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L I F E  S C I E N C E S

Tissue-engineered grafts exploit axon-facilitated axon 
regeneration and pathway protection to enable 
recovery after 5-cm nerve defects in pigs
Douglas H. Smith1,2, Justin C. Burrell1,3,4, Kevin D. Browne1,3, Kritika S. Katiyar1,2,3, Mindy I. Ezra1, 
John L. Dutton1, Joseph P. Morand1, Laura A. Struzyna1,3,4, Franco A. Laimo1,3, H. Isaac Chen1,3, 
John A. Wolf1,3, Hilton M. Kaplan5, Joseph M. Rosen6, Harry C. Ledebur2, Eric L. Zager1,  
Zarina S. Ali1,3, D. Kacy Cullen1,2,3,4*

Functional restoration following major peripheral nerve injury (PNI) is challenging, given slow axon growth rates 
and eventual regenerative pathway degradation in the absence of axons. We are developing tissue-engineered 
nerve grafts (TENGs) to simultaneously “bridge” missing nerve segments and “babysit” regenerative capacity by 
providing living axons to guide host axons and maintain the distal pathway. TENGs were biofabricated using 
porcine neurons and “stretch-grown” axon tracts. TENG neurons survived and elicited axon-facilitated axon 
regeneration to accelerate regrowth across both short (1 cm) and long (5 cm) segmental nerve defects in pigs. TENG 
axons also closely interacted with host Schwann cells to maintain proregenerative capacity. TENGs drove regen-
eration across 5-cm defects in both motor and mixed motor-sensory nerves, resulting in dense axon regeneration 
and electrophysiological recovery at levels similar to autograft repairs. This approach of accelerating axon re-
generation while maintaining the pathway for long-distance regeneration may achieve recovery after currently 
unrepairable PNIs.

INTRODUCTION
Peripheral nerve injury (PNI) affects approximately 20 million people 
in the United States, often resulting in debilitating motor and/or sen-
sory deficits (1–4). PNIs typically occur in the upper and lower ex-
tremities due to myriad causes, including transportation accidents, 
sports-related injury, combat situations, or iatrogenic incidents (5). 
Injuries where the overall nerve structure remains intact, such as 
crush or stretch injuries, often result in a “wait-and-see” approach 
to determine whether function returns spontaneously. More severe 
PNI cases resulting from nerve disconnection require surgical repair 
to reconnect the proximal and distal nerve stumps by tension-free 
direct anastomosis or using a biological graft or nerve conduit (5). 
However, functional recovery following PNI is generally unsatisfac-
tory irrespective of surgical repair strategy or injury location (6).

Poor functional outcomes result from the inability of current re-
pair options to overcome the long regenerative distances and times 
necessary to reinnervate distal targets (7). Slow rates of axonal 
regeneration (~1 mm/day) over long regenerative distances lead to 
prolonged denervation and, in turn, diminished regenerative 
capacity (7). Specifically, when axonal integrity is compromised, 
the axon segment distal to the injury site rapidly degenerates, a con-
sequence of being disconnected from its cell body, which resides 
within (motor neurons) or adjacent to (sensory neurons) the spinal 
cord. To restore function, axon regeneration must cross not only 

any gap between the proximal and distal nerve stumps but also 
through the entire distal nerve segment to reach the end targets.

To support this process, there is a choreographed sequence of 
alterations in Schwann cell structure and function, where they 
initially assume a proregenerative phenotype to form the bands of 
Büngner composed of highly aligned Schwann cell columns and 
fibrin cables to facilitate axon regrowth. However, it is believed that 
this proregenerative environment degrades over several months, 
ultimately blunting the extent of axonal regeneration and, hence, 
functional recovery (7). This is particularly relevant in cases of long 
segmental defects and/or proximal injuries where this proregenerative 
capacity remains for a shorter time frame than necessary to support 
axonal regeneration to distal targets, which can take several months 
to years. In addition, prolonged denervation (>12 months) negatively 
affects target muscles and ultimately will render them irrevocably 
unresponsive to attempted reinnervation (5, 7, 8). Thus, a primary 
cause of poor functional recovery following major PNI is the gradual 
loss of the ability of specialized support cells and end targets to 
facilitate regeneration.

To date, the gold standard to bridge a nerve gap is the sensory 
nerve autograft. For decades, the field has tried with limited success 
to develop bridging solutions to replace the autograft and thus elim-
inate the need for harvesting healthy donor nerve, which creates an 
additional surgical wound site. For instance, nerve transfers are 
an innovative surgical technique that uses axon fascicles dissected 
from healthy nerves to partially restore motor functionality. In addi-
tion, a handful of devices have been commercialized [e.g., nerve 
guidance tubes (NGTs) such as Baxter’s GEM NeuroTube, Stryker’s 
Neuroflex, and Axogen’s acellular nerve allograft (ANA; Avance)]. 
However, clinical use of these products is limited primarily to non-
critical sensory nerve injuries close to targets (e.g., PNI in the hand 
or wrist), with virtually all motor and critical sensory nerves repaired 
using autografts. Moreover, other surgical advancements, such as 
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the end-to-side coaptation, have led to “babysitting” procedures that 
aim to maintain the proregenerative distal pathway by redirecting 
axons from a nearby donor nerve to innervate distal nerve structures 
and muscle (9–15). Despite promise in preclinical models, clinical 
implementation of end-to-side transfers has been inconclusive (10, 12). 
However, end-to-side nerve transfer not only requires an expend-
able donor nerve in close proximity to the distal segments of the 
injured nerve (which may not be available) but also typically results 
in a donor deficit. Often, these procedures are only used as a last 
resort in cases where the patient has not shown functional recovery 
many months following an initial PNI surgery.

These shortcomings may be addressed by tissue engineering 
solutions to both bridge major nerve lesions and maintain the re-
generative pathway and end targets (16). Such tissue-engineered 
medical products not only would have the potential to improve out-
comes but also would obviate the need to sacrifice noninjured nerves 
for repair procedures (5). The development and testing of candidate 
tissue-engineered solutions require valid preclinical models that 
adequately replicate the key challenges of clinical PNI. For instance, 
the length of the segmental defects tested needs to exceed the “critical 
nerve gap,” which is approximately 4 to 5 cm in humans and other 
large mammals compared to 1.5 to 2 cm in small animals (8). More-
over, large total regenerative distances that likely require babysitting 
approaches (e.g., ≥20 cm, typically requires >6 months for reinner-
vation) are important to model, yet this is not possible in smaller 
animals such as rodents or rabbits. Large animal models are uniquely 
able to replicate the large segmental defects and long total regener-
ative distances necessary to capture the critical biological processes 
that hinder nerve regeneration in humans.

To address the major challenges in the field, we have developed 
tissue-engineered nerve grafts (TENGs) as an advanced regenera-
tive strategy to reduce or obviate the need for autograft harvests 
(Fig. 1). TENGs are biofabricated in custom mechanobioreactors 
and are composed of long axon tracts spanning two neuron popula-
tions, generated via continuous mechanical tension or “stretch 
growth” (17–21). Axon stretch growth occurs naturally during in vivo 
development, such as the extension of long bones driving nerve 
extension. Harnessing this natural process, we have demonstrated 
that numerous neuronal subtypes across multiple species and ages 
can be induced to grow long axon fascicles in vitro (17, 18, 22–25). 
Following stretch growth, these living axon tracts are embedded in 
a three-dimensional (3D) extracellular matrix, rolled into a tubular 
form (with the axon tracts running longitudinally), and inserted 
within an NGT (20, 21, 26). Moreover, we recently demonstrated 
nerve regeneration across TENGs based on a newfound mechanism 
referred to as “axon-facilitated axon regeneration (AFAR)” that 
resulted in an accelerated regeneration and extent of electrophysio-
logical recovery following repair of a 1-cm sciatic lesion in rats com-
pared to repair with an NGT alone (26).

Building on these findings, the current study used rat and pig 
models of PNI to investigate the ability of TENG axons to both 
“babysit” the proregenerative state of host Schwann cells and to 
“bridge” long segmental defects (5 cm) via the newly found mecha-
nism of AFAR. Initial babysitting studies were performed in a rat 
model of chronic axotomy, where we hypothesized that TENG axons 
would penetrate the host nerve and maintain the presence of pro-
regenerative Schwann cells. Then, porcine TENGs were developed 
using embryonic sensory neurons to allow testing of allogeneic 
constructs in pig PNI models, where axons were “stretch grown” to 

form TENGs spanning 5 cm in a remarkably short time frame of 2 
to 3 weeks. We hypothesized that TENGs would serve as a living 
scaffold to guide sprouting axons from the host proximal nerve 
stump across the nerve lesion and into the distal nerve stump. Initial 
porcine studies evaluated TENG neuronal survival, mechanism of 
action (i.e., AFAR), and efficacy following 1- and 5-cm lesions in 
the deep peroneal nerve (DPN; ~20 cm from muscle end targets). 
Last, we showed that TENGs facilitated reinnervation and electro-
physiological recovery when used to bridge 5-cm segmental defects 
in the common peroneal nerve (CPN; ~27 cm from distal muscle 
end targets), with or without the use of secondary babysitting TENG 
implants. Collectively, our findings demonstrate the efficacy of 
large-scale TENGs in challenging, clinically relevant porcine models 
featuring both large segmental defects (5 cm) and long total regen-
erative distances to reach distal targets (20 or 27 cm).

RESULTS
TENG transplants into the distal nerve segment maintain 
proregenerative Schwann cells in a model of chronic 
axotomy in rats
We hypothesized that chronic interactions between transplanted 
axons and host Schwann cells would maintain the proregenerative 
efficacy of host Schwann cells in an otherwise axotomized nerve, 
thus increasing the regenerative capacity for ultralong-distance nerve 
regeneration. To test this hypothesis, we created a chronic axotomy 
model in rats by transecting the sciatic nerve, capping the proximal 
stump to prevent host axon growth, and implanting an NGT (negative 
control) or living stretch-grown TENG spanning 1 cm sutured to 
the distal stump. We performed histological analyses up to 16 weeks 
after transection to determine distal nerve cytoarchitecture, graft 
survival, and graft axon integration with distal nerve (Fig. 2A).

