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ABSTRACT 
Spinal cord injury (SCI) is a complex obstacle to overcome as it causes multiple cell types in 

the spinal cord to undergo detrimental phenotypic changes at varying time points post-injury. To 

achieve full functional recovery following SCI, it is necessary to promote regenerative phenotypes 

in each individual cell type, at the appropriate time point post-injury. Biomaterials are commonly 

researched to facilitate functional recovery following SCI, but require complex engineering design 

to adequately address the complex pathophysiology of the injury environment.  

Electrospun fibers are a commonly researched biomaterial to treat SCI due to their physical 

characteristics. The diameter and orientation of electrospun fibers can be modified during the 

electrospinning process to create fibrous scaffolds that promote guided tissue regeneration, which 

is necessary to repopulate the necrotic SCI lesion with healthy tissue. Electrospun fibers 

themselves, however, cannot adequately address the myriad obstacles that prevent recovery after 

SCI. Therefore, electrospun fiber scaffolds are often modified by incorporating drugs to further 

facilitate recovery. The aim of this thesis is to improve the regenerative potential of electrospun 

fibers for neural engineering applications by better understanding and improving their drug-

delivery capabilities. 

First, I studied ways to detect and quantify the amount of organic solvents that are retained in 

electrospun fibers after the electrospinning process. This study revealed that electrospun poly(L-

lactic acid) (PLLA) fibers retain the solvents chloroform and 1,1,1,3,3,3-hexafluoroisopropanol 

(HFP) in large amounts for as long as four weeks after fabrication. I then performed a second study 

to determine how this solvent retention can affect drug delivery from electrospun PLLA fibers. I 

found that slow removal of solvent over the course of 28 days by maintaining fibers in laboratory 

conditions (20-25 °C and atmospheric pressure) followed by heating the fibrous scaffolds in a cell 
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culture incubator at 37 °C prolonged the release duration of the drug 6-aminonicotinamide by 

nearly a factor of five (from 9 days to 44 days). This fiber treatment regimen also increased the 

amount of drug that the fibers release by nearly a factor of two. This finding is important, as 

prolonged drug-release is typically desired to treat SCI, since recovery can take months to years. 

However, I aimed to further optimize drug delivering electrospun fibers for SCI applications by 

creating a scaffold to deliver 17β-estradiol (E2). E2 holds great potential to improve outcomes 

after SCI as it induces beneficial changes in all CNS cells after injury.  

The final aim in this study details the creation of an entirely new polymer that is made out of 

E2. With the help of Dr. Palermo’s lab, I synthesized a new, slowly-degrading E2 and polyethylene 

glycol (PEG) copolymer (PPEAP) and fabricated materials directly from this new copolymer. 

PPEAP materials were neurotrophic and neuroprotective for dorsal root ganglion (DRG) and 

dissociated cortical neurons in culture, respectively. We also demonstrate that electrospun PPEAP 

fibers direct neurite extension in vitro with DRG, demonstrating PPEAP fiber contact guidance 

capabilities. These results prove that PPEAP materials are bioactive, and have beneficial cellular 

effects in vitro. Further, drug release kinetic studies predict that PPEAP materials can release E2 

with zero-order kinetics for years. This time-scale of drug release is significantly longer than any 

traditional drug-releasing biomaterial scaffolds found in the literature. PPEAP, and the materials 

derived from it, hold great potential for SCI treatment as they provide sustained delivery of E2, 

which promotes beneficial phenotypic changes in all CNS cells.  
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1. INTRODUCTION 
1.1  Spinal Cord Injury Overview 

1.1.1 Spinal Cord Injury – Demographics   

In the United States, 17,700 citizens sustain spinal cord injuries (SCI) every year. On average, 

SCI occurs at 29 years of age. This injury leaves 99.2% of patients paralyzed and debilitated for 

the remainder of their lives, which are significantly shortened compared to uninjured persons. This 

equates to an estimated additional health cost ranging from 1.1 - 4.8 million dollars over the 

remainder of the patients life, depending on the age of injury onset, and injury severity [1]. These 

frightening statistics are a consequence of the complexity of SCI, which makes it difficult for 

researchers and medical practitioners to develop effective therapies. Currently, there are no FDA-

approved treatments that restore lost function after SCI, and an alarmingly low number of clinical 

trials ongoing worldwide. 

1.1.2  Spinal Cord Injury – Anatomy and Pathophysiology 

The human spinal cord is a sophisticated tissue containing longitudinally oriented cells that 

spans from the foramen magnum in the brain to the 1st vertebra in the lumbar spine [2]. There are 

two distinct regions that run the length of the spinal cord - grey matter and white matter. The spinal 

grey matter runs longitudinally down the length of the spinal cord inside of the surrounding white 

matter, and consists primarily of astrocyte and neuron cell bodies, as well as mostly unmyelinated 

axons and dendrites extending from neurons.  Dendrites and axons extend from the grey matter 

into the white matter where oligodendrocytes wrap these neurites in myelin. In all sections of the 

Portions of this chapter previously appeared in: A.R. D’Amato, A.M. Ziemba, C.D.L. Johnson, and R.J. Gilbert, 
“Advances in the use of electrospun fibers for the central nervous system,” in Electrofluidodynamic Technologies 
(EFDTs) for Biomaterials and Medical Devices, 1st ed. Cambridge, UK: Woodhead Publ., 2018, ch. 18, pp. 377-394. 
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spinal cord, astrocytes exist to maintain homeostasis by buffering the extracellular ionic 

environment, producing neurotrophic factors, and providing structural support for neurons during 

development and injury recovery by secreting extracellular matrix (ECM). The mechanical insult 

that initiates SCI kills large numbers of cells near the lesion epicenter, and causes all of the 

previously mentioned cell types to undergo detrimental phenotypic changes [3], [4].  

SCI is commonly described as occurring in two distinct phases; primary and secondary SCI 

[5]. Primary SCI occurs when vertebrae are dislodged and compress or sever the spinal cord. The 

molecular and cellular developments that follow constitute secondary SCI. Secondary SCI itself is 

commonly divided into distinct phases referred to as acute (within 48 hours of injury), sub-acute 

(48 hours to 14 days post-injury), intermediate (up to 6 months post-injury), and chronic (≥ 6 

months post-injury) [6]. 

During acute SCI, the mechanical insult causes hemorrhaging and necrosis, initiating an 

inflammatory response [7]. Subacute SCI follows wherein disruption of the blood brain barrier 

(BBB) leads to intraspinal inflammation that begins with the influx of neutrophils [8]. Neutrophils 

phagocytose debris, produce reactive oxygen species (ROS), and secrete pro-inflammatory 

cytokines [9]. Blood-borne neutrophil recruitment contributes to secondary SCI, and inflammation 

propagates. This leads to the recruitment and activation of resident microglia and peripherally-

derived macrophages [10]. Macrophages polarize to two main phenotypes: M1 (pro-inflammatory) 

and M2 (anti-inflammatory), depending on environmental cues [11]. M1 macrophages have 

functions similar to neutrophils [11]. The oxidative stress resulting from neutrophil and 

macrophage ROS production leads to lipid peroxidation, which causes surviving neurons to 

apoptose near the SCI lesion site [12]. The presence of M1 macrophages and other secondary 

injury phenomena are neurotoxic and result in demyelination of axons [13] and axonal dieback 
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[14]. The pro-inflammatory response is stronger than the anti-inflammatory response.  This results 

in an expanding lesion that lacks the appropriate ECM and axon myelination necessary to foster 

regeneration through the lesion site and subsequent functional recovery [11].  

As SCI transitions from the subacute to the intermediate phase, cell proliferation increases. 

Astrocytes migrate to the lesion edge, become hypertrophic, and increase expression of glial 

fibrillary acidic protein (GFAP); this process is known as reactive astrogliosis [15]. Reactive 

astrocytes also produce chondroitin sulfate proteoglycans (CSPGs), some of which are inhibitory 

and prevent axonal extension [16]. Increased astrocyte presence and deposition of axon growth-

inhibiting ECM molecules near the SCI lesion periphery creates a dense physical and chemical 

barrier to regeneration known as the glial scar. Perivascular fibroblasts also migrate to the lesion 

and deposit ECM proteins [17]. In doing so, fibroblasts establish a fibrotic scar to create an 

additional boundary between the lesion and the healthy tissue. A cyst forms within the SCI lesion 

site that contains fibroblasts, astrocytes, macrophages, and ECM [18].  

During chronic SCI, inflammation persists as evidenced by high levels of M1 macrophages 

and decreasing levels of M2 macrophages [11].  Cyst formation continues and injured neurons 

continue to dieback via Wallerian degeneration as regenerating or surviving tissues attempt to 

repopulate the lesion site [19]. For the vast majority of SCI patients that do not recover from injury, 

the chronic injury phase continues for the remainder of the patient’s life. Recovery from SCI is 

prevented by the glial and fibrotic scars, debris from demyelinated axons and apoptotic cells, 

increased neuronal death, and the lack of a growth-supportive environment for regenerating tissues 

[20]. Engineering approaches to treat SCI commonly target the acute to intermediate injury phase. 

These strategies do not adequately address the continued injury development that occurs during 

chronic SCI when regeneration can potentially occur. Many studies state the need to implement 
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engineering approaches that target multiple aspects of SCI to foster robust functional recovery 

[21]–[23]. Thus, it is increasingly important for researchers to develop multi-faceted engineering 

approaches to combat SCI where the intervention promotes beneficial changes in all cell types 

near the SCI lesion while providing contact guidance for regenerating tissues throughout the entire 

duration of SCI. 

1.2  Treating SCI 

The complex nature of SCI requires the resolution of several processes, such as the reduction 

of inflammation and scarring, promotion of re-myelination, and direction of regenerating tissue 

into and through the lesion site [24].  Pharmacological approaches typically target inflammation 

after SCI using drugs like methylprednisolone, minocycline, and erythropoietin [25]. However, 

targeting one aspect of SCI alone, like inflammation, is insufficient to promote the robust 

regeneration required for functional recovery. While pharmaceutical strategies may modulate 

inflammation, reduce lesion size, and facilitate neuroprotection, they do not provide the 

topographical cues required for directed axonal regeneration. For this reason, pharmacological 

approaches are commonly combined with biomaterials when researching treatment options for 

SCI. Electrospun fiber scaffolds are a biomaterial that can guide tissue regeneration through a 

spinal cord lesion while also delivering drugs.  

1.2.1  Electrospun Fibers for SCI 

Electrospinning is a robust biomaterial fabrication technique used to produce nano- to micro-

scale fibrous scaffolds for myriad applications [26]–[29]. Because electrospinning is a versatile 

process, fibrous scaffolds can be produced with a wide variety of physical and chemical properties. 

Due to the anisotropy of the healthy spinal cord, aligned electrospun fiber scaffolds are commonly 
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used to recreate the micro-structure of healthy spinal tissue and facilitate directed tissue 

regeneration after injury. Herein lies the fundamental reason why electrospun fibers are commonly 

utilized in SCI research.   

 Physical Guidance Cues of Electrospun Fibers for SCI 

Customization of fiber physical characteristics allows for the fabrication of scaffolds that 

closely resemble the structure of the axonal tracts and ECM within the healthy CNS [30]. As 

previously mentioned, the spinal cord is comprised of highly anisotropic, longitudinally-oriented 

axon tracts. Thus, it is important for electrospun fiber scaffolds to provide directional cues to 

promote tissue regeneration that will mimic the structure of the healthy spinal cord.  Electrospun 

fiber scaffolds are highly customizable, and scaffolds can be created with fibers of different 

alignments, diameters, densities, and surface topographies. These aspects of fiber morphology 

have been studied extensively within in vitro cultures to create electrospun fiber scaffolds that 

elicit unique cellular responses [31]–[33]. Ideally, an electrospun fiber scaffold implanted after 

SCI will have physical characteristics that facilitate fast, directed tissue regeneration and will 

change the phenotype of cells to best promote functional recovery.  

Neurons and glia in the CNS respond to the grooves and other topographical cues presented 

by a biomaterial substrate. This specialized topography can be achieved by modifying the 

electrospinning parameters. Substrate curvature [34] and groove depth [35] are two characteristics 

that affect neurite alignment. Cellular recognition of substrate curvature is mediated by the 

asymmetric torque generated across the cytoskeleton of an extending axon. The torque results from 

the many integrin attachments across the curved substrate. In general, contact guidance is 

improved as the substrate radius of curvature approaches that of an average white matter axon - 

approximately 1-2 µm in diameter [31]. 
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Aligned fibers also produce grooves which impose physical constraints on the regenerating 

cells, coercing them into a specific alignment [35]. A large body of work has determined the 

appropriate groove dimensions – which vary based on cell type - on controlled substrates prepared 

by lithography [36], [37]. If the grooves are too small, the cells will use the substrate like the 

handles of a ladder and grow perpendicular to the alignment of the fibers. If the grooves are 

appropriate, the cells will follow the alignment of the channels. If the grooves are too large, the 

cells will not recognize that there are constraints and will treat the substrate like a flat surface. For 

electrospun fibers, the groove topography experienced by the cells can be altered by changing four 

important parameters: fiber alignment, density, diameter, and surface nanotopography. Once 

electrospun fiber scaffolds are optimized for SCI applications by fine-tuning fiber physical 

properties, drugs are commonly incorporated within electrospun fiber scaffolds to target cells as 

they are guided by the scaffold. 

 Drug-Delivering Electrospun Fibers for SCI 

Since fibrous scaffolds are typically implanted during the acute phase of SCI, it is important 

to develop scaffolds that release drug at the appropriate time points after implantation and for the 

appropriate duration. For instance, drugs that limit the severity of secondary SCI will be most 

beneficial during the first few days post-injury while drugs that promote tissue regeneration will 

help most in the weeks and months that follow. 

Currently, technologies exist and are being developed to control the drug release kinetics of 

electrospun fiber scaffolds. Techniques include chemically modifying the polymer or drug to affect 

the release rate, altering polymer selection to obtain different fiber degradation rates and 

consequently drug release rates, covalently attaching drug to the fiber surface, and core-sheath 

electrospinning to slow drug diffusion, to name a few [38], [39]. After SCI, it is important for 
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certain drugs to be released during specific injury phases to affect their intended target. For 

example, it is beneficial for a scaffold to deliver a neurotrophic factor for an extended period of 

time to foster continuous, long-term axonal regeneration during chronic SCI. The scaffold’s 

efficacy, however, may be greatly improved by also providing a short-term burst of an anti-

inflammatory drug during the acute phase of SCI. Thus, creative approaches must be considered 

to imbue drug-releasing electrospun fiber scaffolds with the ability to target the varying 

pathophysiological developments that occur at different time points post-injury. 

One of the most efficacious ways to incorporate drugs into electrospun fibers is via emulsion 

electrospinning. This process consists of adding a drug directly into the polymer solution prior to 

electrospinning. The result is a fibrous scaffold with drug incorporated throughout the polymer 

matrix within the fibers. This approach leads to large differences in drug release kinetics based on 

the polymer/drug/solvent system being used. Studies that use emulsion electrospinning have 

observed drug release for as long as 84 days [40] or as short as 14 days [41]. As long term drug 

treatment is necessary to restore damaged CNS tissue after injury, other approaches create 

electrospun fiber scaffolds with prolonged release kinetics. Attachment of a drug to fiber surfaces 

is a powerful alternative to the traditional emulsion electrospinning approach. This approach is 

commonly seen in instances where a drug or protein is susceptible to degradation in an organic 

electrospinning solvent. A study by Liu and colleagues demonstrated long term release (28 days) 

of the protein Neurotrophin 3 (NT-3) from fibers after attachment to the fiber surface via a 

microbial transglutaminase [42]. By attaching a drug to the fibers post-fabrication, the drug’s 

stability is compromised to a lesser degree. The differences in fabrication methodologies discussed 

here are important when considering the time frame in which the drug released from fibers will be 

most beneficial for recovery.  
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To summarize, drug-delivery from electrospun fibers is complex, and engineering approaches 

are frequently employed to deliver beneficial drugs with the appropriate release kinetics to target 

various aspects of SCI. This is a difficult task since each unique cell within the injured spinal cord 

may require a different type of drug. When delivering a single drug to treat SCI, outcomes may be 

greatly improved if the drug has beneficial effects on all cell types. One drug that possesses this 

characteristic within the CNS is 17β-estradiol (E2), a type of estrogen. 

1.2.2  E2 and SCI 

In 1985, the National Acute Spinal Cord Injury Study found that although SCI occurs 

predominately in male populations, females show greater improvements in motor function 

following SCI than males [43]. This finding led researchers to hypothesize that enhanced recovery 

was due to elevated estrogen levels in female patients [44], [45]. Since then, researchers have 

elucidated the beneficial effects of estrogen treatment following SCI. A thorough literature review 

revealed that 22 studies have treated animal SCI models with E2 to explore its therapeutic effects 

[46]–[67]. Of these 22 studies, all except one [63] reported significant improvements in various 

aspects of recovery from SCI. The findings of all 22 studies are summarized in Table 1-1. 
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Of the 21 studies that observed beneficial effects of E2 treatment after SCI, the most common 

improvements that were observed included: improvements in locomotor function, neuroprotection 

and/or decreased apoptosis of other cell types, decreased SCI lesion size, and reduced 

inflammation and astrogliosis. An important take away from the thorough review summarized in 

Table 1-1 is that the experimental approaches vary largely among these studies. The time at which 

E2 was administered to animals ranged from 7 days prior to SCI [50], [63], [65] until 31 days post-

injury [66]. Similarly, large differences were observed in E2 dosing. Two studies delivered as little 

as 1 µg of E2 per kg of body weight [48], [57] while multiple other studies delivered 4 mg/kg [46], 

[49], [51], [58], [61]. Further, a majority of studies administered E2 to injured animals via single 

or multiple bolus injections [46], [48], [49], [51], [55]–[58], [60]–[62], [64], [66], [67]. Of the 

remaining studies that did not deliver a bolus of E2, the majority implanted an E2-loaded silastic 

capsule subcutaneously to release E2 systemically over time [50], [52]–[54], [59], [63], [65]. 

While these studies did not characterize the E2 release kinetics of these capsules, they did note 

that this approach produced serum E2 levels that were equivalent to physiological levels observed 

in the rat estrous cycle for as long as 21 days after implantation [50]. 

To understand the improvements in tissue regeneration and functional recovery observed with 

E2 treatment after SCI, researchers have explored the mechanisms through which E2 affects the 

cells in the CNS; for this thesis, I focus on research that studied E2 effects on astrocytes and 

neurons. 

 E2 and Astrocytes 

After SCI, reactive astrogliosis occurs wherein astrocytes in or near the SCI lesion site undergo 

physical and molecular changes. Hallmark aspects of reactive astrogliosis include astrocyte 

hypertrophy, increased astrocyte proliferation, upregulation of astrocyte-produced axon-growth 
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inhibitory molecules, and formation of the glial scar – a dense physical and chemical barrier to 

axonal regeneration [3], [4], [68]. E2 binds to estrogen receptors on astrocytes including ERα, 

ERβ, and G-protein coupled estrogen receptor (GPER) which work synergistically to alter 

astrocyte morphology and phenotype [69]–[73].  

E2 regulates astrogliosis by slowing proliferation of GFAP and vimentin positive astrocytes 

near the SCI lesion site, hindering the development of the glial scar [74], [75]. Lee et al. 

demonstrated that GPER binding increased astrocyte expression of glutamate transporter-1 (GLT-

1). GLT-1 uptakes glutamate from the extracellular space to prevent glutamate excitotoxicity, thus 

demonstrating potential E2-induced, astrocyte-mediated neuroprotection [76]. E2 binding also 

reduces pro-inflammatory nuclear factor kB (NFkB) signaling and the release of other pro-

inflammatory markers such as iNOS, COX2, IL-1β, IL-6, and TNF-α from reactive astrocytes, 

further demonstrating E2-induced neuroprotection [77]. Spence et al. showed that ERα binding in 

astrocytes downregulated production of the chemokines CCL2 and CCL7, showing astrocyte-

mediated anti-inflammatory effects after E2 administration [71]. A second study by Spence et al. 

clearly demonstrated that ERα in astrocytes, and not in neurons, was responsible for various 

neuroprotective aspects in a neurodegenerative disease model [70]. The same study showed that 

ERα binding in astrocytes decreased expression of glial fibrillary acidic protein (GFAP), a 

hallmark indicator of astrocyte reactivity. Other studies have corroborated this finding that E2 

treatment reduces reactive astrogliosis in various injury and neurodegenerative disease models 

[66], [74], [75]. E2 can also bind to estrogen receptors in astrocytes to modulate growth factor 

production. This effect was observed in multiple studies focusing on different growth factors such 

as glial cell line-derived neurotrophic factor (GDNF) [78], transforming growth factors TGF-β1 

and TGF-β2 [79], nerve growth factor (NGF) [80], brain-derived neurotrophic factor (BDNF) [80], 
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and vascular endothelial growth factor (VEGF) [81]. To summarize, E2 promotes multiple 

beneficial changes in astrocyte phenotype that have the potential to improve outcomes after SCI.  

In this thesis, once we successfully synthesized and characterized a new biomaterial to provide 

prolonged E2 release, we aimed to show its beneficial effects on astrocyte phenotype by culturing 

primary rat spinal cord astrocytes directly onto material scaffolds and analyze phenotypic changes 

over time compared to astrocytes cultured on to control materials. This proved difficult for multiple 

reasons: 1) Phenolic compounds that are typically present in cell culture media are estrogen-

mimetic, and present at much higher concentrations (10-50 µM) than the E2 release concentrations 

that we were targeting (10-100 nM) [82]. Therefore, these media components would mask any 

potential astrocyte effects that were caused by our material. 2) Although phenol-free media is a 

viable choice for primary cell culture, primary astrocytes are highly proliferative and require serum 

protein supplementation in cell culture media for survival. Commercially available serum proteins 

contain large, and varying amounts of different types of estrogens [83], therefore, astrocytes would 

need to be cultured in phenol-free, serum-free media. 3) Another option consisted of growing 

astrocytes in serum-enriched media until the cells reached confluency, then starving the cells of 

serum until experimentation. This approach was flawed, however, since studies have shown that 

E2 binding can induce persisting genetic changes in cells [84]. Thus, it would be difficult to discern 

between lasting effects of E2 binding during culture with serum proteins, and E2 effects from our 

material. For these reasons, rather than develop entirely new astrocyte culture methods to 

demonstrate our new material’s efficacy, I decided to demonstrate in vitro bioactivity in neuron 

cultures as initial proof of our material’s potential benefit for SCI applications. This approach was 

impactful since neurons are an important cell to assist during SCI recovery; this approach was also 

a more efficient way to show the beneficial effects of our new material since neurons are 
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commonly grown in phenol and serum-free media, and exhibit a range of beneficial functional 

changes in response to E2 exposure.  

