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ABSTRACT: After injuries, axonal regeneration over long distance is
challenging due to lack of orientation guidance. Biocompatible scaffolds have
been used to mimic the native organization of axons to guide and facilitate
axonal regeneration. Those scaffolds are of great importance in achieving
functional connections of the nervous system. We have developed a nanoladder
scaffold to guide directional outgrowth and facilitate regeneration of axons. The
nanoladders, composed of micron-scale stripes and nanoscale protrusions, were
fabricated on the glass substrate using photolithography and reactive ion
etching methods. Embryonic neurons cultured on the nanoladder scaffold
showed significant neurite elongation and axonal alignment in parallel with the
nanoladder direction. Furthermore, the nanoladders promoted axonal
regeneration and functional connection between organotypic spinal cord slices

over 1 mm apart. Multimodality imaging studies revealed that such neuronal regeneration was supported by directional
outgrowth of glial cells along nanoladders in the organotypic spinal cord slice culture as well as in the coculture of glial cells and
neurons. These results collectively herald the potential of our nanoladder scaffold in facilitating and guiding neuronal

development and functional restoration.
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1. INTRODUCTION

Neurons are naturally encompassed by a network in a highly
aligned manner." During neuronal development, directional
outgrowth is of great importance in guiding neurites to the
targets, such as postsynaptic neurons, for effective communi-
cation.”” Limited neuronal regeneration following central
nervous system damasge poses significant challenges for the
treatment of injuries.”” Nanostructures, partially mimicking the
structure of the extracellular matrix, have shown potential in
facilitating neurite outgrowth as well as regeneration. Uniaxially
aligned nanofiber arrays with a fiber diameter of 250 nm and
length in the range from 500 ym to 1 mm were applied to
direct and enhance axonal extension during regeneration.
Nanogroove structures with feature size ranged from 50 to 600
nm fabricated on various substrates were shown to control
neurites alignment of the neuronal cells cultured on the
surface.” Arrays of nanopillars with diameters of approximately
150 nm and heights of several ym in close contact with neurons
significantly reduced cell mobility and pinned the neuronal cells
to the pillars to grow.® Nanowires with diameters of 72 + 8 nm,
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lengths of 7 to 10 ym, and density of 17.9 nanowires/um?* were
found to promote the growth of single and elongated major
neurites via axon-first neurogenesis.” All of these studies only
focused on understanding the neurite outgrowth at the cellular
level, where no functional performances were measured or
evaluated. Very recently, carbon nanotubes were demonstrated
to increase neuronal electrical signaling.'’ Meshes of randomly
distributed carbon nanotubes promoted physiological recon-
nections between segregated spinal cord slices placed at a
distance between 300 to 800 um.'' Notably, the meshed
carbon nanotube scaffolds lack controlled alignment of
nanostructures to facilitate directional neurite regeneration.
Therefore, it remains challenging to achieve regeneration and
reconnection over longer distances, such as above 1 mm, a
critical gap that injured lesion sites typically have in the clinical
cases.
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Here, we report a nanoladder scaffold that is able to guide
millimeter-scale neural growth along predefined directions and
to promote neurite elongation through nanostructures with a
subcellular dimension. We use SiO,-based cover glasses as the
substrate to fabricate nanoladder structures, via robust
photolithography and reactive ion etching (RIE) methods.'”"*

This substrate provides high biocompatibility for neural
adhesion and transparency for optical imaging to explore the
growth mechanism. To evaluate the concept of nanoladder-
mediated growth and regeneration, we first cultured primary
embryonic neurons on the nanoladders to verify that
nanoladders can guide directional outgrowth of axons. Then,
using organotypic spinal cord slices placed 1 to 1.5 mm apart as
an ex vivo injury model,'* we showed that nanoladders promote
axonal regeneration and functional connection after injuries.
Furthermore, we explored the outgrowth mechanism using
various imaging modalities, including immunofluorescence,
scanning electron microscopy (SEM), and stimulated Raman
scattering (SRS) microscopy. Detailed results are shown below.