In this model, TENG neurons were found in the proximal and 
distal regions of the graft, as expected on the basis of the transplanta-
tion and encapsulation paradigm, with robust axonal extension that 
integrated with the host tissue (Fig. 2B). Schwann cell morphology 
in the distal nerve was assessed by comparing S100+ expression. Over 
2 to 4 weeks after transection, distal nerve Schwann cells formed 
stereotypically aligned regenerative columns. In control animals (not 
receiving TENGs), the density of these columns decreased over 6 to 
8 weeks, with a marked reduction in Schwann cell presence and 
alignment after 9 weeks and widespread loss of Schwann cells and a 
complete absence of alignment by 16 weeks (Fig. 2C). In contrast, in 
animals receiving TENGs, an abundance of S100+ Schwann cells 
were observed up to at least 16 weeks, suggesting that TENGs may 
preserve the proregenerated state in distal nerve Schwann cells in 
this model of chronic axotomy (P < 0.001; Fig. 2D). Moreover, this 
effect of Schwann cell preservation in animals receiving TENG 
implants was observed at least 3.0 cm away (the furthest distance 
assessed) from the implantation sites in far distal nerve branches, 
demonstrating a considerable spatial effect of graft axonal projections 
(Fig. 2E). In addition, even a sparse distribution of TENG axons was 
shown to maintain Schwann cells across an entire fascicle, suggesting 
a considerable amplification effect (Fig. 2F). The procedure to cap 
the proximal nerve was effective in all cases, as potentially aberrant 
regeneration of the proximal stump into the distal pathway was not 
observed in any of the animals. This demonstrated the efficacy of 
axons projecting from stretch-grown TENGs to babysit otherwise 
axotomized Schwann cells in the distal nerve sheath to maintain 
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their presence and proregenerative capacity out to at least several 
centimeters from the implant site.

TENGs were biofabricated, composed of stretch-grown 
axons from porcine neurons
To test allogeneic TENGs in porcine models of PNI, we first needed 
to generate TENGs using porcine neurons via our previously de-
scribed process of axon growth via continuous mechanical tension 

or stretch growth (17, 26). For these studies, dorsal root ganglia 
(DRG) sensory neurons were isolated from fetal pigs and were 
cultured within custom-built mechanobioreactors (Fig. 3). These 
neuron cultures were subjected to axonal stretch growth to create 
constructs consisting of living, aligned axonal tracts grown to lengths 
of 0.5 to 5.0 cm (Fig. 3, E to H). In vitro, we characterized TENG 
structure and function based on our established quality control 
metrics involving DRG count, neuron health, axon structure, and 

Fig. 1. Overview of clinical need and tissue-engineered solution. (A) Clinical unmet need requires bridging + babysitting strategy. Functional recovery after PNI is 
often limited because of chronic denervation of the distal pathway resulting from slow axon regeneration across ultralong regenerative distances to muscle end targets. 
Although current repair strategies aim to accelerate regeneration, none of the commercially available approaches are designed to mitigate complications associated with 
chronic denervation. (B) TENG biofabrication. We have bioengineered stretch-grown axons from (1) embryonic rat or pig sensory DRG neurons that are cultured on two 
overlapping membranes in a custom-built mechanobioreactor, allowing for integration between the two populations for up to 5 DIV. (2) The two overlapping membranes 
are gradually separated via a microstepper motor to apply mechanical tension to the axons spanning the two neuronal populations, depending on the desired length. (3) 
Stretch growth occurs for days to weeks at 1 to 10 mm/day. Once the desired axon length is reached, the neurons and stretch-grown axons are encapsulated in collagen 
extracellular matrix (ECM) for stabilization. (4) Encapsulated constructs are “rolled” and (5) inserted into an NGT or nerve wrap to bridge segmental nerve defects. (C) TENG 
surgical implementation. Example of a 5-cm TENG-NGT and schematic of surgical implementation. (D) TENG proregenerative mechanism of action. Concept figure illus-
trating the dual mechanisms of TENG-mediated regeneration [as described in detail in the work of Katiyar et al. (25)] via AFAR whereby host axons rapidly grow directly 
along TENG axons, as well as host Schwann cells (SCs) migrating directly along TENG axons to efficiently fill the length of the graft zone.
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axon density. These analyses have occurred within our custom 
mechanobioreactors after stretch, as well as following proteinaceous 
encapsulation and removal from the mechanobioreactors. Here, 
porcine TENGs were found to be healthy, with densely fasciculated 
(i.e., bundled) axon tracts. After stretch, porcine TENGs were sub-
sequently created by embedding these living axon tracts in a 3D 
matrix and removing them en masse for transplantation (Fig. 3I).

Porcine TENGs exploit AFAR to facilitate host axon 
regeneration and Schwann cell infiltration across short 
segmental defects in motor and sensory nerves
We next assessed acute repair in 1.0-cm lesions in the sensory (sDPN) 
and motor (mDPN) branches of the DPN in a swine model of PNI 
as a stepping stone to chronic repair of 5.0-cm lesions in the DPN 
(Fig. 4A). Our objectives in this study were to assess TENG survival 

Fig. 2. Implanted TENGs integrate with denervated distal nerve sheath over 16 weeks in rodent chronic axotomy model. (A) Proregenerative S100+ SCs were 
characterized in a rodent chronic axotomy model by securing to the otherwise denervated distal nerve with either a babysitting TENG or empty NGT (negative control). 
See Fig. 1B for additional information on encapsulation methodology. (B) Longitudinal tissue sections showing dense TENG neurons (predominantly showing the cell 
body region of the graft) transduced to express GFP survive transplantation and project axons into the otherwise denervated distal nerve stump. (b) Higher magnification 
revealed TENG axons growing in close proximity to host SCs. (C1 to C5) Following NGT implant alone, host SCs initially formed stereotypically aligned regenerative columns 
at 2 and 4 weeks but become disorganized over 6 to 9 weeks and disappear virtually completely by 16 weeks, suggesting a nonpermissive regenerative environment. (C6) 
In contrast, distal SCs were preserved in animals receiving TENGs at 16 weeks. (D) Semiquantitative scoring of SC presence and morphology revealed that TENGs preserve 
SCs in the otherwise axotomized distal nerve structure for prolonged time periods. (E1 to E3) Aligned SCs were found at 16 weeks after axotomy, distal to the babysitting 
TENG (E1) 0.2 cm, (E2) 1.0 cm, and (E3) 3.0 cm from the graft. (F) Oblique (45°) section of the distal nerve showing that GFP+ axons projecting from the babysitting TENG 
persist within the distal nerve stump at 16 weeks after transplantation, closely interacting with host SCs. Here, a relatively low “dose” of TENG axons may babysit an entire 
fascicle of host SCs. P values are represented as *P < 0.001. Scale bars, 250 m and 50 m (B and b), 50 m (C), 20 m (E), and 25 m (F). n = 3 to 4 for NGT per time point; 
n = 4 for babysitting TENG at 16 weeks.
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in a large animal model, investigate whether TENGs influence host 
regeneration, and compare acute regeneration metrics to autografts 
and NGTs alone. Our hypothesis was that TENG neurons and axons 
would serve as a living scaffold to guide sprouting axons from the 
host proximal nerve stump across the nerve lesion. To assess the 
regenerative response that occurred in pigs repaired with 1.0-cm 
TENGs, graft zones were harvested 2 weeks after implantation and 
immunohistochemical examination was performed on longitudinal 
tissue sections. Microscopic examination of tissue sections revealed 
surviving transplanted green fluorescent protein–positive (GFP+) 
DRGs and maintenance of the aligned axonal architecture within all 
TENG transplants (Fig. 4, B to E). To assess the rates of host axon 
regeneration and Schwann cell infiltration, sections were stained 

for neurofilament protein to mark host versus TENG (GFP+) axons 
and S100 protein to mark host Schwann cells. Robust host axon 
outgrowth was visualized at 2 weeks across the entire 1-cm repair 
zone for animals treated with TENG (Fig. 4D and figs. S2 and S3) or 
autograft compared to sparse regeneration following NGT repairs, 
demonstrating that both TENGs and autografts accelerated axon 
regeneration compared to NGTs alone. This provided evidence that 
TENGs were actively facilitating axon regeneration rather than simply 
behaving as a permissive substrate. Using high-resolution confocal 
microscopy, we directly visualized axon regeneration via the AFAR 
mechanism at the microscale (i.e., cell-axon and axon-axon interac-
tions; Fig. 4, F to H). This analysis determined that regenerating 
axons have an intrinsic preference to grow directly along TENG 

Fig. 3. Primary porcine neurons subjected to axonal stretch growth to biofabricate TENGs. E40 transgenic GFP+ porcine DRG neuron cultures (A) at 1 DIV in phase 
contrast and (B and C) at 7 DIV with fluorescent microscopy labeling nuclei (Hoechst), axons (Tuj1), and neuronal cell bodies and dendrites (MAP2). (D) Axons from porcine 
neurons extend beyond the towing membrane to integrate with the other neuron population on the base membrane. Aligned axon tracts are generated following 
mechanical stretch growth, as shown in phase-contrast microscopy. (E) Example of DRG populations that were stretch-grown over 1 cm shown with phase-contrast 
microscopy. (F) Phase-contrast image of the towing membrane side of a TENG showing healthy and robust axons. (G and H) Examples of a 5-cm-long TENG with dense 
fasciculation following stretch growth at 21 DIV (5 days before stretch, 16 days of stretch growth), shown in (G) phase contrast and with (H) fluorescent (GFP) microscopy. 
(I) Example of a 2.5-cm-long GFP+ TENG following collagen encapsulation before transplantation. Scale bars, 100 m (A), 500 m (B and C), 50 m (D), 1000 m (E), 100 m 
(F), 1000 m (G and H), and 2.0 mm (I).
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axons, thus directly facilitating host axon regeneration. TENG 
axons intrinsically promote host axon growth along their structure 
based on this newfound mechanism, matching our recent report in 
a rat model of PNI (26).

