoted fibers (E, F). 

Confocal micrographs of spinal cord astrocytes at 1 day (A, C, E) and 3 Day (B, D, F) time points. 

Astrocytes were immunostained for GFAP (green) and DAPI (blue). Spinal cord astrocyte morphology 

measures of length (G) and aspect ratio (H) as a function of surface type were presented as the difference 

between measurements taken at 1 day and 3 days. There were no statistical differences between groups 

(p>0.05). The data in graphs G and H show the mean and standard error from 3 independent astrocyte 

cultures on 3 independently fabricated fiber surfaces. 

 

 Spinal Cord Astrocyte Changes in Aspect Ratio in Response to Nanotopography 

The aspect ratio of spinal cord astrocytes was opposite to results observed with cortical 

astrocytes. After 1 day, the spinal cord astrocytes had an aspect ratio of 5.0±2.3, 2.8±1.5, and 
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5.3±2.8, respectively, on smooth, pitted, and divoted fibers (Figure 2-3H). There were no statistical 

differences between the aspect ratios of the groups at 1 day. After 3 days in culture, the aspect ratio 

of spinal cord astrocytes decreased slightly to 4.7±2.2 on smooth fibers, and increased to 5.2±3.5 

and 6.1±3.3 on the pitted and divoted fibers, respectively (Figure 2-3H). This trend contrasted that 

of cortical astrocytes which decreased on smooth fibers and increased on pitted and divoted fibers 

(Figure 2-2H).  

 Western Blot Analysis of Cortical and Spinal Cord GFAP Expression 

Astrocyte reactivity is thought to exist along a spectrum involving the expression of many 

different cytoskeletal proteins, soluble factors, surface receptors, and unique extracellular matrix 

proteins [94]. Since there were differences in elongation, this study focused on cytoskeletal 

indicators for reactivity (vinculin, GFAP, and actin). Large increases in vinculin and GFAP 

expression are used as an indicator for astrocytes in a reactive phenotype [6], [94], [95]. Western 

blotting was performed on 3 day astrocyte cultures to measure changes in astrocyte vinculin, 

GFAP, and actin protein expression in response to fibers with unique surface nanotopography 

(Figure 2-4). One important experimental design decision was to not coat the fiber surfaces with 

specific adhesive peptides or proteins, because adhesive ligands may mask the effects of the 

surface topography [96], [97]. In addition, a tissue culture polystyrene (TCPS) control (smooth 

surface without curvature) was used as a control and baseline for GFAP expression. It should be 

noted that serum proteins in the media likely coated the surface of the fibers soon after the cell 

suspension was placed on the surface of the fibers. The surface topographies of the fibers were 

analyzed by SEM after submersion in media and after an 8 hours incubation in the humidified 

environment of the cell culture incubator (37°C) (Figure 2-7). The images suggested the incubation 

environment did not alter the morphology of the fibers. It appears that some of the pits on the pitted  
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Figure 2-4: Western blot of vinculin, GFAP, and actin in cortical astrocytes (A) and spinal cord astrocytes 

(B) after 3 days in culture on smooth, pitted, or divoted fibers. The tissue culture plastic (TCPS) was used 

as a flat topography control. 2ug of protein were loaded in each lane. For the cortical astrocyte culture, the 

band intensity of vinculin (C), GFAP (E), and actin (G) are arranged in the first column. For the spinal 

cord astrocyte culture, the band intensity of vinculin (D), GFAP (F), and actin (H) are arranged in the 

second column. The graphs represent the mean and standard error from at least 3 independently 

fabricated scaffolds, and 3 separate astrocyte cultures.  
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fibers may be covered after submersion, while the divoted and smooth fibers remain 

unchanged. However, this was not quantified because the process is inconclusive. The drying 

process clearly shows salt crystal growth, and the drying of the salts and proteins may have covered 

surface features that were available in the aqueous environment. 

For each experimental group in the Western blot, the same amount of protein from each 

sample (2µg) was loaded in each lane to reduce variation between groups. The cortical astrocyte 

GFAP expression on the smooth, pitted, and divoted fibers is 102.8%, 94.4%, and 88.6%, 

respectively, relative to the TCPS control. The spinal cord astrocyte GFAP expression, when 

normalized to the TCPS control, is 118.3%, 127.0%, and 143.8% on the smooth, pitted, and 

divoted fibers, respectively. An ANOVA confirmed that there were no statistically significant 

differences between any of the groups. 

The cortical astrocyte actin expression on the smooth, pitted, or divoted fibers was 57.6%, 

65.5%, and 46.6% of the TCPS control. The spinal cord astrocyte actin expression on the smooth, 

pitted, or divoted fibers was 79.9%, 80.2%, and 85.5% of the TCPS control. There were no 

statistically significant differences between any of the groups using an ANOVA.  

The cortical astrocyte vinculin expression on the smooth, pitted, or divoted fibers was 

84.2%, 79.0%, and 98.7% of the TCPS control. The spinal cord astrocyte vinculin expression on 

the smooth, pitted, and divoted fibers was 76.1%, 114.2%, and 100.2% of the TCPS control. There 

were no statistically significant differences between any of the groups using an ANOVA. Overall, 

the Western blot results show that the smooth, pitted, and divoted surface topography do not 

significantly alter the vinculin, GFAP, or actin expression compared to a flat surface control. 

 

 



 

44 

 

2.5 Discussion 

Electrospun fibers have emerged as a tool to modulate astrocyte behavior by adopting 

phenotypes that are less reactive and more supportive of CNS tissue regeneration. Astrocytes 

cultured on electrospun fibers maintain an in vivo-like phenotype [98], increase glutamate 

transporters and glutamate uptake [45], induce embryonic astrocytes to mature into a protoplasmic 

phenotype [99], and upregulate genes associated with brain derived neurotrophic factor and the 

antioxidant glutathione [100]. In order to further probe the effects of topography, this study 

examined the ability of fiber surface nanotopography to influence astrocyte morphology and 

GFAP production. The method for controllably engineering nanotopography on the surface of 

PLLA fibers was previously developed in our laboratory [74], but the effects of fiber 

nanotopography have not been studied in astrocyte populations.  

In vivo, astrocytes are most commonly classified into two primary phenotypes, 

protoplasmic and fibrous astrocytes, which are characterized by their location and morphology. 

Protoplasmic astrocytes are located in the white matter and appear in the classic, highly ramified 

morphology. Fibrous astrocytes reside in the myelinated white matter and have fewer but longer 

processes [6], [7]. The spinal cord has a higher proportion of white matter to gray matter, while 

the cortex has a higher proportion of gray matter to white matter. Astrocytes perform similar 

functions in both the white and gray matter by maintaining the blood-brain barrier, adjusting 

glutamate levels in the synaptic cleft, buffering ions after action potentials, and providing energy 

to neurons [6], [7]. On a flat surface in vitro, astrocytes lose the ramified morphology and exhibit 

a polygonal morphology (Figure 2-6). The phenotypic shifts in astrocytes on electrospun fiber 

scaffolds involve changes toward an elongated and ramified morphology and reduced GFAP 

expression [45], [98], [99], so these measures were used to study the effects of the surface 
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nanotopography. To our knowledge, it is not known how astrocyte vinculin and actin are affected 

by electrospun fiber nanotopography. 

The results of this study can be summarized in four points: 1. Three fiber scaffolds were 

created with unique surface topographies, but statistically similar diameters, alignments, and 

densities; 2. Cortical astrocytes extended to a greater extent along smooth fibers compared to 

divoted or pitted fibers; 3. Spinal cord astrocytes were not significantly affected by the surface 

nanotopography, but also did not extend as far as cortical astrocytes on the smooth fibers. There 

were no significant differences in GFAP, vinculin, or actin expression between cortical and spinal 

cord astrocyte on any surface. However, there tended to be a slight decrease in both vinculin and 

actin expression on the fiber substrates compared to the TCPS control. 

Fiber physical properties such as diameter, alignment, and density, modify neuron and glial 

cell behavior in culture [45], [63], [76], [84], [101]–[103].  These variables were measured and 

controlled to remove them as confounding variables that may affect astrocyte behavior observed 

here. The fiber diameter required the most adjustment. When the smooth fibers were prepared with 

the same electrospinning solution as the pitted fibers, the smooth fibers had a smaller diameter 

than both the pitted and divoted fibers.  To match the diameters of the pitted and divoted fibers, 

the PLLA concentration in the smooth fiber electrospinning solution was increased to 10% of the 

solution weight. However, the higher polymer content caused the fibers to flatten during collection, 

so dichloromethane was added to allow the fibers to solidify.  The resulting fibers had a smooth 

surface with diameters that were statistically similar to the pitted and divoted samples (Figure 2-5). 

Since dichloromethane was a new solvent introduced during the diameter adjustment process, 

TGA analysis was used to verify that ethanol sterilization removed all solvents (Figure 2-8). 

Ethanol effectively sterilizes the fibers for culture and removes organic solvents from fibers after 
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electrospinning [93]. TGA confirmed that the ethanol wash removed the different organic solvents 

as a potential confounding variable in this study.  

The fiber alignment and density were controlled by the collection wheel rotation speed and 

the collection time.  Zuidema and colleagues observed that aligned fibers promoted directional 

astrocyte migration, while unaligned fibers restricted migration [45].  As a result, we controlled 

for fiber alignment by maintaining a consistent collection wheel rotation speed for all groups 

during electrospinning. The resulting fibers were aligned within 15 degrees of the mean fiber 

alignment, and there were no statistical differences between groups (Figure 2-1D, E, F).  Fiber 

density has previously been shown to affect the direction of extending neurites [103]. Xie and 

colleagues prepared submicron diameter fibers that ranged in density from 100 to 3000 fibers/mm. 

Xie et al. found that neurites from dorsal root ganglia extended parallel to the topography of low 

density fibers (<1500 fibers/mm), but grew perpendicular to the alignment of high density fibers 

(>1500 fibers/mm). The fibers in this study were kept at a low density to encourage astrocytes to 

interact with more isolated single fibers and each group was electrospun for the same amount of 

time to keep the fiber density consistent. There were no statistical differences between fiber groups 

for both the fiber density (Figure 2-1H) and the diameter density product (DDP) - a measure of 

fiber coverage (Figure 2-1I). With statistically similar fiber diameters, alignments, densities, and 

coverage between the three experimental groups, the changes observed in astrocytes between fiber 

groups is likely due to the presence of nanotopography. 

Previously, electrospun fibers with pitted surfaces were shown to reduce macrophage 

elongation compared to smooth fibers [74, p. 201]. Thus, we hypothesized that pits and divots on 

the fiber surfaces would reduce the elongation of astrocytes relative to the smooth fiber control 

surfaces. Cortical astrocytes are known to respond to aligned smooth electrospun fibers with an 
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elongated bipolar morphology [45]. Here, the cortical astrocytes on the smooth fibers were used 

as the standard to which the experimental fiber surfaces and spinal cord astrocytes were compared. 

The hypothesis was upheld in cortical astrocyte populations cultured for 1 and 3 days (Figure 2-2). 

The increase in length of cortical astrocytes seen on smooth fibers over the three days was 

significantly reduced on both pitted and divoted fibers (Figure 2-2G). The aspect ratio gives a more 

descriptive measure of cell shape by accounting for the width of the cells. The aspect ratio of 

cortical astrocytes significantly increased on smooth fibers, indicating a long thin astrocyte, but 

decreased on pitted and divoted fiber surfaces, indicating that the astrocytes are spreading 

perpendicular to the fiber alignment to a greater degree than they are lengthening parallel to the 

fiber alignment (Figure 2-2H). Both of these measures show that pitted and divoted fiber surfaces 

limit cortical astrocyte length and aspect ratio when compared to cortical astrocytes on smooth 

fiber surfaces.   

The hypothesis that pits and divots limit astrocyte elongation was not upheld in spinal cord 

astrocyte populations. There were no significant differences in the spinal cord astrocyte changes 

in length or aspect ratio between the smooth, pitted, or divoted fibers. While all spinal cord 

astrocytes lengthened over time, the changes were not significantly different between groups. After 

3 days in culture, the spinal cord astrocytes on all fiber surfaces had similar lengths to the cortical 

astrocytes cultured on the pitted and divoted fibers. These astrocyte lengths ranged from 240-

290µm, while the cortical astrocytes on smooth fibers were the single exception, extending to 

474µm (Figure 2-2 and Figure 2-3). The trends in aspect ratio in spinal cord astrocytes were 

opposite those of cortical astrocytes. The aspect ratio in spinal cord astrocytes decreased between 

1 and 3 days on smooth fibers, but increased in spinal cord astrocytes cultured on the pitted and 

divoted fibers. Overall, the spinal cord astrocytes were less responsive, in terms of morphology, 
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to the changes in surface nanotopography than were the cortical astrocytes. Further in depth 

analysis should be performed in order to understand how these changes in morphology relate to 

changes in astrocyte phenotype, gene, or protein expression. Astrogliosis is the most commonly 

studied shift in phenotype in astrocytes (the shift from a naive to a reactive to a scar-like 

phenotype) [40], because of its association with the pathology of traumatic brain injury, traumatic 

spinal cord injury, and diseases like multiple sclerosis. Increases in GFAP, vimentin, cell 

hypertrophy, and overlapping cell processes are the accepted indicators of astrogliosis [6], [40].  

We showed that the fiber surface nanotopography affected cortical astrocyte and spinal 

cord astrocyte morphology differently when the astrocytes are cultured at a low enough density to 

distinguish individual cells. Western blot was next performed to correlate the single cell 

morphology observed at a low cell density to cytoskeletal markers of astrocyte populations at a 

higher cell density. The higher cell density is more representative of regenerating glia migrating 

into an electrospun fiber scaffold [29]. We assessed the effects of fiber surface nanotopography on 

three cytoskeletal markers: vinculin, GFAP, and actin. Vinculin and actin serve as markers for 

both cell-extracellular matrix adhesion and astrogliosis, and GFAP is the most common marker 

for astrogliosis [104]. There are two theories for how engineered nanotopography may influence 

cell adhesion and elongation. Since cell attachment to the surfaces is mediated by focal adhesion, 

both theories involve vinculin. Vinculin is an important protein in focal adhesions that aids in 

transducing mechanical signals from the extracellular matrix to the actin cytoskeleton [105], [106]. 

Therefore, a Western blot of vinculin may provide evidence of how the astrocyte populations 

respond to the topography. 

The first theory is that the increased surface area of the pitted topography increases surface 

protein adsorption and provides more adhesion sites for the astrocytes. Leong and colleagues found 
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that electrospun poly-D,L-lactic acid fibers with pitted surfaces adsorbed 80% more protein from 

a 10% fetal bovine serum solution compared to fibers with a smooth surface [75]. The increase in 

protein adsorption was correlated with an increase in attachment of porcine epithelial cell to the 

pitted fibers compared to the smooth fibers. Our smooth, pitted, and divoted electrospun fibers 

were likely coated with serum proteins shortly after submersion into the astrocyte media with 10% 

heat inactivated horse serum. Based on the findings by Leong et al. we expected to have increased 

amounts of vinculin on the pitted and divoted fibers compared to the smooth fibers. The Western 

blot results did not support this theory (Figure 2-4).  

The second theory is that the pits and divots on the surface interrupt the astrocyte focal 

adhesions, diminishing the astrocyte’s ability to apply a force to elongate.  As a result, we analyzed 

the relative amount of vinculin. If increased protein adsorption on the pitted and divoted fibers 

increases cellular adhesion, we would expect a greater amount of vinculin on the pitted and divoted 

fibers. On the other hand, we hypothesized that if the pits or divots interrupted the cell adhesion 

enough to stop formation of focal adhesions, there would be less vinculin in those cultures. The 

Western blot for vinculin did not have any significant differences between the groups for the spinal 

cord or cortical astrocyte populations. However, there appeared to be a trend toward fewer focal 

adhesions in the cortical astrocyte populations as the substrate changed from tissue culture plastic 

to smooth then pitted, then divoted fibers (Figure 2-4C). There was no observable trend in the 

spinal cord astrocytes on each of the surfaces (Figure 2-4D). 

The vinculin results are interesting, because vinculin can also be used as a measure for 

astrocyte reactivity. The most well-known characteristic of reactive astrocyte is a strengthening of 

the cytoskeleton with intermediate filaments like GFAP, Vimentin, and microfilaments like actin 

[7], [82], [95]. But activated astrocytes also anchor themselves to the extracellular matrix by 
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increasing the number and size of focal adhesions [95], [107]. The focal adhesion complex is 

linked to the actin cytoskeleton by vinculin [95], [107], [108]. As a result, an upregulation of 

vinculin has been observed around lesion sites in vivo [107], and vinculin increased 3-4 fold in 

vitro using a Western blot and a proteomic array when astrocyte cultures were stimulated with the 

activation agent endothelin-1 [94]. In contrast, our vinculin Western blot results generally showed 

a slight decrease in vinculin on the different electrospun fiber topographies. Vinculin expression 

in cortical astrocytes decreased to 78-98% on the fiber surfaces compared to the TCPS control, 

while that in spinal cord astrocytes ranged from 76-114% of the TCPS control. Overall, none of 

the experimental groups were significantly different from the control. Therefore, these results 

suggest that the pitted and divoted fiber surface nanotopographies are not causing the astrocytes 

to become reactive. 

The vinculin protein has an actin binding region that transmits mechanical sensations from 

the ECM to the cytoskeleton of the cell [109]. Since actin and vinculin are intricately linked, it is 

not surprising that actin – in particular F-actin– is also upregulated in reactive astrocytes [108], 

[110]. In our study, the Western blot results for actin showed similar trends to the vinculin Western 

blot results.  Actin expression in cortical astrocytes on the fiber surfaces decreased to 46-65% of 

the TCPS control. In spinal cord astrocyte cultures, actin expression decreased to 80-85% of the 

TCPS control. There were no statistically significant differences between any of the groups. The 

actin results corroborate the vinculin results, and further suggest that the pitted and divoted fiber 

surface nanotopographies do not initiate further astrocyte activation. 

The final cytoskeletal protein that was measured in this study is the most well-known 

marker for astrocytes. In astrocytes, GFAP is linked to both positive and negative responses for 

treatment of CNS injury [104], [111]. GFAP is important for glutamate transporter trafficking – 
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for example, GFAP-null mice show a decrease in glutamate uptake by 25-30% [112].  But large 

increases in GFAP are also linked to astrocyte reactivity and glial scar formation [82]. There is not 

a specific GFAP value that defines a reactive astrocyte because GFAP is expressed at different 

levels in both local and regional astrocyte populations within the healthy CNS. However, GFAP 

is necessary for reactive gliosis and glial scar formation, and pronounced increases in GFAP are 

associated with astrocytes entering a reactive state [113]. Therefore, significant increases in GFAP 

expression from astrocytes on any of the experimental surfaces would indicate that the surface 

induces reactivity in astrocytes. 

GFAP has also been linked to increased astrocyte process extension and migration [113], 

[114]. Since cortical astrocytes grew significantly longer on smooth fibers than those on pitted or 

divoted fibers, we hypothesized that the pitted or divoted fiber surface nanotopographies would 

alter GFAP expression in cortical astrocytes. The results did not support this hypothesis. The 

GFAP expression was nearly constant in cortical astrocytes among all experimental fiber groups 

examined – all groups were within 89-102% of the TCPS control (Figure 2-4E). In spinal cord 

astrocytes, there was a small, but linear increase in GFAP expression on the smooth, pitted, and 

divoted fibers – respectively, 118%, 127%, and 143% of the TCPS control (Figure 2-4F). These 

values are still below GFAP levels associated with astrocyte reactivity. Lipopolysaccharide (LPS) 

treatment, known to induce traumatic brain injury, have induced a reactive astrocyte phenotype 

that more than doubled the amount of GFAP present [115]. Transgenic mice engineered to study 

GFAP overexpression exhibited 3-5 fold increases in GFAP after 14 days [116] The Western blot 

results show that there were no significant differences in spinal cord or cortical astrocytes on any 

of the surfaces.  
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Interestingly, the ratio of GFAP to actin is increased in astrocytes cultured on electro-spun 

fibers compared to those on the TCPS control. The ratio of GFAP to actin for all cells on all fiber 

types is approximately 150% that of the TCPS control (Figure 2-9). This 50% increase was similar 

across all fiber nanotopography groups (Figure 2-9), and generally resulted from a decrease in 

actin on the electrospun fibers (Figure 2-4G, H). The trend suggests that both cortical and spinal 

cord astrocytes favor stronger intermediate filaments on the electrospun fibers over the more 

dynamic microfilament, actin. Intermediate filament provides a strengthened cytoskeleton to resist 

stresses [117], and GFAP intermediate filaments improve vesicle trafficking [118] and astrocyte 

motility [113] among other astrocyte functions, reviewed by Middeldorp and Hol [119]. 

Few studies have analyzed GFAP levels of astrocytes cultured on electrospun fibers.  

However, Lau et al. showed mouse astrocytes decreased GFAP expression while cultured on 

400nm diameter poly-ε-caprolactone fiber surfaces for 12 days (80% decrease in GFAP expression 

compared to a TCPS control) [100]. It is difficult to relate this study with our current study because 

the materials, time points, surface treatments, animal models, and fiber diameters are different. 

However, other studies may help to explain the differences. Puschmann and colleagues observed 

a similar 75% decrease in mouse astrocyte GFAP when comparing bioactive electrospun fibers 

coated with laminin and poly-l-ornithine to an untreated glass surface control [98]. These results 

indicate that the adhesive ligands on the surface also influence on astrocyte GFAP expression. In 

our study, the control surfaces were coated with poly-d-lysine to represent the standard treatment 

scheme for flat surfaces [120], [121]. For the experimental surfaces, surface plasma treatment was 

selected because it increases the hydrophilicity of the surface without altering the surface 

nanotopography before the surfaces were submerged in the cell suspension [97]. But Schaub and 

colleagues reported that that plasma treatment reduced neurite extension relative to other surface 
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modification schemes [97]. Here, the smooth fiber surfaces were added as an important control to 

account for differences in surface treatment.  

