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Abstract In previous studies, we demonstrated the ability

to linearly guide axonal regeneration using scaffolds

comprised of precision microchannels 2 mm in length. In

this work, we report our efforts to augment the manufac-

turing process to achieve clinically relevant scaffold

dimensions in the centimeter-scale range. By selective

etching of multi-component fiber bundles, agarose hydro-

gel scaffolds with highly ordered, close-packed arrays of

microchannels, ranging from 172 to 320 lm, were fabri-

cated with overall dimensions approaching clinically rele-

vant length scales. Cross-sectional analyses determined

that the maximum microchannel volume per unit volume of

scaffold approached 80%, which is nearly twice that

compared to our previously reported study. Statistical

analyses at various points along the length of the micro-

channels also show a significant degree of linearity along

the entire length of the scaffold. Two types of multi-

component fiber bundle templates were evaluated; poly-

styrene and poly(methyl methacrylate). The scaffolds

consisting of 2 cm long microchannels were fabricated

with the poly(methyl methacrylate) fiber-cores exhibited a

higher degree of linearity compared to those fabricated

using polystyrene fibers. It is believed that the materials

process developed in this study is useful for fabricat-

ing high aspect ratio microchannels in biocompatible

materials with a wide range of geometries for guiding

nerve regeneration.

1 Introduction

Spinal cord and peripheral nerve injuries are debilitating

and typically result in loss of function. It has been reported

that approximately 1.9% of the US population in 2004

lived with some form of paralysis [1]. Although significant

progress has been made in biomedicine within the past few

decades, the cure for these injuries remains a challenge.

Recent attempts at repairing peripheral nerve and spinal

cord injuries have incorporated nerve guidance scaffolds

(NGS) to direct axon regeneration [2–8]. Previously, repair

of nerve injuries were attempted using auto- or allografts

[9–11]. More recently, biosynthetic scaffolds have been

used and are preferred to grafts because of the complica-

tions with obtaining and employing them, including (1) a

need for separate tissue harvesting and thus increased

surgeries, (2) receiver complications from immune system

rejection, and (3) limited availability [12]. For a biosyn-

thetic scaffold to be considered for in vivo testing, espe-

cially in the central nervous system (CNS), it must be

compatible with the native nerve environment and there-

fore chemically inert. The biosynthetic scaffold must also

possess a significant density or volume fraction of nerve

guidance channels spanning the length of the implant or

lesion site to ensure a high density of linearly oriented

axons [13, 14].

Recent efforts involving templated agarose hydrogel

scaffolds using highly ordered fiber arrays have demon-

strated the ability to precisely promote and guide nerves in
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the central nervous system [15, 16]. Briefly, this process

uses the selective etching of optical fiber bundles to pro-

duce ordered arrays of semi-cylindrical pores with nerve

guidance channel volume in the 44% range. When per-

meated with the appropriate neurotrophic factors and

implanted in female rats, the scaffolds enable precise,

linear axonal regeneration. The dimensions were 2.0 mm

long, 1.5 mm in width and 1.3 mm deep. Although the

nerve guidance has been achieved in the small mammalian

model, the ultimate goal of this work is to develop a

technology capable of repairing peripheral nerve and spinal

cord injuries in humans. Work in other laboratories have

used scaffolds approaching 1 cm as the target length in

peripheral nerve repair and likewise is used in this work

[17–21]. Additionally, target lengths for CNS repair have

been established for 2 cm [4]. With the understanding that

the length and geometry of each nerve injury will be unique

amongst individual cases, our overall goal is to develop a

robust patterning process capable of tailoring scaffold

micro, meso and macro dimensions to accommodate the

needs of each instance. To this end, the study reported

herein describes the steps for augmenting the scaffold

patterning process to enable the fabrication of scaffolds

with clinically relevant dimensions. Specifically, the tech-

nological issues to be addressed are: (i) can scaffolds be

fabricated with the same close-packed arrays of channels

but at lengths compatible with human injuries? (ii) are the

channels continuous at lengths approaching or greater than

1 cm? and (iii) can the cross-sectional dimensions of the

scaffolds approach or exceed 1 cm2?

