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Abstract

Synthetic neural scaffolds hold promise to eventually replace nerve autografts for tissue repair 

following peripheral nerve injury. Despite substantial evidence for the influence of scaffold 

geometry and dimensions on the rate of axonal growth, systematic evaluation of these parameters 

remains a challenge due to limitations in materials processing. We have employed fiber drawing to 

engineer a wide spectrum of polymer-based neural scaffolds with varied geometries and core sizes. 

Using isolated whole dorsal root ganglia as an in vitro model system we have identified key 

features enhancing nerve growth within these fiber scaffolds. Our approach enabled 

straightforward integration of microscopic topography at the scale of nerve fascicles within the 

scaffold cores, which led to accelerated Schwann cell migration, as well as neurite growth and 

alignment. Our findings indicate that fiber drawing provides a scalable and versatile strategy for 

producing nerve guidance channels capable of controlling direction and accelerating the rate of 

axonal growth.
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1. Introduction

Injuries to the peripheral nervous system (PNS) affect a broad population globally and often 

result in life-long disabilities in 60% of the patients due to the limited regenerative ability of 

neural tissue [1]. Following PNS injury, regenerating axons from the proximal nerve stump 

have to span the injury site and reconnect with the distal targets. While spontaneous 

recovery can occur for small-gap injuries (less than 2 cm), regeneration across larger injuries 

is impeded by a combination of factors including immune response, scarring, poor support 

cell repopulation, and neuronal death [2, 3]. The common PNS surgical intervention for 

small-gap injuries, fascicular neurorrhaphy that sutures the ends of the proximal and distal 

nerve stumps together, adequately restores function only in ~50% of patients [4]. 

Autografting of the donor tissue is commonly used for injuries greater than 2 cm [5]. While 

ubiquitous in clinic, this method is limited by the availability of donor tissue, and poses a 

risk of secondary co-morbidity and neuroma formation [6, 7]. For complete nerve 

transections with gap distances greater than 4 cm, functional recovery becomes highly 

unlikely even with surgical intervention [8].

Nerve guidance scaffolds promoting axonal growth may in future provide therapeutic 

alternatives to autografts. While a variety of synthetic and biopolymers, such as collagen, 

polycaprolactone, polyglycolic acid, poly-DL-lactide-co-caprolactone (PLCL), and 

polyvinyl alcohol (PVA), [9] have been explored as scaffold materials, geometry of these 

devices remains largely limited to simple cylindrical lumens with millimeter dimensions 

[10–13]. Since individual fascicle dimensions are on the order of microns, which is ~1000 

times smaller than typical scaffolds, the role of the channel size on Schwann cell migration 

and axonal growth remains poorly understood especially for channels smaller than 200 μm. 

To date, limited work on systematically investigating the effects of microchannel size and 

geometry on neurite growth has been carried out in polydimethylsiloxane (PDMS) [14] and 

alginate [15] gels. Furthermore, only a few scaffolds incorporating multiple channels have 

been reported [16, 17].

As the role of a synthetic scaffold is to accelerate nerve repair across the injury site, a 

number of strategies’ have been explored to increase axonal growth within these devices. 

These include drug delivery [18], addition of cellular components [19, 20], electrical 

stimulation [21, 22], and topography [23]. The latter has been primarily studied in the 

context of flat lithographically patterned substrates [10, 23–25] limited to macroscopic 

rolling for experiments in vivo [12]. Consequently, despite the abundance of literature 

illustrating the growth promoting effects of topographical features [10], nerve guidance 

channels approved for clinical use remain limited to a simple round geometry [26].

We hypothesize that the current materials processing techniques have been limiting the 

geometries of neural guidance channels and propose an alternative approach to fabrication of 

these devices. We employ thermal drawing process (TDP) [27, 28] commonly used in fiber 

photonics and recently applied to neural probe design [29, 30], to produce flexible, 

biocompatible polymer-based neural scaffolds with a variety of geometries and dimensions. 

The versatility of TDP enabled us to produce, with accuracy, an array of neural scaffolds 

with cylindrical and rectangular core geometries and dimensions approaching those of single 
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fascicles (inner sizes 50–200 μm and lengths up to tens of centimeters). Furthermore, TDP 

allowed for direct integration of microgrooved topography within the structure of scaffold 

channels. The palette of fiber-based neural scaffolds allows for the first time, a detailed in 
vitro analysis of channel size, geometry, and surface topography for potentially promoting 

nerve regeneration.