The major goal of this study was to isolate the surface nanotopography as the primary 

variable affecting astrocyte response. From the results generated here, the presence of 

nanotopography influenced the morphology of astrocytes differently.  Cortical astrocytes extended 

the longest on smooth fibers while divots or pits interfered with the ability of an astrocyte to extend 

(Figure 2-2). Conversely, nanotopography presence did not readily influence the ability of spinal 

cord astrocytes to spread along the fibers (Figure 2-3).  Fiber surface nanotopography did not elicit 

a change in GFAP expression in either cortical or spinal cord astrocytes (Figure 2-4) and did not 

affect vinculin or actin expression. These findings support the theory that nanotopography can 

influence cell morphology without causing a reactive response from astrocytes, or altering major 

proteins in the cytoskeleton. Future work will consider incorporating adhesive ligands, like 

fibronectin, which improve astrocyte attachment [45]. This may be an interesting avenue of 

research because the topography has been shown to increase protein adsorption [75], and the 

topography may be used to increase specific protein adsorption without changing other fiber 

dimensions. 

2.6 Conclusions 

Overall, the pits or divots on electrospun fiber surfaces reduce cortical astrocyte elongation, 

do not significantly affect spinal cord astrocyte elongation, and do not significantly affect vinculin, 

actin, or GFAP expression in either population. The smooth fiber surfaces improve astrocyte 

elongation, and the pits and divots slowed cortical astrocyte elongation in favor of a broadened 

astrocyte shape. Spinal cord astrocyte morphology did not appreciably change over 3 days on 

smooth fiber surfaces, but continued to lengthen on pitted and divoted surfaces. None of these 
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changes in morphology were associated with changes in vinculin, actin, or GFAP expression, 

which was also similar between spinal cord and cortical populations. This indicates that the surface 

nanotopography has an effect on astrocyte morphology but does not influence astrocyte levels of 

common cytoskeletal proteins.  This study concludes that electrospun fibers with smooth surfaces 

provide the best surface for cortical astrocyte elongation, and do not have negative effects on spinal 

cord astrocytes. Future work will focus on both modifying the surfaces with adhesive ligands and 

measuring other markers of naïve or reactive astrocytes, like chondroitin sulfate proteoglycans, to 

determine if the observed surface-topography-induced morphology differences between spinal 

cord and cortical astrocytes here further impact astrocyte phenotype. 
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2.8  Supplemental Figures 

 Electrospinning Solution Adjustment to Achieve Similar Fiber Diameters 

 

Figure 2-5: Adjustment of smooth fiber diameters to achieve similar diameters to the 2.02µm diameters of 

the pitted fibers. PLLA concentration in the electrospinning solution was increased from 8% (A) to 9% (B) 

and 10% (C). Scale bar = 10µm. The diameters of each group were measured to determine which was most 

similar to the pitted and divoted fiber diameters (D). 

 

 Astrocyte Purity 

Prior to astrocyte culture on fibers, both cortical and spinal cord astrocytes were cultured 

on to tissue culture plastic and immunostained against GFAP with DAPI labelling. This was done 

to assess the purity of both astrocyte cultures to ensure that contaminating cells did not confound 
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our experimental results. After staining, cultures were imaged using a Thermo Scientific Cellomics 

ArrayScan VTI. Images of cell cultures were then analyzed to determined cell purity by 

determining the percentage of DAPI-positive nuclei that colocalized with GFAP 

immunofluorescence. GFAP-positive astrocytes were greater than 98% pure in both cortical and 

spinal cord cultures. 

 

Figure 2-6: Images for astrocyte purity assessment. Astrocytes were cultured on tissue culture plastic for 

24 hours, and analyzed using the automatic ArrayScanner. Representative 10x cortical astrocyte culture 

images of DAPI, GFAP, and merge are displayed in (A), (B), and (C), respectively. Representative 10x 

spinal cord astrocyte culture images of DAPI, GFAP, and merge are displayed in (D), (E), and (F), 

respectively. Both cultures were greater than 98% pure based on GFAP and DAPI channels. 

  

 The Effects of Fiber Post-Processing on Nanotopography 

The SEM analysis showed that the surface topographies of the smooth or divoted were not 

altered, but the pitted fibers may have fewer exposed pits (Figure 2-7). However this information 

is inconclusive because the fibers were dried before imaging, which causes the salts and proteins 

to crystallize on the surface of the proteins. The crystal growth has the potential to cover 

topography that was not covered when the fibers were in solution.   
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Figure 2-7: Analysis of incubation and media submersion on fiber nanotopography. The top row shows no 

differences in the smooth (A), pitted (B), or divoted (C) fiber nanotopography after 8 hours in the cell 

culture incubator (humid, 5% CO2, 37°C). The second and third rows show the smooth (B, C), pitted (E, 

F), or divoted (H, I) fiber nanotopography after submersion in astrocyte media (1% 

penicillin/streptomycin, 10% heat inactivated horse serum, DMEM, pH7.4). The third row shows 

micrographs of single fibers to show the surface topography. The scale bars represent 20µm for the top 

two rows, and 5µm for the bottom row. 

 

 Thermogravimetric Analysis of Electrospun Fibers after Ethanol Treatment 

D’Amato and colleagues revealed that significant amounts of organic solvents, like 

chloroform, are retained within PLLA fibers after electrospinning. The study also showed that 

submerging electrospun fiber scaffolds in 70% ethanol, removed any chloroform residing in the 

fibers after fabrication [93]. Because we also used DMSO and DCM to fabricate fibers in this 

study, it was important for us to ensure that these chemicals were not retained within our fibers as 

they may have impacted our astrocytes in culture. Thermogravimetric analysis (TGA) was used to 
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measure if any solvent was retained in the fibers after ethanol sterilization. In the D’Amato et al 

study, two weight drops occurred during TGA. The first weight drop corresponded to solvent 

removal from fibers, and the second weight drop, which began near 300 ℃, corresponded to PLLA 

combustion.  

In the current study, TGA weight percent drop is used as a metric to determine what weight 

percentage of the fibers consisted of residual solvent or non-solvent after ethanol sterilization. 

TGA was performed on 15 mg fiber samples after ethanol sterilization using a Q50 

Thermogravimetric Analyzer (TA Instruments, New Castle, DE) to analyze fibers as they would 

be presented to cells during in vitro experimentation. Fibers were heated in an alumina crucible 

from room temperature to 400 °C at a heating rate of 10 °C/min. Chloroform, DCM, and DMSO 

boil at 61 °C, 40 °C, and 190 °C respectively. Thus, TGA curves were analyzed for weight drops 

occurring at these temperatures that correspond to the respective solvent evaporating out of the 

fibers. 

As seen below in Figure 2-8, smooth, pitted, and divoted fibers did not exhibit a change in 

measured weight percentage until fiber combustion began around 300 ℃. . The lack of any major 

weight drops (3.96% by weight [93]) before the polymer begins to combust signifies that all of the 

solvents have been removed from the fibers. After ethanol treatment, solvent in the fibers totaled 

less than 0.5% of the total weight of the fibers (Figure 2-8). For the fibers on a coverslip that weigh 

0.4mg, there will be less than 2µg of solvent spread over the 225mm2 area. 
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Figure 2-8: Thermogravimetric analysis of smooth (A), pitted (B), and divoted (C) electrospun PLLA 

fibers after treatment with ethanol to remove residual solvent. Table 2-2 shows the % weight drop from A, 

B, and C before the 300°C temperature; the temperature where the PLLA begins to combust. These 

graphs show that there is negligible solvent within the fibers after ethanol treatment. 

 

Table 2-2: Solvent retention in smooth, pitted, and divoted fibers. 

Fiber Type Fabrication Solvents TGA Weight Percent Drop 

Smooth Chloroform & Dichloromethane 0.36 ± 0.22 % 

Pitted Chloroform & DMSO 0.42 ± 0.18 % 

Divoted Chloroform 0.47 ± 0.46 % 

 

 The Ratio of GFAP to Actin in Astrocyte Populations 

Each Western blot was probed for GFAP, then stripped and re-probed for Actin. The results 

show that astrocytes cultured on electrospun fibers (regardless of topography) have increased 

GFAP relative to actin, when compared to the TCPS control. Figure 2-4 suggests that this is 

because there is a decrease in actin on the electrospun fibers. 

 



 

60 

 

 

Figure 2-9: Western Blot Analysis of GFAP to actin ratio. The GFAP band intensity was divided by the 

actin band intensity and reported as a fold change relative to the TCPS control for (A) cortical astrocytes, 

and (B) spinal cord astrocytes. These graphs were derived from the Western blot images of GFAP and 

actin bands for (C) cortical and (D) spinal cord astrocytes. 
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 Astrocyte Response to Electrospun Fiber Diameter 

3.1 Abstract 

Astrocytes are integral in the functioning of the healthy central nervous system and in the 

injury response mounted by the CNS. This makes them important therapeutic targets after CNS 

injury. Electrospun fiber scaffolds have shown the ability to improve cytotropic responses in 

astrocytes and improve directed astrocyte migration after injury. The scale of the biomaterial 

surface topography that is presented to astrocytes has been shown to be an important parameter in 

astrocyte alignment and in astrocyte-mediated neurite guidance. It is still unknown how fiber 

diameter may affect astrocyte neuroprotection and neurite guidance. In this work, two distinct 

nanoscale fiber diameters (800nm and 386nm) were prepared and the astrocyte morphological 

response was measured over time. Astrocytes on the large diameter fibers showed significantly 

increased elongation as early as 2 hours after seeding. These changes in morphology were 

correlated to changes in GLT-1 and GLAST expression, GFAP expression, neuroprotection from 

glutamate, and astrocyte-mediated neuron guidance. The results show that GLT-1 was increased 

on fibrous surfaces, but this was not correlated to fiber diameter. The results also show that the 

small diameter fibers yielded less aligned but more highly branched neurons. 

3.2 Introduction 

Astrocytes are integral in both the functioning of the healthy central nervous system, and 

in the injury response mounted by the CNS [7], [12].  In the healthy CNS, astrocytes form and 

maintain the blood-brain-barrier, maintain CNS homeostasis, transport nutrients to neurons and 

glia from the circulatory system, and regulate neurotransmitter clearance [6], [7]. In particular, 

astrocytes regulate glutamate - the primary excitatory neurotransmitter - via excitatory amino acid 
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transporters 1 and 2 (EAAT-1 and EAAT-2) [122]. The homologue for EAAT1 and EAAT2 in rats 

is GLAST and GLT-1, respectively [123]. 

After injury astrocytes enter a reactive state. Reactive astrocytes become highly 

metabolically active, migrate to the edge of the lesion, proliferate, and strengthen their 

cytoskeleton with increased expression of intermediate filaments, glial fibrillary acidic protein 

(GFAP) and vimentin. The astrocyte response has long been known to exist on a spectrum [12], 

which can be classified into three major designations: naïve, reactive, and scar-forming astrocytes 

[40]. Naïve astrocytes reside in the healthy nervous system. Scar-forming astrocytes are associated 

with the glial scar. Reactive astrocytes exist between the naïve and scar-forming extremes, and 

have shown a remarkable range of abilities to guide and protect neurons [6], [111]. Reactive 

astrocytes remove excitotoxic glutamate, produce glutathione to neutralize reactive oxygen 

species, release neuroprotective adenosine, protect from ammonia toxicity, and reduce edema 

(Reviewed by Sofroniew and Vinters [124]). 

Astrocytes are also an integral component of the glial scar, and produce chondroitin sulfate 

proteoglycans (CSPGs), which coalesce to establish a negatively charged chemical barrier that 

restricts neural regeneration [104], [124]–[127]. Increased CSPG production is seen very shortly 

after initial injury (within 24 hours) and persists for months following trauma [128], [129]. 

Digestion of the CSPGs with chondroitinase ABC permits promising neurite sprouting [130], and 

much work has focused on reducing astrocyte metabolism  to prevent astrocytes from producing 

CSPGs [7], [62]. However, recent evidence has shown that when reactive and scar-forming 

astrocytes were selectively inhibited, the CSPG barrier was still formed and neuron regeneration 

was still inhibited [111].  Even more importantly, the study found that scar-forming astrocytes 

increased expression of neuron growth permissive BDNF, NT3, laminins, and beneficial CSPGs 
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(CSPG4, and CSPG5) [111].  This suggests that astrocytes, even in the scar-forming state, provide 

beneficial guidance cues for regenerating axons. Therefore, engineered biomaterial approaches 

should focus on promoting the beneficial functions (such as guidance, neuroprotection, and growth 

factor release) instead of inhibiting the negative aspects of astrocytes (CSPG production). 

It was previously thought that reactivity and the scarring response was irreversible [131], 

[132]. Recent evidence by Hara and colleagues suggests that astrocyte phenotype is more fluid than 

previously thought and depends on the surrounding environment. When scar-forming astrocytes 

were removed from the scar tissue and relocated to healthy tissue, the astrocyte phenotype shifted 

back to a naïve-like state [40]. This finding is relevant to biomaterial approaches that seek to 

modify the environment to mimic healthy tissue. Mattotti et al. found that on aligned grooved 

PMMA surfaces, mature astrocytes reverted back to a radial-glia-like state [42]. Radial glia are 

astrocyte precursor cells which form fibers that guide neurons during development [133]. 

Aligned scaffolds are believed to be effective because they mimic the structure of native 

spinal cord white matter. In the white matter, axons organize into ascending and descending 

bundles that create an overall aligned fibrous structure. Growing neurites largely follow the 

alignment of these white matter tracts [134], [135]. In a seminal study, Biran and colleagues created 

aligned grooved substrates, and found that the aligned topography induce aligned arrays of 

laminin, fibronectin, neural cell adhesion molecule (NCAM), and CSPGs that guided neurite 

outgrowth. Biran et al found that the astrocyte-mediated neurite outgrowth was increased with 

increasing surface roughness [43]. 

Studies have experimented with electrospun fiber arrays, which offer nanometer to 

micrometer scale surface roughness and a high surface area to volume ratio. Astrocytes isolated 

from mice and cultured on polyurethane-based fibrous scaffolds exhibited a ramified morphology 
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that closely mimicked the morphology seen in vivo [98]. Astrocytes also exhibited fewer actin 

stress fibers and increased expression of genes involved with cell motility, antioxidant capabilities, 

and glutamate transporters [100]. Compared to a flat surface topography, electrospun fiber 

scaffolds have shown the ability to upregulate astrocyte genes associated with BDNF, glutathione, 

and TGF-β [100]. Electrospun fibers have also been shown to increase astrocyte GLT-1 production, 

and GLT-1 mediated glutamate uptake, compared to a flat surface control [45]. GLT-1 mediated 

glutamate uptake is neuroprotective because it allows astrocytes to remove toxic levels of 

glutamate from the extracellular environment [34], [45]. Overall, these studies suggest that 

electrospun fiber substrates promote a neurosupportive and neuroprotective phenotype in 

astrocytes.  

Surface topography is known to be an important factor for neurite guidance [63], [136], 

[137] and in astrocyte-mediated neurite guidance [43]. For electrospun fibers, the fiber diameter is 

a major contributing factor to the surface topography. Both neurons [63] and oligodendrocytes [77], 

[83] are highly responsive to fiber diameter. Zuidema et al. found that astrocytes on 1200nm 

diameter electrospun fibers had significantly increased GLT-1 expression as compared to those on 

flat topography controls. Therefore, we hypothesized that intermediate-sized fibers would 

attenuate the GLT-1 response. 

In this study, we hypothesized that increased fiber diameter above 500nm would increase 

astrocyte extension, reduce astrocyte expression of CSPG, and increase expression of the 

glutamate receptor GLT-1. We examined these relationships by culturing astrocytes on PLLA 

films and aligned PLLA electrospun fibers of both large (800nm) and small diameter (380nm).  

The astrocyte morphology was measured on each scaffold type after 2 hours, 6 hours, 14 hours, 

and 96 hours in culture. These changes in morphology were compared to glutamate transporter 
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(GLT-1, GLAST) expression and GFAP expression, which were measured by Western blot after 

1 or 4 days in culture. Next, astrocyte-neuron co-cultures were prepared to test the ability of 

astrocytes to protect neurons from the excitotoxic effects of glutamate. Finally, changes in 

astrocyte morphology were compared to astrocyte-mediated neurite outgrowth and directional 

guidance on the astrocyte surface. 

3.3 Materials and Methods 

 Scaffold Preparation 

3.3.1.1 Film Casting 

A 4% wt/wt solution of high molecular weight PLLA (NatureWorks™ grade 6201D, 

Cargill DOW LLC, Minnetonka MN) was prepared in a 1:1 solution of chloroform and 

dichloromethane wt/wt (Sigma-Aldrich, St. Louis MO). The solution was cast onto 15x15mm 

glass coverslips (Knittel Glass, Brausenweig, Germany). The solvent was allowed to evaporate 

overnight at room temperature leaving a thin film of PLLA. 

3.3.1.2 Fabrication of Small and Large PLLA Nanofibers 

Aligned, electrospun fibers were prepared using the method described previously [29]. 

Briefly, the 15x15mm PLLA coated glass coverslips were mounted on a rotating aluminum 

mandrel (22cm in diameter) using double sided tape (3M, St Paul, MN). A 5ml syringe loaded 

with PLLA solution was attached to a 22gauge Needle (BD Biosciences, Franklin Lakes, NJ) and 

positioned above the mandrel to create a 5mm gap between the tip of the needle and the collecting 

mandrel. The needle was connected to a high voltage power supply (Gamma High Voltage 

Research, Orlando, FL) in order to create a voltage drop between the needle tip and grounded 

mandrel. PLLA solution was delivered through the 22 gauge needle at 2.03ml hr-1 with the voltage 

source set to 10kV. Fibers were collected for 10min while the mandrel rotated at 1000rpm.  
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Fiber diameter was controlled by altering the PLLA content in solution (See section 1.5.2). 

Small diameter electrospun fibers were prepared from a 7% PLLA wt/wt solution dissolved in the 

organic solvent 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) (Sigma Aldrich, St Louis, MO). Large 

diameter electrospun fibers were prepared from a 12% wt/wt solution of PLLA in HFP. The PLLA 

was added to HFP and mechanically stirred with a magnetic stir bar until completely dissolved. 

Fiber diameter is related to the number of chain entanglements, and increasing the percentage of 

polymer in the electrospinning solution increases the number of polymer molecules available to 

overlap and entangle. Polymer chains slide past each other and the jet elongates as the solution 

travels from the tip of the syringe to the collector. The organic solvent in the electrospinning 

solution evaporates, drawing the polymer molecules closer to each other. The fiber reaches its final 

diameter when the strength of the polymer entanglements overcomes the shearing force. Increasing 

the weight percent of polymer molecules increases the number of chain entanglements and as a 

result increases the fiber diameter [139]. In order to fluorescently label the fibers, 2µl of rhodamine 

B (Sigma) was added to the electrospinning solution, and was incorporated into the electrospun 

fibers. 

3.3.1.3 Imaging of PLLA Nanofibers 

The electrospun PLLA nanofibers were imaged using a Carl Zeiss Supra55 Scanning 

Electron Microscope (SEM) with a Direct Write Attachment. Coverslips containing the 

electrospun fibers were sputter coated with a 5nm conductive platinum coating using a Denton 

Desk IV Sputter Coater (Denton Vacuum, Moorestown, NJ). Coverslips were secured to the 

pedestal with conductive carbon tape and loaded into the Supra55 SEM. Images were taken using 

an in-lens secondary electron detector with a 5mm working distance, 20µm aperture, and 3kV 

acceleration voltage. Images were collected using the line integration scanning tool (N = 50 per 

line).  
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 Fiber Characterization 

3.3.2.1 Fiber Diameter 

Fiber Diameter was measured with FIJI software. A line was drawn perpendicular to the 

fiber orientation. Both the small and large diameter fibers had 3 independently fabricated batches 

(N = 3). Fiber diameter was first measured using the Line tool, with 20 fibers measured from each 

SEM image.  

3.3.2.2 Fiber Alignment  

Fiber alignment was analyzed by measuring the angle of orientation of each fiber in the 

SEM images using the line tool in FIJI software. The angle of 100 fibers was measured per fiber 

scaffold for three independently fabricated scaffolds (N = 3). The mean fiber alignment was 

calculated from the population and was then subtracted from each fiber angle measurement to 

determine the angle each fiber deviated from the mean alignment. The angle of deviation from the 

mean was compiled into a histogram with the mean alignment set to 0 and the “Degree Variation 

from Mean” grouped into 10 degree bins.  Each histogram represents the entire population of the 

three independently produced scaffolds (at least 300 measurements). 

3.3.2.3 Fiber Density 

For aligned electrospun fibers, the density is measured as the number of fibers that intersect 

with a 1mm line drawn perpendicular to the fiber alignment. Fiber density was measured by 

drawing a perpendicular line 1mm in length on each SEM image using FIJI software. The number 

of fibers that intersect the line were tallied. Fiber density is described the number of fibers over a 

15µm distance. This was repeated for at least 100 fibers each from three independently fabricated 

scaffolds (N = 3). The graphs represent the average values calculated from 3 independently 

fabricated samples (N = 3) ± the standard error of the mean. Fibers that were cut off by the edge 

of the image were not counted. 
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3.3.2.4 Scaffold Hydrophilicity 

The hydrophilic nature of the scaffolds was measured using a goniometer (Rame-Hart 500, 

Succasunna, NJ). Contact angle hysteresis provides a more accurate representation of a rough 

surface. The graph represents the average values calculated from 3 independently fabricated 

samples (N = 3) ± the standard error of the mean. A 1µl sessile water droplet test was performed 

by increasing, then decreasing the water volume in contact with the surface. The respective 

advancing then receding the liquid front was recorded as a video. The advancing and receding 

angles were analyzed using the low angle bond asymmetric drop shape analysis plugin in FIJI 

(LBADSA Plugin, Lausanne, Switzerland). The contact angle hysteresis was determined by 

subtracting the receding contact angle from the advancing contact angle.  