As with our past study, agarose hydrogel was selected as

the NGS material due to its biocompatibility with the

central nervous system both chemically and mechanically.

Agarose hydrogel has been shown to be compatible with

our scaffold fabrication process and is strong enough to

withstand the rigors of surgical implantation, maintain

integrity in vivo, and remain soft enough to limit an im-

munoresponse [15]. Still, research has yet to demonstrate

how effective agarose hydrogel scaffolds with clinically

relevant dimensions are at guiding nerve growth. Likewise,

related work has demonstrated that agarose hydrogel

scaffolds could be implemented for sustained nerve growth

factor release through the layer-by-layer (LbL) process to

encourage growth of nerve axons along the length of the

implant [22].

2 Materials and methods

2.1 Materials

Multi-component fiber bundles (MCFB) were fabricated by

Paradigm Optics Inc. and consisted of various diameter

cores surrounded by a continuous matrix. Two types of

MCFBs were fabricated: one consisting of polystyrene (PS)

fibers surrounded by a continuous matrix of poly(methyl

methacrylate) (PMMA) (Fig. 1a), and another composed of

PMMA fibers surrounded by a continuous matrix of PS,

termed inverse MCFB (Fig. 1b). The solvents used to

selectively etch the various fiber bundle constituents were

propylene carbonate (PC) purchased from Sigma Aldrich,

acetonitrile (ACN) and tetrahydrofuran (THF) from

Mallinckrodt Baker and cyclohexane from Burdick and

Jackson. The PS endcaps were cut from PS petri dishes

purchased from VWR, while the PMMA endcaps were

made from PMMA sheets purchased from McMaster-Carr.

Hydrogel scaffolds were fabricated using distilled water

and high molecular weight agarose (Type I-A, Low EEO,

A0169) purchased from Sigma Aldrich. Agarose hydrogel

potting solutions were made using low molecular weight

agarose (Type XI, Low Gelling Temperature, A3038)

purchased from Sigma Aldrich.

Fig. 1 As-received cross-sections of a polystyrene fiber, poly(methyl

methacrylate) cladding MCFB and b inverse MCFB with PMMA

fibers and PS cladding
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2.2 Scaffold fabrication

The MCFB used to fabricate the majority of nerve guid-

ance scaffolds in this study consisted of PS fiber cores

surrounded by a continuous matrix of PMMA with a typ-

ical, as received length of 100 mm in the longitudinal

direction. Typical MCFB cross-sections were square or

rectangular ranging from 5 to 20 mm on one side. The

range of PS fiber core diameters and spacing between cores

is listed in Table 1. NGS templates were made by cutting

MCFBs with a precision diamond saw to a desired length,

squared and finished with 600 grit sandpaper, and rinsed

with ethanol (Fig. 2a). PS rectangles with dimensions

matching the MCFB template were cut from 1.0 mm thick

sheets of PS and bonded to the finished ends of the tem-

plate (Fig. 2b). Bonding was achieved by immersing the PS

rectangles in cyclohexane at 45�C for 10 s and quickly

pressing (approximately 50 psi) onto the ends of the cut

template. PS rectangles were bonded to each of the MCFB

ends this way. Cyclohexane was specifically chosen to

selectively and partially dissolve only the PS fibers and the

PS rectangles while maintaining the PMMA matrix intact.

The same process was used to bond PS side supports

spanning between polystyrene end caps, which gave the

templates rigidity in the latter steps of processing (Fig. 2c).