 E2 and Neurons 

Multiple studies have shown that E2 acts on neurons through various pathways. A review by 

Lu and Herndon discusses research that has recently elucidated a new mechanism by which E2 

affects neurons [84]. E2 binds to GPER to cause cellular changes that occur within seconds, which 

include increased neuroprotection following injury by reducing JNK-induced apoptosis [85].  Prior 

to GPER discovery in neurons, it was well established that E2 would bind two different nuclear 

estrogen receptors, ERα and ERβ, to elicit slower, more prolonged genetic changes. By binding 

directly to ERα and ERβ, E2 directly upregulates TrkA, TrkB, and P75, three neurotrophin surface 

receptors on neurons [86]. This suggests a potential indirect E2-derived neurotrophism by 

increasing neuronal susceptibility to neurotrophin binding. Further, E2 can bind to three different 

ionotropic glutamate receptors on neurons (NMDA, AMPA, and kainite receptors). By binding to 

these receptors, E2 prevents glutamate binding and subsequent Ca2+ influx, which can reduce 

glutamate excitotoxicity during secondary SCI [87], [88]. 

In addition to E2 being neuroprotective against glutamate excitotoxicity, E2 is also 

neuroprotective against oxidative stress through direct and indirect means [89]–[91]. After binding 

to neuronal estrogen receptors, E2 modulates expression of superoxide dismutase, catalase, and 

glutathione peroxidase, which are enzymes involved in antioxidation [92]–[94]. E2 can indirectly 

protect neurons from oxidative stress via multiple pathways: 1) The 3-hydroxyl (OH) group in the 

phenolic ring of E2 activates the monooxygenase cascade that is NADPH-dependent to convert 

E2 to a 2-OH or 4-OH-estradiol [95], 2) E2 is lipophilic and intercalates the cell membrane, which 

prevents lipid peroxidation during oxidative stress [96], and 3) E2 facilitates glutathione anti-
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oxidation by donating a proton necessary to restore glutathione from glutathione disulfide [97]. To 

summarize, E2 beneficially affects neurons through multiple avenues making it a promising drug 

for SCI applications.  

 Biomaterials for E2 Delivery to the Injured Spinal Cord 

Although the beneficial effects of E2 in the CNS are well established, little has been done to 

develop sophisticated E2 treatments capable of promoting functional recovery after SCI. As I 

mentioned previously, due to the complexity of SCI, it is unlikely that simple E2 administration 

will suffice to cure SCI patients. Thus, multi-faceted engineering approaches are necessary for E2-

treatment to reach its full potential for this application. A review by Gensel and Zhang describes 

the timeline of SCI detailing when certain pathophysiological aspects occur and are important to 

address [11]. From this timeline, it is evident that potential SCI therapies need to address the early 

aspects of SCI, which include the acute inflammatory response, astrogliosis, and scar development, 

as well as the later aspects of SCI, which include tissue regeneration/remodeling and chronic 

inflammation, which occur over years after SCI. While currently available E2-delivering materials 

may adequately address the cellular developments that occur through the subacute and early 

intermediate phases of SCI, no such materials exist to target the chronic phases of SCI.  

To date, multiple studies have developed biomaterials to deliver E2. A thorough review of the 

available literature revealed that E2-delivering biomaterials can be divided into two separate 

categories: 1) Biomaterials for systemic E2 delivery, or 2) Biomaterials for local E2 delivery. 

Biomaterials designed for systemic E2 delivery consist primarily of oral tablets, transdermal 

patches, or intrauterine/intravaginal devices as detailed in a review by Yoo and Lee [98]. This 

thesis, however, is focused on improving biomaterials for local E2 delivery, which consist of 

electrospun fibers, hydrogels, and micro/nano-particles. A PubMed search revealed that 31 studies 
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have developed biomaterials capable of localized E2 delivery; of these 31 studies, four studies 

fabricated E2-releasing hydrogels, one study fabricated E2-releasing electrospun fibers, and the 

remaining 26 studies fabricated E2-releasing micro/nano-particles. The duration of E2 release 

from these materials varies largely. Hydrogel E2 release duration ranged from 32 hours in a study 

by Salmaso et al. to 14 days in a study by Hong et al. [99], [100]. The only instance of electrospun 

fibers designed to release E2 demonstrated E2 release that persisted for 22 days [101]. Micro/nano-

particle devices designed to release E2, however, show the greatest potential for longer term E2 

release. The biomaterials with the longest E2 release duration found in the literature were E2-

loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles. Sahana et al. fabricated PLGA 

nanoparticles that released E2 with nearly zero-order kinetics for 55 days after including the 

surfactant polyvinyl alcohol within the nanoparticles [102]. These materials could potentially be 

used to treat SCI development through the early intermediate injury phase as discussed in the 

previous paragraph. Based on the available literature, however, all current E2-delivering 

biomaterials would be incapable of targeting chronic SCI. Therefore, E2-delivering biomaterials 

need to be developed further to increase the potential for this therapy to improve outcomes in 

individuals with SCI. 

While multiple studies have developed E2-releasing biomaterials, only one has used a 

biomaterial to deliver E2 locally to the injured spinal cord. As discussed in Section 1.3, seven 

studies used E2-loaded silastic capsules to deliver E2 to animals with SCI. These capsules, 

however, were implanted subcutaneously to increase systemic E2 concentrations. Therefore, this 

approach does not take into consideration the potential side-effects associated with systemic E2 

treatment, which include cancer and coronary heart disease, [103]–[105]. For this reason, we have 

not considered these studies as examples of localized E2-delivery from a biomaterial.  
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A study by Cox et al. incorporated E2 into PLGA nanoparticles and immobilized the 

nanoparticles in a hydrogel plug [47]. After administering a contusive SCI to adult rats, the gel 

plug was implanted above the injury site. After six hours, the researchers observed significant 

decreases in many pro-inflammatory cytokines that are considered harmful after SCI, thus 

demonstrating the anti-inflammatory potential of E2-delivering biomaterials for SCI treatment. In 

this single instance of a biomaterial applied directly to the injured spinal cord, the researchers did 

not characterize E2 release kinetics from the material implant. Instead, Cox et al. showed that their 

material significantly increased E2 concentrations in plasma and tissue 6 hours after implantation. 

The Cox study is impactful as it marks the first successful implantation of a local E2-delivering 

biomaterial for SCI, however, much work remains to optimize E2-delivery for SCI applications 

As was previously discussed, it is important to develop long-term treatments for SCI since 

recovery is a slow and arduous process. Combining E2 with biomaterials for SCI would represent 

progress in this direction for multiple reasons: 1) Low-dose biomaterial delivery of E2 directly to 

an injury site is a safer alternative to systemic E2 delivery.  The efficacy of a potential E2-based 

therapy for SCI would benefit greatly by avoiding the potential side-effects associated with 

systemic E2 treatment. 2) An E2-delivering biomaterial could combine the benefits of biomaterial 

contact guidance for regenerating tissue with E2’s aforementioned beneficial effects on cells near 

the SCI lesion site. 3) Biomaterial drug-delivery platforms are highly versatile, and with proper 

engineering practices, can be modified to deliver E2 at the appropriate dosage for the desired 

amount of time  

The following chapters in this thesis describe the research that I have conducted to increase 

scientific knowledge pertaining to drug delivery from electrospun fiber scaffolds, and develop 
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novel methods to create E2-delivering fiber scaffolds with drug-release kinetics that can 

adequately address the timeline of SCI development. 

1.3  Specific Aims 

1.3.1 Aim 1: Evaluate Solvent Retention in Electrospun Poly(L-Lactic Acid) Fibers 

Rationale: Electrospun fibers are most commonly fabricated via solution electrospinning, 

which requires that a polymer is dissolved in an organic solvent prior to electrospinning [106]. No 

study has thoroughly characterized the amount of solvent that is retained in fibers after 

electrospinning, nor how long solvent remains in fibers after fabrication without taking measures 

to facilitate solvent removal. The initial motivation for this study was to characterize solvent 

retention in fibers since residual solvent would plasticize polymer chains and create free volume 

within individual fibers. This would affect drug release kinetics, since drug mobility would 

increase within the polymer network compared to solvent-free fibers (with less free volume) made 

from the same polymer.  

 Hypothesis 1.1 

Electrospun poly(L-lactic acid) (PLLA) fibers will retain the solvents chloroform and HFP 

after electrospinning. 

 Hypothesis 1.2 

Employing various post-fabrication fiber treatment methods will increase the rate of solvent 

removal from electrospun PLLA fibers. 

1.3.2 Aim 2: Determine how Solvent Retention Affects Drug Release from 

Electrospun Fibers 
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Rationale: After finding that large amounts of organic solvent remain in electrospun PLLA 

fibers after electrospinning, it was important to understand how residual solvent affected drug 

diffusion out of PLLA fibers, and if retained solvent could be used as a tool to alter electrospun 

fiber drug release kinetics. I used the drug 6-aminonicotinomide (6AN) as a model drug to explore 

this phenomenon. 6AN is a hydrophobic, small molecule drug (137.1 g/mol) that has similar 

solubility in organic solvents as E2. Therefore, I used this drug to determine if it was feasible to 

alter drug release kinetics using the proposed method. If so, I intended to use a similar approach 

to prolong E2 release from fibers, after optimizing fiber treatment methods for 6AN release.  

 Hypothesis 2.1 

Retained electrospinning solvent would increase the release rate of 6-aminonicotinamide 

(6AN) incorporated within electrospun PLLA fibers. 

 Hypothesis 2.2 

Differences in drug-release kinetics from fibers can be attributed to solvent-induced changes 

in polymer free volume within electrospun PLLA fibers. 

1.3.3 Aim 3: Synthesize and test materials derived from a poly(pro-drug) 

formulation of E2. 

Rationale: Through studying the effects of residual solvent on drug release from electrospun 

fibers, it was clear that incorporating a drug into the polymer matrix of electrospun fibers was not 

an ideal approach to drug delivery for SCI applications. The release kinetics of a given drug relied 

very strongly on the drug, polymer, and solvent used to create the drug-delivering scaffold. Thus, 

rather than creating an E2-loaded fiber scaffold, and spending time and resources modifying the 

fibers to obtain sustained release of the proper amount of E2 for the desired period of time, we 
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synthesized a new copolymer of E2 and poly(ethylene glycol) (PEG) to directly fabricate materials 

with. This copolymer would have tunable degradation characteristics depending on the molecular 

weight (MW) of the PEG molecule in the copolymer repeat unit. Thus, we could develop E2-

delivering biomaterial scaffolds with prolonged release kinetics without employing post-

fabrication electrospun fiber treatments that have largely varying effects in the literature. 

 Hypothesis 3.1 

Using thiolene click chemistry, we can synthesize a poly(pro-drug) formulation of E2 (PPEAP) 

that can be processed into biomaterial scaffolds for neural engineering applications, including thin 

films and electrospun fibers. 

 Hypothesis 3.2 

Biomaterial scaffolds made from newly synthesized PPEAP will provide sustained E2 delivery 

through slow hydrolytic degradation of the polymer backbone. 

 Hypothesis 3.3 

E2 release from PPEAP will be neurotrophic and neuroprotective for neurons in culture, and 

electrospun PPEAP fibers will provide contact guidance cues to guide neurite extension. 
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2. EVALUATION OF PROCEDURES TO QUANTIFY 

SOLVENT RETENTION IN ELECTROPUN FIBERS AND 

FACILITATE SOLVENT REMOVAL  
 

2.1  Abstract 

Electrospun fiber scaffolds crafted from polyesters are studied extensively for potential tissue 

engineering applications. For translation of electrospun fibers into the clinic, the FDA requires 

analysis and quantification of any organic solvent that may be retained in the fibers since many 

organic solvents can negatively affect cells and tissues. If a significant amount of solvent is 

retained, then developing procedures for efficient solvent removal may enhance the clinical 

potential of these materials. In this study we use fourier transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA), and nuclear magnetic resonance spectroscopy (NMR) to 

analyze solvent retention. A correlative analysis shows that both FTIR and TGA accurately 

predicted retention of two different solvents (HFP and chloroform) in our electrospun PLLA 

scaffolds, thus validating these procedures. We also assess the efficacy of various fiber treatment 

methods to facilitate organic solvent removal and conclude that submersion in 70% ethanol and 

heat treatment at 100 °C were the most efficient methods of removing solvent from electrospun 

PLLA fibers.  

 

 

 

This chapter previously appeared as: A. R. D’Amato et al., “Evaluation of procedures to quantify solvent retention in 
electrospun fibers and facilitate solvent removal,” Fibers Polym., vol. 18, no. 3, pp. 483–492, Mar. 2017. 
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2.2  Introduction 

Electrospinning is a method used to fabricate fibers with nano to micro diameters (reviewed in 

detail by Reneker and Yarin) [107]. Electrospun fibers are frequently investigated for tissue 

engineering applications, since the diameters of these fibers are similar in scale to diameters of 

proteins found within the extracellular matrix (ECM). Due to the extensive number of publications 

revealing the promise of electrospun fibers for biological applications, several recent reviews have 

highlighted these findings [108]–[117]. A review by Ji and colleagues provides further evidence 

that fiber use for potential medical treatments is growing since the number of papers using fibers 

experimentally is increasing exponentially [118]. 

Prior to Food and Drug Administration (FDA) approval of electrospun fibers for clinical trial, 

documents submitted to the FDA must contain information on the amount of residual organic 

solvent(s) inside of these materials [119]. A thorough review of the literature showed that most 

experimental studies that use electrospun fibers for preclinical biomedical testing either do not 

utilize approaches to remove retained solvent or do not report the use of these approaches. Because 

degradable polyesters used in the electrospinning process are dissolved in organic solvents and 

fabricated fibers can retain organic solvents, it is important to develop fast, easy-to-use methods 

to assess solvent retention and facilitate removal of residual solvent. If no approach is used to 

remove solvent prior to cellular testing or animal studies, residual solvent can diffuse from the 

polymer fibers into the surrounding environment leading to cellular or tissue toxicity. 

The goal of this work was to develop quick and easy methods to quantify solvent retention in 

electrospun PLLA fibers. We also evaluate multiple fiber treatments as methods to facilitate 

solvent removal. We began residual solvent characterization via fourier transform infrared 

spectroscopy (FTIR) which provided a metric for relative amounts of residual solvent in fibers. 
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Thermogravimetric analysis (TGA) was then used to obtain absolute weight percentages of solvent 

retained in fibers. Nuclear magnetic resonance spectroscopy (NMR) was used as a final analytical 

method to obtain solvent specific data that substantiated both our FTIR and TGA findings. 

Although FTIR, TGA, and NMR are well established analytical techniques, they are not frequently 

used in publications that discuss electrospun fibers and to our knowledge they have not been used 

to quantify residual solvent in electrospun fibers. Finally, a correlative analysis of FTIR and TGA 

data combined with NMR results validated that both FTIR and TGA, in the way that they were 

performed in this study, are quick, accurate predictors of solvent retention in electrospun PLLA 

fibers. 

2.3  Materials and Methods 

2.3.1 Materials 

Poly-L-lactic acid (PLLA, NatureWorks; grade 6201D, Lot #9051-89-2) was purchased from 

Cargill Dow LLC (Minnetonka, MN). HFP (≥ 99% purity, Sigma-Aldrich, St. Louis, MO) and 

chloroform (≥ 99% purity, EMD Chemicals, Gibbstown, NJ) were used as electrospinning 

solvents. 15x15 mm square glass coverslips were purchased from Knittel Glass (Brausenweig, 

Germany). Deuterated methylene chloride (CD2Cl2, Sigma) was used as a solvent for all NMR 

samples. 

2.3.2 Electrospun Fiber Fabrication 

Two different polymer solutions were created using the solvents chloroform or HFP. To 

fabricate fibers from PLLA dissolved in chloroform, an 8% w/w PLLA in chloroform solution was 

made.  Specifically, 240 mg of PLLA was dissolved in 3.0 g chloroform at room temperature for 

three hours.  To fabricate fibers from PLLA dissolved in HFP, a 12% w/w PLLA in solution was 
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made.  For the HFP fibers, 240 mg of PLLA was dissolved in 2.0 g of HFP. Chloroform and HFP 

were commonly used electrospinning solvents in several recent studies [41], [120]–[131]. Thus, 

this study focused on developing procedures to assess retention and facilitate removal of these two 

solvents. The two electrospinning solutions contain different weight percentages of PLLA based 

on previous studies in our laboratory that indicate these solutions would create optimal fiber 

collection and consistent fiber diameters during electrospinning [41], [120], [124]. Both polymer 

solutions were electrospun onto a rotating collection disk (1 cm thick and 22 cm in diameter) 

containing 15 x 15 mm square glass coverslips. For both solutions, electrospinning occurred for a 

period of 20 minutes using the following electrospinning parameters: a collection distance of 5 

cm, an applied voltage of 15 kV for chloroform solutions or 10 kV for HFP solutions, solution 

flow rate of 2 mL/h, and a wheel rotation speed of 1000 rpm. 

2.3.3 Solvent Removal Techniques 

Electrospun fiber scaffolds were treated using three types of solvent removal techniques: 1) 

Heat treatments which consisted of placing fiber scaffolds in a 37 °C cell culture incubator or on 

a 100 °C hot plate to evaporate solvent, 2) Submersion treatments which consisted of placing fiber 

scaffolds in 70% ethanol or deionized (DI) water to remove solvent with affinity to either liquid, 

or 3) Maintenance in a controlled environment which consisted of placing fiber scaffolds in a 

vacuum or a desiccator with water absorbing silica beads at room temperature to increase solvent 

evaporation (data from vacuum or dessicator treated samples is included in Supplementary 

Material). Electrospun fiber scaffolds placed into a controlled environment (category 3 above) 

were placed in a vacuum or a desiccator with water absorbing beads for an extended period of time 

(until testing), while scaffolds subjected to heat treatment (category 1) or liquid submersion 
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(category 2) were exposed to a single four hour treatment immediately after fabrication, and then 

left in laboratory air until the appropriate time point for analysis of solvent within the fibers.  

2.3.4 Fourier Transform Infrared Spectroscopy 

 Fourier Transform Infrared Spectroscopy (FTIR) was used to detect the presence and 

determine relative amounts of solvent (chloroform and HFP) retained within electrospun fibers. 

FTIR was performed on 11 independently fabricated samples (n=11) of PLLA/chloroform or 

PLLA/HFP fibers immediately after fabrication (Day 0) and after 1 day, 2 days, 3 days, 7 days, 14 

days, 21 days, and 28 days post electrospinning (day 14, 21, and 28 time points only for samples 

containing HFP). This large sample size was selected after conducting a power analysis using JMP 

IN software (Release 8.0.1; SAS, Cary, NC). The power analysis indicated that 11 samples were 

required to detect a significant difference of the individual treatment methods with a confidence 

level of α=0.005. FTIR transmittance analysis was performed using a Spectrum One Spectrometer 

purchased from Perkin Elmer (Waltham, MA). FTIR spectra were obtained at a 4 cm-1 resolution, 

and 8 scans were performed per sample in the wavenumber range of 450-4000 cm-1 in 

absorbance/transmittance mode. A quadratic function was fitted to each spectrum and subtracted 

to perform baseline correction. To analyze electrospun fibers using FTIR, the fibers were removed 

from glass coverslips and secured at either end using a piece of tape. Each piece of tape was then 

sandwiched between two magnetic sheets in a film sample holder so that only the fibers were 

exposed. The relative amount of chloroform or HFP in electrospun fibers was determined by 

calculating the ratio of absorbance at a wavenumber associated with the solvent to the absorbance 

at a wavenumber associated with PLLA. By comparing absorbance peaks of PLLA and the 

corresponding solvent, a ratio of peak absorbances was calculated for each sample and condition.  

In addition, the ratio of peak absorbances was calculated at every time point to quantify the relative 
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amount of solvent that was retained over time. Relative solvent amount was a qualitative way to 

observe changes in amounts of retained solvent prior to quantitative mass characterization. This 

value allowed us to observe what portion of solvent was removed during treatment, but not the 

quantitative amount of solvent.   

The FTIR spectra and corresponding wavenumbers used for chloroform and HFP were 

determined by evaluating the baseline corrected FTIR spectra of pure chloroform (Fig. 2-1A) and 

pure HFP (Fig. 2-1B). The wavenumber used for PLLA was determined by evaluating the spectra 

of a PLLA film that was not exposed to any solvent (Fig. 2-2). For the PLLA, care was taken to 

select a PLLA wavenumber not overlapping with specific wavenumbers selected for unique 

covalent bonds in chloroform and HFP. The PLLA-specific peak was located at 867 cm-1. The 

FTIR spectra of PLLA (Fig. 2-2) showed a broad peak that ranged from 850 cm-1 to 885 cm-1. The 

literature suggests that a peak near 865 cm-1 corresponds to the C-COO bond in PLLA [132], [133]. 

The wavenumber 867 cm-1 was selected for our analyses because this is where the distinct C-COO 

peak occurred in our electrospun PLLA fiber samples. The chloroform and HFP peaks were 

located at 753 cm-1 and 894 cm-1 respectively. The peaks at these wavelengths correspond to the 

C-Cl stretch in chloroform [134], and the CF3 bonds in HFP [135], respectively. These peaks 

coincided with typical absorption wavenumbers for these chemicals obtained from the NIST 

chemical database [136]. By taking a ratio of solvent (chloroform or HFP) absorbance to PLLA 

absorbance the relative amount of solvent retained within fibers was determined.  Solvent retention 

within electrospun fibers has not been previously reported using FTIR.  Thus, a depiction of this 

method is presented in Figure 2-1 which displays the FTIR spectra for pure chloroform (Fig. 2-

1A) and pure HFP (Fig. 2-1B), and both chloroform/PLLA (Fig. 2-1C) and HFP/PLLA (Fig. 2-

1D) fibers with magnified regions to show changes in peak amplitudes after solvent removal 
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occurred after waiting 7 (Fig. 2-1E & 2-1G) or 28 (Fig. 2-1F & 2-1H) days after fabrication prior 

to FTIR analysis for chloroform/PLLA or HFP/PLLA fibers respectively.  

