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Thesis Director: 
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Polymer nanofibers and microfibers are an invaluable tool to biomedical 

research.  Due to their versatility and customizability, fibers can be used to mimic various 

systems of the body such as the extracellular matrix and neuronal axons, and can be 

used to influence and study cell behavior. Electrospinning is an attractive method for 

generating these fibers in a high volume. Myoblasts were grown on random and aligned 

scaffolds of electrospun collagen nanofibers. Nanofiber anisotropy was shown to 

increase the fusion of myoblasts into multinucleated myotubes along the direction of the 

local fibers. Astrocytes cultured on electrospun Poly-L-Lactic acid nanofibers were found 

to have morphologies that were more similar to in-vivo astrocytes as compared to those 

cultured on glass. Larger nanofibers into the microfiber range were seen to induce a 

contact guidance effect, causing astrocytes to extend long processes along the fibers. 

Polymer microfibers with diameters similar to the diameter neuronal axons were used as 

a non-biological axon mimic which oligodendrocytes myelinate as if they were neurons. 

Fibers were functionalized by oxygen plasma activation and direct adsorption of Protein-

A and CASPR2.  Protein-A  was used to bind and FC-Fusion version of CASPR2 to 

preserve the orientation of the protein along the fiber. Properly oriented protein 

increased myelination over control conditions. 
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Chapter 1 - Introduction 

Nanofibers are being used to enhance our everyday lives. Air filters can be 

created using soy protein fibers to pull pollutants from the air [1]. Liquid nanofiltration 

systems employ a layer of nanofibers to entrap particles and allow fresh water to flow 

through [2-3]. Fibers have even been created with piezoelectric properties which can be 

used for myriad purposes, from nanofiber microphones to durable yarns which could 

harness the energy of the wearer’s movements to generate electricity [4-5]. Nanofibers 

are a highly versatile technology due to their small scale, high surface area, and the 

numerous polymers and proteins which can be used to create them. In addition to these, 

the physical characteristics of the nanofibers can be easily customized. Fiber diameter, 

porosity and anisotropy can all be controlled during the fiber generation process to 

create a scaffold that fits the need of the user. Also contributing to their usefulness in 

biological research and medical applications is their similarity with the biological 

extracellular matrix (ECM).  

The ECM is a three dimensional network of nanoscale fibrous protein structures 

with which cells interact to create tissues inside the body. Cells generate and secrete the 

components of the ECM which form into fibrils, become insoluble, and form the matrix [6] 

While providing structural support and spatial organization to cells and tissue, the ECM 

also contributes to control of the chemical environment of local tissue by balancing the 

local pH, regulating the levels of available growth factors, and affecting the levels of 

cytokines in the extracellular fluid [6-9]. The chemical and mechanical information 

provided by the ECM dictates cell growth, survival, migration, differentiation, and 

adhesion [9-10].The ECM is a vital component of every tissue in the body.  

Cell interaction with the ECM is mediated by protein interactions, mechanical 

queues, and chemical release and signaling [9]. Cellular transmembrane proteins known 

as integrins bind to and interact with the proteins of the ECM, and use these binding 
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events to initiate and control cellular processes, such as cytoskeletal rearrangement [8], 

proliferation [11-12], adhesion [8, 11-12], migration [11], and others. As important as the 

protein composition of the matrix and binding events are the mechanical properties of 

the matrix. As cells in different tissues must mature differently to perform distinct 

functions, so too must the ECM in each tissue be different. As such, the composition of 

the proteins found in the ECM vary in a tissue specific manner [8-10]. By varying the 

protein composition, the ECM in each tissue has specific mechanical characteristics that 

promote the growth of that tissue [8].  

Similarly, synthetic nanofibers can be customized with different physical 

properties, overall anisotropy, and protein functionalization to resemble the ECM, and 

can be used for varied biomedical purposes, such as wound dressings which incorporate 

nanofibers into their construction. The fibers inside of these dressings mimic the 

characteristics of the ECM in skin, and promote fibroblast migration and proliferation, 

and improves wound healing [13]. Nanofibers can also be used to grow cells for 

autologous grafting as well, avoiding many of the downsides of traditional grafts. When 

cultured on chitosan nanofibers, osteoblasts proliferate and mature into graftable bone, 

avoiding the pain of harvesting bone and the possibility of infection at the donor site [14-

15]. Similarly, myoblasts seeded on nanofibrous scaffolds differentiate into 

multinucleated myotubes and may be useful for tissue engineering. [16-17]. 

 Appended to this thesis is the paper “Collagen nanofiber anisotropy induces 

myotube differentiation and acetylcholine receptor clustering” by Kung et al [17], for 

which I contributed the electrospun collagen nanofiber culture surfaces (see Appendix 1, 

Methods 2.2 and Results 3.1). In the appended paper we investigated the effects of 

substrate alignment on myoblast differentiation into myotubes. For a cellularized 

musculoskeletal implant to be effective, it must 1) promote myoblast differentiation into 

myotubes, 2) align with the host tissue, 3) promote neuromuscular junction formation 
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[17]. The use of aligned culture substrates, such as polydimethylsiloxane micropatterns 

or poly(lactic acid) scaffolds [16], has proven effective in improving myoblast 

differentiation.  

C2C12 myoblasts were cultured on micropatterned aligned collagen substrates 

and random collagen substrates. Substrate alignment increased the formation of 

multinucleated myotubes over the random control. Electrospun collagen nanofiber 

substrates provide a more biologically relevant culture substrate. Myoblasts were 

cultured on randomly oriented and aligned collagen nanofiber scaffolds, and myoblast 

differentiation, myotube alignment, and neuromuscular junction formation were 

investigated. Cells grown on aligned scaffolds again showed an increase in myotube 

formation over random scaffolds. Aligned scaffolds also induced greater formation of 

acetylcholine receptors, which are critical to neuromuscular junction formation. The 

electrospun nanofiber scaffold provided a biologically relevant substrate that may prove 

useful to musculoskeletal implants.  

This is just one of the myriad applications of electrospun nanofibers in biological 

research. In this paper we will investigate how nanofibers can be used to replicate 

conditions found within the body, and how those systems can influence cell behavior. In 

chapter 2 we investigate how astrocyte morphology and reactivity are influenced by 

physical characteristics of their culture substrate, and in chapter 3 we protein 

functionalize electrospun microfibers for use as a neuron mimic with which to study 

oligodendrocyte myelination and multiple sclerosis. 
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 Chapter 2 - Astrocyte reactivity in response to Polymer Nanofibers 

Introduction  

Astrocytes are ubiquitous glial cells which tile the entire central nervous system 

(CNS). In the healthy CNS, astrocytes contribute to development [18], blood flow 

regulation [19] and regulation of the chemical environment of the CNS [20-21]. In 

response to CNS injury or disease, astrocytes undergo a complex response known as 

astrogliosis. In the astrogliosis response, astrocytes become reactive and undergo a 

many changes both chemical and morphological. As astrocytes encounter the insult to 

the CNS and become reactive, they become hypertrophic, create additional processes, 

and lose their individual domains and begin to interdigitate with nearby astrocytes. 

Reactive astrocytes will also begin to express inflammatory and neurotoxic cytokines 

and proteins which will recruit nearby astrocytes to the response[22]. 

  Astrocyte reactivity is not, however, an all or nothing response, it is a finely 

graded process that ranges from mild to severe [23]. Mild astrogliosis may involve only a 

small deviation from normal astrocyte behavior, and a return to normal activity once the 

insult has been resolved. On the other hand, severe astrogliosis causes drastic and 

possibly irreversible changes to the cells involved. Severe trauma or a breach in the 

blood-brain barrier can result in the formation of a compact glial scar, a collection of 

reactive astrocytes that creates a physical and chemical barrier to the damaged part of 

the CNS. Reactive astrocytes can encapsulate CNS infections [24], reseal the blood 

brain barrier after injury [25], and perform other beneficial functions in repairing damage 

to the CNS. However, reactive astrogliosis also has negative side effects; reactive 

astrocytes are implicated in numerous neurodegenerative diseases [23-24], prevent 

neuron outgrowth and reconnection after injury [26] and can encapsulate artificially 

implanted interventions in the brain eventually rendering them ineffective [27-29]. 



 
 

5 
 

Improved understanding and control of astrocyte behavior, and reactive gliosis 

specifically, would be invaluable for improving current devices and disease treatments, 

and could prove useful in the generation of new treatments in the future. 