After curing of bonded PS, the template assemblies were

immersed in a PC and ACN solvent bath (80/20 v/v,

respectively) at 45�C and stirred with a magnetic stir bar at

approximately 100 revolutions per minute for 24 h

(Fig. 2d). Approximately 100 ml of etch bath was used per

cubic centimeter of MCFB template. Since PS is not

soluble in PC, the continuous PMMA matrix was selec-

tively removed leaving only the PS fibers, end caps and

side supports intact. After full PMMA removal, rinsing of

the fiber template three times in distilled water for 15 min

each followed by ethanol ensured complete removal of

residual PMMA monomers. The fiber templates were then

immersed in a 3/97 (w/w) agarose/distilled water solution

at 85�C (Fig. 2e). Immediately following, centrifugation at

1000 rpm for 1 min was completed. Centrifugation facili-

tates molten agarose hydrogel permeation through the

template. The template and molten agarose hydrogel was

poured onto a flat surface of Teflon� and the open faces of

the template were compressed between two plates during

cooling. Compression on the template open faces ensured

that no fibers stray outside the region confined by the PS

end caps and side supports. Selective removal of the PS

template components was achieved by immersing the

agarose hydrogel-permeated template in a 99% THF bath

(Fig. 2f) at room temperature for 24 h or until complete PS

dissolution. Approximately 100 ml of THF was used per

cubic centimeter of template. Additional THF baths were

used if complete PS removal was not evident. The agarose

hydrogel scaffolds were then rinsed in an ethanol bath,

followed by triple rinsing with distilled water to remove

residual solvents (Fig. 2g).

Nerve guidance scaffolds were also fabricated using

inverse MCFB. The procedure is similar to the PS fiber/

PMMA cladding MCFB scaffold fabrication process.

Briefly, rectangular end caps with dimensions matching the

inverse MCFB template were cut from 1.0 mm thick sheets

of PMMA and bonded to the finished ends of the template.

Bonding of end caps was achieved by immersing them in

an 80/20 (v/v) mixture of PC and ACN, respectively, at

45�C for 60 s followed by compression (approximately 50

psi) onto the template ends. PMMA side supports were

bonded this way. After curing of bonded PMMA, the

template assemblies were immersed in cyclohexane at

45�C and stirred with a magnetic stir bar at approximately

100 revolutions per minute for 24 h. Because of its solu-

bility in cyclohexane, the PMMA fibers, end caps, and side

supports remain while the polystyrene matrix selectively

dissolves. The remainder of the nerve guidance scaffold

fabrication process is as previously explained.

2.3 Cross-sectional microchannel diameter and wall

thickness at various depths

Scaffold cross-sectional analysis was conducted to char-

acterize features such as the microchannel and wall

dimensions and to determine the microchannel vol% per

unit volume scaffold. MCFB template cross-sections were

analyzed in a similar manner for comparison to scaffold

measurements. For this study, scaffolds were prepared as

described above but incorporated 0.02 vol% carbon black

into the scaffold walls to improve contrast for optical

imaging. The scaffolds were then immersed in molten 3

wt% low molecular weight agarose potting solutions at

60�C and centrifuged at 500 rpm for 1 min. Centrifugation

permeated the low molecular weight agarose hydrogel

through the scaffold microchannels. After cooling and

gelation, the mounted scaffolds were rigid enough to

withstand mechanical sectioning. Microchannel wall

integrity was determined by depth analysis, which involved

sanding 7.5 mm long scaffolds to depths of 1, 3.75, and

6 mm along the longitudinal axis. Lapping down to various

depths was achieved using sandpaper (240 grit) and pol-

ished using fine (600 grit) sandpaper. Optical microscopy

was performed on the sectioned scaffolds, which were

viewed in transmission using fluorescent white light.

2.4 Scaffold porosity

The scaffold theoretical microchannel area or volume

was both measured and also estimated based on cubic
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close-packed (CCP) arrays of cylinders and hexagonally

close-packed (HCP) arrays of hexagons, as seen in Fig. 3.

Briefly, the actual microchannel geometries are neither

pure cylinders nor hexagons, but rather a mosaic of shapes.