2. Materials and Methods

2.1 NGC fabrication

Scaffold fibers were produced using the thermal drawing process (Fig. 1). Bulk polymer 

materials were annealed in a vacuum at 105°C for one month prior to fabrication. 

Macroscale polyetherimide (PEI, Tg = 216°C) slabs or cylinders were machined to include 

the desired channel geometries (round, square, or grooved). If needed, machined PEI slabs 

were consolidated in a pneumatic heated press at 240°C to form the final preform (Fig. 1A). 

Preforms were mounted onto a vertical draw tower, (Fig. 1B) and drawn at 325°C producing 

hundreds of meters of fiber. Increasing stress during fiber drawing allowed for tuning of 

channel dimensions from 300 μm to 40 μm.

2.2 Cross sectional imaging

Fiber scaffolds were sealed in an epoxy matrix and mechanically polished with a 

semiautomatic polisher/grinder (RotoPol-1, Struers). Cross sections of the fibers were then 

imaged using an optical microscope (Axioskop, Carl Zeiss Inc.) in transmission mode (Fig. 

1).

2.3 Mechanical Properties

The axial spring constant for round and rectangular PEI fibers with an elastic modulus of 

104.8 MPa and a fiber length of 10 mm (Supplementary Information) was calculated 

according to Kozai et al. [31].

2.4 Isolation of Dorsal Root Ganglia

All animal procedures were approved by the MIT Committee on Animal Care and carried 

out in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. Primary dorsal root ganglia (DRGs) were isolated from Sprague 

Dawley neonatal rats postnatal day 1 (P1; Charles River) as previously reported [32]. The 

spinal cord was exposed and isolated using a posterior approach. Individual DRG explants 

were collected from the lumbar region, trimmed of nerve roots and connective tissue, and 

placed in Hibernate A media supplemented with B-27 and glutamax (Life Technologies) for 

up to 7 days at 4°C for use on-demand. On average, 10–15 DRGs were extracted from each 

animal and mixed.

2.5 In vitro evaluation of fiber neural scaffolds

Fibers were first sectioned into desired lengths (5 or 10 mm). Sections were then affixed 

with medical epoxy (Loctite M-31CL) to 12-mm glass coverslips (Electron Microscopy 

Sciences). Prior to fiber attachment, coverslips were etched with 10% HCl solution (Sigma) 
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and stored in 99% ethanol for use on demand. Coverslips were dried and placed into 24-well 

tissue culture plates (VWR Scientific Products). Fiber and coverslip assemblies were rinsed 

3 times with 70% ethanol (EtOH) and subsequently incubated in 750 μl EtOH for 24 hrs. 

Assemblies were then rinsed 3 times with sterile water and left to dry in a biosafety cabinet. 

Once dry, coverslip assemblies were subjected to 15 minutes of UV sterilization. To aid 

initial DRG adhesion to coverslips, 2.5 μl drops of 1:30 dilution of reduced growth factor 

Matrigel™ (BD Biosciences) in growth media (Neurobasal-A medium supplemented with 

B-27, Glutamax (Life Technologies), 1% Penicilllin-Streptomycin (Lonza), 25 ng/mL 2.5S 

nerve growth factor (Life Technologies) were deposited onto glass at the longitudinal ends 

of each fiber. Matrigel™ drops were incubated (37° C, 5% CO2) for 3 hours and following 

incubation, 500 μl of growth media was added to fiber assembly and incubated for 24 hours 

to allow the media to completely fill and flow freely through the fiber microchannels.

Whole DRG were manually seeded onto the Matrigel™-coated areas next to the fiber 

scaffolds at one or both ends of the fiber and incubated (Figs. 2 and 3) for 14 days. Growth 

media was exchanged every 3–5 days. Following growth, seeded fiber assemblies (n=6 per 

geometry, dimension, and seeding condition of a single DRG or a pair of DRGs for a total of 

144 samples) were fixed in 4% solution of paraformaldehyde (Sigma) in phosphate buffered 

saline (PBS) for 45 minutes. Note, that for these experiments DRGs were picked at random 

from a mixture of DRGs extracted from 8–10 animals.

