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Abstract

An imaging-coupled 3D printing methodology for the design, optimization, and fabrication
of a customized nerve repair technology for complex injuriesis presented. The custom
scaffolds are deterministically fabricated via a microextrusion printing principle which enables the
simultaneous incorporation of anatomical geometries, biomimetic physical cues, and spatially
controlled biochemical gradients in a one-pot 3D manufacturing approach.
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Personalized tissue engineering and regeneration strategies offer a potential remedy for
currently untreatable injuries and diseases via the development of customized screening
approaches, tissue scaffolds, and advanced biomedical devices.['=#] Such strategies are a
fundamental requirement for regenerating tissues which contain complexity in geometry and
heterogeneity in composition. Particularly useful would be novel biomanufacturing
approaches capable of generating geometrically programmable architectures augmented
with biomimetic physical, biochemical, and cellular components.[>-¢! Indeed, integrating
such diverse functionalities into a unified, customizable manufacturing scheme remains a
critical challenge due to the constraints of conventional approaches. Here we introduce a 3D
printing methodology for the design, optimization, and fabrication of a custom nerve repair
technology for the regeneration of complex peripheral nerve injuries containing bifurcating
sensory and motor nerve pathways. The custom scaffolds are deterministically fabricated via
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a microextrusion printing principle using 3D models which were reverse engineered from
patient anatomies by 3D scanning. The bifurcating pathways are augmented with 3D printed
biomimetic physical cues (microgrooves) and path-specific biochemical cues (spatially
controlled multicomponent gradients). In vitro studies reveal that 3D printed physical and
biochemical cues provide axonal guidance and chemotractant/chemokinetic functionality. In
Vivo studies examining the regeneration of bifurcated injuries across a 10 mm complex nerve
gap in rats showed that the 3D printed scaffolds achieve successful regeneration of complex
nerve injuries, resulting in enhanced functional return of the regenerated nerve. This
approach suggests the potential of 3D printing toward advancing tissue regeneration in terms
of: 1) the customization of scaffold geometries to match inherent tissue anatomies; 2) the
integration of biomanufacturing approaches with computational modelling for design,
analysis, and optimization; and 3) the enhancement of device properties with spatially
controlled physical and biochemical functionalities, all enabled by the same 3D printing
process.

1. Introduction

Efforts to personalize regenerative approaches, therapeutics, and biomedical devices are
catalyzing major advances in the treatment of serious injuries and chronic diseases.[”=%]
State of the art efforts in personalized medicine, already common within certain areas in the
biomedical space (e.g., dentistry), are being extended toward the development of patient-
specific tissues and organs,!1] drug screening approaches,?! and advanced biomedical
devices!!9-14] (e.g. advanced prosthetics and biointerfaces). Customization of medical
treatments could convey significant advantages by targeting treatment directly to a specific
injury or disease profile of a patient, which is critical due to inherent variance in patient
anatomies, injury profiles, and genetic and proteomic structures.[%15] Recent advances in
genome and proteome mapping are enabling advances in personalized treatment approaches
at the molecular level. Yet, it remains a critical challenge to provide customized treatments
at the tissue level which address patient-to-patient variances in disease and injury profiles,
particularly in neuroregeneration.

Indeed, nerve regeneration is a complex biological phenomenon which often requires a
balance of molecular- and tissue-level repair strategies, depending on the nature of the
particular injury or neurological disorder.l'®! Peripheral nerve regeneration is a particularly
important field, as damage to peripheral nerves occurs via various mechanisms. These
include disease and traumatic injuries (e.g., from car accidents and battlefield wounds)
which result in greater than 200,000 annual nerve repair procedures performed in the United
States alone.l!”] Conventional nerve repair techniques center on grafting approaches, such as
autografts and de-cellularized allografts, which have the major advantages of closely
mimicking natural nerve characteristics.['8] However, grafting approaches also present
various drawbacks and limitations, including the need for an additional harvesting surgery,
chronic pain and morbidity at the donor site, limitations on graft size and geometry, and
potential immune response.[!”! This has motivated alternative nerve repair strategies, such as
the use of nerve guidance channels constructed from synthetic and biological polymers,
which provide conduits for the regeneration of damaged nerves.[!7] Nerve guidance
channels possess various advantages, including flexibility in material choice, avoidance of
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additional surgeries, and the ability to control physical, mechanical, cellular, and
biochemical properties of the guide, each of which affect cell and tissue fate.[19-26] Existing
nerve guide technologies have facilitated the regeneration of linear nerve injuries; 16171
however, it is challenging to apply conventional fabrication approaches to the regeneration
of large, geometrically complex injuries.

2. Concept of Anatomical 3D Printed Nerve Regeneration

3D printing is a computer-driven, robotics based biomanufacturing approach which is
becoming a valuable tool in the development of customized biomedical devices. For
example, 3D printing has catalyzed novel efforts in the manufacturing of artificial tissues
and organs,[15-27] electronics,[28-2] nanotechnology,27-3%) and biomedical devices,[12-14]
with particular utility in customized manufacturing and biomedical applications.[31-32] This
is further enabled by the coupling of 3D printing approaches with 3D imaging
technologies.[13] 3D printing provides compatibility with a multivariate material set,
including metals,[3334] synthetic polymers,33-36] biomaterials,[37-38] and
nanomaterials,[3%#0] which could make it a particularly exciting and expansive tool in next-
generation fabrication initiatives. 3D printing thus offers compatibility with computer
modelling, choice of input material, and control over material integration. Further, the
mechanical properties of 3D printed devices may be optimized, which is critical in many
applications including neuroregeneration.!2] For example, a 3D printing approach to the
design and manufacturing of nerve guidance pathways could provide new opportunities for
advanced nerve repair via the production of anatomically-accurate, complex scaffold
geometries, as well as programmable incorporation of biomimetic physical and biochemical
functionalities.

Here we demonstrate the combination of 3D imaging and 3D printing for the design,
optimization, and biomanufacturing of anatomically-true biomimetic custom nerve
regeneration pathways. Specifically, we demonstrate the creation of custom pathways
generated from non-linear anatomical geometries, and the incorporation of physical cues in
the form of microgrooves and path-specific multicomponent biochemical cues in the form of
spatiotemporal growth factor gradients. We examine the application of this nerve guide
technology to the regeneration of bifurcating mixed nerve pathways using the original tissue
structure as a template for the pathway geometry. Important features offered by the new
manufacturing approach include biomimicry of natural anatomical structure, introduction of
guiding physical cues, and the implementation of path-specific biomimetic multicomponent
gradients within the scaffold architecture. This approach ultimately could provide a general
strategy for the regeneration of complex injury types.