Thus, the observed open microchannel area should fall

between a minimum value for cylinders packed in a CCP

array and a maximum for hexagons in an HCP array. For

cylindrical microchannels, the value R is defined as the

radius of the microchannel, and the value G is the specified

wall thickness. Similarly, for hexagonal microchannels, the

width of the microchannel W is defined as the specified

microchannel diameter and G is the specified wall thick-

ness. If perfect cylinders in a CCP arrangement are

observed, the unit cell or smallest repeating unit is confined

to a square region enveloping two circular microchannels

and diagonal of twice the gap width plus twice the diameter

of the microchannel. Similarly, if perfect hexagons in a

HCP arrangement are observed, the unit cell is confined to

a hexagonal region enveloping one microchannel and a

matrix width of half the wall thickness. Using the equations

in Fig. 3, comparisons of pore area can be made between

cylindrical microchannels in CCP arrangement (Eq. 1) and

hexagons in HCP arrangement (Eq. 2).

The actual scaffold porosity was calculated by measur-

ing 18 microchannels per scaffold across their lateral and

longitudinal axes and taking the average value. A similar

process was followed for determining average wall thick-

ness. Subsequently, the area per microchannel was calcu-

lated by determining the pore area for each of the eighteen

microchannels assuming them to be perfect hexagons or

circles. The average of these values was taken as the actual

area per microchannel. Summing the number of micro-

channels on a scaffold face and dividing by the total area

determined the number of microchannels per mm2. By

multiplying the microchannel count and the actual pore

area, the area fraction occupied by pores was determined.

3 Results and discussion

The goal of this study is to establish a technology to pre-

cisely guide axonal regeneration and ultimately provide a

Fig. 2 MCFB scaffold fabrication showing a template sectioning, b end-cap bonding, c side support bonding, d cladding removal, e agarose

hydrogel permeation by centrifugation, f fiber, end-cap, and side support dissolution, and g a finished agarose-based nerve scaffold

Fig. 3 Pore area figures and

equations of a close-packed

cylinders and b close-packed

hexagons
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cure for nerve damage. The approach is centered on the

fabrication of scaffolds to enable bridging through the injury

and re-establishing nerve continuity. The method reported in

this work uses a technology that can precisely control scaf-

fold microchannel size, separation between microchannels

and maintain a high degree of ordering in the range of mm–

cm both perpendicular and parallel to the direction of axon

growth. The scaffolds are designed and fabricated such that

axon growth is consistent with the native nervous system

environment with regard to relative axonal position and

density. Precision compartmentalization, small (tens of

microns to hundreds of micron microchannels) separated by

micron to 100 lm walls, in theory should enable the near

restoration of original nerve pathways following a spinal

cord injury. Our approach for achieving this scaffold tech-

nology involves a material patterning process that uses wet

chemical etching to selectively remove polymer optical

fibers while leaving the permissive axonal growth substrate,

agarose hydrogel, intact. Selective etching of fiber-like

mandrils has been used by other groups to fabricate micro-

channels in other permissive substrates such as poly(2-

hydroxyethyl methacrylate), poly(lactic-co-glycolic acid),

and poly(L-lactic acid) [23–30]. The scaffold patterning

approach presented in this study differs from previous work

in that it involves a technology to prepare highly ordered

arrays of microchannels with the ability to precisely control

the spacing and diameter of the microchannels in the tens to

hundreds of micron range. The degree of ordering is a key

feature in that it enables the fabrication of scaffolds with

unprecedented microchannel volume of 80%.

Increasing the scaffold dimensions in the plane per-

pendicular to axon growth from millimeters to centimeters

did require some modifications to previous study. As the

dimensions perpendicular to longitudinal length increase

beyond a few mm, it became increasingly difficult to

selectively remove the PMMA cladding at the center of the

MCFB templates. As the lateral dimension increased, the

lack of convective solvent flow within the interstices of

the fibers caused the PC etchant to reach its solubility limit,

thus slowing the etch rates towards the center of the

MCFB. This was mitigated by adding ACN to the PC etch

bath. PMMA has a higher solubility in ACN, thus lateral

etch rates can be increased compared to the pure PC

etchant. However, PS also has a higher solubility in ACN,

thus only 20 vol% was added to allow complete PMMA

removal. Additionally, the use of ACN likely lowered the

viscosity of the PC/ACN etch bath to further facilitate

solvent convection within the interstices of the fibers. A

related issue involved permeating the molten agarose

hydrogel through the templates again as the dimensions

perpendicular to the longitudinal direction increased.

