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Abstract

Nerve guidance conduits (NGCs) have the potential to replace autografts in repairing peripheral 

nerve injuries, but their efficacy still needs to be improved. The efficacy of NGCs may be 

augmented by neurotrophic factors that promote axon growth and by enzymes capable of 

degrading molecules that inhibit axon growth. In the current study, we constructed two types of 

NGCs loaded with factors (both neurotrophin-3 and chondroitinase ABC) and examined their 

abilities to repair an 8-mm gap in the rat sciatic nerve. The factors were encapsulated in 

microparticles made of a phase-change material (PCM) or collagen and then sandwiched between 

two layers of electrospun fibers. The use of PCM allowed us to achieve pulsed release of the 
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factors upon irradiation with a near-infrared laser. The use of collagen enabled slow, continuous 

release via diffusion. The efficacy was evaluated by measuring compound muscle action potentials 

(CMAP) in the gastrocnemius muscle and analyzing the nerve histology. Continuous release of the 

factors from collagen resulted in enhanced CMAP amplitude and increased axon counts in the 

distal nerve relative to the plain conduit. In contrast, pulsed release of the same factors from PCM 

showed a markedly adverse impact on the efficacy, possibly by inhibiting axon growth.

Table of contents entry

Minding the release: Nerve guidance conduits are constructed using electrospun fibers and 

microparticles loaded with biological factors. The efficacy of the conduits for peripheral nerve 

repair in a rat model can be enhanced by the factors, but they have to be released slowly and 

continuously rather than in a pulsed pattern.
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1. Introduction

Peripheral nerve injury is a widespread problem that results in neuropathy and motor deficits 

for millions of people every year.[1] Long gaps in thick nerves are difficult to treat. They 

cannot be repaired via direct anastomosis because tension on the recovering nerve can slow 

and diminish healing.[2] Although some treatments can facilitate nerve regrowth, functional 

recovery is usually limited.[3] The effectiveness of treatment is dependent on the amount of 

nerve that is damaged and the timing of repair after the initial injury. The current standard 
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for large-gap peripheral nerve repair is based on autologous grafts.[4] This treatment involves 

harvesting a healthy sensory nerve to replace the damaged portion of a motor nerve. The 

procedure can result in pain, loss of feeling, and neuroma formation in the areas associated 

with the donor nerves. Although autografts are considered the gold standard for peripheral 

nerve repair, only 40−50% of the patients regain function.[5] A large portion of current 

research focuses on the development of nerve guidance conduits (NGCs) to replace 

autografts. NGCs facilitate nerve regrowth across a gap by limiting the directions that axons 

can grow and perhaps by concentrating neurotrophic factors and protecting axons from scar 

tissue formation.[6] There are NGCs that are currently approved for clinical use, but they 

provide only moderate recovery for small gaps narrower than 15−20 mm.[7]

The therapeutic potential of NGCs may be enhanced with the addition of proteins or drugs 

that promote growth and survival of motor neurons and their axons. For example, many 

neurotrophic factors can enhance neurite outgrowth. These factors are biologically active at 

low concentrations and present within the nerve following nerve injury, making them 

obvious choices to augment the healing capacity of NCGs. Many factors have been tested 

with NCGs at different levels of success, including neurotrophin-3 (NT-3),[8] brain-derived 

neurotropic factor,[8a] glial-derived neurotrophic factor,[9] ciliary neurotrophic factor,[10] and 

vascular endothelial growth factor.[11] The effect of NT-3 on motor axon regeneration and 

restoration of motor function has not been extensively studied, even though motor neurons 

express a receptor for NT-3[12] and NT-3 is the predominant neurotrophin expressed by adult 

muscle.[13] Exogenous NT-3 can improve motor neuron conduction velocity following 

axotomy.[14] In addition, NT-3 enhances Schwann cell migration,[15] a property that could be 

useful during axon regeneration through an acellular NGC. It has also been shown that NT-3 

is essential to the survival of mature Schwann cells, especially in the absence of healthy 

axons.[16] NT-3 has been shown to increase myelinated axons[8b] and increase muscle fiber 

recovery following nerve injury,[17] but it is not clear if the outcomes observed in these 

studies were due to the direct effect of NT-3 on motor axons. These tantalizing hints suggest 

that NT-3 can be useful in nerve gap repair involving NGCs.