In the evaluation of the axon regeneration process, we observed 
two distinct characteristics in regeneration in pigs that mirror 
our observations in rats: (i) a major bolus of regenerating axons 

(“regenerative front”) and (ii) a smaller group of axons rapidly re-
generating across the graft (“leading regenerator” axons). Notably, 
leading regenerator axons were found all the way in the distal nerve 
by 2 weeks following repair with TENGs and autografts but not with 
NGTs alone (Fig. 4, I to J). Similar to the natural developmental pro-
cess of the nervous system, these TENG axons may serve as “pioneer” 
axons to prescribe the initial path for subsequent regenerating axons 

Fig. 4. TENGs maintain neuronal-axonal architecture and project axons into the host distal nerve that closely interact with host SCs and regenerating axons 
following a 1-cm porcine nerve repair. (A) Acute regenerative mechanisms of action were evaluated at 2 weeks following a 1-cm repair of the mDPN and sDPN using 
an NGT, autograft (AG), or TENG. (B) Allogeneic TENG neurons (GFP+) survived transplantation in the absence of immunosuppression. (C) Robust axonal regeneration 
(SMI31/32+) was observed along TENG neurons/axons. (D) Host SC infiltration (S100+) and axon regeneration were visualized. (E) Within the graft, TENG neurons were 
located on both ends spanned by long-projecting axons, and (F) host axons were seen regenerating along TENG axons. (G) At higher magnification, AFAR was observed. 
(H) TENGs facilitated nerve regeneration using traditional SC-mediated axonal regeneration and also in the absence of SCs via AFAR mechanism (arrows). Host SCs aligned 
with TENG axons and likely support host axon regeneration (arrowheads). (I) Longitudinal section of the distal nerve showing columnar SCs or bands of Büngner and 
TENG axons. (J) Higher magnification revealed leading regenerator host axons within bands of Büngner in the distal nerve. (K) Accelerated regeneration was observed at 
2 weeks following TENG repair compared to NGTs. Greater SC infiltration was also found in TENGs compared to NGTs for both nerves. No statistical differences were found 
for axon regeneration or SC presence between TENG and AGs. P values are presented as *P < 0.05, **P < 0.01, and ***P < 0.001 versus NGT. Scale bars, 50 m (B and C), 1000 m 
(D), 500 m (E and F), 20 m (G and H), 250 m (I), and 100 m (J). For the sDPN study, n = 4 for autograft, n = 4 for NGT, and n = 5 for TENG. For the mDPN study, n = 4 for all groups.
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to follow (27–29). The axon regeneration distances and rates were 
quantified for the regenerative front and leading regenerators for 
all experimental groups, demonstrating that the rate of host leading 
regenerators across the lesion was equivalent for animals treated with 
TENGs and autografts and that this rate was superior (1.6 to 4.2 times 
faster) compared to animals treated with NGTs alone (Fig. 4K). In 
general, axon regeneration progressed more slowly following repair 
of a predominantly motor nerve versus a predominantly sensory 
nerve. However, TENG-mediated repair was the only group that 
progressed at maximum rates of greater than 1 mm/day across the 
graft site for both types of nerves.

To better understand the effects that TENGs had on the nerve 
regeneration process, we examined the interactions of TENGs and 
Schwann cells, as Schwann cells are an essential component to the 
natural nerve regeneration process. In this study, the infiltration 
or migration distance of Schwann cells from the host tissue, both 
proximally and distally, into the TENGs and NGTs was measured. 
Results showed that Schwann cell infiltration distance was enhanced 
in animals treated with TENGs compared to NGTs alone (P < 0.01; 
Fig. 4K). Animals who received NGTs alone showed modest 
Schwann cell penetration from both the proximal and distal 
ends, with a clear Schwann cell–free gap in the center at this time 
point in most cases. As expected, a homogenous distribution of 
Schwann cells was observed within autografts. Thus, similar to the 
findings with host axon regrowth, we observed that Schwann cells 
had a strong preference to migrate directly along TENG neurons 
and axons, indicating that the TENGs actively influenced and di-
rected Schwann cell infiltration. Together, these findings suggest 
that TENGs play an active role in accelerating the natural regeneration 
process by encouraging Schwann cell infiltration and alignment.

TENGs facilitate acute regeneration and chronic 
electrophysiological recovery when used to repair 5-cm 
lesions in the mDPN
On the basis of the unique mechanisms of action demonstrated in 
the 1-cm repair model, we hypothesized that TENGs would effec-
tively drive regenerating axons across a challenging, clinically relevant 
5-cm motor nerve repair and thereby enable electrophysiological 
recovery following chronic axotomy. To assess the regenerative re-
sponse that occurred in animals treated with 5-cm TENGs (Fig. 5A), 
graft zones and distal nerve were harvested and immunohistochemical 
examination was performed on longitudinal and axial tissue sections. 
On the basis of GFP expression, microscopic examination of tissue 
sections revealed evidence of surviving transplanted porcine DRGs 
and maintenance of the aligned axonal architecture within all TENG 
transplants at 1 month after transplant (Fig. 5, B to H). Note that the 
lack of tissue at the center of the longitudinal section is not a “dead 
zone” in the graft; rather, it is an artifact resulting from the technical 
challenge of obtaining a complete 5-cm longitudinal section showing 
both proximal and distal ingrowth, as well as TENG neurons/axons, 
which are often found closer to the edges of the conduit. At this 
early time point, TENG axons appeared to directly facilitate host 
axon regeneration, and leading regenerator axons were observed 
penetrating the distal nerve. These host leading regenerator axons had 
crossed the gap to enter the distal nerve before host Schwann cells 
had fully infiltrated the entire 5-cm nerve repair zone (Fig. 5, C to H). 
This finding indicates that TENGs had facilitated axon regeneration 
across the lesion independent of Schwann cells, supporting observa-
tions made in the 1-cm lesion repair.

Nerve regeneration and electrophysiological function were also 
assessed at 3 months following TENG-mediated repair of a 5-cm 
lesion of the mDPN in pigs. The collagen NGT had dissolved by this 
time point, and the gross nerve structure appeared similar to native 
nerve, which was notable given that 5 cm of nerve had been com-
pletely removed (Fig. 5I). This indicates that TENGs may have 
facilitated the reformation of complex 3D nerve tissue. Surviving 
TENG neurons/axons were observed in the graft zone, and TENG 
axons were found penetrating into the distal nerve (Fig. 5, J, K and L). 
In addition, by this time point, axon regeneration and Schwann cell 
infiltration had occurred across the entire 5-cm repair site (Fig. 5M). 
Reliable compound nerve action potentials (CNAPs) were observed 
across nerves repaired with TENGs, indicating significant axon re-
generation across the lesion and into the distal nerve at this relatively 
early time point (Fig. 5O). Multiple fascicles containing both host 
axons and TENG axons were observed in the distal nerve structure 
(Fig. 5N). Host axons were found to be present as far distally as was 
examined (9.5 cm from the proximal transection site). Although 
conduction of the repaired nerve was verified at this time point, 
nerve stimulation did not elicit a motor response (i.e., a “hoof 
twitch”), indicating that although axons had crossed the graft zone, 
axons did not yet reach the distal muscle and/or form functional 
neuromuscular junctions. Collectively, these results show that TENGs 
supported axon regeneration across a long-gap 5-cm lesion by 
3 months after repair.

Nerve regeneration and electrophysiological function were next 
evaluated at chronic time points following bridging of 5-cm seg-
mental defects in the mDPN (Fig. 6A). As early as 7 months after 
repair, electrical stimulation of the repaired nerve (proximal or distal 
to the repair zone) elicited an evoked motor response manifesting 
as a hoof twitch. Although this suggested that axon regeneration had 
progressed to the target muscle, the supramaximal stimulation in-
tensity necessary to elicit an evoked muscle response was relatively 
high compared to the contralateral side, suggesting a nascent, 
immature recovery. Histologically, we then investigated the repaired 
nerves immediately proximal to the target muscle, revealing regen-
erated host axons spreading on the muscle surface by 7 months 
(Fig. 6, B and C). These findings demonstrated that TENG repair of 
5-cm nerve lesions in the mDPN (~20 cm from the target muscle) 
led to axon regeneration in the immediate vicinity of the target 
muscle based on the evoked electrophysiological response.

By 9 months after repair, the gross architecture of the graft 
region appeared virtually identical to that of the adjacent uninjured 
nerve, suggesting significant regrowth of host nerve tissue (Fig. 6E). 
Cross-sectional analyses of the distal nerve structure at 9 months 
after repair revealed numerous fascicles containing both host and 
TENG axons (Fig. 6F). Notably, the fascicular architecture distal to 
the 5-cm TENG repair resembled uninjured nerve (see fig. S1) and 
included large-diameter, myelinated host axons throughout the entire 
distal nerve. Here, similar axon density and myelination levels were 
observed distal to the graft region following TENG or autograft 
repair (Fig. 6G). In addition, while no significant differences were 
found between groups for the g-ratio, the myelinated axon fiber dis-
tribution for the autograft group was shifted rightward compared to 
the TENG group, suggesting a similar degree of myelination but a 
greater number of large-caliber axons distal to the autograft repair 
(fig. S4). By 10 to 11 months, the supramaximal intensity necessary 
for an evoked muscle response was more physiologically normal 
(i.e., within the range used to stimulate a naïve nerve), indicating 
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Fig. 5. Nerve regeneration at 1 and 3 months following repair of long-gap (5-cm) nerve injury with TENGs in a porcine model. (A) TENG efficacy was further as-
sessed following a 5-cm mDPN repair. (B to H) At 4 weeks after repair, (B) the main bolus of regenerating axons (SMI31/32+, left) and SC infiltration (S100+) was visualized 
within the conduit (autofluorescing green). In this section, TENG neurons can be visualized in the proximal and distal conduit with some TENG axons in the center of the 
conduit, suggesting that the TENG axons span the entire length of the graft region. (C) Surviving TENG neurons/axons (GFP+) interacted with host SCs. (D) Dense host 
axon regenerative front and host SCs were found penetrating the graft. (E) Notably, host axons and aligned SCs grew along TENG axons near the conduit center. (F) TENG 
neurons/axons and (G) infiltrating host SCs were visualized within the graft. (H) Host axons were visualized in the distal nerve before complete SC infiltration, further 
suggesting that TENGs facilitated axon regeneration independent of SC infiltration. (I to O) At 12 weeks, (I) gross nerve structure shows the reformation of nerve and 
vascular tissue. (J) Surviving TENG neurons/axons interacted with host SCs. (K and L) Axial sections distal to the graft show (K) successful host axon regeneration and TENG 
axon penetration distally and (L) the presence of TENG axons, host SCs, and host axons at higher magnification. (M) Successful host axon regeneration and SC infiltration 
near both ends of the 5-cm graft. (N) Large-caliber host axons (arrowheads) and smaller-caliber TENG axons (arrows) were observed in the distal nerve. (O) CNAPs follow-
ing TENG repair indicate significant axonal regeneration. Scale bars, 1000 m (B), 100 m (C), 50 m (D to H, J, K, and M), 15 m (L), and 5 m (N).
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mature axonal regeneration, myelination, and muscle recovery. 
Nerve stimulation resulted in robust and reproducible CNAPs and 
compound muscle action potentials (CMAPs; Fig. 6H). CNAPs and 
CMAPs were observed across the nerve graft, with a comparable 
percent recovery between the repair of 5-cm lesions using TENG 
and autograft (typically 40 to 60% of the contralateral CMAP level 
was achieved).