 

Figure 2-1. Full FTIR spectra for pure chloroform (A) or HFP (B). Arrows in A and B point to the 
chloroform (C-Cl) and HFP (CF3) specific peaks, respectively. (C, E, and G) full FTIR spectrum of 

chloroform/PLLA fibers with boxed footprint region (C), and zoomed in footprint region showing FTIR 
peak associated with chloroform (arrow, 753 cm-1) immediately after electrospinning (E) and 7 days after 
electrospinning (G). (D, F, and H) full FTIR spectra of HFP/PLLA fibers with boxed footprint region (D), 
and zoomed in footprint region showing FTIR peak associated with HFP (arrow, 894 cm-1) immediately 

after electrospinning (F) and 28 days after electrospinning (G). 
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Figure 2-2. Full FTIR spectra for unprocessed PLLA. 
 

2.3.5 Thermogravimetric Analysis 

Since FTIR detected the presence and relative amount of solvent in fibers, thermogravimetric 

analysis (TGA) was selected to quantify the mass of solvent. Due to the FTIR results being 

reproducible with little variation between independently fabricated samples, we analyzed a smaller 

sample size of n=3 during TGA.  Since FTIR data also displayed that there were no differences 

between earlier time points, day 2 and day 3 time points were eliminated for TGA analysis for 

both types of fibers.  Additionally, since we observed significantly more solvent retained in 

HFP/PLLA fibers, one longer time point was studied.  Specifically, the time points selected for 

TGA analysis were day 0, day 1, and day 7 for untreated chloroform/PLLA fibers and day 0, day 

1, day 7, and day 14 for untreated HFP/PLLA samples. The day 0 time point was selected to 

determine the quantity of solvent remaining in the fibers immediately after fabrication. The day 1 

time point in untreated fibers was analyzed for comparison to fibers 24 hours after receiving one-

time treatment (heating on 100 ⁰C hot plate, heating in 37 ⁰C incubator, submersion in 70% ethanol, 

or submersion in DI water). The 24 hour waiting period after treatment was necessary to ensure 

that fibers dried after submersion in ethanol or water. The later time points for each fiber type were 

selected to analyze the solvent removal in untreated fibers or with a longer-term treatment (control 
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and desiccator/vacuum treated fibers). All time points for chloroform/PLLA or HFP/PLLA fibers 

were analyzed using three independently fabricated fiber samples (n=3). 

 TGA was performed using a Q50 Thermogravimetric Analyzer (TA Instruments, New 

Castle, DE). For this procedure, TGA was performed on samples weighing 15 mg. TGA was 

conducted using a temperature ramp of 10 ⁰C/min to reach a temperature of 200 ⁰C, and thereafter 

a ramp of 20 ⁰C/min was used to reach the final temperature of 450 ⁰C. A weight/temperature curve 

was used to determine the quantity of solvent remaining in the fibers.  A sample weight 

temperature curve is displayed in Figure 2-3. Combustion of PLLA coincided with temperatures 

greater than 300 °C, and any weight changes between 50 °C and 90 °C were attributed to solvent 

evaporation.  

 
Figure 2-3. Thermogravimetric analysis (TGA) curve for electrospun HFP/PLLA fibers showing a solvent-

related decrease in electrospun fiber mass from 50-90 ºC. No corresponding weight drop is seen in 
unprocessed PLLA. 

 

2.3.6 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) was used to substantiate TGA and FTIR 

findings with solvent specific data. 1H NMR spectra were obtained using a Bruker SB 800 MHz 

Spectrometer, Bruker SB 600 MHz Spectrometer, or Agilent 500 MHz Spectrometer. Unprocessed 

PLLA (Fig. S2-1), chloroform, and HFP spectra were used as controls. To determine mole 
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percentages (mol%) of each solvent relative to the amount of PLLA in each sample, integrations 

of electrospinning solvent (chloroform or HFP) peaks were compared to the integrations of the 

peak that corresponds to the 1H in the PLLA backbone at days 0 and 7 for chloroform (Fig. S2-2 

& S2-3) and days 0 and 28 for HFP (Fig. S2-4 & S2-5). To calculate the mol% of HFP in 

electrospun fibers, the peak located at 4.54 ppm was integrated. This peak corresponds to the 

proton on the central carbon atom and was used due to the likelihood of the hydroxyl proton on 

HFP leaving over the course of experimentation. Different time points were used during NMR 

analysis for the different solvents to correspond with FTIR and TGA data from previous 

experiments, and because HFP was retained in fibers for a longer time (28 days) compared to 

chloroform (7 days). 

2.3.7 Statistical Analysis 

To analyze the correlation between FTIR relative absorbance data and corresponding TGA 

weight percentage data, we calculated the Pearson Correlation Coefficient (r). Raw data could not 

be used to calculate r because different sample sizes were used for FTIR (n=11) and TGA (n=3). 

As a result, all data input into equation 1 consisted of average FTIR relative absorbance values and 

corresponding average weight percentage values obtained during TGA. r was calculated for all 

FTIR data that had a corresponding TGA value. To clarify, since TGA was done at multiple time 

points for control fibers and only done at day 1 time points for treated fibers, r was calculated 

using all time points from control fiber analysis as well as all day 1 time points for treated fibers. 

r values were used to measure the ability of our FTIR analyses to predict solvent retention in 

electrospun fibers. Thus, all available chloroform and HFP data were analyzed separately. 

JMP IN software was used to analyze the statistics of the data and perform a power analysis to 

determine necessary sample size during FTIR experimentation.  A one-way analysis of variance 
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(ANOVA) was used to determine statistical differences in peak ratios obtained from FTIR 

experimentation and weight percentage values of residual solvent determined from TGA. Tukey-

Kramer HSD tests were used to compare all pairs that were determined to be statistically different 

during ANOVA (α=0.005). Eleven independent samples were analyzed in FTIR analysis (n=11). 

During FTIR analysis, a large number of samples was analyzed to achieve a higher confidence in 

our results, and n=11 was decided upon based on power analysis results. The higher confidence 

level was desired for this study to ensure that our results were reproducible using the approach 

described by Valen E. Johnson [137]. Statistical analysis of TGA and NMR data was done in 

triplicate (n=3). A smaller sample size was analyzed for these experiments due to the small 

variance and high reproducibility that was observed during FTIR experimentation.  

2.4  Results and Discussion 

2.4.1 Solvent Retention in Untreated Electrospun Fibers 

The main purpose of this study was to develop fast and easy methods to quantify solvent 

retention in electrospun PLLA fibers. Further, we assessed the ability of several simple fiber 

treatment methods to remove residual organic solvents from fibers. To achieve these goals, PLLA 

was electrospun using chloroform or HFP as organic solvents.  Finding the relative absorbance of 

chloroform or HFP via FTIR normalized the amount of solvent to the amount of PLLA, effectively 

removing scaffold thickness as a factor in this analysis. Since the amount of PLLA was assumed 

to be static, a decrease in the absorbance ratio of solvent:PLLA was attributed to a decrease in the 

amount of solvent in the scaffold. While this measurement cannot indicate total amounts of solvent 

in the scaffold, it can indicate relative amounts of solvent in the scaffold. 
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Using FTIR analysis, the initial relative absorbance of both chloroform (1.08 ± 0.02) and HFP 

(0.95 ± 0.02) in their respective fibers decreased over time to final values of 0.87 ± 0.01 and 0.71 

± 0.04 respectively (Fig. 2-4A & 2-4B). In untreated fibers, the FTIR absorbance of chloroform, 

decreased to a final, minimal value after 7 days while the relative absorbance of HFP did not reach 

its minimal value until day 28. After these time points, there were no significant changes in the 

relative absorbance values of either solvent. One day after electrospinning, the relative absorbance 

of solvent in either chloroform/PLLA or HFP/PLLA fibers decreased significantly to values of 

0.93 ± 0.02 and 0.86 ± 0.02 respectively. However, after this first 24 hour period, the relative 

absorbance of chloroform in fibers did not decrease significantly until day 3 to a value of 0.89 ± 

0.02 (data not shown) followed by the final significant decrease in relative absorbance that was 

observed on day 7 (0.87 ± 0.01). The relative absorbance of HFP in fibers decreased significantly 

seven days after fiber fabrication to a value of  0.78 ± 0.03 followed by a final significant decrease 

in relative absorbance on  day 28 (0.71 ± 0.04). These decreases in relative absorbance as time 

progressed indicated that solvent was retained within our fibers. The next step was to verify this 

and quantify the amount of retained solvent within the fibrous scaffolds using TGA.  
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Figure 2-4. FTIR analysis conducted on untreated electrospun chloroform/PLLA fibers (A) and 

HFP/PLLA (B) fibers for detection of retained solvent, as well as quantification of chloroform (C) or HFP 
(D) in respective fibers via TGA. Groups with non-matching numbers of * denotes statistical significance 

among GROUPS (P<0.005, N=11 FOR FTIR, n=3 for TGA). 
 

The boiling points of chloroform and HFP are 61°C and 58 °C respectively. During TGA, all 

observed weight changes occurred between 50 °C and 90 °C and were thus attributed to solvent 

removal. After completing TGA on untreated electrospun chloroform/PLLA fibers, the 

electrospun fibers contained 8.41±0.60 weight percentage of chloroform (Fig. 2-4C) immediately 

after electrospinning. In contrast, electrospun fiber scaffolds fabricated using the solvent HFP 

contained 15.48±0.60 weight percentage of HFP immediately after electrospinning (Fig. 2-4D). 

The weight percentage of retained chloroform in untreated electrospun fibers after seven days was 

1.56±0.51 which was statistically significant compared to the amount of retained chloroform at 

previous TGA time points of day 0 (8.41±0.60) and day 1 (3.96±0.92). The weight percentage of 

retained HFP in fibers, however, did not change significantly after the first 24 hours post-
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fabrication. After 24 hours, HFP/PLLA fibers retained 12.23±0.99 weight percentage of HFP 

which decreased to 10.32±1.09 weight percentage after 7 days and 9.31±1.34 weight percentage 

of retained HFP after 14 days. These results coincided with our FTIR findings that suggested that 

solvent was present after electrospinning and left the fiber scaffolds over time. 

NMR spectroscopy was done on a small subset of untreated electrospun fiber samples to verify 

the presence of either chloroform or HFP in fibers at both an early and a late time point. This was 

necessary to confirm that the weight changes observed during TGA were attributable to solvent 

loss and not loss of water. Water retention was suspected since moisture may have been 

incorporated in the electrospun fibers due to ambient humidity. Immediately after electrospinning, 

chloroform/PLLA fibers retained 3.32±0.36 mol % chloroform (mol chloroform/mol PLLA) (Fig. 

2-5). HFP/PLLA fibers retained 5.13±0.27 mol % HFP (mol HFP/mol PLLA) immediately after 

electrospinning (Fig. 2-5). Seven days after electrospinning, the mol % of chloroform in untreated 

chloroform/PLLA fibers decreased significantly to 1.1±0.68 mol %. After 28 days, the mol % of 

HFP in HFP/PLLA fibers decreased significantly to 1.76±0.15 mol%. NMR data substantiated our 

claim that significant amounts of electrospinning solvent were retained in fibers after 

electrospinning, and supported both FTIR and TGA as viable methods to quantify solvent retention 

in electrospun fibers. 
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Figure 2-5. NMR solvent mol % in electrospun fibers immediately after electrospinning and 7 or 28 days 

after electrospinning for chloroform or HFP respectively. * indicates a day 7 chloroform mol % 
significantly lower than the chloroform mol % at day 0. ** indicates a day 28 HFP mol % significantly 

lower than the HFP mol % at day 0 (p<0.005). 
 

Although NMR analysis proved the presence of residual solvent within electrospun PLLA 

fibers, it did not completely eliminate water retention as a possibility for TGA weight changes. 

The NMR peak located at δ≈1.6 ppm likely screened the NMR peak for the 1H in water (Fig. S2-

1 – S2-5). To estimate how much water was retained in fibers, TGA weight changes at day 0 time 

points were converted to mol percentages (mol solvent/mol PLLA). For chloroform/PLLA fibers, 

TGA weight change data corresponds to a 3.9 mol % of chloroform in fibers immediately after 

electrospinning. NMR results show a 3.3 mol % of chloroform in fibers at the same time point. 

Similarly, TGA shows 5.5 mol % of HFP retained in fibers immediately after electrospinning, and 

NMR shows a 5.13 mol% of HFP in fibers at the same time point. The small discrepancies between 

mol percentages from TGA and NMR are likely attributable to the small degree of water retention 

in fibers, although this was not verified. There was, however, no significant change in NMR peak 

integration between unprocessed PLLA and electrospun PLLA fibers. This suggested that a 

negligible amount of water was retained in fibers. Thus, due to large amounts of solvent being 

retained in electrospun fibers, our study shifted to evaluating approaches for fast, efficient removal 

of electrospinning solvent.  
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2.4.2 Solvent Retention in Heat Treated Electrospun Fibers 

Upon observing significant amounts of residual solvent in electrospun fibers over a significant 

period of time when fibers were placed in a room temperature environment, the study shifted to 

exploring different techniques for efficient solvent removal. Initially, we hypothesized that simple 

heat treatments would remove solvent by evaporation. To evaluate the efficacy of solvent removal 

by heat treatment, we used two different heating regimens: 1) heating in a 37 °C cell culture 

incubator or 2) heating on a 100 °C hot plate.  Incubator heating was selected since many fiber 

scaffolds are placed into incubator settings during cell culture experiments. The 100 °C 

temperature was selected since TGA data (Fig. 2-3) showed no changes in weight percentage past 

100 °C. Therefore, if the assumption was correct that the weight change occurring during TGA 

was due to solvent leaving the electrospun fibers, then the 100 °C treatment temperature should 

efficiently remove retained solvent. Because the treatment procedure consisted of performing the 

treatment and waiting until the following day before performing FTIR or TGA analysis, all values 

reported in this section were obtained 24 hours after fiber fabrication.  

Both types of heat treatments significantly decreased the relative absorbance of each solvent 

compared to the relative absorbance of chloroform (0.93±0.02) or HFP (0.86±0.02) in untreated 

fibers (Fig. 2-6A & 2-6B). However, for both chloroform and HFP, the differences in relative 

absorbance between hot plate treated fibers (0.85±0.02 for chloroform and 0.73±0.05 for HFP) 

and incubator treated fibers (0.85±0.01 for chloroform and 0.73±0.05 for HFP) were not 

statistically significant. 
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Figure 2-6. FTIR and TGA analysis of electrospun chloroform/PLLA FIBERS (A & C) or HFP/PLLA 
fibers (B & D) after treatment on a 100 ºC hot plate or in a 37 ºC cell culture incubator. Groups with non-
matching numbers of * denotes statistical significance among groups (*p<0.005, n=11 for FTIR, n=3 for 

TGA). 

TGA was used to quantify the amount of either solvent remaining in fibers after heat treatment. 

The weight percentages of retained chloroform after treatment on the 100 °C hot plate (0.45±0.04) 

or in the 37 °C cell culture incubator (1.77±0.21) were significantly different from each other and 

significantly less than the weight percentage of retained chloroform in untreated fibers (3.96±0.92, 

p<0.005) (Fig. 2-6C). After heat treatment using a 100 °C hot plate, the weight percentage of 

retained HFP in HFP/PLLA fibers was 0.32±0.05, statistically less than the weight percentage of 

retained HFP using heat treatment facilitated by a cell culture incubator (5.43±0.31) or the weight 

percentage of retained HFP in untreated fibers (12.23±0.99) (Fig. 2-6D). Thus, we establish heat 

treatment as a viable fiber treatment method to facilitate solvent removal.   

Although our results indicate that heating at 100 °C is an effective method of removing solvent 

from electrospun fibers, heating fibers made from PLLA above PLLA’s glass transition 

temperature will alter the mechanical characteristics of the fibers such as the stiffness and 
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degradation rate, and could thus have confounding effects on any further experiments. Although 

the effects of changing stiffness of electrospun fibers on cultured cells have not been extensively 

studied, other studies show the adverse effects of increased material stiffness on neuronal 

extension [138], neural stem cell viability [139], and cytoskeletal arrangement [140]. Further, it is 

important to note here that although FTIR relative absorbances were not statistically different 

between incubator and hot plate treated fibers for fibers fabricated using either solvent, the TGA 

weight percentage values were. The weight percentage of either solvent was significantly lower 

after hot plate treatment compared to incubator treatment. We expect that this discrepancy was the 

result of polymer crystallization occurring during hot plate treatment. This increase in polymer 

crystallinity likely increased light scattering during FTIR analysis which consequently caused an 

increase in FTIR relative absorbance for hot plate treated fibers. 

2.4.3 Solvent Retention in Liquid Submerged Electrospun Fibers 

 Heat treatment successfully removed retained solvent, with heat treatment on the hot plate 

more effective overall than incubator heat treatment. Since there was concern with hot plate heat 

treatment affecting polymer crystallinity and incubator treatment not removing solvent quickly, 

additional solvent removal approaches were investigated. Liquid submersion was hypothesized to 

be a technique that may remove electrospinning solvent quickly without requiring heat. Since 70% 

ethanol (v/v in water) is commonly used to sterilize electrospun fibers prior to cell culture, we 

investigated the ability of 70% ethanol submersion to remove chloroform or HFP. In addition, 

deionized water was investigated since HFP, in particular, is soluble in water. Liquid submersion 

treatment of electrospun fibers in DI water for four hours significantly reduced the relative 

absorbance of chloroform (0.89±0.01) compared to control values of 0.93±0.01. Water 

submersion, however, did not significantly reduce the relative absorbance of HFP (0.83±0.02) in 
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fibers compared to controls (0.86±0.02) (Fig. 2-7A & 2-7B). Submersion of fibers in 70% ethanol 

(v/v in water), however, significantly decreased both the relative absorbance of chloroform 

(0.82±0.01) and the relative absorbance of HFP (0.62±0.05) compared to control values (Fig. 2-

7A & 2-7B).  

 

Figure 2-7. FTIR and TGA analysis of electrospun chloroform/PLLA fibers (A & C) or HFP/PLLA fibers 
(B & D) after treatment via submersion in 70 % ethanol or in DI water. Groups with non-matching 

numbers of * denotes statistical significance among groups (*p<0.005, n=11 for FTIR, n=3 for TGA). 
 

 TGA analysis of fibers submerged into the previously mentioned liquids mostly 

corroborated with FTIR results. The decrease in the relative absorbance of chloroform after water 

submersion, however, was not matched with a significant decrease in the weight percentage of 

chloroform after water submersion. Submersion in 70% ethanol (v/v in water) significantly 

decreased the weight percentage of retained chloroform from 3.96±0.92 (control) to 0.20±0.06 

(ethanol treatment) (Fig. 2-7C).  Treatment in DI water did not significantly reduce the weight 

percentage of retained chloroform in fibers (3.84±0.24) (Fig. 2-7C). Similarly, submersion in 
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ethanol significantly decreased the weight percentage of retained HFP in fibers from 12.23±0.99 

(control) to 0.54±0.32 (ethanol treatment) (Fig. 2-7D).  Fibers submerged in DI water retained 

9.81±1.21 weight percentage HFP, which was not statistically different from control samples (Fig. 

2-7D). Thus, liquid submersion using 70% ethanol (v/v in water) proved to be an approach that 

rapidly removed electrospinning solvent. Further, because submersion in 70% ethanol also results 

in simultaneous sterilization of fiber samples for subsequent use in vitro or in vivo, we deemed this 

to be the most efficient method of solvent removal from electrospun PLLA fibers. The literature 

does suggest, however, that ethanol treatment of PLLA will increase polymer crystallinity, but to 

a much lesser extent than heat treatment [141]. This makes 70% ethanol submersion the best 

candidate for solvent removal while preventing drastic changes in the mechanical characteristics 

of PLLA. 

2.4.4 Correlation between FTIR and TGA Data 

To statistically determine if FTIR analysis was an accurate predictor of solvent retention, the 

Pearson’s Correlation Coefficient (r) was calculated for all available corresponding FTIR and 

TGA data. The r values in Table 2-1 show that FTIR and TGA data have a very-high (0.9-1.0) 

positive correlation [142]. Correlation between FTIR and TGA data was calculated for both 

solvents separately. Alternative r values were also calculated for each solvent after removing data 

obtained when analyzing fibers that were heated to 100 °C on a hot plate. This was done after 

observing the aforementioned discrepancy between FTIR and TGA data on hot plate and incubator 

treated samples (Fig. 2-6). After removing hot plate data, r values increased for both solvents 

(Table 2-1). This indicated that FTIR in this type of analysis may have varying efficacies which 

may result from changes in molecular structure. The FTIR and TGA data, however, did remain 

highly correlated even with hot plate data included. Pearson correlation coefficients combined with 
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TGA data and NMR results, that verify the presence of solvent, indicate that FTIR is a fast, viable 

tool for determining relative amounts of solvent in this polymer system.  

Table 2-1. Correlative analysis of FTIR and TGA data. 

 Data Set 

 Chloroform 
Chloroform 

w/o Hot Plate 
HFP 

HFP w/o 
Hot Plate 

Pearson’s 
Correlation 

Coefficient (r) 
0.97 0.98 0.91 0.97 

 

 r values were very high for FTIR and TGA data when analyzing either solvent. It is 

important to note, however, that FTIR relative absorbance values of HFP were lower than relative 

absorbance values of chloroform even though more HFP was retained in fibers. Although FTIR 

was determined to be an accurate predictor of solvent retention in electrospun fibers, it is 

chemically specific and strictly qualitative.  

2.5  Conclusions 

In this work, we establish that both FTIR and TGA can be used to accurately assess chloroform 

and HFP retention in electrospun PLLA fibers. FTIR analysis only provided relative amounts of 

retained solvent in fibers. With a minimal amount of extra TGA or NMR analysis, however, FTIR 

protocols can be assembled that are specific to various polymer/solvent fiber systems. This 

represents an easy way to quickly and accurately study solvent retention in electrospun fibers and 

remove solvent retention as a possible confounding variable for any experimental results obtained 

using these fibers. Further, we detected that an average of 8.41±0.60 % or 15.48±0.60 % of the 

fiber’s mass contained chloroform or HFP respectively immediately following electrospinning. 

