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Abstract

Developing robust in vitro models of in vivo environments has the potential to reduce costs and 

bring new therapies from the bench top to the clinic more efficiently. This study aimed to develop 

a biomaterial platform capable of modeling isotropic-to-anisotropic cellular transitions observed in 
vivo, specifically focusing on changes in cellular organization following spinal cord injury. In 

order to accomplish this goal, nebulized solvent patterning of aligned, electrospun poly-L-lactic 

acid (PLLA) fiber substrates was developed. This method produced a clear topographic 

transitional boundary between aligned PLLA fibers and an isotropic PLLA film region. Astrocytes 

were then seeded on these scaffolds, and a shift between oriented and non-oriented astrocytes was 

created at the anisotropic-to-isotropic fiber/film transition (AFFT) boundary. Orientation of 

chondroitin sulfate proteoglycans (CSPGs) and fibronectin produced by these astrocytes was 

analyzed, and it was found that astrocytes growing on the aligned fibers produced aligned arrays of 

CSPGs and fibronectin, while astrocytes growing on the isotropic film region produced randomly-

oriented CSPG and fibronectin arrays. Neurite extension from rat dissociated dorsal root ganglia 

(DRG) was studied on astrocytes cultured on anisotropic, aligned fibers, isotropic films, or from 

fibers to films. It was found that neurite extension was oriented and longer on PLLA fibers 

compared to PLLA films. When dissociated DRG were cultured on the astrocytes near the AFFT 

boundary, neurites showed directed orientation that was lost upon growth into the isotropic film 

region. The AFFT boundary also restricted neurite extension, limiting the extension of neurites 

once they grew from the fibers and into the isotropic film region. This study reveals the 

importance of anisotropic-to-isotropic transitions restricting neurite outgrowth by itself. 

Furthermore, we present this scaffold as an alternative culture system to analyze neurite response 
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to cellular boundaries created following spinal cord injury and suggest its usefulness to study 

cellular responses to any aligned-to-unorganized cellular boundaries seen in vivo.
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1. Introduction

Greater understanding of the cellular changes in response to biomaterial topography has 

allowed for biomaterials to be developed that specifically alter cellular behavior to elicit 

more efficient tissue regeneration [1–3]. Several different modalities of biomaterials are used 

to examine glial or neuronal responses to micro-and nano-surface topographies. For 

example, astroglial cells attach more strongly to microfabricated pillars rather than to 

smooth substrates [4]. Polymer microchannels have been shown to induce hippocampal 

neuron polarization more so than immobilized nerve growth factor on smooth substrates [5]. 

Neural cell lines cultured on polymer nanowires induced these neurons to produce more 

neural markers in comparison to the neural cells cultured on smooth surfaces [6]. Aligned, 

electrospun fibers, another type of biomaterial topography, directed the extension of neurites 

[7,8] and helped mature Schwann cell differentiation [8]. Deciphering the mechanisms by 

which topography influences glial or neuronal behavior in manners supportive of 

regeneration will lead to better biomaterial technologies to repair the injured nervous 

system.

Of the topographical biomaterials stated above, aligned, electrospun fibers are most 

commonly used to mimic the anisotropic structural assembly of axons and glia in the 

uninjured peripheral nervous system [10] and within the white matter tracts of the uninjured 

spinal cord [11]. The ability of aligned, electrospun fiber topography to direct regeneration 

and recreate the anisotropic structure within the peripheral nerve or spinal cord is 

communicated clearly within recent in vivo studies [12–16]. In experimental models of 

spinal cord injury specifically, electrospun fiber topography was able to encourage a subset 

of astrocytes to migrate into an electrospun fiber-containing conduit instead of forming an 

astroglial scar [15]. These studies demonstrate that electrospun fibers have the potential to 

not only direct axonal regeneration, but also to direct the migration of astrocytes supportive 

of axonal regeneration.

While it is well established that aligned, electrospun topography has the ability to direct 

axonal regeneration within experimental models of spinal cord injury, aligned fibers also 

may be utilized to develop in vitro models able to recapitulate transitions from healthy tissue 

to injured tissue. Studies involving topographical biomaterial constructs present cells with 

uniform topography, and cellular responses to such topography are compared to separate 

cultures where cells are cultured on flat surface controls [15,17]. To our knowledge, there 

are no biomaterial constructs that possess both aligned, electrospun fiber topography and 

non-topographical features within the same construct. Such constructs would provide 

information on how cells behave on topographical to non-topographical interfaces within the 
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same culture, or to create models that mimic injury environments where cells at the lesion 

interface are not provided with topographical cues.

One injury with an anisotropic-to-isotropic transition is spinal cord injury (SCI), specifically 

within the white matter tracts. Following SCI, the extracellular environment is drastically 

altered, leading to changes in the composition and organization of the extracellular matrix. 

Furthermore, the distribution and alignment of astrocytes at the lesion edge becomes 

unorganized [11,18]. Immediately following injury, astrocytes migrate to the lesion edge, 

become hypertrophic and elongated, and create a dense cellular construct (termed the glial 

scar) [11,18]. These reactive astrocytes at the lesion edge alter the extracellular environment 

by up-regulating axonal extension-inhibiting chondroitin sulfate proteoglycans (CSPGs) 

[11,16]. Spared and regenerating axons within the white matter tract then extend to the 

lesion edge where they become dystrophic [19] and are not likely to cross into the lesion site 

due to the presence of axonal inhibitors [20,21] and the lack of a bridging scaffold to direct 

axonal regeneration [22].

Changes in extracellular composition and cellular function are very dynamic following SCI. 

While in vivo rodent models can provide information representative of spinal cord injury 

within humans [23], the surgeries require exceptional expertise. Additionally, the studies are 

very time consuming. Therefore, biomaterial constructs possessing topographical and non-

topographical domains with a subset of cells found within the spinal cord may be used to 

assess the efficacy of pharmacological agents or to understand changes in cellular 

physiology at anisotropic-to-isotropic transitions in a more efficient manner.

In this study, we created anisotropic-to-isotropic fiber/film transition (AFFT) boundaries 

within electrospun scaffolds depictive of structural changes that occur following white 

matter SCI using a nebulized solvent technique. Nebulization technologies have been 

employed in the development of many innovative materials, including the fabrication of 

nanofiber coatings [24,25], light-emitting electrochemical cell coatings [26], coating and 

patterning of films with proteins or other molecules [27,28], and cell patterning and 

implantation [29–31]. The present study expands on previous nebulization technologies by 

developing a nebulization technique that produces smooth, isotropic topographical regions in 

aligned PLLA fiber scaffolds. Nebulized chloroform is used to ablate PLLA fibers, creating 

AFFT boundaries in the PLLA scaffolds. Furthermore, we hypothesized that astrocytes or 

astrocytes and neurons in co-culture would respond to the scaffold differently depending on 

whether the cells interfaced with the scaffold in a region with anisotropic topography or with 

smooth, isotropic topography. Either primary rat astrocytes or co-cultures of astrocytes and 

dissociated rat DRG neurons were cultured on these scaffolds. Following four days in 

culture, immunocytochemistry was used to assess astrocyte alignment and ECM orientation 

differences between anisotropic and isotropic domains. In astrocyte/neuron co-culture 

experiments, neurite outgrowth in different regions on the scaffold was assessed to examine 

the ability of growing neurites to extend from anisotropic topographical domains to smooth, 

isotropic topographical regions.
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2. Materials and methods

2.1. Creation of aligned electrospun fibers

To create the aligned, electrospun fibers used here, collection films were first prepared. 