Chondroitin sulfate proteoglycans (CSPGs) represent a class of potent axonal-regeneration 

inhibitors. They are a component of the basal laminae that forms a tubular extracellular 

matrix around each axon and its supporting Schwann cells.[18] Following peripheral nerve 

injury, scarring occurs and CSPGs are upregulated.[19] During the repair of a transected 

nerve, the increases in scarring and CSPGs in the distal stump adversely impact nerve 

regeneration by causing disorganization and misdirection of axon growth leading to reduced 

numbers of axons entering distal nerve segment and a poorer outcome in motor function.[20] 

In mice, the scarring that occurs following nerve injury can be altered through genetic 

manipulation: knocking out the mannose-6-phosphate receptor reduces scarring while 

knocking out IL-6 and IL-10 increases it.[21] In a mouse model of nerve transection, 

reducing scar formation improved compound action potentials, conduction velocity, and 

myelinated axon counts for augmentation in recovery.[21] These results suggest that altering 

the deposition of CSPGs in the distal nerve stump can enhance nerve repair. In addition to 

the scarring that occurs within the nerve, a foreign body reaction against the conduit might 

also contribute to the deposition of CSPGs on its surface, further inhibiting axonal growth 

across the gap.[22] Despite the success in mouse experiment, it remains impractical to 
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manipulate the genetics of a patient’s nerve. Alternatively, an enzyme such as chondroitinase 

ABC (ChABC) can be delivered to help degrade inhibitory CSPGs.[19a,23] To this end, 

controlled release of ChABC from an NGC may increase its efficacy by eliminating 

inhibitory CSPGs within the conduit and in the distal stump, leading to improved repair of 

the nerve.

NGCs based on electrospun fibers have shown great promise in promoting peripheral nerve 

repair.[24] To this end, synthetic polymers, natural polymers, or mixtures of them have all 

been explored to construct NGCs for the repair of peripheral nerve injury,[24] with notable 

examples including polycaprolactone (PCL), poly(lactic-co-glycolic acid), collagen, and silk 

fibroin, as well as a mixture of poly(L-lactic acid-co-ε-caprolactone) and silk fibroin. As a 

semi-crystalline polyester, PCL has a slower biodegradation rate than all other polymers 

used for constructing NGCs, making it suitable for long-term studies with large animal 

models.[25] The NGCs typically involved the use of uniaxially aligned fibers for leveraging 

the contact guidance to promote neurite extension along the direction of alignment and 

thereby increase the lengths of the neurites relative to the case of random fibers.[26] Adding 

biological effectors such as growth factors and enzymes into the fiber-based NGCs can 

further augment axon growth while preventing inhibitory mechanisms. In our previous 

study, we found that the factors could be triggered to release in a controlled, step-wise 

manner with preserved bioactivity upon irradiation with a near-infrared (NIR) laser by 

encapsulating them in a thermosensitive material such as phase-change material (PCM).[27] 

The PCM could be formulated from a eutectic mixture of lauric acid and stearic acid to give 

a constant melting temperature and a large latent heat. Compared with other types of 

thermosensitive materials made of polymers, these two fatty acids occur naturally, rendering 

them good biocompatibility and biodegradability.[27a] Specifically, when PCM particles 

loaded with NT-3 were sandwiched between two layers of electrospun fibers, neurite 

extension was augmented upon laser irradiation.[27c] We suspect that both NT-3 and ChABC 

can be co-encapsulated in the PCM to trigger their release upon irradiation with a laser. 

Alternatively, these two factors can be released continuously in a slow, steady manner 

through encapsulation in polymeric particles.[28] Here, we evaluate and compare the 

efficacies of NGCs based on electrospun fibers when they are integrated with both NT-3 and 

ChABC using two different means of release for nerve injury repair in a rat model.

2. Results and Discussion

2.1 Controlling the Release of NT-3 and ChABC from the NGCs

We fabricated three types of NGCs from electrospun fibers: plain conduit, conduit 

containing PCM particles for the heat-released factors (NGC+hr-factors), and conduit 

containing collagen particles for the continuously-released factors (NGC+cr-factors). The 

inner diameter of the conduits was about 1.5 mm. The plain conduit was fabricated by 

rolling up a bilayer mat of electrospun PCL fibers, with the inner layer comprised of 

uniaxially aligned fibers and the outer layer comprised of random fibers.[24a] The boundary 

of the conduit was then sealed using the same PCL solution used for electrospinning. Figure 

S1 shows a scanning electron microscopy (SEM) image of the cross-section of the plain 

conduit. In this image, the cross-section of the conduit did not appear as a circular ring 
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because of the deformation during sample preparation. Most of the fibers in the inner wall 

were perpendicular to the image, indicating their uniaxial alignment along the conduit. In 

comparison, most of the fibers in the outer layer pointed toward random directions, 

confirming that the outer layer was comprised of random fibers. The uniaxially aligned 

fibers on the inner surface were able to promote axon extension owing to the contact 

guidance.[24a,26]

The NGC containing PCM particles was obtained by rolling up a tri-layer construct, which 

was fabricated by sandwiching PCM microparticles (pre-loaded with the factors) between 

the two layers of electrospun fibers.[27c] Figure S2 shows a schematic of the cross-sectional 

view of the NGC with a tri-layer structure for the wall, including uniaxially aligned fibers as 

the inner layer, random fibers as the outer layer, and a layer of electrosprayed PCM particles 

between them. Upon photothermal heating of the first, second, and distal third segment of 

the conduit with an 808-nm NIR laser at the designated time points, respectively, 6.2±1.4, 

5.3±1.9, and 6.9±0.7 ng of NT-3 was released by diffusing out from the melted PCM. 