 During the foreign body response in the CNS, astrocytes sense and react to 

changes in the physical environment, such as mismatches in local stiffness [27, 30] and 

the local topographical landscape [31-32]. Thus, through control of the local physical 

environment to which astrocytes are subjected, it may be possible to predictably and 

beneficially affect astrocyte behavior. Previous research has showed the effect of 

culturing astrocytes on a nanofiber scaffold with a topography that mimics the native 

ECM [30-32]. These astrocytes appear less reactive as compared to astrocytes cultured 

on flat surfaces. In this thesis, we investigated the effect of changes in nanofiber 

topography on cultured astrocytes. Nanofiber scaffolds were electrospun with increasing 

nanofiber diameter, with the smallest fibers having diameters comparable to native ECM 

and the largest fibers having diameters in the near micron range.  

In this thesis we measured cell hypertrophy, process extension, and cell 

complexity to compare the morphological changes in the astrocytes with varying 

nanofiber diameter. By measuring this sample of morphological changes associated with 

reactivity, we are able to understand some of the effects that the scaffolds have on these 

cells. 

 

_____________________________________________________________________ 

Methods 

Electrospinning of Nanofiber mats 

 Dense mats of polymer nanofibers were generated by electrospinning to 

investigate their effects on astrocyte reactivity and morphology. Poly(L-Lactic Acid) (Mw 
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~260,000) was dissolved in an 80:20 mixture of dichloromethane (DCM) and 

dimethylformamide (DMF). Final polymer concentrations ranged from 5% w/v to 15% w/v 

PLLA to fabricate various size fibers. PLLA was dissolved in DCM, and left on a rocking 

mixer overnight to ensure a homogenous mixture. Glass coverslips (12mm circular) were 

taped to foil to directly collect fibers onto the glass. 

 Prior to electrospinning, DMF was added to the polymer mixture, and 

magnetically stirred for 30m. The final solution was loaded into a syringe with an 18 

gauge, blunt tipped needle, placed into a syringe pump, and connected to the positive 

end of a voltage generator. Aluminum foil and coverslips were taped to the rotating drum 

of the collector, and the drum was placed between the needle and the negatively 

charged plate. The drum was set to rotate at a low speed (about 120 rpm) as to improve 

uniformity of collection but not fast enough to promote alignment of the fibers. Polymer 

solution was extruded at a rate of 5ml/hr, down a voltage difference of 25 kV, and 

collected on the rotating drum collector. To prevent fibers from floating during culture, 

edges of the fiber mats were secured to the coverslip using Secure Silicone Adhesive 

(Factor 2). A diagram of the electrospinning apparatus can be seen in Figure 2.1. 

 

Astrocyte Isolation and Culture  

 Astrocytes were isolated from Postnatal day 1-2 Sprague Dawley rats, which 

were sacrificed and brains were collected as described in [31-32]. The meninges were 

removed from the brain and cortices were placed in HBSS. Brain sections were minced 

into small pieces and digested for 20 minutes in .1% Trypsin and .02% DNAse at 37o C. 

Cell suspensions were then washed two times in culture media , and filtered through a 

40 micron mesh. Mixed cell suspensions were then cultured at 37oC in 75cm flasks with 

10mL of media, with one brain per flask. Culture media was changed every 3-4 days 

until cells reached confluency, about 7 days. The culture media (DMEM + 10% FBS) did 
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not support the growth of primary dissociated neurons in culture. Confluent cultures were 

then placed on an orbital shaker overnight, to remove macrophages and microglia. 

Removal of media containing macrophages and microglia left a nearly pure astrocyte 

culture (as optimized by previous studies, [31-32]). Cells were harvested using .25% 

Trypsin/EDTA. 

 Reactive-like astrocytes were created through DbcAMP treatment of purified 

astrocyte culture. Cells were treated with DbcAMP containing media for 7-8 days, with 

media changes every 3 to 4 days. After treatment, reactive-like cultures were harvested 

in an identical manner as stated above. Harvested cells were then centrifuged at 1500 

RPM for 5 minutes, and supernatant was removed. Pellet was resuspended in culture 

media. Astrocytes were then seeded onto nanofiber of PLL coated glass coverslips in 24 

well plates, at a density of 30,000 cells per well. Cells were fixed after 24 and 48 hours 

of culture on the various substrates. 

 

Immunolabeling of GFAP and Actin 

 Astrocytes were fixed for 10 minutes in 4% Paraformaldehyde and washed three 

times with PBS. Fixed cells were permeabilized with .5% Triton-X for 5 minutes, and 

wells were blocked with 10% Normal Goat Serum in Immunobuffer for 30 minutes. Wells 

were washed three times in PBS, and incubated at room temperature overnight with a 

1:500 solution of Anti-GFAP polyclonal antibody produced in rabbits. The next day, the 

primary antibody solution was removed, cultures were washed three more times with 

PBS and incubated with a 1:500 dilution of AlexaFluor 568nm Conjugated Goat-anti-

Rabbit secondary antibody, for 1h at room temperature. Cells were then washed three 

more times and incubated with a 1:100 dilution of AlexaFluor 488nm conjugated 

Phalloidin for 1h to label actin in the cells. After primary antibody incubation, all samples 

were protected from as much visible light as possible to avoid bleaching of fluorescent 
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labels. Coverslips with labeled cells were mounted onto glass slides using Fluorogel II 

Mounting Medium with DAPI. Mounted and unmounted samples were stored in a 4O C 

cold room and protected from all visible light until imaging. 

 Images were acquired using an Olympus IX-81 inverted microscope with an 

attached Hamamatsu Orca camera and equipment was controlled with Metamorph for 

Olympus Basic software. 

 

Astrocyte Counting, Area and Process Length Measurements 

 Image segmentation, cell counting, and process length measurements were 

performed manually in ImageJ version 1.50i. Average process lengths of untreated and 

DbcAMP treated, reactive-like astrocytes were measured from immunofluorescence 

images. Processes were defined as any extension longer than the body of the astrocyte. 

Lengths were measured starting from the edge of the cell body and traced using the 

ImageJ plugin NeuronJ version 1.4.3. Cells were counted from the blue channel of the 

RGB overlay. 

  

Circularity calculation 

 

 Circularity for astrocytes was calculated using previously obtained area and 

perimeter data from manual image segmentation. Calculations were performed 

automatically by the ImageJ program after manual segmentation, and 

calculations followed [Formula 2.1], where A is the 2-D area of the astrocyte, P 

is the perimeter of the astrocyte, and Circ is the circularity. Circularity measures 

range from 1 for a perfect circle, and 0 for an infinitely elongated shape. As an 

astrocyte’s morphology becomes more complex with more elongated processes, it’s 

circularity will deviate further from 1. 
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Statistical calculation 

Statistical calculations and ANOVA tests were performed using GraphPad Prism 

v7.03. 

______________________________________________________________________ 

Results and Discussion 

Nanofiber Electrospinning  

 Electrospun PLLA nanofibers were generated for use as a culture scaffold. 

Nanofibers could be reliably generated from solutions of 6% w/v PLLA to 18% w/v PLLA. 

Solution concentrations below 6% were more likely to electrospray rather than generate 

nanofibers, while concentrations above 18% would polymerize at the needle tip and 

collect as large masses. Concentrations of 6%, 8%, 12%, and 15% w/v PLLA were used 

to generate fibers [Figure 2.1]. 

 Increasing the polymer concentration in the solution increased the average 

diameter of the nanofibers in the scaffold. 6% and 8% w/v PLLA solutions produced 

nanofibers of average diameter 207.8±86.3nm and 442.9±234.0nm (average±standard 

deviation, n=43 and n=49), and were statistically similar [Figure 2.1]. 12% and 15% 

solutions generated scaffolds with nanofiber diameters of 1049.4±293.6nm and 

1126.1±920.8nm respectively (average±standard deviation, n= 49 and n=49) [Figure 

2.1]. While 12% and 15% scaffolds may have statistically similar average diameters, the 

15% fibers have a much greater variance, and cells grown on these mats will interact 

with many different nanofiber topographies. 

 

Astrocytes cultured on fibrous substrates exhibit in-vivo-like morphologies 

 The morphologies of astrocytes cultured on glass and nanofibers was observed 
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to investigate the effect of culture surface topography on their morphology. Astrocytes 

cultured on PLL coated glass coverslips exhibited a globular, rounded morphology and 

would form into large clusters and chains resembling structures seen in glial scars 

[Figure 2.2]. These astrocytes may truly be rounded, or there may be a large number of 

small, interlocking extensions that make the cell appear rounded. These tiny extensions 

have been observed in highly reactive astrocytes [33], but would not be able to be 

resolved in the images taken for this thesis. Cells grown on nanofibers showed a much 

more stellate morphology, and large, glial scar-like clusters were not observed [Figure 

2.2]. These cells, which were cultured on a scaffold with a similar topography to native 

ECM, closely resemble astrocytes as seen in-vivo. 