Babysitting TENGs integrate with the distal nerve to promote 
axon regeneration and electrophysiological recovery following 
primary repair of 5-cm segmental defects in the CPN
On the basis of the previous findings demonstrating that TENG axons 
preserve host Schwann cells in models of chronic axotomy and that 
TENGs facilitate electrophysiological recovery across long segmental 
defects, we postulated that axon outgrowth extending from babysitting 

Fig. 6. Axon regeneration and muscle reinnervation following a 5-cm segmental repair of the mDPN in swine. (A) At 7 months following TENG repair, the regenerated 
mDPN was isolated from the surrounding tissue for functional assessment. (B) Oblique nerve section from the extreme distal mDPN directly at the interface with the 
target muscle indicates that host axons (SMI31/32+) had reached the muscle by 7 months after repair. (C) Same nerve as (B) showing longitudinal nerve section from a 
more proximal zone. (D) Cross-sectional immunohistochemistry of the mDPN 5 mm distal to the TENG was performed to label host axons and SCs. (d) Higher magnifica-
tion revealed a high density of host axons in the distal nerve surrounded by S100+ SCs. (E) At 9 months after repair with a TENG (arrow), the nerve gross structure and 
morphometry appeared indistinguishable from those of an adjacent, nonrepaired nerve. (F) Nerve morphometry showed fasciculation, dense axonal regeneration, and 
remyelination following TENG repair at 9 months after repair (5 mm distal to the repair zone). (f) Higher magnification of an individual fascicle revealed large- and small- 
diameter host axons surrounded by SCs, potentially indicating ongoing maturation. (G) Morphometric analysis revealed that axon density and percentage of myelinated 
axons were equivalent between animals repaired with a TENG or a sensory autograft (see fig. S4 for breakout of myelinated axon and g-ratio profiles). (H) An evoked hoof 
twitch was consistently achieved by 7 months after repair with robust CNAP and CMAPs, further suggesting successful axon regeneration, myelination, and muscle 
reinnervation. No significant differences were found (P > 0.05). Scale bars, 50 m (B), 500 m (C), 50 m (D), 20 m (d), and 50 m (F and f). n = 3 for autografts and n = 5 for 
TENGs at this time point.
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TENGs would maintain the proregenerative environment of the 
distal segment as the host axons regenerate across the long gap. To 
evaluate the proregenerative efficacy of TENGs following chronic 
denervation (i.e., due to long regenerative distance), regeneration 
and electrophysiological recovery were assessed in a challenging, 

clinically relevant model featuring a 5-cm segmental defect in the 
CPN repaired with a long “bridging” TENG and with or without 
two babysitting TENGs implanted in-line in the mDPN (Fig. 7A). 
At 12 months following a 5-cm TENG primary repair and simulta-
neous transplantation of distal babysitting TENGs in the mDPN, 

Fig. 7. Deployment of distal TENGs to babysit the distal pathway following repair of 5-cm segmental defects in the CPN in swine. (A) To evaluate the efficacy of 
simultaneously reconstructing proximal injuries (bridge) and preserving the distal nerve and motor targets (babysit), two babysitting TENGs were placed in continuity 
with the mDPN, distal to the primary CPN repair. (B and C) Immunohistochemistry distal to the primary CPN graft revealed axon regeneration and maturation in the (B) 
sDPN and (C) mDPN at 12 months following autograft or TENG repair with distal babysitting TENGs in the mDPN. (C2) GFP+ signal was found within the mDPN fascicles at 
12 months following primary TENG repair and transplantation of distal babysitting TENGs. (D and E) Longitudinal sections showing host axons and aligned SCs present 
in the (D) sDPN and (E) mDPN at the babysitting graft zone, several centimeters distal to the primary CPN repair, further corroborating that host axons crossed the babysitting 
TENG. (F) High magnification of an mDPN fascicle revealed numerous TENG axons that closely interact with host SCs. (G) Detailed histological analysis revealed that 
g-ratio distribution profiles in the mDPN were similar across groups at this time point. Individual g-ratio distribution profiles were broken out and compared to the naïve 
contralateral nerve distribution (dotted line). No significant differences were found for the mDPN g-ratio distribution profiles between the groups or between the contra-
lateral (naïve) mDPN nerve and the mDPN nerve distal to the autograft or TENG + BS repair at this time point. G-ratio distributions were compared between groups for 
each nerve using the two-sample Kolmogorov-Smirnov test. P values are represented as *P < 0.05. See figs. S5 and S6 for breakout of myelinated axon and g-ratio profiles. 
Scale bars, 500 m (B and C) and 50 m (b and c). At least n = 100 axons were measured per animal. ns, not significant.
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host axons regenerated across the 5-cm defect into the distal branches 
(Fig. 7, B and C). TENG axons were found in the mDPN distal to 
the babysitting TENGs, likely integrating with otherwise axotomized 
host Schwann cells and muscle months ahead of the regenerating 
host axons extending from the proximal nerve stump (Fig. 7). 
Detailed analysis revealed that the density of TENG axons from 
babysitting grafts was proportional to the density of regenerating 
host axons (R2 = 0.78). Moreover, a greater density of babysitting 
TENG axons corresponded with a modest increase in the diameter 
in host axons, suggesting that babysat fascicles may allow for more 
rapid host axon maturation. With respect to axon maturation, there 
were no significant differences in the g-ratio of the mDPN branch 
5 mm distal to its bifurcation between the groups and no significant 
difference between the contralateral mDPN and the autograft or 
TENG + distal babysitting TENG (BS) groups (Fig. 7G). Detailed 
breakouts of the myelinated axon and g-ratio distribution profiles 
for the CPN, mDPN, and sDPN suggest varying degrees of matura-
tion for each nerve based on repair strategy (figs. S5 and S6).

In addition, regenerated host axons were quantified in the CPN 
distal to the primary graft region and in the distal sDPN and mDPN 
branches at 12 months after repair (Fig. 8, B to D). Although a 
greater number of axons were found in the distal CPN following 
TENG repair compared to autograft repair, no significant differences 
were found in the distal branches (Fig. 8E). Moreover, the matura-
tion of the regenerated axons, based on g-ratio and myelinated axon 
diameter, was similar across treatment groups, with only subtle dif-
ferences found (figs. S5 and S6). For all repair strategies assessed, the 
histological findings were corroborated via positive electrophysio-
logical recordings at 9 and 12 months (Fig. 8F). In all cases, a robust 
evoked muscle response was observed from the tibialis anterior before 
any positive response from the distal extensor digitorum brevis 
(EDB). Moreover, a more robust signal was observed at 12 months 
as compared to 9 months, indicating an ongoing maturation and 
recovery response. Notably, evoked CMAP recordings with corre-
sponding hoof twitch were obtained following CPN repair using a 
5-cm TENG primary graft and distal babysitting TENG grafts, indi-
cating successful nerve regeneration and muscle innervation in this 
novel dual bridging-babysitting paradigm.

DISCUSSION
Here, we used a stepwise approach to evaluate dual strategies of 
transplanting TENGs to both bridge nerve gaps and babysit the distal 
nerve pathway to promote long-distance regeneration and recovery 
of electrophysiological function. Specifically, using different models 
of PNI, from a chronic axotomy model in the rat to a clinically rele-
vant 5-cm lesion in swine, we demonstrated that TENG axons sup-
port or babysit host Schwann cells in distal nerve sheaths that were 
devoid of host axons. In addition, in swine models, we demonstrated 
that the transplanted TENG axons served as a living pathway to 
facilitate host axon regeneration across the lesion and all the way to 
the end targets. Last, we demonstrated that TENG repair restored 
the electrophysiological function of the nerve to target muscle(s) far 
beyond the injury site.

Despite advancements in peripheral nerve surgery, two critical 
challenges continue to limit successful regeneration and functional 
recovery: graft length and total regenerative distance to end target. 
For example, disconnection of brachial plexus nerves requires growth 
of axons down the entire length of the arm. Limited functional 

recovery results from prolonged denervation due to these long re-
generative distances and slow axonal regeneration (1 to 2 mm/day). 
Successful regeneration is further diminished following the eventual 
degradation of the proregenerative Schwann cell formations in the 
distal nerve, described as the bands of Büngner (7). Moreover, severe 
cases of PNI, such as segmental nerve injury, result in the loss of 
many supportive cells necessary to guide axon outgrowth. Several 
bridging strategies are currently in clinical use, including nerve auto-
graft (which requires harvest of an intact functional donor nerve with 
potential wound site morbidity and loss of function from that nerve), 
ANAs, and NGTs. While these graft strategies provide a substrate 
for axon extension and support cell migration into the defect between 
the host nerve stumps, these current repair strategies are largely 
ineffective for major nerve trauma (loss of ≥5 cm of nerve and/or 
proximal nerve injury). Despite decades of work, the autograft 
remains the gold standard for nerve repair, and NGTs are only indi-
cated for small-gap nerve repair (5). In contrast to existing strategies, 
TENGs use living neurons with preformed axon tracts to bridge 
segmental defects, while TENG neurons also project new axons to 
potentially babysit the otherwise denervated distal nerve. Therefore, 
unlike other approaches lacking transplantable axons, TENGs may 
overcome the major challenges that currently limit functional re-
covery in the clinical setting.