3. Reverse Engineering of Nerve Pathways via 3D Structured Light

Scanning

Conventional nerve guidance channels are typically fabricated around cylindrical substrates,
so the resultant devices are inherently restricted to linear structures. Alternatively, it would
be highly desirable to develop strategies which allow for fabrication of pathways with
complex anatomical structures and internal biofunctionalization. Our strategy to accomplish
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this in a one-pot 3D printing process is outlined in Figure 1. The approach encompasses
three critical steps: 1) accessing the nerve pathway for imaging, and transecting the
bifurcating nerve, which consists of bifurcating motor and sensory nerve branches from a
mixed nerve source (Figure 1a), 2) imaging the original nerve structure either in situ or ex
Situ, to generate a corresponding 3D computer model (Figure 1b), and 3) 3D printing a
geometrically matching network of pathways which are functionalized with physical cues
and path-specific biochemical gradients (Figure 1c). This approach provides a mechanism
for regenerating damaged nerve plexuses, which is difficult to accomplish using
conventional nerve guidance channels.

We selected the sciatic nerve bifurcation as the model for regeneration, as it contains a
mixed nerve system which bifurcates into sensory (source sural nerve) and motor (source
tibial-peroneal nerve) branches (Figure 2a). Following exposure of the bifurcating nerve via
an incision in the superior muscle tissue, we transected the sciatic nerve above and below
the bifurcation point (Figure 2b). Having selected the bifurcating mixed nerve pathway as a
model and acquired the representative tissue sample, we then prepared a cast of the nerve
which was subsequently imaged using a 3D structured light scanning (SLS) technique. SLS
is a valuable imaging technique for reverse engineering of geometrically complex free-form
objects, including body parts and teeth.[41]

As shown in Figure 2c, the SLS technique couples well with tissue cast imaging, ultimately
generating multiple data sets which collectively describe the 3D geometry of the imaged
nerve. Following scanning of the cast from multiple perspectives, the individual scans were
then aligned into a full 3D reconstruction of the original nerve pathway (Figure 2d),
indicating that SLS can be used to accurately reverse engineer the structure of internal
tissues. As shown in Figure 2e, we then demonstrated that the reconstructed 3D model could
be used to directly manufacture an anatomically accurate nerve pathway for regeneration of
the complex nerve gap by using the scanned model as a template for generating 3D printer
path information (Figure 2f). We verified that various neurocompatible materials could be
used, including polycaprolactone, alginate, poly(lactic-co-glycolic acid), and silicone. For
the present study, silicone was selected as the guide material due to its previous use in
conduit-based peripheral nerve regeneration applications.[243] As SLS is a highly sensitive
imaging technology, we also conducted proof-of-concept studies to determine whether in
situ imaging could be performed without the use of a cadaver model, which would
potentially enable point-of-care applications of our general strategy. As shown in Supporting
Figure S1, we found that SLS can also be used to acquire 3D information from nerves in
situ. This process is also compatible with conventional imaging technologies, such as
computed tomography and magnetic resonance imaging.[4+43]

4. Biomechanical Analysis

Previous work has shown that the cellular components of peripheral nerve tissue respond to
the mechanical properties of materials and devices/26-46] as well as to biomechanical
stresses.[47] Therefore, we analyzed the mechanical properties of the devices via
computational techniques in order to characterize and optimize the mechanical responses of
the 3D printed nerve pathways. We first examined the mechanical properties of the 3D
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printed silicone to obtain fundamental parameters and determine the effect of the printing
orientation on the mechanical response. As shown in Figure 3a, the 3D computer template of
the nerve pathway was first sliced into discrete layers to generate path information for the
printer, which creates an inherent grain in the sliced structure due to printing artifacts. For
instance, the inset of Figure 3a shows the grain orientation resulting from slicing in the
radial dimension (in contrast to slicing in the axial dimension; data not shown). The effect of
this grain orientation on the mechanical response of the material was tested using tensile
strength measurements, in which the tensile load was applied either with or against the

grain. As shown in Figure 3a, the samples exhibited linear strain-strain responses up to 8%
strain. Although the Young’s modulus of silicone rubbers can vary depending on type and
processing method, the Young’s modulus here was calculated to be 0.44 MPa, which
compares well with previously published values of bulk silicone, 4301 and with the
modulus of the peripheral nerve (0.45 MPa).[51] This is important for maintaining elastic
continuity between the nerve guide and the repaired tissue.[26]

Since material defects are often pronounced at high strains, where non-linear material
behavior occurs, we also examined the effect of the 3D printed grain orientation on the
ultimate tensile strength (UTS). As shown in Figure 3a, the 3D printed material contains
anisotropy with respect to its high strain response and ultimate properties. The UTS was
significantly higher when the load was applied with the grain than when the load was
applied against the grain (0.57 MPa compared with 0.25 MPa, respectively, p < 0.05). The
UTS observed when the load was applied with the grain compared favorably with previously
published values of bulk silicone.l*8! We also observed a difference in the failure
mechanism of the samples, which was characterized by a tear in the case of the load applied
against the grain, in contrast to a rapid snap in the case of the load applied with the grain
(Supporting Figure S2). These results suggest that the 3D printed device will perform
similarly to a bulk silicone device if loads are applied with the grain, but would be relatively
weaker with loads applied against the grain. Since axial loads on the implanted nerve
pathways from the surgical process are expected to dominate radial biomechanical loads
which arise during regeneration, the guides were printed based on path information
generated from slicing the model in the radial dimension, for primary loading with the grain.
A representative video of the printing process is provided in Supporting Movie 1. Likewise,
the material properties obtained from measurements in which the load was applied with the
grain were used in subsequent finite element analysis (FEA) of nerve pathway mechanics.

We next conducted FEA on the nerve pathway under both tensile and torsional loading
conditions (Figures 3b and c, respectively), which occur during both surgery and the
subsequent regeneration phase. Applied boundary conditions included regions of zero
displacement and regions of applied load (see Experimental Section and Supporting Figure
S3). Surgical and biomechanical loads are challenging to estimate due to the complex
geometry of the nerve guide, so the mechanical response of the device to a representative
basis load was examined to characterize the global strain distributions and regions of
concentrated strain. As shown in Figures 3b and c, both loading conditions generated
concentrated stress regions near the bifurcation point. This information is useful from two
perspectives: 1) it enables one to determine if complex loading conditions will cause the
nerve pathway to fail, which would compromise the resultant regeneration process, and 2) it
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enables one to identify regions in the device which undergo significant mechanical
deformations. Although the former is unlikely in the present study given that silicone is a
compliant material, the latter is especially useful for gaining a complete understanding of the
outcomes of in vivo studies. For future 3D printed nerve pathways fabricated from relatively
less compliant materials, such as polycaprolactone or poly(lactic-co-glycolic acid), the
former information may be especially useful.