 These findings show that nanofibers may be useful in situations where astrocytes 

are subjected to physical conditions that are foreign as compared to their normal 

experience, yet glial scarring would be a detriment. Introduction of nanofibers to these 

sites could provide a physical landscape similar to native ECM and possibly reduce 

astrocyte activation. Further investigation of these cells will be needed to determine if 

they are truly less reactive, as reactivity is a highly complex process. 

 

Nanofiber Diameter Affects Astrocyte Morphology 

 Morphological indicators of astrocyte reactivity (hypertrophy, process extension, 

and increased complexity) were measured in astrocytes cultured without DbcAMP. Cell 

area, process length, and circularity were measured and compared within conditions 

across 24 and 48 hour time points. Astrocytes cultured on PLL coated glass exhibited no 

statistically significant change in process length or circularity, but cell area was found to 

decrease significantly at 48 hours [Figure 2.3]. Similar observations were recorded with 

smaller (6% and 8%) fibers; no difference in complexity or process length was observed, 

but a significant reduction in cell area was.  
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 Astrocytes cultured on nanofibers spun from 12% PLLA solution exhibited a 

similar stellate morphology to astrocytes on small nanofibers, but after 48 hours cell 

complexity and process length increased while cell area did not decrease as it had in 

previous conditions [Figure 2.3]. Similarly, astrocytes cultured on the largest fibers 

increased in complexity and showed no reduction in cell area. However, while some long 

processes were seen at 48 hours, the largest fibers did not induce a statistically different 

increase in average process length.  

 As can be seen in the 12% and 15% fiber conditions, astrocytes began extending 

a few very long processes, which seem to follow along the length of a fiber in the culture 

substrate. This contact guidance effect may be present in the other nanofiber conditions, 

but the fiber diameters are too small to resolve in the images used in this thesis. 

However, the few elongated extensions were unique to the larger fibers. The effect was 

most pronounced in the 12% fiber condition, as evidenced by the large increase in 

average process length at 48 hours. The contact guidance was still present in the 15% 

fiber scaffold condition, but the effect was not robust enough to result in a significant 

increase in average process length;  cell complexity increased significantly, but 

astrocytes extended many short processes as well. The range fiber diameter that 

induces this behavior may be very narrow. The effect was observed in both the 12% and 

15% conditions, which have statistically similar average diameters, but the 15% solution 

generated scaffolds with a high variance in fiber diameter, so only some of the fibers 

would have been of the appropriate diameter. 12% solution generated a scaffold with 

much lower variance, and the elongation was more pronounced. 

 These results provide further evidence that astrocytes are able to detect and 

respond accordingly to differing physical stimuli [31-33]. By changing the weight by 

volume of polymer in solution used to generate the nanofibers comprising the scaffolds 

on which these cells were cultured, it is possible to control the behavior of these cells. As 
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surface roughness, stiffness, porosity, and a number of other variables possibly affected 

by nanofiber diameter were not investigated in this thesis, it is possible that the diameter 

is not the determining factor in these changes. However, these data provide evidence 

that through manipulation of the physical environment, astrocyte behavior can be 

affected. With further investigation and optimization, it may be possible to generate 

scaffolds which can direct astrocyte morphology in a controllable manner. 

 

Smaller Fibers prevent morphological changes associated with reactivity 

 A reactive-like state was induced in the astrocytes using DbcAMP treatment. 

After activation, cells were cultured on nanofiber mats to study if substrate topography 

had an influence on astrocyte reactivity. While glial activation is a complex and 

heterogeneous process involving the production of specific cytokines, GFAP 

upregulation, and morphological changes, we investigated three morphological markers 

associated with astrocyte reactivity. At 48 hours, cells cultured on glass coverslips 

extended long processes, and significantly increased in cell area as compared to cells at 

the 24 hour time point. Astrocytes grown on large fibers still extended a few long 

processes along the length of fibers as seen in previous non-reactive cultures. Average 

cell area, however, did not increase between 24 and 48 hour time points on these 

substrates. 

 A different response to DbCAMP treatment was noted on smaller fibers. DbcAMP 

treated astrocytes cultured on 6% and 8% nanofiber scaffolds did not show a statistically 

significant increase in either process length or cell area. While it is difficult to ascertain if 

these cells are truly less reactive than cells grown on a glass substrate, they resisted the 

morphological changes between the 24 and 48 hour time points seen on glass. 

Morphologically, these cells more closely resemble non-reactive astrocytes seen in vivo. 

 The differing response to DbcAMP treatment based on topographical differences 
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is in line with previous research showing that reactive gliosis can be affected by the 

physical environment to which the astrocytes are subjected. By creating a culture 

environment that more closely mimics the native astrocyte environment, it is possible 

that these cells are “seeing” a topography that is helping to prevent further activation and 

glial scar formation, even though they have been chemically insulted. 

______________________________________________________________________ 

Conclusion 

 Previous research has shown how astrocyte behavior and morphology can be 

affected by changes in their physical environment [27-32] The data presented here show 

similar results; by presenting the astrocytes with culture surfaces of varying nanofiber 

diameters, cell morphology was altered. Smaller topographical features promoted a 

morphology in the astrocytes that resembles those found in vivo, while larger fibers had 

a contact guidance effect, and induced an extension of long processes along the 

nanofibers of the scaffold.   

 However, many other physical characteristics of these scaffolds may also change 

with nanofiber diameter. In this thesis, we did not investigate surface roughness, 

porosity, or stiffness, which may also be important features to which  these astrocytes 

are reacting. Other features, such as polymer used and surface change, may also prove 

valuable in directing astrocyte behavior. As further research elucidates exactly which 

features of these scaffolds promote these changes, it may be possible to generate 

nanofiber scaffolds which can predictably influence astrocyte behavior. Scaffolds 

combining numerous nanofiber topographies could be used to promote different 

responses in different areas of the culture. This type of culture could prove useful in 

directing the growth of axons. Glial scarring creates not only a physical barrier to neuron 

regrowth, but produces inflammatory cytokines and CSPGs which contribute to neuron 
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degeneration and prevent regrowth [22].  An optimized nanofiber system that aligns and 

extends astrocyte processes on one area and promotes a normal in-vivo astrocyte 

morphology in another would provide both a permissive environment for the growing 

neurons in one section while preventing neuron outgrowth in another, effectively leading 

the neurons to grow towards their intended targets. 

 Nanofiber scaffolds may also prove useful in reducing reactivity in astrocytes. As 

compared to DbcAMP treated astrocytes cultured on glass, those cultured on nanofiber 

scaffolds did not show the same morphological markers of reactivity. Smaller fibers 

provided the most protection, with no increase in cell area or process length. The 

topography of the nanofiber scaffolds is much closer to the native ECM on which these 

astrocytes grow, and may help resist those morphological changes. Further investigation 

of astrocytes should be conducted to investigate other markers of astrocyte reactivity. 

Reactive gliosis is a heterogeneous process, and along with morphological changes, 

astrocytes also produce inflammatory cytokines, CSPGs, and upregulate intermediate 

filaments such as GFAP and Vimentin. Understanding the changes in production of 

these proteins would give a more clear picture of how nanofibers affect astrocyte 

reactivity. Nanofibers could be used to reduce reactive gliosis in some surgical brain 

implants, such as Deep Brain Stimulation (DBS) Electrodes. After implantation, DBS 

electrodes become encapsulated in a dense glial scar which greatly reduces the 

effectiveness of the implant over time [27-29]. By coating the outside of the electrode 

with nanofibers comprised of a natural material such as collagen, it may be possible to 

reduce the glial scarring associated with implantation and the foreign body response, 

thus reducing encapsulation of these electrodes and extending their longevity. 

 Control of astrocyte behavior through physical queues can be achieved using 

electrospun nanofiber scaffolds. Many of the physical characteristics of nanofiber 

scaffolds can be easily manipulated, and complex structures can be created with 
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different physical characteristics in different areas. As it is further understood to which 

queues the astrocytes react, scaffolds can be optimized and fabricated to compel 

astrocytes to behave in a predictable manner. 
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Figure 2.1 PLLA Nanofiber Electrospinning. A) Schematic of an electrospinning 

apparatus. A syringe loaded with the dissolved polymer solution and with an attached 

blunt tipped metal needle are connected to a voltage generator. The polymer solution is 

extruded and pulled down the voltage gradient, and the nanofibers whip in flight, and are 

collected on the rotating or plate collector. B) Average Nanofiber Diameters. Increasing 

polymer concentration increases the average diameter of the nanofibers generated. C) 
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Nanofiber scaffold electrospun from a 6% w/v PLLA solution. Fibers were small with low 

variance in diameter D) Nanofiber Scaffold electrospun from an 8% w/v PLLA solution. 