However, centrifuging the templates facilitated agarose

hydrogel permeation to overcome this issue.

3.1 Cross sectional and depth analysis

Measurements for microchannel diameter and wall thick-

ness for 25/200, 43/320, 54/172, 67/200, and 88/210 scaf-

folds are listed in Table 1 (the scaffold wall ‘‘W’’ and

microchannel ‘‘MC’’ dimensions are reported as W/MC

where the values are given in microns). For example, the

25/200 scaffolds consist of a mean wall thickness of 25 lm

and a mean channel diameter of 200 lm. All of the scaf-

folds in this study group were prepared with PS fiber

templates. One set of scaffolds (highlighted with an

asterisk) was prepared with PMMA fibers that will be

discussed in a subsequent section below. The scaffolds

listed in Table 1 had overall cross-sections ranging from 20

to 100 mm2 with 7.5 mm long microchannels. There were

two reasons for selecting 7.5 mm long microchannels to

compare the cross-sections of multiple scaffold configura-

tions. First, 7.5 mm was, on the whole, the maximum

microchannel length at which no significant disorder along

the entire longitudinal length of the scaffolds was observed.

By minimizing the amount of disorder, detailed statistical

analyses could be conducted to characterize the linearity of

the microchannels and walls. The ability to fabricate

microchannels longer than 7.5 mm was investigated in a

separate study in a subsequent section below. Secondly, 7.5

mm was selected because it demonstrates the ability to

fabricate scaffolds with considerably longer microchannels

compared to our previously reported work involving

2.0 mm long microchannels. The cross-sectional analyses

of all the 7.5 mm long scaffolds demonstrate several key

aspects and are described in detail below.

3.1.1 Etching and permeation of agarose hydrogel

The ability to completely etch or remove the PMMA

cladding and permeate the agarose hydrogel between the

fibers was demonstrated. This is evident from the cross-

sectional images that show uniform channel and wall

ordering through out the scaffolds, as discussed in greater

detail below. The 43/320 scaffolds, in particular, were

successfully fabricated with dimensions of 1 cm 9

1 cm 9 1 cm (Fig. 4), thus demonstrating a significant

increase in lateral dimensions compared to our previous

study. Scaffolds with these dimensions are also believed to

represent a significant step towards achieving clinically

relevant length scales.

3.1.2 Patterning process efficiency

For the most part, the fabrication process produces scaf-

folds that are near duplicates of the MCFB templates used

to pattern them. The endcaps secure the fibers in place

through out the etching and permeation steps to enable
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highly ordered arrays of microchannels. The wall and mi-

crochannel diameter percent difference between the MCFB

template dimensions and scaffold dimensions is plotted in

Fig. 5. From Fig. 5, in most of the scaffolds prepared, the

percentage difference between scaffold and template for

both microchannel diameter and wall thickness is low. It is

interesting to note that the dimensional percent difference

between the 25/200, 43/320, and 54/172 scaffolds are

significantly lower than the 67/200 and 88/210 scaffolds.

This is most likely due to variances between MCFB bat-

ches. Additionally, differences in wall thickness and

microchannel diameters at all depths for 67/200 and 88/210

samples, as seen in Table 1, are quite low, further indi-

cating MCFB batch irregularities.