5. In Vitro Studies

In addition to providing a material grain which can be rationally selected to optimize the
mechanical performance of the nerve pathway, the layer-by-layer fused deposition approach
also generates a luminal physical cue which is axially-oriented due to model slicing in the
radial dimension (Figure 4a). As shown in Figure 4b, a measurement of the luminal surface
profile perpendicular to the physical cue orientation reveals that the 3D printed nerve
pathways contain an axial physical cue with microgroove architecture (see also Supporting
Figure S4). The mean spacing between grooves was 156 + 27 um and the mean depth of the
grooves on the luminal surface was 17 + 8 um. It is interesting to note that this physical cue
qualitatively resembles naturally occurring physical cues present in degraded nerve
pathways, known as the bands of Biingner, which guide regenerating axons in vivo. We also
verified that the physical cue extends along the entire length of the nerve guide, and that the
lumen remains open for regenerating nerve along the entire length of the device (Figure
S10).

It has previously been shown that physical cues in the form of microfibers and microgrooves
affect the orientations of the two main components of regenerating peripheral nerve, axons
and Schwann cells.[222] Here, we examined whether these 3D printed microgrooves
affected the structures of regenerating axons and Schwann cells in vitro. Importantly, Figure
4c shows that the neurite network established by dissociated primary superior cervical
ganglion (SCG) neurons on the 3D printed physical cue was highly aligned, with an
orientation which coincided with the printed physical cue (oriented at a 90° basis angle).
This orientation was quantified via a fast Fourier transform (FFT) analysis, as shown in
Figure 4d. Control studies done in the absence of the 3D printed physical cue showed no
such alignment, resulting in a randomly distributed neurite network (Supporting Figure S5).
Additional experiments were also done with dorsal root ganglia (DRG) instead of
dissociated SCG neurons, which similarly exhibited alignment of the neurite network with
the physical cue (Supporting Figure S6). Schwann cells cultivated on the 3D printed
physical cue also aligned with the physical cue (Figures 4e and f), especially in the vicinity
of the microgroove.

End-organ connections have been shown to act as guides for selective reinnervation of
sensory and motor paths.[>3] We sought to further optimize the potential for reinnervation of
each path by using 3D printing to introduce supporting biochemical gradients within each
path according to the strategy illustrated in Figure 5a. We selected nerve growth factor
(NGF) as the supporting sensory path cue and glial cell line-derived neurotrophic factor
(GDNF) as the motor path cue, given their differential expression profiles in sensory and
motor nerves.’4l Gelatin methacrylate hydrogel was chosen as the encapsulation medium,
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given its previously demonstrated use for controlled drug release and high degree of
neurocompatibility.[3336] As representatively shown in Figure 5b, the hydrogel was printed
in a spatial gradient distribution concentrated towards the distal end of the each path, to
provide a continuously enriching attractant. The hydrogel in the sensory path was loaded
with NGF, while the hydrogel in the motor path was loaded with GDNF.

We next confirmed that the 3D printed biochemical cues would establish an axial
spatiotemporal gradient within each nerve pathway. The release of protein from the hydrogel
occurs via a diffusive release mechanism. As shown in Figure 5c, FEA of a representative
3D printed hydrogel configuration indeed results in an axial gradient inside the nerve
pathway, which is concentrated at the distal end and stretches across the thickness of the
guide. The typical regeneration period of a peripheral nerve injury is at least three to four
weeks, so we also examined the kinetics of protein release from the hydrogel system to
confirm that the time scale would be suitable. As shown in Figure 5d, the controlled protein
release was maintained over a three week period. A standard drug release model previously

used for the analysis of thin film hydrogel systems was also fit to the data:[57-8]

—(2n4+1)*x2Dt
ex
"0 2 172 P T2 %)

where (t) is the fraction released, t is the time, L is the film thickness, and D is the

0(t)= 1——22

diffusivity. Using the diffusivity as a single fitting parameter, we were able to estimate the
effective protein diffusivity in the hydrogel system for use in FEA studies, which agreed
with previously published values under similar conditions.!3%!

Although it is well established that NGF and GDNF are critical supporting factors of
sensory and motor neuron health, respectively, it was of interest to examine their effects on
axon and Schwann cell responses when implemented in diffusive gradients. Longitudinal
imaging is a useful tool for examining nerve regeneration over large length scales both in
vitro and in vivo.[00:61] We first examined the effect of a diffusive NGF gradient on the
formation of sensory neurite networks in vitro via longitudinal imaging of axon growth. As
shown in Figure 6a, we found that 67% of axons were attracted towards the source, in
comparison with 49% observed in control studies lacking the gradient, indicating that
diffusive NGF gradients act as a chemotractant for sensory axons (p < 0.01). This result is
consistent with previous literature which examined the effects of immobilized and diffusive
NGF gradients using both primary and model sensory neurons.[21-62.:63]

Having established that the NGF gradient attracts sensory axons, we next examined the
potential for the GDNF gradient to support regeneration via its effect on Schwann cells. It is
known that in some organisms there is a higher abundance of Schwann cells in sensory
nerve pathways, which act as a potential mechanism by which motor axons improperly enter
sensory pathways during regeneration.[>3] Thus, it was important to determine whether the
GDNEF gradient affected the Schwann cell migration velocity, as the use of gradients within
bifurcating conduits may offer a means of controlling the repopulation level of each pathway
invivo. As shown in Figure 6b, the diffusive GDNF gradient acted as a chemokinetic cue
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which caused an increase in the Schwann cell migration velocity from 5.1 to 12.6 um hr! (p
< 0.05). This result is consistent with previous literature, which found that GDNF acts as a
chemokinetic agent for glial cells.[64:65]

6. In Vivo Studies

Having demonstrated various advantages offered by the 3D printing approach in terms of
geometric, physical, and biochemical customization in vitro, we next carried out a small
animal study to investigate the use of this technology in vivo. Specifically, we examined the
regeneration of a 10 mm complex nerve gap injury to the sciatic nerve bifurcation over a 3
month period. Figure 6¢ shows a schematic while Figure 6d shows a representative image of
implanted nerve guide. The nerve regeneration was characterized by the histology of the
regenerated nerve in the bifurcated motor and sensory distal paths, at cross-sections located
2 mm proximal to the distal suture site in both paths. As shown in Figure 6e, histological
analysis of the regenerated nerve revealed the incorporation of 3D printed gradients led to a
greater degree of nerve regeneration in both paths. We note that histological analysis based
on S100 staining also verified the presence of Schwann cells in the regenerated nerve
(Supporting Figure S8). It was of interest to determine whether the gradients provided any
significant improvement in the functional return of the regenerated nerve. As shown in
Figure 6f, detailed gait analysis of the rats revealed significant improvement in the
functional return of the limbs treated with the 3D printed nerve scaffolds which were
augmented with biochemical gradients. Significant improvement was observed with respect
to the gait duty cycle, which showed an improvement by a factor of 1.4 (p < 0.05) relative to
performance in guides lacking the 3D printed gradient. While our in vitro studies
demonstrated that the GDNF gradient increased the Schwann cell migration velocity (Figure
6b), we did not observe significant differences in the numbers of Schwann cells that
infiltrated both the motor and sensory pathways of our conduit as indicated by S100 staining
(Figure S8). This suggests that the enhanced functional regeneration may be via a different
mechanism to differential Schwann cell migration. Importantly, our technique is, for the first
time, capable of providing custom bifurcating, and even multi-branched, designs for future
research in customized neuroregeneration. Importantly, the results of this in vivo study
suggest two major conclusions: 1) 3D printing can be applied to successfully regenerate
complex bifurcating mixed nerve injuries in vivo, and 2) functionalizing the nerve pathways
with 3D printed path-specific biochemical gradients enhanced the functional return of
regenerated nerve.