Fibers were statistically similar to 6% scaffolds, but had higher variance in diameter. E) 

Nanofiber scaffold electrospun from a 12% w/v PLLA solution. Fibers were statistically 

larger than previous samples. F) Nanofiber scaffold electrospun from a 15% w/v PLLA 

solution. FIbers generated were statistically similar to 12% mats, but with a large 

variance in diameter. Error bars represent standard deviation. p<0.05 determined by 

one-way analysis of variance followed by Tukey’s post hoc analysis. 
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Figure 2.2 Astrocyte Cultures on PLL Glass and PLLA Nanofibers. Astrocytes 

cultured for 48 hours on PLL coated glass or PLLA Nanofiber scaffolds. Cells were 

stained against GFAP (Red) and Actin (Green) and affixed to slides with a DAPI 

containing mountant (Blue) A) Astrocyte culture on PLL coated glass. Astrocytes 

expressed a very rounded morphology and clustered together, forming scar like 
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groupings. B) Astrocytes cultured on a nanofibers spun from 6% w/v PLLA solution. 

Astrocytes expressed a much more normal in-vivo like morphology with fine processes, 

and appeared mostly as single cells. Scar like clusters were not observed. C) Astroctyes 

cultured on nanofibers spun from 8% w/v PLLA solution. Cells exhibited a similar 

morphology to those grown on 6% scaffolds.  D) Astroctyes cultured on nanofibers spun 

from 12% w/v PLLA solution. Nanofibers of this scaffold were statistically larger than the 

previous two conditions, and astrocytes extended long processes along the fibers. E) 

Astroctyes cultured on nanofibers spun from 15% w/v PLLA solution. A similar 

morphology was expressed on these fibers as was expressed on 12% 

fibers.
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Figure 2.3 Non-reactive astrocytes on different culture substrates. Examples of 
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prototypical astrocytes and graphs for Circularity, Area, and Process Length. Cells were 

cultured on each substrate for 24 or 48 hours prior to fixing. Cells were stained against 

GFAP (Red) and Actin (Green) and affixed to slides with a mountant containing DAPI 

(Blue). A-C) Astrocytes grown on PLL coated glass coverslips showed a very rounded 

morphology, and clustered together. At 48 hours, astrocytes had decreased significantly 

in area, and the average process length decreased, albeit not statistically significantly. 

As the cells were highly rounded, many cells did not have measurable processes. D-I) 

Astrocytes grown on small diameter nanofiber scaffolds exhibited a much more “normal” 

astrocyte morphology with fine extensions and individual domains. At 48 hours, cell area 

decreased significantly, while complexity and process length remain similar. J-O) 

Astrocytes cultured on large diameter nanofiber scaffolds. At 48 hours in culture, cells 

significantly increased in complexity, and did not reduce in area as seen in other culture 

conditions. Cells extended long processes along the length of the nanofibers, but the 

effect was only pronounced enough in the 12% scaffold condition to result in an increase 

in average process length. Error bars represent standard error of the mean. p<0.05 

determined by one-way analysis of variance followed by Tukey’s post hoc analysis. 

Asterisks over bars represent statistical difference from PLL Glass control. 
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Figure 2.4 DbcAMP treated astrocytes. Examples of prototypical DbcAMP treated 

astrocytes and graphs for Circularity, Area, and Process Length. DbcAMP treated 

astrocytes were cultured on each substrate for 24 or 48 hours prior to fixing. Cells were 

stained against GFAP (Red) and Actin (Green) and affixed to slides with a mountant 

containing DAPI (Blue). A-C) DbcAMP 

 treated astrocytes grown on PLL coated glass. At 48 hours, cells appeared hypertrophic 

and extended processes to nearby astrocytes. DbcAMP treated astrocytes grown on 6% 

(D-F), 8% (G-I), 12% (J-L) and 15% (M-O) w/v PLLA nanofibers exhibited a much more 

stellate morphology, and scar-like clusters were not observed. All nanofiber diameters 

prevented the increase in cell area seen in the PLL Glass condition, and cells grown on 

small diameter nanofibers did not show an increase in process length. Error bars 

represent standard error of the mean. p<0.05 determined by one-way analysis of 

variance followed by Tukey’s post hoc analysis. Asterisks over bars represent statistical 

difference from PLL Glass control. 
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 Chapter 3 - Protein functionalization of electrospun nano/microfibers as a non-

biological axon model for oligodendrocyte myelination 

Introduction 

 Oligodendrocytes are glial cells found in the central nervous system that aid in 

neuronal signaling by providing the neurons with a myelin sheath. In the disease process 

of Multiple Sclerosis, myelin is progressively destroyed by the immune system [34]. Lack 

of myelinated neurons slows signal transduction in the central nervous system, and 

leads to physical disability and neuronal death. In the early stages of the disease, 

oligodendrocyte precursor cells (OPCs) are able to differentiate into mature 

oligodendrocytes and re-myelinate neurons, but this healing ability is eventually lost, and 

myelin sheaths continue to be destroyed [35-36]. Currently, no treatments are available 

to reverse the effects of Multiple Sclerosis and demyelination, only those that are 

capable of treating symptoms. A better understanding of the myelination process may 

provide insight into future treatments. 

 Many experiments that study oligodendrocyte myelination use in-vivo models, 

live neuron co-cultures, or a co-culture containing fixed neurons [35-38]. These studies 

provide some insight into the myelination process and treatment effectiveness, but data 

on the method of action can be difficult to interpret; it is hard to discern if the treatment 

provided changed the neurons in the culture, or affected the oligodendrocytes. Studying 

individual neuronal proteins is also difficult, and usually involves the use of protein 

knockout models [39], or case studies involving patients with mutations for proteins of 

interest [40]. A higher throughput experimental system with improved control could 

greatly accelerate pre-clinical research to both understand disease and recovery 

progress and test potential therapeutics. 
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  Experiments involving OPCs cultured with paraformaldehyde fixed neurons 

show that the OPCs will differentiate and myelinate the neurons in the absence of live 

neuronal influence [38]. However, this model still introduces protein binding sites to the 

OPCs and oligodendrocytes, making it difficult to investigate how much of the 

myelination process is moderated molecularly versus physically. To the end of 

generating more easily interpreted data, a non-biological neuron model that provides the 

experimenter complete control of the physical and chemical inputs to the OPCs is 

needed. Electrospun nanofibers are an ideal candidate for this model.  Electrospinning is 

a versatile and inexpensive method for generating nanofibers out of many different 

materials with high fiber output. Previous research has investigated oligodendrocyte 

interactions with fibers made from glass [41], vicryl [42], and polystyrene [43]. Research 

by Lee et al. [43] established that oligodendrocytes will myelinate nanofibers over 0.4μm, 

with peak myelination between 1.6μm to 4μm, which is similar to the diameters at which 

oligodendrocytes will myelinate axons in vivo [44]. These studies suggest that correct 

diameter of the nanofibers is sufficient for some myelination to occur, and no direct 

electrical or molecular input is necessary.  

 While the effect of nanofiber diameter on oligodendrocyte myelination has been 

previously studied, we now wish to reintroduce neuronal protein signals into the system. 

Polymer nanofibers can be functionalized with polypeptides or proteins through 

activation and EDC/NHS Crosslinking [45], end group functionalization [46] and direct 

surface adsorption. Plasma activation and protein adsorption provides a simple, 

inexpensive, and reliable method for non-covalently introducing proteins onto the surface 

of the fibers. The adsorption process leaves some of the protein in a non-functional 

conformation; some proteins active sites are sterically blocked and some proteins will be 

deactivated or denatured by the forces between the peptides and the polymer. If a 

neuronal protein of interest were adsorbed directly to the electrospun nanofibers prior to 
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culture, the segments of protein available for interaction with the oligodendrocytes would 

likely not be the extracellular domains with which the cells would normally interact. It is 

ideal to immobilize the proteins of interest using a directly adsorbed capture protein.  

 Of particular interest to this study is the juxtaparanodal protein Contactin-

associated protein-like 2 (CASPR2), which is closely associated with myelination in the 

CNS. Biopsies of children with a mutation of the CNTNAP2 gene, which codes for the 

CASPR2 protein, showed cortical dysplasia, suggesting an effect on myelination during 

development [47]. In post mortem investigations of the brains of Multiple Sclerosis 

patients, CASPR2 is found to be missing in brain areas lacking myelination [48]. 