These films were made via the dissolution of 4 wt.% PLLA (NatureWorks, grade 6201D, 

Cargill Dow, Minnetonka, MN) in a 50:50 wt.% mixture of chloroform (EMD Millipore, 

Billerica, MA) and dichloromethane (Macron Chemical, Center Valley, PA). Solution was 

mixed continuously for 2 h at room temperature until full PLLA dissolution was observed. 

Afterward, the solution was casted onto 15 × 15 mm, thickness #1 glass cover slips (Knittel 

Glass, Baunsenweig, Germany) and allowed to dry overnight at 25 °C.

To begin the process of electrospinning, 8 wt.% PLLA was dissolved at room temperature in 

a 50:50 wt.% mixture of chloroform and dichloromethane. This solution was then 

electrospun in accordance with procedures previously published by the Gilbert laboratory 

[8,32]. Fibers were spun using a syringe with a 22 g sharp-tip needle (Fisher Scientific, 

Hampton, NH), which was insulated to establish high electrical charge only at the needle tip. 

A variable-speed syringe pump from Razel Scientific (St. Albans, VT) was used to 

continuously pump the PLLA solution at a rate of 2 ml/h. The working voltage, supplied by 

a Gamma High Voltage Research power supply (Ormond, FL), was maintained at 10 kV. 

Fibers were collected onto collection films, which were attached to a spinning aluminum 

collection wheel (1000 rpm and a diameter of 15 cm) using double sided tape (3M, St. Paul, 

MN). During electrospinning, the following protocols were employed: distance between the 

spinning disk and the needle tip was 6 cm, fiber collection time was 20 min, ambient 

humidity and temperature was controlled between 32–45% and 18–25 °C respectively. For 

experiments where fibers were to be visualized using epifluorescence microscopy, 10 μg of 

rhodamine B (Sigma–Aldrich) was added to the electrospinning solution prior to fiber 

fabrication. Fluorescent fibers were kept isolated from light until cell seeding.

2.2. Creation of AFFT boundary electrospun fiber scaffolds

Smooth, isotropic topological domains were created within the PLLA fiber scaffolds with 

nebulized chloroform using an airbrushing technique (Fig. S1). First, two 7.5 cm × 2.5 cm 

glass microscope slides (Electron Microscopy Sciences, Hatfield, PA) were arranged parallel 

to each other. These slides were then separated by the width of 150 μm. Aligned, PLLA fiber 

samples were then placed 2 cm beneath the gap separating these slides, with fibers oriented 

perpendicular to the gap. This 2 cm distance prevented direct contact between fibers and 

slides, preserving fiber alignment. Chloroform was then airbrushed over the glass slides, 

selectively dissolving the fibers underneath the gap and creating smooth, isotropic 

topological domains within the aligned fiber scaffolds. After treatment with nebulized 

chloroform, fiber scaffolds were sterilized for 12 h at room temperature via ethylene oxide 

sterilization using 7-L liner bags and 5cc ampoules (Anprolene AN74i, Andersen Products, 

Haw River, NC).
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2.3. Imaging and analysis of AFFT boundary domains and fiber alignment following 
nebulization

There was concern that nebulization may affect the alignment of fibers near the AFFT 

boundary. To analyze fiber alignment near the nebulization zone, scanning electron 

microscopy (SEM) was conducted. SEM micrographs were captured using a Carl Zeiss 

Supra55 setup with Direct Write Attachment. The fiber samples were attached to glass cover 

slips using conductive copper tape (3M), scaffold edges were secured to the copper tape 

using Pelco® Colloidal Silver Liquid (Ted Pella Inc., Redding, CA), and a Denton Desk IV 

Sputterer (Denton Vacuum, Moorestown, NJ) was used to coat the fiber samples with a 5 nm 

conductive coating of platinum. Following preparation of fiber scaffolds, SEM micrographs 

were captured using a 6.6 mm working distance, 20 μm aperture diameter, and a 1.5 kV 

accelerating voltage. Images were captured using a 3:1 mixing ratio of an in-lens secondary 

electron detector and a Robinson backscattered electron detector. The resolution of all 

images was enhanced using line integration scanning (n = 50 per line) at a reduced scanning 

rate.

Fiber diameter, density, and alignment were measured using ImageJ software (National 

Institutes of Health, Bethesda, MD). Images of five unique scaffolds were used to take these 

measurements (n = 5). To characterize possible effects of nebulized chloroform on fibers, 

images were taken both near (within 50 μm) and far (greater than 300 μm) from the AFFT 

boundary. In order to reduce bias, fibers were chosen for measurement using an objective 

procedure for all measurements. First, a vertical line 200 μm in length was drawn at the 

geometric center of each image. To measure alignment, the 15 fibers crossing closest to the 

center of the vertical line were traced. The angle measurements of these fibers were then 

averaged to find the mean angle of alignment. Differences between this mean and the unique 

angles of each of the 15 fibers were then found. Differences in alignment were sorted into 

bins of 2°. To measure fiber diameter, lines were drawn across 20 fibers closest to the center 

of the vertical reference line. The 20 diameters were then averaged. The density of the PLLA 

fibers was also measured using ImageJ. To measure density, a 100 μm reference line was 

drawn perpendicular to the direction of fiber alignment in the center of each image. Fibers 

completely crossing this reference line were then counted manually.

There was concern following nebulization that there would be a significant height difference 

between the fibers and the fiber ablation region that may subsequently affect neurite 

outgrowth from the fibers to the film. Thus, the AFFT boundary was analyzed using atomic 

force microscopy (AFM). Images of the boundary were captured using an Asylum Research 

MFP 3D AFM (Asylum Research, Goleta, CA). Two independent scaffolds were imaged 

using AFM, with three 78 × 78 μm images taken along the AFFT boundary of each. 

Changes in the height of individual fibers in each image were analyzed as the fibers 

dissolved into films within the fiber ablation region.