2. EXPERIMENTAL SECTION

2.1. Materials. The photoresist AZ9260 and AZ400 K developer
were purchased from AZ Electronic Materials, NJ. Polystyrene beads
with the diameter of 500 nm, poly-p-lysine, penicillin/streptomycin,
bovine serum albumin (BSA), Triton X-100, OsO,, strychnine and
bicuculline were purchased from Sigma-Aldrich Chemical Co, MO.
Glutamine-Dulbecco’s Modified Eagle Medium (DMEM), neurobasal
medium, B27, N2, glutamine, anti-MAP2, anti-Tau, anti-chicken
secondary antibody, and goat anti-mouse antibody were purchased
from Thermo Fisher Scientific Inc., MA. Trypsin/ehylenediaminetetra-
acetic acid (EDTA) and phosphate-buffered saline (PBS) were
purchased from VWR, PA. Fetal bovine serum (FBS) and horse
serum (HS) were purchased from Atlanta Biologicals, GA. All other
chemicals were purchased from Sigma-Aldrich or Dot Scientific and
used without further purification.

2.2. Methods. 2.2.1. Fabrication and Characterization of
Nanoladder Scaffolds. All fabrications were carried out in the clean
room in Birck Nanotechnology Center at Purdue University (West
Lafayette, IN, United States). Cover glasses (22 mm X 22 mm, VWR,
PA) were used as the substrates in nanoladder fabrication. The cover
glasses were cleaned through multiple steps of solvent rinse, in the
sequence of toluene, acetone, isopropanol, and deionized water before
the photolithography process. During the photolithography, photo-
resist AZ9260 (AZ Electronic Materials, NJ) was spin-coated onto the
cover glasses, at a speed of 2000 rpm/s for 50 s to get a thickness
around 10 pm. After the cover glass substrates were soft-baked at 110
°C for 180 s, they were exposed to UV light by using a mask aligner
(MAS6, Suss) with an exposure power of 140 mW for 81 s. The
developing process was carried out by applying AZ400 K developer
(AZ Electronic Materials, NJ) diluted with deionized water to a ratio
of 1:3. Then, the micronstripes were fabricated onto the cover glasses
substrates via RIE (STS-AOE DRIE). During the etching process, a
pressure of 4 mTorr and the constant CF, gas flow at 14 sccm were
used. The radio frequency (RF) power was set at 400 W and bias
power was 50 W for the entire etching process. The substrates were
etched for 25 min to reach the etching depth of 10 ym. The substrates
were sonicated in acetone solvent for 10 min to remove the
photoresist residues. Afterward, the nanoprotrusions were fabricated
onto the micronstripes. Polystyrene beads with the diameter of 500
nm (Sigma-Aldrich, MO) were deposited to the prepared micronstripe
substrates with a spin coating speed of 2000 rpm/s for 45 s and used as
the etching mask. The same etching process was utilized for the
nanoprotrusions with a decrease etching time for 3 min. Nanoladder
scaffolds were obtained after the acetone rinse to remove the
unreacted polystyrene beads.

2.2.2. Animals. Embryonic day (E) 14—1S rats, obtained from
female, pregnant Sprague—Dawley rats bred were used. All animal care
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was carried out in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH Publications
No. 80-23; revised 1996) and was operated under protocol
1406001097 approved by Purdue University Animal Care and Use
Committee, and protocol 000197 approved by Boston University
Animal Care and Use Committee.