 Cell Culture 

3.3.3.1 Isolation and Culture of Primary Rat Astrocytes 

Primary astrocytes were isolated from Sprague-Dawley p2 neonatal rats (Taconic Farms, 

Hudson, NY) using a protocol previously described [28]. All animal procedures adhered to the 

NIH guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional 

Animal Care and Use Committee (IACUC) of Rensselaer Polytechnic Institute. Briefly, postnatal 

day 2 rat pups were euthanized and the brain was removed from the spinal cord and transferred to 

sterile OptiMEM (Invitrogen, Grand Island, NY) in a dissecting microscope (Zeiss, Oberkochen, 

Germany). The meninges were removed and the cortices were isolated from the hippocampi, and 

basal ganglia. The cortices were transported to a bath of sterile OptiMEM, and remained on ice 

until extraction.  Cells were extracted from the cortices with three 10 minute incubations in a 1:1 

vol/vol solution of warmed (37°C) TrypLE/OptiMEM. The second incubation was supplemented 

with 1mg/ml DNase I (Sigma-Aldrich, St. Louis, MO). The TrypLE/OptiMEM buffer from the 

first incubation was discarded and the second and third were collected in a 15mL conical. The 
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collected volume was doubled by adding an equal volume of astrocyte media (1% (vol/vol) 

penicillin/streptomycin, 10% (vol/vol) Heat Inactivated Horse Serum, in Dulbecco’s Minimum 

Essential Medium (DMEM)) all from Invitrogen. The suspensions were centrifuged at 0.5RCF for 

5 minutes to pellet the cells. The supernatant was discarded and the pellets were suspended in 

astrocyte media. The cell concentration was determined by hemocytometer and were plated at a 

concentration of 200,000cells/flask in astrocyte media. Cells were plated in T75 culture flasks 

(Celltreat, Pepperell, MA) coated with poly-D-lysine (Sigma). Astrocytes were cultured until they 

reached confluence (2 weeks) with full media changes every 3-4 days in culture. Astrocyte cultures 

were measured to be 98% pure using GFA and DAPI staining (See section 2.8.2) 

3.3.3.2 Astrocyte Culture on Electrospun Fibers and Films 

PLLA films and fibers were sterilized for 1 hour in 70% ethanol vol/vol in MQ water to 

sterilize the fibers. After the ethanol evaporated the films and fibers were plasma treated for 80 

seconds using a plasma cleaner (Harrick Plasma, Ithaca, NY). Fibers were then treated with a 

10µg/ml solution of fibronectin (Sigma-Aldrich) which was allowed to dry overnight. Astrocyte 

cultures were lifted from the T75 culture flask with warm (37°C) TrypLE, pelleted by 

centrifugation (0.5RCF for 5min), and resuspended in astrocyte media. Cells were counted with a 

hemocytometer and cells were plated at a concentration of 66 cells/mm2. Cells were seeded at a 

low density in order to observe how an individual cell would respond to the surface. As a result 

only individual cells were selected for all following analysis. Only individual cells, as determined 

by the nuclei, were used for morphological analysis.   

3.3.3.3 Immunocytochemistry 

To determine initial astrocyte response to fibers, astrocytes were cultured for 2 hours, 6 

hours, or 24 hours on the prepared fibers and films. At each time point, cells were fixed for 15 

minutes with 4% vol/vol paraformaldehyde in phosphate buffered saline (PBS) (37°C) (16% EM 
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grade aqueous, Electron Microscopy Sciences, Hatfield, PA). The cells were permeabilized and 

blocked for 1 hour at room temperature with a solution of 0.4% vol/vol Triton-X100, 5% wt/vol 

Bovine Serum Albumin (BSA), in PBS. The cells were incubated at 4°C overnight with primary 

antibodies in 0.1% vol/vol Tween-20, 0.5% wt/vol BSA, in PBS. Cells were washed using a 0.1% 

vol/vol Tween, PBS buffer before incubation with the secondary antibody for 1hour at room 

temperature. Secondary Alexa-flour antibodies were prepared in a buffer of 0.1% Tween-20, 0.5% 

BSA, PBS.  Cells were washed in PBS, and then incubated for 15 minutes in PBS with a 1:1000 

dilution of DAPI (Sigma) at room temperature. Samples were again washed in PBS three times for 

5 minutes each. Images were taken at 40x and 20x using an inverted Olympus IX-81 microscope 

(Olympus, Tokyo, Japan). Images were assembled using Adobe Photoshop CS5 (Adobe, San Jose, 

CA) 

The antibodies used during the CS56 study are as follows:  For the primary antibody buffer, 

a 1:700 dilution of rabbit anti-glial fibrillary acidic protein (GFAP) (Dako, Agilent, Santa Clara, 

CA) and a dilution of mouse anti-CS56 (1:500, Sigma) were prepared in the incubation buffer. The 

secondary antibody solution was prepared with a 1:1000 dilution of both donkey anti-mouse 

(Invitrogen Alexa Fluor 594) against the CS56 primary antibody, and a 1:1000 dilution of goat 

anti-rabbit (Invitrogen Alexa Fluor 488). 

The antibodies used during the GLT-1 study are as follows. The primary antibody rabbit 

anti-GLT-1 (1:400, Abcam, Cambridge, MA, ab41621) and goat anti-GFAP (1:700, Abcam) were 

prepared for the primary antibody incubation. The secondary antibody incubation was prepared 

using goat anti-rabbit (1:1000 Alexa Flour 594, Sigma), and rabbit anti-goat (1:1000 Alexa Flour 

488). 
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3.3.3.4 Evaluation of Astrocyte Extension 

The aspect ratio was determined using FIJI software. The aspect ratio was calculated by 

dividing the length of the long axis by the length of the short axis using cells stained with GFAP. 

At least 39 astrocytes were analyzed from three independently fabricated fiber scaffolds. Cell 

images were thresholded against light objects, which segmented the foreground from the 

background. The threshold was used to define the perimeter of the astrocytes, and the length and 

width of the cells were calculated in FIJI software. The longest cellular aspect was divided by the 

shortest cellular aspect to determine the aspect ratio, which describes the directional extension of 

an astrocyte.  An aspect ratio of 1 shows a rounded morphology, while an aspect ratio greater than 

1 indicates the cell is elongated. To eliminate potential bias, individuals performing the analysis 

were blinded to the astrocyte cell source and fiber type. GFAP and DAPI channel maximum 

intensity projections of astrocyte were overlaid to differentiate individual astrocytes from clustered 

astrocytes. 

3.3.3.5 Analysis of Protein Expression 

Expression levels CS56 were evaluated for 3 individual cells imaged at 40x from each of 

the three replicates (9 cells for each level). Individual cells were selected using the freeform 

selection tool in ImageJ. The mean grey value of each relevant channel was then analyzed in order 

to find staining intensity. This intensity was averaged for each scaffold at each of the three time 

points, resulting in a measure of average staining intensity for both CS56 and the GLT-1 stain. 

 Western Blot 

3.3.4.1 Astrocyte Culture and Lysis 

In order to achieve a high enough protein concentration for the Western blot, astrocytes 

were seeded at a higher cell density (666 cells per mm2) and four coverslips were pooled for each 
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data point. Cortical astrocytes were lifted with TrypLE and plated on small fibers, large fibers, or 

film surfaces. Western blot analysis was performed after 1 or 4 days in culture. After culture, the 

samples were removed from the tissue culture incubator and washed three times with 37°C PBS 

to remove residual media. Astrocytes were then lysed for 5 minutes on ice with RIPA cell lysis 

buffer 3 (Enzo Life Sciences, Farmingdale, NY) doped with complete ULTRA enzyme inhibitors 

(Roche, Branford, CT) and PhosSTOP phosphatase inhibitors (Roche). Samples were drawn 

through a 28 gauge needle (Becton Dickenson) to break up any DNA complexes. Sample 

concentrations were measured using a BCA assay (ThermoFisher) according to the manufacturer’s 

instructions. 4X concentrated Laememli sample prep buffer containing β-mercaptoethanol (SPB, 

RPI Research Products, Mt. Prospect, IL) was added to achieve 1X SPB concentration. Samples 

were frozen at -80 degrees until the Western blot procedure was performed.  

3.3.4.2 Western Blotting Technique   

4%/10% SDS-PAGE gels were prepared in 1mm plastic single use cassettes (BioRad, 

Hercules, CA) according to the Abcam procedure (Abcam, Cambridge, MA). Gels were stored at 

room temperature until use. The astrocyte lysates were thawed and prepared for the gel by adding 

appropriate amounts of water and SPB to achieve 2µg protein in 20µl. Prior to loading, samples 

were heated in a 100°C heat block for 2 minutes, then centrifuged for 2 min at 14,000 rpm.  Gel 

cassettes were washed with MQ water, then samples were loaded into the wells along with the 

molecular weight standard (BioRad). The gel was run for 60 minutes at 150V in 1L of running 

buffer (0.025M Tris-Base, 0.192M Glycine, 0.1% wt/vol SDS).  

Immun-blot PVFD membranes (BioRad) were soaked in methanol for 15 seconds to 

activate the membranes, then soaked in transfer buffer (25mM Tris-base, 192mM glycine, 20% 

methanol)  (Sigma-Aldrich) for 5 minutes. Gels were removed from the cassettes and washed with 

MQ water to remove SDS. Gels were then assembled into the transfer cassette with the activated 
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membrane and run at a constant current of 0.2Amp for 90 minutes in transfer buffer. Care was 

taken to keep the cassettes cool by packing ice around the system during transfer.  

3.3.4.3 Western Blot Immunostaining and Imaging 

After the protein was transferred from the gel to the membrane, the cassettes were 

disassembled and the PVFD membranes were submerged in a blocking buffer of freshly prepared 

1% Tween-20 (Sigma-Aldrich), 20mM Tris, 150mM NaCl (TBST, Thermo Scientific) with 5% 

wt/vol instant nonfat dried milk, pH 7.6. The membranes were blocked for 1 hour at room 

temperature on a rocking platform shaker. The blocking buffer was removed and replaced with a 

primary antibody (see below) in incubation solution (TBST, 5% wt/vol instant nonfat dried milk). 

The primary antibody was incubated overnight at room temperature on the rocking platform 

shaker. The incubation buffer was removed and the membranes were washed three times for 5 

minutes with TBST. The final wash was replaced with a horseradish peroxidase conjugated 

secondary antibody diluted 1:10,000 in TBST, 5% (wt/vol) instant nonfat dried milk. The 

secondary antibody was incubated with the membrane on the rocking platform shaker for 2 hours, 

then removed and washed three times for 5 minutes in TBST. Meanwhile, the AmershamTM 

ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, Chicago, IL) was prepared 

according to the manufacturer’s instructions. After washing, the detection reagent was applied to 

the surface and incubated for 2 minutes. The detection reagent was removed, and the membrane 

was imaged using a ChemiDoc XRS system with the Chemi Hi Resolution protocol in the 

ImageLab Software (BioRad). The molecular weight standard was imaged immediately after 

(without moving the membrane) using the colorimetric protocol in the ImageLab Software. 

Immediately after imaging, the samples were returned to TBST for the stripping procedure 

to remove the GFAP primary and secondary antibodies. The membranes were stripped with two 

10 minute incubations in stripping buffer (200mM glycine, 3.5mM SDS, 1% Tween-20, pH 2.2) 
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all from Sigma-Aldrich. After stripping, the membranes were washed three times for 5 minutes in 

PBS, then two times for 5 minutes in TBST. The membranes were then probed for actin using the 

immunostaining procedure above. 

GLT-1 was detected with a primary antibody rabbit anti-GLT-1 (1:400, Abcam, ab41621) 

followed by an (HRP)-conjugated Donkey anti-rabbit secondary antibody (Jackson 

ImmunoResearch, West Grove, PA). GLAST was detected with rabbit anti-GLAST (ab416, 

Abcam). GFAP (55kDa) was detected with a rabbit anti-GFAP (1:2000, DAKO) primary antibody, 

and a (HRP)-conjugated Donkey anti-rabbit secondary antibody (Jackson ImmunoResearch, West 

Grove, PA).  Actin (42kDa) was detected with a primary mouse anti-actin antibody (1:2000, 

Abcam) and a secondary HRP-conjugated donkey anti-mouse antibody (1:10,000, Jackson 

Research). The resulting vinculin, GFAP, and actin bands and molecular weight standard band 

intensities were analyzed using FIJI software. At least five independently produced fibers and cell 

cultures were used to determine the mean for each condition. The tissue culture plastic TCPS 

served as a flat surface control. Each group consists of at least three independently produced 

scaffold replicates, and three separate astrocyte isolations. 

 Astrocyte-Neuron Coculture 

3.3.5.1 Neuron Dissociation 

Primary neurons were cultured on the astrocyte-fiber scaffolds surfaces to determine how 

the fiber diameter correlated with neurite guidance, outgrowth, and neuron protection. Dorsal root 

ganglia (DRG) were excised from P2 Sprague Dawley rats, then primary neurons were dissociated 

from the DRG using a modified process described by Koppes et al [140].  Isolated DRG were 

digested for 50 minutes in a 37°C buffer of 0.1% Trypsin (25-054-Cl, Corning), 1mg/ml 

collagenase A (C9891, Sigma), PBS pH 7.4 in the 37°C, 5% CO2 incubator. The DRG were 

resuspended every 10 minutes during the incubation to improve the collagenase digestion. The 
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solution was centrifuged for 5 minutes at 300rcf to pellet the cells. The supernatant was removed 

and a buffer exchange was performed for a 10 minute incubation in 0.25% Trypsin, PBS pH 7.4. 

The trypsinization was stopped by adding a 3:1 dilution of horse serum containing astrocyte media: 

trypsin buffer. The solution was again centrifuged for 5 minutes at 300rcf and the remaining buffer 

was removed and the cells were raised in neuron media. The pellet was resuspended by trituration 

(fewer than 10 times) with a flame-polished Pasteur pipette. The cells were counted before culture. 

3.3.5.2 Dissociated Neuron-Astrocyte Coculture on Fiber Scaffolds 

The electrospun fiber scaffolds were sterilized by submersion in ethanol, then dried. 

Scaffolds were plasma treated for 90 seconds, then incubated with a solution of 10µg/ml of 

fibronectin (F1141, Sigma) in HBSS until dry. The astrocyte cultures were prepared in such a way, 

so one group would be 4 days (4DIV) in culture and the other group would be 1 day (1DIV) in in 

vitro culture at the time the neurons were cultured. Therefore, the times described represent the 

age of the astrocytes in culture. The neurons were all cultured for the same amount of time (1DIV). 

For all time points, the astrocytes were cultured on the surface of the small, large, and film surfaces 

at 1666 cells/mm2. Isolated neurons were delivered at a concentration of 133 cells/mm2 and the 

scaffolds were gently rocked to distribute the neurons. The neurons were cultured at a low density 

in order to reduce overlap between neighboring neurons. The neuron-astrocyte co-culture was 

cultured for 24 hours in astrocyte media supplemented with 25ng/ml NGF (13257-019, 

Invitrogen).  

3.3.5.3 Astrocyte-Neuron Coculture Fixing and Immunocytochemistry 

Once completed, the scaffolds were fixed in a warmed 8% paraformaldehyde in PBS 

solution diluted 1:1 with media, for 15 minutes. The scaffolds were washed three times for 5 

minutes in ice-cold PBS, then stored at 4°C until staining. The scaffolds were blocked and 

permeabilized with a 0.01% Triton-X 100 (T8787, Sigma), 5% bovine serum albumin (BSA, 
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A9647, Sigma), and tris buffered saline pH 7.4 (TBS, 28376, ThermoFisher Scientific, Waltham, 

MA) for 15 minutes, then replaced with the primary antibodies. The primary antibody solution 

was comprised 0.1% Tween-20 (P1379, Sigma), 5% BSA, TBS pH 7.4 solution with 1:700 dilution 

of anti-GFAP antibody and 1:400 dilution of RT-97-S antibody for neurofilament (64μg/ml, 

DSHB, University of Iowa, Iowa City, IA). This primary antibody solution was incubated at room 

temperature overnight at 4°C. The scaffolds were washed three times for 5 minutes in TBS, 0.1% 

Tween-20 (TBST), then replaced with  500μl of the secondary antibody solution: Donkey anti-

mouse AlexaFlour 594 (2mg/ml, A21203, Life Technologies) antibody, goat anti-rabbit (A11008, 

Alexa Flour 488, Life Technologies) antibody, and DAPI (1mg/ml, 62247, ThermoFisher) were 

all diluted 1:1000 dilution in TBST, 5% BSA. The secondary antibody was incubated for 1 hour 

at room temperature, then washed three times for 5 minutes in PBS, before imaging.  

3.3.5.4 Isolated Neuron Analysis 

Images were taken using an inverted Olympus IX-81 spinning disk confocal microscope 

(Olympus, Tokyo, Japan) Approximately 10 neurons were imaged for each scaffold. A maximum 

intensity z-projection was followed by background subtraction (Rolling Ball = 50) using FIJI 

software (NIH, Bethesda, MD). If necessary, the neuron images were assembled using the MosaicJ 

plugin in FIJI.  

Neurite outgrowth of one-day and four-day neuron astrocyte cocultures on film, small 

fibers, and large fibers was quantified by manually tracing using Neurolucida10.0 software (MBF 

Biolabs, Williston, VT). Images were batch processed using the Autotrace feature, then were 

manually traced to ensure consistency. The traced files were processed using Neurolucida 

Explorer, which provided polar histograms and branched structure data. The branched structure 

data tables were analyzed using Matlab software (Mathworks, Natick, MA), which provided the 

longest neurites, number of primary neurites, total outgrowth per branch points, and the total 
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number of branch points per neuron. The longest neurite was defined as the single longest dendrite 

measured from initial outgrowth from the soma, to its tip. Primary neurites are defined as the 

number of outgrowths from the soma.  

3.3.5.5 LDH Assay 

Three culture types were prepared on each of the surfaces, astrocytes alone, dissociated 

neurons alone, and astrocyte-neuron co-cultures. The dissociated neuron-astrocyte co-cultures 

were prepared as described in section 3.3.5.2. The astrocytes alone were prepared in the same 

manner as the co-culture, except without neurons.  The neuron only controls were prepared 

according to previous methods to replicate how neurons would be prepared without the co-culture 

[140]. Since neurons prefer laminin, the surfaces were coated with 50µg/ml laminin (23017-015, 

Sigma). Neurons from the dissociation were plated on the laminin-coated small fiber, large fiber, 

of film surfaces, and cultured for 24 hours.  

The media was changed 1 hour before the assay began to remove the effects of any cells 

that died during the plating process. 100µl media was removed from each well and flash frozen on 

dry ice, then transferred to a -80°C freezer. A solution of 50mM L-glutamic acid (G1251, Sigma) 

was prepared in PBS, and the pH was adjusted to 7.4 with 1N NaOH (7708-10, Mallinckrodt). The 

glutamate was added to each experimental well to achieve 20mM concentration, and returned to 

the incubator for 24 hours. After 24 hours, the samples were removed and 100µl of media was 

removed, flash frozen on dry ice, and transferred to a -80°C freezer until the assay. To estimate 

the maximum population LDH release, samples were lysed with RIPA buffer and flash frozen.  

All samples were thawed in a 37°C water bath, then centrifuged at 14,000rpm for 15min 

at 4°C. A standard curve was prepared from the LDH assay kit, (MAK066, Sigma) 2.5, 5.0, 7.5, 

10, 12.5 nmol/well. The assay was performed according to the kit instructions, and read at 450nm 

every 5 minutes.  
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 Statistical Analysis 

Statistical analysis was performed using Sigma Plot 11.0 software (Systat Software Inc., 

San Jose, CA). A one way ANOVA was used to determine significance between groups for all 

statistical evaluation with the exception of fiber density. All groups were tested for normality using 

a Kolmogorov-Smirnov test. If the data was normally distributed, an ANOVA was run with a 

Tukey HSD post hoc analysis. If the samples were not normally distributed, a non-parametric 

ANOVA was run on ranks. The groups used to evaluate fiber density had unequal variances, 

requiring a Mann-Whitney test. A p-value of less than or equal to 0.05 was considered significant 

to describe differences between groups. Data in the text are reported as mean ± standard deviation, 

while the error bars in bar graphs represent the standard error. Statistical significance was assigned 

for all groups where p < 0.05. All data was analyzed by using at least three independently 

fabricated fiber replicates containing three independently isolated batches of astrocytes unless 

otherwise specified.  Analysis of fiber alignment differences between each fiber groups was 

performed using the Brown-Forsythe test in JMP software (SAS, Cary, NC). 

3.4 Results 

 Fiber Characterization  

The goal of this study was to change the fiber diameter between the test groups while 

introducing as few confounding variables as possible. One potential source of error is the solvent 

selected to dissolve PLLA and produce the electrospinning solution. The use of different solvents 

may introduce changes in fiber crystallinity, solvent retention, or other unknown variables into the 

study that can confound the results. Therefore, it was important that the solvent be consistent for 

all experimental groups. HFIP was chosen as a solvent because preliminary tests showed that HFIP 

could accommodate a range of polymer concentrations without the electrospinning jet collapsing 
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into electrospray. Figure 3-1 shows how altering the PLLA concentration from 6% to 12% altered 

the fiber diameter and fiber alignment in the electrospun fibers. As expected, increasing the 

polymer concentration from 6% to 12% resulted in a linear increase in the fiber diameter from 

363nm to 1007nm (Figure 3-1H). Unfortunately, the PLLA concentration was negatively 

correlated with fiber alignment. As the polymer content and fiber diameter decreased, the fiber 

scaffolds became increasingly less aligned (Figure 3-1A-G).  