2.6 Immunocytochemistry

Fixed samples were rinsed 3 times with phosphate buffered saline (PBS) and permeabilized 

for 25 minutes with 0.1% Triton X-100 in PBS and then stained with antibodies against 

neurofilament and F-actin. Samples were blocked overnight at 4°C in 2.5% goat serum in 

PBS (GS), and then incubated for an hour at room temperature with 1:500 rabbit anti-

neurofilament 200 (N4142, Sigma) and 1:500 mouse anti-S-100 (S2657, Sigma) primary 

antibodies diluted in GS. Following incubation with primary antibodies, samples were rinsed 

3 times for five minutes with PBS and then incubated with 1:1000 Alexa Fluor® 488 

Phalloidin (A12379, Life Technologies), 1:1000 goat anti-mouse Alexa Fluor® 568 IgG 

(A11004, Life Technologies), and 1:1000 goat-anti-rabbit Alexa Fluor® 633 IgG (A21070, 

Life Technologies) secondary antibodies at room temperature for an hour. All labeled 

samples were rinsed 3 times for 5 minutes in PBS prior to mounting on a glass slide with 

Prolong Gold Anti-fade containing 4′, 6-diamidino-2-phenylindol (DAPI; Life 

Technologies) to label all cell nuclei. Mounted slides were stored at −20°C prior to imaging.

2.7 Microscopy and Image Analysis

Fiber-DRG hybrid samples were imaged with an Olympus FV1000 laser scanning confocal 

microscope with a 10X dry objective to examine total neurite outgrowth. Full z-stacks 

through the fibers were collected at the edges with a 25X water immersion objective to 

evaluate morphological features of the DRG processes entering the channels (Supplementary 

Fig. 1). The collected images were analyzed for neurite length and growth direction 

(Supplementary Fig. 2) as well as orientation of nuclei (Fig. 5A and Supplementary Fig. 3), 

similarly to previously described [25, 26], in a custom-written software in Matlab® 

(Mathworks) with Image-Processing toolbox.
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In all cases, images were converted to binary using Otsu’s thresholding method. A single 

image from the z-stack was selected to analyze nuclear orientation (Supplementary Fig. 3). 

Shapes of nuclei were fit with ellipsoids (Fig. 5A) to find the major and minor axis. The 

nuclear aspect ratio (NAR) was defined as a ratio of the major to minor axis (NAR = length/

width). Alignment was characterized as the difference between the angle of the major axis of 

the nucleus and the direction of the channel (normalized to 0°).

To evaluate neurite alignment within different fiber scaffold geometries, a two-dimensional 

maximum projection image was created from all of the corresponding z-stack images 

(Supplementary Fig. 1) and the binary backbone of neurofilament staining was inspected 

sequentially in 5×5 pixel boxes, and a major angle of positive pixels was found. For the 

entire neurofilament backbone, the major angles were binned across 180° at 2° increments 

(Supplementary Fig. 2). Bright pixels per bin were normalized to the total number of bight 

pixels to account for differences in the quantity of positive pixels across images. For each 

image, the resultant histogram curve was fit with a normalized Gaussian function:

(5)

where θ is the angle with respect to the longitudinal axis of fiber, ϕ is the peak angle of 

alignment for neurite ingrowth, and σ is the standard deviation from that peak.

2.8 Statistical Analysis

Group size was determined by a power analysis in Matlab® with the Statistics toolbox, 

under the assumption that a grooved fiber geometry would increase the length of neurite 

growth as compared to round-channel control fibers (α=0.05, power=0.9). Statistical 

significance was assessed by first ensuring normal distribution and comparable variance 

across the datasets via Lilliefors and Bartlett’s tests, respectively, followed by an ANOVA 

and Tukey’s post-hoc comparison test in Matlab®.

3. Results

3.1 Thermally Drawn Fiber Scaffolds

The thermal drawing process is advantageous for three-dimensional integration of materials 

and miniaturizing features, otherwise difficult to achieve at scale with traditional 

microfabrication techniques. In this study we have focused on the role of scaffold geometry 

in supporting and accelerating neurite outgrowth in vitro. Hence we have fabricated a broad 

palette of fiber scaffolds based on polyetherimide (PEI), which was found to support cell 

adhesion in vitro [33, 34] and exhibited high biocompatibility in vivo [29]. Fiber scaffolds 

with rectangular cores incorporating microgrooves (Fig. 1D), smooth round (Fig. 1F) and 

rectangular cores (Fig. 1G) were fabricated across a wide range of channel dimensions (Fig. 