2.2.3. Spinal Cord Primary Neuron Culture and Neuron-Glial
Coculture. All substrates used in the embryonic neuron cell cultures
were immersed in 0.01% Poly- p-Lysine (Sigma-Aldrich, MO) for
overnight at 4 °C and washed in PBS before culture initiation. Primary
spinal cord neurons were obtained from Sprague—Dawley rat E1S
embryos. The spinal cords were isolated and placed in the LIS
medium. Meninges were removed and spinal cords were cut into small
pieces, dissociated by incubation in 0.05% trypsin/ethylenediamine-
tetraacetic acid (EDTA, VWR, PA) 15 min at 37 °C and triturated
every S min. Dissociated cells were washed with and triturated in 10%
heat-inactivated fetal bovine serum (FBS, Atlanta Biologicals, GA), 5%
heat-inactivated horse serum (HS, Atlanta Biologicals, GA), 2 mM
Glutamine-Dulbecco’s Modified Eagle Medium (DMEM, Thermo
Fisher Scientific Inc,, MA), and cultured in cell culture dishes (100
mm diameter) for 30 min at 37 °C to eliminate glial cells and
fibroblasts. The supernatant containing neurons was collected and
seeded on poly-p-lysine coated cover glass and incubated in a
humidified atmosphere containing 5% CO, at 37 °C with 10% FBS +
5% HS + 2 mM glutamine DMEM. After 16 h, the medium was
replaced with Neurobasal medium (Thermo Fisher Scientific Inc,
MA) containing 2% B27 (Thermo Fisher Scientific Inc.,, MA), 1% N2
(Thermo Fisher Scientific Inc.,, MA), and 2 mM glutamine (Thermo
Fisher Scientific Inc., MA).

For neuron-glial coculture, glial cells were obtained from P2-4 rat
pup cortices. Glial cells were seeded onto the substrates without
coating and were cultured with DMEM + 10% FBS + 1% penicillin/
streptomycin (Sigma-Aldrich, MO) for 1 week before the E14 spinal
cord neurons were seeded. All cells were incubated at 37 °C in a 5%
CO, atmosphere.

2.2.4. Immunofiuorescence Staining. To track neurite outgrowth,
cells were fixed with 4% paraformaldehyde for 20 min. After 3 washes,
cells were blocked in $% bovine serum albumin (Sigma-Aldrich, MO)
for 30 min and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich,
MO). Then cells were incubated with chicken monoclonal anti-MAP2
(1:1000) and mouse monoclonal anti-Tau (1:1000) antibody for 2 h,
and then with goat anti-chicken secondary antibody (1:1000, Thermo
Fisher Scientific Inc, MA) or goat anti-mouse antibody (1:1000,
Thermo Fisher Scientific Inc., MA) for 1 h at room temperature.

2.2.5. Scanning Electron Microscopy. Cells were fixed in
glutaraldehyde solution and then rinsed three times in phosphate-
buffered saline (PBS, VWR, PA). Subsequently, samples were
immersed in OsO, (Sigma-Aldrich, MO) for 40 min and then rinsed
3 times in PBS, followed by dehydration. The dried samples were
mounted on aluminum stubs and coated with platinum for imaging.

2.2.6. Organotypic Spinal Cord Slice Culture. Spinal cords or
cortex from Rat E15 embryos were isolated and sliced into slices in the
thickness of 250 um with a tissue slicer. Slices were then placed on
nanoladders or cover glasses. Organotypic slices were cultured with 1
mL of medium containing 67% DMEM, 8% sterile water, 25% fetal
bovine serum, and 25 ng/mL nerve growth factor; adjusted to 300
mOsm and pH 7.35; and incubated in a humidified atmosphere
containing 5% CO, at 37 °C for 7 to 14 days before fixation, staining,
and imaging.

2.2.7. Stimulated Raman Scattering (SRS) Microscopy. SRS
images were obtained as previously described."® For each SRS
image, the Z position of the focus was adjusted near the equatorial
plane of the neurons so that the soma and neurites were both clearly
visualized. The pump (799 nm) and Stokes (1040 nm) powers before
the microscope were maintained at 20 and 100 mW, respectively. Both
pump and Stokes beams were linearly polarized. No cell or tissue
damage was observed. Images were acquired at 2 ps pixel dwell time.

2.2.8. Electrophysiology. Electrophysiological recordings were
conducted at room temperature in normal Krebs solution containing
(mM): NaCl, 156; KCl, 4; MgCl,, 1; CaCl,, 2; Hepes, 10; glucose, 10
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Figure 1. Concept and characterization of the nanoladder scaffold. (a) Schematic of a nanoladder scaffold (blue) mimicking the multiscale
extracellular structure of the spinal cord. Red and green represent neurons and glial cells, respectively. (b,c) Embryonic neurons cultured on the
silicon wafer with a low density (b) and high density (c) of nanoprotrusions, respectively. (d,e) Top view SEM images of micronstripes (d) and

nanoladders scaffold (e).