ChABC is sensitive to heat and can quickly lose its enzymatic activity at the body 

temperature. According to a previous study, the enzymatic activity of trehalose-stabilized 

ChABC could be maintained for up to 4 weeks at 37 °C in vitro.[29] Here, ChABC was 

stabilized by incubation with trehalose and the mixture was then encapsulated in the 

electrosprayed particles to preserve its enzymatic activity. Upon photothermal heating of the 

first, second, and distal third segment of the conduit with the NIR laser, the ChABC released 

from the conduit was able to digest more than 80% of decorin (i.e., 83±7%, 86±6%, and 

85±6%, respectively), confirming its preserved activity.

The NGCs containing collagen particles were also fabricated using the rolling-up method. 

Instead of in PCM particles, the factors were encapsulated in collagen particles using a co-

axial electrospray method. Figure S3 shows the SEM image of the electrosprayed collagen 

particles loaded with factors, indicating the polydispersity in size. Figure 1A shows SEM 

image of the aligned fibers after coating with electrosprayed collagen particles. The particles 

adhered onto the surface of the fibers because of the residual solvent after electrospraying. 

Figure 1B shows the cumulative release profiles of NT-3 from the conduits containing the 

collagen particles, indicating continuous release over a 2-week period. It is difficult to 

measure the actual amount of the enzyme because of the presence of different types of 

proteins in the supernatant. We also evaluated the percentage of decorin digested by the 

ChABC released from the conduits. As shown in Figure 1C, the enzymatic activity could be 

preserved for one week and then dramatically decreased.

Because the microparticles, made of either PCM or collagen, were deposited as a thin layer 

between the two layers of electrospun fibers, it is difficult to resolve their morphology from 

the cross-sectional SEM images of the conduits. In general, the size of the conduit and the 

thickness of the wall were largely unaffected by the sandwiched microparticles. Meanwhile, 

the surface properties of both the inner and outer layers of the tri-layer conduit should be 

more or less identical to those of the plain conduit. Taken together, the difference in the 

release mechanism between the plain and factor-loaded groups was mainly determined by 

the material used for fabricating the microparticles. For the NGCs containing PCM 

microparticles, the factors were triggered to release due to the melting of the PCM upon the 
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irradiation with a laser. In contrast, for the NGCs containing collagen microparticles, the 

factors were released through diffusion, in a continuous and slow manner.

2.2 Continuous Release of NT-3 and ChABC Enhances Regeneration

Four treatments for nerve gap repair were initially evaluated in a rat model: autograft, plain 

NGC, NGC+hr-factors, and NGC+cr-factors (N=12 per group). Each animal was challenged 

with an 8-mm nerve gap. Twelve weeks after the injury was repaired, compound muscle 

action potentials (CMAPs) were evoked in the lateral gastrocnemius muscle, and the 

maximum amplitude and latency were measured.

CMAP amplitudes were the greatest in animals receiving autografts (Figure 2A), averaging 

about half of the amplitude found in the intact leg (35.4±0.6 mV, mean ± standard error of 

the mean, N=60). One-way ANOVA indicated significant differences between the groups 

[F(3,44)=43.059, p=3.8×10−13]. Autografts had significantly greater CMAP amplitudes than 

the other treatment groups (Tukey’s post-hoc test, p<10−5). The addition of continuously 

released factors to the NGCs significantly improved CMAP amplitudes relative to plain 

NGCs (p<0.05). However, timed, heat-release of the same factors appeared to inhibit 

recovery relative to the plain NGCs, although this did not quite reach statistical significance 

(p=0.084).

For CMAP latency, one-way ANOVA indicated significant differences between the groups 

[F(3,23.264)=10.245, p=6.7×10-6]. Similar to the CMAP amplitudes, CMAP latency was 

significantly shorter in animals receiving autografts than in animals receiving any of the 

other types of NGCs (Games-Howell post-hoc test, p<0.05, Figure 2B). No statistically 

significant difference was observed among the different types of NGCs.

2.3 Heating of the Conduit Does not Adversely Affect Regeneration

In order to better understand the reduced efficacy of the conduit containing heat-releasable 

factors, an additional cohort of animals receiving NGCs only containing the heat-labile PCM 

particles (NGC+matrix) was assessed (N=11). CMAP amplitudes in this cohort were nearly 

identical to the plain NGC group (Figure S4, 7.4±2.8 mV vs. 7.4±2.9 mV, respectively, 

Student’s t test, p=0.99) and higher than the NGC+hr-factors group (7.4±2.8 mV vs. 4.7±2.9 

mV, respectively, p=0.037). These results suggest that both heating the conduit and release 

of the melted PCM (lauric acid and stearic acid) from the conduit did not adversely impact 

nerve regeneration. Instead, the dose or pulsed nature of the release of the factors was likely 

the cause of the inferior response of the NGC+hr-factors group.