7. Conclusions

In summary, we have developed a novel 3D printing approach for manufacturing a custom
nerve repair technology which is personalized to anatomical geometries, and augmented
with physical and biochemical cues to promote the regeneration of multiple nerve pathways.
This demonstration represents a proof-of-concept illustration that imaging-coupled 3D
printing approaches can facilitate customized neuroregeneration in previously inaccessible
ways. 3D scanning allowed us to adapt the final pathway geometry to the original tissue
structure. Mechanical and computational tools allowed us to design, analyze, and optimize
the integrity of the pathways. A one-pot 3D printing process provided the ability to
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introduce advantageous physical and biochemical cues in the form of microgrooves and
multicomponent diffusive biomolecular gradients. This combination of complex geometries
and sophisticated supporting cues offers a proof-of-concept as a biomimetic approach for the
regeneration of complex mixed nerve injuries. Future studies will focus on several additional
goals, including: 1) replacement of silicone with biodegradable alternatives; 2) optimization
of the diffusive gradient structure; and 3) examination of the underlying mechanisms of
biochemical gradient-enhanced functional return. Overall, we expect that this platform will
ultimately have significant impact in both the fundamental understanding of
neuroregeneration and clinical treatment of complex nerve injuries.

Experimental Section

In situ 3D scanning

Imaging of the sciatic nerve bifurcation via structured light scanning (SLS) was done using
Sprague-Dawley rats (Hilltop Labs Inc., Pittsburgh, PA). For each study, the animal was
euthanized and handled in strict accordance with good animal practice as defined by the
relevant national and local animal welfare bodies, and approved by the Princeton University
Institutional Animal Care and Use Committee (IACUC). The sciatic nerve bifurcation was
exposed for imaging by making an incision at the base of the gastrocnemius and carefully
cutting along the outside edge of the muscle and along the biceps femoris. The muscle was
then pulled back to expose the underlying sciatic nerve. A thin film of a scanning contrast
agent (Magnaflux) was then applied to the nerve while masking the surrounding tissue to
provide enhanced contrast for the nerve during scanning. The contrast agent was later
removed with a saline solution wash following scanning. Subsequently, a clean low-contrast
wound dressing was re-applied around and underneath the exposed nerve which further
enhanced the contrast for the nerve and reduced the signal from the surrounding muscle
tissue. The animal was then placed on a motorized stage (CR1/M-Z7E, ThorLabs), which
allowed the tissue to be imaged from various vantage points over a full rotational angle. The
single camera-projector SLS system (SLS-1, David Vision) was then calibrated according to
a vendor-provided protocol. Subsequently, the nerve was imaged by performing multiple
scans over a full rotational angle. Scan data was collected without the use of scanning
software-associated data smoothing or alignment. The above protocol was repeated multiple
times over the course of two months using randomly selected animals (n = 4) in order to
simulate application in the point-of-care which presents inherent patient-to-patient variance.

Ex situ 3D scanning

Similar to the in situ SLS protocol, the sciatic nerve bifurcation was exposed in euthanized
Sprague-Dawley rats (n = 3) by first making an incision at the base of the gastrocnemius and
carefully cutting along the outside edge of the muscle and along the biceps femoris. The
muscle was then pulled back to expose the sciatic nerve. Subsequently, the nerve was
transected 2 cm proximal and distal to the bifurcation site in strict accordance with good
animal practice as defined by the relevant national and local animal welfare bodies, and
approved by the Princeton University IACUC. The tissue was subsequently trimmed and
fixed by immersion in a room temperature 4% paraformaldehyde (PFA, Affymetrix)-PBS
solution for 20 minutes, and blotted dry to begin the molding-casting process. A resin cast of
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the fixed nerve was then made from a silicone mold to provide a rigid and anatomically-
consistent model for SLS. Prior to scanning, the cast was coated with a thin film of a
scanning contrast agent, and the single camera-projector SLS system was calibrated
according to a vendor-provided protocol. Subsequently, the nerve cast was mounted
vertically on the motorized stage and was imaged by performing multiple scans over a full
rotational angle. Scan data was collected without the use of scanning software-associated
data smoothing or alignment. For high resolution imaging, scanning was also performed
using a single camera-light emitting diode (LED) SLS system (COMET L3D, Steinbichler
Optotechnik). The single camera-LED SLS system was calibrated according to a vendor-
provided protocol. Subsequently, the nerve cast was mounted on a custom goniometer and
imaged by performing multiple scans over a full hemispherical angle. Scan data was
collected without the use of scanning software-associated data smoothing or alignment.

Reverse engineering of 3D nerve geometry from scan data

The individual scans obtained using the SLS-1 system were aligned and assembled using 3D
mesh processing software (MeshLab) and 3D printing software (Netfabb, FIT GmbH),
which resulted in a water-tight 3D model of the imaged nerve. The individual scans obtained
using the COMETL3D system were aligned and assembled using reverse engineering
software (Geomagic Design X, 3DSystems) and additive manufacturing software (Magics,
Materialise) using software-provided alignment and assembly algorithms, which resulted in
a water-tight 3D model of the imaged nerve.