(Dot Scientific, MI). Disinhibited rhythmic bursts were obtained by
bath coapplication of strychnine and bicuculline (1 4M and 20 uM,
respectively, Sigma-Aldrich, MO). The pH was adjusted to 7.4 using
NaOH. Glass pipettes used for recording local field potentials were
pulled from filamented borosilicate glass capillaries (BF150-86-10,
Sutter Instruments) using a micropipette puller (Sutter Instruments,
P-97), 0.8 to 1.5 MQ resistance, and filled with normal Krebs solution.
Electrical signals were amplified with MultiClamp 700B amplifier
(Molecular Devices) and digitized by Digidata 1550 (Molecular
Devices). Electrical stimulation was performed using a stimulus
isolator (World Precision Instruments) and applied through a bipolar
stimulating electrode (FHC). The stimulating current was set at 1.7
nA for all recordings. The recording results were analyzed through
NEO 0.3.3 (Github), a package for representing electrophysiology
data in Python. A low pass filter (cutoff frequency = 0.2 Hz) was
applied to denoise the recording signals.'”

3. RESULTS

Distinct from other nanostructures reported, the nanoladder is
composed of micrometer-wide stripes and nanometer-scale
protrusions on each stripe (Figure 1a). As a combination of two
scales, the nanoladder structure is unique in that it highly
mimics the native structure of the axonal bundles in spinal cord
white matter. The micrometer-wide stripes provide directional
guidance to the growing neurons and glial cells. Meanwhile, the
nanoscale protrusions on each stripe serve as topographical
cues to trigger neurite outgrowth and regeneration.

3.1. Fabrication and Characterization of Nanoladder
Scaffolds. During neuronal development or regeneration after
injury, axons outgrow to reach their targets and form functional
connections.”'® We first investigated the efficacy of using
nanoprotrusions as mechanical cues to facilitate neurite
outgrowth. Nanoprotrusions of diameters of 250 and 500 nm
and heights in the range of 1.0 to 2.5 ym were fabricated on
silicon wafers via RIE methods. SiO, nanoparticles with the
diameters of 250 and 500 nm (Sigma-Aldrich, MO) were used
as etching masks. Silicon wafers were chosen here because it is
the most commonly used substrate in nanostructure fabrication.
As reported before,'” diameters of the resulted nanoprotrusions
were determined by the size of SiO, nanoparticles and the
height was controlled by the RIE etching time. The density of
nanoprotrusions on the surface was varied by changing the
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concentration of SiO, nanoparticle solution. Embryonic
neurons were cultured on the poly-p-lysine (Sigma-Aldrich,
MO) precoated surface of the nanoprotrusions for 7 days.
Among the various dimensions we tested, more elongated
neurites were found on the nanoprotrusions with 500 nm in
diameter and 2 pm in height (SI Figure S1). Therefore,
nanoprotrusions of such dimensions were used through the rest
of our study.

To examine nanoscale details of neurite growth, we fixed the
neurons for SEM imaging. We noticed that the growth pattern
of neurons varied as the nanoprotrusions density changed.
Specifically, when the concentration of SiO, nanoparticle
solution used was 0.5 mg/mL and the resulted density of
nanoprotrusion was (0.17 + 0.06) X 10° cm™, outgrowing
neurites tended to grow in the spaces between the nano-
protrusions and wrap around the protrusions as anchoring
positions for further expansion (Figure 1b). As the concen-
tration of the SiO, nanoparticle solution increased to 1.0 mg/
mL, which resulted in a higher estimated density of (0.80 +
0.14) X 10® cm™* (Figure lc), a single neurite with elongated
length was observed. Interestingly, consistent with the previous
report, neurites are prone to attach to the tip of the
nanoprotrusions to grab and climb following the course of
the nanoprotrusions.” These findings suggest that the nano-
protrusions offer mechanical cues to the neurite outgrowth,
with nanoprotrusion dimension and density being the
important parameters affecting the growth behaviors of the
neurite.