To assess whether TENGs can babysit axotomized host Schwann 
cells, we initially used a rodent model of chronic axotomy following 
transection that prevented host axonal ingrowth into the distal stump. 
As expected, chronic denervation resulted in a marked reduction in 
Schwann cell alignment over several weeks and an almost complete 
loss of Schwann cell presence by 16 weeks after injury. To combat 
the degeneration of distal Schwann cells, one of the major challenges 
for successful nerve regeneration, TENGs were attached to the 
transected distal nerve to determine whether TENG axon out-
growth and the associated neurotrophic support could maintain host 
Schwann cells over 16 weeks. Out to 16 weeks after transplantation, 
TENG neurons survived and extended axons deep into the distal 
nerve structure that directly interacted with host Schwann cells. 
This axon penetration from transplanted TENGs corresponded with 
maintenance of distal host Schwann cells over extended time periods 
compared to NGT-only controls in an otherwise denervated pe-
ripheral nerve. Notably, TENG axons were found at considerable 
distances from the transplanted cell body located in the graft region 
following chronic host axotomy (up to 3 cm, the longest distance 
that we could examine in rats). However, TENG axons were rela-
tively sparse compared to the total fascicular area, showing that rela-
tively few axons extending from transplanted neurons are required 
to maintain proregenerative Schwann cell columns over time (see 
Fig. 2F). This suggests that there may be additional, currently un-
defined, signaling mechanisms between Schwann cells directly inter-
acting with TENG axons and Schwann cells not contacting TENG 
axons, for instance, the secretion of neurotrophic factors from 
Schwann cells directly stimulated by transplant axons, that are able 
to maintain other host Schwann cells in a proregenerative, aligned 
state. Notably, the columnar alignment of Schwann cells is important 
for accurate guidance of the regenerating axons to appropriate targets; 
without this guidance, axons may occasionally grow along the 
epineuria directly onto the denervated muscle surface, resulting in 
poor reinnervation (30). Although our rodent data provide justifi-
cation for translation to a large animal study, future studies may 
include testing the effects of TENG axons in otherwise denervated 
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nerve sheaths over time and whether TENG implants can rescue the 
denervated nerve following transplantation at the time of a delayed 
primary repair procedure. With these caveats, our current findings 
suggest that TENGs were capable of preserving the proregenerative 
environment within the distal nerve necessary to enable host axons 
to reach long-distance targets.

The next phase of these studies evaluated whether the primary 
mechanism of action of TENGs (i.e., AFAR) previously observed in 
a rodent model was also relevant in a porcine model. On the basis of 

our previous rodent studies, we expected that TENGs would serve 
as an axon-based living scaffold to facilitate nerve regeneration via 
two complementary mechanisms: (i) AFAR, whereby host axons 
grow directly along TENG axons even in the absence of Schwann 
cells, and (ii) enhancement of Schwann cell infiltration and align-
ment, which, in turn, accelerates host axon regeneration along these 
Schwann cells. To evaluate acute regeneration, axon regeneration 
and Schwann cell infiltration were measured at 2 weeks following 
1-cm repair of the sDPN and mDPN. Notably, the rate of axon 

Fig. 8. Axon regeneration and functional reinnervation at 12 months following repair of 5-cm CPN segmental defects in swine. (A) In this study, a 5-cm CPN seg-
mental defect was repaired using a TENG (with or without distal babysitter grafts) or autograft. (B to D) Immunohistochemistry of a single representative fascicle of the 
(B) CPN segment distal to the repair zone, (C) mDPN, and (D) sDPN revealed successful axonal regeneration across the challenging defect and ongoing axon maturation. 
(E) Mean axon counts following TENG versus autograft repair for the repaired nerve (CPN) and two distal branches (mDPN and sDPN). (F) CMAPs were recorded from both 
muscles innervated by branches of the CPN: the tibialis anterior (TA; innervated ~8 cm distal to the primary repair zone) and the EDB (innervated ~27 cm distal to the 
primary repair zone). Nerve stimulation proximal and distal to the repair site elicited robust muscle movement, and positive hoof eversion was observed, corroborating 
the CMAP recordings. P values are represented as *P < 0.05. Scale bars, 100 m. Divisions, 500 V/25 ms. n = 3 for both groups at 12 months after repair.
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regeneration across TENGs was statistically equivalent to that of 
autografts and 4.2- and 1.6-fold faster than that of NGTs following 
repair of the sDPN and mDPN, respectively. Thus, the rates of axon 
outgrowth for autografts and TENGs were vastly superior to that of 
NGTs in both motor and sensory nerves. While the focus of these 
initial studies was on the effects of TENG axons on the acute rates 
of host axonal regeneration, future studies should also evaluate the 
density of regenerating axons as a function of distance within the 
graft to provide additional context.

The current TENGs (built using sensory neurons) achieved greater 
regeneration across the graft zone when used to repair the sDPN 
(regenerative front: 1.2 mm/day; leading regenerators: 1.5 mm/day) 
as compared to the mDPN (regenerative front: 0.4 mm/day; leading 
regenerators: 1.0 mm/day), suggesting a modality preference for 
AFAR that warrants additional study. We also found accelerated 
Schwann cell infiltration within TENGs compared to NGTs, although 
levels of TENG-mediated infiltration were similar following repair 
of sDPN and mDPN (1.2- and 1.3-fold increase, respectively). These 
findings suggest that TENGs accelerate regeneration across the graft 
and Schwann cell infiltration from the host nerve stumps. The pre-
cise mechanisms that enable TENGs composed of sensory axons to 
improve regeneration of both sensory and motor nerves remain un-
clear, although the trend toward accelerated regeneration of sensory 
axons may be due to the inherently faster growth capacity of sensory 
axons compared to motor axons and that sensory axons may pref-
erentially extend along other sensory axons (thus better leveraging 
AFAR in sensory TENGs). Hence, further investigation is warranted 
to test whether modality-specific TENGs (i.e., TENGs composed 
of stretch-grown sensory neurons, motor neurons, or sensory 
and motor neurons) improve regeneration and recovery when 
used to repair modality-matched nerves. Similarly, note that in 
the current study, the sDPN was repaired using a reverse autograft, 
matching a standard practice for preclinical experimentation, 
whereas the mDPN was repaired using the sural nerve autograft, 
matching the standard clinical procedure. While it was not a goal of 
the current study to directly compare regeneration between motor 
and sensory nerves, future studies could apply this porcine model to 
elucidate whether nerve graft modality (relative to repaired nerve, 
e.g., motor autograft for motor nerve reconstruction and sensory 
autograft for sensory nerve reconstruction) influences factors such 
as host axon regeneration, axon–Schwann cell interactions, and/or 
axon maturation.

We next evaluated whether TENGs could facilitate regeneration 
and electrophysiological recovery across a long-gap (5-cm) injury 
to the mDPN, a predominantly motor nerve ~20 cm from the target 
muscle. Allogeneic TENG neurons and axons were found many 
months after repair despite the lack of immunosuppression. As early 
as 3 months following TENG repair, CNAPs were recorded across 
the 5-cm deficit, which was corroborated histologically via axon re-
generation and restored nerve architecture within and distal to 
the graft region. Furthermore, nerve stimulation elicited an evoked 
muscle response and observable hoof twitch at chronic time points 
(as early as 7 months). Dense regenerating myelinated and un-
myelinated axons were visualized within the distal nerve and entering 
the target muscles, supporting the findings of electrophysiological 
recovery. Collectively, these data demonstrate that TENGs facilitate 
nerve regeneration and electrophysiological recovery following 
repair of 5-cm lesions in swine at similar levels to those attained 
by conventional repairs using the sural nerve autograft. However, 

electrophysiological experiments are particularly challenging fol-
lowing long-gap nerve repair, often requiring meticulous electrode 
placement and precise stimulation to minimize the potential for 
nonspecific activation (31). Future studies using this paradigm could 
also include agents to silence the regenerated nerve (e.g., lidocaine) 
following standard electrophysiological assessments to further 
ensure the specificity of the evoked response.

For clinical deployment, we envision a dual-transplantation 
strategy with secondary babysitting TENG(s) distal to a primary repair 
to preserve the proregenerative Schwann cells ahead of regenerating 
axons. We predicted that axonal processes extending from babysitting 
TENGs would be beneficial by maintaining the proregenerative 
environment of the distal segment as the host axons regenerated 
across the long gap. To demonstrate a potential TENG dual- 
transplantation strategy, we evaluated regeneration across a challeng-
ing, clinically relevant long-gap (5-cm) nerve injury in the CPN, a 
large-diameter mixed motor-sensory nerve. Compared to the DPN 
model, the CPN injury requires greater regenerative distances because 
of its more proximal location further from the end target (~20 cm 
versus ~27 cm). In this model, the segmental defect in the CPN was 
repaired using a TENG or saphenous nerve autograft. At 12 months 
after repair, evoked muscle electrophysiological responses were ob-
tained, indicating that sufficient regeneration had occurred for 
reinnervation. These findings were corroborated with histological 
evidence that showed that regenerating axons crossed the graft 
region and entered into the distal branches, ~8 cm distal to the initial 
5-cm defect. Greater axon counts (but with equivalent maturation) 
were observed in the distal CPN following TENG repair compared 
to autografts; however, there were no significant differences in axon 
density in the distal branches. While these findings are encouraging, 
further studies are required to ascertain the performance of TENGs 
versus autografts in even more challenging scenarios, such as even 
longer segmental defects or common delayed surgical repair cases. 
Moreover, a limitation of the current study is that complete func-
tional recovery based on behavioral sensorimotor outcome metrics 
(e.g., gait analysis and/or return of pain/temperature/pressure 
sensation) was not assessed, but these critical outcome measures 
should be featured in future safety and efficacy testing of TENG- 
mediated nerve regeneration.