Finite element analysis of nerve guide solid mechanics

All studies were performed using commercially available finite element analysis (FEA)
software (COMSOL Multiphysics, Version 4.4). Stationary studies were conducted in 3D
using the Structural Mechanics — Solid Mechanics module. The domain was created by
importing the SLS-generated 3D models to the COMSOL modelling environment. All
simulations were done assuming a linear elastic material property relationship. The material
properties were taken from silicone vendor-provided data (density = 1,010 kg m™),
previously published literature values of bulk silicone (Poisson ratio = 0.45),0] and
experimental mechanical testing studies conducted on the printed materials (Young’s
modulus = 0.44 MPa). Applied boundary conditions included regions of zero displacement
and regions of applied load (Supporting Figure S3). The regions of zero displacement
condition served to model constrained regions arising from surgical implantation, while the
regions of applied load served to model potential loading conditions which may arise during
implantation or post-implantation as a result of mechanical limb motion. Two different
loading conditions were examined, which represented tensile or torsional loads. In both
cases, a load of 1% of the experimentally measured ultimate tensile strength (UTS) was
applied as a basis to demonstrate the value of the approach. The value of UTS was taken
from mechanical testing studies conducted on the printed materials, for experiments done
with loading applied with the grain, since this printing direction was used for animal studies.
Initial values corresponded to zero displacement and velocity fields across the entire
domain. The model was discretized using a physics-controlled mesh (normal element size),
which consisted of 34,374 domain, 9,982 boundary, and 8,474 edge elements. The von
Mises stress profile under both loading conditions was then calculated using a stationary
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solver. Proper density of the mesh was checked by examining convergence of the maximum
von Mises stress by iterating from an extremely coarse to a normal mesh element size,
which led to convergence within 4-10% of the previous mesh iterate.

Methacrylated gelatin hydrogel synthesis

Gelatin methacrylate was synthesized according to an earlier protocol.[>®] Briefly, a 10%
w/v gelatin (porcine skin, Sigma) solution in phosphate buffered saline (PBS) was prepared
and heated to 60 °C with constant mixing. After the gelatin was dissolved completely, the
temperature was reduced to 50 °C and allowed to reach steady state. After the solution
temperature reached 50 °C, methacrylic anhydride (Sigma) was slowly added to the solution
to achieve a 5:1 volumetric ratio of gelatin solution : methacrylic anhydride solution. The
typical basis reaction volume consisted of 50 ml gelatin solution. Subsequently, the mixture
was allowed to react for one hour at 50 °C with continual mixing. After one hour, warmed
PBS (40 °C) heated in a secondary beaker was added at a 4:1 volume ratio to the gelatin-
methacrylic anhydride solution to deactivate the reaction. Subsequently, the resulting
mixture was added to 10 kDa dialysis tubing and the tubing was placed in reverse osmosis
water and allowed to dialyze for one week. To ensure effective separation, the dialysis
solution was replaced with fresh solution daily. Following the dialysis procedure, the gelatin
mixture was lyophilized until dry.

Gelatin methacrylate hydrogel protein release studies

Controlled drug release studies using 50 mg ml~! gelatin methacrylate hydrogels were done
using glial cell line-derived neurotrophic factor (GDNF, Sigma) to characterize the kinetics
of the protein release from the gelatin methacrylate hydrogel matrix. The gelatin
methacrylate hydrogel was prepared on a 1 ml basis containing 400 ng GDNF ml~!, 5 mg
ml~! photoinitiator (Irgacure 2959, BASF), 0.1% bovine serum albumin (BSA) w/w
(UltraPure non-acylated, Life Technologies), 1 mg ml~! heparin (Sigma), and 0.05% w/w
sodium azide (Sigma) in Dulbecco’s PBS (DPBS). For drug release measurements, 150 ul of
gelatin methacrylate hydrogel was added to the bottom of a clean containment vessel, cross-
linked using a hand-held UV lamp (UVL-56, UVP) and 600 pl DPBS was added to the
vessel. The containment vessel was then sealed and maintained at 37 °C with gentle shaking
over the course of a three week period. Multiple identical vessels were prepared which
enabled collection of samples at various time points over the course of the three week
release study. Samples were collected by removing the GDNF containing-DPBS which were
stored at -4 °C until the end of the study. After three weeks, the level of released protein in
the samples was characterized using enzyme-linked immunosorbent assay (ELISA, GDNF
mouse ELISA kit, Abcam) according to vendor-provided protocols.

Finite element analysis of nerve guide diffusive biochemical gradient

All studies were performed using commercially available FEA software (COMSOL
Multiphysics, Version 4.4). Transient studies were conducted in 2D using the Chemical
Species Transport — Transport of Diluted Species module. The domain was created using the
software-provided geometry toolbox based on the printed nerve guide and gelatin
methacrylate gradient pattern dimensions. All simulations were done assuming a Fickian
transport property relationship. The isotropic protein diffusivity in the gelatin methacrylate
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hydrogel system was taken from experimental drug release studies (3 x 10713 m2 s~1), and
the isotropic protein diffusivity in the aqueous phase was assumed to be 1 x 10710 m2 s=1,
Applied boundary conditions included regions of no flux and regions of flux continuity. The
regions with no flux boundary condition served to model the outer edges of the nerve guide,
while the regions of flux continuity served to model the interfaces of the gelatin
methacrylate droplets and the surrounding aqueous domain. Applied initial conditions
included regions of zero concentration and regions of defined concentration (10 ug ml~1),
which represented the initially un-loaded aqueous and protein-loaded hydrogel domains,
respectively. The model was discretized using a physics-controlled mesh (normal element
size), which consisted of 3,644 domain and 467 boundary elements. The concentration
profile was then calculated using a time-dependent solver. Proper density of the mesh was
checked by examining convergence of the steady state concentration by iterating from an
extremely coarse to a normal mesh element size, which led to convergence within 0.2% of
the previous mesh iterate.

3D printing of bifurcated nerve pathways

Water-tight 3D models of the sciatic nerve bifurcation were imported to 3D printing
software (Netfabb, FIT GmbH) and residual errors were repaired. The repaired models were
subsequently exported to commercially available 3D CAD software (SolidWorks) for final
optimization. Resultant models were then validated using a commercially available plastic
3D printer (Dimension Elite, Alleghaney Ed. Systems). Following validation, the 3D models
were then converted to printer path information using model slicer software (KISSlicer).
Devices were then printed using a custom microextrusion-based 3D printing system, which
has been described previously.[?8] Briefly, the system consisted of a three axis dispensing
robot (Fisnar), pneumatic dispensing system (Nordson EFD), vision system, and personal
computer (see Supporting Figure S9). Printing speeds ranged from ca. 0.1 — 1 mm s~.
Alginate (alginic acid sodium salt from brown algae, medium viscosity, Sigma), calcium
chloride (Sigma), poly(lactic-co-glycolic acid) (75:25, My, ~ 76,000-115,000; Sigma),
polycaprolactone (average M, ~ 10,000; average M,, ~ 80,000; Sigma), silicone (Superflex
Clear RTV, Loctite), and gelatin hydrogel served as the printed materials. For fabrication of
devices with luminal path-specific gradients of nerve growth factor (NGF, mouse, Life
Technologies) and glial cell line-derived neurotrophic factor (GDNF, mouse, Sigma),
methacrylated gelatin methacrylate hydrogel containing either NGF or GDNF served as the
printed luminal supplement. Hydrogel preparation was consistent with drug release studies,
except for the azide component, which was removed, and the protein concentration, which
was increased to 10 ug mI~!. The heparin component was also incorporated into both
hydrogels, which acted to both stabilize the protein and inhibit binding of the growth factor
to the channel walls.[®7] For printing the luminal gradient functionalized devices, the
gradient pattern corresponded to hydrogel droplets spaced at sequentially increasing gap
sizes of N x 100 um, where n represents the droplet number starting at the distal end of the
pathway. This sequentially increasing spacing was truncated at 700 pum, after which constant
1 mm spacing was employed. NGF-loaded hydrogel was printed along the bottom luminal
wall of the sensory pathway, and GDNF-loaded hydrogel was printed along the bottom
luminal wall of the motor pathway. The result of the printing process was a hollow 3D
printed silicone conduit that contained gradient patterns of hydrogel droplets printed along
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the inner silicone wall, which is adjacent to regenerating nerve on the inside of the conduit.
Subsequent to the hydrogel printing, the hydrogel was partially cross-linked by a UV
irradiation period (UVL-56, UVP). Following completion of the silicone printing process,
the printed devices were irradiated with UV and sprayed with ethanol to complete
crosslinking and sterilization.