Along with scaffold height change, nebulization could alter the hydrophilicity of the 

scaffolds which may affect the adhesion of the cells in co-culture. To test this, contact angle 

goniometry measurements were taken on the scaffold surface. First, half of the aligned fiber 

scaffold was nebulized with chloroform. This was done in order to create a large nebulized 

film region, ensuring that water droplets would not touch fibers when testing the surface 
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character of the nebulized scaffold area. A Ramé-Hart 100 goniometer (Ramé-Hart, 

Succasunna, NJ) was then used to take contact angle measurements. Measurements were 

taken on the fibers and nebulized fiber ablated regions of each scaffold. Fiber measurements 

were taken in both the parallel and perpendicular view. Each measurement was taken using 

10 μl of deionized water. Measurements were performed on both uncoated and coated (250 

mL of a 2:1 (v/v) mixture of poly-D-lysine (10 mg/ml, Sigma–Aldrich) and fibronectin (10 

mg/ml, Sigma–Aldrich) in Hank's Balanced Salt Solution (HBSS, Gibco)) scaffolds in order 

to determine the effects of coating on hydrophilicity. In either case, three independent 

scaffolds were used in measurement (n = 3).

2.4. Astrocyte isolation and culture

Primary astrocyte cultures from the cerebral cortex of P2 Sprague–Dawley rat pups were 

isolated as previously described [33] and in accordance with protocols approved by 

Rensselaer Polytechnic Institute's Institutional Animal Care and Use Committee (IACUC). 

Briefly, P2 rat pups were euthanized by rapid decapitation. The cerebral cortices were then 

separated from the meninges, hippocampi, and basal ganglia. The cortical tissue from four 

animals was minced and transferred to a solution containing TrypLE (Invitrogen, Carlsbad, 

CA) and OptiMEM (Invitrogen) at a 1:1 dilution. Cells were extracted using three 10-min 

incubations with TrypLE/OptiMEM additionally supplemented with DNase 1 (Sigma–

Aldrich, St. Louis, MO). The second and third extractions were combined with DMEM 

containing 10% heat inactivated horse serum (HIHS) and 50 U/mL penicillin plus 50 μg/mL 

streptomycin (P/S, Invitrogen). Cells were pelleted using centrifugation (0.5 RCF for 5 min) 

and resuspended in an 89/10/1 vol% mixture of Dulbecco's Modified Eagle Medium 

(DMEM, Gibco, Grand Island, NY), heat inactivated horse serum (HIHS, Invitrogen, 

Carlsbad, CA), and penicillin/streptomycin (Invitrogen). Dissociated cells were plated at a 

density of 200,000 cells/flask on poly-D-lysine (Sigma–Aldrich) coated T75 flasks. Flasks 

were coated for 1 h in a 10 μg/mL solution of poly-D-lysine in Hank's Balanced Salt Solution 

(HBSS, Gibco) and then washed twice with sterile distilled water prior to astrocyte plating. 

Astrocytes used in the study were cultured for 2–4 weeks prior to use in experiments. Some 

cells from each astrocyte isolation were plated onto 15 by 15 mm cover slips coated with 

poly-D-lysine using methods stated previously to determine astrocyte purity. Only T75 flasks 

were utilized where the corresponding astrocytes cultured on the glass cover slips contained 

an astrocyte purity >95%. An astrocyte was confirmed as being an astrocyte using an anti-

glial fibrillary acidic protein (GFAP) stain (Dako, Carpinteria, CA). The specific staining 

procedure used is presented in the Immunocytochemistry section (Section 2.7).

2.5. Culture of astrocytes on AFFT boundary scaffolds

Initially, sterilized PLLA fiber scaffolds were coated with fibronectin (10 μg/mL), since we 

previously observed astrocytes strongly adhering to fibronectin coated fibers [34]. However, 

in experiments presented here, we observed astrocyte adhesion to be less at the AFFT 

interface, so a different coating procedure was devised. In this study, sterilized PLLA 

scaffolds were coated with 250 μl of a 2:1 (v/v) mixture of poly-D-lysine (10 μg/mL, Sigma–

Aldrich) and fibronectin (10 μg/mL, Sigma–Aldrich) in Hank's Balanced Salt Solution 

(HBSS, Gibco). The mixture was applied and allowed to coat for 1 h at room temperature in 

a sterile biological hood. The coating solution was then removed, and samples were washed 
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twice with 250 μl of sterile distilled water. Astrocytes were removed from culture flasks with 

TrypLE (Invitrogen) and resuspended in astrocyte media. Astrocytes were then seeded onto 

the PLLA scaffolds at a density of 300,000 cells/cm2 and cultured in an incubator for 24 h in 

250 μl of astrocyte media. After 24 h, 750 μl of astrocyte media was added to each culture, 

and astrocytes were incubated for an additional 72 h. Astrocytes were concentrated around 

the AFFT boundaries via the use of polydimethylsiloxane (Dow Corning, Midland, MI) 

molds. For more in-depth details regarding electrospinning and astrocyte culture methods, 

see Zuidema et al. [35].

2.6. Neuron isolation and co-culture with astrocytes

Neurons were isolated from the dorsal root ganglia (DRG) of P2 Sprague–Dawley rat pups 

according to previously established protocols [36] and in accordance to protocols approved 

by Rensselaer Polytechnic Institute's Institutional Animal Care and Use Committee 

(IACUC). Briefly, DRG were digested for 50 min in a solution of 0.1 trypsin (MediaTech 

Inc., Manassas, VA) and 1 mg/mL collagenase A (Sigma–Aldrich) in HBSS. The DRG were 

then further digested for 10 min in a solution of 0.1% trypsin in HBSS and centrifuged at 

100 g. Following centrifugation, DRG were titrated mechanically fifteen times via pipette. 

Dissociated neurons were preserved at a density of 106 cells/mL at a temperature of −80 °C 

until use.

After allowing the astrocytes to attach to the electrospun fiber scaffolds, PLLA films, or the 

AFFT scaffolds for 96 h using methods stated in Section 2.5, neurons were plated on top of 

the adhered astrocytes. Dissociated rat neurons were first centrifuged for 2 min at 2000 rpm. 

During centrifugation time, astrocyte media was removed from the astrocyte/electrospun 

fiber scaffolds. After being centrifuged, neurons were mixed with neural growth media. 

Neural growth media was made in 50 mL increments via a 97/2/1 volume percent mixture of 

neurobasal media (Invitrogen), B-27 supplement (Life Technologies, Carlsbad, CA), and 

penicillin/streptomycin (Gibco). To this mixture, 3.7 mL of L-glutamine (Gibco) was added. 

Neurons were seeded onto astrocytes at a density of 80,000 cells per sample with 150 μl of 

neural growth media. Care was taken to seed all neurons within 3 mm of the edge of the 

AFFT boundary via the use of polydimethylsiloxane molds. After 2 h, 850 μl of neural 

growth media was added to each sample. Astrocyte/neuron co-cultures were then maintained 

for 24 h before analysis.