In the cohort that received two 0.5-cm babysitting TENGs in 
continuity with the mDPN, approximately 3 and 8 cm distal to 
the distal end of the repair zone, robust TENG axon outgrowth was 
widespread throughout the mDPN. As expected, there were subtle 
differences in the ongoing axon maturation and myelination process 
across treatment groups. While no significant differences were found 
for g-ratio distribution profiles of axons in the mDPN branch distal 
to the primary 5-cm CPN repair, the autograft and TENG + BS 
g-ratio profiles were more similar to the naïve contralateral mDPN 
g-ratio profile. This may suggest that the TENG + BS repair para-
digm potentially hastens axon maturation, although further study is 
warranted. Histological analyses also revealed that the density of 
TENG axons was proportional to the density of the regenerated 
axons, suggesting a “dose effect” to provide distal nerve preservation. 
These findings suggest that TENG axons may support a proregen-
erative environment and preserve the capacity for host axonal re-
generation, although future work is necessary to investigate whether 
these subtle differences affect the rate or ultimate extent of functional 
recovery. Overall, these findings support further exploration of this 
dual–tissue engineering transplantation strategy that may allow host 
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axons to reinnervate long-distance targets and potentially facilitate 
functional recovery following challenging PNI repair scenarios.

Few studies have demonstrated a successful long-gap nerve repair 
in a large animal model. Recent advancements have led to the devel-
opment of next-generation conduits, such as biodegradable polymer 
nerve guides composed of poly(caprolactone) (PCL) embedded with 
glial-derived neurotrophic factor (GDNF) that is encapsulated within 
double-walled, poly(lactic-co-glycolic acid)/poly(lactide) microspheres 
(32). These nerve guides have shown promising regeneration and 
functional recovery in a 1.5-cm rodent nerve injury model and a 
5-cm median nerve nonhuman primate model (32, 33). Similar to 
our findings with TENGs, nerve repair with PCL conduits loaded 
with microspheres containing GDNF did not result in greater elec-
trophysiological recovery than the autograft. Although this work is 
promising, autografts will likely remain the gold standard for clini-
cally challenging cases requiring a nerve bridge until an alternative 
approach demonstrates superior efficacy. However, note that al-
though regeneration across the defect is necessary for successful 
reinnervation, meaningful recovery requires the axons extending 
from the regenerating proximal neurons to be able to successfully 
reinnervate the distal muscle. Therefore, future work should aim 
to further optimize bridging strategies (e.g., TENGs) coupled 
with babysitting strategies to ensure pathway protection and end 
target vitality.

While the current study focused on babysitting resident Schwann 
cells to ensure that regenerating axons have targeted axon guidance 
for appropriate reinnervation, there are currently no clinically 
available strategies that aim to maintain muscle functionality. With 
extended denervation times, the distal nerve segment not only 
becomes less supportive of regenerating axons, but the denervated 
end targets become nonviable for reinnervation. Here, denervation 
atrophy of target muscles is a major problem as skeletal muscles 
gradually degrade and lose receptivity to regenerating axons. The 
clinical “rule of thumb” is that the potential for reinnervation di-
minishes by ~1% per week, rendering targets unable to accept re-
generating axons over time, even if axons reach muscle targets. In 
this case, additional neuron subtypes may need to be transplanted 
(e.g., primary or stem cell–derived spinal motor neurons with or 
without sensory neurons) to better match the modality of the nerve 
and allow end target innervation (34). These neuronal constructs 
may be delivered to the end of a transected nerve (e.g., within an 
NGT) or directly injected into individual nerve fascicles (35). More-
over, although the current studies have established that babysitting 
TENGs can maintain the aligned structure of resident Schwann cells 
following acute transplantation, clinical situations often require a 
delay between primary injury and repair, ranging from weeks to 
months. Therefore, although transplanted TENG neurons survive 
transplantation and thrive in vivo, future studies are necessary to 
investigate whether TENGs preserve the Schwann cell architecture 
not only following acute transplantation but also when delivered 
weeks or months after axotomy.

On the basis of our findings, TENGs have a novel mechanism of 
action compared to empty NGTs, ANAs, autografts, and other 
experimental tissue engineering strategies that aim to create per-
missive scaffolds containing hydrogels, aligned fibers, extracellular 
matrix, trophic factors, and/or glial or stem cells (36). AFAR is a 
newfound form of axon regeneration, unique to TENGs, which com-
plements traditional Schwann cell–mediated axon regeneration. In 
addition, TENG axons were found as early as 2 weeks after repair 

extending far into the distal nerve stumps, indicating the potential 
to maintain a proregenerative Schwann cell phenotype, an essential 
process for long-distance targeted regeneration, ahead of the regen-
erative host axons. These mechanisms of action, whereby TENGs 
facilitate both accelerated axon regeneration across the graft via 
AFAR and sending axons into the distal nerve to prolong its pro-
regenerative ability, are the key differentiators from other PNI repair 
strategies, including the autograft. Moreover, our findings that 
AFAR is a relevant mechanism of action following TENG repair in 
pigs may suggest applicability of this mechanism following nerve 
injury in humans. These considerations are important since there is 
a relatively short time frame after nerve transection, which results 
in degeneration of the distal axons that have been physically discon-
nected from their proximal cell bodies, that presents a chance for 
functional recovery (30, 37–39). TENGs appear to promote greater 
Schwann cell infiltration (into the graft zone) and/or maintenance 
(distal to the graft zone) with an aligned columnar formation, which 
likely results in elevated synthesis and secretion of proregenerative 
neurotrophic factors, such as nerve growth factor, brain-derived 
neurotrophic factor, and neurotrophin-3 (NT-3) (30, 40–43), while 
also preventing the disintegration of the Schwann cell basal lamina 
(44). Unlike other strategies, TENGs appear to mitigate host Schwann 
cell senescence for long gaps, a concern that has been expressed for 
alternative PNI repair strategies (45). As an engineered “living 
scaffold,” the neurotrophic and structural support provided by TENGs 
likely encouraged axonal growth not only directly along TENG axons 
but also along host Schwann cells that had fully infiltrated the graft 
region and subsequently into the bands of Büngner, toward re-
innervation of appropriate distal targets.

ANAs, such as the Avance product, are a commercially available 
alternative to the autograft that are composed of decellularized 
human cadaveric nerve and are often used in distal sensory nerve 
reconstruction (46, 47). While ANAs are a popular alternative, unlike 
autografts and TENGs, ANAs are nonliving scaffolds that require 
Schwann cell infiltration before axonal regrowth can ensue, and it 
appears that Schwann cells must fully cross the graft to enable 
successful axonal extension across the repair zone (45, 48). More-
over, ANAs have been reported to have poor regeneration in cases 
of long-gap nerve repair, likely because Schwann cells infiltrating 
the graft undergo senescence before axons completely regenerate 
across the graft and/or undergo maturation (45, 48). The lack of 
endogenous Schwann cell support (as provided by autografts) or 
lack of exogenous axons for AFAR (as provided by TENGs) may 
ultimately result in diminished regeneration across ANAs, especially 
in cases of long-gap nerve reconstruction. Nonetheless, future studies 
should leverage this clinically relevant large animal model to directly 
compare the efficacy of commercially available nonliving scaffolds 
(e.g., Avance grafts) versus living scaffolds (e.g., clinical-grade 
TENGs), each benchmarked to the clinical gold standard of the sen-
sory nerve autograft for surgical repair of a critical motor nerve.

Successful translation requires selecting an appropriate starting 
biomass for scale-up and eventual safety and efficacy testing in a 
clinical trial. In this study, we demonstrate that allogeneic pig TENGs 
survive in vivo without the use of immunosuppressive agents; how-
ever, it remains unclear why TENG neurons/axons appear to be 
spared from a significant immune response. One reason may be 
that the nervous system has some inherent immune privilege. 
Another explanation may be that the embryonic cells are well tolerated 
and/or induce a reduced immunological response. While the exact 
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mechanism that facilitates allogeneic neuron survival remains un-
known, this work provides an important step toward future translation, 
which will include initiating a clinical-grade manufacturing process 
using an appropriate cell source to facilitate investigational new drug 
(IND)-enabling nonclinical testing and then clinical trials. Here, cell 
source selection will be critical and will strongly influence whether 
an immunosuppressive agent must be used in conjunction with 
TENG-mediated nerve repair procedures done clinically. For instance, 
nongenetically modified allogeneic neurons and/or xenogenic neurons 
may require immunosuppression, which may also affect regenera-
tive processes and could increase the risk of postoperative infection. 
Although human stem cells are a potential option for TENG fabri-
cation, long derivation protocols combined with prolonged stretch-
growth periods might lead to delays in surgical repair. Therefore, 
we have begun proof-of-concept and efficacy testing using TENGs 
composed of genetically engineered porcine neurons designed to be 
hypoimmunogenic in humans and mitigate acute rejection (49–52). 
Despite these advancements in genetic engineering, as a xenogenic 
cell source, a mild immunosuppressant, such as FK506, might be 
required. Notably, FK506 administration has been shown to facilitate 
nerve regeneration, which may further improve regenerative out-
comes when combined with TENG repair (53–56). Moreover, 
immune suppression can likely be gradually tapered off to allow for 
the removal of the porcine neurons as TENGs are only needed tem-
porarily (e.g., over the course of several months) to facilitate axon 
regeneration. If shown to be safe and efficacious, TENGs will offer 
surgeons an alternative reconstruction strategy without the inherent 
drawbacks associated with an autograft or nerve transfers (e.g., lim-
ited availability and comorbidity), thus providing a transformative 
therapy to address complex and severe PNI.