2.4 Histological Analysis of the Regenerated Nerves

Histological and immunofluorescence analyses were performed on the four treatment groups 

to evaluate the structure of the regenerated nerve within the graft or NGCs. We obtained 20-

μm frozen sections from four to six animals per group, and sections near the midpoint of the 

graft or conduit were co-stained with antibodies against neurofilament 200 (NF200), 

labeling axons, and protein 0 (P0), labeling myelin. In all four groups, both myelinated and 

unmyelinated axons were apparent (Figure 3). There was no gross difference between the 

NGCs containing factors and those without. Sections were also co-stained for P0 and 
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laminin, an extracellular matrix marker. As expected, all four groups exhibited myelinated 

axons surrounded by the laminin-positive basal lamina with no obvious differences between 

groups (Figure 4).

We also obtained 0.7-μm thick sections from resin-embedded tissue treated with osmium 

tetroxide to stain myelin. Sections were counterstained with toluidine blue. Both myelinated 

axons and blood vessels were present within the graft and NGCs, as indicated by arrowheads 

and arrows in Figure 5, respectively. Between the axons and the interior surface of the 

conduit, there was a layer of tissue 50−200 μm thick that was generally devoid of axons. We 

hypothesized that this tissue may be a foreign body reaction directed against the NGC. 

Immunofluorescent staining was performed to detect NF200, prolyl 4-hydroxylase beta 

(P4HB, a marker for fibroblasts and macrophages producing collagen), CD68 (a phagocytic 

marker commonly found on macrophages) and smooth muscle actin (a fibroblast marker).
[30] A band of P4HB+ cells (Figure 6A) and a band of CD68+ cells (Figure 6B) were 

observed between the axon-containing region and the plain NGC, suggesting the presence of 

an on-going foreign body reaction.[31] Fibroblasts were also identified in this region, but the 

abundance of these cells was highly variable from animal to animal. Semi-thin sections 

revealed cells that appeared to exhibit distended lysosomes or vacuoles (Figure 6C). This 

might represent the conduit material that had been phagocytosed.

The implications of the foreign body reaction for the efficacy of the NGC is unclear. The 

interior of the NGC is striated along its length to serve as a directional guide for axon 

growth. Direct contact between the axons and the conduit is not necessarily required, as this 

directionality can be transmitted through Schwann cells grown on the material.[32] However, 

it is unclear if the foreign body reaction can transmit this information in the same way or if it 

impedes the regrowth of axons, either by negatively affecting the direction of growth or 

limiting the space available for axons. Further study of this response is needed, but 

inhibition of the foreign body reaction may be a way to improve regeneration through the 

NGC.

2.5 Differences in Myelinated Axon Count Correlate with NGC Efficacy

In order to explain the negative effects of the NGC+hr-factors on motor recovery, we 

hypothesized that the pulsed release of the factors was inhibiting axonal growth into, 

through, or out of the NGCs. Myelinated axon counts at the midpoint of graft or NGCs and 

in the distal nerve were performed on semithin sections using stereology. For the mid-graft 

or mid-NGC samples, a Welch’s ANOVA indicated a statistically significant difference 

between groups [F(3,10.865)=11.648, p=1.0×10−3]. Autografts had a significantly greater 

number of myelinated axons than any of the conduit groups (Games-Howell post-hoc test, 

p<0.04, Figure 7A), and NGC+cr-factors had a significantly greater number of axons than 

plain NGC and NGC+hr-factors (p<0.03). There was no statistical difference between plain 

NGC and NGC+hr-factors (p=0.64). Similar to the mid-conduit data, one-way ANOVA 

analysis of the distal nerve indicated a statistically significant difference between groups 

[F(3,19)=33.407, p=8.8×10−8]. Animals with autografts had significantly greater axon 

counts than those with any type of conduit (Tukey’s post-hoc test, p<10−4; Figure 7B), and 

axon counts in NGC+cr-factors were significantly greater than those in NGC+hr-factors 
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(p<0.005). No significant difference was detected between the NGC+cr-factors and plain 

NGC groups (p=0.40).