Reintroduction of this protein into the nanofiber model system should provide further 

insight into the function of this protein with respect to myelination. 

  Techniques developed by [49] allow for the synthesis of FC-Fusion CASPR2 

protein, where the transmembrane and intracellular regions of the protein are replaced 

with human FC segments. The purified FC-CASPR2, provided generously by Dr. Davide 

Comolleti, or any other FC-Fusion protein, can be captured using directly adsorbed 

Protein-A, which specifically bind the FC region of IgG, ensuring a uniform presentation 

of the protein of interest to the OPCs in culture. This system will provide a versatile and 

simple method to investigate the contributions of individual proteins in the myelination 

process. 

______________________________________________________________________ 

Methods 

Electrospinning of Sparse nanofiber networks 

 To create a fiber scaffold to investigate oligodendrocyte myelination, a sparse 

network of fibers needed to be captured on glass. PLLA polymer solutions, glass cover 

slips, collectors, and electrospinning setups were prepared as previously stated in 
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chapter 2 of this paper [Figure 3.1]. High concentration solutions of 11% to 18% were 

used to generate larger fibers over the 0.4μm lower limit for myelination. Briefly, PLLA 

was dissolved in DCM, and left on a rocker overnight, or magnetically stirred for 3-4 hr 

until homogenous. DMF was then added to the solution to bring the solvent 

concentrations up to a 80:20 mixture of DCM:DMF. PLLA solutions were loaded into 

syringes with 18-gauge blunt tipped needles, and placed into the electrospinning 

apparatus. Syringes were connected to the positive end of the voltage generator, and 

pointed toward the rotating drum collector, which had previously been covered in tinfoil 

with 12mm circular glass coverslips. Polymer solutions were extruded at 5mL/hr down a 

voltage gradient of 25kV, and collected on the coverslips on the slowly rotating collector. 

Each sample was subjected to the fiber stream for five to ten seconds. Captured fibers 

were glued to glass coverslips using the secure silicone adhesive [Figure 3.2]. Fiber 

formation was verified using a light microscope. Randomly selected samples of fibers 

were sputter coated with 15nm of gold, and imaged in a Zeiss Sigma FE-SEM. SEM 

micrographs were used to determine the size of the fibers [Figure 3.1]. 

 To prevent adsorption of proteins to the culture glass and to allow protein signals 

to be expressed only on the nanofibers of the system, a system was developed to (1) 

capture fibers isolated from their eventual culture surface and (2) alter these fibers while 

maintaining a uniform culture surface between nanofiber coating conditions. To this end, 

nanofibers were captured and suspended across PDMS rings [Figure 3.2]. PLLA was 

dissolved at concentrations from 11% w/v to 17% w/v in chloroform. Solutions were left 

on a rocking mixer overnight, or magnetically stirred for 3-4h until homogenous. PDMS 

rings with an outer diameter of 1 inch and an inner diameter of 3/4 inch were glued to 

tinfoil using Factor II Secure Silicone Adhesive, arranged similarly to the glass coverslips 

described previously. The foil and PDMS rings were taped to the rotating drum collector. 

Polymer solution was extruded at a rate of 5mL/h and a voltage of 25kV was used. Once 
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fibers were suspended across the rings, they were adhered to the rings by spreading 

silicone adhesive across the top of the PDMS. A razor blade was then used to free the 

PDMS rings, with suspended fibers, from the foil collector. Randomly selected fiber 

samples were glued onto 12mm glass coverslips for SEM imaging and characterization 

and prepared for FE-SEM imaging as described previously. 

 To examine oligodendrocyte adhesion on dense nanofiber networks, dense 

scaffolds were prepared as described in chapter 2 of this paper [Figure 3.1]. Briefly, 

PLLA solutions were prepared at concentrations from 11% w/v to 17% w/v in 80:20 

DCM/DMF mixture. Homogenous PLLA mixtures were loaded into syringes, and loaded 

into an electrospinning apparatus, charged to 25kV, and extruded at 5mL/hr onto 12mm 

glass coverslips, which were placed on a rotating drum collector. Fiber scaffolds were 

secured to coverslips using Factor 2 Secure silicone adhesive [Figure 3.2], and random 

selections of fibers were prepared and imaged via FE-SEM to confirm fiber formation 

and size. 

 

Nanofiber surface modification 

 To investigate effects of surface coatings and modifications on oligodendrocyte 

myelination, nanofibers were coated in Poly-L-Lysine (PLL), Protein-A, and CASPR2. 

CASPR2 and FC-CASPR2 proteins were isolated and generously donated by Dr. Davide 

Comeletti. Fibers were placed into 6 well plates, and fibers that were to be coated in 

Protein-A or CASPR2 were plasma treated, as well as plasma treatment only control 

samples. Samples were placed into a plasma generator and subjected to oxygen 

plasma, generated with 100W forward power for 2 minutes. Fibers were then treated 

immediately with 10μg/ml Protein-A dissolved in DiH2O, 10μg/ml CASPR2 dissolved in 

DiH2O, or pure DiH2O, and allowed to incubate at room temperature overnight. Non 

plasma treated samples were treated with a solution of 50 μg/ml of PLL dissolved in 
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DiH2O, or pure DiH2O. Glass coverslips (12mm) were treated overnight with 50μg/ml 

PLL. After overnight treatment of each condition, nanofibers and glass coverslips were 

washed 3 times in PBS. Half of the Protein-A samples were then incubated for 1 hour, at 

room temperature, with 10μg/ml FC-CASPR2 in DiH2O to allow the FC-CASPR2 to bind 

to the Protein-A on the fiber. Other samples were incubated in DiH2O for 1 hour at room 

temperature. All scaffolds were washed again in PBS 3 times. To adhere the fibers to 

the PLL-coated coverslips, PDMS rings were then inverted over the slips. Silicone 

adhesive was used to secure the fibers to the edges of the coverslips, and excess fiber 

was cut from the rings using a razor blade, leaving modified fibers on PLL coated 

coverslips.  

 Dense and sparse nanofiber networks captured directly on glass were submitted 

to a similar treatment as fibers captured on PDMS rings. Scaffolds were subjected to 

Oxygen plasma treatment with identical parameters as stated above. Plasma treated 

scaffolds were then incubated overnight in 10μg/ml Protein-A, 10μg/mL CASPR2, or 

DiH2O, at room temperature. Scaffolds which were not plasma treated were incubated 

overnight at room temperature in 50μg/mL PLL or DiH2O.  All scaffolds were washed the 

following day 3 times in PBS. Half of the Protein-A samples were then incubated for 1 

hour at room temperature with 10μg/ml FC-CASPR2 in DiH2O to allow Protein-A to 

immobilize the FC-CASPR2 to the fiber. Other samples were incubated in DiH2O for 1 

hour at room temperature. Scaffolds were then washed 3 more times in PBS.  

 All fiber samples, ring captured, dense, and sparse, were sterilized for 5 minutes 

using UV radiation in a SpectroLinker XL-1500 UV Crosslinker. Sterilized fiber mats 

were moved immediately to a sterile hood and used for culture the same day. 

 

Protein-A adsorbtion effectiveness 

 To investigate whether or not Protein-A was adsorbed uniformly, and in a 
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functional orientation on the fibers, Protein-A treated fibers were incubated with 

fluorescent secondary antibodies. Plasma treated and non plasma treated nanofibers 

were incubated overnight with 10μg/ml Protein-A solution or DiH2O. Fibers were then 

washed 3 times in PBS, and incubated in a 1:500 dilution of AlexaFluor 568 conjugated 

goat-anti-rabbit secondary antibody at room temperature for 1 hour. All samples were 

then washed three times in PBS, and glued to glass coverslips for imaging. All 

conditions used can be found in Figure 3.3.  

 To demonstrate that the level of protein presented on the surface of the fibers 

was tunable, plasma treated fibers were treated overnight with either 5μg/mL, 10μg/mL, 

or 20μg/mL Protein-A in DiH2O, and treated the following day with secondary antibody. 

Samples were protected from visible light prior to imaging. Images were captured using 

Olympus IX-81 inverted fluorescent microscope with attached Hammamatsu Orca 

camera, and analyzed for relative fluorescent intensity using ImageJ 1.5.0 software. All 

pictures were captured using identical capture parameters. Nanofibers were manually 

segmented from each image, and the average pixel intensity was measured using the 

built in Measure function in ImageJ. Average background intensity was determined for 

each image by taking 4 square background samples from the image, and taking the 

average pixel intensity. 