1D). Hundreds of meters of fiber (Fig. 1E) with core dimensions systematically varied 

between 40 μm and 200 μm were produced from individual templates, preforms, by 

controlling drawing speed and temperature. The sharp corners of rectangular microchannels 
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and integrated grooves were well preserved during the drawing (Fig. 1). Fiber scaffolds are 

axially stable, but have an inherently low flexural spring constant, bending easily while 

maintaining their geometry and functions (Table 1).

3.2 Ingrowth of Dorsal Root Ganglia Neurites into Fiber Scaffolds

We have investigated neurite outgrowth within PEI-based fiber scaffolds with round, 

rectangular, and grooved cores with inner dimensions of 50, 100, 150 and 200 μm and 

lengths of 5 mm or 10 mm. To mimic a gap in peripheral nerve tissue, single DRGs and 

DRG pairs were seeded on the longitudinal ends of the fiber scaffolds mounted on cover 

glass substrates (Fig. 2). For all cases, outgrowth was observed on the substrate, along the 

fiber interface, on the surface of the fiber scaffolds, and within their micro channels (Fig. 3). 

The majority (92.3%) of cell bodies located within the microchannels stained positive for 

S-100, indicating the migration of Schwann cells into fiber scaffolds (Fig. 3).

For 5 mm long fiber scaffolds, the length of neurite outgrowth into the channel is 

significantly (p<0.05) higher for grooved and rectangular channels as compared to a simple 

round geometry for the single and paired DRG experiments (Fig. 4A–B). For grooved fiber 

scaffolds neurite outgrowth for single and paired DRGs extends through the entire length of 

the channel regardless of the core dimensions. In contrast, for 5 mm long round-channel 

fibers seeded with single DRGs, neurite outgrowth is 1.9 fold greater in 50 μm channels than 

in 200 μm channels (Fig. 4A). Averaged across all dimensions (50–200 μm), neurite length 

in the single DRG experiments is 2.4 times and 3.4 times greater for rectangular and grooved 

channels, respectively, as compared to round cores (Fig. 4A). In experiments involving a pair 

of DRGs seeded at the opposing edges of the fibers, the total length of growth into all 

channels is increased for all core geometries, and appears independent of dimensions with 

the exception of a 1.1 fold increase for 50 μm vs 200 μm rectangular scaffolds (Fig. 4B). 

Consistent with single-DRG experiments, averaged across all dimensions, neurite growth is 

1.8 and 1.9 fold greater for rectangular and grooved channels as compared to a round 

geometry (Fig. 4B).

For 10-mm long fiber scaffolds seeded with single DRGs, averaging across all channel 

dimensions shows a 1.1 and 1.8 fold increase in neurite growth for rectangular and grooved 

channels over the round geometry (Fig. 4C). Furthermore, for round channel fibers, a 1.6 

fold increase in neurite outgrowth is observed for 50 μm channels as compared to 200-μm 

channels. In contrast, for grooved fibers a 1.9 fold neurite outgrowth increase is observed for 

larger, 200-μm fibers as compared to narrower 50-μm fibers (Fig. 4C). When two DRGs are 

seeded at both ends of fiber scaffolds, these trends diminish across all geometries, with the 

exception of a 1.8 increase observed for neurites growing within grooved 200-μm fibers as 

compared to 50-μm scaffolds (Fig. 4D).

3.3 Nuclear Aspect Ratio and Alignment within Fiber Scaffolds

Fiber geometry and dimensions strongly influenced the orientation of cell nuclei within the 

scaffold channels. The alignment of the nuclei with respect to the scaffold was quantified via 

the nuclear aspect ratio (NAR), the ratio of the major to minor axis of the ellipsoids fitted to 

nuclei, and the angle between the major axis and the scaffold axis of symmetry. Across all 
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dimensions, the nuclear angles were 1.6 times smaller for scaffolds with grooved channels as 

compared to round channels, indicating greater alignment afforded by integrated topography 

(Fig. 5B). In rectangular channel fibers, dimensions have the largest influence on nuclear 

alignment as indicated by 4.8 fold decrease in nuclear angle for 50-μm core as compared to 

200-μm core fibers (Fig. 5B). NAR that has been previously correlated with cell migration 

[35], was substantially influenced by channel dimensions for both round and rectangular 

channel geometries. A difference in NAR of 2.5 and 2.4 fold was observed between 50 μm 

and 200 μm-core fibers for round and rectangular geometries, respectively (Fig. 5C). In 

contrast, grooved channels maintained a high NAR (3.4 average) across all dimensions (Fig. 