The most efficient methods of solvent removal included submerging fibers in 70% ethanol, and 
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heating the scaffolds on a 100 °C hot plate.  Placing the scaffolds in a 37 °C cell culture incubator 

was the next most effective method. Further, treatment with 70% ethanol seemed to be the most 

efficient method of solvent removal because this treatment would also result in simultaneous 

sterilization of fiber samples prior to subsequent use in vitro or in vivo. With this knowledge, it is 

evident that electrospun fibers may retain significant amounts of solvent after fabrication, and we 

present quick and reliable methods to quantify and remove solvent from these scaffolds.  
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2.7  Supplemental Figures 

 
Figure S2-1. 1H NMR Spectrum for PLLA control. 1H NMR (600 MHz, CD2Cl2). PLLA shifts are δA 5.20 

ppm (1H) and δB 1.59 ppm (3H). The signal at δ 5.36 ppm is from CH2Cl2. 
 

 

 
Figure S2-2. 1H NMR Spectrum for chloroform/PLLA fibers immediately after fabrication. 1H NMR (600 
MHz, CD2Cl2). PLLA shifts are δA 5.20 ppm (1H) and δB 1.59 ppm (3H). CHCl3 shift (C) is δC 7.36 ppm 

(1H). The signal at δ 5.36 ppm is from CH2Cl2. 
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Figure S2-3. 1H NMR Spectrum for chloroform/PLLA fibers 7 days after fabrication. 1H NMR (800 MHz, 
CD2Cl2). PLLA shifts are δA 5.21 ppm (1H) and δB 1.60 ppm (3H). CHCl3 shift is δC 7.36 ppm (1H). The 

signal at δ 5.36 ppm is from CH2Cl2. 
 

 
Figure S2-4. 1H NMR Spectrum for HFP/PLLA fibers immediately after fabrication. 1H NMR (800 MHz, 
CD2Cl2). PLLA shifts are δA 5.20 ppm (1H) and δB 1.60 ppm (3H). HFP shifts are δD 4.54 ppm (1H) and δE 

3.33 ppm (hydroxyl) (1H). The signal at δ 5.36 ppm is from CH2Cl2. 
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Figure S2-5. 1H NMR Spectrum for HFP/PLLA fibers 28 days after fabrication. 1H NMR (800 MHz, 

CD2Cl2). PLLA shifts are δA 5.18 ppm (1H)and  δB 1.58 ppm (3H). HFP shifts are δD 4.55 ppm (1H) and δE 
3.70 ppm (1H). The signal at δ 5.37 ppm is from CH2Cl2. 

 

 

Figure S2-6. FTIR analysis of chloroform/PLLA fibers (A) or HFP/PLLA fibers (B) after treatment in 
either desiccator or vacuum conditions for the duration of FTIR experimentation, with accompanying 

TGA data for HFP/PLLA fibers treated in vacuum conditions (C). (*p< p<0.005, n=11 for FTIR, n=3 for 
TGA). 
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3. REMOVAL OF RETAINED ELECTROSPINNING SOLVENT 

PROLONGS DRUG RELEASE FROM ELECTROSPUN 

PLLA FIBERS  
 

3.1  Abstract 

A major challenge in developing drug-releasing electrospun nanofibers is obtaining long-term 

drug release over many weeks with no burst release of drug. Here, we present new methods capable 

of prolonging the diffusive release of small molecule drugs from electrospun poly-L-lactic acid 

(PLLA) nanofibers. The methods focus on removal of retained electrospinning solvent through 

fiber heating, maintaining fibers in a laboratory setting, or a combination of these methods. These 

post-fabrication treatments altered the release characteristics of a model small molecule drug, 6-

aminonicotinamide (6AN), from PLLA fibers. Specifically, untreated fibers released 6AN over 9 

days, and fibers that underwent a combined treatment of maintenance in a laboratory setting and 

heating released 6AN over 44 days. The unique and simple method presented here prolongs 

diffusive release of a small molecule drug from electrospun fibers and has potential to assist in 

lengthening small molecule drug release from a variety of polymeric nanomaterials. 

 

 

 

 

 

This chapter previously appeared as: A. R. D’Amato et al., “Removal of retained electrospinning solvent prolongs 
drug release from electrospun PLLA fibers,” Polymer, vol. 123, no. Supplement C, pp. 121–127, Aug. 2017. 
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3.1  Introduction 

Electrospun fibers are created for applications including filtration,[143]–[145] battery 

fabrication,[146]–[148] tissue engineering[122], [149]–[152] and drug or protein delivery [41], 

[153]–[156]. For cellular applications, electrospinning creates polymer nanofibers with diameters 

similar to those of fibrous proteins found in the extracellular matrix. Due to the fibers resembling 

the structure of the extracellular matrix, aligned, electrospun fibers are used as tissue engineering 

scaffolds to guide directional tissue regeneration. In recent years, however, electrospun fiber 

scaffolds are developed to deliver drug locally. By incorporating a drug within the polymer matrix 

of electrospun fibers, these scaffolds can provide physical cues that facilitate fast tissue 

regeneration while also delivering drugs to an injury site. Different approaches can modify the rate 

of drug release, including changing the amount of drug loaded into fibers, [40], [41], [157] altering 

fiber diameter, [158], [159] selecting different polymers or utilizing different polymer 

concentrations, [41], [157], [158] or selecting specific solvents [158], to name a few. These fiber 

modifications are necessary since electrospun fibers frequently release drugs in a burst fashion 

within hours or days. However, a burst release of drug is not beneficial for situations requiring 

long-term drug delivery. 

Among studies that utilize electrospun Poly-L-lactic acid (PLLA) fibers as drug delivery 

vehicles there are large differences in the release rates of drugs from fibers [40], [41], [157], [158], 

[160]. A study by Kenawy and colleagues shows an abbreviated release of tetracycline HCl from 

electrospun PLLA fibers occurring instantaneously upon submersion in release buffer [157]. In 

contrast, Roman et al. show prolonged release of paclitaxel from electrospun PLLA fibers that 

lasted for 84 days [40]. A study by Zeng and colleagues discusses the effects of drug solubility 

and compatibility in a drug/polymer/solvent system, which potentially explains the drastic 
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differences in release kinetics observed from these various fiber scaffolds. This study showed that 

selecting a drug that is more compatible within a drug/polymer/solvent system will result in better 

encapsulation of drug within fibers and thus prolong the drug release from fibers [39]. However, 

for scenarios where a drug or polymer within a drug/polymer/solvent system cannot be altered, it 

is necessary to develop procedures to alter drug release kinetics from these fibers.  

In this study we developed a new method to obtain sustained release of the hydrophobic drug, 

6-aminonicotinamide (6AN), from slowly degrading, hydrophobic, electrospun PLLA nanofibers.  

To prolong the release of 6AN, our new method focused on removing retained solvent in fibers 

following electrospinning. A recent study conducted by D’Amato et al. revealed large amounts of 

the electrospinning solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) being retained in electrospun 

PLLA fibers after fabrication [161]. Retained solvent plasticizes the polymer and creates free 

volume between polymer chains.  Furthermore, retained solvent can potentially complex with drug 

and shuttle drug out of the fiber quickly when the fiber is immersed in an aqueous environment. 

Therefore, we hypothesized that removing retained solvent would prolong 6AN release from 

PLLA fibers by decreasing the free volume within the polymer matrix and eliminating the potential 

of the solvent to shuttle drug out the fiber quickly. To our knowledge, removing retained solvent 

from drug-containing electrospun fibers to alter drug release kinetics is a new approach not before 

examined in the literature. 

3.2  Materials and Methods 

3.2.1 Materials  

PLLA (NatureWorks; grade 6201D) was purchased from Cargill Dow LLC (Minnetonka, 

MN). HFP (Product No. 105228) was purchased from Sigma-Aldrich Corp (St. Louis, MO). 6AN 
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(Product No.  L06692) was purchased from Alfa Aesar (Haverhill, MA). Glass cover slips (15x15 

mm) were purchased from Knittel Glass (Brausenweig, Germany). Syringes (5 mL) and needles 

(22 ½ gauge) were purchased through Becton Dickinson (BD, Franklin Lakes, NJ). Hermetic DSC 

pans (TA instruments, Product No. A40548-04) and lids (TA instruments, Product No. A39817-

2) were purchased from DSC Consumables Inc. (Austin, MN). 

3.2.2 Description of Electrospinning Apparatus 

The Gilbert lab electrospinner is completely housed in a 35 in. x 36 in. dissipative PVC glove 

box (Terra Universal, Fullerton, CA). This closed environment allows for accurate humidity 

control through the use of a humidifier and dry air supply. The electrospinner is described in detail 

in previously published literature from the Gilbert laboratory. Briefly, electrospinning solutions 

were pumped out of a 5 mL syringe through a 22 ½ gauge needle that was attached to a Gamma 

High Voltage Power Supply (Model No. ES5OP-10W, State College, PA). Fibers were collected 

on 15 x 15 mm glass cover slips that were attached to a grounded, spinning aluminum disk (22 cm 

diameter, 1 cm thick). 

3.2.3 Electrospun Fiber Fabrication and Treatment 

6AN-releasing electrospun PLLA fibers were electrospun from a polymer solution containing 

12% w/w PLLA in HFP with 10% w 6AN/w PLLA added to the solution. All solutions were 

electrospun with a relative humidity of 33% ± 3% inside of the electrospinning environment with 

a rotational wheel speed of 1000 rpm, and an applied voltage of 10 kV. Fibers were electrospun 

for 15 minutes. 

After electrospinning, fibers were exposed to various solvent removal treatments. A previous 

study by D’Amato et al. showed that ~15.5% w/w of HFP in PLLA remains in fibers after 
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electrospinning [161]. Briefly, that study showed that leaving fibers in a laboratory environment 

for 14 days reduced the amount of retained HFP in fibers to ~9% w/w, and heating fibers in an 

incubator reduced the amount of retained HFP in fibers to ~6% w/w after a single, four hour 

treatment. The previous study by D’Amato and colleagues revealed the ability of these two 

techniques to remove residual solvent from electrospun fibers. This motivated us to study how 

residual solvent and its removal may effect drug release from fibers. Importantly, drug was not 

included in the fibers in this previous study. Since 6AN has affinity for HFP, it is possible that 

following electrospinning, more solvent was retained in the current study then was previously 

reported. 

Fiber scaffolds in the current study were either left in the laboratory at ambient conditions for 

28 days, placed in a cell culture incubator for 4 hours, or left in ambient conditions for 28 days 

followed by 4 hour incubation. The cell culture incubator was maintained at 37 °C, 5 % CO2, and 

90% – 95% relative humidity. The 28 day time point was selected based on a previous study that 

showed that HFP elutes slowly out of electrospun fibers over the course of weeks following 

fabrication [162]. Fibers that were characterized immediately after electrospinning without further 

treatment served as a control. The treatment groups analyzed in this study were chosen after an 

initial set of experiments where fibers were heated in the incubator or on a hot plate to 40 °C or 

100 °C for four hours. These treatments were performed either immediately after electrospinning 

or 28 days after electrospinning as previously described. The incubated fiber groups showed the 

most interesting data by releasing an increased amount of 6AN over a significantly increased 

period of time. Thus, these groups were studied in further detail in the current study.  
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3.2.4 Morphological Characterization of Electrospun Fibers 

Since drug release from electrospun fibers can be affected by fiber diameter, scanning electron 

microscopy (SEM) was performed on all fiber scaffolds to characterize fiber diameter. In 

preparation for SEM, all electrospun fiber scaffolds were sputter coated with a 5 Å thick layer of 

platinum using a Technics Hummer V sputter coater (Anatech Ltd., Denver, NC). SEM was 

conducted using a FEI Versa 3D DualBeam SEM (Hillsboro, OR). Low accelerating voltages (2 

– 5 kV) were used during SEM to prevent melting the polymer fibers while imaging. Fiber SEM 

images were analyzed using NIH ImageJ software (Bethesda, MD). Briefly, fiber cross-sectional 

diameters were measured in ImageJ, and the pixel length of this diameter was compared to the 

pixel length of the accompanying image scale bar to obtain a fiber diameter value. Three 

independently fabricated electrospun fiber scaffolds were imaged for each fiber group and 100 

fiber diameters were analyzed in each fiber scaffold. Thus, a total of 300 fiber diameters were 

measured for each fiber treatment group. 

3.2.5 6AN Release and Loading Characterization 

 6AN Standard Curve 

To create a standard curve for 6AN concentrations, 10 mg of 6AN was dissolved in 10 mL of 

PBS. A 1:10 dilution was performed to obtain a 6AN concentration of 100 µg/mL, followed by a 

serial 1:2 dilution to a final 6AN concentration of 0.2 µg/mL. The standard curve was created by 

reading UV absorbance at 267 nm (A267) over the range of 6AN concentrations in a Tecan Infinite 

M200 plate reader (Morrisville, NC). A267 values were plotted against concentrations to obtain a 

standard curve. This procedure was performed in triplicate using three independently fabricated 

6AN stock solutions.  
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 6AN Release Characterization   

6AN-releasing scaffolds were submerged in 1 mL of PBS 24 hours after either electrospinning 

or fiber treatment. Every 24 hours, 100 µL of PBS was removed and A267 was assessed using a 

plate reader. A267 values were converted to 6AN concentrations using the previously obtained 

standard curve. After UV analysis, the remaining PBS on each fiber scaffold was removed and 

replaced with 1 mL of fresh PBS. After 14 days, 6AN concentration was assessed every 48 hours 

instead of every 24 hours to increase A267 values since 6AN release at later time points was lower 

than earlier time points. 

 6AN Loading Capacity 

After fabrication, 6AN-loaded scaffolds were dissolved in 1 mL of HFP. A267 of the solution 

was assessed using a plate reader to determine the amount of 6AN incorporated into each fiber 

scaffold. A267 values were converted to 6AN concentrations using a standard curve of 6AN 

concentrations in HFP. This standard curve was prepared independently of the standard curve used 

to characterize 6AN release in PBS.  

3.2.6 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed to analyze changes in the glass 

transition temperatures (Tg) and % crystallinities of electrospun fiber scaffolds after the various 

treatments. Fibers were removed from the collection wheel after electrospinning and 5 mg samples 

were collected and placed into hermetic DSC pans. A hermetic DSC lid was crimped onto the pan 

to seal the sample inside of the pan. DSC was then performed on three independently fabricated 

samples for each experimental fiber group. A thermal cycle from 20 °C to 180 °C and back to 20 

°C was used with a 10 °C/min heating and cooling ramp. DSC curves were then used to determine 
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Tg, and enthalpy changes during polymer crystallization (ΔHC) and melting (ΔHM) using TA 

Universal Analysis software. Fiber % crystallinity was calculated using equation (3.1).  

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 = 100 ∗
∆ ∆

∆
                                           (3.1) 

3.2.7 Statistical Analysis 

All statistical analysis was performed using JMP IN software (Release 8.0.1; SAS, Cary, NC). 

A one-way ANOVA was used to analyze statistical differences in fiber diameter, Tg, and duration 

and amount of 6AN release from fibers. A post-hoc Tukey’s HSD test was used to compare values 

directly between differentially treated fibers. Statistical differences with p<0.005 were considered 

statistically significant.  

3.3  Results  

6AN release from electrospun PLLA fibers is summarized in Table 3-1. Fibers loaded with 

6AN that were untreated (fibers with a high degree of retained solvent) and submerged in PBS 

immediately after fabrication released 6AN in a burst fashion over 4 days (Figure 3-1A). This 

initial burst release was followed by minimal release that ceased after 9 days.  Fibers placed in the 

incubator for four hours after fabrication (Figure 3-1B) released 6AN in a similar manner. These 

fibers, however, released more 6AN than the control fibers (Table 3-1), and the burst release was 

delayed by two days. Release from incubator-treated fibers also ceased after 9 days. Fibers that 

were left in ambient lab conditions for 28 days following fabrication (Figure 3-1C) released drug 

differently than the previous two scaffolds. These fibers initially released drug in a similar burst 

fashion, however, this burst was followed by sustained 6AN release that persisted until day 32. 

These fibers released more than twice the amount of 6AN released from control fibers (Table 3-

1). The final scaffold that consisted of fibers that were left in ambient lab conditions for 28 days 
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prior to incubator heating released 6AN most uniquely (Figure 3-1D). These fibers received 

combined treatment and released 6AN in a linear fashion (linear fit R2=0.9) with no burst release 

over the course of 44 days (~5-fold increased release duration compared to control fibers). These 

fibers also released more than twice the amount of 6AN that control fibers released. The increased 

amounts of 6AN released from treated fibers were not statistically significant compared to the 

amount of 6AN released from control fibers using Tukey’s HSD. The increases in drug release 

duration, however, were statistically significant for both sets of fibers that were maintained in the 

lab for 28 days prior to treatment or release (p<0.005). 

 

Figure 3-1. Release profiles of 6AN from electrospun nanofiber scaffolds. (A) Scaffold submerged in PBS 
immediately after electrospinning. (B) Scaffold placed in incubator for 4 h immediately after 

electrospinning, then submerged in PBS. (C) Scaffold left out in laboratory for 28 days prior to submersion 
in PBS. (D) Scaffold left out in laboratory for 28 days prior to being placed in the incubator for 4 h and 

then in PBS. (n = 3, data represented are mean values ± standard error of means). 
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Table 3-1. Summary of 6AN release from electrospun fibers. 

Time of treatment Treatment 
Total 6AN 

released (µg) 
Percentage of incorporated 

6AN released (%) 
Release duration 

(days) 

0 days post 
fabrication 

Unheated (●) 8.2 ± 4.2 8.1 ± 4.2 9 

Incubator (▲) 11.8 ± 4.0 11.6 ± 3.9 9 

28 days post 
fabrication 

Unheated (●) 17.8 ± 4.0 17.6 ± 4.0 32 

Incubator (▲) 18.1 ± 6.1 17.9 ± 6.0 44 

 

After observing that treated fibers released more 6AN than untreated controls, we analyzed the 

amount of 6AN loaded into the fibrous scaffolds during fabrication. These additional experiments 

were conducted to determine if all of the 6AN was being released after treatment or if drug 

remained within the fibers after release had ceased. Prior to release or treatment, fiber scaffolds 

contained 101.1 ± 12.4 µg of 6AN. The fiber scaffold that released the most 6AN (fibers that were 

incubated after 28 days in the lab) released only 17.9 ± 6.0 % of the 6AN that was incorporated 

into the fibers (Table 3-1). 

To determine the mechanism by which the varying fiber treatments affected drug release 

characteristics from electrospun fibers, we first explored potential changes in fiber morphology. 

Representative SEM micrographs of each fiber scaffold are presented in Figure 3-2A-D.  

Immediately after electrospinning, untreated fibers had a diameter of 798 ± 55 nm. All three 

solvent removal techniques resulted in statistically significant changes in fiber diameter compared 

to untreated controls (Figure 3-2E). Specifically, the average diameter of electrospun fibers that 

were placed in the incubator immediately after fabrication increased significantly to 839 ± 61 nm. 

The average diameter of electrospun fibers that were maintained in laboratory conditions for 28 

days had a decreased average diameter of 761 ± 67 nm, and fibers that were incubated after 28 day 

maintenance in lab conditions had an increased diameter of 809 ± 70 nm. Because there were no 
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observable trends relating drug release kinetics and fiber diameter, we explored a second potential 

mechanism by which drug release kinetics were prolonged through fiber treatment.  

 

Figure 3-2. Electrospun fiber SEM and characterization. (A-D) SEM micrographs of electrospun fibers 
that were (A) untreated, (B) placed in cell culture incubator immediately after electrospinning, (C) 

maintained in laboratory conditions for 28 days after electrospinning, or (D) placed in the incubator 28 
days after electrospinning. (E) Fiber diameter was analyzed using FIJI software. (n = 3 for fiber diameter 

analysis, all data reported are mean values ± std. error of means, *p < 0.005 using Tukey's HSD). 
 

The second mechanism examined the changes in polymer free volume in the fibers that 

occurred during solvent removal treatments. To analyze polymer free volume we used differential 

scanning calorimetry (DSC) to analyze the glass transition temperatures (Tg) of all four fiber 

scaffolds (Figure 3-3A). An increase in polymer Tg occurs when the free volume in a polymer 

decreases. Freshly prepared, unheated fibers had a Tg of 37.1 ± 1.2 °C. After incubation, the freshly 

prepared fibers had an increased Tg of 51.4 ± 0.5 °C. Fibers that were left in lab conditions for 28 



 

57 
 

 

days had a Tg of 49.5 ± 0.6 °C, and fibers that were heated in the incubator after 28 days of 

laboratory maintenance had a Tg of 55.5 ± 0.5 °C (Figure 3-3B).  

 

Figure 3-3. Electrospun fiber DSC and analysis. (A) Representative DSC curves for all treated fiber 
samples. (B) Glass transition temperatures (Tg), and (C) calculated % crystallinities for all fiber samples. 

(n = 3 for all DSC analyses, all data reported are mean values ± std. Error of means, *p < 0.005 using 
Tukey's HSD). 

 

To substantiate our analysis of Tg we also determined % crystallinity of all electrospun 

fiber scaffolds (Figure 3-3C). Using DSC, the % crystallinity of fibers were 16.78 ± 2.29 % for 
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freshly prepared, unheated fibers, 23.44 ± 2.37 % for freshly prepared, incubator heated fibers, 

21.93 ± 1.54 % for fibers that were held in lab conditions for 28 days, and 23.59 ± 3.03 % for 

fibers that were held in lab conditions for 28 days prior to incubator heating. Although the 

differences in % crystallinity among fiber groups were not statistically significant, the trend in 

crystallinity mimicked the observed trend in Tg nearly identically.  

3.4  Discussion 

The current study focused on four distinct electrospun fiber scaffolds that were each exposed 

to a different solvent removal treatment regimen. The major findings of this study were: 1) Long 

term solvent removal (28 days) from electrospun PLLA fibers followed by heating in an incubator 

increased the duration of 6AN release from fibers by  a factor of ~5 compared to untreated controls. 