 

Oligodendrocyte Precursor Cell Culture 

  Primary Oligodendrocyte Precursor Cells (OPCs) were isolated from post-natal 

rat brains. Dissection of Postnatal day 1-2 Sprague Dawley rats was performed 

identically as described in Chapter 2 of this paper. Cerebral hemispheres were removed, 

freed of meninges, and minced in PBS Glucose solution. Minced tissue was digested in 

10 mL PBS Glucose with .125% Trypsin and .05% DNAse for 20 minutes in a warm 

water bath, with shaking every 5 minutes. To stop trypsin reaction, 15 mL MEM-C was 
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added to the tube. The resulting suspension was then passed through a 15 micron nylon 

mesh, and centrifuged at 800 rpm for 10 minutes. Supernatant was removed and cells 

were resuspended in 10 mL of MEM-C. Mixed cell suspension was transferred to 75 cm2 

culture flasks, and cultured for 11 days, with media changes every 2-3 days. 

 Culture procedures and medium allow for the growth of astrocytes, microglia, 

OPCs, oligodendrocytes, and other cells, so it is necessary to isolate the OPCs from the 

mixed culture. At day 11, flasks were placed on a radial shaker inside of an incubator for 

1 hour and 30 minutes at 260 rpm to remove loosely adherent microglia. The 

supernatant was removed, and replaced with 10mL of fresh MEM-C. Flasks were placed 

back onto the shaker and left shaking at 260 rpm overnight to remove OPCs from the 

culture surface. The next day, supernatant was removed and passed through a 15μm 

nylon mesh, which is only large enough to pass single cells, thereby removing the 

majority of astrocytes, which tend to clump together. Filtered supernatant was 

centrifuged at 1200 rpm and resuspended in 10mL N2B2 media. Supernatant was 

placed into a petri dish and replaced into an incubator for 10 minutes. Since microglia 

will more readily attach to the dish then OPCs, this step will further remove any 

impurities in the culture. After 10 minutes, the supernatant was poured into a conical 

tube, and the dish was lightly washed with 10mL more of N2B2 media to further remove 

loosely adherent OPCs. The cell suspension was once again centrifuged at 1200rpm for 

5 minutes, supernatant was removed, and the pellet was resuspended in 5mL N2S 

media. The final cell suspension was placed into a 75cm2 culture flask, with a PLL 

coated bottom surface. Purified OPC cultures were allowed to grow for at least 2 days 

prior to harvest and experimentation, with media changes every 2-3 days as necessary. 

 

Immunolabeling of Myelin Basic Protein and Platelet Derived Growth Factor 

Receptor - α 
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On day 12 of culture, cells were fixed in 4% PFA for 5 minutes and washed in 

PBS 3 times. Cells were permeabilized for 5 minutes with .5% Triton-X in PBS, and wells 

were blocked in 10% normal goat serum (NGS) in immunobuffer for 30 minutes. After 

blocking, NGS was removed and cells were incubated with a mixture of 1:500 Rat Anti-

MBP and 1:500 rabbit anti-PDGFR-α primary antibodies overnight at room temperature.  

The next morning, primary antibody mixtures were removed and wells were washed 3 

times in PBS. Cells were treated with 1:500 AlexaFluor 568 conjugated Goat-anti-Rabbit 

secondary antibody for 1 hour at room temperature to label PDGFR-α. After 1 hour, 

secondary antibody solutions were suctioned out, wells were washed 3 times in PBS, 

and a solution of 1:500 Alexafluor 488 conjugated Goat-Anti-Rat secondary antibody 

was added to each well for 1 hour. After incubation at room temperature, scaffolds were 

once again washed 3 times in PBS, and incubated for 10 minutes with 1:10000 dilution 

of DAPI before 3 final washes. All samples were protected from as much visible light as 

possible during all staining and washing steps. Triple labeled cells were stored in 24 well 

plates in PBS, or were mounted to glass slides using Fluorogel-II mounting medium with 

DAPI. All samples were stored in a 4CO cold room and protected from light until imaging 

 

Statistical Calculations 

 Statistical calculations and ANOVA tests were performed using GraphPad Prism 

v7.03, and chi square tests were performed in LibreOffice Calc Version 5.0.1.3. 

 

______________________________________________________________________ 

Results and Discussion 

Nanofiber Electrospinning 

 Two different solvent conditions were employed in this paper to dissolve the PLLA 
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for electrospinning; a DCM/DMF mixture, and chloroform. While fibers could be 

generated with either, the different solvents had a large influence on the fibers that were 

generated. Fibers spun from a solvent mixture of DCM/DMF were able to be spun directly 

onto glass coverslips, and generated fibers from polymer concentrations of 6% to 18% 

w/v PLLA. Concentrations below 6% were more likely to electrospray than generate 

fibers, while mixtures above 18% would solidify at the needle tip, and collect as large 

masses, rather than being pulled toward the collector. Concentrations between 6% and 

18% performed as expected, with fine fibers showing the characteristic whipping motion 

while in flight.  

  Since these fibers were collected directly onto glass, any surface modifications 

that were performed on the fibers were also performed on the glass, resulting in proteins 

being presented on the culture surface, instead of only on the nanofiber axon models. To 

prevent protein presentation on the glass substrate, a number of methods were 

attempted to introduce functional Protein-A selectively to the fibers. Since Protein-A binds 

to FC-segments of IgG antibodies, Functionalization was assessed by treating the fibers 

with fluorescent IgG secondary antibodies, which bind to Protein-A with high affinity, and 

measuring changes in fluorescent intensity of the nanofibers with a fluorescent 

microscope. Three methodologies were investigated for selective Protein-A 

functionalization: direct addition of Protein-A to the polymer solution, emulsion 

electrospinning, and capture of nanofibers separated from the culture surface.  

 Direct addition of the protein to the polymer solution resulted in no fluorescent 

intensity increase over the control fibers (Data not shown), likely due to protein 

denaturation either by the solvents or the strong electric field to which the fibers are 

subjected during electrospinning.  

 Emulsion electrospinning produced similarly dissatisfactory results. To generate 

an emulsion for electrospinning, SDS and Protein-A were added to Deionized water to 
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create the water phase. This phase was added to the DCM/DMF/polymer solution under 

vortex to induce an emulsion. Once spun, treated with fluorescent antibody, and 

visualized, small clusters of bright fluorescence were observed across the fibers (data not 

shown). However, upon repeated trials, emulsion electrospinning was found to be an 

unreliable method for protein introduction; In numerous repeated attempts to spin these 

fibers, no increase in fiber fluorescence was observed again. 

 To capture the nanofibers in such a way that they could be modified and later 

applied to glass coverslips, nanofibers were captured across PDMS rings. When placed 

on a rotating collector, and subjected to the nanofiber stream, the fibers would be 

captured suspended across the void in the ring, and the fibers could be secured to the 

ring using a silicone glue. This allowed for the fibers to be easily transported and to have 

various surface treatments applied. Fibers were then able to be glued back onto PLL 

treated glass coverslips, giving a uniform culture surface regardless of nanofiber surface 

coating. 

 When DCM/DMF fibers were spun across the PDMS rings, the fibers were not 

captured suspended across the rings, but instead made contact with the tinfoil inside of 

the ring. When the fibers contacted the foil inside of the ring, they were too loose to later 

attach to the glass coverslips after surface modification, and could not be used. A 

different solvent was needed to generate fibers which would behave appropriately with 

the PDMS rings. 

 When chloroform was used as the solvent, much larger fibers were spun. 

Chloroform fiber diameters ranged from about 4μm to about 12 microns, and were able 

to be easily captured across PDMS rings. This was most likely due to the lack of the 

fibers whipping while in flight. While the chloroform/PLLA mixture still exhibited the 

Taylor cone, the fibers appeared to deposit in a straight line. The lack of random 

whipping can also be seen in the highly aligned nature of these fibers, as compared to 
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those spun from DCM/DMF.  Fibers were likely pulled across the gap in the ring by the 

ring walls, while whipping fibers would continue onto the tin foil. Concentrations from 

11% to 17% w/v PLLA were used to generate the fibers.  

 

Nanofiber functionalization with surface adsorbed proteins 

 To ensure that Protein-A was being adsorbed in a functional conformation, Protein 

treated fibers and controls were incubated with fluorescent secondary antibodies. If 

Protein-A was present and functional, then Protein-A would bind and immobilize the 

secondary antibody, and the fibers would have a high fluorescent intensity under a 

fluorescent microscope. As stated previously, this methodology was applied to each 

attempted method of generating protein-A coated nanofibers; direct protein addition, 

emulsion electrospinning, and adsorption. Oxygen plasma treated fibers with adsorbed 

Protein-A were the only fibers found to exhibit an increase in fluorescence [Figure 3.3].  