5C).

3.4 Influence of Channel Geometry and Dimensions on Neurite Alignment

Geometric constraints promote neurite alignment within the channel as evident from the 

comparison between the DRGs growing into narrower vs. wider channels (Fig. 6). Peak 

angles (ϕ) and angular deviations (σ) with respect to the scaffold axis of symmetry were 

found by applying a normalized Gaussian fit to the distribution of binned angles for each 

fiber geometry and dimension. The influence of the channel width is most apparent in the 

square geometry (Fig. 6B) with a 2.4 fold decrease in the deviation observed for 50-μm core 

fibers as compared to 200-μm core devices. The inclusion of topography within fiber 

channels resulted in sharp rectification of the dispersion of neurite alignment (Fig. 6C, Table 

2).

3.5 Correlation of Orientation Parameters and Neurite Outgrowth

A negative correlation between NAR and neurite orientation was found, which indicated that 

nuclei with larger NARs are accompanied by greater confinement of the neurite outgrowth 

along the direction (axis of symmetry)

4. Discussion

The thermal drawing process affords high throughput fabrication of neural scaffolds, while 

allowing for fine control over channel geometries and dimensions (Fig. 1). Microscopic 

features of fiber-based scaffolds are defined on the macroscale without the need for 

advanced materials processing techniques such as lithography or electrospinning. Multiple 

drawing steps can be implemented to produce scaffolds with multiple channels and/or 

channels with dimensions well below 50 μm [29] enabling unprecedented control over 

scaffold geometry for neural tissue engineering.

Taking advantage of the drawing process to rapidly produce a broad palette of fiber scaffolds 

with varied channel geometries and dimensions spanning 50–200 μm, we investigated the 

role of scaffold structure on neurite growth from isolated DRGs in vitro. In agreement with 

previous reports [10], we found that microgrooves or topographical features enhance neurite 

growth within the reported fiber scaffolds (Fig. 4). Fiber geometry appeared as a 

predominant factor influencing neurite outgrowth (Fig. 4, 7), and introduction of sharp 

corners and microgrooves yielded longer processes. For fibers with round and rectangular 

cross sections, however, narrower channels led to an enhanced neurite growth (Fig. 4). 
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Channels with dimensions <40 μm were less likely to host growing neurites (Supplementary 

Figure 4), with an average ingrowth of <150 μm observed for 30 fibers 5–10 mm long.

Increased ingrowth was accompanied by greater NAR (Fig. 5) and increased nuclear (Fig. 5) 

and neurite orientation (Fig. 6) within fiber scaffolds. The potential geometric and 

dimensional similarity of the narrower scaffolds to individual nerve fascicles may underlie 

the alignment of neurites along the channel direction resulting in the observed enhanced 

outgrowth (Fig. 7). Consequently, in future applications in vivo, fiber scaffolds integrating 

multiple smaller channels may provide biomimetic substitutes to autografts.

The introduction of topographic features into scaffold channels effectively decoupled neurite 

alignment and outgrowth from the channel size, as similar trends were found across all 

dimensions. Previous in vitro and in vivo studies have shown that growing axons are 

influenced by topographical cues [10] such as electrospun fibers [19, 36–41], microgrooves 

[11, 37] or dense nanowire arrays [42]. For the fiber scaffolds reported here, topography 

appears to rectify neurite and cellular alignment even in larger channels (Fig. 3 and 4) while 

also allowing for robust ingrowth into the channel. Additionally, the fibers themselves act as 

guidance cues for neurite outgrowth with substantial growth observed on the surface of 

fibers with both rectangular and round external cross sections (Supplementary Fig. 5) or 

within large square-channel fibers without the addition of Matrigel® to the glass substrates 

(Supplementary Fig. 6).