This work demonstrates TENGs as the first axon-based living 
scaffold to facilitate peripheral nerve regeneration across long lesions 
and enable long-distance reinnervation. TENGs mimic developmental 
mechanisms to facilitate axon regeneration and Schwann cell infil-
tration across long segmental defects, attaining levels of nerve 
regeneration and electrophysiological function at least equal to that 
of the “gold-standard” sensory nerve autograft in challenging porcine 
models of PNI. TENGs were shown to be superior to conventional 
commercially available bridging strategies such as NGTs by pro-
moting robust and accelerated axon regeneration across segmental 
defects, resulting in an accelerated recovery response. While TENGs 
matched or exceeded the performance of the autograft, TENGs 
uniquely offer the ability to project local axons to maintain the pro-
regenerative distal pathway, which may be necessary for axon re-
generation and target innervation in even more challenging nerve 
repair scenarios. In addition, TENGs can be an off-the-shelf product 
and thus not necessitate the harvest of an otherwise uninjured nerve, 
thereby avoiding the deliberate infliction of a deficit on the patient. 
On the basis of these promising large animal studies, the next steps 
in the translation of TENGs involve the transition to a clinical-grade 
biomanufacturing process to support IND-enabling preclinical safety 
studies. If successful, TENGs could improve outcomes compared to 
conventional approaches and potentially be applied for nerve damage 
that is so extensive that repair is not currently attempted.

MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and 
Use Committees at the University of Pennsylvania and the Corporal 

Michael J. Crescenz Veterans Affairs Medical Center and adhered 
to the guidelines set forth in the National Institutes of Health Public 
Health Service Policy on Humane Care and Use of Laboratory 
Animals (2015).

Biofabrication of TENGs
Rodent TENGs for allogeneic transplant were generated using DRG 
neurons harvested from embryonic day 16 (E16) fetuses from timed- 
pregnant Sprague-Dawley females (Charles River Laboratories). 
Whole-DRG explants were cultured and stretch-grown to 1 cm as 
previously described (25, 26, 57). Immunohistochemistry was per-
formed on a subset of cultures as previously described (25, 26, 57).

Allogeneic pig TENGs were generated using DRG neurons iso-
lated from E40 fetuses from timed-pregnant sows expressing GFP 
(strain NSRRC:0016, National Swine Resource and Research Center). 
Whole-DRG explants were cultured in Neurobasal medium supple-
mented with 2% B-27, 500 M l-glutamine, 1% fetal bovine serum 
(Atlanta Biologicals), glucose (2.5 mg/ml; Sigma-Aldrich), 2.5S nerve 
growth factor (10 ng/ml; BD Biosciences), 10 M 5FdU (Sigma- 
Aldrich), 20 M uridine (Sigma-Aldrich), and 0.1% penicillin- 
streptomycin. Pig axons were stretch-grown to fabricate babysitting 
TENGs (0.5 cm) or bridging TENGs (1 or 5 cm).

DRGs were plated within custom-built mechanobioreactors de-
signed for the stretch growth of integrated axonal tracts as previously 
described (25, 26, 57). For rodent neuronal cultures, two Aclar mem-
branes were treated with poly-d-lysine (20 g/ml; BD Biosciences) 
and laminin (20 g/ml; BD Biosciences). For pig cultures, membranes 
were treated with poly-d-lysine (40 g/ml) and laminin (40 g/ml). 
The “towing membrane” was attached to the stepper motor, and the 
“base membrane” remained fixed during stretch. Two populations 
of DRGs were plated in a row on opposite sides of the membrane 
interface approximately 1 mm apart (25). For 0.5- or 1-cm TENGs, 
a 1-cm-wide towing membrane was used, and 10 DRGs were plated 
on the towing membrane and 10 DRGs on the base membrane. 
For 5-cm TENGs, a 2-cm-wide towing membrane was used, and 
20 DRGs were plated on the towing membrane and 20 DRGs on the 
base membrane.

At 5 days in vitro (DIV), the microstepper was engaged to sepa-
rate the DRG populations until the desired lengths. For 0.5-cm 
TENGs, the stretch rate was 1 mm/day for 5 days. For 1-cm TENGs, 
the stretch rate was 1 mm/day for 2 days and then increased to 
2 mm/day for 4 days. For 5-cm TENGs, the stretch paradigm was as 
follows: 1 mm/day for 1 day, 2 mm/day for 2 days, and 3 mm/day 
for 15 days. A half medium change was completed once every week. 
Once the terminal length was reached, the DRG and axon tracts 
were carefully examined under phase-contrast and fluorescent 
microscopy.

Stretch-grown cultures deemed transplantable by a semiquanti-
tative neuronal/axonal health score were encapsulated in an extra-
cellular matrix as previously described (25, 26, 57). After gelation at 
37°C, embedded cultures were removed from the membranes, rolled, 
and placed within a nerve guidance conduit. Rat TENGs were 
encapsulated in rat-tail collagen type I (3.0 mg/ml; BD Biosciences) 
supplemented with 2.5S nerve growth factor (0.05 g/ml; BD Bio-
sciences) and encased in a 1-cm Stryker Neuroflex NGT. Pig TENGs 
were encapsulated in pig collagen type I (3.0 mg/ml; Elastin Products 
Company) in minimum essential media (Invitrogen) supplemented 
with 2.5S nerve growth factor (0.05 g/ml; BD Biosciences). Pig 
TENGs up to 1 cm long were encased within an NGT, and 5-cm-long 
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pig TENGs were encased within a Stryker NeuroMend nerve wrap 
or Baxter/Synovis NeuroTube.

Rodent peripheral nerve surgery and transplantation 
in a chronic axotomy model
Sprague-Dawley rats (weight, 300 to 330 g; male; N = 20 in total) 
were used in the chronic axotomy studies. Anesthesia was maintained 
under isoflurane for the entire duration of the surgery. Bupivacaine 
(2 mg/kg) was administered along the incision line. Meloxicam 
(2 mg/kg) was administered preoperatively and for 2 days post-
operatively. The sciatic nerve was exposed using a split-muscle 
approach and was transected 1 cm proximal to the trifurcation. The 
distal stump was secured to either a 1-cm NGT or TENG using 8-0 
Prolene sutures.

The chronic axotomy model aims to mimic the features found 
after nerve injury resulting in prolonged periods of denervation due 
to the absence of axonal contact in the distal nerve. In this study, we 
evaluated the efficacy of TENGs to provide early reinnervation in 
an otherwise denervated distal nerve. To create a model of chronic 
axotomy, the proximal stump was capped using nonresorbable latex 
to prevent inadvertent regeneration of the proximal stump into the 
transection site. GFP+ TENGs or empty NGTs were sutured to the 
distal nerve stump. Muscle and skin layers were closed using ab-
sorbable chromic gut 4-0 sutures. Terminal survival times ranged 
from 2 to 16 weeks following NGT implants (n = 16 total) or 
16 weeks following TENG implants (n = 4).

Porcine peripheral nerve surgical approach for 1- or 5-cm 
segmental nerve repair model
Yorkshire pigs (3 months old, 25 to 35 kg, female; Animal Biotech 
Industries; N = 25 pigs in total) were used in the short-gap regener-
ation experiment (1-cm repair over 2 weeks), and Yucatan minipigs 
(5 to 6 months old, 25 to 35 kg, female; Sinclair Bio Resources; 
N = 38 pigs in total) were used in the long-gap regeneration experi-
ments (5-cm repair). Animals were fasted overnight and were 
initially anesthetized intramuscularly with a ketamine (20 to 25 mg/kg) 
and midazolam (0.4 to 0.6 mg/kg) cocktail. All animals were intu-
bated and maintained under general anesthesia (2.0 to 2.5% isoflurane 
at 2 liters/min). All surgical procedures were performed under 
general anesthesia and followed aseptic technique. Following repair, 
the deep layers and skin were closed, and a sterile bandage was placed 
over the incision site with triple antibiotic ointment. Local anesthetic 
and preoperative and postoperative analgesia were administered as 
previously described (31). Vital signs were continuously monitored 
in all animals during the procedure.

Segmental short-gap (1-cm) defect of DPN repaired 
with TENG, NGT, or nerve autograft
The sDPN and mDPN were exposed as previously described (fig. S1) 
(31). For TENG or NGT repairs, the two nerve stumps were inserted 
into the ends of the TENG or NGT and sutured to the epineurium 
using four 8-0 Prolene sutures. Fibrin sealant (Tisseel, Baxter 
Healthcare, Deerfield, IL) was applied at the margins and longitudi-
nally. For the sDPN autograft repair, a 1-cm segment was cut and 
positioned 180° relative to the normal proximal-distal direction, 
and a tensionless reverse autograft repair was completed using 
two 8-0 Prolene simple interrupted epineural sutures secured to 
each end (58). For the mDPN autograft repair, the donor sural 
nerve was harvested and sutured in place for a tensionless repair as 

described previously (31). Experimental groups were as follows: 
segmental defect in sDPN [autograft repair (n = 4), NGT repair 
(n = 4), and TENG repair (n = 5)] and segmental defect in mDPN 
[autograft repair (n = 4), NGT repair (n = 4), and TENG repair 
(n = 4)]. Animals survived to an acute 2-week time point.

Segmental long-gap (5-cm) defect of DPN (~20 cm from 
target muscle) repaired with TENG or sural nerve autograft
The mDPN was exposed as described previously (31), and a 4.8-cm 
segment was excised. For TENG repairs, a 5-cm TENG was trans-
planted in the defect with a 1-mm overlap as described above. For 
mDPN autograft repairs, a donor sural nerve was reversed, trimmed 
to 5 cm, and sutured in place for a tensionless repair as described 
previously (31). Experimental groups for the 5-cm mDPN segmen-
tal defects were as follows: autograft repair (n = 6) and TENG repair 
(n = 10). Animals were euthanized at subacute (1 month), inter-
mediate (3 to 6 months), or chronic (7 to 11 months) time points 
after repair.