2.7. Immunocytochemistry

To visualize astrocytes and neurons following experimentation, the following 

immunocytochemistry approaches were used. After culture, samples were fixed with a 4% 

w/v mixture of paraformaldehyde (Sigma–Aldrich) in phosphate buffered saline (PBS) 

(Invitrogen) for 1 h. Samples were then washed three times with PBS and blocked with a 

solution consisting of 5% bovine serum albumin (BSA, Sigma–Aldrich) and 0.4% Triton-X 

(Sigma–Aldrich) in PBS. After removal of the blocking solution, the samples were treated 

overnight at 4 °C with a dilution of primary antibody stain in incubating solution. Incubating 

solution consisted of 0.5% BSA and 0.1% Tween-20 (Sigma–Aldrich) in PBS. Primary 

antibodies used included: rabbit anti-glial fibrillary acidic protein (DAKO Z033429-2; 1:700 

dilution), mouse anti-CS56 (Sigma–Aldrich C8035; 1:500), chicken anti-fibronectin 
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(Sigma–Aldrich GW20021F; 1:500), and chicken anti-neurofilament M (Millipore AB5735, 

1:1000). After incubating overnight, the samples were washed three times with a 0.1% 

solution of Tween-20 in PBS. A secondary stain was then applied in a 1:1000 dilution in 

incubating solution. Secondary stains used included: donkey anti-mouse (Invitrogen Alexa 

Fluor 488), goat anti-rabbit (Invitrogen Alexa Fluor 660), and goat anti-chicken (Invitrogen 

Alex Fluor 488). After 1 h on a shake plate set to 120 rpm at room temperature, samples 

were treated with a DAPI nuclear stain (Sigma–Aldrich) which was applied to the samples at 

a concentration of 1 μg/mL in PBS. Fifteen minutes after the application of the DAPI stain, 

the samples were washed twice with PBS and imaged. All images were obtained using an 

inverted Olympus IX-81 microscope (Olympus, Tokyo, Japan) and compiled using Adobe 

Photoshop software (Adobe, San Jose, CA).

2.8. Analysis of astrocyte morphology and the organization of astrocyte extracellular 
matrix

The morphology of astrocyte structure and extracellular matrix output was analyzed using 

the Orientation J plug-in [37] for ImageJ. Images from four unique astrocyte cultures were 

used for analysis (N = 4). First, images were adjusted using the Threshold tool to remove 

background fluorescence. Each image was then divided into a grid system using square bins 

of 50 × 50 μm. Using Orientation J, the content of each bin was analyzed for directional 

morphology. In scaffolds with fiber ablated isotropic domains, images acquired were 

centered upon the isotropic fiber ablation region and included at least 300 μm of aligned 

fibers on each side of the AFFT boundary. On these images, analysis was first performed 

using 10 bins located 200 μm to the right of the right-most AFFT boundary. Next, 10 bins 

located on the right AFFT boundary were analyzed, followed by 10 in the geometric center 

of the isotropic fiber ablation region. Finally, 10 bins were analyzed at the left boundary and 

200 μm to the left of the left boundary, respectively. In images of the samples consisting 

entirely of fibers or of just films, each image was broken into 50 bins for analysis. Analysis 

was performed on GFAP to assess astrocyte morphology, and fibronectin (FN) and 

chondroitin sulfate proteoglycan (CSPG) were analyzed to assess extracellular matrix 

position and organization.

2.9. Measuring neurite extension in astrocyte–neuron co-cultures

Neurite outgrowth from three unique co-cultures (cultures completed at three different points 

in time using different cells from separate astrocyte and neuron isolations) (N = 3) was 

traced semi-automatically using Neurolucida software (MBF Bioscience, Wilmington, VT). 

Individual neurite length was calculated for each neuron after tracing. Additionally, the 

number of primary neurites (those originating directly from the soma) was calculated for 

each neuron. Finally, total neurite length and longest neurite were found for each image. 

Total neurite length was defined as the sum of lengths for each individual neurite, while the 

longest neurite was defined as the single longest neurite from base to tip.

2.10. Statistical analysis

Images from four cultures were chosen at random for the analysis of the three astrocyte 

factors (GFAP, FN, or CSPGs). For AFFT boundary scaffold samples, the average 

orientation of each factor in each portion of the scaffold was compared using one-way 
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ANOVA testing with statistical significance defined at p < 0.05. For analysis of neurite 

extension, 21 neurons were analyzed from each scaffold type (aligned electrospun fibers, 

AFFT scaffolds, and a control with smooth topography (PLLA film)). The average total 

neurite length and longest neurite, were compared using a student's t-test with statistical 

significance defined at p < 0.05. All graphs were compiled using mean ± standard error of 

the mean.

3. Results

3.1. Characterization of AFFT boundary scaffolds

Since other studies show that neurites or neuronal cells respond to differences in fiber 

diameter [32,38], we wanted to first verify that nebulization would not alter the physical 

properties of the fibers near the AFFT boundary. Therefore, we started our work by first 

characterizing the fiber alignment and morphology of PLLA fiber scaffolds using three 

imaging techniques to reveal the general morphology of fibers and the isotropic film regions. 

PLLA fibers (Fig. 1A) were imaged using a SEM to produce high magnification images 

revealing the alignment of fibers. A stereoscope was used to image the AFFT boundaries 

(Fig. 1B) at lower magnifications to show the overall size of the isotropic film region in the 

fibers. Fiber diameter, alignment, and density were then compared between control 

electrospun fiber scaffolds and electrospun fibers that had been subjected to nebulized 

chloroform. Fiber diameter was similar between the two groups as expected and nebulization 

did not appear to alter the diameter of the fibers near the AFFT boundary. The average fiber 

diameter was 3.09 ± 0.25 μm and 3.57 ± 0.21 μm in the non-nebulized samples and in the 

nebulized samples respectively (Fig. 1C). Fiber alignment was compared between the two 

groups and both groups were highly aligned with the vast majority of fibers being within 10° 

from the median fiber angle (Fig. 1D). There were also no significant differences seen 

between the fiber densities of the two groups; the density was 14.2 ± 0.37 fibers per 100 μm 

for the control fibers and 13 ± 0.44 fibers per 100 μm for the fibers following creation of the 

AFFT boundary, respectively (Fig. 1E). These analyses demonstrate that the process of 

creating AFFT boundaries using nebulized chloroform does not affect the morphology of the 

fibers except in the isotropic film region. The AFFT isotropic region width was also 

analyzed, and the average width was found to be 554.85 ± 14.2 μm.