3.1.3 Statistical microchannel depth analyses

Cross-sectional analyses were performed along the longi-

tudinal axes of 7.5 mm long scaffolds to evaluate the mi-

crochannel and wall organization as a function of

microchannel depth. Cross-sections were taken at 1, 3.75

and 6 mm intervals perpendicular to the longitudinal axis of

the 7.5 mm long scaffolds as described in the experimental

section above. For brevity, representative cross-sections

from each scaffold are shown in Fig. 6. A summary of the

cross-sectional data is presented in Table 1.

The cross-sectional analyses of the scaffolds with vari-

ous W/MC ratios indicate several noticeable trends. First,

the scaffold walls are continuous along the entire length of

the microchannels. For the most part, the walls are con-

sistent in thickness; however, they tend to be the thinnest at

a microchannel depth of 3.75 mm in almost all cases.

Moreover, the lower the W/MC ratio, the higher the degree

of deflection at 3.75 mm depth compared to the average

wall thicknesses at 1.0 and 6 mm depth (Fig. 7). For

example, at a microchannel depth of 3.75 mm, the scaf-

folds with a W/MC ratio of 0.125 (25/200) have walls that

are 26% thinner while the scaffolds with a W/MC ratio of

0.419 (88/210) are only 1% thinner. The reason for this is

likely due to capillary forces that draw the fibers closer

together during the agarose permeation and gelation pro-

cessing steps. The closer the fibers are initially, the greater

the capillary forces are. Since the fibers are constrained on

their ends, the deflection is the greatest at the farthest point

from the endcaps, i.e., in the middle. Second, the variation

in microchannel diameter is, for the most part, negligible in

all scaffolds at all depths. The high degree of microchannel

diameter consistency demonstrates the efficacy of the

MCFB patterning process. The fibers direct the solidifica-

tion of the liquid precursor at the molecular scale, thus the

microchannels are near replicas of the fibers used to pattern

them. Third, the number of microchannels per unit volume

should be maximized up to a certain point. That point is

determined by the minimum microchannel diameter at

which axonal extension is no longer sustainable. Support

cells and vascularization are required in the microchannels,

thus the microchannels must be above a critical diameter.

Similarly, there are practical limits from a processing

perspective. As the microchannel diameters decrease, and

the targeted microchannel lengths remain the same, the

aspect ratio of the patterning fibers increases.

In this study, the aspect ratios range from 23:1 to 43:1

for the 43/320 and 54/172 scaffolds, respectively. Typi-

cally, as the aspect ratio increases, the fibers are less linear

especially toward the mid span as described above. Thus, if

the targeted microchannel lengths are in the 1–2 cm range,

there should be a lower limit to how small the micro-

channels can be. Nevertheless, this work reports the

Fig. 4 Cross-section of 320 lm microchannel diameter, 43 lm wall

thickness scaffold

Fig. 5 Percent difference between MCFB template and scaffold

dimensions of wall thickness (W) and microchannel diameter (MC).

Percent difference for small W/MC ratios are relatively low, but

increases with W/MC
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successful fabrication of 172 micron diameter microchan-

nels that are 7.5 mm long (43:1 aspect ratio) compared to

our previous work that reported 200 micron diameter

microchannels that are 2 mm long (10:1 aspect ratio) [15].

It is also interesting to note that the 67/200 scaffolds

have a lower than expected wall thickness variance. This

could be attributed to a subtle difference in the method

used to fabricate the MCFB templates. Specifically, this set

of MCFB templates may have been etched in a slightly

cooler etch bath, which, apparently, produces less fiber

distortion. This phenomenon became apparent toward the

end of this work and will be incorporated into future study

as it appears to further improve the precision of the pat-

terning process.

A combination of smaller diameter microchannels and a

relatively low W/MC ratios result in maximum of 28

microchannels per mm2 of cross-sectional area for the

54/172 scaffolds. The other scaffolds in this study had

combinations of microchannel diameters and W/MC ratios

that typically resulted in scaffolds with 10–16 microchan-

nels per mm2 of cross-sectional area. As mentioned above,

the number of microchannels per unit cross-sectional area

should be optimized to provide adequate physical con-

finement to ensure linear axon extension through a lesion

site while enabling the infusion of the necessary support

cells into the scaffolds. The optimum microchannel diam-

eter has not been determined at this time, but the scaffold

fabrication process reported in this work can produce

microchannels over an appropriate range to empirically

determine the optimum microchannel diameter. Likewise,

future work seeks to evaluate the effect of axonal extension

based on scaffolds with microchannel diameters ranging

from 10–200 lm.