To enable directional outgrowth of neurites, we utilized the
aforementioned nanoladder concept (Figure 1a). Nanoladder
scaffolds were fabricated on the SiO, based cover glass via
photolithography and two-steps of RIE, as illustrated in SI
Figure S2. The cover glass is chosen here because of its low
price, high biocompatibility and excellent transparency for the
convenience of optical imaging. A layer of photoresist (PR)
A79260 (AZ Electronic Materials, NJ) with the thickness of
approximately 10 ym was first spin-coated onto the cover glass,
followed by a photolithography process to obtain the
micrometer-wide stripe patterns on the PR layer. The first
step of RIE was performed using CF, gas as the reactant,
providing an etching rate of 290 nm/min for the glass and
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Figure 2. Nanoladders enable directional outgrowth of cultured embryonic neurons. (a—c) Immunofluorescence staining images of embryonic
neuron cells cultured on the surface of different scaffolds. MAP2 stained embryonic neuron cells cultured on the cover glass (a), on nanoprotrusions
(b), and on nanoladder scaffolds (c). The arrow indicates the direction of nanoladder scaffold. (d—f) SEM images of neuron cells cultured on the
cover glass (d), on nanoprotrusion (e), and on nanoladder scaffolds (f). (g) Average neurite lengths measured from the immunofluorescence
staining images. (h,i) Histograms of neurite angles measured from the cover glass sample (h) and nanoladder scaffold sample (i). *: p < 0.5; **: p <

0.01; ***: p < 0.001.

194.4 nm/min for PR, which corresponded to a selectivity of
1:1.49 (PR/glass). The stripe pattern with a width of 20 ym
and a spacing of 20 um between each stripe was therefore
successfully fabricated onto the cover glass (Figure 1d).
Patterns with other dimensions, including 20 pm width and
50 pm spacing, 20 pum width and 100 ym spacing, and 10 pm
width and § pm spacing, respectively, were also designed and
fabricated based on the same photolithography process (SI
Figure S3a—d). Among all tested stripes, only the ones with 20
pum width and 20 um spacing showed directional growth of
neurites after culturing with embryonic spinal cord neurons.
We attributed this intriguing selectivity to the fact that 20 pm is
the most comparable size with the neuronal soma, which allows
neurons to stay on the top and/or side of the stripes to provide
optimal guidance for the neurite outgrowth (SI Figure S3e—
h).** Afterward, the nanoprotrusions on the micronstripes were
obtained by a second step of the RIE process, using polystyrene
beads (Sigma-Aldrich, MO) with the diameter of 500 nm as the
mask (Figure le). As indicated in the cross-sectional SEM
images in SI Figure S4, the height of the stripes of the
nanoladder scaffold is 5.40 + 0.28 ym (SI Figure S4a) and the
height of the nanoprotrusions is 2.08 + 0.23 ym (SI Figure
S4b).

3.2. Nanoladders Facilitate Directional Neurite Out-
growth and Axonal Elongation. To evaluate the interaction
between neurons and the nanoladder scaffolds, we harvested
embryonic spinal cord neurons from E14-E15 Sprague—Dawley
rat (Charles River, MA) embryos and seeded them onto the
nanoladder scaffolds. After 7 days in culture, cell growth was
assessed by optical imaging and electron microscopy (Figure
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2). We compared three different substrates as scaffolds for
neuronal cultures, including cover glass as a control (Figure
2a,d), cover glass with only nanoprotrusions (Figure 2b,e), and
nanoladders (Figure 2¢,f). To visualize the dendrite outgrowth,
we stained the cells with anti-MAP2 (Sigma-Aldrich, MO) for
dendrites (Figure 2a—c). Neurons cultured on the nano-
protrusions showed a significant dendrite elongation (Figure
2b), compared with those in the control group (Figure 2a).
Significantly, in the nanoladder group, a directional neurite
elongation along the orientation of the nanoladders was
observed (Figure 2c). We further used SEM to visualize
more detailed neurite structures. In the control group (Figure
2d), the neurites tended to aggregate into bundles, while
neurons in the nanoprotrusion group showed a more spread
out and expanded growth pattern (Figure 2e). In the
nanoladder group, neurites were noticeably guided by the
nanoladder and followed the orientation of nanoladders (Figure
2f).