Segmental long-gap (5-cm) defect of CPN (~27 cm 
from target muscle) repaired with TENG or saphenous 
nerve autograft
The CPN and the distal branches of the DPN were exposed as pre-
viously described, and the CPN was transected 5 cm proximal to the 
bifurcation of the distal branches, and a 4.0-cm nerve segment was 
removed (31). The primary CPN repair was completed using either 
a 5.0-cm sensory nerve autograft or a 5.0-cm TENG encased within 
a nerve wrap. For CPN autograft repairs, a tensionless reverse auto-
graft was completed using a donor saphenous nerve trimmed to 
5 cm (which better matched the diameter of the CPN than the sural 
nerve) (31). For TENG repairs, the defect was repaired as described 
above. A subset of animals also received babysitting TENGs im-
planted at secondary repair sites in the mDPN. Here, the mDPN 
was sharply cut at two points, and 0.5-cm TENGs were implanted 
across each, with suturing as described above. The proximal babysitting 
TENG was placed 0.5 cm distal to the bifurcation. The distal 
babysitting TENG was implanted 0.5 cm proximal to the point that 
the DPN courses under the flexor retinaculum. The distance between 
the centers of the two constructs was approximately 5.5 to 6.0 cm. 
Experimental groups for the 5-cm CPN segmental defect were as 
follows: CPN repair with autograft (n = 7), CPN repair with TENG 
(n = 11), and CPN repair with TENG plus two babysitting TENGs 
in mDPN (n = 4). Animals were euthanized at intermediate (3 to 
6 months) or chronic (12 months) time points after repair.

Muscle and nerve electrophysiological evaluation
Following nerve repair, evoked muscle and nerve responses were 
measured similarly to previously established methodology (31). 
CMAPs were recorded using a subdermal electrode placed in the 
EDB following nerve stimulation (biphasic; amplitude: 0 to 10 mA; 
duration: 0.2 ms; 100× gain; band-pass filter: 10 to 2000 Hz) with a 
handheld bipolar hook electrode (31). CMAPs were recorded fol-
lowing stimulation 5 mm proximal and distal to the repair site. The 
stimulus intensity was increased to obtain a supramaximal CMAP.  
CMAP baseline-to-peak amplitude was measured from the wave-
form averaged across a train of five pulses.

CNAPs were recorded with a bipolar electrode (Medtronic, 
#8227410) following stimulation across the repair zone (biphasic; 
amplitude: 0 to 1 mA; duration: 0.2 ms; 1000× gain; band-pass filter: 10 
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to 10,000 Hz) with a handheld bipolar hook electrode (31). CNAP 
peak-to-peak amplitude was measured from the waveform averaged 
across a train of five pulses.

Euthanasia, tissue processing, and histology
At the conclusion of all studies, animals were deeply anesthetized 
and subsequently euthanized by Euthasol (rodents) or transcardial 
perfusion with formalin and phosphate-buffered saline (PBS; pigs). 
For the rodent experiments, subjects were anesthetized, and the 
graft region and the distal sciatic nerve were harvested at terminal 
time points. Nerves were postfixed in formalin at 4°C overnight. 
Formalin-fixed nerves were cryoprotected for 48 hours in 30% sucrose 
in PBS, frozen in optimal cutting temperature media, and cryo-
sectioned either longitudinally (20 m) along the graft region or 
axially (10 m) starting 0.5 cm distal to the graft zone. Rodent histo-
logical analyses were performed up to 16 weeks after transection 
to determine distal nerve Schwann cell presence, cytoarchitecture, 
graft survival, and graft axon integration with distal nerve.

At the terminal time points of porcine studies, ipsilateral and 
contralateral hindlimbs were postfixed in formalin at 4°C overnight, 
and then nerves were harvested and postfixed in formalin at 4°C 
overnight. For the short-gap study (1-cm graft; 2 weeks after repair) 
and the early regenerative phase cohort in the long-gap study (5-cm 
graft; 1 and 3 months after repair), nerves were cryoprotected and 
frozen. Sections were taken longitudinally (20 m) across the graft 
or axially (10 m) at 1-cm intervals along the length of the nerve 
beginning at 0.5 cm distal to the graft zone. Frozen sections were 
washed three times in PBS, blocked, and permeabilized in 4% normal 
horse serum with 0.3% Triton X-100 for 1 hour. All subsequent steps 
were performed using blocking solution for antibody dilutions. 
Axons were labeled with anti-NF200 (1:200; Sigma-Aldrich, N0142) 
and/or anti-SMI31/32 (1:1500; Millipore, NE1022/NE1023). 
Schwann cells and myelin were labeled with anti-S100 (1:250; Dako, 
Z0311) and anti–myelin basic protein (MBP; 1:1500; Encor, CPCA- 
MBP), respectively. Primary antibodies were applied overnight at 
4°C followed by the appropriate fluorophore-conjugated secondary 
antibody (1:1000; Alexa Fluor, Invitrogen) for 2 hours at room tem-
perature. For animals enrolled in the long-gap cohort studying the 
chronic regenerative phase (5-cm defects, 6 to 12 months after 
repair), formalin-fixed nerves were paraffin-embedded, and axial 
sections (8 m) were taken at 1-cm intervals along the length of the 
nerve beginning at 0.5 cm distal to the graft zone. Deparaffinized 
sections were rehydrated in descending ethanol gradient, and high-
heat and pressure antigen retrieval was performed in tris/EDTA 
buffer. Sections were blocked with 4% normal horse serum in OptiMax 
(BioGenex, HK583-5K). All subsequent steps were performed using 
blocking solution for antibody dilutions. Sections were incubated 
with primary antibodies for axons, Schwann cells, and myelination 
as described above.

Microscopy, quantification, and statistical analyses
Neuronal constructs in vitro were imaged using phase-contrast or 
epifluorescence microscopy on a Nikon Eclipse Ti-S with digital 
image acquisition using a QIClick camera interfaced with Nikon 
Elements Basic Research software (4.10.01). For immunolabeled 
neuronal constructs, fluorescent imaging was completed using a 
Nikon Eclipse Ti-S or Nikon A1R confocal microscope.

All histological analyses were performed by trained scientists 
blinded to group identity. Longitudinal and axial tissue sections 

were imaged with a Nikon A1R confocal microscope (1024 × 
1024 pixels) with a 10× air objective or 60× oil objective interfaced 
with Nikon NIS-Elements AR 3.1.0 (Nikon Instruments, Tokyo, Japan). 
Multiple confocal z-stacks were digitally captured and analyzed, with 
all reconstructions tiled across the full section and full z-stack thickness.

Schwann cell morphology in the distal nerve following chronic 
axotomy in rats was assessed from multiple high-resolution confocal 
reconstructions per animal. A semiquantitative scoring system was 
applied by two researchers blinded to the experimental group: 5, 
robust, aligned Schwann cells; 4, aligned Schwann cells; 3, reduced 
Schwann cells, semi-aligned; 2, scattered Schwann cells, little align-
ment; and 1, few/no Schwann cells, loss of alignment. This analysis 
was performed on the full cohort at the following time points: 2, 4, 
6 to 8, 9, and 16 weeks after implant (NGT only, n = 3 to 4 rats per 
time point) or 16 weeks after implant (TENG, n = 4 rats).

In porcine experiments at the acute and subacute time points, 
axon regeneration and Schwann cell infiltration were measured 
from longitudinal sections including the 1-cm graft at 2 weeks after 
repair and the 5-cm graft at 1 month after repair using previously 
established methodology (26). Briefly, the length of the host axons 
(SMI31/32) was measured from the proximal end of the repair zone 
with TENG axons noted to be GFP+ (26). Host axons were grouped 
as the regenerative front, main bolus of regenerating host axons, or the 
leading regenerators, the longest-projecting host axons. Schwann 
cell infiltration was measured on the basis of the S100+ coverage 
from both the proximal and distal ends of the graft. This quantita-
tive analysis was performed on the full cohort of 1-cm lesion repairs 
at 2 weeks after repair: sDPN segmental defect repaired with auto-
graft (n = 4 pigs), NGT (n = 4), and TENG (n = 5); mDPN segmental 
defect repaired with autograft (n = 4), NGT (n = 4), and TENG 
(n = 4). At 1 month following repair of 5-cm lesions in the mDPN, 
this quantitative analysis was performed in animals repaired with 
autograft (n = 2 pigs) or TENG (n = 3).

In porcine experiments at intermediate time points following 
repair of 5-cm lesions in the mDPN or CPN, axon regeneration and 
Schwann cell presence/morphology were qualitatively assessed in 
longitudinal sections in the graft region and axial sections distal to 
the graft region. At chronic time points, axon regeneration and 
myelination were quantitatively assessed using axial sections distal 
to the graft region. Here, the total number of axons was determined 
by quantifying the number of neurofilament-positive axons. TENG 
axons were identified as GFP+ axons. The percentage of myelinated 
(MBP+) axons was also quantified. This quantitative analysis was 
performed in the chronic cohorts following 5-cm segmental defects 
in the mDPN repaired with autograft (n = 3 pigs) or TENG (n = 5) 
and in the CPN repaired with autograft (n = 3) or TENGs (n = 3; 
with or without distal grafts). Axon regeneration and Schwann cell 
presence/morphology were also qualitatively assessed at chronic time 
points, from longitudinal sections immediately distal to the babysit-
ting grafts (in animals receiving these grafts).

All quantitative data (e.g., mean Schwann cell morphology, axon 
regeneration, Schwann cell infiltration, and axon myelination) were 
compared using either Student’s t test or one-way analysis of vari-
ance (ANOVA). When differences existed between groups following 
ANOVA, Tukey’s post hoc pairwise comparisons were performed. 
Axon fiber diameter and g-ratio for myelinated axons (ratio of the 
inner axonal diameter to the total outer diameter) were also calcu-
lated by sampling three 100-m2 areas. At least 100 measurements 
were obtained per animal. Data were binned in 0.5-m increments 
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from 0.5 to 7 m (axon diameter) and 0.05 increments from 0.3 to 
0.9 (g-ratio). The cumulative frequency distribution was plotted 
with the nonlinear Gaussian line of best fit. Myelinated axon diam-
eter and g-ratio histograms were compared using the two-sample 
Kolmogorov-Smirnov test to evaluate the agreement between dis-
tribution profiles. For all statistical tests, P < 0.05 was required for 
significance (GraphPad Prism, La Jolla, CA, USA). Mean values are 
presented as means ± SEM unless otherwise noted.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3291

View/request a protocol for this paper from Bio-protocol.
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