Notably, the axon counts in the distal nerve were generally higher than the axon counts 

within the conduits. A paired t-test was performed to compare the axon counts distal to and 

within the conduits for each type of conduit. The distal axon count was statistically higher 

for NGC+hr-factors (p=0.04) and for NGC+cr-factors (p=1.6×10−4). The average fold 

change in axon counts between mid-NGCs and the distal nerve for plain NGC, NGC+hr-

factors, and NGC+cr-factors was 1.7±0.6, 1.9±0.3, 1.5±0.3, respectively (average ± standard 

deviation). In contrast, for animals receiving an autograft, the fold change was lower 

(1.2±0.4). These results suggest that axons were underwent sprouting between the middle of 

the conduit and the distal nerve, possibly at the interface between the two.[33]

Following nerve transection and repair, regenerating axons can produce multiple collateral 

sprouts. These sprouts can grow along anterograde and retrograde directions,[34] resulting in 

an increase in axon number both proximal and distal to the repair site on the order of 1.5- to 

5-fold.[35] Presumably, the axons are responding to a non-soluble cue, possibly coming from 

the laminin or Schwann cells.[36] In addition, collateral sprouts from a single neuron can 

project to different branches of the nerve and perhaps innervate multiple targets.[37]

The implications of collateral sprouting and pruning for motor function in the current study 

is unclear. When axons sprout collaterals, these projections can end up traversing different 

nerve branches,[38] potentially allowing a single motor neuron to innervate two or more 

opposing muscle groups.[33,39] If this occurs frequently enough, it would negatively affect 

motor function by preventing useful control of these muscles. Additional studies focusing on 

behavioral tasks will be needed to address this question.

3. Conclusion

We have studied the efficacy of NGCs fabricated from electrospun fibers and integrated with 

factors for the repair of peripheral nerve injury in a rat model. The combination of NT-3 and 

ChABC is capable of enhancing the repair of the nerve gap when applied to NGCs. 

However, the method of release significantly impacts whether the effect is positive or 

negative. The pulsed release of NT-3 and ChABC inhibits reinnervation of the muscle 

through an unknown mechanism, resulting in fewer myelinated axons entering the distal 

nerve stump. In contrast, continuous release of the factors significantly improves the efficacy 

of the NGCs, increasing the maximal CMAP amplitude by 42% and the number of axons in 

the midpoint. Despite this improvement, the NGC+cr-factors system is still inferior to the 

autograft. Future studies will be needed to determine if combining other agents, such as 

Schwann cells, with slow-release factors can further increase the effectiveness of these 

conduits and make them comparable to an autograft.
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4. Experimental Section

Fabrication of nerve guidance conduits.

We fabricated three types of NGCs: plain conduit, conduit containing PCM particles for the 

heat-controlled release, and conduit containing collagen particles for continuous release. The 

inner diameter of the conduits was about 1.5 mm. The plain conduit was obtained by rolling 

up a bilayer of electrospun fiber mats. Briefly, a PCL (Mn: 80kDa) solution at a 

concentration of 12 wt.% was prepared by dissolving polycaprolactone pellets in a mixture 

of dichloromethane and N, N-dimethylformamide (6:4, v/v). Then, a bilayer mat consisting 

of uniaxially aligned and random fibers for the bottom and top layers, respectively, was 

fabricated by electrospinning with a rotating mandrel and a piece of aluminum foil as the 

collector. The bottom layer was treated by O2 plasma for 2 min, and then both sides of the 

mat were sterilized with UV for 30 min. Afterwards, a conduit was obtained by rolling up 

the bilayer mat, with the layer composed of uniaxially aligned fibers as the inner wall, and 

sealing the edges with the same polymer solution for electrospinning. The plain conduit was 

characterized using SEM. The conduit was frozen-embedded in Tissue-Tek® optimum 

cutting temperature (O.C.T.) compound (VWR, Radnor, PA) and then sectioned using 

cryostat (CryoStar NX70), along the direction perpendicular to the long axis, to obtain 

samples with a thickness of 80 μm. Afterwards, the samples were washed with water and 

dried at room temperature prior to SEM analysis.

The NGC for the heat-release of factors (NGC+hr-factors) was obtained by rolling up a tri-

layer construct which was fabricated through an integration of the electrospinning process 

with electrospray, as previously described.[27c] After the electrospinning of uniaxially 

aligned fibers, PCM particles containing the factors were electrosprayed onto the surface of 

the fibers using a co-axial electrospray method. The PCM (a mixture of lauric acid and 

stearic acid at a mass ratio of 8:2) dissolved in a mixture of ethanol and dichloromethane 

(20:80 by vol.) at a concentration of 20% was used as the outer fluid. The solution 

containing NT-3/heparin and indocyanine green dissolved in a 0.5 wt.% aqueous gelatin 

solution at concentrations of 100 μg/mL and 1 mg/mL, respectively, was used as the inner 

fluid. After electrospray for 2.5 min, the inner fluid was replaced with a solution of the 

mixture of ChABC (10 U/0.5 mL), trehalose (1 M) and indocyanine green (1 mg/mL), and 

another 2.5 min of electrospray was applied. The feeding speeds of the outer and inner fluids 

were set to 3.0 and 1.0 mL/h, respectively. Afterwards, a layer of random fibers was 

deposited on top. The NGCs containing indocyanine green-loaded PCM particles were also 

fabricated as a control group.