2) All solvent removal treatments increased the amount of 6AN released from electrospun fibers. 

3) Changes in drug release characteristics between differentially treated electrospun fibers was not 

caused by a change in fiber morphology that occurred during treatment. 4) DSC results suggest 

that the changes in drug release characteristics observed in fibers are caused by a decrease in 

solvent-induced polymer free volume or an increase in polymer crystallization occurring during 

solvent removal. The increase in amount and duration of drug release from electrospun fibers 

observed in this study using procedures to remove retained solvent has not previously been 

reported in the literature. 

It is well established from the literature that drug burst release from electrospun fibers results 

from different mechanisms. A large contributor to drug burst release from fibers is the high surface 

area to volume ratio (SA:V) of nanofibers. The high SA:V enables greater exposure of the polymer 

to the surrounding release buffer (such as PBS). Theoretically, an increase in fiber diameter will 

result in a decrease in SA:V and consequently a decrease in the rate of diffusion from the fibers. 
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A study by Chen et al. analyzed the effects of changing fiber diameter on drug release kinetics 

from electrospun PLLA fibers [158]. In that study, the researchers concluded that larger diameter 

fibers were able to release drug for longer periods of time. Since we observed prolonged 6AN 

release from both scaffolds that were maintained in the lab for 28 days, we hypothesized that this 

fiber treatment (alone or coupled with incubator heating) was increasing fiber diameter and 

consequently decreasing the SA:V of these scaffolds. All four scaffolds studied here were 

fabricated using identical fabrication materials and methods. Prior to treatment, all scaffolds had 

the same fiber diameter. We rejected our hypothesis that 28 day maintenance in the lab was 

increasing fiber diameter and causing the prolonged 6AN release from these fibers. Of the two 

scaffolds that released 6AN over extended periods of time, one had fibers with decreased diameters 

(28 day maintenance in the lab) and one had fibers with increased diameters (28 day maintenance 

followed by incubation). Thus, we concluded that the observed changes in fiber diameter were 

likely not responsible for the dramatic differences that we observed in drug release kinetics. It is 

important to note, however, that both fiber scaffolds that received incubator treatment had fibers 

with significantly increased diameters. This change in diameter may be the result of pore formation 

within the fibers during solvent evaporation, particularly in the presence of a non-solvent of PLLA. 

In this scenario, the non-solvent was water present in the humid environment of the incubator (90-

95% relative humidity). Solvent evaporation in the presence of a non-solvent can lead to vapor 

induced phase separations which results in pore formation in polymer materials [163], [164]. 

Although pore formation was not analyzed in this study, it may have contributed to the mechanism 

by which more 6AN was available for release from treated fibers by allowing PBS diffusion deeper 

within the fibers.  
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To determine the mechanism by which solvent removal affected drug release, we also analyzed 

polymer free volume within fibers via Tg analysis using DSC. To our knowledge, no study has 

analyzed the effects of solvent-induced polymer free volume on the drug release kinetics from 

electrospun fibers. We hypothesized that solvent removal during treatment reduced polymer free 

volume within fibers. A reduction in polymer free volume would hinder 6AN diffusion from the 

fibers, and likely slow release buffer penetration into the polymer matrix. Thus, we expected the 

scaffolds with a prolonged 6AN release to have higher values for Tg which correspond with 

decreased amounts of polymer free volume. All fiber scaffolds that underwent treatment had a 

significantly higher Tg and thus less free volume inside of the polymer fibers compared to untreated 

fibers (Figure 3-3B). Fibers undergoing combined treatment had the greatest change in polymer 

free volume and these fibers were able to release the most 6AN for the longest duration.  Thus, our 

second hypothesis (fiber treatment decreases polymer free volume) was validated. However, in 

analyzing polymer free volume using DSC, fibers that were left in ambient lab conditions for 28 

days had Tg values that were not statistically different from Tg values of fibers undergoing 

incubator treatment immediately after electrospinning. These scaffolds, however, exhibited 

drastically different 6AN release characteristics. Thus, solvent removal rate had a stronger impact 

on 6AN release characteristics than solvent removal in general. 

Analyzing fiber diameter and Tg provided insight towards potential mechanisms by which 6AN 

release was prolonged. However, these analyses likely do not explain the ability of each treatment 

to increase the amount of 6AN release. Since the high MW PLLA used in this study is 

hydrophobic, the decreased amount of 6AN released from the unheated fiber controls immediately 

after electrospinning may have resulted from 6AN entrapment in the polymer core. Due to the 

hydrophobicity of PLLA, the release buffer cannot penetrate deeply into polymer fibers. Thus, 
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drug near the fiber core does not diffuse out of the fibers. Further, when fibers are treated, 6AN, 

which is highly soluble in HFP, likely travels with the evaporating HFP towards the periphery of 

the fibers. While it seems likely that more 6AN available for diffusion near the fiber surface may 

lead to a strong burst release, this burst was not evident in fibers that underwent long-term solvent 

removal. It is possible that burst release of 6AN from these scaffolds was prevented by the decrease 

in polymer free volume that accompanied drug mobility during solvent removal from fibers. Thus, 

once fibers are submerged in release buffer, more drug is available at the surface of the fiber for 

diffusion. A schematic summarizing this description is displayed in Figure 4. Figure 3-4A presents 

a theoretical image of a fiber immediately after electrospinning that contains a greater amount of 

retained solvent. In this image, drug is uniformly distributed throughout the fiber, and drug near 

the fiber core is inaccessible by the surrounding release buffer. Figure 3-4B presents a theoretical 

image of a fiber after solvent removal, where drug initially near the fiber core is now closer to the 

surface of the fiber. The fiber depicted in Figure 3-4B presents a plausible explanation for how 

6AN release amount is increased in treated fibers. This theory may explain why all three treated 

scaffolds released more 6AN than control fibers, and future studies will attempt to verify the 

mechanism displayed in Figure 3-4. Although the three treated scaffolds released increased 

amounts of 6AN, only the two scaffolds undergoing long-term solvent removal (28 day 

maintenance in lab) released 6AN over an increased period of time. This result corroborates our 

earlier claim that solvent removal rate influenced drug release characteristics more so than solvent 

removal in general.  
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Figure 3-4. Schematic of the effects of solvent removal on the 6AN distribution inside of an individual 

electrospun nanofiber. (A) A single PLLA fiber immediately after electrospinning with uniformly 
distributed 6AN. (B) A single PLLA fiber after solvent removal shuttled 6AN from inaccessible fiber core 

towards the fiber surface. 
 

A study by Miyajima et al. observed drug release from extruded PLLA rods (1 mm diameter) 

occurring in two distinct stages [165]. The first stage consisted of diffusive drug release. A second 

stage occurred upon polymer crystallization which occurred as the polymer matrix was hydrated 

by the release buffer. Polymer matrix hydration allowed for drug in different regions of the fibers 

to be released. The release kinetics observed in the study by Miyajima and colleagues differ from 

the study described in this manuscript due to differences in polymer fiber diameter, drug selection, 

and drug-polymer interactions. However, the discussion of polymer crystallization and drug 

release in that study provides insight to better understand the governing mechanisms behind the 

current study’s results. The decreased amount of 6AN release observed in Figure 3-1A is likely 

the result of a portion of the incorporated 6AN being inaccessible by the release buffer as described 

in Figure 3-4A and substantiated by Miyajima’s findings [165]. A second study by Miyajima et al. 

showed that pre-crystallization of PLLA rods negated the two-phase release profile of drug and 

instead resulted in linear release kinetics [160]. Although the rods were three orders of magnitude 

larger in diameter, the findings in that study corroborate our data. In Figure 3-3C we show that 

fibers that released 6AN for the longest duration in a nearly linear fashion also had the highest 
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degree of crystallinity. Thus, we concluded that solvent removal from fibers presents a new 

approach to increase the amount and duration of drug release from electrospun fibers by altering 

polymer free volume and % crystallinity. At this time, however, it is unclear whether a change in 

polymer free volume or crystallinity within fibers is the prevalent mechanism by which drug 

release kinetics are altered. 

3.5  Conclusions 

Future work will focus on validating our hypothesis of treatment increasing drug mobility 

within fibers which in turn increases the amount of 6AN released from fibers. Further experiments 

will also include kinetic modelling of 6AN release data to determine if solvent removal treatments 

alter the mode of 6AN release from fibers. In the interim, this study details simple fiber treatment 

methods to significantly lengthen and increase small molecule release from PLLA nanofibers. In 

closing, it is important to compare findings presented here to other studies also releasing drug from 

electrospun fibers. While other studies report prolonged drug release from electrospun fibers, [40], 

[159], [166] those findings, along with results presented in this manuscript, are specific to the 

drug/polymer/solvent system that is being studied. For drug/polymer/solvent systems that 

inherently release drug in a linear fashion, these treatment methods are not necessary to prolong 

drug release. These methods are impactful, however, in scenarios where a drug or polymer 

selection may not be altered. Electrospun PLLA nanofibers release 6AN by means of a burst 

release. Unreported in the field, the burst release is changed through the use of simple post-

fabrication placement in ambient laboratory conditions or through heating. Herein lies the impact 

of this study: a simple, repeatable method to dramatically increase the amount and duration of 

small molecule drug release from electrospun PLLA nanofibers.  
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4. SYNTHESIS, CHARACTERIZATION, AND IN VITRO 

TESTING OF POLY(PRO-E2) BIOMATERIALS  
 

4.1  Abstract 

Following spinal cord injury (SCI), neurons are susceptible to death, damage, and detrimental 

phenotypic changes that prevent tissue regeneration and functional recovery. Polymer biomaterials 

are commonly fabricated as tissue engineering scaffolds to deliver drugs that promote beneficial 

phenotypic changes in neurons and provide contact guidance for regenerating axons. The drug 

17β-estradiol (E2) has broad tropism and beneficially affects cells in the spinal cord after injury. 

Here, we present a novel approach to create polymer biomaterials with the capability of providing 

long-term E2 release at a safe, efficacious dose. Using thiolene click chemistry, we synthesized 

high MW (~84 kDa) poly-pro-E2-alt-PEG (PPEAP), the first poly(pro-drug) formulation of E2. 

We then demonstrated the ability to process PPEAP into bioactive material scaffolds such as thin 

films and electrospun fibers. Initial E2 release kinetic studies predict that PPEAP materials can 

release E2 at nM concentrations with zero-order kinetics for years. Further, we demonstrate that 

PPEAP films are neurotrophic and neuroprotective against oxidative stress, and that PPEAP fibers 

provide contact guidance for growing neurites. E2 release from PPEAP films rescued 

approximately 38% of neuron death following a 50 µM H2O2 insult to neurons in vitro, and 

promoted significant neurite extension from dorsal root ganglia (DRG) compared to E2-free 

controls, and DRG that received a single bolus of E2. We also show that PPEAP fibers are capable 

of guiding extending dorsal root ganglia neurites in vitro, demonstrating PPEAP fiber contact 

guidance. 
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4.2  Introduction 

Electrospun fibers are commonly researched as biomaterial contact guidance scaffolds for 

regenerating tissue following spinal cord injury (SCI) [26]. While electrospun fibers excel at 

guiding regenerating cells and axons through an SCI lesion, they routinely fall short of promoting 

complete functional recovery [122]. This is due to their inability to adequately mitigate various 

aspects of secondary SCI that include apoptosis, oxidative stress, glutamate excitotoxicity, 

inflammation, and astrogliosis, to name a few. To improve functional outcomes in experimental 

models of SCI, beneficial drugs are commonly incorporated into electrospun fiber scaffolds to 

target these cellular events. Drug incorporation into fiber scaffolds may improve certain functional 

measures, but no study has achieved full functional recovery using this approach [154]. Because 

of the complicated pathophysiology of SCI, many studies state the need to implement engineering 

approaches that target multiple aspects of SCI to discover treatments that lead to robust functional 

recovery [21]–[23]. Further, there are no FDA-approved SCI treatments that result in restoration 

of lost function with an alarmingly low number of clinical trials ongoing worldwide. Thus, it is 

increasingly important for researchers to develop creative, multi-faceted engineering approaches 

to combat SCI.  

17β-estradiol (E2), commonly thought of solely as a female sex hormone, has broad tropism 

with great potential for SCI applications. Various studies have demonstrated that E2 administration 

is efficacious at reducing inflammation [47], [66], [167], glial cell reactivity [58], oxidative stress 

[89], [90], [94], [168], and glutamate excitotoxic neuronal death [88], [90], [168], while also 

providing neurotrophism [169] to cells in the CNS. To date, a vast majority of studies that treat 

experimental SCI models with E2 have administered the drug systemically, or through more 

localized boluses of E2 that do not persist to mitigate late stage SCI development. To our 
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knowledge, only one study has used a biomaterial to deliver E2 directly to the injured spinal cord 

[47]. Cox et al. used a nanoparticle-loaded hydrogel to deliver E2 for 6 hours post-injury, and 

observed potent anti-inflammatory effects. No study, however, has developed a contact guidance 

biomaterial scaffold that delivers E2 for longer periods of time following SCI to target the other, 

previously discussed pathophysiological aspects of SCI that occur into the chronic injury phase.   

Neurons are the most commonly targeted cells when developing SCI therapeutics. The most 

direct and theoretically simple approach to curing SCI is to promote axonal regeneration across 

the SCI lesion site and re-innervate tissue to restore function. Thus, many experimental approaches 

attempt to either protect neurons from secondary neuronal death, facilitate axonal regeneration, or 

both. An E2-delivering contact guidance scaffold has the potential to combine both of these 

approaches in the following ways: 1) E2 is neuroprotective against oxidative stress through various 

mechanisms. The lipophilicity of E2 allows the molecule to intercalate the cell membrane and 

prevent lipid peroxidation [96]. Also, E2 modulates the activity of certain antioxidant enzymes 

including superoxide dismutase, catalase, and glutathione peroxidase, each of which contribute to 

antioxidant cellular activity [92]–[94]. 2) E2 is a NMDA receptor antagonist and attenuates 

glutamate excitotoxicity in neurons [87], [88], [170]–[172]. By competing with glutamate to bind 

to NMDA receptors, E2 prevents Ca2+ flux into neurons. E2 similarly antagonizes AMPA and 

kainate receptors, both of which are susceptible to glutamate binding and sequential Ca2+ flux into 

neurons. By blocking all three of these neural surface receptors, E2 treatment significantly 

attenuates glutamate-induced excitotoxic death [87], [88], [170]–[172]. 3) E2 is neurotrophic [86], 

and in combination with contact guidance provided by electrospun fibers, can promote fast, 

directed axonal regeneration.  
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In this study, we aimed to develop biomaterials that delivered a continuous safe and efficacious 

dose of E2 for months to years with the potential to treat chronic SCI. Recovery from SCI is a 

prolonged process, so our goal was to provide the aforementioned benefits throughout the SCI 

recovery period. To do so, we abandoned traditional biomaterial approaches wherein E2 would be 

incorporated within a polymer matrix to diffuse out of a biomaterial scaffold for weeks or months 

[173]. Instead, we developed a poly(pro-drug) formulation of E2, poly(pro-E2-alt-PEG) (PPEAP), 

that degrades slowly via hydrolysis to release E2.  

In total, this study details a novel approach to develop E2-delivering biomaterials for SCI 

applications. To do so, we used thiolene click chemistry to create PPEAP, which was then 

processed into two types of biomaterials – thin films and electrospun fibers. We then explored the 

material’s bioactivity in three different neuron culture assays to demonstrate that PPEAP materials 

were neurotrophic, neuroprotective, and capable of providing contact guidance for extending 

neurites. This chapter describes the development and initial testing of a promising new biomaterial 

approach to treat SCI.  

4.3  Materials and Methods 

4.3.1 Materials 

Poly-L-lactic acid (PLLA, NatureWorks; grade 6201D, Lot #9051-89-2) was purchased from 

Cargill Dow LLC (Minnetonka, MN). All chemical reagents and organic solvents used for 

chemical synthesis, characterization, and electrospinning were purchased from Sigma. These 

include chloroform (product no. Cx1056), dichloromethane (DCM, product no. 270997), 

tetrahydrofuran (THF, product no. TX0277), pyridine (product no. 270970), deuterated 

chloroform (product no. 416754), E2 (product no. E2768), Deuterated MeOH (MeOH-d4, product 
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no. 151947), hydrogen peroxide (H2O2, product no. H1009), and 2,2-dimethoxy-2-

phenylacetophenone (DMPA, product no. 196118). 15x15 mm square glass coverslips used in film 

casting and electrospinning were purchased from Knittel Glass (Brausenweig, Germany).  

4.3.2 PPEAP Synthesis and Characterization 

 Pro-E2 Carbonate Diallyl Monomer Synthesis and Purification 

To prime E2 for copolymer synthesis, the hydroxyl groups on E2 were replaced with allyl 

carbonate groups according to the reaction scheme depicted in Figure 4-1. Pro-E2 carbonate diallyl 

monomer synthesis was conducted inside of a nitrogen-pressurized glove box with oven-baked 

glassware to ensure that the reaction was conducted under anhydrous conditions. 5.0 g of E2 were 

dissolved in anhydrous THF and transferred to a 250 mL Schlenk flask. Ten equivalents of 

anhydrous pyridine were then added to the Schlenk flask containing the E2 and THF.  

A 50 mL addition funnel was then attached to the top of the Schlenk flask with a keck clamp, 

and 12 mL of anhydrous THF was added to the funnel. The Schlenk flask and addition funnel were 

then sealed to the environment, attached to a Schlenk line inside of a chemical fume hood, and 

charged with N2. The Schlenk flask was then lowered into an ice bath stirring on a magnetic stir 

plate and allowed to cool for approximately 15 minutes. Six equivalents of allyl chloroformate 

(11.7 mL) were then added to the addition funnel by inserting a needle through the rubber septum 

and slowly dispensing the allyl chloroformate into the THF in the addition funnel.  
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Figure 4-1. PPEAP synthesis chemical reaction scheme. 
 

The stopcock on the addition funnel was then slowly turned to add the allyl chloroformate and 

THF dropwise to the pyridine and E2 mixture stirring in the Schlenk flask. This reaction is 

exothermic and the ice bath prevents the reaction mixture from boiling. After all allyl 

chloroformate was added, the Schlenk flask was removed from the ice bath and the reaction was 

stirred at room temperature overnight.  

The pro-E2 carbonate diallyl monomer was then purified via an aqueous workup with 0.1 M 

HCl and 0.1 M NaOH. The reaction mixture was diluted in ethyl acetate to reach a final volume 

of 100 mL and then added to a 250 mL separation funnel. The reaction mixture was first shaken 

with 100 mL of 0.1 M HCl. The aqueous bottom phase was drained into a waste beaker, and the 

procedure was repeated with 100 mL of deionized water, 0.1 M NaOH, and finally 100 mL of 

brine. Sodium sulfate was then swirled with the reaction mixture to remove any residual water 

from the aqueous workup, and the remaining ethyl acetate was evaporated off using a rotary 
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evaporator. The pro-E2 carbonate diallyl monomer was then purified using a silica gel column, 

and characterized via NMR.  

 PPEAP Synthesis and Purification 

To synthesize PPEAP, it was imperative that the pro-E2 carbonate diallyl monomer and 2,2’-

(ethylenedioxy)diethanethiol were reacted at a 1.000:1.000 stoichiometric ratio, as any slight 

imbalance would result in a polymer with low MW not suitable for further processing into 

materials. The appropriate amounts of pro-E2 carbonate diallyl monomer and 2,2’-

(ethylenedioxy)diethanethiol and 0.01 equivalents of the UV photoinitiator DMPA were dissolved 

in THF and combined in a 10 mL glass vial. All THF was then removed using a rotary evaporator, 

and nitrogen gas was bubbled through the reaction mixture for 10 minutes to remove oxygen from 

the vial, which inhibits DMPA photoinitiation. The reaction mixture was then stirred with a 

magnetic stir bar under nitrogen gas and exposed to long wave UV light exposure to polymerize 

overnight.  

The resulting polymer was then dissolved in dichloromethane and precipitated in ice-cold 

methanol. The polymer precipitate was centrifuged, dried overnight under high vacuum, and used 

for characterization and material fabrication.  

 Pro-E2 Carbonate Diallyl Monomer and PPEAP Characterization 

Proton nuclear magnetic resonance (1H NMR) was used to validate successful pro-E2 

carbonate diallyl monomer synthesis, and subsequent polymerization. 1H NMR was conducted 

using a 500 MHz Agilent NMR Spectrometer at 25 ºC in MeOH-d4 and CDCl3 for pro-E2 

carbonate diallyl monomer and PPEAP, respectively. Gel permeation chromatography (GPC) was 

used to analyze PPEAP MW. GPC was performed on an Agilent Technologies 1260 Infinity GPC 
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with THF as the mobile phase (100 µL injection volume, 1 mL/min flow rate). PPEAP MW was 

then determined using monodisperse polystyrene standards. After synthesizing a high MW (~84 

kDa) PPEAP formulation, all subsequent experiments done in this study were conducted using 

PPEAP from this same batch. 

 Thermal Characterization of PPEAP 

As is routinely done with all newly synthesized chemical compounds or polymers, we 

thoroughly characterized various aspects of PPEAP. This included characterizing PPEAP’s 

thermal, physical, and mechanical properties, as well as its degradation kinetics and mechanism. 

After validating successful PPEAP synthesis, we characterized bulk material thermal 

properties via differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). 

DSC was conducted using a DSC-Q100 (TA Instruments, New Castle, DE). Raw PPEAP (5 mg) 

was hermetically sealed into DSC sample holders (TA instruments, Product No. A40548-04 and 

A39817-2) subjected to a 10 ºC/min heating/cooling cycle from -80 ºC to 200 ºC and back to -80 

ºC, which was repeated twice.  

TGA was conducted using a Q50 Thermogravimetric Analyzer (TA Instruments, New Castle, 

DE). Raw PPEAP was placed in an alumina crucible and subjected to a 10 ºC/min temperature 

ramp under N2 up to 800 ºC. All DSC and TGA data were analyzed using TA Universal Analysis 

software. 