 The 7% and12% PLLA solutions produced fibers with significantly different diameters, 

so these were chosen as the small and large diameter fibers used in the remainder of the study. The 

large fibers had an average diameter of 808 ± 76nm, while the small fibers had an average diameter 

of 386 ± 30nm (Figure 3-2D).   However, the fiber alignment between the groups was significantly 

different (Figure 3-1). Since fiber alignment is known to affect both neurite and astrocyte 

outgrowth [29], the electrospinning protocol was altered to remove the differences in fiber 

alignment as a confounding variable. 

In order to increase the alignment of the small diameter fibers, the rotation speed of the 

collection mandrel was doubled to 2000rpm ( 

Table 3-1). The increased rotation speed improved the alignment, but reduced the collection 

efficiency of the fibers. As a result, the collection time was increased for the small fibers to achieve 

a fiber monolayer. The pump rate and chamber humidity were also adjusted to improve the fiber 

formation and collection ( 

Table 3-1). The results were two electrospun fiber scaffolds with distinct fiber diameters 

(Figure 3-2D), but indistinguishable differences in fiber alignment (Figure 3-2F, G). 
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Figure 3-1: The effect of PLLA concentration on electrospun fiber diameter and alignment. Histograms of 

fiber alignment as PLLA concentration is increased from (A) 6%, (B) 7%, (C) 8%, (D) 9%, (E) 10%, and 

(F) 12% PLLA. (G) The standard deviation of fiber alignment as PLLA concentration is increased is 

reported as a scatter plot. (H) The changes in fiber diameter as PLLA concentration is increased. 
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Table 3-1: Adjusted electrospinning parameters. 

Parameter Large Fiber Small Fiber 

Electrospinning Solution Content 12% PLLA 7% PLLA 

Rotation Speed 1000 rpm 2000 rpm 

Pump Rate 2.0 ml/hr 1.5 ml/hr 

Humidity 38-40% 30-33% 

Collection Time 10 min 15 min 

 

The fiber density was analyzed by counting the number of fibers intersecting a line drawn 

perpendicular to the fiber alignment (Figure 3-2E). The large fibers were significantly less dense 

than the small fibers, with an average density of 11.458 ± 2.206 fibers/15µm. Small fibers showed 

a density of 34.917 ± 3.622 fibers/15µm.  
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Figure 3-2: Small (7% PLLA) and Large (12% PLLA) electrospun fiber characterization. SEM images of 

(A) large fibers, (B) small fibers, and (C) film surfaces. Scale bar = 2µm (D) The mean fiber diameter of 

each scaffold. (E) The fiber density on each scaffold. The alignment of the (F) large fibers and (G) small 

fibers. A * indicates statistical significance (p < 0.05). There were no statistical differences in fiber 

alignment. 
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 Water Contact Angle 

PLLA is a hydrophobic polymer, and astrocytes attachment has been shown to decrease 

with increasing surface hydrophobicity [141]. To eliminate hydrophobicity as a confounding 

variable, contact angle hysteresis was performed. Contact angle hysteresis is a more accurate 

method than static droplet to measure the hydrophobicity of a rough surface, because hysteresis 

takes into account how the droplet will advance over a dry surface, and will recede over a wetted 

surface [142], [143]. The results show that the small fiber surfaces were slightly more hydrophobic, 

but there were no statistical differences between the two experimental groups (Figure 3-3E). The 

adjustments to the electrospinning protocol helped to isolate the fiber diameter as the major 

variable to affect astrocyte elongation.  

 

Figure 3-3: Contact angle hysteresis measurements of the surface hydrophobicity. The advancing angle of 

the water droplet on (A) large fibers and (B) small fibers. The receding angle on (D) large fibers and (D) 

small fibers. (E) The contact angle hysteresis on both surfaces. There were no statistical differences 

between the fiber groups. 
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Figure 3-4: Astrocyte elongation over time on film, small fiber, and large fiber substrates. Astrocyte aspect 

ratio (length/width) on film control substrates after (A) 2 hr, (b) 6 hr, (C) 24 hr (1 day), and 96 hr (4 day) in 

culture. (E-h) Astrocyte aspect ratio small fiber substrates after 2, 6, 24, or 96 hr in culture. (I-l) Astrocyte 

aspect ratio small fiber substrates after 2, 6, 24, or 96 hr in culture. Green = actin, Blue = DAPI, red = 

GLT-1. (M) Astrocyte aspect ratio on film, small fiber, or large fiber substrates as a function of culture 

time. Statistical analysis was performed only between groups of the same culture time. The * denotes 

statistical significance (P<0.01). 

 



 

85 

 

 

 Astrocyte Morphology and Elongation 

The aspect ratio of the astrocyte cell body is defined as the longest aspect divided by the 

shortest aspect, and provides a measure of how elongated the astrocyte becomes. The astrocyte 

morphology was measured at early time points after the astrocytes were seeded to determine how 

early the astrocytes responded to different topographies. At as early as 2 hours, the results showed 

that astrocytes on the large fibers became significantly more elongated than astrocytes on either 

the film or small fiber scaffolds. Astrocytes on the large fibers remained significantly more 

elongated than those on either the small fiber or film for the remainder of the time tested (Figure 

3-4M). Astrocytes cultured on the small fibers did not become significantly more elongated than 

those on the film until 96 hours after they were cultured (Figure 3-4M). Astrocyte elongation ratio 

peaked after 24 hours, with ratios of 7.8±5.8 on large fibers, 4.4±3.3 on small fibers, and 2.4±1.8 

on film surfaces. 
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Figure 3-5: CSPG expression in astrocytes over time. CS-56 stain for CSPG shown in red on (A-C) film, 

(D-F) small fiber, and (G-I) large fiber over time, with the GFAP (Green) merged image shown to the left. 

(J) The mean intensity CSPG in astrocytes on film, small fiber, or large fiber substrates over time. Scale 

Bars = 20µm. The * signifies a significant increase over the film condition, the # indicates a significant 

increase over the large fiber Surface after 24hrs. 

 

 CSPG Production  

Chondroitin sulfate proteoglycans are a major component of the glial scar, and can be 

upregulated in reactive astrocytes [124, p. 6]. In order to determine if the morphological changes 

in astrocytes due to fiber topography affected astrocyte reactivity markers, a CS56 stain examined 

CSPG production. The resulting micrographs show that astrocytes on all three scaffolds expressed 

CSPG at each time point (Figure 3-5). CSPG expression appears to be ubiquitous throughout the 

individual cells, with no major areas of localized expression. To more directly compare the three 

scaffolds, CS56 stain intensity was found for individual cells on each scaffold.  At both the 2 and 
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6 hour time points, astrocytes cultured on small-diameter fiber scaffolds showed significantly more 

intense CS56 staining than those on films or large fiber scaffolds. Between the 6 and 24 hour time 

points, CS56 intensity increased dramatically in astrocytes cultured on PLLA film (Figure 3-5J). 

At the 24 hour time point, film astrocytes showed significantly more intense CS56 signal than 

those cultured on large fiber scaffolds. The results of the CS56 staining show that the small fiber 

scaffolds significantly increased CSPG production at early time points, and CSPG production 

remained low and consistent on the large fibers over the times tested. 

 GLT-1 Production 

Astrocytes respond to the different diameter fiber surfaces with changes in morphology 

(Figure 3-4, Figure 3-6). Further testing was performed to correlate this morphological response 

to markers related to reactivity and neuroprotection (Figure 3-7). Astrocytes were cultured at a 

higher density than in the morphology study in order to achieve a high enough protein content to 

perform Western blots (Figure 3-6G-L). The 1 day time point was selected because it was the 

earliest time where the astrocyte morphology on the small fibers began to separate from those on 

the film substrates. The 4 day time point was chosen both because it was the first time point where 

the astrocytes on all of the surfaces were statistically different from each other, and because it was 

a time point that is commonly used, allowing our findings to be compared with other studies. 

The cytoskeletal marker GFAP is a commonly used to measure astrocyte reactivity [12]. 

Large increases in GFAP are associated with astrocyte reactivity, so Western blot analysis of 

GFAP was performed to determine if the morphology changes observed in astrocytes on the 

different fibers correlated with GFAP production (Figure 3-7A). While GFAP intensity increased 

in astrocytes on the film substrates, there were no statistically significant changes in astrocytes on 

any surface for all the time points measured. 
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Previous reports suggested that electrospun fiber substrates increased the glutamate 

transporter GLT-1 in astrocytes, which allowed astrocytes to remove more glutamate from the 

environment [45]. In this study, we asked if GLT-1 production was dependent on fiber diameter. 

After 1 day in culture, there were no differences in GLT-1 in any of the experimental groups tested. 

After 4 days, GLT-1 was significantly increased in astrocytes on both the small and large fiber 

surfaces compared to the film. But there were no differences between the fiber groups (Figure 

3-7B).  

GLAST is also a glutamate transporter expressed in astrocytes, and was studied alongside 

GLT-1. GLAST decreased in astrocytes on film substrates and increased on both small and large 

fiber substrates; however, there were no statistically significant differences between any of the 

groups (Figure 3-7C).  
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Figure 3-6: Astrocyte response to film (F), small fibers (SF), and large fibers (LF). Astrocytes cultured for 

1 or 4 days on (A, B) f, (c, D) SF, or (e, F) LF. Green = actin (phalloidin), Blue = dapi, red = rhodamine 

labeled electrospun fibers. (A-f) show 40x images of single astrocytes cultured at a low density (66 

cells/mm2; scale = 20µm). (G-l) 10X images of astrocytes cultured at a high density (666 cells/mm2), and 

stained for GFAP (green) and DAPI (Blue). scale = 100µm. 
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Figure 3-7: (A) western blot analysis of GLT-1 (EAAT2) after 1 Day or 4 days in culture on each scaffold 

type. (B) Western blot analysis of GFAP after 1 Day or 4 days in culture on each scaffold type. (C) Western 

blot analysis of GLAST (EAAT1) after 1 Day or 4 days in culture on each scaffold type. The * denotes 

statistical significance (P < 0.05). (D) LDH measured after 24Hr treatment of 20mM glutamate solution to 

the astrocyte-neuron coculture on each surface (E) Astrocyte-Only cultures subjected to the same 

Glutamate treatment. (F, G) % live cells calculated by dividing the LDH released to the total LDH released 

when all cells were lysed. (F) the results from the coculture and corresponds to D, (G) the results from the 

Astrocyte only cultures, corresponds to E. 
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Figure 3-8: Fiber-mediated 1D astrocyte-Guidance of neurons. Astrocytes (666 astrocyte/mm2) were 

cultured for 1 day on either film (A-D), Small Fiber (E-H), or Large Fiber (I-L) substrates. After 1 days, 

dissociated Primary DRG Neurons cultured for 1 Day on the surface of each. The merge of GFAP (green), 

Neurofilament (red), and DAPI (Blue) are shown in the first column (A, E, I). Scale bar = 50µm. the 

neurofilament channel only is shown in the second column (B, F, J). The Neurite tracing is shown in the 

third column (C, G, K), the colors represent the different branches extending from the cell body. The 

fourth column shows a polar histogram of the mean length and angle (10 degree bins) of at least 3 neurons 

traced on 3 independently fabricated surfaces (D, H, L). 
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 Neurite Guidance 

Astrocytes have shown the ability to confer the cues from the topography of the substrate 

to guide neurons growing on top [43]. We asked how changing the fiber diameter may affect 

astrocyte-mediated neurite guidance. Neurons were cocultured with astrocytes for 1 day on the 

film, small fiber, and large fiber surfaces. The astrocytes had previously been cultured on the 

surfaces for either 1 day (Figure 3-8) or for 4 days (Figure 3-9). The polar histograms show that in 

both cases, the neurons cultured on the electrospun fibers exhibited the longest directional growth 

along the alignment of the fibers (Figure 3-8, Figure 3-9H, L). In comparison, the film substrates 

resulted in more radial neurite growth in no particular direction (Figure 3-8, Figure 3-9D). Neurons 

in the large fiber cocultures had the highest degree of alignment (Figure 3-8, Figure 3-9L), and the 

longest directional growth length on the 4 Day astrocyte cultures (Figure 3-10B).  

The neurons were traced using Neurolucida software to analyze the longest neurite length 

total neurite outgrowth, and neurite branching (Figure 3-10). Interestingly, the highest degree of 

branching was observed on the small fiber substrates on the 4 day astrocytes cultures (Figure 3-10). 

The neurite length correlated with fiber diameter and astrocyte elongation on the 4 day astrocyte 

cultures (Figure 3-10B, grey bars), but not on the 1 Day astrocyte cultures (Figure 3-10B, black 

bars).  
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Figure 3-9: Fiber-mediated 4D astrocyte-Guidance of neurons. Astrocytes (666 astrocyte/mm2) were 

cultured for 4 days on either film (A-D), Small Fiber (E-H), or Large Fiber (I-L) substrates. After 4 days, 

dissociated Primary DRG Neurons cultured for 1 day on the surface of each. The merge of GFAP (green), 

Neurofilament (red), and DAPI (Blue) are shown in the first column (A, E, I). Scale bar = 50µm. the 

neurofilament channel only is shown in the second The column (B, F, J). The Neurite tracing is shown in 

the third column (C, G, K), the colors represent the different branches extending from the cell body. The 

fourth column shows a polar histogram of the mean length and angle (10 degree bins) of at least 3 neurons 

traced on 3 independently fabricated surfaces (D, H, L). 
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Figure 3-10: Astrocyte-Mediated neurite response on different diameter fiber topographies. (A) The 

average number of branches for neurons cocultured with astrocytes that were cultured for 1 day or 4 days 

on film (F), Small Fiber (SF), or large fiber (LF) substrates. (B) The longest neurite length of neurons 

cocultured with 1 day or 4 day astrocytes on each surface. 

 

3.5 Discussion 

Astrocytes are particularly interesting therapeutic targets because they play an important 

role in both the healthy CNS and in the response to injury [7]. One biomaterial treatment scheme 

that has proven to be effective at guiding regenerating tissue in vivo is the electrospun fiber 

scaffold. The aligned fibers encourage a robust regenerative response from neurons and glia in a 
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model spinal cord injury [29]. However, the effect of electrospun fiber topography is still not fully 

understood.  

Aligned grooved surfaces help astrocytes arrange adhesive proteins into lanes that increase 

the directional guidance of neurons. This astrocyte-mediated neurite guidance is affected by the 

depth of the grooves [43]. Two studies have shown that fibrous scaffolds increase neuroprotective 

glutamate-uptake in astrocytes: Astrocytes significantly increase genes associated with glutamate 

transporters (GLAST and GLT-1) on 400-450nm diameter poly-ε-caprolactone fibers when 

compared to a flat topography control [100]; and astrocytes significantly increase GLT-1 mediated 

glutamate uptake on 1200nm diameter PLLA fibers when compared to a flat topography control 

[45]. Zuidema et al found that increased GLT-1 mediated glutamate uptake was not significantly 

altered when the fiber alignment was changed.  

In order to engineer the scaffolds to promote glutamate uptake, we must understand what 

other surface properties affect glutamate transporter expression. GLT-1 protein expression was 

increased on 1200nm fibers [45] and GLAST and GLT-1 gene expression were increased on 400-

450nm fibers [100]. It is unknown how the differences in fiber diameter affect our ability to 

compare these two studies. Therefore, our first aim was to determine how the fiber diameter 

affected the morphology of astrocytes. Furthermore, since fiber diameter affects the groove height 

in aligned electrospun fiber scaffolds, our second aim was to determine how fiber diameter affected 

astrocyte-mediated neurite guidance. 

In order to achieve these aims, it was imperative that the fiber scaffolds have distinct 

diameters but similar fiber alignment, fiber material, solvent, and hydrophilicity. A series of fibers 

were prepared using HFIP as a solvent. The resulting fibers had diameters that ranged from 363nm-

1007nm (Figure 3-1). From these options, the appropriate fiber diameters were selected based on 
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previous studies with other CNS cell types. Neurite outgrowth was longest on fiber diameters 

between 700nm  and 2000nm, compared to diameters below 700nm [63], or above 5000nm [137]. 

Oligodendrocytes showed a significant increase in fiber myelination, when the fiber diameters 

were above a certain threshold (above 400nm) [77]. Thereafter, the myelin sheath lengths were 

highly dependent on the diameter of the scaffold [83]. These previous findings suggest that fiber 

diameters greater than 700nm produce different responses in neurons and oligodendrocytes than 

fiber diameters of 400nm, or below. Therefore, 800nm diameter fibers were selected to be the large 

fibers, and 386nm diameter fibers were selected to be the small fibers used in this study. The 

electrospinning parameters were adjusted to achieve a monolayer of fibers with similar alignments 

(Figure 3-2, Table 3-1). For cell analysis, the fiber substrates were compared against a flat film 

surface of the same PLLA material to create a topography control.   

Electrospun fiber substrates have the clearest effect on astrocyte morphology, eliciting a 

ramified morphology with more processes and greater elongation [45], [98], [100]. Morphology 

was used to measure how early astrocytes recognized and responded to differences in surface 

topography after contact with the surface. The morphology of single astrocytes were examined 

after the cells were cultured on the small fiber, large fiber, or film substrates for 2, 6, 24, or 96 

hours (Figure 3-4). The astrocytes responded to the differences in topography as early as 2 hours 

after culture. The astrocytes on the large diameter (800nm) fiber substrate were significantly more 

elongated than those on the small fiber (350nm) and film substrates as early as two hours after 

culture, and continuing until 4 days after culture. Astrocytes cultured on large fiber scaffolds also 

extended distinct processes which were closely aligned with the underlying fibers. In contrast, 

astrocytes cultured on PLLA films displayed a widespread polygonal morphology, with prominent 

actin stress fibers (Figure 3-6). In the remainder of this study, we examined the relationship 
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between the differences in astrocyte morphology and both astrocyte-mediated neuroprotection and 

astrocyte-mediated neurite guidance. 

An interesting series of studies from the Beart laboratory have linked astrocyte 

morphology, Rho Kinase (ROCK)-mediated actin dynamics, and glutamate uptake [144], [145]. 

These studies showed that when astrocytes were treated with a ROCK inhibitor, Fasudil, a ramified 

morphology was observed and GLT-1 mediated glutamate uptake was increased [144]. 

Electrospun fibers produced a similar astrocyte response to the Fasudil [45], [145]. Since changes 

fiber diameter altered astrocyte morphology, we hypothesized that the differences in fiber diameter 

would proportionality affect GLT-1 production. GLT-1 was indeed increased in astrocytes on fiber 

substrates (Figure 3-7), similar to previous findings [45], [145]. However, the expression of GLT-

1 was not attenuated by decreasing the fiber diameter.  This data suggests that GLT-1 glutamate 

uptake is not diameter dependent, and increased GLT-1 mediated uptake will occur in astrocytes 

cultured on many fiber diameters. After 4 days, astrocyte GLAST expression exhibited a linear 

trend that increased as fiber diameter was increased (Figure 3-7), but the differences between the 

groups were not statistically significant. 

Glutamate uptake removes glutamate from the extracellular environment, and should 

protect neurons from excitotoxicity [34]. It has been predicted that the increase in GLT-1 mediated 

glutamate uptake would protect neurons in culture [45], [144], but this has not been measured on 

electrospun fibers. To test this theory, an astrocyte-neuron coculture was prepared and treated with 

glutamate.  

The common method to model excitotoxicity in vitro is to treat the cultures with 1mM 

glutamate for 10 minutes [146] or 30 minutes [147], [148]. LDH is released from cell when the 

plasma membrane is damaged, and is quantified to determine cell death. The differences in 
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astrocyte LDH released for a series of glutamate concentrations were most distinguishable after 

for 24 hours of treatment [149]. It is important to note that these prior studies did not report 

correcting for the pH of the glutamate solution. Our experiments showed that glutamate lowered 

the pH of the media, and Croce and colleagues reported that the acidity of the environment during 

glutamate exposure was a confounding variable. Astrocyte glutamate metabolism is sensitive to 

pH: alkalinity is known to rapidly increase glutamate uptake and glutamine synthesis via the 

glutamine synthetase pathway. Acidity is reported to inhibit the glutamine synthetase pathway 

[150], which leaves more glutamate in the environment. So an acidic environment is expected to 

compound the excitotoxic effects of glutamate and lead to a higher degree of cell death. Croce et 

al. found that adding hydrochloric acid to the culture media, to achieve the same pH as the 

glutamate solution, produced a nearly identical loss in cell viability as the glutamate treatment. 

Furthermore, the increase in LDH cell toxicity from the glutamate solutions was abolished when 

the pH of the 2mM, 5mM, and 10mM glutamate solutions were corrected. Only the 20mM 

glutamate solution treatment for 24 hours produced a significant decrease in cell viability 

compared to the untreated control after pH correction [151]. In our study, the co-cultures were 

treated with pH 7.4 controlled 20mM glutamate for 24 hours. An LDH assay was then performed 

on the media to measure cell death. 

After correcting the pH of the solution, our findings showed that there was a decrease in 

LDH, and a corresponding increase in live cells on the fibrous substrates compared to the film 

control (Figure 3-7). The trends in LDH corresponded to the increase in GLT-1 observed in the 

western blot results (Figure 3-7). Similarly, there were few differences in LDH measured in the 1 

day astrocyte-neuron cocultures. However, none of these results were statistically significant due 

to high variation. The astrocyte cultures alone showed similar trends to the coculture, with 
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decreased LDH on the fibrous scaffolds compared to the film substrate. With these promising 

trends, more replicates will need to be performed to increase the sample size and reduce the error. 

Overall, the results from these experiments corroborate evidence that GLT-1 protein expression is 

increased in astrocytes cultured on electrospun fiber substrates, and our results showed slightly 

reduce cell death in an in vitro excitotoxicity assay. This is an interesting result, considering that 

it was surface induced, and no drugs were involved.  