The NGC for the continuous release of factors (NGC+cr-factors) was fabricated by 

integrating factors-encapsulated collagen particles between the two layers of electrospun 

fibers. A solution of collagen at a concentration of 5 w/v% was prepared in 70 v/v% aqueous 

acetic acid and used as the outer fluid during the electrospray process, while the solution 

containing NT-3 or ChABC/trehalose was used as the inner fluid. The flow rates for the 

outer and inner fluids were set to 1.5 and 0.5 mL/h, respectively. Followed by the 

electrospray of particles containing NT-3 on the aligned fibers for 5 min, the particles 

containing ChABC were electrosprayed for another 5 min, and then random fibers were 
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deposited on top. The morphologies of the collagen particles and aligned fibers deposited 

with collagen particles were characterized using a scanning electron microscope.

Release of factors from NGCs.

The factors in NGCs containing PCM particles were trigged to be released upon 

photothermal heating. The NGC was placed in a well of a 24-well plate, and 500 μL of 

deionized water was added to the well. The first third of the conduit was then exposed to an 

808-nm diode laser at a power density of 1.0 W/cm2. The temperature of the conduit was 

monitored using an infrared camera to assure the conduit was not heated to over 42 °C. The 

conduit was rotated to assure the whole surface of the first third of the conduit was exposed 

to the laser. After 1 day of irradiation, the supernatant was retrieved from each sample and 

fresh medium was added. After 2 and 4 days, the irradiation procedure was repeated, 

respectively, to trigger the release of factors from the second and the distal third of the 

conduit. The content of NT-3 in the supernatant was measured using NT-3 ELISA following 

the manufacture’s protocol. The enzymatic activity of ChABC released from the conduit was 

measured using the dimethylmethylene blue assay as previously described.[29,40] Briefly, the 

collected supernatant was reacted with 10 μL of decorin (5 μg) at 37 °C for 2 h. Then, the 

dimethylmethylene blue reagent was added and the absorbance at 530 nm was recorded.

For the NGCs containing collagen particles, the release of the factors was evaluated under 

static conditions. Briefly, the conduit was immersed in 500 μL of phosphate buffer solution 

and incubated at 37 °C. At each time point, the supernatant was collected and replaced with 

fresh solution. The amount of NT-3 in the supernatant was then measured using the ELISA 

assay. The collected supernatant was also mixed with decorin, incubated at 37 °C, and then 

analyzed with the dimethylmethylene blue assay.

Nerve gap repair.

All animal experiments were approved by the Emory University Institutional Animal Care 

and Use Committee. For these studies an acute sciatic nerve injury was modeled in Lewis 

rats (250−300g in weight at the time of surgery). This model was chosen because they 

exhibit fewer complications following nerve injury. For each group, 12 rats were used to 

evaluate the nerve gap repair. Rats were randomly assigned to treatment groups using the 

following strategy. Prior to study initiation, each animal was assigned an ID. In addition, 

each animal ID was paired with a random number generated within an Excel spreadsheet. 

The animals were then sorted lowest to highest based on the randomly generated number. 

The lowest numbers were assigned to the autograft group, the second lowest number to the 

plain NGC group, etc.

At approximately 70 days of age, the animals underwent a sciatic nerve injury and repair. 

The animals were anesthetized with 2% isoflurane and placed in the prone position. The left 

hind leg was elevated with a 15-mL conical tube. Fur was removed from the surgical field 

using electric clippers, and the skin was sterilized with three repeated applications of 

betadine and isopropanol. A sterile drape was then applied around the planned incision site. 

An incision was made through the skin roughly parallel to the femur, and the anterior and 

posterior muscles were separated by bluntly dissecting through the lateral intermuscular 
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septum to expose the sciatic nerve. The nerve was freed from the surrounding tissue using 

fine forceps and micro scissors.

To create a nerve gap injury, an 8-mm section of the sciatic nerve was excised proximal to 

the branching of the tibial and common peroneal nerves. Due to the variability in the 

branching of the sural nerve in this region, this nerve was sacrificed in all animals to obtain a 

consistent challenge. For animals in the autograft group, the excised nerve segment was 

flipped and reattached using end-to-end anastomosis with four 10–0 sutures per joint. For 

animals receiving conduits, a 10-mm long conduit was used to span the gap. The proximal 

and distal nerve stumps were inserted 1 mm into either side of the conduit and secured with 

10–0 suture, creating an 8-mm challenge. After the nerve repair, the muscle was closed with 

4–0 vicryl suture and the skin was closed with 4–0 suture. For animals receiving infrared 

laser irradiation, the locations on the skin directly above the ends of the conduit were 

marked with a tattoo. The animal was then placed in a warm cage to recover. External 

sutures were removed one week after surgery.

Near-infrared irradiation.