As PNS repair is highly dependent upon the supportive behavior of Schwann cells [43–45], 

understanding glial migration may provide insights into overcoming growth-inhibiting 

responses to nerve injury [35]. Since the topography of Schwann cells can influence the 

orientation of neurite outgrowth, we investigated the migration of these cells within the fiber 

scaffolds. Consistent with migration of glia [35, 46], the observed alignment and increased 

NAR of the Schwann cell nuclei within the scaffold channels is correlated with the neurite 

growth and alignment (Fig. 7). In agreement with previous studies, we find that Schwann 

cell migration is accelerated by the presentation of microgrooves (Fig. 5) [47, 48].

While this study employed PEI as a biocompatible platform for scaffold fabrication, thermal 

drawing can be applied to hybrid materials systems under the condition of the components 

having similar glass transition and/or melting temperatures [28, 29]. This may allow for 

basic studies of material-tissue interfaces for nerve regeneration as well as enable 

incorporation of additional functional features for future neuroprosthetic approaches. For 

example, alternative materials platforms may enable to address the observed lack of 

scalability of neurite outgrowth from 5 mm to 10 mm long fiber scaffolds (Fig. 4). We 

hypothesize that the proportional decrease in neurite growth rate into longer fibers is a result 

of limited nutrient exchange through the lumen of the longer scaffolds. This claim is 

supported by the observed increase in neurite outgrowth within larger grooved scaffolds 

(Fig. 4C, D). Notably the neurite outgrowth on the surface and the edges of fiber scaffolds is 

extensive and similar for rectangular and round external geometries (Table 3).

Tensile loading of injured peripheral nerve influences tissue repair [49] and should be 

considered in guidance channel design. Native peripheral nerve tissue is highly viscoelastic, 

Koppes et al. Page 8

Biomaterials. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capable of sustaining large deformations (~8% elongation) without damage to tissue, 

changes in conduction, or blood flow [50]. While the complex, hierarchical architecture of 

neural and connective tissue in vivo yields variability of bulk mechanical properties across 

peripheral nerve locations and species [51], DRG neurites exhibit a maximal outgrowth on 

substrates with a stiffness on the order of single kPa [52]. We anticipate that matching the 

mechanical properties of materials constituting fiber-based neural scaffolds with those of 

nerve tissue will potentially improve biocompatibility and neurite growth [53] in future 

studies.

While microchannel scaffolds for separating regenerating axons were recently demonstrated 

in vivo; functional interrogation of the tissue infiltrating these neural scaffolds remains 

elusive [14]. Since thermal drawing was previously applied to integrate optical waveguides, 

electrodes, and microfluidic channels into neural fiber probes [29, 30], it may enable future 

incorporation of electrical [43, 54] or optical stimulation [32] means for accelerated nerve 

regeneration without sacrificing the valuable regenerative space.

5. Conclusions

With a high yield, fine control over microscale features, and compatibility with a wide range 

of materials, the thermal drawing process presents a promising tool for neural tissue 

engineering and its clinical applications in nerve repair. Taking advantage of the drawing 

process, we produced a diverse array of fiber-scaffolds that, for the first time, allowed for 

detailed investigation of the role of scaffold geometry and dimensions in neurite growth. 

Fiber scaffolds with rectangular and grooved channels strongly influence Schwann cell 

migration, as manifested in nuclear alignment and elongation. The latter were correlated 

with neurite orientation, and enhanced neurite growth through the channel. This work 

indicates that matching the dimensions of nerve guidance channels to those of individual 

fascicles may allow for accelerated nerve repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The thermal drawing process and fiber cross-sections for neural guidance channels. (A) A 

macro scale preform was fabricated by first machining features into PEI slabs, consolidated, 

and (B) loaded within the draw tower and heated above the glass transition temperature. (C) 

Cross-section of machined preform prior to consolidation. (D) The draw down ratio is 

increased with increasing stress applied via the capstan, yielding a range of fiber dimensions 

and (E) hundreds of feet of micro scale fiber while maintaining the geometry of the original 

preform. Scaffolds were also made with (F) round and (G) square geometries. Scale bars = 

200 μm
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Fig. 2. 
(A) Schematic representation of a DRG seeded fiber-coverslip assembly. (B) Neurite 

ingrowth through a grooved, 5 mm fiber scaffold (red = neurofilament, cyan = fiber 

scaffold). (C) A higher magnification image of neurite orientation along the inner 

topographical features. Neurite outgrowth is observed both within and along the surface of 

the fiber scaffolds.
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Fig. 3. 
DRG outgrowth into the lumen of fiber NGCs after fourteen days of growth. Fibers were 

fixed and stained for cell nuclei (DAPI, blue), F-actin (phallodin, green), Schwann cells 