The 25/200 scaffolds had the thinnest mean wall

thickness of all the scaffolds in this study. However, it was

found that the scaffolds having a small average wall

thickness (25 lm) and a substantially higher standard

Fig. 6 Representative cross-sections of i 25/200, ii 43/320, iii 67/200, iv 54/172, v 88/210, and vi inverse 94/254

Fig. 7 As the W/MC ratio decreases, the degree of microchannel

coalescence increases
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deviation (40% at 1 mm depth) created regions of the

scaffold with walls too thin to withstand the rigors of

implantation, as orally communicated by MH Tuszynski,

PhD/MD (August 2009). In the past, the 88/210 scaffolds

used for in vivo testing did not exhibit mechanical failures,

which is the result of having consistently thicker walls.

Attempts to overcome this thin wall issue involved

increasing the weight percentage of agarose hydrogel to 4.5

wt% to provide scaffolds with higher strength, but

regardless these scaffolds were unable to withstand fabri-

cation loads. Thus, without additional reinforcement, it is

postulated this W/MC ratio is unsuitable for in vivo

experiments or until further improvements to the mechan-

ical properties of agarose hydrogel can be made. Currently,

however, the focus has been on increasing the micro-

channel volume, thus the 67/200 scaffolds are used in in

vivo experiments. To date, numerous in vivo experiments

have been conducted with the 67/200 scaffolds in which

there have been few scaffolds that ruptured or collapsed

during implantation or the course of the experiment. The

results of this work will be included in a future publication.

3.1.4 Microchannel volume analysis

The effect of W/MC ratio on nerve guidance area is plotted

in Fig. 8. The solid line and dashed lines represent the

theoretical values calculated by Eq. 1 and 2 for hexago-

nally close-packed hexagons and cubic close-packed cyl-

inders, respectively. The actual nerve guidance volume

values were calculated as described above for the 25/200,

43/320, 54/172, 67/200, *94/254 and 88/210 scaffolds and

compared to the theoretical predictions. Actual values were

expected to fall between the range specified by the

theoretical predictions. However, samples with 43/320 and

54/172 W/MC dimensions were significantly higher.

Likewise, samples with W/MC dimensions of 88/210 and

25/200 were lower than expected. These results indicate

microchannel packing arrangements unlike those predicted.

It is hypothesized that the geometry of the microchannels

with irregular shapes further increases the volume ratio of

microchannels, resulting in microchannel porosity higher

or lower than the predicted theoretical values. It is

important to note that the ability to form highly ordered

arrays of fibers or microchannels enables the fabrication of

scaffolds with unprecedented microchannel volume. Our

previous study [15] reported microchannel volumes in the

44% range using the 88/210 scaffolds. By reducing the

scaffold W/MC ratio (Fig. 8) by a factor of about 3

microchannel volume increased to the 80% range. In other

words, compared to our previous study, a doubling of

regenerated axons could be achieved with W/MC ratios in

the 0.14 range.

3.1.5 Microchannel trajectory tracking

A cluster of microchannels was identified in a 54/172

scaffold and their trajectories were tracked through the

length of the scaffold (Fig. 9). Typically, most micro-

channels form nominally arranged hexagonal arrays. In

some cases a few clusters of microchannels deviate from a

hexagonal arrangement and form a unique cluster such as

the cluster of four microchannels highlighted in Fig. 9. The

cluster identifies the same microchannels allowing their

trajectories to be tracked along the entire length of the

scaffold. The microchannels maintain the same position

with consistently defined walls in each of the cross-sections

demonstrating continuity from end to end.