For animals implanted with conduits containing heat releasable factors, the conduit was 

heated through the skin and muscle using a NIR laser (LDCU12/9047, Power Technology 

Inc., Little Rock, Arizona) one week, two weeks, and three weeks following surgery. For 

each time point, the laser head was positioned 4 mm from the skin and centered above the 

first, second, or distal third of the conduit, respectively. The laser was applied for 10 min to 

raise the temperature of the conduit to 40−42 °C. This approach was designed to release the 

factors just ahead of the leading edge of the axons at each time point.

Compound muscle action potential measurements.

CMAPs were measured using a Nicolet Endeavor CR System (Natus Neurology, Inc., 

Middleton, WI) using 500 Hz and 3,000 Hz for the low and high band-pass filters, 

respectively, and with the gain set to 100x. Twelve weeks after nerve repair, the animals 

were anesthetized, and the left and right sciatic nerves were exposed as described above. A 

piece of Parafilm (Bemis Company, Neenah, WI) was placed under the nerve to create a 

non-conductive barrier. An incision was also made in the skin covering the lateral 

gastrocnemius muscle to allow placement of a recording electrode (74612–100/1/20, Ambu, 

Columbia, MD) in this muscle. A second incision was made in the skin above the lumbar 

spine to place a ground electrode. A reference electrode was placed under the skin on the 

side of the foot. A bipolar electrode was used to gently lift the nerve proximal to the graft or 

conduit. A series of electric stimuli were delivered with increasing amperage while 

recording from the lateral gastrocnemius until the amplitude of the CMAP became maximal. 

The latency, maximum amplitude, minimum amplitude, and duration of the CMAP were 

measured and recorded. Data are reported as the mean ± standard error of the mean.

Histology and immunofluorescence.

After CMAPs data were recorded, the sciatic nerves were harvested, and the animals were 

euthanized. The nerves/NGCs of four to six animals per group were immediately frozen in 
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Tissue-Tek® O.C.T. Compound for immunofluorescence analysis. The remainder were fixed 

in 4% glutaraldehyde and processed for thin sections to count myelinated axons.

For immunofluorescence staining, 20 μm thick sections were obtained on a Leica CM1950 

cryostat (Wetzlar, Germany). Sections were blocked in 5% normal goat serum (#005–

000-121, Jackson ImmunoResearch, West Grove, PA) for 30 min prior to staining. The 

following antibodies and dilutions were used: rabbit anti-NF200 (1:1000, ab8135, Abcam, 

Cambridge, MA), chicken anti-P0 (1:100, ab39375, Abcam), rabbit anti-laminin (1:1000, 

ab30320, Abcam), mouse anti-P4HB (1:250, ab2792, Abcam), rabbit anti-CD68 (1:500, 

ab125212, Abcam), rabbit anti-smooth muscle actin (1:100, ab5694, Abcam)), mouse anti-

NF200 (1:1000, ab7795, Abcam), FITC-conjugated goat anti-rabbit (1:250, 111–095-144, 

Jackson ImmunoResearch), TRITC-conjugated goat anti-mouse (1:250, 115–025-166, 

Jackson ImmunoResearch), and TRITC-conjugated goat anti-chicken (1:250, 103–025-155, 

Jackson ImmunoResearch). Images were obtained on a Nikon Eclipse E400 microscope 

(Tokyo, Japan) with a Nikon Digital Sight controller and DS-Fi1 camera. For each channel, 

the images were collected in gray scale, pseudocolored, and overlaid using NIS-Elements 

(Nikon).

For axon counts, the nerves samples were fixed with 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer (pH 7.4). Samples were then rinsed with 0.1 M cacodylate buffer (pH 7.4) 

twice before post-fixation in 1% osmium tetroxide for 1 h. After additional buffer rinses, 

samples were dehydrated through an ethanol series to 100% ethanol. Samples were 

infiltrated with a mixture of propylene oxide and Eponate 12 resin (Ted Pella Inc., Redding, 

CA) and then pure Eponate 12 resin overnight. Samples were embedded in Beem capsules 

and then placed in a 60 °C oven for polymerization. Semi-thin sections were cut with a 

Leica UltraCut microtome at 0.7 μm and then placed on glass slides. Sections were stained 

with Toluidine Blue before placing coverslips on slides. Axons were counted using a 

Stereologer system (SRC Biosciences, Tampa, FL) featuring Stereologer 3.0 CP version 2 

software, a Leica DM2500 microscope, HDXS 3CCD-1080P camera (Optronics) and Pro-

lite 1080p 2MP controller box. Two individuals blinded to the treatment group 

independently counted the number of axons in each sample. Their results were averaged to 

produce an axon count for each sample.

Statistics.