(S-100, orange), and neurites (neurofilament, red). Growth into (A) round, (B) square, and 

(C) grooved NGCs. Substantial autofluorescence of PEI fibers can be observed in the blue 

and green channels. Scale bars=100 μm
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Fig. 4. 
Average DRG ingrowth into the lumen of fiber NGCs after fourteen days of growth for 

round, square, and grooved of (A, B) 5 mm and (C, D) 10 mm NGCs. Both lengths of NGCs 

were seeded with a DRG at (A, C) one end or (B, D) both ends. All values are mean ± S.D. 

*Statistically significant (p<0.05) (one-way ANOVA)
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Fig. 5. 
Cell nuclei orientation and aspect ratio were found for all fiber geometries and dimensions 

as indication of cell migration and alignment along the length of the channel. (A) Nuclei 

were fit with an ellipse to find the major (l) and minor (w) diameters to calculate nuclear 

aspect ratio as well as the angle between the major axis and the angle of the channel. (B) 

Cell nuclei were more aligned along the length of the channel for narrower round and square 

fibers (50 μm compared to 200 μm), but demonstrated a high degree of alignment for all 

dimensions of grooved NGCs. (C) A higher nuclear aspect ratio was observed for narrower 

round and square channels as well as all grooved NGCs. All values are mean ± S.D. 

*Statistically significant (p<0.05) (one-way ANOVA)
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Fig. 6. 
Neurite ingrowth is more aligned along the length of narrower and grooved NGCs. 

Histogram average traces ± S.E. for neurite orientation angle for (A) round, (B) square, and 

(C) grooved NGC geometries and dimensions (50, 100, 150, 200 μm). of the channel (Fig. 

7A). Similarly, the higher degree of alignment of nuclei along the channel (smaller nuclear 

angle) is positively correlated to a higher degree of alignment of neurites through the 

channel (Fig. 7B).
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Fig. 7. 
Correlation scatter plots for neurite alignment fits, nuclear aspect ratio, and neurite ingrowth. 

(A) A negative correlation exists between NAR and the deviation of neurite alignment. (B) 

The angle of neurite alignment and nuclei alignment are positively linked. (C) For 5-mm 

fibers seeded with one DRG, neurite outgrowth is slightly negatively correlated to the 

deviation of neurite alignment. This trend may be masked by the square and grooved NGCs’ 

neurite growth saturated.

Koppes et al. Page 19

Biomaterials. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Koppes et al. Page 20

Table 1

Mechanical Properties of Thermally Drawn NGCs. Properties were calculated for fibers of 10 mm in length 

and inner diameter/widths of 50 to 200 μm.

kAxial (N/m) kBending (N/m)

Round (50–200 μm) 213.9–3423.0 0.0011–0.2953

Square (50–200 μm) 33.9–1020.9 0.0002–0.2966
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Table 2

Gaussian fit parameters for neurite orientation. All values are mean ± S.D.

50-μm 100-μm 150-μm 200-μm

Mean (μ)

Round 5.8±2.8 0.2±7.6 −7.6±9.4 −3.2±8.6

Square 1.4±3.8* 0.4±4.9 2.1±5.8 1.2±10.3

Grooved −2.1±2.3* 0.1±2. 0.1±1.0 −1.4±4.3

Variance (σ)

Round 5.8±2.8 6.1±7.6 9.4±7.6 8.3±3.8#

Square 3.3±2.4* 3.8±3.2 3.8±4.8 8.1±6.4#

Grooved 2.2±2.2* 2.0±1.5 0.9±0.4* 3.5±2.8*

*
Statistically significant from Round fiber of same dimension (p<0.05; one-way ANOVA)

#
Statistically significant from 50-μm of same geometry (p<0.05; one-way ANOVA)
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Table 3

Neurite outgrowth from a single DRG on the surface and edges of 10 mm NGC fibers. All values are mean ± 

S.D.

50-μm (mm) 100-μm (mm) 150-μm (mm) 200-μm (mm)

Round 5.7±0.7 5.9±1.4 4.9±0.8 4.7±1.1

Square 5.4±0.9 4.9±0.7 4.6±1.1 4.9±1.2

Grooved 5.5±0.9 5.5±1.0 5.5±1.1 5.2±0.9
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