Distinct changes in astrocyte elongation are also associated with increased astrocyte-

mediated neurite guidance.  Biran et al. found that 42nm to 492nm grooves on polystyrene surfaces 

modified astrocytes ability to orient and organize linear arrays of neuron adhesive molecules – 

such as fibronectin, laminin and neural cell adhesion molecule (NCAM) – that were bounded with 

lanes of neuron repulsive CSPGs. These lanes improved neurite length and alignment as the 

roughness of the topography was increased [43]. We reported an increase in the CSPG expression 

on the small diameter fibers over the first 24 hours (Figure 3-5). The CS-56 stain is not able to 

distinguish between beneficial CSPGs and inhibitory CSPGs [111], [124], [127], but we observed 

linear arrays of CSPGs in the astrocytes cultured on the large fibers that were similar to those 

reported by Biran et al. (Figure 3-5H).  

On non-aligned silk fibroin fibers, reductions in fiber diameter led to an increase in 

astrocyte spreading [152]. On aligned fiber surfaces, astrocytes became significantly more 

elongated on the larger diameter fibers (Figure 3-4).  Based on the findings of Biran et al., we 

hypothesized that the larger fiber diameters would significantly increase astrocyte-mediated 

neurite outgrowth on the surface compared to those on the small fiber or film surfaces. 

The neurons cultured on the astrocyte/electrospun fiber surfaces had a clear difference in 

the direction of the neurite outgrowth (Figure 3-8Figure 3-9, Figure 3-10). The experiment was 
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arranged so that the astrocytes were cultured for different amounts of time (1 or 4 days) but the 

neurons were cultured for the same time (1 day). Therefore, any differences observed between the 

1 and 4 day time points will be due to improvements in astrocyte-mediated guidance. At both the 

1 and 4 day time points, there was a clear improvement in the directional neurite elongation 

compared to the radial growth of the cocultures on the film substrates (Figure 3-8Figure 3-9). 

Neurites were more aligned on the large fibers, compared to the small fibers. However, the small 

diameter fiber cocultures produced longer and more complex neurite outgrowth. Neurons in the 

small fiber cocultures had significantly more branches than those in the large fiber cocultures 

(Figure 3-10). The 4 day astrocyte cultures produced longer neurite outgrowth than the 1 day 

cultures, this suggests that the astrocytes improve the environment for neurite outgrowth over time. 

The longer directionally guided neurites on the large fiber surfaces are reminiscent of axonal 

growth, while the more highly branched arbors of neurites on the small fiber surfaces is reminiscent 

of dendritic growth [153]. The exact control of dendritic growth is still not fully understood, but a 

series of neurotrophins produced by astrocytes have been identified as important regulators [154]. 

Future work should consider how electrospun fibers may modify astrocyte neurotrophin 

expression. 

3.6 Conclusion 

Overall, the aim of this study was to determine if changes in the electrospun fiber diameter 

affected astrocytes. The astrocyte response was measured in terms of astrocyte morphology, 

astrocyte neuroprotection, and astrocyte guidance of neurons. Doubling the electrospun fiber 

diameter from 386nm to 800nm had a significant effect on the astrocyte morphology. Astrocytes 

became significantly more elongated as the fiber diameter was increased. Both the small and large 

fiber substrates increased GLT-1 production over the film control, but there were no significant 



 

101 

 

differences between the fiber groups in GLT-1 or GLAST expression. This suggests that GLT-1 

expression is not dependent on fiber diameter. Astrocyte-mediated neurite guidance was increased 

on large fiber substrates, but the small fiber substrates produced aligned neurite growth that was 

significantly more branched than those on the large fibers. Overall, the aligned fiber substrates 

improved astrocyte GLT-1 production, and neurite outgrowth. 
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 Injectable, Magnetically-Orienting Electrospun Fiber Conduits 

for Neuron Guidance3 

4.1 Abstract 

Electrospun fiber scaffolds mimic aligned axon bundles and provide topographical 

guidance to regenerating neurons and glia when the fibers within the scaffold are aligned. 

However, it is challenging to maintain electrospun fiber alignment when the scaffolds are delivered 

to an injury site using minimally-invasive techniques. This limitation makes it difficult to translate 

the guidance scaffolds into an injury with an irregular geometry, such as contusive nerve injury – 

the most common form in humans. To address these limitations, we developed and tested 

magnetically-responsive poly-L-lactic acid (PLLA) electrospun fiber scaffolds by incorporating 

superparamagnetic iron oxide nanoparticles (SPIONs). Iron oxide presence did not affect neuron 

viability and significantly increased neurite outgrowth. After verifying neuron viability on two-

dimensional scaffolds, the system was tested as a three-dimensional scaffold. Small conduits of 

aligned magnetic fibers were easily injected in a collagen or fibrinogen hydrogel solution and 

repositioned using an external magnetic field. The aligned magnetic fibers provided internal 

directional guidance to neurites within a three-dimensional collagen or fibrin model hydrogel, 

supplemented with Matrigel. Neurites growing from a dorsal root ganglia explant extended further 

on the surface of the fibers compared to neurites extending in the hydrogel alone. Overall, these 

results show that magnetic electrospun fiber scaffolds can be injected and manipulated with a 

magnetic field in situ to provide directional guidance to neurons inside an injectable hydrogel.  

 

This chapter has been submitted to: C.D.L. Johnson et al., “Injectable, magnetically-orienting electrospun fiber 

conduits for neuron guidance,” submitted for publication. 
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Most importantly, this injectable topography increased both neurite alignment and neurite length 

within the hydrogel scaffold. 

4.2 Introduction 

Biomaterial-based approaches to regenerative medicine are often designed to mimic the 

structure of the native extracellular matrix (ECM) [155], [156]. Electrospinning has emerged as a 

powerful tool to create fibrous structures with a high surface area to volume ratio that can be easily 

modified to deliver stem cells, drugs, or gene therapy to the local regenerating tissue environment 

[155]–[158]. Highly aligned electrospun fibers mimic the aligned structure of myelinated axon 

white matter tracts. The benefits of mimicking this aligned structure were shown in a study by 

Hurtado and colleagues, which established that scaffolds with highly aligned electrospun fibers 

achieved more robust, directed regeneration of axons than scaffolds with randomly-oriented fibers 

in a spinal cord injury model in vivo [29].  

While studies show that aligned fiber conduits promote regeneration, most studies are only 

able to maintain directional fiber alignment by using invasive open surgical techniques to implant 

rigid scaffolds into complete or incomplete transection models of spinal cord injury (SCI). 

Accessing the spinal cord requires a laminectomy to expose the spinal canal. This open surgery 

can increase the risk of infection and may sever undamaged white matter tracts within the spinal 

cord [30]–[32]. Furthermore, this does not translate to the most common form of spinal injury in 

humans, contusive SCI, which is particularly difficult to treat because it presents an irregular 

geometry that is difficult to match with a rigid implant. 

The most common minimally-invasive biomaterial approach is to inject a hydrogel that 

fills the irregular shape of the injury site [32], [159], [160]. Recent attempts to inject electrospun 

fibers within a hydrogel were unable to maintain fiber alignment [161], [162]. Two studies have 
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proposed the use of magnetic assistance to create an anisotropic structure in situ. A decade ago, 

Kriha et al. proposed using 50-100µm long single magnetic electrospun fibers to connect 

individual neurons in culture media in vitro [80].  Recently, Rose and colleagues proposed a similar 

approach that used 10µm long magnetic microgels to provide directional guidance within an 

injected fibrin hydrogel [79]. Rose et al. found that the anisotropy provided some guidance to 

neurites extending from dorsal root ganglia (DRG) in vitro. However, both studies used short 

segments which provide interrupted topography to cells and showed weak material magnetic 

responses to an applied field. The low magnetic response limited their application to low viscosity 

solutions such as culture media [80] or fibrinogen [79]. Therefore, there is an opportunity for 

strategies that enable injection and orientation of longer (millimeter scale) fibers within a higher 

viscosity medium to provide continuous topographical guidance for neurons. 

Studies with electrospun fibers have shown that the extended topography provided by 

electrospun fiber scaffolds is important for neurite guidance [27], [29]. In the current study, we 

prepared electrospun fiber composites by incorporating superparamagnetic iron oxide 

nanoparticles (SPIONs) into poly-L-lactic acid (PLLA) fibers. To address the continuity 

limitations observed in previous studies, we prepared 3000-5000µm long injectable electrospun 

fibers. Superparamagnetic materials are advantageous over ferromagnetic materials because they 

are only magnetically-responsive when activated by an external magnetic field. SPIONs are 

biocompatible and are used as a source of iron by local cells [163]. SPIONs are widely used as 

contrast agents for imaging, tissue soldering, and tumor hyperthermia ablation [164], [165]. 

Concern that the composite may release toxic levels of iron oxide nanoparticles are mitigated by 

using a slow degrading polymer, PLLA [166]. Kriha et al. previously produced magnetic 

electrospun fibers with 0.8% wt cobalt magnetic nanoparticles [80], and Rose et al. created 
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microgels with of 0.011% SPION by volume. The magnetic response of the fibers may be 

improved by incorporating more SPIONs, however it is still unknown how increasing the SPION 

content in the electrospinning solution may affect the resulting electrospun fibers.  The goal of this 

study was both to increase SPION content and to investigate how SPION incorporation affected 

fiber magnetization and topographical parameters known to affect neurite guidance. 

 To study the effect of SPION content on the fiber topography and magnetization, we 

prepared four groups of electrospun fiber scaffolds with increasing SPION content (2%, 4%, 6%, 

and 8% wt SPION/wt PLLA). We hypothesized that the increased SPION content in the 

electrospinning solution would produce electrospun fibers that could be oriented more rapidly in 

a viscous solution compared to the fibers with the lowest SPION content (2%), without significant 

changes in topography. The magnetic response was tested using a vibrating sample magnetometer, 

followed by timed rotation of scaffolds in glycerol, fibrinogen, and collagen solutions. The fiber 

topography was analyzed using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Scaffold biocompatibility and guidance capability were then analyzed with 

dissociated primary rat neurons. Next, we hypothesized that the magnetically-controlled 

electrospun fibers would guide neurite outgrowth in the direction of the oriented fibers within a 

fibrin or collagen hydrogel. To test this hypothesis, electrospun fiber conduits were injected into a 

collagen or fibrinogen solution supplemented with Matrigel, and aligned to provide directional 

guidance to a rat dorsal root ganglion explant in a three-dimensional growth environment.  
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4.3  Materials and Methods 

 

Figure 4-1: SPION fiber conduit preparation method. (A) Oleic acid coated superparamagnetic iron oxide 

nanoparticles are mixed into the 8% PLLA electrospinning solution and chloroform by constant agitation. 

Once dissolved the solution is electrospun onto a rotating mandrel to create an aligned fiber mat. (B) The 

mat is removed from the wheel and cut into approximately 3mm x 5mm segments. Using forceps, the fiber 

mats are carefully rolled into a small enough to fit through the inner bore of the needle. (C) The small 

conduits and hydrogel are injected into a chamber. (D) A magnetic field is applied to orient the fibers 

within the hydrogel in situ until the hydrogel is solidified. (E) The magnetic field is removed and the fibers 

remain aligned, supported by the hydrogel, to guide neurites extending from the dorsal root ganglion. 

 

 Preparation of Magnetic Electrospun Fibers 

Electrospun fibers were prepared using a base solution of 8% wt PLLA/wt chloroform 

(Figure 4-1). Superparamagnetic Iron Oxide Nanoparticles (SPIONs) were incorporated at 2%, 

4%, 6%, and 8% of the weight of PLLA. The control (0%) was prepared without SPIONs. To 

prepare a 6% SPION electrospinning solution, for example: 14.4mg of SPIONs (11-12nm diameter 

with an oleic acid surface coating [167]) was weighed into a 4 dram borosilicate vial (66013-080, 

VWR, Philadelphia, PA) using a XS-64 balance (Mettler-Toledo, Columbus, OH). 3g of 

chloroform (288306, Sigma-Aldrich, St. Louis, MO) was weighed into the vial using an adventurer 

pro balance (AV213C, Ohaus, Pine Brook, NJ). The solution was capped and swirled on a VWR 

Mini Shaker (97109-892, VWR, Philadelphia, PA) rotating at 250rpm until the particles were 

suspended in the chloroform (~1min). When the SPION particles were suspended, 240mg of high 
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molecular weight PLLA (Ingeo biopolymer 6201D, NatureWorks, Blair NB) was weighed using 

the XS-64 balance and added to the solution. The solution was rotated at 250rpm on the Mini 

Shaker until the PLLA was fully dissolved. Immediately before electrospinning, the solutions were 

sonicated in a water bath using a Bransonic ultrasonic cleaner (2510R-MTH, Branson, Danbury, 

CT) for 5min. Electrospinning was performed using previously published methods [78]. The 

specific controlled parameters during electrospinning were: 3.0 ml/hr pump rate, 1000rpm rotation 

speed, 10min collection time, 10kV voltage drop, 32-33% humidity, 20-23°C temperature, and a 

5mm gap distance between the needle and the grounded collector. Adjustments to the 

electrospinner were made to accommodate the 8% SPION electrospinning solution. The gap 

distance was increased to 8mm for the 8% SPION solutions because the fibers did not solidify 

when they impacted the wheel at the 5mm gap distance.  

 Magnetic Fiber Analysis 

4.3.2.1 Scanning Electron Microscope Fiber Morphology Analysis  

Scanning electron microscope imaging and fiber analysis were carried out using previously 

published methods [74]. Briefly, samples were sputter coated with 5nm of platinum (Technics 

Hummer V sputter coater) and imaged using a Versa 3D SEM (FEI Hillsboro, OR). Images were 

taken using an acceleration voltage of 2kV, a working distance of 10mm, and a magnification of 

1000x. For each sample, five images were taken at four corners and in the center of the coverslip. 

Images were analyzed for fiber diameter using FIJI software (NIH, Bethesda, MD). The diameter 

of at least 70 individual fibers were measured from each of three independently fabricated samples 

for each condition (N = 3). The data was reported as a mean ± standard deviation. Using the same 

SEM images, fiber alignment was measured by recording the angle of a line drawn along the edge 

of each fiber with FIJI software. The angle of at least 70 individual fibers was measured for each 

group. Each group was normalized by determining the median fiber alignment for the group and 
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reporting each fiber’s angle deviation from that median angle. The results were tabulated using 

SigmaPlot 11.0 (Systat Software, San Jose, CA) and reported as a histogram of the angle deviation 

from the median with 10 degree bins (Figure 4-3). Statistical analysis of fiber alignment was 

performed with JMP software (SAS, Cary, NC). A Brown-Forsythe test was used to compare the 

changes in variation between the groups.  

4.3.2.2 Transmission Electron Microscope Fiber Analysis 

Transmission electron microscope (TEM) samples were prepared by electrospinning 0%, 

2%, 4%, 6%, and 8% wt SPION/wt PLLA fibers directly onto carbon type-B 300 mesh copper 

grids (01813-F, Ted Pella, Redding, CA). TEM images were obtained with a JEOL-1200 EX II 

120kV instrument (JEOL USA, Peabody, MA). The particle sizes in each group were measured 

using FIJI software.  

4.3.2.3 Vibrating Sample Magnetometer Magnetization Characterization 

The magnetic properties of the 2%, 4%, 6%, and 8% SPION/PLLA composites were 

analyzed using a vibrating sample magnetometer (7400S-Series, Lake Shore Cryotronics Inc.). 

The experiment was preceded by calibration with a nickel standard (730908, 6.92 emu at 5000 

Gauss, Lake Shore). For each group, three independently fabricated bundles of fibers (~12mg each, 

N = 3) were loaded into the Kel-F sample holder (730931, Lake Shore) between two 2.5 inch 

pickups spaced 1 inch apart. 200 points were measured as the field was ramped between 10 and -

10kOe at a rate of 20.1 Oe/second. The magnetic hysteresis loop was obtained by plotting the 

magnetic moment against the applied magnetic field. Each measured sample was normalized by 

the sample mass to obtain the magnetization (emu/g). The magnetization of the empty sample 

holder was removed from the data during calibration. In order to compare the values with the 

SPION-only values, the sample holder was measured with 0% SPION fibers. The saturation 
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magnetization values were calculated by averaging the highest 30 points in the linear range of the 

magnetization curves. Data was analyzed using SigmaPlot 11.0.  

4.3.2.4 Fiber Conduit Realignment Test 

An experiment was developed to determine how each of the SPION-containing fibers 

scaffolds (2%, 4%, 6%, and 8%) would respond to a magnetic field. Fibers were cut into 12mm 

long segments. The fibers submerged in a 50% glycerol (G2289, Sigma), 50% water solution until 

testing. The glycerol solution was used as an inexpensive way to increase the solution viscosity 

while testing the reorientation rates of the different groups. 4.0 ml of the 50% glycerol/water was 

measured into 1 well of a 12 well tissue culture dish (40-229112, CellTreat, Shirley, MA) and two 

0.5 inch neodymium magnet (BHmax = 48MGOe, ND025-N48, Applied Magnets, Plano, TX) 

were placed on either side of the experimental well to establish a magnetic field within the well, 

along which the fibers align. Each fiber sample was submerged in the well, and oriented 

perpendicular to the field using forceps. Reorientation times were determined from video taken 

using a Canon Rebel T2i (Canon, Melville, NY). The time started when the forceps were removed 

from the sample and the time was stopped when the fibers were oriented parallel to the field. The 

results represent the length of time that was required for the samples to rotate 90 degrees. Since 

there was some variation in the experimental repeats, each data point represents the average of two 

samples cut from three independently fabricated SPION-fiber groups. Each sample was tested 6 

times for reorientation. Therefore, each data point represents 36 measurements from 3 

independently produced fiber groups.  

4.3.2.5 Magnetic Fiber Alignment at Different Viscosities 

To test the effects of solution viscosity on fiber realignment rates, dilutions of 25%, 50%, 

75%, and 100% glycerol solutions by volume were prepared in water. All solutions were measured 

in a DV2T system with a wells-Brookfield viscometer attachment (Brookfield AMETEK, 
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Middleboro, MA) at 21°C. The rotation speed of the cone was adjusted to achieve a torque value 

as close to 100 as possible. The previously discussed 2.0mg/ml collagen solution and 10mg/ml 

fibrinogen solutions were also tested with the viscometer. Three replicates were prepared for all 

solutions. Realignment tests for each solution were performed according the procedures described 

in section 2.3 and plotted against the measured viscosity to assess how well the realignment times 

in the glycerol standard curve matched those in the fibrinogen and collagen solutions.  

4.3.2.6 Magnetic Fiber/Hydrogel Injection and Orientation Video 

The electrospun fiber mats were cut into small 5-6mm segments and carefully rolled into 

conduits. The conduits were loaded into the inner bore of a 22G needle (305159, BD Biosciences, 

Franklin Lakes, NJ) with forceps. This method was inspired by the endoscopic techniques for 

minimally-invasive stent delivery. The needle was attached to a 5ml Syringe (309646, BD) loaded 

with 1ml of collagen solution. 4.6μl of 1N NaOH was pipetted into the well to neutralize the 

collagen when it enters the well. A small stand was made to lift the chamber so it is centered in 

the magnetic field. Video was taken using a Cannon Rebel T2i mounted on a tripod. The fibers 

were injected with the collagen into the 8mm PDMS chamber in the magnetic field, and allowed 

to realign with the field. The chamber was transferred to the 37°C incubator for 30 minutes to 

allow the collagen to polymerize. After polymerization, video was resumed. The chamber was 

rotated 90 degrees in the magnetic field in order to show that the 6% SPION fibers were locked in 

place in the hydrogel/fiber composite. This procedure was repeated using the 10mg/ml fibrinogen 

solution. The 6% SPION fibers were chosen here because they provided the fastest magnetic 

response without significantly altering the fiber alignment and diameter from the 0% SPION 

control. 
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 Cell Analysis 

4.3.3.1 Dorsal Root Ganglia Isolation 

The dorsal root ganglion (DRG) isolation protocol followed NIH Guidelines for the Care 

and Use of Laboratory Animals and was approved by the Institutional Animal Care and Use 

Committee (IACUC) at Rensselaer Polytechnic Institute. DRG were isolated from P2 Sprague-

Dawley Rat pups (SD-FL 101A NTac:SD, Taconic Biosciences, Hudson, NY) according to 

previously published procedures [168]. Care was taken to remove the fibrous capsule from the 

DRG to allow neurites to extend. DRG were stored in F12 media (11765-047, Gibco) on ice until 

they were dissociated or plated. 

4.3.3.2 Single Neuron Isolation 

Primary neurons were cultured on the fiber scaffold surfaces in order to measure how the 

SPION content in fibers may affect neuron survival and neurite elongation. Primary neurons were 

dissociated from P2 Sprague Dawley rat DRG using a modified process described by Koppes et al 

[140]. Isolated DRG were digested in a 37°C buffer of 0.1% Trypsin (25-054-Cl, Corning), 

1mg/ml collagenase A (C9891, Sigma), PBS pH 7.4 for 50 minutes in a 37°C, 5% CO2 incubator. 