 Only the two fiber conditions treated with both Protein-A and secondary antibody 

showed an appreciable increase in fluorescence over control fibers. Of these two sets, 

only fibers that were treated with plasma, Protein-A, and secondary antibody showed a 

statistically significant increase in intensity over the control conditions; while it is possible 

to adsorb Protein-A directly to the fibers without plasma activation, it is much less 

efficient.  

  Interestingly, as evidenced by the Plasma+ Protein- Secondary+ condition, it 

does not appear that secondary antibodies adhere to the plasma treated fibers, or if they 

do adhere, they are no longer fluorescent. As such, it is safe to assume that any 

fluorescence present in these experiments is due to the adsorption of Protein-A and 

subsequent binding of the FC portion of the fluorescent secondary antibody.  

 Next, we wished to investigate whether the amount of Protein-A adsorbed to the 

nanofibers could be regulated. Plasma treated fibers were incubated with varying 
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concentrations of Protein-A solutions prior to treatment with secondary antibody. All 

protein treated fibers  exhibited an increase in fluorescent intensity over the control, and 

a significant intensity increase was seen as the concentration of Protein-A was 

increased from 5μg/mL to 10 ug/mL to 20μg/ml. While the increase in fluorescent 

intensity from 10μg/ml to 20 ug/ml was only 450 units, the increase in Protein-A 

adsorption is likely more pronounced than the images were able to capture. At the 

exposure time of 1300ms needed to reliably locate fibers in the control conditions, many 

of the pixels in the 20μg/ml fibers were at the maximum sensor intensity of 4095 units. 

Protein-A can be captured reliably in a functional orientation using plasma activation, 

and direct adsorption, and further used to immobilize other proteins to the fibers. 

 

OPC/Oligodendrocyte Adhesion to Dense Nanofiber Scaffolds 

 Oligodendrocytes and Precursor cells were cultured on dense, surface modified 

nanofiber scaffolds to investigate the modifications’ effects on cellular adhesion.  Cell 

nuclei, stained with DAPI, were counted in 18 3.840mm2  fluorescent micrographs for 

each condition.  Untreated control  scaffolds presented an average of 5±0.129 cells per 

image. Treating the scaffolds with either PLL or oxygen plasma resulted in a statistically 

insignificant increase to 8.278±0.310 and 8.278±0.203 average cells per image 

respectively (Figure 3.5). After plasma treatment, adsorption of Protein-A did not 

significantly increase cell adhesion over plasma treatment alone. Adsorped CASPR2 

protein, however, increased the average cells per image significantly to 19.44±.566.  

 The addition of CASPR2 increased the ability of the oligodendrocytes and OPCs 

to adhere to the nanofibers. As the addition of Protein-A did not significantly increase the 

amount of adhered cells, the addition of protein alone is not enough to encourage cell 

interaction with the surface; the adsorped protein must have a specific interaction with 

the cell of interest. CASPR2 increased cell adhesion above the levels seen in PLL 
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coated conditions, a coating which has been used in previous studies to promote 

oligodendrocyte interaction with and wrapping of nanofibers.  

 Cells were also stained for MBP and PDGFR-α to investigate if the morphology 

of the cells was measurably different between conditions. However, after culturing, cells 

did not spread on any of the surfaces, and the morphology was not measurable. 

 

Nanofiber Myelination 

 OPCs were cultured with surface modified nanofibers, and the percentage of 

fibers with at least one myelinated segment was recorded. Surface modifications were 

PLL coated, no coating, plasma treated, Protein-A coated, CASPR2 coated, and FC-

CASPR2 coated nanofibers. The percentage of myelinated fibers was used as a metric 

for discerning which modifications increased cell interaction with the fibers. Statistical 

significance was determined using a chi square test between conditions. Percent of 

myelinated fibers in each condition was compared to the percent of myelinated fibers in 

the PLL coated condition.  

In preliminary cultures, surface modifications mostly promoted lower cell 

interaction with the fibers with respect to the levels of interaction recorded in PLL coated 

fiber conditions [Appendix 3]. At best, nanofibers treated with Protein-A and CASPR2 

provided levels of interaction statistically similar to those seen in PLL coated fibers. A 

final culture was performed with all of the available modification conditions. In this 

culture, all conditions investigated previously performed as expected, providing fewer 

myelinated nanofibers than PLL coated fibers. FC-CASPR2, however, induced more 

interaction than even the PLL coated condition.  

 Oligodendrocytes will interact with these polymer fibers regardless of the surface 

properties of the fibers. However, having appropriate surface coatings greatly increases 

the rate at which the cells will interact. Coating the fibers with a standard cell culture 
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surface coating promotes a higher level of interaction than just the unmodified PLLA 

fibers themselves. Addition of relevant binding proteins, and conservation of the 

biological orientation of the domains of those proteins promotes a level of interaction that 

is comparable to or higher than levels seen in PLL. This nanofiber system with adsorbed 

proteins allows for a more biologically relevant neuron mimic than previously studied. 

 

Increasing Fiber Diameter may increase myelination 

 In PLL, No coating, Protein-A, and CASPR2 conditions, the number of fibers with 

myelination increase with increasing fiber diameter [Figure 3.7]. This is consistent with 

the finding that in brain development, larger axons are myelinated prior to smaller axons 

[44], and the finding that oligodendrocytes preferentially myelinate nanofibers over a 

critical diameter [43-44].  

 In these microfiber-OPC co cultures, this increase may be due to increased 

surface area, which allows for an increased chance of interaction between the cells and 

the nanofibers, or due to the cells’ natural proclivity to myelinate larger axons or 

nanofibers. However, when imaged at a high magnification, it was observed that some 

cells that appeared to be wrapping fibers were actually extending processes along the 

fiber, or growing on the glass substrate underneath the fibers [Figure 3.7]. At lower 

magnifications, these cells are indistinguishable from apparently myelinated fibers. The 

larger fibers may act as a culture substrate for the oligodendrocytes, which may attach 

and grow on the fibers without actually wrapping them. The larger fibers also increase 

the likelihood that a cell adhered to the glass underneath the fibers will be visible through 

the fiber, and appear to be interacting when it is not. Further research is required to 

understand if this apparent diameter dependence is actually present, or a manifestation 

of these imaging artifacts. Transmission Electron Microscopy (TEM) would be an 

effective means of determining if cells are wrapping fibers, or simply growing along 
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them. 

______________________________________________________________________ 

Conclusion 

Electrospun nanofibers have been used previously to study aspects of 

oligodendrocyte function and myelination [41-43]. While the impact of the physical 

characteristics of the fibers have been investigated modification of the surface of the 

nanofibers provides more insight into the process of myelination. While it has been 

shown that oligodendrocytes respond to the diameter of axons, and preferentially 

myelinate those above a critical size, the myelination process involves many more inputs 

to drive myelination to completion.  

 Protein signals to myelination have previously been studied using in vivo models 

or case studies [39-40, 47-48]. With a non-biological model, it is possible to introduce 

single proteins onto a system with a previously measured level of myelination, and 

observe changes in nanofiber myelination. Through an indirect immobilization of FC-

Fusion proteins of interest using directly adsorbed Protein-A, it is possible to present 

these proteins in a uniform orientation, increasing the biological relevance of this model. 

By introducing proteins back into a controlled non-biological axon model, research into 

the effects of individual proteins on myelination will be more straightforward.  

 The juxtaparanodal protein CASPR-2 has been previously implied to be crucial to 

the myelination process [47-48]. These experiments supply further evidence for this 

theory. Introduction of CASPR2 onto electrospun nanofibers induced a level of 

interaction, as measured by percentage of myelinated fibers, that was on par with a 

coating of PLL. As the protein was directly adsorped following oxygen plasma treatment, 

CASPR2 was oriented randomly, with no means of controlling what domain of the 

protein, if any, would be available for cellular interaction. Still, some of the protein must 
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have been immobilized in a relevant orientation, given the increase in myelination. By 

introducing orientation uniformity through indirect capture of FC-CASPR2, 

Oligodendrocytes myelinated at a higher rate than those cultured with PLL coated fibers 

or with directly adsorbed CASPR-2. 
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Figure 3.1  Nanofiber electrospinning set-up and nanofiber SEM. A) A diagram of an 

electrospinning apparatus. To generate nanofibers, the polymer solution is loaded into a 

syringe with a blunt tipped metal needle and connected to a voltage generator. The 

opposing end of the voltage generator is connected to a grounded metal plate. The 

voltage is applied as the polymer is extruded and fibers fly from the needle to the 

grounded plate and collected on a rotating mandrel. B) Sparse nanofiber scaffolds were 

created by exposing glass coverslips or PDMS rings to the fiber stream for 5-20 

seconds. C) Dense nanofiber scaffolds were collected by subjecting glass coverslips to 

the fiber stream until fully coated in fibers. 