Atomic force microscopy was used to determine how nebulized chloroform affected the 

scaffold height and scaffold surface (Fig. S2). There was a gradual decrease in height of 0.4 

nm/μm at the beginning of the AFFT boundary (Fig. S2A,C). Further into the AFFT 

boundary, the slope increased to 5 nm/μm (Fig. S2B,D). These results demonstrate a very 

gradual change in the height of the scaffold. Differences in surface wettability were then 

analyzed by determining the water contact angles of the scaffolds (Fig. S3). The film region 

of the AFFT scaffolds was compared to the fibers to see how differences in topography 

affected the hydrophobicity of the scaffolds. When the scaffolds were not coated with PDL 

and fibronectin, the film regions were significantly more hydrophilic (85° ± 7.1) than the 

fibers either parallel to alignment (114.3° ± 2.9) or perpendicular to alignment (117° ± 2.5) 

(Fig. S3A–C, G). When the AFFT scaffolds were coated with PDL and fibronectin, the 

hydrophilicity of the fibers parallel to alignment (77° ± 10.4) and perpendicular to alignment 
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(84.7° ± 6.2) was significantly increased, while no significance was seen between the coated 

vs. uncoated films (67.3° ± 5.3) (Fig. S3A–G). Importantly, there were no significant 

differences in surface wettability between the film or fiber regions of the scaffold when they 

were coated with PDL and fibronectin (Fig. S3D–F, G). Therefore, this factor cannot 

account for any cellular differences seen between the different regions of the scaffolds.

3.2. Astrocyte morphology on AFFT boundary scaffolds

Once we confirmed that nebulization did not alter fiber physical properties (alignment, 

diameter, and density), sufficiently alter scaffold depth in nebulized regions, or alter scaffold 

hydrophobicity, the ability of the scaffolds to promote cellular adhesion and to alter 

astrocyte morphology was determined. Astrocytes were imaged following four days in 

culture on fluorescent PLLA fibers (Fig. 2) to examine the ability of the AFFT boundary 

regions to influence astrocyte morphology. PLLA fibers were fluorescently labeled to show 

where the fiber ablation region began (Fig. 2A). Astrocytes were then stained against GFAP 

(Fig. 2B) and imaged to show the changes in their aligned orientation. The overlay of the 

images demonstrated that the astrocytes are aligned on the fibers while astrocytes in the 

isotropic fiber ablation region show no preferential alignment (Fig. 2C). The orientation of 

the astrocytes was then determined at different distances from the AFFT boundary, revealing 

that astrocytes on the fibers were significantly more aligned than astrocytes located 

anywhere in the isotropic fiber ablation region (Fig. 2D). Astrocyte morphology was also 

analyzed at higher magnifications (Fig. S4). Astrocytes growing on aligned fibers have 

processes that extend in the direction of fiber alignment (Fig. S4 A,B). These processes also 

appear to take up a greater volume percentage of the cell compared to the astrocytes growing 

in the fiber ablation region (Fig. S4B,C). The astrocytes growing in the fiber ablation region 

appear to have larger cell bodies, and their processes extend in all directions without 

preference (Fig. S4C). These images demonstrate that the AFFT boundary scaffolds can be 

used to create a transition where cells are oriented on the fibers but have no preferential 

orientation on the fiber ablation regions of the AFFT boundary scaffolds.

3.3. Astrocytes orient their ECM along the aligned PLLA fibers

Previously, our laboratory has shown that astrocytes cultured on aligned fibers have an 

aligned cytoskeleton, while the cytoskeletons of astrocytes cultured on PLLA films have no 

preferential orientation [34]. Similarly, others demonstrated aligned presentation of 

fibronectin produced by astrocytes cultured on adsorbed laminin patterns [39]. Here, we 

wanted to examine the ability of aligned, PLLA fibers to orient the presentation of ECM 

molecules produced by astrocytes and to examine the orientation of ECM within the fiber 

ablation region of the AFFT scaffolds. CSPGs (Fig. 3) and fibronectin (Fig. 4) were imaged 

to show their overall orientation on fibers and within the isotropic film region. Fluorescent 

PLLA fibers (Fig. 3A) and astrocytes (Fig. 3B) were imaged to again demonstrate the 

changes in astrocyte morphology when on the fibers compared to in the fiber ablation 

regions. CSPGs were then imaged (Fig. 3C), and the composite image shows the expression 

of CSPGs compared to astrocyte location on the AFFT boundary scaffolds (Fig. 3D). CSPG 

expression was somewhat sparse throughout the AFFT boundary scaffolds (Fig. 3C), with 

limited expression from astrocytes located at any position. High magnification images were 

used to show the orientation of the disposition of CSPGs at different distances from the 
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AFFT boundary. These data showed that astrocytes on the fibers presented CSPGs in a 

significantly more aligned manner (Fig. 3E,G) than astrocytes located anywhere in the fiber 

ablation region (Fig. 3F,G). Alignment of the fibronectin produced by astrocytes was then 

determined. Fluorescent PLLA fibers (Fig. 4A) and astrocytes (Fig. 4B) were again imaged 

to show the presence of astrocytes on the AFFT boundary scaffolds. Astrocyte disposition of 

fibronectin was imaged (Fig. 4C), and the composite image shows the expression of 

fibronectin compared to astrocyte location on the AFFT boundary scaffolds (Fig. 4D). 

Fibronectin was highly expressed by astrocytes at all locations on the AFFT boundary 

scaffolds (Fig. 4C). High magnification images were used to show the orientation of 

fibronectin at different distances into and before the AFFT boundary. These data showed that 

astrocytes on the fibers presented fibronectin in a significantly more aligned manner (Fig. 

4E,G) than astrocytes located anywhere in the fiber ablation region (Fig. 4F,G). These 

results demonstrate that astrocyte alignment affects the alignment of the disposition of 

astrocyte associated CSPGs and fibronectin.

3.4. Neurite outgrowth on astrocyte seeded AFFT boundary scaffolds

Past studies have demonstrated that neurons cultured on aligned astrocytes extend oriented 

neurites that grow longer than neurons cultured on astrocytes grown on substrates lacking 

alignment [39–41]. The AFFT boundary scaffold was designed to expand upon these 

findings and reveal how neurons interact with astrocytes at an anisotropic-to-isotropic 

transition. First, neurons were cultured on astrocytes that had been seeded on aligned PLLA 

fibers (Fig. 5A,D) and PLLA films (Fig. 5B,E) to ensure that astrocytes on PLLA fibers 

oriented neurite outgrowth compared to astrocytes on PLLA films. Polar histograms were 

created from the neuron traces, and the histograms demonstrate that neurites on astrocytes 

and aligned PLLA fibers are oriented in the direction of the fibers (Fig. 5G), while neurites 

originating from neurons cultured on astrocytes and PLLA films have no preferential 

alignment (Fig. 5H). Neurons were then cultured on astrocytes cultured on AFFT boundary 

scaffolds (Fig. 5C,F), and the neurites extending from these neurons were aligned while on 

the PLLA fibers (Fig. 5I, the right side of the histogram). However, when neurites extended 

into the fiber ablation region, they began to lose this preferential alignment and their directed 

growth (Fig. 5I, the left side of the histogram). Total neurite length and the length of the 

longest neurite were then analyzed for the three groups. Neurites extended significantly 

longer (1086 ± 329 μm) when cultured on astrocytes and aligned fibers compared to both the 

film control (500 ± 84 μm) and near the AFFT boundaries (352 ± 65 μm) (Fig. 6A). The 

length of the average longest neurite of each neuron was then analyzed, and neurons on 

aligned fibers had an average longest neurite of 224 ± 37 μm and an overall longest neurite 

of 558 μm. The average longest neurite was significantly longer on fibers compared to the 

films, whose neurons had an average longest neurite of 125 ± 23 μm and an overall longest 

neurite of 339 μm, and AFFT boundary scaffolds, whose neurons had an average longest 

neurite of 145 ± 19 μm and an overall longest neurite of 249 μm (Fig. 6B).