4.3.3 Material Fabrication and Analysis 

 Film Casting 

After successfully synthesizing PPEAP, we fabricated film scaffolds to determine if the 

material would affect neurons in culture. Poly(L-lactic acid) (PLLA) films were fabricated as bio-
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inert controls to compare to PPEAP films. Because PPEAP is an entirely new polymer designed 

for neural engineering applications, we decided to compare PPEAP materials to PLLA materials 

in certain experiments. PLLA is a commonly used synthetic polymer in neural engineering 

applications. Therefore we used PLLA as a benchmark for comparison to better gauge the PPEAP 

effects that we observed in this study. PLLA and PPEAP were dissolved, separately, in chloroform 

to create separate 5% w/w (w polymer/w solvent) solutions. 50 µL of either solution was then 

drop-cast onto 15 mm glass cover slips and dried under vacuum overnight. For each polymer, three 

separate solutions were prepared, and films were drop cast separately from each solution to obtain 

film materials in technical triplicate (n=3). 

 Electrospun Fiber Fabrication 

To electrospin PPEAP fibers, we first created a 15% w/w solution of polymer in a 70:30 

mixture of dichloromethane and chloroform and allowed the solution to equilibrate under 

mechanical stirring for three hours. Polymer films were affixed to a rotating mandrel (1 cm thick, 

22.5 cm in diameter) using a double sided piece of tape. We then filled a 5 mL syringe with the 

polymer solution, and attached a 22 G needle to the syringe. The syringe was then secured in a 

variable speed motor syringe pump located directly above the rotating mandrel and the polymer 

solution was expelled at a steady flow rate of 0.75 mL/hr. The needle was attached to a high voltage 

power supply using an alligator clamp, and 12.5 kV was applied to the needle. Fibers were then 

electrospun for 15 minutes over a 5 cm collection distance from the tip of the needle to the rotating 

mandrel, which rotated at 1200 rpm for the electrospinning duration.  

To electrospin PLLA fibers, PLLA was dissolved in chloroform to make a 12% (w polymer/w 

solvent) solution. This solution was electrospun similarly to the previously described PPEAP 

solution, however, the following changes were made to the electrospinning parameters: the PLLA 
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solution was pumped at a steady flow rate of 2 mL/hr, 15 kV was applied to the needle, the mandrel 

was rotated at 1000 rpm, and fibers were collected for 10 minutes. 

Similar to film fabrication, three separate electrospinning solutions were prepared for each 

polymer (n=3). Each solution was then electrospun to obtain 10-12 fiber scaffolds from each 

solution. Each of the scaffolds that were electrospun from a single solution were considered as 

belonging to a single technical replicate for statistical analysis purposes. 

 Electrospun Fiber SEM 

Scanning electron microscopy (SEM) was used to validate that fibers were electrospun 

reproducibly prior to cell culture, and to image PPEAP fibers after degradation to analyze changes 

in PPEAP fibers as degradation occurred. Prior to SEM, a fiber scaffold was mounted on an 

aluminum SEM stub (Ted Pella, Redding, CA) with conductive carbon tape (Ted Pella) and sputter 

coated with a 0.5 nm Au/Pd coating using a Hummer Technics V sputter coater (Anatech Ltd., 

Denver, NC). Fiber samples were then imaged using a FEI Versa 3D DualBeam SEM (Hillsboro, 

OR) with a low accelerating voltage (2-10 kV) to avoid melting the fibers. 

 Contact Angle Goniometry 

Contact angle goniometry was conducted using a Kruss DSA 100 (Hamburg, Germany) to 

characterize PPEAP film hydrophilicity. A 3 µL water drop was placed on either a PPEAP or 

PLLA film and the static contact angle was measured using Kruss ADVANCE software.  

 Material Mechanical Characterization 

It is important to characterize biomaterial mechanical properties as changes in these properties 

alone can affect how cells respond to a material [174], [175]. Therefore, we characterized PPEAP 

film mechanical properties via nanoindentation using a Hysitron TI900 Tribodenter (Bruker, Eden 
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Prairie, MN). Each polymer film was subjected to 9 indents with a constant load of 400 µN. 

Indentation depth was recorded with respect to applied load to populate Load-Depth curves and 

determine material hardness and Young’s modulus. Nanomechanical characterization was also 

conducted on PLLA films to compare mechanical properties between PPEAP and PLLA films.  

 PPEAP Material Degradation Kinetics  

To characterize the degradation rate of PPEAP films, three films were analyzed that were drop 

casted from three separately prepared PPEAP solutions (n=3). PPEAP films were submerged in 1 

mL of PBS in an airtight vial and kept in a cell culture incubator at 37 ºC to mimic physiological 

temperature. Every 24 hours, PBS was collected and stored at -20 ºC, then replaced with 1 mL of 

fresh PBS.  

A modified version of the PPEAP film degradation approach was used to characterize PPEAP 

fiber degradation since significantly less polymer was present in a PPEAP fiber scaffold compared 

to a PPEAP film. This resulted in lower E2 concentrations that were difficult to detect using 

standard analytical techniques. Initial attempts to characterize PPEAP fiber degradation kinetics 

were performed by submerging scaffolds in PBS at 37 °C. E2 levels in PBS, however, were 

undetectable when using this approach. Thus, we conducted accelerated degradation studies at two 

elevated temperatures to compare rate constants to the magnitude of thermal energy using the 

Arrhenius relation (4.1) and extract the activation energy to predict PPEAP degradation kinetics 

at 37 °C. 

=
∗

∗

                                                    (4.1) 
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To conduct accelerated degradation studies, three fiber scaffolds electrospun from separate 

PPEAP solutions (n=3) were submerged in 1 mL PBS (pH 7.4) in an air-tight glass vial and placed 

in a heating block with aluminum beads held at a steady temperature of either 60 °C or 79 °C. 

These seemingly arbitrary temperature values were chosen simply because these were the 

temperatures that the heating block equilibrated to after placing the vials in the aluminum beads. 

Every 24 hours, the vials were removed from the heating block and placed in a 4 °C refrigerator 

for 15 minutes to condense any water vapor to ensure that all release buffer was removed at each 

time point. The PBS was then replaced, and the vials were returned to the heating block. All PBS 

samples were held at -20 °C until quantifying E2 concentration.  

 All 1 mL degradation samples were lyophilized then raised up in 100 uL of 1-octanol to 

increase the E2 concentration by a factor of 10 to yield a higher signal during fluorimetric analysis. 

1-octanol was chosen as a solvent for this characterization based on a study by Chan et al., which 

showed that E2 had a high quantum yield in 1-octanol [176]. Prior to fluorimetric analysis, a 2-

fold serial dilution of E2 concentrations in 1-octanol ranging from 3 uM to 100 uM was prepared 

to create a standard curve. A Fluorolog-Tau3 fluorimeter (Horiba Scientific, Edison, NJ) in steady 

state mode was used to determine the fluorescence of each sample. The value for each sample was 

then converted to an E2 concentration using the standard curve. 

 PPEAP Material Degradation Mechanism 

After characterizing PPEAP degradation kinetics, we studied whether PPEAP degraded via 

surface or bulk erosion. Because PPEAP materials degrade so slowly, we analyzed the degradation 

mechanism in materials under accelerated degradation conditions in water at 80 ºC.  

To analyze the degradation mechanism with PPEAP fibers we allowed the fibers to degrade 

for two days at 80 ºC, then imaged the fibers using SEM (using methods described in section 
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4.3.3.3) to analyze changes in fiber morphology that would indicate surface or bulk erosion. We 

were particularly interested to see if fibers decreased in diameter after partially degrading 

(indicating surface erosion), or if the fibers increased in diameter and exhibited pits on the surface 

(indicating bulk erosion). To analyze the degradation mechanism with PPEAP films, we first 

measured film thickness prior to degradation using a digital micrometer (product no. 35-025-40, 

iGaging, San Clemente, CA). Films were then degraded for two days at 80 ºC, and film thickness 

was measured a second time to determine if fibers swelled or decreased in thickness after partial 

degradation. Further, because films are much larger than PPEAP films, it was not necessary to use 

SEM to visualize material pitting as it was evident upon visual inspection.  

4.3.4 Cell Culture 

 Harvesting Dorsal Root Ganglion (DRG) 

All animal procedures in this study strictly 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) at Rensselaer Polytechnic Institute. DRG are tissue explants taken from the spinal 

column and are a common in vitro tool used to assess the neural tissue response to a biomaterial 

scaffold. For this study, we harvested DRG from neonatal rats (P2). First, we euthanized the rats 

via rapid decapitation. We then isolated the rat spinal columns and bisected the columns by cutting 

down the ventral and dorsal aspects using a pair of vannas scissors. DRG were then extracted by 

clasping the axon bundles projecting on the lateral side of the DRG and carefully lifting the DRG 

out of the spinal column. Axons were then cut close to the DRG to yield explants that were ready 

for culture onto material scaffolds. DRG were harvested from multiple animals and cultured onto 

materials that were fabricated from independently prepared polymer solutions to obtain data in 

biological and technical triplicate. 
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 PPEAP-Derived Neurotrophism: Cell Culture and Analysis 

DRG are typically cultured in cell culture media that contains neurotrophic growth factors to 

promote neurite outgrowth from the explant. For this set of experiments, however, we did not 

supplement our culture media with neurotrophic growth factors in order to study the neurotrophic 

potential of PPEAP. For these experiments, DRG were cultured in Neurobasal media with 2% B-

27 media supplement, 1% Glutamax, and 1% Penicillin/Streptomycin.  

Immediately after harvesting DRG from neonatal rat spinal columns, DRG were cultured in 

three different culture conditions, one of which included a single 100 nM bolus of E2 at the 

beginning of culture. An exogenous E2 bolus was used in neuron cultures to demonstrate the 

benefits of sustained E2 release from PPEAP over a single E2 bolus. The 100 nM concentration 

was selected based on published studies that demonstrate E2 effects in neurons. The concentrations 

of E2 used in these studies range from 0.01 – 100 nM [87]–[89], [172]. Honda et al., however, 

tested multiple E2 concentrations over this range and demonstrated that E2 effects increase with 

concentration, but stabilize near 100 nM. 

The three culture conditions used to study PPEAP film-derived neurotrophism included: 1) 

DRG cultured onto PLLA fibers electrospun onto PLLA films (PLLA/PLLA), 2) DRG cultured 

onto PLLA fibers electrospun onto PLLA films with 100 nM exogenous E2 (PLLA/PLLA + Exo 

E2), and 3) DRG cultured onto PLLA fibers electrospun on to PPEAP films (PLLA/PPEAP). Prior 

to DRG culture, both scaffold types were plasma-treated to promote DRG attachment to the 

scaffolds. We used these three experimental groups to explicitly study how E2 being released from 

PPEAP would influence DRG neurite outgrowth. Previous studies from the Gilbert lab 

demonstrate that PLLA fibers provide contact guidance for neurites extending from DRG. Because 

we studied PPEAP fiber contact guidance in a separate set of experiments, we used PLLA fibers 
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in neurotrophism experiments to isolate E2 released from PPEAP as the sole variable influencing 

DRG neurite extension. 

After four days in culture, DRG were fixed in a 4% paraformaldehyde solution for 15 minutes. 

DRG were then washed three times in PBS and incubated overnight in a blocking solution 

containing 5% bovine serum albumin (BSA) and 0.3% Triton-X100 in PBS. After blocking, cells 

were incubated for 2 hours in a solution containing 0.5% BSA, 0.03% Triton-X100, and a 1:250 

dilution of the RT97 primary antibody against the neuron-specific intermediate filament protein, 

neurofilament. After primary antibody incubation, DRG were washed in PBS three times then 

incubated in PBS containing a 1:1000 dilution of AlexaFluor donkey-anti-mouse 488 secondary 

antibody for 2 hours. DRG were then washed three final times with PBS and held in fresh PBS at 

4 ºC until imaging via confocal microscopy.  

Immunostained DRG were imaged using an Olympus IX-81 spinning disc confocal 

microscope. Z-series images of DRG were acquired to account for specimen thickness.  Images 

were then processed into 2D projections using the Z project command on ImageJ.  

To compare DRG that were cultured onto different biomaterial scaffolds, we calculated a value 

termed average neurite length. To calculate average neurite length for each DRG, we used ImageJ 

software to measure the ten longest neurites in each DRG sample from the base of the DRG body 

to the tip of each neurite. We then averaged the 10 neurite lengths together to obtain a single 

average neurite length value for each DRG. This was repeated for each DRG that remained 

attached to material scaffolds throughout the culture and staining procedures. DRG with longer 

neurites adhered more strongly to scaffolds, resulting in 3 average neurite length measurements 

for DRG that were cultured onto PLLA/PLLA scaffolds (with or without exogenous E2), and 7 

average neurite length measurements for DRG cultured onto PLLA/PPEAP scaffolds. Therefore, 
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n≥3 for PPEAP-derived neurotrophism experiments, with experiments having been performed 

with at least biological triplicate since DRG were harvested from many different animals to obtain 

at least 3 attached DRG for each experimental group.  

 PPEAP-Derived Neuroprotection: Cell Culture and Analysis 

Dissociated cortical neuron cultures were purchased from BrainBits LLC and cultured into 12-

well tissue culture polystyrene (TCPS) dishes at a seeding density of 2500 cells/cm2 for 5 days, 

with or without a 15x15 mm PPEAP film present in the well. BrainBits LLC states that dissociated 

cortical neuron cultures are approximately 95% pure with an approximate 5% glial cell 

contamination. I will verify this purity in future experiments by culturing these neurons on TCPS 

and immunostaining against RT-97 with a DAPI co-label. Then, by imaging neurons and 

calculating the percentage of DAPI positive nuclei that co-localize with RT-97 

immunofluorescence, I can determine the purity of neurons in culture. The low neuron seeding 

density for this experiment was chosen so that individual cells could be imaged via microscopy 

with a lower likelihood of overlapping cells. Neuroprotection experiments were conducted in 

technical triplicate by seeding neurons in triplicate wells so that the PPEAP films present in culture 

were fabricated using three independently prepared PPEAP solutions, and the H2O2 insults that 

neurons were exposed to were prepared independently from a 30% H2O2 (w/w in H2O) stock 

solution, as purchased from Sigma.  Neuroprotection experiments were not conducted in biological 

triplicate because neurons delivered from BrainBits LLC were pooled together in a single vial. The 

5 day culture time point was selected based on the BrainBits culture protocol, which states that 

after 4 days in culture neurons will begin to display axons and dendrites.  

On culture day 5, neurons were exposed to a 50 µM H2O2 insult for 20 minutes. After H2O2 

exposure, cells were washed with fresh neurobasal media to ensure complete H2O2 removal, then 
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the media was replaced with fresh neurobasal media. To select the H2O2 insult concentration and 

duration we first consulted the literature. Studies that use H2O2 to model oxidative stress with 

neurons in vitro have used a wide range of H2O2 concentrations and treatment durations. For 

example, Sawada et al. observed approximately 75% of neurons dying after a 10 minute, 30 µM 

H2O2 insult [168]. In comparison, Gao et al. insulted neurons with 400 µM H2O2 for 2 hours and 

observed 35% death [177]. These inconsistencies in the literature made it difficult to choose an 

insult protocol. We experimented with various H2O2 concentrations in the µM range and decided 

to use the concentration that killed approximately 50% of neurons after 20 minutes.  

After 24 hours, neurons were stained with propidium iodide to label dead cells, and Hoechst 

33342 to label all nuclei and assess cell viability and determine if PPEAP scaffolds protected 

neurons against oxidative stress-induced apoptosis. First, culture media was removed from neurons 

and cells were rinsed with warm PBS. Neurons were then incubated for 15 minutes in an imaging 

solution containing 10 µg/mL Hoechst 33342, 2 µg/mL propidium iodide, 0.025% pluronic F-127, 

10 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 5 mM glucose in 

PBS. After incubation, cells were rinsed once then kept in imaging solution free of Hoechst 33342 

and propidium iodide until imaging via confocal microscopy.  

Images of dissociated cortical neurons were taken at 20x magnification and the images 

corresponding to Hoechst 33342 and propidium iodide fluorescence were overlaid using ImageJ 

software. Image overlays were analyzed to count total nuclei, as well as nuclei that colocalized 

with propidium iodide fluorescence, which indicated dead cells. Data were used to determine % 

viability, a measure of the number of cells that survived after the hydrogen peroxide insult.  
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 PPEAP Fiber Contact Guidance 

After validating that PPEAP films were neurotrophic and neuroprotective in culture, we 

explored the ability of electrospun PPEAP fibers to provide contact guidance cues for DRG in 

culture. Contact guidance is an important aspect of electrospun fiber scaffolds as studies show that 

this material type can guide regenerating tissue across an injury environment. To analyze PPEAP 

fiber-derived contact guidance, we cultured DRG onto PPEAP films, or PPEAP fibers electrospun 

onto PPEAP films. Both scaffold types were plasma treated prior to culture to promote cell 

adhesion. After four days in culture, DRG were fixed, immunostained, and imaged following the 

protocol used previously to analyze DRG neurite extension.  

4.3.5 Statistical Analysis 

All data in this chapter are presented as mean values ± standard deviation. Statistical 

comparisons were conducted using JMP software (SAS, Cary, NC). Data were compared using a 

one-way analysis of variance (ANOVA) followed by a post-hoc Tukey’s honest significant 

difference test (HSD) to compare groups directly to each other.  
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4.4  Results 

4.4.1  PPEAP Synthesis and Characterization 

PPEAP was successfully synthesized using the reaction scheme depicted in Figure 4-1. The 

NMR spectra in Figure 4-2A was taken from the pro-E2 carbonate diallyl monomer. 1H peaks 

between 5 and 6.5 ppm resulted from allyl protons on the monomer (labelled A and B in Figure 4-

2A). After polymerizing, these peaks disappeared, suggesting a high conversion of pro-E2 

carbonate diallyl monomer into polymer. GPC results in Figure 4-2B corroborate this finding. As 

UV irradiation time was increased, PPEAP MW increased to a final value of 84 kDa after 18 hours 

of UV irradiation. As reaction time and PPEAP MW increased, so did PPEAP polydispersity value 

to a final value of 3.72 after 18 hours.   

 

Figure 4-2. PPEAP characterization data. (A) 1H NMR spectra for the pro-drug monomer pro-E2 
carbonate diallyl (in MeOH-d4) and the resulting polymer (in CDCl3). Near quantitative consumption of 

the allyl functional groups in the NMR spectra agrees well with observation of high MW polymer by GPC. 
(B) GPC of PPEAP as a function of UV irradiation time. As in a typical step-growth process, dispersity 
values are in the range of Đ = 3.72 at high conversion. Thermal characterization was performed by (C) 
differential scanning calorimetry, DSC, which shows a Tg ~ 11 °C, and (D) thermogravimetric analysis, 

TGA, which shows decomposition under N2 starting at ~270 °C with 10% weight loss at 316 °C. 
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To further characterize newly synthesized PPEAP, thermal characterization was conducted via 

DSC and TGA. DSC and TGA results showed a Tg at 11 °C (Figure 4-2C) and thermal 

decomposition beginning at 270 °C (Figure 4-2D), respectively. 

4.4.2 PPEAP Material Fabrication and Characterization 

 PPEAP Material Fabrication and SEM 

 
Figure 4-3. PPEAP material SEM. (A) PPEAP films were imaged to ensure a smooth, uniform surface 
topography. (B-C) Electrospun PPEAP fibers were imaged at low magnification (B) to visualize fiber 
alignment, and at high magnification (C) to better visualize fiber diameter and surface topography. 

After successfully synthesizing PPEAP, we fabricated films and electrospun fibers directly 

from PPEAP to explore their potential to influence neurons in culture. Figure 4-3 shows scanning 

electron micrographs of both PPEAP films (Figure 4-3A) and electrospun PPEAP fibers (Figure 

4-3B-C). Drop-casted PPEAP films have a smooth and uniform surface topography, whereas 

electrospun PPEAP fibers are highly aligned (Figure 4-3B), and have a smooth surface topography 

with an average fiber diameter of 2.75 ± 0.59 µm. 

 PPEAP Film Wettability and Mechanical Characterization 

In the literature, PLLA is a commonly used synthetic polymer for developing neural 

engineering material scaffolds. Since we developed PPEAP as a polymer for neural engineering, 

we compared various material properties between PLLA and PPEAP films. Water contact angle 

goniometry in Figure 4-4A shows that PPEAP films have a higher water contact angle (94.2 ± 
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0.6º) than PLLA films (74.5 ± 0.7º). This shows that PPEAP is slightly more hydrophobic than 

PLLA.  

 
Figure 4-4. PPEAP film wettability and mechanical characterization. (A) Wettability of PPEAP and PLLA 
films were compared using contact angle goniometry. (B) Nanoindentation mechanical characterization of 

PPEAP and PLLA films to quantify Young’s modulus and hardness of films. PPEAP and PLLA were 
compared in these measures because PLLA is a commonly used biomaterial polymer for neural 

engineering applications.  

Next, we used nanoindentation to determine the nanomechanical properties of films made from 

PLLA and PPEAP.  Figure 4-4B shows that the Young’s modulus (Er) of PPEAP films (0.17 ± 

0.00 GPa) is approximately 25-fold lower than Er for PLLA films (4.21 ± 0.06 GPa). This shows 

that PPEAP is significantly more elastic than PLLA. Further, nanoindentation results showed that 

the hardness (H) of PLLA (0.076 ± 0.001 GPa) is approximately 7-fold higher than PPEAP (0.011 

± 0.000 GPa), demonstrating that PPEAP is the softer of the two materials. 

 PPEAP Degradation Kinetics 

Our initial goal in synthesizing PPEAP was to eventually develop biomaterials that delivered 

physiologically safe and efficacious E2 levels. To demonstrate this, we studied the degradation 

kinetics of both electrospun PPEAP fibers, and PPEAP films. As was discussed in Materials and 

Methods section 4.3.3.6, PPEAP fiber degradation was difficult to characterize due to the small 

amount of PPEAP in a fiber scaffold. As PPEAP fibers degraded, the amount of E2 that was 

released was small and difficult to detect. Thus, PPEAP fiber degradation was studied under 
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accelerated degradation conditions at 60 ºC, and 79 ºC (Figure 4-5A). At both elevated 

temperatures, PPEAP degradation is highly linear, demonstrating zero-order release kinetics. 