Mechanical testing of the 3D printed material anisotropy

In order to examine the effect of the physical cue orientation on the nerve guide mechanical
properties, mechanical testing was done on 3D printed silicone samples which contained
different orientations of the physical cue. Flat rectangular silicone samples were printed with
identical layer spacing as used for the surgically implanted 3D printed nerve guides (150
um), allowed to completely cure at room temperature, and subsequently diced into
consistently sized samples. Tensile tests were performed using a commercially available
mechanical testing unit (Instron 5865 with Instron 3111 temperature-controlled chamber, 1
kN load cell) under a constant strain rate of 2 in min~!. Prior to all tests, the load was reset
and the load cell was calibrated. Multiple 3D printed samples were characterized allowing
the stress-strain characteristics to be measured with the tensile load applied both with (n = 8)
and against the grain (n = 4) of the 3D printed material. The Young’s modulus was taken as
the slope of the linear region of the stress-strain curve. The ultimate tensile strength (UTS)
was taken as the maximum stress reached before failure. Analysis of the statistical
significance in the difference of the UTS between the two groups was done using a two-
tailed student t-test.

Characterization of the 3D printed physical cue morphology

Cell culture

Printed nerve pathways were fabricated and subsequently diced into thirds along either the
circumference or the length for profilometry and environmental scanning electron
microscopy (ESEM) measurements, respectively. The axially-diced samples (n = 8) were
anchored to SEM specimen mounts using double-sided carbon tape and coated with a thin
gold layer for imaging. All measurements were done using a commercially available ESEM
platform (FEI Quanta 200). The circumferentially-diced samples (n = 4) were mounted on a
glass slide using double-sided carbon tape, with the luminal surface facing up. All
measurements were done using a commercially available surface profiler (KLA-Tencor
P-15).

Primary embryonic sensory neurons were obtained from Sprague-Dawley rats (embryonic
day 15.5 — 16.5). Superior cervical ganglia (SCG) and dorsal root ganglia (DRG) were first
harvested. Ganglia were then either maintained in whole form or dissociated. A detailed
procedure can be found elsewhere.[08:99] Briefly, whole ganglia were suspended in 1 ml
trypsin (Life Technologies) in a 15 ml conical centrifuge tube and incubated at 37 °C for 15
minutes. The solution was then centrifuged at 1 krcf for 1 min to pellet the ganglia, the
supernatant was removed, and the ganglia were resuspended in soybean trypsin inhibitor (2
mg ml~! in neurobasal media; Sigma) for 10 min. The solution was then centrifuged, the
supernatant was removed, and the ganglia were resuspended in warm growth medium which
consisted of neurobasal medium (Life Technologies) containing B-27 medium supplement
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(Life Technologies), 1% Pen Strep Glutamine (Life Technologies), and nerve growth factor
2.5S (NGF, 100 ng ml~!, mouse, Life Technologies). The medium was filtered using a 0.22
um filter prior to addition of NGF (Stericup filter unit, Millipore). The ganglia were
dissociated by repeated aspiration using a flame-polished pipette. Culture surfaces were pre-
coated with poly-L-ornithine (500 ug ml~!, Sigma) overnight at 37 °C, rinsed 3 times with
DPBS, coated in laminin (10 ug ml~!, Sigma) overnight at 37 °C, and rinsed 3 times with
DPBS. Whole DRG or dissociated SCG were seeded with an inoculum of 1-3 DRG or SCG
per 35 mm dish and cultured at 37 °C and 5% CO, in complete growth medium. Antimitotic
agent cytosine arabinoside (AraC, Sigma) was added to the medium 2 days after plating to
inhibit fibroblast outgrowth. Two-thirds of medium was exchanged every 7 — 10 days.

Schwann cells derived from rat sciatic nerves were purchased from a culture collection
organization (S16, CRL-2941, ATCC). Culture surfaces were pre-coated with poly-L-lysine
(0.1 ml cm™2 surface area with a 15 ug ml~! solution, Sigma) overnight at 37 °C, rinsed 3
times with DPBS, and allowed to dry for a minimum of 30 minutes at room temperature.
Schwann cells were then seeded with an average inoculum of 4 x 103 to 6 x 10* cells cm™2
and cultivated over 5 — 7 days at 37 °C and 5% CO, in Dulbecco’s modified Eagles medium
(DMEM, Life Technologies) which contained 10% fetal bovine serum (FBS, Life
Technologies) and 1% Pen Strep (Life Technologies). The medium was filtered using a 0.22

um filter. Two-thirds of medium was exchanged every 2 — 3 days.

Immunofluorescence

Following cultivation, cells were fixed in a PFA solution (4% in PBS, Electron Microscopy
Sciences) for 20 minutes at room temperature, rinsed with DPBS, permeabilized in a Triton
X-100 solution (0.1% in DPBS, Sigma) for 30 min at room temperature, rinsed with DPBS,
and blocked with a BSA solution (3% in DPBS, Sigma) overnight at 4 °C. Subsequently, the
BSA solution was removed and the cells were stained using primary antibodies. Axons were
stained for tau marker using anti-tau (1:1000 in diluted blocking solution, monoclonal,
mouse, Life Technologies) overnight at 4 °C. Schwann cells were stained for glial fibrillary
associated protein (GFAP) and laminin markers using anti-GFAP (1:1000 in diluted
blocking solution, monoclonal, mouse, Sigma) and anti-laminin (1:1000 in diluted blocking
solution, polyclonal, rabbit, Sigma) overnight at 4 °C, respectively. Subsequently, the
samples were rinsed 3 times in DPBS and exposed to labeled secondary antibody against
mouse (1:1000 in diluted blocking solution, Alexa Flour 488 anti-mouse, Life Technologies)
and rabbit (1:1000 in diluted blocking solution, Alexa Flour 568 anti-rabbit, Life
Technologies) overnight at 4 °C. Following secondary antibody labeling, the samples were
rinsed 3 times in DPBS and coated with a thin layer of mountant (ProLong Gold Antifade
with DAPI, Life Technologies). Imaging was then carried out using a fluorescence
microscope (Nikon Eclipse 50i, X-Cite 120 Fluorescence Illumination Source [EXFO]).