Finally, neurite growth extending into the isotropic film region was analyzed to determine 

how the AFFT boundary affected neurite outgrowth. Once neurites reached the AFFT 

boundary, 25% of the neurites stopped and didn't enter the isotropic film region (Fig. 7A,F). 

The majority of neurites extended less than 100 μm once they reached the AFFT boundary, 
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with 39% growing between 0 and 50 μm (Fig. 7B,F) and 21% growing between 50 and 100 

μm into the isotropic fiber ablation region (Fig. 7C,F). Some neurites did extend greater than 

100 μm into the fiber ablation region, with 15% growing over 100 μm once they left the 

aligned fibers (Fig. 7D–F). These data demonstrate the ability of the AFFT boundaries to 

affect neurite outgrowth. The anisotropic-to-isotropic transition altered neurite extension to 

varying degrees, sometimes stopping neurite extension all together or eliminating alignment 

once the neurites extended from the fibers into the isotropic fiber ablation region.

4. Discussion

This study demonstrates the utility of nebulized solvent ablated electrospun microfiber 

scaffolds as in vitro central nervous system injury models. Nebulized chloroform ablation 

was able to pattern microfiber scaffolds and not alter the morphological properties of the 

fibers near the AFFT boundary, while creating a gradual slope from fibers to films. Coating 

the AFFT scaffolds with PDL and fibronectin produced regions of varying topography that 

had similar surface wettability profiles. Cultured astrocytes showed distinct morphological 

differences when growing in the isotropic film region of the AFFT boundary scaffolds 

compared to on aligned fibers, and the differences in orientation were conveyed to both 

fibronectin and CSPGs produced by astrocytes. Neurite outgrowth was affected by the 

transitions from aligned astrocytes on fibers to unorganized astrocytes within the isotropic 

fiber ablated domains. Neurites extending from the fibers and into the isotropic fiber ablation 

region were affected by this change in cellular and substrate topography, and their 

orientation became less aligned while their growth was either stopped or slowed by the 

substrate transition. Overall, these results validate the use of this new biomaterial model for 

studying cellular responses to anisotropic-to-isotropic transitions.

The nebulized solvent ablation patterning method used in this study is a robust and 

straightforward method of creating transitional topographies in polymer based fiber 

scaffolds. The ease of creating rectangular isotropic film regions in the PLLA fibers (Fig. 1, 

S1) and the ability to create other shapes based on stencil patterns (Fig. S5) makes this new 

biomaterial platform an attractive method to further study cellular transitions in vitro. While 

other studies have analyzed cellular responses to changes in fiber alignment [34], fiber 

diameter [32], and fiber density [42], this study is unique due to the ability of the scaffold to 

study cellular responses to topological transitions. The formation of isotropic fiber ablation 

regions in the PLLA fiber scaffolds had no discernable affects on nearby fiber orientation, 

density, or diameter (Fig. 1). This is important for maintaining consistent fiber physical 

properties throughout the PLLA fiber scaffold. The gradual slope produced by this method 

(Fig. S2) limits the effects that changes in height would have on cellular growth. Surface 

wettability has been shown to affect cellular response to surfaces [43], and the similarities in 

surface wettability at different regions of the AFFT scaffolds (Fig. S3) suggests that this 

parameter has no effect on any cellular responses seen in this study.

The AFFT boundary scaffolds presented here allow for the in vitro evaluation of cellular 

responses to isotopic-to-anisotropic topographical transitions. These scaffolds could be 

valuable for in vitro assessment of many injury paradigms (i.e. muscle injuries, tendon 

injuries, etc.), but our focus was to model the topographic transitions seen in the white 
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matter tracts after spinal cord injury. Following spinal cord injury, astrocytes at the lesion 

edge become unorganized and deviate from their typical alignment seen in the healthy spinal 

cord [11]. Therefore, the astrocytes cultured on aligned fibers represent those aligned tracts, 

while astrocytes in the isotropic film regions represent the disorganized astrocytes seen in 

the lesion site. Astrocytes cultured on microfibers clearly aligned in the direction of fiber 

orientation, but when astrocytes were growing in the isotropic film regions they showed no 

preferential alignment (Fig. 2). The transition from aligned to non-oriented was abrupt, and 

astrocytes did not demonstrate preferential alignment even 50 μm into the isotropic film 

regions (Fig. 2). High magnification images revealed changes in the morphologies of 

individual astrocytes (Fig. S4). Astrocytes on the fibers projected oriented processes along 

the fiber direction, while astrocytes growing in the isotropic film regions produced processes 

that grew non-preferentially (Fig. S4). These results clearly demonstrate the differences 

between astrocyte growth on the two different areas of the substrate, and the astrocyte 

alignment also affected the alignment of ECM disposition produced by the astrocytes.

Neurite regeneration following central nervous system (CNS) injury is known to be affected 

by several ECM molecules produced by astrocytes. CSPGs inhibit neurite outgrowth 

following nervous system injury, and astrocytes are known to increase their production of 

CSPGs after CNS injury [11]. Therefore, CSPG orientation was studied to understand how 

the different topographies affected astrocyte CSPG deposition. CSPGs produced and 

presented by astrocytes on the fibers were oriented in the direction of astrocyte and fiber 

alignment, but no alignment was seen from CSPGs presented by astrocytes growing in the 

isotropic film regions (Fig. 3). The high magnification images clearly depict this 

phenomenon, and they also demonstrate that CSPGs display a punctate expression pattern 

when produced by astrocytes growing on either the isotropic film regions or aligned 

topographies (Fig. 3). Meng et al. have demonstrated similar findings when comparing 

oriented and non-oriented astrocytes, where their expression of CSPGs is punctate for both 

morphologies of astrocytes [39]. However, Meng et al. did not see oriented CSPG 

presentation by aligned astrocytes, which may be due to the differences by which the 

biomaterials induced astrocyte alignment (Meng et al. used laminin patterning of glass cover 

slips to impart cellular alignment). This may be due to differences in the size of the laminin 

patterns (15 μm) relative to the fiber diameter (3 μm), or the curvature effects of the fibers 

compared to the lack of curvature conveyed by the adsorbed laminin.