The DRG were resuspended every 10 minutes during the incubation to improve the collagenase 

digestion. The solution was centrifuged for 5 minutes at 300rcf to pellet the cells, and to allow for 

a buffer exchange to a 0.1% Trypsin, PBS pH 7.4 for a second incubation for 10 minutes in the 

incubator. Neuron media: 2% B27 (17504-044, Gibco), 1% Pen/Strep (15140-122, Gibco), 0.5mM 

L-Glutamine (G1251, Sigma), and Neurobasal media (21103-049, Gibco) was prepared and sterile 

filtered through a 0.22μm syringe filter (40-229747, Celltreat, Pepperell, MA). Neuron media was 

added (3:1) and the solution was again centrifuged for 5 minutes at 300rcf. The remaining buffer 

was removed and the cells were raised in neuron media. The pellet was resuspended by trituration 

(fewer than 10 times) with a flame-polished Pasteur pipette. The cells were counted before culture. 
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4.3.3.3 Isolated Neuron Culture on SPION Fiber Scaffolds 

0%, 2%, 4%, 6%, and 8% wt SPION electrospun fiber scaffolds were sterilized by 

submersion in ethanol and dried. Scaffolds were plasma treated for 90 seconds to oxidize the 

surface (PDC-001, Harrick Plasma, Ithaca, NY), then covered with a solution of 50µg/ml laminin 

(1.2mg/ml, 23017-015, Gibco) in HBSS (14025-076, Gibco). The scaffolds were incubated for 2 

hours at 37°C to allow the laminin to adsorb to the surface. The scaffolds were washed three times 

with sterile water to remove unbound laminin before neuron culture, then submerged in neuron 

media, supplemented with 50ng/ml NGF (13257-019, Invitrogen). Isolated neurons were delivered 

to the scaffolds at a concentration of 133 cells/mm2 and the scaffolds were gently rocked to 

distribute the cells. The cells/scaffolds were cultured in the incubator for 12 hours. The neurons 

were cultured at a low density in order to reduce the arbor overlap between neighboring neurons.  

4.3.3.4 Isolated Neuron Culture Viability, Staining and Imaging 

To assess viability, the culture media was removed and replaced with a warmed calcein 

solution: 1µg/ml calcein-AM (C3100MP, Life Technologies), 10 µg/ml Hoechst 33342 (H3570, 

Invitrogen), 0.025% wt/vol pluronic acid F-127 (P6867, ThermoFisher) in external solution 

(140mM NaCl (S3104, Sigma), 5mM KCL (60128, Sigma), 2mM CaCl2 (C1016, Sigma) , 2mM 

MgCl2 (M2393, Sigma), 10mM HEPES (H4034, Sigma), and 10mM D-glucose (G6152, Sigma)). 

The calcein solution was incubated for 15 minutes at 37°C, then washed three times with warmed 

external solution. For each scaffold, a 4x4 scan image was taken using the wide field setting and a 

10x objective. Images were processed in FIJI software by subtracting the background with a rolling 

ball filter of 100, followed by a manual threshold and a watershed. The particles were analyzed 

with the condition that only particles larger than 10 pixels were counted. This number was selected 

based on initial analysis of nucleus size. The percentage of live cells was determined by taking the 

ratio of cells that stain positive for calcein to the total number of nuclei that stain positive for 
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Hoechst 33342. The ratio was confirmed by hand counting the ratio of calcein positive cells to the 

total nuclei. The results represent the mean and standard error of three independently produced 

scaffolds for each group. 

Immediately after calcein imaging, the scaffolds were fixed in a warmed 4% 

paraformaldehyde in PBS pH 7.4 solution for 15 minutes. The scaffolds were washed three times 

for 5 minutes in PBS and stored at 4°C until staining. The scaffolds were blocked and 

permeabilized with a 0.01% Triton-X 100 (T8787, Sigma), 5% bovine serum albumin (BSA, 

A9647, Sigma), and tris buffered saline pH 7.4 (TBS, 28376, ThermoFisher Scientific, Waltham, 

MA) for 15 minutes at room temperature. The blocking buffer was replaced with the 500µl of 

primary antibody solution: 1:400 dilution of RT-97-S antibody for neurofilament (64μg/ml, 

DSHB, University of Iowa, Iowa City, IA), in 0.1% Tween-20 (P1379, Sigma), 5% BSA, TBS pH 

7.4. This primary antibody solution was incubated at room temperature overnight at 4°C. The 

scaffolds were washed three times for 5 minutes in TBS, 0.1% Tween-20 (TBST), then replaced 

with  500μl of the secondary antibody solution: Donkey anti-mouse AlexaFlour 594 (2mg/ml, 

A21203, Life Technologies) secondary antibody and DAPI (1mg/ml, 62247, ThermoFisher) were 

diluted 1:1000 dilution in TBST, 5% BSA. The secondary antibody was incubated for 1 hour at 

room temperature, then washed three times for 5 minutes in PBS, before imaging.  

4.3.3.5 Isolated Neuron Analysis 

Fluorescent images were taken and processed as described in section 2.8. Phase contrast 

images were included in each scaffold image to show the orientation of the underlying fibers with 

the cells. Individual neurons were traced using the NeuronJ plugin in FIJI [169]. At least 20 

individual neurons from three independently fabricated scaffolds, and two independent neuron 

isolations were traced starting from the edge of the neuron body to determine neurite length based 

on the RT-97 images. Any neurite lengths below 5µm were not considered in the data calculation. 
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4.3.3.6 In Vitro 3D Dorsal Root Ganglia Culture System Setup 

An in vitro culture model was used to demonstrate the ability of aligned fibers to direct 

neurite extension of DRG in 3D hydrogels. The goal of this culture was to determine if neurites 

could find and elongate along a small grouping of fibers in a hydrogel. In order to image the 

culture, the container needed to be as thin and optically clear as possible. A polymer containing 

well was attached to a glass coverslip. 15 x 15mm square housings were created from cured 

poly(dimethyl siloxane) (PDMS, Sylgard 184 Elastomer, Dow Corning, Midland, MI) with a 

circular 8mm diameter center well - cut using an 8mm punch (CE0413, P825 Acuderm, Ft. 

Lauderdale, FL). After a 5 min plasma treatment, the PDMS container cutouts were attached to 15 

x 15mm glass coverslips (Cover Glass No 1, G415, ProSciTech Thuringowa, Australia). The wells 

were sterilized for 5 minutes using a UV crosslinker (XL-1000, Spectroline, Westbury, NY). 

4.3.3.7 Hydrogel Preparation 

A collagen solution (2 ml) was prepared using Corning collagen I (rat tail, 354236, 

Corning) by adjusting the concentration to 2.0mg/ml with neuron media. 1N NaOH (7708-10, 

Mallinckrodt, Pillsburg NJ) was added to achieve 2.3% of the collagen volume to neutralize the 

0.2N acetic acid. Thereafter, the collagen solution was kept on ice to reduce gelation. The collagen 

solution was supplemented with a 1:100 dilution of growth factor reduced, phenol red free (GFR, 

PRF) Matrigel (356231, Corning). Matrigel was chosen as a supplement because it simulates a 

more natural environment by providing laminin and fibronectin and other proteins that promote 

cell attachment and survival. Additionally, the GFR Matrigel reduces concerns that Matrigel has 

growth factors may influence the extent of neurite outgrowth [159]. A 10mg/ml fibrinogen solution 

was prepared by dissolving 70mg fibrinogen solution (30% protein, >90% clottable, F4883, 

Sigma) for at least two hours in 2 ml neuron media. The solution was sterile filtered through a 

0.22µm syringe filter. The fibrinogen concentration (ɛ = 1.51) was tested using a NanoDrop (ND-
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1000, NanoDrop), and the concentration was adjusted to 10mg/ml with sterile neuron media. The 

fibrinogen was supplemented with a 1:100 dilution of GFR PRF Matrigel. To form a fibrin 

hydrogel, a 1:50 dilution of thrombin (100units/ml, T6444, Sigma) was added to the fibrinogen 

solution and allowed to solidify for 1 hour at 37°C before neuron media was added. Based on the 

reorientation times in Figure 4-4D, the 6% fibers were selected as the optimal fiber group for rapid 

reorientation in a hydrogel. The 6% SPION electrospun fibers were cut into 5mm segments and 

sterilized by soaking in ethanol and allowed to dry. The fibers were plasma treated for 90 seconds, 

and coated with 50μg/ml of laminin in HBSS for 2 hours. The laminin coated fibers were washed 

3 times in sterile water before use. 

4.3.3.8 Dorsal Root Ganglia Culture in 3D Magnetic Fiber/Hydrogel System 

The PDMS culture-well was positioned in the magnetic field system shown in Figure 4-5. 

100μl collagen/Matrigel solution was removed from ice and pipetted into the culture-well. One 

DRG was placed off-center in the well. The laminin coated fibers were placed in the well and 

magnetically positioned near the DRG. The collagen/Matrigel scaffolds gelled in the incubator for 

1 hour. After 5 minutes in the incubator, the gels were checked to verify that the movement did 

not separate the DRG from the fibers. In a few cases the DRG drifted away from the fibers. In 

these cases, either the DRG or fibers were moved to reconnect the two. The process was repeated 

for the fibrin hydrogels, which were solidified once the thrombin was added. While the hydrogels 

solidified, 25ng/ml NGF was added to sterile filtered neuron media. 6 DRG were cultured on three 

independently fabricated fiber groups. The DRG were cultured for 5 days at 37°C and 5% CO2. It 

should be noted that the collagen/Matrigel systems were nearly always successful, while some 

fibrin hydrogels exhibited cavitation around the DRG and neurites, causing them to fail. After 

fixing, staining, and image assembly (see below), the DRG were analyzed by lining up 

distinguishing features in the fluorescent images to those in the phase contrast image. These 
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distinguishing features included the geometry of the DRG body and the large sprouts of neurites 

which were visible on both images. The neurite length and orientation was measured using FIJI 

software using a modified version of previously reported methods [170]. The image was rotated 

until the fiber alignment was parallel with the 0° axis. A box was drawn on the fluorescent images 

to represent the boundaries of the fiber conduit. All neurites within the box were considered on the 

fibers, all neurites outside of the box were considered in the hydrogel.  

4.3.3.9 3D DRG/Magnetic Fiber/Hydrogel System Fixing and Staining 

The procedure was modified from above to allow more time for the buffers to access to the 

cells within the hydrogel. Hydrogels were fixed for 20 minutes in 4% paraformaldehyde in PBS. 

The hydrogels were washed three times for 20 minutes in PBS and stored at 4°C until staining. 

The composites were blocked and permeabilized with a 0.4% Triton-X 100, 5% BSA, TBS pH 7.4 

for 12 hours at room temperature. The blocking buffer was replaced with 500μl of the primary 

antibody (RT-97-S, 1:400) in 0.1% Tween-20, 5% BSA, TBS pH 7.4 and incubated at room 

temperature for 12 hours on an orbital shake plate at 120rpm. The hydrogels were washed three 

times for 20 minutes in TBST. The last wash was replaced with 500μl of the secondary antibody 

(Donkey anti mouse AlexaFlour 594, 1:1000) in TBST, 5% BSA, and was delivered to each 

hydrogel. The secondary antibody was incubated for 12 hours at room temperature on the orbital 

shake plate, then washed 3 x 20 minutes in TBST. The samples were then incubated in a 1:1000 

dilution of DAPI (1mg/ml, 62247, ThermoFisher) in PBS.  

 Imaging and Analysis 

Fluorescent images were taken using an inverted Olympus IX-81 spinning disk confocal 

microscope (Olympus, Tokyo, Japan) The images were processed by maximum z-projection 

followed by background subtraction (Rolling Ball = 50) using FIJI software (NIH, Bethesda, MD). 

The DRG images were assembled using the MosaicJ plugin in FIJI.  
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 Statistical Analysis 

Data in the text are reported as mean ± standard deviation. The error bars on graphs 

represent the mean and standard error. All statistical analysis was performed on Sigma Plot 11.0 

Software, with the exception of the Brown-Forsythe test for fiber alignment, which was performed 

using JMP software. All groups were tested for normality using a Kolmogorov-Smirnov test. If 

the data was normally distributed, an ANOVA was run with a Tukey HSD post hoc analysis. If 

the samples were not normally distributed, a non-parametric ANOVA was run on ranks. 

Significance was assigned for all groups where p < 0.05. All samples were run using three 

independently fabricated fiber replicates unless otherwise specified.  

4.4 Results  

 Fiber Morphology 

Four distinct SPION fiber composite groups (2%, 4%, 6%, and 8% wt SPION/wt PLLA) 

were prepared in order to study how SPION incorporation into the electrospinning solution affects 

the fiber morphology. Analysis of each group was performed using macro, SEM, and TEM images 

(Figure 4-2). Visually, the results show that incorporating SPIONs in fibers resulted in a brown 

hue, which darkened as SPION content was increased (Figure 4-2A-E). TEM confirmed that the 

SPIONs were encapsulated within the fibers, and not outside the fibers (Figure 4-2F-J). Internally, 

the SPIONs (11-12nm diameter) clumped into 20-40nm diameter groups that were distributed 

randomly throughout the bulk of each fiber.  
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4.4.1.1 Fiber Surface Nanotopography 

After confirming that the nanoparticles were internalized within the fibers, we performed 

SEM to investigate how increasing SPION concentration affected fiber formation and 

morphology. SEM analysis showed that there was some variation in the surface nanotopography 

of the fibers between groups. (Figure 4-2K-O). The 6% and 8% SPION fibers exhibited a divoted 

surface structure, while the 0%, 2%, and 4% fibers had a smooth surface structure (Figure 4-10). 

4.4.1.2 Fiber Diameter 

Often, incorporating a drug or material into the electrospinning solution can impact fiber 

diameter and fiber formation [78], but no previous study has analyzed the effects of SPION 

incorporation on electrospun fiber diameter. The goal for this study was to maintain fiber diameters 

between 0.75µm and 2µm to promote maximal neurite extension [171]. The mean diameters for 

 

Figure 4-2: Physical characteristics of electrospun fibers. (A-E) Photographs of the polymer composites as 

SPION content is increased from 0% to 8%. For all experimental groups, corresponding SEM images (F-J; 

Scale bar = 5µm) and TEM images (K-O; scale bar = 0.5µm) are arranged into columns. 
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the 0%, 2%, 4%, 6%, and 8% fibers were 1.73±0.66, 1.96±0.65, 1.65±0.59, 1.76±0.59, and 

2.03±0.81µm, respectively (Figure 4-3A). There was variation between experimental groups, but 

there was no clear trend relating fiber diameter to SPION percentage. Only the 8% SPION fibers 

had a significantly increased fiber diameter compared to the 0% SPION control fibers. For all other 

groups, the mean fiber diameter remained between 1.5-2.0µm and none were significantly 

different from the 0% control (Figure 4-3A).  

4.4.1.3 Individual Fiber Alignment 

Increasing the SPION content also altered the alignment of the fibers. The SEM 

micrographs were used to assess changes in fiber alignment between groups, and the histograms 

display the fiber alignment as a distribution of fiber angles that deviate from the median (0°). Each 

bar represents the percentage of total fibers that fall within a 10° bin (Figure 4-3B-F). The 

histograms showed that the fibers became increasingly less aligned as SPION content was 

increased. Only the 8% fibers had a significantly higher variation in alignment compared to the 

0% control. It is important to note that the 8% SPION fibers were electrospun using a larger gap 



 

120 

 

 

Figure 4-3: Fiber diameter (A) and alignment as a function of SPION concentration. The * denotes a 

significant increase in fiber diameter (p ≤ 0.05) of the 8% SPION fiber compared to the 0% control. 

Histograms of fiber alignment (B-F) as a function of angle deviation from the median fiber orientation – set 

to 0. The * indicates significantly decreased fiber alignment from the 0% control using a Browne-Forsythe 

test (p < 0.05).  The effect of SPION increasing concentration was examined by plotting the standard 

deviations from each group against the SPION concentration (G). For each group, n = 3. 
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distance (Figure 4-9), and this may have contributed to the decreased alignment of the fibers. A 

plot of the standard deviation for each fiber group (Figure 4-3G) showed that there is a linear trend 

of decreasing fiber alignment as SPION content is increased. This includes the fiber groups that 

were electrospun at the same gap distance.  

 Fiber Magnetic Characteristics 

After characterizing the morphology of the fibers, we assessed the relationship between the 

SPION concentration and the magnetic properties of the composites. All fiber groups were tested 

with a vibrating sample magnetometer to determine their magnetic response when an external 

magnetic field was ramped to ±10,000 Henry - which produced a hysteresis loop. For all fiber 

groups, the hysteresis loops showed the fibers were only magnetized when the external magnetic 

field was present (Figure 4-4A, B). Therefore, all SPION/PLLA composites remained 

superparamagnetic after electrospinning. 

4.4.2.1 Fiber Saturation Magnetization 

The saturation magnetization (Ms) is the point at which all of the magnetic domains in the 

composite are oriented parallel to the external field [165] and is a useful measure because it 

quantifies the maximum magnetic response of the composite. We established the bounds of the 

magnetic response with positive and negative controls. The positive control, SPIONs alone without 

PLLA, displayed a hysteresis loop with an Ms of 60.65 emu/g. While the negative control, PLLA 

fibers alone without SPIONs, showed no strong magnetic response, as expected from a 

diamagnetic polymer [172], [173] (Figure 4-4A). The Ms of the SPION/PLLA composite fibers 

were 1.00±0.08, 1.85±0.24, 3.09±0.37, and 4.00±0.54 emu/g for the 2%, 4%, 6%, and 8% SPION 

fibers, respectively. Increases in SPION loading directly corresponded to increased fiber  
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Figure 4-4: Magnetic analysis of the SPION fiber composite groups. Magnetization as a function of the 

applied magnetic field for (A) SPIONs only (positive) and PLLA only (negative) controls. (B) 2%, 4%, 6%, 

and 8% SPION fiber composites and (C) Ms values as a function of SPION concentration. (D) 

Reorientation time of small injectable conduits as a function of SPION concentration in a 50% glycerol 

solution. The * denotes statistical significance (ANOVA; p ≤ 0.05). Reorientation times were determined 

from the experiments reproduced in (E) for 2% SPION fibers (Time between frames is 0.72 seconds) and 

in (F) for 6% SPION fibers (Time between frames is 0.36 seconds). Each data point (A, B, C, D) represents 

the average of 3 independently fabricated groups for each fiber type. 
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magnetization values (Figure 4-4C).  This linear relationship had an R2 value of 0.99, indicating 

that the Ms of a sample can be easily predicted when the SPION concentration within the 

electrospinning solution is adjusted. 

 

 

Figure 4-5: Injection and alignment of small fiber conduits in collagen (A-C) and fibrinogen (D-F). Images 

were selected to show the injection and alignment of the fibers and do not represent consistent time 

intervals. (A, D) The empty chamber positioned in the magnetic field across the chamber. (B, E) The fibers 

are loaded into a 22G needle attached to a syringe with a 2mg/mL collagen or 10mg/ml fibrinogen solution, 

then injected into the chamber. (C, F) The aligned fiber conduit reorients so it is parallel with the magnetic 

field. (G) The relationship between solution viscosity and time to align with the field for 6% SPION fibers. 

The alignment times in fibrinogen and collagen are related to a standard curve prepared in glycerol. Each 

data point represents three independently fabricated fiber groups. 

 

4.4.2.2 Fiber Reorientation in a Viscous Hydrogel 

A model was created to simulate how fibers behave in a hydrogel solution. In order to 

assess how the measured differences in Ms translate to conduit orientation rates, we submerged 

fiber conduits in a 50% glycerol solution in a magnetic field (Figure 4-4D-F). The purpose of the 

glycerol solution was to reduce the effects of electrostatic interactions with the container and 

simulate a more viscous protein solution. A magnetic field was established by two 45MGOe 

neodymium magnets positioned 35mm apart. Simulations of the magnetic field used to test the 

fibers show that the field was parabolic along the centerline, with a strength of 0.62T at the edge 

of the magnets and a minimum of 0.03T at the center (Figure 4-11). This gradient is not necessary 

because the long thin shape of the fibers has magnetic anisotropy that allows the fibers to create 
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torque even without a field gradient [174]. But the gradient may improve the rate of rotation of the 

fibers by increasing the torque experienced by the fibers [174].  

Fibers were held perpendicular to a magnetic field, then released (Figure 4-4E, F). The 

time-to-reorient graph (Figure 4-4D) shows the relationship between the SPION content in the 

fibers and the time required to orient within the magnetic field after the fibers were released. The 

reorientation times for the 2, 4, 6, and 8% SPION groups were 3.00±1.07, 1.57±0.39, 0.87±0.19 

and 0.72±0.26 seconds, respectively (Figure 4-4D). The trend was not linear, but the 6% and 8% 

SPION fibers showed significantly faster orientation times compared to the 2% SPION fibers, 

while the reorientation time for the 4% SPION fibers was not significantly different from that of 

any other group. These simulations show that the higher fiber magnetizations yield more rapid 

reorientation in the magnetic field. Since 6% SPION fibers were more aligned than the 8% SPION 

fibers (Figure 4-3) and did not require modification to the electrospinning setup (Figure 4-9), the 

6% SPION fibers were selected for further in vitro analysis.  

We next showed that the fibers can be injected with a 22G needle and realigned in both 

collagen (2mg/mL; Figure 4-5A-C) and fibrinogen (10mg/mL; Figure 4-5D-F) solutions. Since 

collagen and fibrin have different viscosities, we expanded the question to ask if the viscosity of 

the solution could be correlated with orientation time. To understand the relationship, a standard curve of 

glycerol solutions of known viscosity was prepared (Figure 4-5G). The 25% glycerol solution was 

a good model of a fibrinogen solution (1.72cP vs. 2.31cP, respectively), while the 50% solution 

was a good model of the collagen solution (12.84cP vs. 12.17cP respectively) (Figure 4-5G). The 

fibrinogen and collagen solution viscosities were also tested after 1:100 Matrigel was added. The 

viscosity of both fibrinogen/Matrigel and collagen/Matrigel increased slightly (2.98cP and 

15.11cP, respectively) but were not different enough to warrant separate orientation testing. 
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Ultimately, the realignment time in both fibrinogen and collagen could be predicted from the 

glycerol standard curve. 