3.2 Two centimeter scaffold fabrication

While the fabrication of scaffolds with discrete, ordered

microchannels has been demonstrated at lengths approach-

ing 1 cm, further refinement is required to achieve similar

scaffolds that are 2 cm in length. Specifically, when 2 cm

long scaffolds are prepared using MCFBs consisting of PS

fibers and PMMA cladding, the microchannels deviate

laterally significantly more along the length of the scaffold

compared to those with 1 cm long dimensions. It is

believed that the disorder occurs due to hydrophobic and

capillary forces, as described previously. We hypothesized

that achieving a higher degree of linearity beyond 1 cm

could be achieved using an inverse template, i.e. PMMA

fibers and PS cladding. The rationale for this stems from

the fact that PMMA has a higher rigidity and is hydro-

philic. Higher rigidity should result in a higher degree of

microchannel linearity at longer microchannel lengths.

Fig. 8 Percent microchannel porosity compared to theoretical calcu-

lations of samples (from left to right) 25/200, 43/320, 54/172, 67/200,

*94/254 and 88/210. The solid line represents the theoretical

prediction using close-packed arrays of cylinders and the dashed line
represents the theoretical prediction using close-packed arrays of

hexagon pillars. (*inverse template)
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Likewise, hydrophilic fibers should be beneficial in that

they are more likely to be wetted by molten agarose

hydrogel during fabrication, thus making fiber or micro-

channel coalescence less likely.

A study was conducted to compare scaffolds prepared

from 2 cm long PS-fiber templates versus scaffolds pre-

pared from 2 cm long inverse MCFB templates (Fig. 10).

Figure 10 shows the side view of the PS (top) and PMMA

(bottom) fiber MCFB templates before the molten agarose

hydrogel was permeated. The figure also shows the cross-

sections cut from the agarose hydrogel scaffolds made

from the respective fiber templates at various depths along

the length of the scaffold from one end to the middle of the

scaffold. The microchannel organization at the middle of

the scaffold (mid-span) is the key point of comparison.

From this study, several points can be made. First, signif-

icant deviation in linearity is apparent in the PS-fiber

template while the PMMA fibers maintain linearity. This is

likely due to higher rigidity of PMMA compared to the PS

fibers, thus exhibiting more linear microchannels. Sec-

ondly, the degree of microchannel organization at most

depths of the scaffolds, especially at mid-span, appears to

be significantly higher in the scaffold templated with the

PMMA fibers. From this comparison, it is believed that the

PMMA fiber templates are more likely to produce scaffolds

with highly ordered, linear microchannels approaching

clinical relevant length scales.

4 Conclusion

An approach for patterning nerve guidance scaffolds with

unprecedented order, scale and microchannel volume was

investigated. A wet etching technique involving polysty-

rene and poly(methyl methacrylate) multi-component fiber

bundles was used to pattern, highly ordered, high aspect

ratio microchannels in agarose hydrogel-based central and

peripheral nerve scaffolds. Although the approach for

Fig. 9 The microchannel trajectory trace in a 54/172 scaffold demonstrates end-to-end continuity and linearity
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making smaller scale scaffolds was previously reported,

this study focused on and demonstrated the scaling of

scaffolds to clinically relevant length scales in the centi-

meter range. By using various polymer fiber configurations,

scaffolds were fabricated with walls in the 27–94 micron

range with microchannels in the 172–320 micron diameter

range. The percentage of nerve guidance microchannel

volume per unit volume of the scaffold was as high as 80%,

which is believed to be the highest value reported for a

multi-luminal nerve guidance scaffold. While microchan-

nel organization was optimal when microchannel lengths

were below 1, 2 cm long microchannels maintained rea-

sonably ordered microchannels when using PMMA fiber

templates instead of PS fiber templates. Present and future

study focuses on further improving microchannel integrity

in 2 cm long scaffolds as well as integrating drug delivery

technology into the scaffolds walls to elute nerve growth

factors.
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