Using the accelerated degradation rates, and adjusting for temperature using the Arrhenius relation, 

we determined that PPEAP fibers, as electrospun in this study, would degrade at a rate of 0.21 % 

of scaffold weight/day, as depicted in the predicted trend line in Figure 4-5B. 

 

Figure 4-5. PPEAP material degradation kinetics. (A) Accelerated degradation conditions were used to 
characterize the kinetics of PPEAP fiber degradation at 60 ºC and 79 ºC. (B) PPEAP film, and predicted 
PPEAP fiber degradation kinetics at 37 ºC demonstrate a greater than 10-fold difference in degradation 

rates. 

In contrast, PPEAP film degradation was easier to characterize due to the increased amount of 

PPEAP in a film scaffold, compared to a fiber scaffold. Figure 4-5B shows that PPEAP films 

degraded more slowly than the predicted PPEAP fiber degradation rate at a rate of 0.018% of 

scaffold weight/day. This nearly 10-fold difference in degradation rate suggests that PPEAP 

degrades predominately via surface erosion, since PPEAP fibers have a significantly higher surface 

area:volume ratio than PPEAP films.  

 PPEAP Degradation Mechanism  

Because we suspected that PPEAP materials degraded via surface erosion, we explored the 

degradation mechanism under accelerated degradation conditions for both fibers and films to test 

this hypothesis. Figure 4-6A-C shows SEM images of PPEAP fibers after degrading for 2 days in 

water at 80 ºC. Fibers in the early stages of degradation (indicated by white arrows in Figure 4-6 
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A-B) exhibit pitting erosion, and significant swelling as evidenced by a large increase in fiber 

diameter (Figure 4-6D). PPEAP fiber diameter increased from 2.75 ± 0.59 µm prior to degradation 

to 16.08 ± 4.47 µm after 2 days of accelerated degradation, representing a 5.8-fold increase in fiber 

diameter. Fiber pitting and swelling indicates that PPEAP degrades primarily via bulk erosion, 

which caused us to reject our hypothesis. The red arrows in Figure 4-6B-C indicate areas of fibers 

that are further along in degradation where substantial amounts of the fiber have eroded, and the 

fiber looks as if it is deflating. Blue arrows in Figure 4-6B-C indicate near-end stage degradation 

where a fiber morphology is no longer present, and PPEAP residue remains where fibers once 

were. Finally, the black arrow in Figure 4-6C shows an area where a PPEAP fiber and its residue 

have completely eroded away. 

 
Figure 4-6. PPEAP Material degradation mechanism under accelerated degradation conditions. (A-C) 

After 2 days of degradation at 80 ºC electrospun PPEAP fibers exhibited significant morphological changes 
that suggested bulk erosion. White arrows indicate pitting erosion, a common phenomenon observed in 

early-stage polymer bulk erosion. This is accompanied by significant fiber swelling. Red arrows 
demonstrate fibers in late-stage degradation when water that once penetrated fibers dissipates and fibers 
develop a deflated appearance. Blue arrows indicate fibers near end-stage degradation where a distinct 

fiber no longer persists, but PPEAP residue remains. Black arrow indicates an area where a PPEAP fiber 
and its remaining residue have completely degraded. (D) A large increase in fiber diameter during the 

pitting erosion stage further suggests bulk erosion. No statistics are included in because this data is 
preliminary (n=2) (D)  (E-F) PPEAP films degraded at 80 ºC for 2 days exhibit similar (F) pitting and (G) 

swelling phenomena, confirming bulk erosion. (For films n=6, * denotes statistical significance between 
film thicknesses measured before and after degradation via ANOVA, p<0.05). All SEM scale bars are 50 

µm. 
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The results of film degradation at 80 ºC (Figure 4-6E-G) corroborate these findings. Initially, 

PPEAP films were transparent and 17.9 ± 2.1 µm thick (Figure 4-6E & G). After 2 days of 

accelerated degradation, PPEAP films increased in thickness to 29.3 ± 10.5 µm (1.6-fold increase) 

and exhibited pitting erosion as seen in the large pits that developed in the films, as well as the 

film’s opacity, which indicates heterogenous pitting throughout the film (Figure 4-6F).  

4.4.3 PPEAP Film-Derived Neurotrophism 

To determine if PPEAP was bioactive in culture, we began by culturing DRG under three 

different biomaterial culture conditions (Figure 4-7A-E): 1) DRG cultured onto PLLA fibers 

electrospun onto a PLLA film (PLLA/PLLA, Figure 4-7C), 2) DRG cultured onto PLLA fibers 

electrospun on to a PLLA film with a 100 nM bolus of exogenous E2 at the beginning of culture 

(PLLA/PLLA + Exo E2, Figure 4-7D), and 3) DRG cultured onto PLLA fibers electrospun onto a 

PPEAP film (PLLA/PPEAP, Figure 4-7E). DRG were then cultured for 4 days in growth factor-

free media to demonstrate that E2 released from the PPEAP film was supportive of neurite 

outgrowth from the DRG explant.  

Figure 4-7F shows that PPEAP is supportive of DRG neurite outgrowth and stimulates 

significantly greater neurite outgrowth compared to a one-time E2 bolus. The average neurite 

outgrowth from DRG cultured onto PLLA/PPEAP scaffolds (1153.6 ± 346.9 µm) is significantly 

greater than neurite outgrowth from DRG cultured onto PLLA/PLLA scaffolds (0 ± 0 µm), or 

DRG cultured onto PLLA/PLLA scaffolds with bolus E2 (526.7 ± 273.4 µm). 

 



 

89 
 

 

 

Figure 4-7. PPEAP-Derived neurotrophism. (A) Materials consisting of PPEAP and/or PLLA were 
fabricated to determine the neurotrophic potential of PPEAP. (B) PLLA fiber SEM shows highly aligned 
PLLA fibers used in all DRG culture (2.08 ± 0.2 µm fiber diameter) (C-E) DRG were cultured onto (C) 
PLLA fibers electrospun onto PLLA films, (D) PLLA fibers electrospun onto PLLA films with 100 nM 
bolus of E2, and (E) PLLA fibers electrospun onto PPEAP films. (F) DRG neurites were measured in 

ImageJ and compared among the three scaffold types (n≤3, * denotes statistical significance compared to 
PLLA/PLLA, # denotes statistical significance compared to PLLA/PLLA + exo E2 via ANOVA and 

Tukey’s HSD, p<0.05). Scale bars are 20 µm for SEM, and 200 µm for DRG images. 

4.4.4 PPEAP Film-Derived Neuroprotection 

After observing that PPEAP was supportive of neurite outgrowth from DRG in vitro, we tested 

whether the E2 being released from PPEAP films was neuroprotective against oxidative stress. 

Dissociated cortical neurons were cultured onto PDL-coated TCPS wells in a 12 well plate with 

or without a PPEAP film present. After 5 days in culture, neurons were exposed to an oxidative 

stress insult of 50 µM H2O2 for 20 minutes. 24 hours later, neurons were stained with Hoechst 

33342 and propidium iodide to determine cell viability (Figure 4-8A).  

In control TCPS wells, neurons not exposed to H2O2 were 91.1 ± 1.5 % viable. After 

introducing H2O2 in control TCPS wells, neuron viability decreased significantly to 46.2 ± 2.2 %, 

demonstrating the ability to induce significant apoptosis via oxidative stress using this culture 

model. When neurons were cultured onto TCPS in the same well as a PPEAP film, the H2O2 insult 
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decreased neuron viability to 83.6 ± 4.6 %, which was not statistically significant compared to 

control neurons that were not exposed to H2O2. This finding demonstrates significant PPEAP-

derived neuroprotection compared to neurons on TCPS that were exposed to the same H2O2 insult 

(Figure 4-7B).  

 

Figure 4-8. PPEAP-derived neuroprotection. (A) Hoechst 33342 and propidium iodide labelling of neurons 
to assess PPEAP-derived neuroprotection against oxidative stress using 50 µM H2O2 insult. Hoechst 33342 

labels all cell nuclei, propidium iodide labels nuclei of dead cells.  Scale bar is 200 µm. (B) Quantitative 
analysis of cell viability from Hoechst 33342 and propidium iodide labeling. * Denotes statistical 

significance compared to all other groups via ANOVA and post-hoc Tukey’s HSD (p<0.05). 
 

4.4.5  PPEAP Fiber Contact Guidance 

To demonstrate PPEAP fiber contact guidance we cultured DRG onto plasma treated PPEAP 

films (no contact guidance), and onto PPEAP fibers that were electrospun onto PPEAP films and 

then plasma treated. DRG cultured onto PPEAP films extended neurites that were not oriented in 

a particular direction (Figure 4-9A), demonstrating DRG neurite extension in the absence of 
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guidance cues. DRG cultured onto PPEAP fibers electrospun onto PPEAP films extended neurites 

in the direction of PPEAP fiber alignment (Figure 4-9B-C). We observed large differences in DRG 

neurite extension between these two DRG that seemingly depended on whether the DRG attached 

to location on the fiber scaffold where more or less PPEAP fibers were deposited during 

electrospinning. Figure 4-9B shows a DRG that attached on densely collected fibers, whereas 

Figure 4-9C shows a DRG that attached where fibers were more sparsely collected. Although both 

DRG extended neurites in the direction of fiber alignment, fiber collection density seemed to 

significantly influence the amount, and length of neurites extending from DRG.  

 
Figure 4-9. PPEAP fiber contact guidance. (A) DRG cultured onto PPEAP films without contact guidance 
cues extended neurites in all directions. (B-C) DRG cultured onto PPEAP fibers electrospun onto PPEAP 

films extended neurites in the direction of fiber alignment (horizontal). Large differences in neurite 
extension were observed between DRG cultured onto (B) densely deposited PPEAP fibers, or onto (C) 

more sparsely deposited PPEAP fibers. (Preliminary data, n=1 for films, n=2 for fibers, scale bars are 500 
µm). 
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4.5  Discussion 

The aim of this study was to develop the first high MW poly(pro-drug) formulation of E2 for 

processing into bioactive, sustained release biomaterial scaffolds. The major findings of this study 

were: 1) We synthesized high MW PPEAP that was suitable for processing into multiple types of 

biomaterials including films and electrospun fibers, 2) Release kinetic studies predict that PPEAP 

materials will degrade slowly through bulk erosion with zero-order kinetics to provide sustained 

E2 release for years, 3) E2 released from PPEAP films has a neurotrophic effect on DRG and is 

neuroprotective against H2O2-induced oxidative stress in dissociated cortical neuron culture, and 

4) Electrospun PPEAP fibers provide contact guidance cues for neurites. In total, we demonstrate 

the invention and successful early testing of a bioactive, sustained-release E2 delivery system for 

neural engineering applications.  

To our knowledge, E2-loaded polymer nanoparticles are the only biomaterial that has been 

developed to deliver E2 for any purpose other than hormone therapy. Sahana et al. fabricated E2-

loaded PLGA nanoparticles that released E2 for approximately 55 days [102]. Cox et al. fabricated 

E2-loaded PLGA:PEG-PLLA nanoparticles and incorporated the particles inside of an agarose 

hydrogel for implantation in a contusive rat SCI model, marking the only application of a E2-

delivering biomaterial for SCI [47]. Six hours after SCI and gel/nanoparticle scaffold implantation, 

the researchers euthanized the rats and observed significant decreases in pro-inflammatory 

molecules in the injured spinal cord, including IL-6, GRO-KC, MCP-1, and S100ß. These two 

studies demonstrated the ability to fabricate E2-delivering biomaterials, deliver E2 to the injured 

spinal cord, and induce a promising anti-inflammatory shift in an animal SCI model after only 

short-term E2 delivery. However, since recovery from SCI is a long process that can take months 
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or years, we aimed to develop E2-delivering biomaterials with similar bioactivity for a drastically 

longer period of time.  

In this study, our data predict that E2 release from newly synthesized PPEAP can persist for 

years when delivered from electrospun PPEAP microfibers or PPEAP films. PPEAP fibers, which 

our data predict will degrade steadily over ~1.3 years, demonstrate an 8.6 fold increase in E2 

release duration compared to the release kinetics observed from E2-loaded PLGA nanoparticles 

by Sahana et al. [102].  The study by Sahana et al. demonstrates the longest E2 release duration 

from a biomaterial currently in the literature. The prolonged E2 release kinetics that we show, 

combined with the ability to process PPEAP into multiple different types of biomaterials, 

represents a significant improvement for E2-delivery when compared to traditional drug delivery 

devices such as polymer nanoparticles. 

After observing a greater than 10-fold difference in E2 release rates between PPEAP films and 

fibers, we hypothesized that PPEAP degradation occurred via surface erosion. Polymers that 

degrade via surface erosion degrade more quickly as the surface area:volume ratio increases. This 

would explain the increased degradation rate in PPEAP fibers. We tested this hypothesis by 

partially degrading PPEAP films and fibers, then analyzing changes in the materials as degradation 

occurred. Both PPEAP films and fibers exhibited swelling behavior, as evidenced by increases in 

thickness and diameter after degradation, respectively. Swelling occurs in polymers that degrade 

predominately via bulk erosion as water penetrates into the polymer materials faster than it 

hydrolytically cleaves bonds in the polymer chain [178], [179]. This proved that PPEAP degrades 

via bulk erosion, causing us to reject our hypothesis. Proving bulk degradation, however, suggests 

a more complex mechanism through which E2 release from PPEAP films is significantly slower 

than E2 release from PPEAP fibers. Currently, we hypothesize that E2 release is slower from 
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PPEAP films because as bulk erosion occurs E2 that is cleaved from the polymer backbone 

remains trapped within the PPEAP matrix. The same process occurs within PPEAP fibers, 

however, PPEAP films are significantly larger (17.9 ± 2.2 µm initial thickness) than PPEAP fibers 

(2.7 ± 0.6 µm initial diameter). This would increase the time that it takes for E2 to diffuse out of 

the polymer matrix.  

After studying PPEAP degradation kinetics and mechanism, we thoroughly characterized the 

materials to determine if they were suitable for neural engineering applications. We observed that 

PPEAP films were significantly softer, and more elastic than films made from PLLA, a common 

neural engineering polymer [40], [120], [122]. The Er of the spinal cord is typically found to be 

below 10 kPa, and the value can range depending on the mechanical testing modality [180], [181]. 

Although PPEAP still has a significantly higher Er than what is typically found in spinal cord 

tissue, PPEAP is significantly softer than most commercially available synthetic polymers. 

Our first attempt to study the bioactivity of PPEAP analyzed the neurotrophic effects of PPEAP 

films on DRG in culture. It is important to note that we did not add exogenous neurotrophic growth 

factors to any of the culture media in these experiments. The DRG cultured onto scaffolds, 

however, contained Schwann cells that produce neurotrophic factors necessary to promote DRG 

survival. We observed that prolonged E2 release from PPEAP films increased DRG neurite 

outgrowth significantly compared to DRG cultured in E2-free conditions, and compared to DRG 

cultured with a single 100 nM bolus of E2. Although it is not fully understood whether E2 is 

directly neurotrophic or if E2-derived neurotrophism is mediated by other cells [169], multiple 

studies have observed E2-derived neurotrophism. A review by Spencer et al. discusses that E2 

binds to neuronal estrogen receptors and increases expression of the neurotrophin receptors TrkA 

and TrkB, which bind to the neurotrophins nerve growth factor (NGF) and brain derived 



 

95 
 

 

neurotrophic factor (BDNF), respectively [86]. Carrer et al. demonstrated that E2-derived 

neurotrophism in the brain was mediated by an increase in TrkB expression, and subsequent BDNF 

signaling [182]. Similarly, Gibbs et al. demonstrated that TrkA levels in the brain increase with 

E2 exposure, suggesting that E2 could increase NGF-mediated neurotrophism [183]. A third, more 

recent study, demonstrated that DRG treated with Schwann cell conditioned media (SCM) 

sprouted more neurites that were significantly longer than DRG neurites grown in un-conditioned 

media. When SCM-treated DRG were pre-treated with 1 µM E2, the neurotrophic effects of SCM 

were significantly increased with DRG extending 2.4-fold more neurites with 2.6-fold increased 

neurite outgrowth distance [184]. Interestingly, in that same study, DRG that were treated with E2 

alone in un-conditioned media also extended neurites that were significantly longer than those 

extending form DRG cultured in E2-free, un-conditioned media. After pre-treating E2-treated 

DRG with an estrogen receptor antagonist, these effects were negated. This demonstrated a direct 

E2-mediated neurotrophic effect, as well as increased susceptibility to SCM-derived 

neurotrophism following E2 treatment. Results found in the literature combined with the results of 

our experiments suggest a synergistic effect of E2-delivery exhibiting direct neurotrophism on 

DRG neurons, while it is also likely that E2 increased the efficacy of the neurotrophins secreted 

by Schwann cells in culture.  

As a second measure of PPEAP bioactivity, we explored PPEAP-derived neuroprotection in 

an in vitro oxidative stress model. We observed that a 20 minute, 50 µM H2O2 insult decreased 

dissociated cortical neuron viability by 44.9 % when neurons were cultured without PPEAP or any 

other neuroprotective agent. PPEAP significantly attenuated oxidative stress-induced neuronal 

death. Neurons cultured with a PPEAP film exhibited only a 7.5 % decrease in viability after the 

same H2O2 insult. Neurons that were given a single bolus of 100 nM E2 at the beginning of culture 
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exhibited a 27.3 % decrease in viability after H2O2 insult (data not shown), clearly demonstrating 

the neuroprotective benefits of sustained E2-delivery over bolus injection.  

One hypothesis found in the literature is that E2 prevents against oxidative stress by affecting 

antioxidant enzyme activity, including expression of superoxide dismutase, catalase, and 

glutathione peroxidase. By affecting these enzymes, E2 prevents further increases in ROS 

production, and subsequent mitochondrial damage. [92]–[94]. Another study showed that E2 is 

neuroprotective against oxidative stress by directly binding to ERα and increasing the activity of 

cell survival pathways. In a similar oxidative stress model to the one used in the current study, Han 

et al. showed that pre-treatment with E2 activated the MAPK/ERK and PI3K/AKT pathways, both 

of which are anti-apoptotic [185]. In that same study, researchers also observed significant 

neuroprotection when pre-treating neurons with E2 prior to a H2O2 insult. Pre-treatment with 10 

nM E2 rescued approximately 45% of H2O2-induced neuronal death. The amount of rescued 

neurons that Han et al. observed from bolus E2 administration was similar to the PPEAP-derived 

rescue in our study. It is important to note, however, that Han et al. treated neurons with E2 and 

H2O2 at different time points in their experiments, which makes direct comparison of results 

impossible.  

When discussing PPEAP-derived neuroprotection, one potential confounding variable in the 

current study is the presence of PEG as a PPEAP degradation byproduct. Following SCI, PEG is 

neuroprotective and facilitates the anastomosis of severed axons [186]–[189]. Luo et al. showed 

that PEG was neuroprotective against oxidative stress by rapidly resealing the cell membrane after 

oxidative damage, and decreasing overall lipid peroxidation [186]. Thus, it is possible that as 

PPEAP hydrolyzed, PEG may have provided some neuroprotection against H2O2. No study to our 

knowledge, however, has suggested a PEG-induced mechanism in neurons or glia that would 
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produce the neurotrophic effects shown in the current study. Further, the MW of PEG that is 

released from PPEAP materials as degradation occurs is 116 Da, whereas the MW of PEG used 

by Luo et al. to demonstrate neuroprotection was 2000 Da. Therefore, for future studies to fully 

elucidate whether or not PEG contributes to the neuron effects observed in this study, it will be 

important to control for PEG concentrations and MW. In total, our results combined with the 

mechanisms that are well established in the literature clearly demonstrate that E2 released from 

PPEAP is potently neurotrophic and likely neuroprotective against oxidative stress.  

After exploring PPEAP’s neurotrophic and neuroprotective effects, I studied whether 

electrospun PPEAP fibers were capable of providing contact guidance for neurons in culture. 

PPEAP fibers did provide contact guidance for neurites extending from DRG, however, the 

amount of neurites and the distances that they extended to were heavily dependent on PPEAP fiber 

collection density. After this observation, and considering that in SCI applications individual 

neurons are more likely to interact with PPEAP scaffolds rather than whole tissue like DRG, I 

decided to demonstrate PPEAP fiber contact guidance with dissociated neurons (data not shown). 

My first attempt to demonstrate PPEAP fiber contact guidance with dissociated neurons failed 

because the neurons did not adhere to plasma treated PPEAP fibers. This finding was interesting 

because DRG in Figure 4-9 adhered to plasma treated PPEAP scaffolds. I hypothesize that DRG 

attach more readily than dissociated neurons due to the increased amount of ECM in the DRG 

explant. Biomaterial scaffolds are commonly coated with ECM proteins to facilitate cellular 

adhesion. In a recent study that is currently being prepared for submission, I observed a similar 

effect with DRG and dissociated neurons on PLLA fibers. DRG attached nicely to PLLA fibers 

that were plasma treated, and dissociated DRG neurons did not. For that study, neurons were 

instead cultured onto laminin-coated PLLA fibers. The resulting attachment rate was high and 
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neurons extended long neurites that followed fiber orientation. In future experiments, I plan to 

similarly coat PPEAP fibers with laminin prior to dissociated neuron culture to better study PPEAP 

fiber contact guidance.  

4.6  Conclusions 

Polymer biomaterials are commonly used as drug delivery devices for a variety of tissue 

engineering and regenerative medicine applications. The study detailed in this chapter 

demonstrates the first instance of drug-delivering biomaterials that are fabricated directly from a 

poly(pro-drug) for extended drug release. The synthesis of a poly(pro-drug) formulation of E2 

(PPEAP) and downstream processing into material scaffolds demonstrate progress towards 

developing a neuroprotective and regeneration-promoting contact guidance scaffold for neural 

engineering applications. Data from this chapter predict that E2 release from PPEAP can persist 

for years, which is necessary to target the pathophysiological developments during chronic SCI. 

We demonstrate that PPEAP fibers are capable of guiding regenerating cells and tissues, and E2 

released from PPEAP protects neurons from oxidative stress, and is neurotrophic for growing 

neurites. The literature shows that the different cell types in the CNS respond to E2 at similar 

concentrations. Therefore, the bioactivity and sustained release that we demonstrate suggest that 

PPEAP has the potential to mitigate multiple aspects of SCI that occur from the acute to chronic 

phases of injury.  
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5. SUMMARY OF SPECIFIC AIMS 
5.1  Aim 1: Evaluate Solvent Retention in Electrospun Poly(L-Lactic Acid) 

Fibers 

5.1.1 Hypothesis 1.1 

Electrospun poly(L-lactic acid) (PLLA) fibers will retain the solvents chloroform and HFP 

after electrospinning. 