All statistical tests were carried out using IBM SPSS Statistics version 24 on an Apple iMac 

with a 4 GHz Intel Core i7 processor and 16 GB of DDR3 RAM running OS 10.11.6. For 

comparisons of CMAP amplitudes and distal axon counts among the four treatment groups, 

a one-way ANOVA with a Tukey post-hoc test was used to determine significant differences 

between groups. For CMAP latencies and mid-NGC axon counts, analysis revealed a 

violation of the homogeneity of variances, so a Welch’s ANOVA with a Games-Howell post-

hoc test was used instead. For the comparisons involving the NGC+matrix group, a two-

tailed t test was used. Significance was set at p≤0.05 for all statistical analyses. Data are 

reported as the mean ± standard error of the mean except for the fold change in axon counts 

between the conduit and distal nerve, which are reported as the mean ± standard deviation.
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Figure 1. 
(A) SEM image of the collagen particles deposited on the surface of uniaxially aligned 

fibers. (B) The cumulative release profile of NT-3 from the conduits loaded with factor-

containing collagen particles. (C) Percentage of decorin digested by ChABC released from 

the conduits loaded with factor-containing collagen particles. The error bars represent one 

standard deviation.
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Figure 2. 
The maximal CMAP amplitude and CMAP latency recorded for each animal (N=12 per 

group), with the data being presented as mean ± standard error of the mean. (A) Autograft 

resulted in significantly higher CMAP amplitudes relative to all of the NGC groups. 

Animals receiving NGC+cr-factors had significantly higher amplitudes than those receiving 

plain NGC or NGC+hr-factors. (B) CMAP latency was significantly shorter in the autograft 

group than in any of the conduit groups (p<0.05).
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Figure 3. 
Immunofluorescent staining for myelin and neurofilament. With 4−6 animals per group, 20-

μm frozen sections were obtained and stained with antibodies against myelin protein 0 (P0, 

red) and neurofilament 200 (NF200, green). The fluorescence micrographs show 

representative sections from the midpoint of the (A) autograft, (B) plain NGC, (C) NGC+hr-

factors, and (D) NGC+cr-factors. NF200+ axons surrounded by P0+ myelin were found 

throughout the grafts and NGCs. No gross differences were observed between the groups. 

The scale bars represent 11.25 μm.
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Figure 4. 
Immunofluorescent staining for myelin and laminin. With 4−6 animals per group, 20-μm 

frozen sections were obtained and stained with antibodies against myelin protein 0 (P0, red) 

and laminin (green). The fluorescence micrographs show representative sections from the 

midpoint of the (A) autograft, (B) plain NGC, (C) NGC+hr-factors, and (D) NGC+cr-

factors. Myelinated axons were surrounded by a ring of laminin that formed the basement 

membrane. No gross differences were observed between the groups. The scale bars represent 

11.25 μm.
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Figure 5. 
Histochemical analysis of the semi-thin sections. With 4−6 animals per group, the tissue was 

stained with osmium tetroxide. Sections of 0.7 μm in thickness were obtained and 

counterstained with toluidine blue. The micrographs show representative sections from the 

midpoint of the (A) autograft, (B) plain NGC, (C) NGC+hr-factors, and (D) NGC+cr-

factors. All animals exhibited myelinated axons (arrowheads) and blood vessels (arrows). 

The line across the NGC tissue in (C) is an artifact from tissue processing. The scale bars 

represent 25 μm.
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Figure 6. 
(A) With 4−6 animals per group, 20-μm frozen sections were obtained and stained for prolyl 

4-hydroxylase β (P4HB, red) and neurofilament 200 (NF200, green). The fluorescence 

micrograph shows a representative section from an animal receiving a plain NGC. The 

conduit is indicated by a dashed, white line. Between the NF200+ axons and the conduit is a 

layer of P4HB+ cells, presumably caused by a foreign body reaction. Some cells have 

migrated into the conduit (arrows). (B) Similarly, this region contains CD68+ macrophages 

(red), again suggesting a foreign body reaction. (C) With 6−8 animals per group, the tissue 

was stained with osmium tetroxide. Sections of 0.7 μm in thickness were obtained and 

counterstained with toluidine blue. The micrograph shows a representative section from an 

animal receiving a plain NGC. Present within the conduit (upper left corner) and within the 

layer of P4HB+ cells of the putative foreign body response (remainder of the image) are 

cells that appear to contain large vacuoles (arrows). Scale bars represent 100 μm in (A, B) 

and 20 μm in (C).
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Figure 7. 
Counts of myelinated axons. For animals where semi-thin sections were obtained, the 

number of myelinated axons in each graft or conduit was measured using stereology. The 

data are presented as mean ± standard error of the mean. (A) Counts of myelinated axon 

obtained from the midpoint of the autograft or NGCs. The number of myelinated axons was 

significantly higher in the autograft than in any of the NGCs (p<0.04). The axon counts were 

significantly higher in the NGC+cr-factors group than in the other two NGCs (p<0.03). (B) 

Counts of myelinated axon obtained from the distal nerve. The number of myelinated axons 

was again significantly higher in the autograft group than in any of the NGC groups 

(p<10−4) and higher in the NGC+cr-factors group than in the NGC+hr-factors group 

(p<0.005).
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