 

Figure 4-6: Primary rat neurons cultured on laminin coated 0%, 2%, 4%, 6%, and 8% SPION fibers for 

12 hours. Neurons stained with RT-97 for neurofilament are shown with a phase contrast image of the (A) 

0%, (B) 2%, (C) 4%, (D) 6%, and (E) 8% SPION fibers. (F-J) Corresponding RT-97 images, for 

neurofilament. (K) The mean length of neurites cultured on the SPION fibers is normalized to the 0% 

control, to show the percent increase over the control. The * represents statistical significance (p<0.001) 

using an ANOVA. The average of the longest neurite lengths from each cell are shown as a function of fiber 

SPION content (L). There were no statistically significant differences. A live/dead analysis shows the 

number of cells that were positive for calcein compared to the total number of nuclei, as a percentage (M). 

All surfaces had greater than 95% survival, and there were no statistical differences between groups. 
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 2D In Vitro Dorsal Root Ganglia Neurite Analysis 

Since SPION inclusion affected the surface topography of the fibers (Figure 4-2K-O) and 

no prior study has examined neurite outgrowth on fibers containing SPIONs, we explored whether 

the SPIONs in the fibers affected neurite outgrowth. Individual neurons were dissociated from 

Sprague-Dawley rat DRG, and cultured at a density of 133 neurons per mm2 (Figure 4-6A-J). The 

results show that the neurons cultured on the SPION containing fibers yielded a significant 

increase in the mean neurite outgrowth compared to the 0% control (Figure 4-6K, p < 0.001). The 

normalized value is shown because there were differences in the means between the control groups 

for each biological replicate, but the trends between groups were similar. However, an average of 

the longest neuron from each cell (without normalizing) showed a greater variation, and no 

statistically significant differences between groups. The average±standard deviation of the longest 

neurites from each cell was 560.29±217.79µm, 632.86±397.27µm, 476.32±197.59µm, 

502.78±244.99µm, and 611.58± 241.69µm for the 2%, 4%, 6%, 8% SPION fibers, respectively, 

after 12 hours of culture (Figure 4-6L). The maximum neurite length results were closely 

correlated with the fiber diameters (Figure 4-3A), with a Pearson Product-Moment Correlation 

coefficient of 0.89.  The Pearson Correlation coefficient between fiber diameter and mean neurite 

length showed a moderate correlation with a value of 0.55.  

4.4.3.1 Scaffold Biocompatibility 

To test the biocompatibility of the composite, a calcein assay was performed. Live cells 

are capable of metabolizing calcein to its fluorescent form, so the percentage of live cells are 

calculated as the number of cells that are positive for both calcein and Hoechst 33342 (nuclei) 

divided by the total population that is positive for Hoechst 33342. The results indicate that all 

scaffolds had at least 95% live cells, and there were no statistically significant differences between 

the groups (Figure 4-6M).  
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4.4.3.2 3D In Vitro Analysis of Dorsal Root Ganglia Neurite Extension within Magnetic 

Fiber/Hydrogel System 

After testing the effects of SPION incorporation on neurite outgrowth in a controlled 2D 

environment, we prepared 3D culture systems to test how the fibers function as small guidance 

conduits suspended in a hydrogel. It is well known that aligned fibers induce longer more robust 

directional neurite outgrowth than random fiber surfaces in vitro and in vivo [29], [84]. Recently, 

a model was developed to test how DRG respond to the aligned topography within a 3D hydrogel 

environment in comparison to the current standard of an isotropic hydrogel alone [79]. In our 

study, a 3D neurite outgrowth model was prepared in vitro with a single conduit of 6% SPION 

fibers and a DRG explant suspended in a collagen or fibrin hydrogel supplemented with growth 

factor-reduced Matrigel (1:100 dilution) and NGF (25ng/ml).  Laminin-coated fiber conduits were 

oriented using the magnetic field so the tips of the fibers were in contact with the DRG body and 

the long axis of the fibers extended away from the DRG body (Figure 4-7). Once the fibers were 

properly positioned, the system was placed in a cell-culture incubator to solidify the hydrogel and 

lock the fibers in place. The benefit of this approach is the hydrogel control and fiber experimental 

neurites emanate from the same DRG body, eliminating variation between DRG and preparation. 
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Figure 4-7: DRG were cultured in the 3D collagen/Matrigel hydrogel with 6% SPION fibers for 5 days. (A) 

The phase contrast image of the DRG interacting with the fibers and hydrogel correspond with (B), the 

fluorescence image of DRG labeled with RT-97 against neurofilament. The arrows indicate the three 

longest neurites, and the white dotted lines show the region with fibers. (C) Histograms showing the 

distribution of neurite growth angles (± 180°) on the fibers (black bars) and in the hydrogel (gray bars). 

Each bar represents a 10 degree bin (% of total). (D) Neurite length (µm) on fibers vs hydrogel. The * 

denotes statistical significance (student’s t-test, p ≤ 0.05). The data represents six DRG and three 

independently produced fiber groups for each condition. 

 

4.4.3.3 Dorsal Root Ganglia Response to 6% SPION fibers in a Collagen/Matrigel Hydrogel 

The results showed that neurites sensed the fiber conduits and remained on the surface of 

the conduits within the collagen/Matrigel hydrogel. Neurites that contacted the fiber conduits, 

followed the orientation of the fibers. The histogram, with 10 degree bins, displays the alignment 

of the neurites on the fibers. The distribution of neurites on the fibers (black bars, Figure 4-7C) 
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were highly aligned with a standard deviation of ±9.2° (Figure 4-7B, C). Meanwhile, the neurites 

that do not contact the fibers extend from the DRG body into the surrounding hydrogel in a more 

radial pattern (Figure 4-7B, C).  The gray bars display the orientation of the neurites in the 

collagen/Matrigel hydrogel and show no favored orientation (Figure 4-7C). The average neurite 

length was increased 1.4x on the electrospun fibers in the collagen/Matrigel hydrogel 

(1537±304µm) compared to neurite length in the isotropic collagen/Matrigel hydrogel alone 

(1077±289µm) (Figure 4-7D).  

4.4.3.4 Dorsal Root Ganglia Response to 6% SPION fibers in a Fibrin/Matrigel Hydrogel 

The fibrin/Matrigel hydrogel experiment showed similar results (Figure 4-8). The neurites 

that contacted the fibers were highly aligned (black bars, Figure 4-8B, C) with a standard deviation 

of ±2.9°, while those exposed to the hydrogel alone showed no preferential orientation (gray bars, 

Figure 4-8B, C). The mean length of the 10 longest neurites from each DRG extending along the 

fibers in the fibrin/Matrigel hydrogel was 2095±1022µm while those in fibrin/Matrigel hydrogel 

alone was 698±509µm (Figure 4-8D). This is a three-fold increase in the neurite length in the 

hydrogel with fibers compared to the hydrogel alone. In both the collagen/Matrigel hydrogel and 

the fibrin/Matrigel hydrogel the directional alignment and length of neurites was increased when 

aligned electrospun fibers were incorporated. 
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Figure 4-8: DRG cultured in the 3D fibrin/Matrigel with 6% SPION fibers for 5 days. (A) The phase 

contrast image of the DRG interacting with the fibers and hydrogel corresponds with (B), the fluorescence 

image of DRG labeled with RT-97 against neurofilament. The arrows indicate the three longest neurites 

and the white dotted lines show the region with fibers. (C) Histograms showing the distribution of neurite 

growth angles (±180°) on the fibers (black bars) and in the hydrogel (gray bars). Each bar represents a 10 

degrees bin (% of total). (D) Neurite length on fibers vs. hydrogel. The * denotes statistical significance 

(student’s t-test, p ≤ 0.05). 

 

4.5 Discussion 

Electrospun fiber scaffolds provide continuous topography to regenerating tissue on a scale 

that mimics healthy tissue. Electrospun fiber scaffolds have successfully guided regenerating 

tissue across transection lesions after both central nervous system [27] and peripheral nervous 

system [175] injury. But, the most common type of CNS injury in humans is a contusion injury, 

and aligned electrospun fibers have not been delivered to a contusion model. Furthermore, the 

current technology cannot deliver aligned electrospun fibers using minimally-invasive techniques. 

To address these limitations and improve the translation potential of electrospun fiber guidance 
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scaffolds, we created a magnetically-assisted electrospun biomaterial platform that can be injected 

to provide an aligned topography for regenerating tissue.  

Previously work has made a strong case for magnetically manipulated directional guidance 

conduits. Kriha and colleagues created short (50-100µm in length) poly(methylmethacrylate-co-

9-vinylanthracene) magnetic electrospun fibers and proposed to connect individual neurons in 

culture [80].  Rose and colleagues recently created shorter (10µm in length) poly(ethylene oxide-

stat-propylene oxide) (Star-PEG) microgels to provide minimal internal topography within a fibrin 

hydrogel [79]. Both strategies were able to manipulate the topography with a magnetic field, but 

were not able to create continuous topography, had low magnetic responses to a field, and were 

only applied to solutions with low viscosity, such as growth media and fibrinogen. The magnetic 

fiber technology here, improves on the design by creating continuous topographical guidance that 

extends 3000-5000µm in the tests performed, and is easily scalable. Furthermore, the magnetic 

electrospun fibers here are more magnetically-responsive and can be manipulated in more viscous 

solutions than current technology. 

The major findings of this study are (1) oleic acid coated SPIONs were easily incorporated 

into a PLLA/chloroform electrospinning solution to produce magnetically-responsive electrospun 

fibers. (2) Increased SPION concentration caused a linear increase in the saturation magnetization 

of the fibers with minor effects on the fiber morphology up to 6% SPION concentration. (3) Small 

conduits of aligned fibers provided a rapid orientation response and reduced tangling compared to 

individual fibers. (4) These small injectable electrospun fiber conduits provided internal guidance 

within the hydrogel matrix that yielded 1.5x longer neurite growth in a particular direction. 

In order to increase the versatility of the magnetic fibers to reorient in a range of hydrogels, 

four magnetic scaffolds were tested: 2%, 4%, 6%, and 8% weight of SPIONs by weight of PLLA. 
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The strength of the SPION composite fiber response is related to the quantity of the magnetic 

domains within the sample. As SPION concentration was increased form 2% to 8%, the 

magnetizations of the scaffolds increased linearly from 1.00 emu/g to 4.00 emu/g (Figure 4-4C). 

This relationship between SPION loading and magnetization values has not previously been 

considered and is important because it shows that the magnetization of the fibers can be easily 

predicted when the amount of loaded nanoparticles in the electrospinning solution is altered.  

The higher magnetization values corresponded to faster reorientation times in the 50% 

glycerol solution, although in a non-linear fashion (Figure 4-4D). The 6% and 8% SPION fibers 

reoriented in significantly faster time than the 2% SPION fibers. Because the 6% SPION fibers 

had the highest magnetization that still maintained fiber alignment, the 6% SPION fibers were 

further tested in depth to measure their realignment performance in a range of viscous solutions 

(Figure 4-5G). The results show that the 6% SPION fibers were capable of realigning in the full 

range of viscosities tested: 1.72 centipoise (cP) to 1063.00cP (or 25% to 100% glycerol). In 

contrast, approximately one-half of the 2% SPION fibers were not able to orient in the most 

viscous (1063.00cP) glycerol solution.  

It was important to establish this link between fiber magnetization, rates of reorientation, 

and solution viscosity, because it allows for the selection of a SPION fiber composite that reorients 

rapidly in low viscosity solutions, and is also capable of orienting in a more viscous solutions. The 

25% glycerol solution had a similar viscosity to the 10mg/ml fibrinogen, while the 50% glycerol 

solution had a similar viscosity to the 2mg/ml collagen solution (Figure 4-5G). The 6% SPION 

fibers orient in 0.6 seconds in a 10mg/ml fibrinogen solution. In comparison, Rose and colleagues 

reported that the Star-PEG microgels required 20-35 seconds to align in a 2mg/ml fibrinogen 

solution [79]. At the highest viscosities (1063cP), the 2% SPION fibers (Ms = 1.00emu/g) that 
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successfully reoriented, required on average 139 seconds to orient, while the 6% SPION fibers 

(3.09 emu/g) aligned in 40.38 seconds. The orientation studies confirmed that the 6% fibers, with 

approximately three times the magnetization value of the 2% SPION fibers, reoriented in less than 

one third the time of the 2% SPION fibers. The 2%, 4%, 6%, and 8% SPION fiber groups had 

magnetizations that were approximately 2 orders of magnitude greater than the 0.058 emu/g 

reported by Kriha and colleagues [80]. The higher magnetizations achieved here, indicate that the 

fibers are capable of both orienting more rapidly in low viscosity solutions and orienting in a larger 

range of viscosities than previous designs. Therefore, the higher the magnetization the more 

versatile the fibers will be in a range of injectable hydrogels.  

After characterizing the effect of SPION incorporation on fiber magnetization and 

orientation, we characterized how incorporating SPIONs affected the physical characteristics of 

the fibers. Often, incorporating a drug or material into the electrospinning solution can impact fiber 

diameter and fiber formation [78], but no previous study has analyzed the effects of SPION 

incorporation on electrospun fiber dimensions. Fiber dimensions (fiber diameter, alignment, and 

surface nanotopography) are important because they control the surface topography that is 

presented to adherent cells, and can significantly affect neurite elongation [103], [171], [176].  

Previous studies showed that fiber diameter influenced directional neurite extension in 

culture, and revealed that fiber diameters between 0.5µm and 5µm [137], [171] sufficiently direct 

axonal extension. Wang and colleagues found that electrospun fiber diameters greater than 0.75µm 

promote maximal neurite extension [171]. Interestingly, we found that the isolated neurons 

responded to the subtle changes in fiber diameter measured here. The longest neurite length (Figure 

4-6L) on each SPION fiber scaffold exhibited a trend that correlated closely to the trend in fiber 

diameters (Figure 4-3A), but did not correlate with the other alterations in topography that we 
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measured. The Pearson Correlation coefficient between the neurite length and fiber diameter data 

sets was 0.89, which indicates a high positive correlation [177].   

We found that the diameters of the magnetic fibers adhered to the guidelines established 

by previous studies. The mean fiber diameter remained between 1.50-2.03µm (Figure 4-3A) and 

only the 8% SPION fiber diameters were significantly different from that of the 0% control. SPION 

incorporation slightly altered fiber diameter, but there was no clear relationship between SPION 

concentration and fiber diameter (Figure 4-3A). The magnetically-responsive electrospun fibers 

had similar diameters to fibers that have been successful in vivo. The 1.50-2.03µm diameter range 

was similar to the used 1.2-1.6µm diameter fibers that Hurtado and colleagues used to guide robust 

migration of neurons and glia across a complete transection SCI in rats [29].  

Fiber alignment is another key physical characteristic of electrospun fiber guidance 

scaffolds. It is well documented that aligned fibers increase directional neurite growth length [84], 

[178]. Thus, it is important to understand how incorporating SPIONs will affect the electrospun 

fiber alignment. There was a linear increase in the standard deviation of fiber alignment as SPION 

content was increased, indicating that the SPIONs cause the fibers to become less aligned (Figure 

4-3G). The 2%, 4%, and 6% SPION fiber alignments were not statistically different from that of 

the 0% control. Only the 8% fibers had a significantly higher variation in alignment compared to 

the 0% control (Figure 4-3F). The 8% SPION fibers were electrospun using a larger gap distance 

(Figure 4-9), and this may have contributed to the decreased alignment of the fibers. Overall, the 

trend of decreasing fiber alignment as SPION concentration increases, indicates that SPIONs in 

the electrospinning solution may have a minor effect on fiber alignment during electrospinning. 

All fibers groups were highly aligned, and the subtle differences in alignment between the groups 

did not appear to have an effect on neurite length. 
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Surface nanotopography is a less studied parameter, but may play a role in neural adhesion 

and elongation. One study reported that pores on the surface of fibers increased PC12 neurite 

adhesion and extension [90]. The SPION concentration had some effect on fiber surface 

nanotopography (Figure 4-2, Figure 4-10). The 6% and 8% SPION fibers exhibited a divoted 

surface nanotopography while the 2% and 4% exhibited smoother surfaces. Surface pitting on 

electrospun fibers is a complex process with two proposed mechanisms. The first involves phase 

separation within the solution into polymer rich and poor regions. The second, termed breath 

figures, involves pitting due to droplet condensation on the surface, which can be controlled by 

the humidity in the chamber [74], [87], [179]. Since these differences were observed while the 

humidity of the chamber was carefully controlled, we posit that there is phase separation within 

the solution during electrospinning. The effect of surface nanotopography on CNS cells has not 

fully been characterized, so controlling the surface structure is outside the scope of this study, but 

may need to be considered in future work. 

It was still unknown if the SPION containing fibers affected neurite outgrowth. In vitro 

analysis of neurite outgrowth was tested using individual neurons cultured on the surface of 

aligned 2D scaffolds of electrospun fibers (Figure 4-6). Interestingly, the mean neurite length was 

approximately 1.3x longer on all SPION containing fibers compared to the 0% control. This 

increase does not correlate with the fiber surface nanotopography, alignment, or SPION content 

values measured here. The mean neurite length was moderately correlated with fiber diameter, and 

the longest neurites from each group were highly correlated with fiber diameter. Overall, the 

conclusions from the single neuron analysis were that the scaffolds were not toxic to the cells, and 

the SPION containing scaffolds increased the length of the average neurite by approximately 1.3x 

compared to the control. The conclusions from the fiber morphology analysis were that the 8% 
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SPION fibers were unable to maintain a similar fiber alignment and diameter as the control, so this 

group was not considered for in vitro testing. Therefore, the 6% SPION fibers were selected for 

this neural guidance application because they offered the highest magnetization without 

significantly altering fiber alignment or diameter.   

After ensuring SPION incorporation did not alter DRG neurite outgrowth in a controlled 

2D environment (Figure 4-12), we prepared a 3D culture system to test how the fibers function as 

small guidance conduits suspended in a hydrogel. It is well known that aligned fiber surfaces 

induce longer more robust directional neurite outgrowth compared to random fiber surfaces in 

vitro and in vivo [29], [84], and recent studies have sought to incorporate aligned structures into 

hydrogel scaffolds. Luo et al. demonstrated the value of incorporating aligned columns of adhesive 

proteins, by using a focused laser to pattern fibronectin fragments into a 3D agarose hydrogel 

[180]. The study found that these columns were sufficient to guide neurites in a particular direction, 

and represents an advanced method for incorporating chemical guidance technology into a 

hydrogel. But the laser-based method requires an optically clear hydrogel to allow the laser to 

penetrate and create the pattern, and does not provide physical guidance cues. The benefits of a 

magnetic electrospun fiber approach, described here, is that the fibers provide both physical and 

chemical guidance cues, and do not require major processing in situ to create channels. A second 

approach used PDMS scaffolding to suspend poly-ε-caprolactone electrospun fibers in a 

hyaluronic acid hydrogel. The fibers sufficiently guided SHSY5Y cells in culture [181], but the 

method required significant PDMS scaffolding to maintain fiber alignment in the hydrogel and 

was therefore not translatable. The magnetic electrospun fiber conduit strategy presented here are 

coated with laminin to provide adhesive ligands along with more rigid topographical guidance 

within the 3D hydrogel without the need for scaffolding. The SPION-fiber design represents an 
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advance in 3D guidance because the fibers can be injected into higher viscosity and opaque 

hydrogels.  

Initial experiments with individual magnetic electrospun fibers submerged in the hydrogel 

solution showed that the fibers required more than one minute to realign in the hydrogel (data not 

shown). Most fibers did not realign because they became tangled with other fibers in solution. To 

overcome these limitations, we fabricated small injectable conduits of pre-aligned fibers by cutting 

and rolling fiber mats to fit through a 22G needle (Figure 4-1). The benefit of this approach is that 

the conduit is more rigid and less likely to tangle with other fibers. Importantly, the rolled fiber 

conduits move as one unit and are capable of orienting in a collagen/Matrigel solution in a 

magnetic field in under 2 seconds, before the hydrogel solidifies. In this way, longer fibers can be 

delivered to an injury site than previously achieved [79], [80], and the alignment of the individual 

fibers within the scaffold can be controlled during electrospinning, rather than in situ. Furthermore, 

many small injectable conduits can be injected and oriented to mimic the bundled axon tract 

architecture of the native spinal cord. Video recordings of fiber alignment show the capability of 

magnetic fields to move injectable fiber conduits within a hydrogel solution in situ. (Figure 4-5). 

To our knowledge, this is the first reported method of injecting and orienting aligned electrospun 

fiber conduits within a hydrogel solution using magnetic fields.  

The goal of the study was to demonstrate the feasibility of moving the fibers within the 

hydrogel to target regenerating neurites. Thus, it was important to understand how the neurites 

responded to the directionally aligned scaffolds in an in vitro model of a 3D environment. Our 

results showed that neurites sensed the fiber conduits and remained on the surface of the conduits 

within both the collagen/Matrigel (Figure 4-7B) and fibrin/Matrigel (Figure 4-8B) hydrogel. The 

neurites that contacted the fiber conduits, followed the orientation of the fibers. Approximately 
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90% of the neurites on the fibers aligned within ±10° of fiber orientation. Meanwhile, the neurites 

that did not contact the fibers extended from the DRG body into the surrounding hydrogel in a 

radial pattern, with no favored orientation (Figure 4-7C and Figure 4-8C).  

The radial growth of neurites into the hydrogel indicates that the magnetic field was not 

strong enough to align the collagen fibrils in the hydrogel. Both collagen and fibrin hydrogels have 

the capacity to form an aligned fibrous structure when solidified in a strong magnetic field [182]–

[184]. Aligning fibrin and collagen fibrils requires magnetic fields of 9.4 Tesla, and the magnetic 

fields applied here were approximately 0.2 Tesla (Figure 4-11).  Future methods could apply 

stronger magnetic fields to align both the magnetic fibers and the hydrogel fibrils to further direct 

axonal extension. Even without an aligned hydrogel, the fibers provided internal directional 

guidance to neurites within the hydrogel.  