Fibronectin is an ECM molecule critical for axon regeneration in the white matter of adult 

rats [44]. The alignment of fibronectin presented by astrocytes was analyzed, and it was 

again shown that fibronectin from aligned astrocytes is oriented in the direction of astrocytes 

and fiber alignment. However, fibronectin shows no preferential alignment when produced 

by astrocytes growing in the isotropic fiber ablation regions (Fig. 4). There is a substantial 

amount of fibronectin produced by the astrocytes on both the aligned fibers and within the 

fiber ablation region, and the high magnification images clearly depict the alignment of this 

ECM molecule (Fig. 4). These results coincide with those demonstrated by Meng et al. on 

laminin-patterned substrates, where fibronectin produced by aligned astrocytes adopted the 

orientation of the astrocytes themselves [39].
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While other in vitro platforms have focused on studying how neurons are affected by CSPG 

and laminin gradients [18], chemically activated astrocytes [45], mechanically stretched co-

cultures of astrocytes and fibroblasts [46], or mixed glial cell cultures [47], this biomaterial 

platform was designed to specifically study how neurite extension was affected by astrocyte 

morphological transitions. Along with other groups, we have previously shown that 

astrocytes cultured on aligned substrates have altered functions that mostly appear to be 

supportive of neuron survival and growth when compared to astrocytes cultured on smooth, 

isotropic substrates [34,39–41,51–53]. In order to evaluate these effects in our AFFT 

boundary scaffolds, overall neurite extension was first compared between neurons cultured 

on aligned PLLA fibers, films, or AFFT boundary scaffolds. The orientation of neurite 

outgrowth was evaluated to determine how the different substrates affected neurite growth. 

In agreement with several other studies [39–41], we found that neurites extended parallel to 

astrocytes when cultured on oriented astrocytes (Fig. 5). Neurons cultured on the 

unorganized astrocytes grown on films demonstrated no preferential neurite extension (Fig. 

5). Neurite alignment was then evaluated using the AFFT boundary model. Neurites were 

evaluated that extended from the aligned fibers and into the isotropic film region. Those that 

were growing on the fibers maintained highly oriented outgrowth parallel to astrocyte and 

fiber alignment (Fig. 5). However, once the neurites reached the AFFT boundary and crossed 

into the isotropic fiber ablation region, they lost their growth guidance and began deviating 

from their aligned growth (Fig. 5).

The loss in neurite guidance is likely due to the disorganization of the astrocytes within the 

fiber-free isotropic film region. Previously, Meng et al. provided evidence that neurites 

follow aligned fibronectin produced by oriented astrocytes [39]. Our data coincides with 

these results, which provide an explanation for why neurites lose their guidance once they 

begin growing on the disorganized astrocytes. However, CSPGs are also presented in an 

aligned manner on the astrocytes cultured on PLLA fibers, and they too lose their alignment 

when the astrocytes are unaligned. The inhibitory nature of these molecules suggests that 

when they are aligned, neurites may be guided in a directed manner between several lanes of 

these molecules. This ability to direct neurite growth through inhibition has been 

demonstrated previously using an in vitro CSPG strip assay [48]. Once the CSPGs are 

disorganized in the fiber ablation region, the isotropic presentation of CSPGs no longer 

guides neurites parallel to fiber alignment. These results, taken with the fibronectin results, 

suggest that the ECM molecules presented by astrocytes have an important effect on the 

orientation of growth of co-cultured neurons.

Neurons were also evaluated to determine their total neurite length and longest neurites. It 

was found that neurons cultured on aligned fibers had significantly longer total neurite 

length and longer average longest neurites compared to the neurons grown on films or near 

the AFFT boundaries (Fig. 6). The longest neurite on any of the substrates was also 

observed on the aligned fiber substrate. The fact that there are no differences between 

extending neurites on films or cultured near the AFFT boundaries led us to more closely 

investigate what was happening to neurites that extended towards and into the isotropic film 

regions. Previously, studies by Hynds and Snow [49] and Tom et al. [19] analyzed how 

neurites grew into cell free regions of adsorbed inhibitory CSPGs in vitro by measuring 

neurite stopping, stalling, turning, or crossing of the inhibitory area. We similarly analyzed 
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neurites that extended from the fibers into the isotropic fiber ablation region in order to 

quantify the distance they traveled after encountering this topographical change.

One important aspect of any spinal cord injury model is the ability of the model to restrict 

neurite outgrowth. Our results demonstrated this capability; it was found that 25% of all the 

neurites extending towards the gap stopped growing once they reached this boundary, 39% 

extended between 0 and 50 μm into the isotropic film region, 21% extended 50–100 μm into 

the isotropic film region, and only 14% extended over 100 μm once they encountered the 

AFFT boundary (Fig. 7). These data suggest that the transition of astrocytes from oriented to 

disorganized not only causes neurites to lose directional guidance, but that this boundary 

also acts to restrict the growth of neurites. The average longest neurite on the AFFT 

boundary scaffolds was 145 μm, and since only about 7% of the neurites growing in the 

isotropic film region grew longer than 145 μm, the majority of the longest neurites from 

each neuron are not neurites that are extending into the isotropic fiber ablation region. Most 

of the longest neurites for these neurons are extending on the fibers and not encountering the 

AFFT boundary. Therefore, this growth restriction caused by the boundary between 

organized and disorganized astrocytes may account for the fact that there are no differences 

in neurite outgrowth seen between PLLA films and the AFFT boundary scaffolds. This is 

not as inhibitory as some injury models, such as CSPG gradient models [19,49], where less 

than 1% of extending neurites grow onto the deposited CSPGs unless a growth supportive 

ECM molecule (fibronectin or laminin) is present. However, the restriction of neurite 

outgrowth in this model is due to the change in the orientation of the astrocytes, the 

molecules that they present, and the substrate topology. Astrocytes produce a variety of 

factors, and including them in the injury model causes neurons to encounter many different 

factors while extending neurites.

Recently, a study by Weightman et al. developed an ex vivo spinal cord injury model 

designed to test the viability of biomaterial platforms before they are transplanted in vivo 
[50]. This ex vivo model utilizes spinal cord sections that are lesioned with a scalpel and 

then bridged with poly-lactic acid nanofibers. This model increases the number of 

biomaterials that can be tested on each animal; however, this ex vivo model does not possess 

the ease of use for an initial analysis that a cell culture model allows. While Weightman et 

al. developed a robust ex vivo model to test biomaterial technologies, this study aimed to 

develop a biomaterial platform that modeled the injury site.

Our model presents a possible first step in testing therapeutic interventions that increase the 

growth capacity of neurons. Producing reactive astrocytes in the AFFT boundary system by 

including a molecular activator in the culture medium could expand on this technology. This 

should further inhibit neuronal extension in general, and potentially restrict growth even 

more at the AFFT boundary. Aligned fiber/randomly-oriented fiber boundaries could be 

fabricated in future studies to gain a better understanding of the importance of an isotropic 

smooth surface compared to a surface containing micrometer sized fibers that have no 

preferential alignment. Astrocytes have also been shown to respond to the stiffness of the 

substrate [54], and previous studies have shown that fibers and films made from the same 

polymers exhibit different mechanical properties [55,56]. Future studies could include 

varying the stiffness of the substrates to understand the importance of scaffold mechanical 
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properties in restricting neurite growth. In any case, our results demonstrate that this 

anisotropic-to-isotropic fiber/film transition boundary scaffold is a unique in vitro model of 

the organizational transitions of astrocytes encountered by neurons following SCI.