  Findings 

We validated this hypothesis after observing that electrospun PLLA fibers retained the organic 

solvents chloroform and HFP for as long as 7 or 28 days after fabrication, respectively. FTIR, 

TGA, and NMR were used to detect and analyze the amounts of either solvent retained within the 

fibers. All three analytical methods corroborated these findings and showed that the amounts of 

either solvent within the fibers decreased over time.  

5.1.2 Hypothesis 1.2 

Employing various post-fabrication fiber treatment methods will increase the rate of solvent 

removal from electrospun PLLA fibers. 

 Findings 

We validated this hypothesis after observing that residual chloroform and HFP remained 

within PLLA fibers for 1-4 weeks after electrospinning, we experimented with various fiber 

treatments to increase the rate of solvent removal. Heating fibers on a hot plate top 100 °C to 

evaporate solvent, and submerging the fiber scaffolds in ethanol to leach solvent from the fibers 

were the most effective methods of removing solvent.  
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5.2  Aim 2: Determine how Solvent Retention Affects Drug Release from 

Electrospun Fibers 

5.2.1 Hypothesis 2.1 

Retained electrospinning solvent would increase the release rate of 6-aminonicotinamide 

(6AN) incorporated within electrospun PLLA fibers. 

 Findings 

Fibers that retained large amounts of the electrospinning solvent HFP shortly after fabrication 

released the drug 6AN, which was incorporated within the fiber polymer matrix, over the course 

of 9 days. Removing solvent from fibers by maintaining the fibers at standard temperature and 

pressure for 28 days, followed by heating the fibers in an incubator at 37 °C, prolonged 6AN 

release nearly 5-fold to occur over 44 days. This finding validated our hypothesis. Further, the 

fibers that were treated to remove solvent prior to releasing 6AN released approximately 2-fold 

more 6AN untreated fibers. We expect that the 28-day period over which HFP slowly evaporated 

out of the fibers allowed for 6AN molecules within the fiber polymer matrix to move closer to the 

fiber surface due to the increased polymer free volume inside of the fibers. 

5.2.2 Hypothesis 2.2 

Differences in drug-release kinetics from fibers can be attributed to solvent-induced changes 

in polymer free volume within electrospun PLLA fibers. 

 Findings 

DSC results revealed significant stepwise increases in fiber scaffold Tg that trended along with 

increased duration and amount of 6AN release, thus validating this hypothesis. Increases in Tg in 
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polymers correspond directly with decreases in polymer free volume. Fibers with lesser polymer 

free volume will have less space for drug to diffuse through, and will also slow the rate of water 

diffusing into the fibers. These effects slowed the release of 6AN out of electrospun PLLA fibers 

in this study.  

5.3  Aim 3: Synthesize and test materials derived from a poly(pro-drug) 

formulation of E2. 

5.3.1 Hypothesis 3.1 

Using thiolene click chemistry, we can synthesize a poly(pro-drug) formulation of E2 (PPEAP) 

that can be processed into biomaterial scaffolds for neural engineering applications, including thin 

films and electrospun fibers. 

 Findings 

We successfully synthesized a 83 kDa poly(pro-drug) formulation of E2, PPEAP. We then 

processed PPEAP into two different material scaffold types – electrospun fibers and thin polymer 

films.  

5.3.2 Hypothesis 3.2 

Biomaterial scaffolds made from the newly synthesized E2 copolymer will provide long-term 

E2 delivery through slow hydrolytic degradation. 

 Findings 

PPEAP films, and electrospun PPEAP fibers degrade slowly at rates of 0.02 %/day and 0.2 

%/day with zero-order degradation kinetics. The difference in degradation rate between films and 

fibers suggest that the predominant mechanism of degradation is through surface erosion 
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Electrospun PPEAP fibers have a much greater surface are to volume ratio, and degraded ten times 

faster than PPEAP films.  

5.3.3 Hypothesis 3.3 

E2 release from PPEAP will be neurotrophic and neuroprotective for neurons in culture, and 

electrospun PPEAP fibers will provide contact guidance cues to guide neurite extension.  

 Findings 

Whole DRG that were cultured in growth factor-free media onto PPEAP films extended longer 

neurites than DRG cultured onto bio-inert PLLA films. Further, DRG on PPEAP films extended 

longer neurites than DRG on PLLA films that received a bolus of exogenous E2. This set of 

experiments demonstrated that sustained E2 release from PPEAP has a neurotrophic effect on 

DRG in culture, which is greater than the effects of a single E2 bolus.  

PPEAP also exhibited neuroprotective effects in culture. Dissociated cortical neurons that were 

cultured with PPEAP films were rescued by approximately 37% after being exposed to a 50 µM 

H2O2 insult when compared to TCPS controls. Our findings that PPEAP was neurotrophic 

and neuroprotective validated our hypothesis that PPEAP would beneficially effect 

neurons in culture. 

Finally, we demonstrate that electrospun PPEAP fibers provide contact guidance cues 

for extending neurites. As discussed in Chapter 4, this effect will be further studied with 

dissociated neurons in culture. However, the contact guidance effects observed from DRG 

in culture show initial proof of principal that PPEAP materials can direct axonal 

regeneration.  
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6. CONCLUSIONS 
 This thesis focused on drug delivering biomaterials designed to promote beneficial changes 

in tissue following CNS injury. In chapters 2 and 3 I discuss the discovery and application of a 

simple new technique that can prolong the duration of diffusive drug release from electrospun 

polymer fibers by nearly 5-fold. The findings in these two chapters were impactful as they provided 

the framework to fine-tune drug delivery with inexpensive, and easily employable methods.  After 

observing the results in Chapter 3, however, I decided that the solvent-induced changes in 6AN 

release kinetics were not sufficient to develop a promising therapeutic biomaterial scaffold to treat 

SCI. This decision led to the collaboration with Dr. Palermo that eventually resulted in the 

invention of PPEAP. 

The collaborative effort between Dr. Gilbert’s and Dr. Palermo’s lab allowed us to approach 

biomaterial drug delivery from a new angle. Rather than trying to alter the rate of drug diffusion 

out of polymer fibers, we created an entirely new polymer that had the drug incorporated into its 

molecular structure. To our knowledge, this marked the development of the first poly(pro-drug) 

biomaterial. We synthesized PPEAP using thiolene click chemistry, then processed PPEAP into 

two different types of biomaterials – films and fibers. While PPEAP films and fibers varied largely 

in their E2 release duration kinetics, our data predict that both materials are capable of delivering 

E2 for at least ~1.3 years, which is significantly longer than any other existing E2-delivery device.  

Further, we demonstrated that PPEAP is neurotrophic and neuroprotective in vitro. These 

results are impactful as we show that the E2 being released from PPEAP is bioactive and at an 

efficacious dose that elicits a beneficial cellular response. Further, we observed that electrospun 

PPEAP fibers provide contact guidance for neurites extending form DRG in culture. This 

demonstrates that in addition to providing efficacious E2-deliver, PPEAP materials are also 
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capable of promoting directed tissue regeneration, which is necessary during the chronic stage of 

SCI. Together, the findings detailed in this thesis are promising as they demonstrate the invention 

and preliminary testing of a new material that has great potential to improve outcomes following 

SCI.  
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7. FUTURE WORK 
Chapter 4 in this thesis details the synthesis, characterization, and initial testing of PPEAP 

materials as a potential option to provide sustained E2 delivery for spinal cord injury (SCI) 

applications. While we have thoroughly characterized PPEAP, and shown efficacy in various 

neuron culture assays, multiple experiments remain to fully understand the chemistry, and 

biological impact of this new material. I will complete some of these experiments at RPI prior to 

graduating. The remaining experiments will be completed by other Gilbert and Palermo lab 

members. These experiments are described in detail below.  

7.1  PPEAP Fiber Neuron Contact Guidance  

In every chapter of this thesis I emphasize that electrospun fibers are used for tissue 

engineering purposes due to their ability to guide migrating cells and regenerating tissues after 

injury. As discussed in Chapter 4, I first attempted to demonstrate electrospun PPEAP fiber contact 

guidance using dorsal root ganglia (DRG). DRG attached to PPEAP fibers electrospun onto 

PPEAP films, and extended neurites in the direction of PPEAP fiber alignment. However, neurite 

outgrowth from DRG depended heavily on PPEAP fiber collection density. DRG are large in size 

(approximately 400 – 500 µm in diameter), meaning that a single DRG interacts with a large 

portion of a fiber scaffold. In comparison, pioneering axons regenerating after SCI will likely only 

encounter single fibers in a scaffold. Thus, moving forward I propose to demonstrate PPEAP fiber 

contact guidance with dissociated neurons as this approach would more closely mimic the neuron 

response to our materials in vivo. 

As I discussed in Chapter 4, my first attempt to demonstrate PPEAP fiber neuron contact 

guidance with dissociated neurons failed because the neurons did not adhere to the plasma treated 

scaffolds. In future experiments, I will coat PPEAP fibers with the extracellular matrix (ECM) 
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protein laminin prior to neuron culture. Biomaterial scaffolds are commonly coated with ECM 

proteins to promote cellular adhesion, and regenerating cells tissues deposit ECM on biomaterial 

scaffolds [190]. Therefore, this approach is an accurate and feasible way to demonstrate PPEAP 

fiber contact guidance. Laminin coated PPEAP films, and laminin coated tissue culture styrene 

will be used as controls that lack contact guidance cues. 

While conducting these experiments to analyze PPEAP fiber contact guidance, I also plan to 

assess the purity of the dissociated neuron culture, as discussed in section 4.3.4.3. I will culture 

neurons on TCPS, and immunostain against RT-97 with a DAPI co-label. Then, I will image 

neurons via fluorescent microscopy and calculate the percentage of DAPI positive nuclei that co-

localize with RT-97 immunofluorescence to determine the purity of neurons in culture 

I expect to complete these experiments by November 30th, 2018. 

7.2  PPEAP In Vivo Pilot Study  

After observing promising PPEAP-induced effects on neurons in culture, I propose that PPEAP 

scaffolds be implanted into an animal model of SCI. I am currently in communication with Dr. 

Gilbert’s research associate, Manoj Gottipatti, who is implanting biomaterials into contusive SCI 

animal models at The Ohio State University. For an initial pilot study, I propose that Manoj 

implants a small PPEAP film above the dura mater following contusive SCI in mice. To 

demonstrate initial efficacy in vivo, I propose to analyze acute phase neuroprotection after injury 

by analyzing neuronal apoptosis in animals that receive PPEAP scaffold implantation compared 

to animals that do not.  

For this initial in vivo study, I propose that animals receive a moderate contusion injury to the 

thoracic spinal cord after performing a laminectomy of the T10 vertebrae. This injury can be 
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administered using a MASCIS impactor to drop a weighted rod a distance of 10 mm onto the 

mouse’s exposed spinal cord. An injury of this severity should leave the dura mater intact. 

Therefore, I propose to implant a small PPEAP film (1 mm in diameter) above the injured spinal 

cord immediately after injury, prior to suturing the surgical incision. E2 is permeable to the blood 

brain barrier, so implanting the PPEAP film above the dura mater should be effective at providing 

neuroprotection within the injured spinal cord, and alleviate the risk of opening the dura mater to 

implant the scaffold. Further, there is local swelling and edema in the spinal cord following injury 

making scaffold implantation difficult. Implanting the PPEAP film outside of the dura mater 

avoids this obstacle as well.  

After implanting the PPEAP film above the injured spinal cord, I propose that rats be sutured 

and cared for for 48 hours prior to euthanasia via anesthesia and rapid decapitation. After 

euthanasia, spinal cords should be removed from animals, embedded in OCT freezing media, and 

cryosectioned into 5 µm thick sagittal sections to be stained with a terminal deoxynucleotidyl 

transferase dUTP Nick-End Labeling (TUNEL) assay to label apoptotic cells, and an antibody 

against NeuN to label all neuronal nuclei. By analyzing colocalization of TUNEL and NeuN 

positive nuclei we could then determine the degree of neuroprotection by calculating the 

percentage of neurons that were rescued from SCI-induced apoptosis after PPEAP film 

implantation, compared to control animals that do not receive a scaffold. 

Multiple studies have demonstrated that systemic E2 administration in experimental models of 

SCI is neuroprotective as early as 48 h post-injury. If we observe neuroprotection after PPEAP 

scaffold implantation, this will demonstrate that the efficacy that we show in neuron cultures in 

Chapter 4 has the potential for translation. If this is the case, I recommend that a larger in vivo 

study is conducted to look at later time points post-injury to study astrogliosis, tissue regeneration, 
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and functional recovery. As summarized in Table 1-1 in this thesis, all three of these aspects of 

recovery from SCI are beneficially affected by E2 treatment. It would be interesting to determine 

how sustained E2 release from a local biomaterial implant affects these outcomes. Further, after 

encountering difficulties culturing astrocytes with PPEAP materials, I think that an in vivo analysis 

of PPEAP-induced changes in reactive astrogliosis will be the most impactful way to study 

PPEAP’s effect on astrocytes.  

7.3  Further Options to Study PPEAP Effects on Astrocytes In Vitro 

If an in vivo study cannot fully elucidate the astrocyte response to PPEAP materials, several in 

vitro options exist that may be used to study this. Given the time to study this, I would begin by 

thoroughly assessing astrocyte survival, proliferation, and phenotype over time in serum deprived 

media. During this initial assessment it will be important to perform all tissue isolation and 

dissociation in reagents that are phenol, and serum-free.  

The Gilbert lab dissociates CNS tissue from neonatal rats in a Trypsin solution. Trypsinization 

is commonly halted by adding serum-enriched media to tissue as it dissociates. If this procedure 

cannot be modified, it will be important to understand how this short incubation with serum 

proteins (that contain varying amounts of estrogens) affects long term gene expression in 

astrocytes. In this thesis I discuss that estrogens bind to various receptors on cells including ERα, 

ERβ, and GPER, which can induce short-term effects, or long-lasting changes in cellular gene 

expression. Because of this, brief exposure to serum proteins may mask the effects that E2 being 

delivered from PPEAP is having on the cells. Therefore, a thorough study of alternative astrocyte 

culture options and/or the duration of estrogen receptor binding effects on astrocytes will be 

necessary to fully understand how PPEAP affects astrocytes in vitro.  



 

109 
 

 

Once able to culture astrocytes with PPEAP in the absence of potentially confounding 

variables, it would be beneficial to determine if PPEAP can modulate astrocyte reactivity. Multiple 

methods exist to induce a reactive astrocyte phenotype in culture. Astrocytes can be activated by 

supplementing the culture media with conditioned media taken from M1-activated macrophages, 

or with the pro-inflammatory cytokines that are produced by microglia following SCI. After 

successfully activating astrocytes, while accounting for the aforementioned difficulties with 

astrocyte culture and E2, a potentially impactful future study could culture both naïve and reactive 

astrocytes with or without PPEAP materials and use PCR to determine how E2 release from 

PPEAP modulates astrocyte reactivity.  

7.4  PPEAP Degradation Mechanism  

In this thesis, we explored the PPEAP degradation mechanism under accelerated degradation 

conditions by submerging PPEAP films or fibers in water at 80 °C. Prior to my departure from 

RPI, I plan to conduct more experiments to better understand PPEAP degradation.  

First, I plan to repeat the accelerated degradation study in a buffered solution that mimics the 

physiological environment of the spinal cord. As PPEAP degrades CO2 is released is a byproduct. 

This leads to solution acidification that was not properly buffered when studying degradation in 

water. By conducting similar accelerated degradation studies in a buffered solution I will 

determine how CO2 acidification affects PPEAP degradation. 

Next, I plan to conduct degradation studies at physiological temperature (37 °C). Initially I will 

place PPEAP fibers or films in cell culture media at 37 °C for the lengths of time that we conducted 

cell culture for (4 or 5 days). I do not expect to see appreciable degradation or polymer swelling 

over this short period of time at 37 °C because PPEAP degrades very slowly. However, it is 
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important to explore if the materials are changing on a time scale that may affect the cellular 

response.  

I expect to complete these two experiments by December 14th, 2018. 

Chapter 4 details the experiments that were conducted to determine that PPEAP materials 

degrade primarily through bulk erosion. However, the question remains as to why PPEAP film E2 

release is approximately 10-fold slower than the predicted PPEAP fiber E2 release. In the 

discussion in Chapter 4, I hypothesize that after being cleaved from the PPEAP backbone, E2 

becomes trapped within the PPEAP matrix, and diffusion out of films is significantly slower than 

diffusion out of fibers. Although I do not plan to explore this phenomenon further, an interesting 

way to test this hypothesis would be to fabricate PPEAP films of different thicknesses and 

characterize E2 release kinetics from each. Mathematical models exist that accurately predict 

polymer degradation and drug diffusion contributions to drug release kinetics. Gathering E2 

release data from PPEAP films of different thicknesses and applying such models could help us 

finely tune E2 release from PPEAP materials in the future.  
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APPENDICES 

Appendix A: Statement of Impact for Specific Aims 

A.1 Statement of Impact – Specific Aim 1 

 In the study detailed in Chapter 2 of this thesis, I explored how two different commonly 

used electrospinning solvents were retained in poly(L-lactic acid) (PLLA) fibers after 

electrospinning. This study is impactful as it was the first study to explore solvent retention in 

electrospun fibers using different solvents and multiple analytical techniques. A prior study by 

Nam et al. explored HFP retention in poly(caprolactone) (PCL) or PCL-gelatin blend fibers using 

electro-spray ionization mass spectroscopy [191]. The Nam study, however, did not use multiple 

analytical methods to confirm their findings, nor did they analyze the retention of multiple solvents 

like I did in Chapter 2. I used Fourier transform infrared spectroscopy (FTIR), nuclear magnetic 

resonance spectroscopy (NMR), and thermogravimetric analysis (TGA) to characterize the 

amounts of chloroform and HFP retained in PLLA fibers after fabrication. Therefore, this chapter 

communicates methods to adapt common analytical techniques to study solvent retention in 

electrospun polymer fibers.  

The findings detailed in Chapter 2 are impactful because they reveal the necessity to consider 

solvent retention in electrospun fibers prior to application in vitro or in vivo. In Chapter 2, PLLA 

fibers retained large amounts of chloroform or HFP after electrospinning (8.41 ± 0.6 or 15.48 ± 

0.6 % w/w, respectively). This finding was important because both of these solvents are toxic to 

cells. Further, the solvent removal techniques that I studied in Chapter 2 present viable post-
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fabrication fiber treatment techniques that will be useful to the electrospinning community to 

ensure that retained solvent is not adversely affecting experimental outcomes.   

When submitting documents to the Food and Drug Administration (FDA) to have a biomaterial 

scaffold approved for clinical use, the FDA requires information detailing the amounts of residual 

organic solvents within the scaffolds. This study can contribute to future translation of electrospun 

fibers to the clinic by helping researchers characterize and adequately remove retained solvent 

from electrospun fiber material scaffolds.  

A.2 Statement of Impact – Specific Aim 2 

After revealing that electrospun fibers retain large amounts of organic solvents after 

electrospinning, I explored whether this retained solvent affected drug release kinetics from PLLA 

fibers. Chapter 3 presents the findings from this study, which revealed that slow removal of the 

solvent HFP from electrospun PLLA fibers containing the drug 6-aminonicotinamide (6AN), 

followed by solvent removal by placing the fibers in an incubator at 37 ℃, prolonged 6AN release 

duration by nearly a factor of 5. To my knowledge, this is the only study that details a post-

fabrication fiber treatment technique capable of prolonging drug release from electrospun fibers 

that does not involve further chemistry or material manufacturing. In other studies, researchers 

have increased the duration of drug delivery from electrospun fibers by altering electrospinning 

protocols to change fiber diameter [158], or incorporate different amounts of drug or polymer into 

the electrospinning solutions [41], [157]. Instead, the approach employed in Chapter 3 simply 

consists of aging and heating fibers to remove solvent slowly over time, thus making these findings 

impactful for electrospinning practitioners hoping to achieve prolonged drug release from 

electrospun fibers without altering material fabrication procedures.  
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It is important to note that this study does not demonstrate the longest drug release duration 

from electrospun fibers. Chew et al. fabricated electrospun fibers from a copolymer of PCL and 

poly(ethyl-ethylenephosphate) (PCLEEP) that released nerve growth factor (NGF) for 90 days, 

which, to my knowledge, is the longest drug release from electrospun fibers in the literature [192]. 

The impact of the study detailed in Chapter 3 does not lie in the duration of drug release that was 

achieved, but rather in the simplicity and efficacy of this newly developed fiber treatment approach 

to prolong drug diffusion from electrospun fibers.  

A.3 Statement of Impact – Specific Aim 3 

After prolonging drug release from electrospun PLLA fibers in Chapter 3, we concluded that 

traditional approaches to electrospun fiber drug delivery would not be capable of delivering drug 

for years, which is necessary for treating chronic spinal cord injury. Therefore, we altered our 

approach to fabricate a new type of drug-delivering electrospun fibers in Chapter 4. The study 

detailed in Chapter 4 marks the first instance of electrospun fibers fabricated directly from a 

poly(pro-drug) that release drug as the polymer fibers degrade slowly over years.  

The findings detailed in Chapter 4 are impactful for multiple reasons. This study is the first to 

demonstrate the potential to fabricate biomaterials directly from poly(pro-drugs). This approach 

has tremendous potential for myriad drugs that are beneficial for sustained drug treatment 

applications. Further, this study marks the longest estrogen delivering device that has ever been 

disclosed in the literature. Prior to this study, the longest estrogen release observed from a material 

persisted for 55 days [102]. The estrogen release kinetic data that I present in Chapter 4 predicts 

that PPEAP fibers can release estrogen consistently for approximately 1.3 years, and PPEAP films 

can release estrogen consistently for approximately 15 years. Lastly, this study is impactful 

because I also demonstrate that estrogen being released from PPEAP materials is bioactive, and at 
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an efficacious dose so as to demonstrate both neurotrophic and neuroprotective effects on neurons 

in vitro. 
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