Neurites extending on 3D fibers within the hydrogel were shorter in length over 5 days 

than neurites extending on a 2D surface in growth media alone. The 10 longest neurites extended 

on average 2881µm on the 2D surfaces (Figure 4-12C), 2095µm in the fibrin/Matrigel hydrogel 

(Figure 4-8D), and 1536µm in the collagen/Matrigel hydrogel (Figure 4-7D). These results suggest 

that the hydrogel medium reduced neurite growth compared to the neuron growth media. However, 

the addition of fibers to the hydrogels significantly increased neurite outgrowth comparted to the 

hydrogels alone. Neurites grew approximately 1.4 times longer on electrospun fiber conduits 

compared to those extending in the collagen/Matrigel hydrogel alone (p < 0.05) (Figure 4-7D). 

This demonstrates that the magnetically-oriented internal fibrous scaffolds can enhance neurite 

alignment and growth into a hydrogel.  

The results in collagen/Matrigel were repeated using a fibrin/Matrigel hydrogel – a less 

viscous, enzymatically solidified hydrogel - to study the capability of this system to provide 
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internal guidance in different injectable hydrogels (Figure 4-8). The results in the fibrin/Matrigel 

system were similar to those in the collagen/Matrigel solution, exhibiting 3X longer neurite 

extension on the fibers in comparison to the hydrogel. The neurite extension into the hydrogel was 

shorter in the fibrin/Matrigel than in the collagen/Matrigel (698µm vs 1077µm), though the 

extension on the fibers was longer (2095µm vs 1536µm). These differences are attributed to the 

observation that the fibrin hydrogels were more quickly degraded. Overall, these findings are 

significant for the application magnetic electrospun fibers because fibrin scaffolds are frequently 

employed in spinal cord injury applications [27], [185], [186], and collagen scaffolds are 

frequently employed in peripheral nerve injury applications [183], [187], [188]. Both hydrogels 

have also been successful in peripheral and central nervous system [159]. The findings here show 

that the fibers are capable of aligning in viscous solutions (Figure 4-5G), increasing their potential 

for application in a variety of injectable hydrogels. 

4.6 Conclusion 

In conclusion, we prepared electrospun fiber scaffolds that can be oriented with an external 

magnetic field. The magnetic fiber/hydrogel system is a step toward the aim of creating injectable 

aligned topography that can fill a non-uniform injury site. We determined that the SPION content 

in the PLLA fibers can be adjusted between 2% and 6% by weight without significantly changing 

the fiber diameter or alignment. The alignment and diameter of these scaffolds are similar to 

electrospun fiber scaffolds that promoted a robust regenerative response in vivo. We showed that 

the 6% SPION fibers had the highest magnetization and reorientation rate in a magnetic field 

compared to lower SPION concentrations. We proposed a method to inject small conduits of 

aligned fibers within a hydrogel to reduce fiber tangling and to increase the realignment rate of the 

conduits in situ. In a hydrogel, the small injectable conduits provided internal directional guidance 
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cues to primary DRG explants that improved both the direction and length of neurites. This 

investigation demonstrates that magnetic electrospun fiber scaffolds are a simple, robust, and 

inexpensive method of adding directional topographical guidance to a larger range of advanced 

hydrogels for neural injury. Future work will focus on applying the injectable platform to contusive 

and transection injury models in vivo.    

4.7 Supplemental Information 

 

Figure 4-9: Shows how increasing the gap distance affected formation of the 8% wt SPION / wt PLLA 

fiber. (A) With the normal electrospining parameters, the fibers formed flattened ribbons. (B) Increasing 

the gap distance from 5cm to 8cm allows the fibers to form (scale = 50µm). 
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Figure 4-10: Fiber surface nanotopography for the 0, 2, 4, 6, and 8% fiber groups. Black bars represent the 

percentage of total fibers with pitted or divoted surface topography. Gray bars represent the percentage of 

fibers with smooth surface topography. The distinction between smooth fibers and fibers with surface 

nanotopography is described by Schaub et al. [93]. At least 100 fibers were measured from SEM images 

taken from 3 independently fabricated groups at each SPION wt%. 

 

 

Figure 4-11: Model of magnetic field produced by two 45MGOe neodymium magnets separated by 35mm. 

A) Arrows indicating magnetic field strength and orientation. B) Magnetic field strength plot down the 

centerline between the two magnets. 
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Figure 4-11 Methods: A model of the magnets was simulated using FARADAY (Integrated 

Engineering Software, Winnipeg, Manitoba), which is a 3D solver of Maxwell’s equations that 

employs finite element methods. Two permanent magnet cylinders of NdFeB 45 were placed 35 

mm apart, each with a 0.375 inch diameter and a thickness of 0.5 inches. Both were assigned 

magnetization along the same direction, and the resulting field strength was plotted along the 

centerline between them. 

 

Figure 4-12: Analysis of 2D neurite extension on PLLA fibers with and without SPIONs. The images show 

DRG cultured on the surface of (A) 0% control fibers and (B) 6% SPION fibers. The fibers in both groups 

were aligned horizontally in the image. The white arrows indicate the longest neurite on each side of the 

DRG. (C) Comparison of neurite length between 0 and 6% SPION fibers. There are no statistical 

differences between the lengths of neurite outgrowth on the 6% SPION-loaded fibers and the 0% SPION 

control fibers using a student’s t-test (p = 0.349). The data represents 3 DRG cultured on 3 independently 

fabricated fiber surfaces for each fiber type. 

 

 

Results: Explants of Sprague Dawley rat DRG were used for in vitro analysis of neurite 

outgrowth on the aligned electrospun fiber scaffolds. DRG were cultured on 0% control or 6% 

SPION fibers for 5 days. Figure 4-12 shows that neurites extending from DRG followed the 

orientation of the fibers for both groups (Figure 4-12A, B). The findings show that there were no 
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significant differences in neurite length between the 6% SPION fibers and the 0% control. The 

mean of the 10 longest neurites was calculated for 3 DRG cultured on 3 independently fabricated 

fiber surfaces, and the overall mean was 2881±798µm on the 0% control fibers and 2507±1179µm 

the 6% SPION (Figure 4-12C). 

Figure 4-12 Methods: In order to determine if the SPION loaded fiber scaffolds promoted 

or inhibited neurite outgrowth, DRG outgrowth on 6% SPION fibers was compared to a 0% 

SPION fiber control. The fibers were electrospun onto 15x15mm coverslips coated with a thin 

film of PLLA. The coverslips of fibers were sterilized using ethanol, and plasma treated on the 

medium setting for 90 seconds. The plasma treated fibers were then submerged in 50ug/ml laminin 

(1.2mg/ml, 23017-015, Gibco) in HBSS (14025-076, Gibco) for 2 hours and washed 3 times with 

sterile water before seeding. For each group, 3 individual DRG were seeded onto 3 independently 

fabricated fiber surfaces (N = 3). The DRG were cultured in neuron media. 500μl of neuron media 

was added to the wells until the coverslips were submerged, and DRG were placed on the fibers 

with forceps. The DRG were allowed to adhere for 1 hour before 500μl of Neuron media 

supplemented with 50ng/ml nerve growth factor (NGF, 13257-019, Invitrogen) was added (to 

achieve 25ng/ml total). The DRG were cultured for 5 days before fixing and staining (see below). 

The DRG were evaluated, similar to previously published results [63] by reporting the mean of the 

10 longest neurites, measured using FIJI software. The results represent the mean and standard 

deviation from 3 independently fabricated fiber groups.  

Samples were fixed for 15 minutes in a 4% solution of paraformaldehyde (15710, Electron 

Microscopy Sciences, Hatfield, PA) in phosphate buffered saline (PBS, BP665-1, Fisher 

Scientific, Pittsburg, PA). The hydrogel composites were washed 3 times for 5 minutes in PBS 

and stored at 4°C until staining. The composites were blocked and permeabilized with a 0.4% 



 

144 

 

Triton-X 100 (T8787, Sigma), 5% bovine serum albumin (BSA, A9647, Sigma), and tris buffered 

saline pH 7.4 (TBS, 28376, ThermoFisher Scientific, Waltham, MA) for 1 hour at room 

temperature. The blocking buffer was replaced with 500μl of a 1:400 dilution of RT-97-S antibody 

for neurofilament (64μg/ml, DSHB, University of Iowa, Iowa City, IA), in 0.1% Tween-20 

(P1379, Sigma), 3% BSA, TBS pH 7.4. This primary antibody solution was incubated at room 

temperature for 2 hours on an orbital shake plate (97109-892, Mini Shaker, VWR) at 120rpm. The 

hydrogels were washed 3 times for 5 minutes in TBS, 0.1% Tween-20 (TBST). Donkey anti-mouse 

AlexaFlour 594 (2mg/ml, A21203, Life Technologies) secondary antibody was diluted 1:1000 

dilution in TBST, 3% BSA, and 500μl was delivered to each hydrogel. The secondary antibody 

was incubated for 1 hour at room temperature on the orbital shake plate, then washed 3 x 5 minutes 

in TBST. The samples were then incubated in a 1:1000 dilution of DAPI (1mg/ml, 62247, 

ThermoFisher) in PBS. Finally, the samples were washed 3 x 5 minutes in PBS before imaging.  
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 Summary of Specific Aims 

5.1 Aim 1: Determine How Electrospun Fiber Surface Nanotopography 

Affects Astrocyte Elongation and Guidance 

 Hypothesis 1.1 

Engineered nanotopography on electrospun fiber surfaces nanotopography will reduce 

astrocyte elongation and neurite outgrowth.  

5.1.1.1 Findings 

Cortical astrocyte elongation was reduced on surfaces with pits or divots, compared to 

smooth surfaces. The hypothesis was upheld for cortical astrocytes. However there were no 

significant differences in vinculin (focal adhesions) or GFAP in the cortical astrocyte. The spinal 

cord astrocytes did not have the same rapid elongation on smooth fibers as the cortical astrocytes 

did, and there were no statistical differences in the morphology of the spinal cord astrocytes on the 

different surfaces. The mean length of spinal cord astrocytes increased from smooth to pitted to 

divoted fiber substrates. Therefore, the hypothesis was rejected for spinal cord astrocytes.  

 Hypothesis 1.2 

Spinal Cord and Cortical Astrocytes Will Respond Similarly to Changes in Electrospun 

Fiber Surface Nanotopography Despite Their Distinct Anatomical Sources. 

5.1.2.1 Findings 

As was described in Figure 2-2 and Figure 2-3, there were differences in the change-in-

morphology response between cortical astrocytes and spinal cord astrocytes. So the hypothesis 

was rejected for the astrocyte morphology. The western blot measurement of GFAP, vinculin, and 

actin showed similar results between the spinal cord and cortical astrocytes, so the hypothesis was 

upheld for the western blot data.  



 

146 

 

5.2 Aim 2: Determine How Electrospun Fiber Diameter Affects Astrocyte 

Elongation, Neuron Guidance, and Neuroprotection 

 Hypothesis 2.1 

Decreasing The Diameter of the Substrate’s Electrospun Fibers Will Reduce Astrocyte 

Elongation.  

5.2.1.1 Findings 

There was a clear astrocyte morphological response to the changing fiber diameter, with a 

significantly more elongated astrocyte aspect ratio on the large diameter fibers (800nm) compared 

to the small diameter fibers (386nm). Therefore the hypothesis was upheld.  

 Hypothesis 2.2 

The Decreased Astrocyte Elongation on the Small Diameter Fibers Will Yield Shorter 

Neurite Outgrowth.  

5.2.2.1 Findings 

The astrocyte outgrowth was more aligned with the fiber substrate on the large diameter 

fibers, but the growth length was longer and the branching was more complex on the small fiber 

substrates. Therefore, the hypothesis was rejected.  

 Hypothesis 2.3 

Decreasing Electrospun Fiber Diameter Will Proportionately Reduce GLT-1 Mediated 

Astrocyte Protection of Neurons.  

5.2.3.1 Findings 

Western blot results for GLT-1 showed that GLT-1 was significantly increased on both the 

small and large diameter fibers after 4 days in culture. This causes us to reject our hypothesis. 

Either the graded response that was hypothesized occurs at a smaller diameter, or there is an all-
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or-none threshold, below which GLT-1 is not produced. However, after removing the effects of 

pH, the glutamate treatment increase cell death in the astrocyte-neuron cocultures, and this death 

was partially rescued in cocultures on both the small and large diameter scaffolds. This suggests 

that while changing the fiber diameter did not significantly alter neuroprotection, the fibrous 

substrates – without added drugs – slightly improved astrocyte-neuron coculture survival.  

5.3 Aim 3: Design a Magnetically Controlled Scaffold with Fiber Dimensions 

That Promote Neurite Outgrowth 

 Hypothesis 3.1 

Increasing the SPION content in the electrospinning solution will produce fibers with 

increasing magnetic response and little effect on the fiber topography. 

5.3.1.1 Findings 

There was a highly linear trend that showed increasing magnetization as SPION content 

was increased. The increased magnetic response was correlated with increased fiber conduit 

orientation rates and an ability to orient in more viscous solutions than previously reported. The 

SPION concentration was negatively correlated with fiber alignment, indicating that SPION 

incorporation slightly decreased the alignment of the fibers, albeit not significantly. Fiber diameter 

varied with SPION concentration, but there was no clear correlation. Fiber surface nanotopography 

was positively correlated with SPION concentration, indicating that there was an increased number 

of divots on the fiber surface. The hypothesis was upheld in limited circumstances. The hypothesis 

was upheld for diameter and alignment for fibers with SPION concentrations between 2% and 6%, 

but was rejected for the 8% SPION fibers. The hypothesis was rejected for the surface topography.  
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 Hypothesis 3.2 

Electrospun fiber conduits can be injected into a hydrogel and magnetically oriented to 

provide directional guidance to neurons within the amorphous hydrogel. 

5.3.2.1 Findings 

On two-dimensional surfaces, all SPION groups increased neurite outgrowth by 1.3x, 

compared to the 0% SPION control. The hypothesis was upheld in the 3D hydrogel for the 6% 

SPION fibers (the only group tested). The fibers were easily injected and positioned using a 

magnetic field. Once solidified, the hydrogel/fiber composite provided directional guidance to 

regenerating neurons that increased neurite outgrowth length by 1.5-3x the length of neurites 

extending from the same DRG body into the amorphous hydrogel.  
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 Conclusions 

This thesis focused on how the physical characteristics of the electrospun fibers within a 

guidance conduit modify the astrocyte and neuron response, but with an astrocyte focus. This 

information is important because astrocytes are relatively understudied, but outnumber neurons by 

more than 5 to 1 in the CNS [189]. The findings of this thesis suggest that astrocyte morphology 

is significantly affected by fiber surface nanotopography and fiber diameter. While both 

modifications affected astrocyte elongation, the surface nanotopography did not significantly 

affect markers of reactivity, and the fiber diameter did not significantly affect astrocyte-mediated 

neuroprotection. However, increased fiber diameter increased the directional alignment of neurons 

growing on top of the engineered glial surface. This suggests that it is important to control fiber 

diameter in future designs of electrospun fiber scaffolds. The findings from the studies on 

topography informed the design of a novel magnetically active electrospun fiber conduit. SPIONs 

incorporated into the electrospun fibers produced a proportional magnetic response in the fibers. 

However, as the SPION content increased the fibers became increasingly more pitted on the 

surface and increasingly less aligned. Therefore, the 6% SPION fibers were chosen because they 

had the maximum magnetic response, without significantly altering the fiber diameter or alignment 

compared to the control. The characterization and control of the magnetic fiber physical 

characteristics provide an example for why it is important to understand how CNS cells respond 

to alterations in surface topography when a new substance is incorporated into the electrospinning 

solution. The magnetic electrospun fibers present a new approach to spinal cord injury that is one 

step toward combining the benefits of a space-filling injectable hydrogel and the directional 

guidance and support of a rigid electrospun fiber guidance scaffold.  
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Overall, the goal of this thesis is to provide the material groundwork for future studies to 

deliver aligned scaffolds of the optimal dimensions that target both neurons and astrocytes in a 

regenerating injury site, then to position the fiber scaffolds with an external magnetic field.  
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Appendix B: Future Work 

A.1  Drug Incorporation 

A successful therapy will likely include a combination of a therapeutic drug and a guidance 

scaffold. Electrospun fibers are an excellent candidate for drug release during wound healing. The 

high surface area to volume ratio of the fibers provides a large amount of surface from which to 

release drugs. Meanwhile, the fibrous structure mimics the fibrous nature of the natural 

extracellular matrix and the structure provides guidance for regenerating tissue. This thesis 

provided an understanding of how modifications to the topography will affect astrocytes, a 

therapeutic target after central nervous system injury that has been growing in recognition. The 

alignment of the fibers was already known to affect astrocyte growth and migration, so the chapters 

here highlight how altering the fiber diameter and surface topography will affect the astrocyte 

response, when further modifications are made, like drug incorporation or SPION incorporation. 

It is important to understand how the topography contributes to the overall success of the device. 

As a result the most important future work will be to incorporate relevant drugs into the scaffold 

and to correct for any effects of the drugs on cell response.  

A.1.1 Small Molecule Drugs 

Riluzole (Rilutek) is an FDA approved small molecule drug that has shown promise in 

reducing the effects of excitotoxicity [189], [190]. Riluzole is currently in clinical trials as a 

therapeutic for spinal cord injury [191].  The specific mechanism is unknown, but the drug is 

approved to treat Amyotrophic Lateral Sclerosis (ALS). Local delivery of a drug that reduces 

excitotoxicity is an excellent starting point for incorporating local delivery of a therapeutic into 

the guidance methods of an electrospun fiber scaffold. One reason Riluzole is an excellent first 

candidate is that it is a small molecule, which has a higher chance of remaining effective despite 
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exposure to organic solvents in the electrospinning solution. Riluzole is soluble in organic solvents. 

Other drugs that may improve astrocyte function include Rho Kinase (ROCK) inhibitors which 

promote actin remodeling and have been linked to increased GLT-1 mediated glutamate uptake 

[144]. These drugs include Fasudil and Y27632, and may enhance the already naturally improved 

glutamate protection provided by fibers [45].  

A.1.2 Therapeutic Proteins 

Anthony D’Amato has made some great strides in extending the release of drugs from 

electrospun fibers, and protecting and releasing proteins from electrospun fibers, such as 

Neurotrophin-3 (NT-3). These large proteins affect the fiber dimensions to a greater degree than 

the smaller molecules [78]. So the work done here will inform how to important any major changes 

to the topography, and if they need to be corrected.  

A.1.3 Surface Area 

Pits and pores on the surface of the fibers increase the surface area that is available for drug 

release. This thesis showed that this surface nanotopography can affect astrocyte morphology. 

Further studies should focus on how the topography has affected astrocytes, and if this is a feature 

that will counteract the action of the released drug. Furthermore, will the release of a ROCK 

inhibitor alongside another therapeutic drug nullify the effect of the reduced elongation of 

astrocytes?  

A.2 Astrocyte Biology Questions 

The astrocyte biology should be characterized in more depth. Electrospun fibers are an 

excellent platform to show how physical cues and the physical environments affect astrocytes. 

Astrocytes interact closely with axons and blood vessels, both of which resemble the long 

cylindrical shapes of electrospun fibers. In the work presented here, astrocytes had a clear 
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morphological response to the diameter and surface pitting of electrospun fiber surfaces, but there 

are more questions that should be studied to understand the biological response of astrocytes to 

the physical environment. 

A.2.1 Neuron Guidance Mechanisms 

There is a great deal of work that needs to be done to understand the effects of an aligned 

fibrous substrate on astrocyte-mediated neurite guidance. Aligned grooved substrates are known 

to produce linear patterns of neurite permissive glycoproteins such as laminin and fibronectin 

along with neurite inhibitory proteoglycans (CSPGs) which combine to define paths of guidance 

[43]. But it still remains unknown how electrospun fibers may affect the organization of these 

well-known guidance mechanisms. For instance, electrospun fibers are less consistently aligned 

and less fixed than the rigid grooved surfaces, these minor changes may affect how astrocytes 

guide neurons. Furthermore, there are a range of matricellular proteins such as Thrombospondins 

1 and 2, SPARC, and Tenascin-C which are important for neurite guidance and synapse formation 

during development [192]. 

A.3 Injectable Scaffolds 

Injectable scaffolds that provide topographical guidance brings together the best aspects of 

the guidance conduit approach and the injectable hydrogel. But there are plenty of practical 

questions that remain for this technology.  

A.3.1 Fiber length 

The model of small magnetic hydrogels put forward by Rose and colleagues provides an 

easily injectable approach, and the short length of the hydrogels allows them to maneuver easily 

within the confines of an injury. But, the short length of the hydrogels provides very minimal 

guidance for neurites and are likely to lose their alignment if the hydrogel degrades. In contrast, 
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the magnetic electrospun fiber model presented here provides continuous topographical guidance 

for regenerating neurites that will remain even if parts of the hydrogel degrade. But, the large size 

makes these scaffolds difficult to maneuver, and may cause them to catch on the irregular sides of 

the injury site. It is likely that there is a medium between these two approaches that provides 

sufficient guidance and stability, is maneuverable in a tight space, and spans the injury. This should 

be the subject of future work.  

A.3.2 In vivo analysis 

 The magnetic fiber material should be tested in vivo. It should be tested how maneuverable 

the fiber scaffolds are in vivo, and how easily the fibers can be moved and oriented. Furthermore, 

the magnetic nanoparticles are commonly used as contrast agents, and should be visible on a 

fluoroscope, or other density-based imaging system.  The ability of these scaffolds to be moved 

and imaged in real time should be studied. Also, the ability of the scaffolds to guide regenerating 

neurons and glia should be studied.  

A.3.3 Magnetic Field 

Our current system uses a magnetic field gradient established by a permanent magnet. 

While this provides a strong magnetic field, the gradient makes it difficult to be consistent, and the 

permanent magnet field strength cannot be adjusted during a procedure. A Helmholtz coil system 

will provide a more uniform and controllable magnetic field. Algorithms to maneuver the fibers in 

the X, Y, and Z axis should be tested with orthogonal coils.  
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