Characterization of the 3D printed physical cue on neurite network orientation

Circumferentially-diced 3D printed nerve pathways were anchored at the well bottom in
uncoated 35 mm dishes using a silicone adhesive layer with the luminal surface facing up
and subsequently allowed to cure overnight. The exposed luminal surface was then pre-
coated and whole DRG or dissociated SCG were then seeded, cultivated for 3 weeks, and
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the cultures were then imaged. Similar experiments were done in the 3D printed bifurcating
nerve pathways, in which the printing was interrupted halfway through the program,
resulting in an open half-shell geometry. The devices were then pre-coated, whole DRG
were seeded near the center of the bifurcation point, cultivated over a 3 week period, and the
cultures were then imaged. A minimum amount of medium was added such that the liquid
height just reached the top of the silicone pathway (2 ml). The images were then processed
so that the printed physical cue was oriented horizontally across the image providing a basis
for the printed physical cue orientation at 90°. The orientation of neurite network was then
examined using Image] software. Images were processed using a fast Fourier transform
(FFT) and resultant power spectrums were then generated by plotting the FFT signal
intensity along a circumferential profile as done in previous studies.[7"]

Characterization of the 3D printed physical cue effect on Schwann cell orientation

Circumferentially-diced 3D printed nerve pathways were anchored at the well bottom in
uncoated 6 well plates using a silicone adhesive layer with the luminal surface facing up and
subsequently allowed to cure overnight. The exposed luminal surface was then pre-coated,
Schwann cells were seeded, cultivated over 5 — 7 days, and the cultures were then imaged.
The images were then processed so that the printed physical cue was oriented horizontally
across the image providing a basis for the printed physical cue orientation at 90°. The
orientation of Schwann cell structure was then examined using ImageJ software. Images
were processed using a FFT and resultant power spectrums were then generated by plotting
the FFT signal intensity along a circumferential profile as done in previous studies.!7%]

Characterization of the GDNF gradient effect on Schwann cell migration

Individual wells of 6-well plates were first pre-coated. Following the pre-coating steps, one
sterile 3D printed silicone compartmented neural chamber was placed in each well to form a
seal along the bottom of the well. Schwann cells were then seeded in the middle
compartment and allowed to settle overnight under growth conditions. The medium was
then aspirated and the silicone compartment was peeled off, resulting in seeded cells
concentrated in a rectangular configuration at the center of the well. Subsequently, 50 pl of
GDNF-containing gelatin methacrylate hydrogel (1 ug ml~!) was added along the edge of
the well, the seeded cells were masked, and the hydrogel was cross-linked with UV
irradiation for 10 minutes. The mask was then removed, 1 ml of fresh warm medium was
added to the well, and the culture was returned to growth conditions for 2 days to establish
the diffusive gradient. Live imaging was then done the following day using an inverted
phase contrast microscope (Nikon Eclipse TS100) and a live cell perfusion chamber
(Quorum Technologies) at 37 °C and 5% CO,. Time-lapse videos captured by recording
sequential phase-contrast micrographs at the cell-free surface interface at five minute
intervals over a 2 hr period facilitated calculation of the migration velocity, which was
defined as the horizontal distance travelled divided by the time interval. The population
average migration velocity was calculated by averaging the migration velocity of the leading
cells (n = 8 — 12) along the imaged interface. Control studies were done by carrying out
repeated experiments, which lacked the diffusive GDNF gradient. Analysis of the statistical
significance in difference of the migration velocity between the two groups was done using
a two-tailed student t-test.
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Characterization of the NGF gradient effect on neurite outgrowth

35 mm dishes were first pre-coated. Subsequently, 10 ul of NGF-containing gelatin
methacrylate hydrogel (1 ug ml~!) was added along the edge of the dish, and the hydrogel
was cross-linked with UV irradiation for 10 min. Whole DRG were then seeded near the
center of the dish, cultivated over a 1 week period, and the cultures were then imaged.
Similar experiments were done in the 3D printed bifurcating nerve pathways in which the
printing was interrupted halfway through the program resulting in open half-shell geometry.
The devices were first pre-coated. Subsequently, 10 ul of hydrogel was added to the distal
end of the left path, and UV cross-linked for 10 minutes. Whole DRG were then seeded near
the center of the bifurcation point, cultivated over a 3 week period, and the cultures were
then imaged. A minimum amount of medium was added such that the liquid height just
reached the top of the silicone pathway (2 ml). For experiments done in 35 mm dishes which
lacked the silicone pathway, the hydrogel source was oriented to the right of the captured
image for subsequent analysis. The orientation of the neurite network was then characterized
using ImagelJ software by counting the number of axon bundles growing towards the source
(referred to as up the gradient) and away from the source (referred to as down the gradient).
The fraction of axon outgrowth was calculated as the number of directionally growing axon
bundles divided by the total number of bundles. Control studies were done by carrying out
repeated experiments which lacked the diffusive NGF gradient. Analysis of the statistical
significance in difference of the axon outgrowth between the two groups was done using a
two-tailed student t-test.

Sciatic nerve transection and repair model

The experimental protocol was reviewed and approved by the IACUC of the University of
Maryland School of Medicine. Male Wistar rats (300 — 350g, Charles River) were used in
this study. All animals (n = 3) were maintained in the Animal Facility of the University of
Maryland School of Medicine. Both limbs underwent sciatic nerve transection. The right
limb was randomly selected to be repaired with the bifurcated nerve guides, which contained
no added biochemical functionality, and the left limb was repaired with bifurcated nerve
guides which contained path-specific gradients of NGF and GDNF in the respective sensory
and motor channels. Sciatic nerve transection and repair were done as we previously
described.!”! Prior to implantation, the nerve guides were sterilized via ethylene oxide
treatment. Briefly, 1 cm of the sciatic nerve was transected 0.5 cm both proximal and distal
to the bifurcation point of the sciatic nerve. The epineurium of all nerve stumps was sutured
to the nerve scaffold four times on each side using 9-0 sutures under a microscope. The
proximal channel was sutured to the sciatic nerve, the distal sensory channel was sutured to
the sural nerve, and the distal motor channel was sutured to the tibial nerve motor braches to
the gastrocnemius muscle. The muscular and skin incisions were then closed in layers. The
animals had free access to food and water before and after the experiments, and were
subjected to a 12 hr day/night cycle in a quiet environment.