 
 

42 
 

 

 

Figure 3.2 Nanofiber capture methods. A) Nanofibers were captured directly on and 

glued to glass coverslips which were later used for cell culture. B) When nanofibers were 

captured directly on glass coverslips, plasma activated, and modified with Protein-A, 

proteins were bound to both the fibers and the glass. Samples were plasma treated and 

incubated with Protein-A in DiH2O. Protein-A was visualized by incubation with a 

fluorescent secondary antibody. C) Polymer nanofibers were captured across PDMS 

rings to separate the nanofibers from the eventual culture surface. D) Nanofibers treated 

with plasma, Protein-A, and fluorescent secondary antibody as seen in B), but then 
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glued back on to unmodified glass cover slips. Background fluorescence was greatly 

diminished, indicating that protein expression was selective to the nanofibers. 
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Figure 3.3 Plasma activation and surface adsorption of Protein-A to nanofibers. 

Nanofibers were subjected to combinations of Plasma activation, incubation with 

Protein-A, and incubation with fluorescent secondary antibody. A) Fluorescent image of 

nanofibers which were plasma treated, incubated with Protein-A, followed by fluorescent 

antibody (n=20 fibers). B) Nanofibers which were plasma treated, and incubated with 

Protein-A (n=13 fibers). C) Nanofibers which were plasma treated, and incubated with 

fluorescent antibody (n=19 fibers) D) Nanofibers which were plasma treated only (n=15 

fibers). E) Nanofibers incubated with Protein-A and fluorescent secondary antibody 

(n=15 fibers) F) Control fibers with no surface modifications (n=14 fibers). G) 

Fluorescent intensity of nanofibers with varying modifications. Fibers were manually 

segmented and average pixel intensities for each fiber were determined. Background 

intensities were calculated by taking 4 square samples of the image background with no 

fibers present. Average background pixel intensities were subtracted from the average 

fiber intensities for each image. Only conditions with both Protein-A and fluorescent 

secondary antibody were found to have any appreciable increase in intensity, and only 

fibers treated with all three variables showed a statistically significant increase. Error 

bars represent standard error of the mean. p<0.05 determined by one-way analysis of 
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variance followed by Tukey’s post hoc analysis. 
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Figure 3.4 Protein-A concentration affects levels of Protein-A adsorbed on fibers. 

Polymer nanofibers captured across PDMS rings were plasma activated and treated with 

various concentrations of Protein-A in DiH2O before incubation with a fluorescent 

secondary antibody. A) A control condition where fibers were treated with pure water 

instead of a Protein-A solution (n = 14 fibers). B) Nanofibers treated with 5 μg/mL 

Protein-A solution (n=21 fibers). C) Nanofibers treated with 10 μg/mL Protein-A solution 

(n = 17 fibers). D) Nanofibers treated with 20 μg/mL Protein-A solution (n = 17 fibers). E) 

Fluorescent intensity with varying Protein-A concentrations. Nanofibers were manually 

segmented from background, and an average pixel intensity for each fiber was 

determined. Background from each image was calculated by taking 4 square samples of 

background with no nanofibers present, and finding the average pixel intensity. 

Individual image background values were subtracted from the average intensity of each 

nanofiber. Average intensity was seen to increase with increasing Protein-A 
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concentrations. Error bars represent standard error of the mean. p>0.05 determined by 

one-way analysis of variance and Tukey’s post-hoc analysis 
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Figure 3.5 OPC adhesion to surface modified dense nanofiber scaffolds. A) Dense 

nanofiber scaffolds were manufactured and glued to glass coverslips. Scaffolds were 

functionalized by plasma activation, Protein-A coating or CASPR2 coating. PLL coated 

and non-functionalized fibers were used as controls. OPCs were cultured, fixed, and 

stained on the scaffolds, and the average number of cells per image was tabulated. B) 

OPC/Oligo adhesion to treated nanofiber mats. Cell nuclei were manually counted from 

18 images from each condition. A statistically significant increase in cells per image was 

observed only on scaffolds treated with CASPR2.  Error bars represent standard error of 

the mean. p>0.05 determined by one-way analysis of variance and Tukey’s post-hoc 

analysis. 
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Figure 3.6 Nanofiber functionalization affects OPC/Oligodendrocyte interaction. A) 

Sparse microfiber scaffolds were functionalized via plasma activation, Protein-A coating, 

CASPR2 coating, or Protein-A immobilized FC-CASPR2 coating. Non-functionalized and 

PLL coated fibers were used as controls. Cells were stained for MBP (Green), PDGRF-α 

(Red) and DAPI (Blue). Arrows indicate where MBP+ oligodendrocytes are interacting 

with microfibers. B) Percent myelinated fibers with different microfiber functionalization. 

Total fibers and fibers with at least one myelinated segment were counted manually. 

Only cultures containing fibers treated with CASPR2 presented in a uniform orientation 

showed an increase in cell interaction over the PLL control condition. Protein-A 

immobilization of FC-CASPR2 increased interaction over levels seen in directly 

adsorped CASPR2. p>0.05 determined by chi square analysis between functionalization 

conditions. 
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Figure 3.7 Effect of nanofiber size on levels of interaction may be an imaging 

artifact. A) High magnification images of fibers (7.12-12-15 μm diameter) and cells 

(Green = MBP, Red = PDGFR-α, Blue = DAPI). Arrows indicate an oligodendrocyte that 

has extended processes along the length of the fiber instead of wrapping around the 

fiber (1) and an MBP+ oligodendrocyte visible through the fiber, but not interacting with 

that fiber (2). At lower magnification, these cells appear to be wrapping the fibers. B) Cell 

interaction with fibers increases with increasing fiber diameter. Total fibers and 

myelinated fibers were manually counted for three separate cultures, and the percent of 

myelinated fibers for each condition were compared. Interaction was generally found to 

increase with increasing diameter. 
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Chapter 4 - Conclusion 

 The physical conditions that a cell experiences can affect cell behavior as much 

as chemical signals. Manipulation of the physical environment can be used to influence 

or direct cell behavior. Nanofibers provide a valuable platform with which to engineer cell 

activity both due to their similarity to natural ECM and customizability. This thesis 

provides further evidence of how manipulation of the physical environment, particularly 

with electrospun nanofibers, can be leveraged to dictate cell behavior. Most aspects of 

the scaffolds can be manipulated, from the orientation of the fibers in the scaffold to 

modifications of the nanofiber surface.Alignment of nanofibers was used to align cells 

and promote the differentiation and creation of myotubes from myoblasts. The diameter 

of nanofibers comprising a culture scaffold were shown to affect the morphology of 

astrocytes, and may have protective effects against reactive astrogliosis. Electrospun 

microfibers were surface modified to present binding proteins to cells, and were used as 

a non-biological neuron mimic to study CNS myelination. The data presented here are 

promising and provide many opportunities for future researchers to continue to 

understand how cells interact with the world around them. 



 
 

52 
 

Appendix 1 -  Collagen Nanofibre anisotropy induces myotube differentiation and  

acetylcholine receptor clustering 
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Appendix 2 - Additional Figures for Chapter 2 

 

 

Figure A2.1 - Consolidated Graphs of Morphological Markers Measured in 

Astrocytes. Graphs of complete experimental data for each morphological marker are 

presented here as the data can be more meaningfully understood as it is presented in 

Chapter 2. A) Average cell area. B) Average Cell Circularity. C) Average Process 

Length. 
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Appendix 3 - Additional Figures for Chapter 3 

 

Figure A3.1 Graphs of Additional Oligodendrocyte Cultures with Varying 

Microfiber Diameters. Electrospun PLLA fibers were surface modified as 

discussed in Chapter 3 Methods. A) Oligodendrocyte and OPC co-culture with 

microfibers of diameter 7.12 microns to 12.51 microns. Directly adsorped 

CASPR2 promoted a statistically similar level of interaction as PLL coated fibers, 

and an increased level of interaction over both other experimental conditions. B) 

Oligodendrocyte and OPC co-culture with microfibers of diameter 6.02 microns to 

9.89 microns. Directly adsorped CASPR2 performed markedly worse than 

previous cultures, promoting levels of interaction lower than PLL coating, Protein-

A coating, and even a non-coated condition. This effect is not observed in other 

cultures.  p>0.05 determined by chi square analysis between functionalization 

conditions. 
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