5. Conclusion

The ability to study cellular responses to anisotropic-to-isotropic fiber/film transitions make 

the AFFT boundary biomaterial scaffolds presented here a unique platform for modeling 

injury sites in vitro. This study demonstrated the ability of the biomaterial to recapitulate the 

lack of topographical guidance observed following SCI, where extending or regenerating 

neurites encounter first oriented astrocytes in injury free domains and subsequently 

unorganized astrocytes at the lesion edge. Astrocytes cultured in the isotropic film regions 

did not display the alignment observed by astrocytes cultured on oriented PLLA fibers. The 

differences in astrocyte alignment were also translated in the fibronectin and CSPGs 

presented by these astrocytes. Neurons cultured onto the astrocytes adopted either oriented 

neurite outgrowth (on aligned astrocytes) or showed no preferential growth in any axis 

(unorganized astrocytes). Importantly, the majority of neurites that encountered the AFFT 

experienced loss of guidance and restricted growth. We suggest that scaffolds similar to 

those presented here could be useful to validate the ability of pharmacological treatments to 

spur regeneration in non-topographical domains.
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Fig. 1. 
Characterization of PLLA fiber/AFFT scaffolds. (A) SEM micrograph of aligned 

electrospun fibers. (B) Stereoscope image showing fiber ablation region within fiber 

scaffold. (C–E) Quantitative comparison of fiber diameter (C), fiber alignment (D), and fiber 

density (E) in control and AFFT scaffolds show no significant differences. Scale bars in (A) 

and (B) of 10 μm and 500 μm, respectively. Data in (C) and (E) are mean values ± SE from 

five independently fabricated scaffolds.
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Fig. 2. 
Astrocytes cultured on AFFT scaffolds show varying alignment depending on their location 

on the scaffold. (A–C) 20× magnification images of a fluorescently-labeled fiber/AFFT 

scaffold (A), astrocytes cultured on the scaffold (B), and a merge of the two (C). (D) 

Quantification of astrocyte alignment at various locations within the scaffold. Scale bar = 

100 μm in C and can be applied to images A and B. Green signal represents GFAP in (C), 

while red signal is produced by rhodamine B within the fibers. Signal seen within the fiber 

ablation region appears due to leftover rhodamine following fiber dissolution. Data in (D) 

represent the mean values ± SE from four independently prepared cultures. * indicates 

statistical significance. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 3. 
Alignment of astrocyte-produced CSPGs is disrupted within the AFFT scaffold. (A–D) 20× 

magnification images of fluorescently-labeled fiber/AFFT scaffold (A), astrocytes cultured 

on scaffold (B), CSPGs produced by astrocytes (C), and a merge of the three (D). (E) 

Magnified image of aligned CSPGs from astrocytes on aligned scaffold region. (F) 

Magnified image of unaligned CSPGs from astrocytes within the fiber ablation region. (G) 

Quantification of CSPG alignment at various locations within scaffold. Scale bar in D = 100 

μm and can be applied to A, B, and C. Scale bar in F = 50 μm and can be applied to E. Green 

signal in (D) represents CSPGs, red signal represents GFAP, and blue signal represents 

rhodamine B within fibers. Data in (G) represent mean values ± SE from four independently 

prepared cultures. * indicates statistical significance. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 
Alignment of astrocyte-produced fibronectin is disrupted within the AFFT scaffold. (A–D) 

20× magnification images of fluorescently-labeled fiber/AFFT scaffold (A), astrocytes 

cultured on scaffold (B), fibronectin from astrocytes (C), and a merge of the three (D). (E) 

Magnified image of aligned fibronectin produced by astrocytes on aligned scaffold region. 

(F) Magnified image of unaligned fibronectin produced by astrocytes in the fiber ablation 

region. (G) Quantification of CSPG alignment at various locations within scaffold. Scale bar 

in D = 100 μm and can be applied to A, B, and C. Scale bar in F = 50 μm and can be applied 

to E. Green signal in (D) represents fibronectin, red signal represents GFAP, and blue signal 

represents rhodamine B within fibers. Data in (G) represent mean values ± SE from four 

independently prepared cultures. * indicates statistical significance. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 5. 
Directed neurite growth is disrupted by the anisotropic-to-isotropic transition. (A–C) 40× 

fluorescent images of individual neurons seeded on astrocytes which were cultured on 

aligned fiber scaffolds (A), PLLA films (B), or fiber/AFFT scaffolds (C). (D–F) Isolated 

traces of individual neurons pictured in A, B, and C, respectively. (G–I) Polar histograms 

showing total outgrowth and orientation of neurites seeded on astrocyte layers which were 

cultured on the three scaffold types (G = aligned fibers, H = film, I = AFFT boundary). 

Histogram I shows a transition from aligned neurite growth (right of histogram) to unaligned 

growth (left) upon neurite growth into the fiber ablation region. Scale bars in A–F = 50 μm. 

Green signal in fluorescent images represents GFAP, red signal represents neurofilament, 

and blue signal represents rhodamine B within fibers. White line in G marks the beginning 

of the fiber-free gap. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 6. 
Quantitative comparison of neurite outgrowth on aligned fibers, films, and AFFT scaffolds. 

(A) Comparison of total neurite length shows significantly greater length on aligned fibers 

than on films or AFFT scaffolds (p < 0.05). (B) Comparison of single longest neurite length 

(black) and average longest neurite length (gray). Average longest neurites are significantly 

longer on aligned fibers (p < 0.05) than other two scaffolds. Data for all plots taken from 

three independent cultures. * signifies statistical significance.
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Fig. 7. 
Neurite growth is disrupted by the fiber ablation region of the AFFT boundary scaffolds. 

(A–E) 40× magnification images of neurites which either failed to grow into fiber ablation 

region (A), or grew: less than 50 μm (B), between 50 and 100 μm (C), between 100 and 150 

μm (D), or greater than 150 μm into fiber ablation region (E). No neurite growth greater than 

200 μm into the fiber ablation region was seen. (F) Quantification of the proportion of 

neurites that grew within each distance bin into the fiber ablation region. Scale bar in A = 25 

μm, while the scale bar in E = 50 μm and can be applied to B, C, and D. Blue signal in (A–

E) represents rhodamine B present in fibers, while red signal represents neurofilament. 

Rhodamine-derived blue signal is present in fiber ablation region due to the dissolution of 

fluorescently-labeled fibers. Data in F are derived from analysis of 21 individual neurons, all 

seeded within 50 μm of AFFT boundary. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.)
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