Quantitative analysis of the neurite elongation and
orientation was performed on the basis of the immunofluor-
escence images. The neurite elongation was determined by
measuring the average neurite length in the Image] via
Neurphology] plugins. As displayed in Figure 2g, the average
total neurite lengths per neuron are 259.91 + 19.94 ym (n =
31), 358.46 + 16.69 um (n = 24), and 424.05 + 19.35 ym (n =
22) for the control, nanoprotrusions, and nanoladder groups,
respectively. The neurite lengths observed from nanoprotru-
sions and nanoladder groups are significantly longer than that
of the control group, p = 0.0053 for the nanoprotrusion versus
cover glass group and p = 2.37 X 10~* for the nanoladder versus
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cover glass group, respectively. These results indicate that
nanoprotrusions effectively promote the neurite outgrowth.

The orientation of the neurites was determined by measuring
the angle between the primary neurites and nanoladder
orientations. (Figure 2h,i). In the control group, embryonic
neuron cells displayed a uniform distribution over a broad
range of orientation angles in the degree of —180° to 180°, with
27.5% of the neurite orientation within the angle of —30° to
30° (n = 91). On the contrary, the majority of the neuron cells
on the nanoladder group were aligned in parallel to the
orientation of the nanoladders, with 79.12% of the neurite
orientation within the —30° to 30° range (n = 80). This
comparison demonstrates that nanoladders predefine a specific
direction and effectively facilitate the directional neurite
outgrowth along the direction.

Because axonal elongation is important for the formation of
functional synapses, we further stained with anti-Tau antibodies
(Sigma-Aldrich, MO) to specifically label axons. Figure 3a—c
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Figure 3. Axonal elongation of embryonic neurons cultured on the
nanoladder scaffold confirmed using anti-Tau as the axon marker.
Anti-Tau antibody stained embryonic neuron cells cultured on the
cover glass (a), on nanoprotrusions (b), and on nanoladder scaffolds
(c). The arrow indicates the direction of nanoladder scaffold. (d)
Analysis of axonal lengths measured. *: p < 0.5; **: p < 0.01; ***: p <
0.001.

shows that the average axonal lengths are 12522 + 13.02 (n =
20), 165.67 + 10.57 (n = 37), and 231.35 + 17.69 (n = 30) um
for the control, nanoprotrusions, and nanoladder groups,
respectively. As shown in Figure 3d, the directional axonal
length in the nanoladder group (blue) is significantly longer (p
= 2.02 X 107*) than the axonal length in the control group
(black), which is consistent with the dendrite growth results
obtained from MAP2 staining. In addition, axons on nano-
ladder scaffold also follow the direction of the micronstripes
(arrow shown in Figure 3c). Collectively, these results confirm
that the nanoladder scaffold promotes the directional growth of
dendrites as well as axons from embryonic neurons.

3.3. Nanoladder Scaffold Facilitates Regeneration and
Reconnection in Segregated Spinal Slices. Because
nanoladders can successfully guide the neurite growth of
embryonic neurons, we then evaluated the potential of the
nanoladder scaffolds in facilitating and, more importantly,
directing neurite regeneration after injuries. We used organo-
typic spinal cord cultures as a simplified model for injured
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neurons.”’ We first characterized the growth pattern of