Immunohistochemistry

After three months, rats were perfused transcardially with 4% PFA and the nerve graft was
harvested. Nerve segments at 2 mm proximal to the distal suture site in both branches
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(sensory and motor channels) were sectioned at 25 um on a cryostat. The nerves were
washed with PBS three times then permeabilized in 0.2% Triton-X-PBS for 1 hr. After
blocking for 1 hr in 5% normal goat serum in PBS, the sections were incubated overnight at
4 °C in mouse monoclonal antibodies to tubulin (Abcam) and rabbit polyclonal antibodies to
S-1008 (S100, Abcam) diluted in the blocking solution for neurofilament and S100 labeling,
respectively. After incubation with the primary antibodies, nerve slices were rinsed in PBS
and incubated with secondary antibodies (Alexa 488-conjugated goat anti-mouse antibody;
Jackson Immunologicals and Alexa 555-conjugated goat anti-rabbit; Invitrogen) in the
blocking solution for 1 hr at room temperature. After incubation with the secondary
antibodies, the nerves were rinsed in PBS, mounted in Prolong Gold with DAPI, and
subsequently imaged.

Gait analysis

Automated gait analysis was performed 12 weeks after surgery using a CatWalk system
(Noldus). All experiments were performed during the same period of the day (1 — 4 p.m.)
and analyzed as we previously described.[72] Briefly, we trained rats to cross the CatWalk
walkway daily for 7 days before the surgery. During the test, each rat was placed
individually in the CatWalk walkway, which consists of a glass plate (100 cm x 15 cm x 0.6
cm), plus two Plexiglas walls. The rat was allowed to walk freely and traverse from one side
to the other of the walkway glass plate. Two infrared light beams spaced 90 cm apart were
used to detect the arrival of the rat and control the start and end of data acquisition. The
recordings were carried out when the room was completely dark, with the exception of the
light from the computer screen. An LED light from an encased fluorescent lamp was emitted
inside the glass plate and completely internally reflected. When the rat paws made contact
with the glass plate, light was reflected down and the illuminated contact area was recorded
with a high-speed color video camera positioned underneath the glass plate connected to a
computer running Catwalk software v10.5 (Noldus). Comparison was made between the
ipsilateral (left) and the contralateral (right) hind paw in each run of each animal at each
time point. The duty cycle of the gait is defined as the ratio of stand time divided by the sum
of stand and swing time (= stand /[stand + swing]). Stand time is the duration of time that
the paw is in contact with the glass, and swing time is the duration of time that the paw is
not in contact with the glass. The comparison of catwalk data between two groups was
performed using a paired t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Personalized nerve regeneration pathways enabled by 3D scanning and printing. a) A tissue

model of the nerve pathway to be constructed is prepared for subsequent imaging by either
incision (in situ approach) or transection (€X Situ approach). b) The intact or transected tissue
is imaged using structured light scanning (SLS), which results in a high precision 3D model
of the nerve pathway. c) The reverse engineered nerve pathway is 3D printed, to realize a
device which mimics the original nerve in terms of geometry, physical cues, and path-
specific biochemical cues in the form of gradient distributions.
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Figure2.
3D printed complex nerve pathways from 3D scanned bifurcating nerves. a) The sciatic

nerve provides a bifurcating mixed nerve model which contains branching sensory (derived
from the sural nerve; top) and motor nerves (derived from the peroneal and tibial nerves;
bottom). b) The complex nerve pathway is transected, providing a tissue template for ex situ
scanning measurements. c¢) Scans are conducted from various perspectives to assemble a 3D
model which describes the geometry of the nerve pathway (sural and tibial nerve motor
branches). d) The individual scans are aligned to replicate the 3D geometry of the nerve
tissue. e) The aligned scans are assembled into a water-tight 3D model, leading to a full
reconstruction of the nerve pathway geometry, which provides a template for 3D printing. f)
The 3D model is printed into a hollow silicone pathway which is customized to fit the exact
geometry of the original tissue.
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Figure 3.

Mechanical characterization and computational analysis of the pathways. a) Tensile strength
measurements on 3D printed materials reveal the influence of the printing orientation
(physical cue direction) on the ultimate tensile strength. b) Von Mises stress (o) distribution
in the nerve pathway under a tensile load applied to the distal ends of the nerve (o, = 0.41
MPa). c) Von Mises stress (o) distribution in the nerve pathway under a torsional load
applied to the distal ends of the nerve (0, = 0.61 MPa).
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Figure 4.
Characterization and influence of the 3D printed physical cue. a) Scanning electron

micrograph of a 3D printed hollow nerve pathway displaying an axially-oriented physical
cue on the luminal surface. b) Profilometry measurement performed on the luminal surface
of the 3D printed nerve pathway shows a distinct microgroove structure. ¢) Cultured primary
embryonic neurons on the 3D printed horizontally-oriented physical cue (90° reference
angle) stained for tau (green). d) Corresponding orientation analysis showing a coincidence
of the neurite network alignment with the physical cue. e) Cultured Schwann cells on the
horizontally-oriented physical cue (90° reference angle) stained for GFAP (green) and
laminin (red). f) Corresponding orientation analysis showing a coincidence of the
cytoskeleton and extracellular matrix alignment with the physical cue.
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Figureb.
Functionalization of nerve pathways with path-specific biochemical gradients. a) Schematic

of the path-specific incorporation of gradient distributions of supporting biochemical cues —
nerve growth factor, NGF, and glial cell line-derived neurotrophic factor, GDNF — in the
sensory and motor paths, respectively. b) Representative photograph of the 3D printed
gradient pattern achieved using a protein-loaded hydrogel. Green and red dyes were added
to the hydrogel to enhance the image contrast. ¢) Results from finite element analysis (FEA)
of transient drug release showing the establishment of an axially-oriented concentration
gradient which results from the 3D printed luminal hydrogel pattern over time. d)
Experimental drug release studies showing the protein release kinetics from the gelatin
methacrylate hydrogel system.
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Figure®6.

Invitro and in vivo characterization of regeneration with 3D printed nerve pathways. a)
Effect of the diffusive NGF gradient on the guidance of the sensory neurite network growth
(inset scale bar = 1,000 um; a full size image is provided in Supporting Figure S7). b) Effect
of the diffusive GDNF gradient on the migration velocity of Schwann cells (inset scale bar =
100 um; arrow indicates direction of source and migration direction). c) Schematic of
implanted nerve guide showing bifurcation into sensory and motor nerve paths. d)
Photograph of an implanted 3D printed nerve guide prior to suturing. e) Histology of
regenerated nerve showing cross-sections of regenerated nerves stained for tubulin (green)
(scale bar = 50 um). f) Comparison of the functional return in regenerated rat hind limbs (*
indicates p-value < 0.05, ** indicates p-value < 0.01).
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