individual slice cultured on two different substrates: the cover
glass as a control group and the nanoladder group. Slices with
250 pm thickness were extracted from the E15 rat embryonic
spinal cord and seeded onto the substrates. After culture for 10
days, we used anti-SMI31 (EMD Millipore, MA) to stain
neurofilament to characterize regenerating axon bundles. As
shown in Figure 4a,b, the slices exhibited outgrowth of axonal
fibers in both groups. However, the growth manners were
significantly different. In the control group, we found random
outgrowth of neuronal fibers in all directions, which formed an
interconnected mesh with limited expansion. In contrast, the
nanoladder scaffold guided the directional growth and
expansion of the regenerating axons. We also quantified the
maximal regenerating axon length by manually choosing the
center of slices as the starting point and measuring the distance
between the starting point to the end of the longest axons
expansion. As shown in Figure 4c, the average maximal
regenerating axon expansion in the nanoladder group was
found to be 1872 + 464 um (n = 10 slices), exceeding 1 mm
length, and 2.59 times longer than the average expansion of 721
+ 241 um (n = 8 slices) measured in the control group (p =
2.54 X 107°). These results suggest that the nanoladder
scaffolds facilitate axonal regeneration from a single spinal slice
and further expansion in a predefined direction.

Furthermore, to evaluate whether nanoladder scaffolds can
promote neuronal reconnection after injury, we placed slices in
pairs at a distance of 1.0 to 1.5 mm. Such distance is known to
impair functional reconnection under normal conditions** and
provides an opportunity to test if the nanoladder could meet
the clinical needs. After culture for 10 days, the slices were fixed
and stained with SMI31. On the cover glass (Figure 4d), slice
pairs showed a similar interconnected mesh pattern as
previously seen in single slices, with no visible connection
between the slice pairs. By comparison, in the nanoladder
group (Figure 4e), with the pair of the slices placed parallel to
the orientation of the nanoladder, the regenerating axons
followed the guidance of the nanoladder and morphologically
connected onto the other slice. Our data suggest that the
directional outgrowth of axons on the nanoladder scaffold
efficiently promotes the neuronal network reconnection over a
distance longer than 1 mm in the organotypic spinal cord slice
model.

3.4. Electrophysiology Recordings Confirm Func-
tional Reconnection between Spinal Cord Slices. The
observed morphological connections set the basis of synaptic
connection. Thus, we asked whether the nanoladder scaffold
promoted functional connections between the slices. The
experiment design is shown in the Figure Sa,b. The slices were
cultured on either cover glass or the nanoladder scaffold. Slice
pairs with a separation distance of 1.0 to 1.5 mm, measured
from differential interference contrast images, were selected for
recording. We used a stimulation electrode to stimulate the left
slice of a chosen pair and performed local field potential
recordings on both left and right slices simultaneously. To
characterize the stimulated response, we delivered four 0.2 ms,
170 nA current stimulation at an interval of 0.5 s to the left
slice. In both control and nanoladder groups, the stimulated
slice showed robust evoked potential (black curves in Figure
Sc,d). As shown in the representative trace of the local field
potential recordings, the unstimulated slice on the right side of
the control group showed no detectable response to the
stimulation on the left slice (red curve in Figure Sc). In
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Figure 4. Nanoladders facilitate regeneration and neuronal network reconnection between organotypic spinal cord slices. (a,b) Immunofluorescence
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Figure 5. Electrophysiology confirms restoration of neuronal connection. Local field potential measured from embryonic spinal cord slice pairs
cultured on the cover glass and on the nanoladder scaffolds, respectively. (a,b) Schematic of the experimental setting for dorsal stimulation. (c,d)
Bursting local field potential entrainment by dorsal electrical stimulation of a pair of spinal cord slices on the control (c) and nanoladder scaffolds

(d). Dots represent the onset of each burst.

contrast, in a representative trace of the nanoladder group, the
unstimulated slice displayed evoked potential to the stimulation
(red curve in Figure 5d), indicating that the slices had
regenerated axons synapsing with each other and formed active
connections that supported the propagation of electric signals.
In addition, we observed a similar electrical response when the
position of the stimulator was switched from the left slice to the
right one (SI Figure SS), which further confirmed the
functional connection between the pair of the slices.
Collectively, our data support that nanoladder scaffold
facilitates functional connections in injured sliced along a
predefined direction over a distance longer than 1 mm.
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3.5. Neuronal Regeneration on the Nanoladder
Scaffold Is Supported by Directional Growth of Glial
Cells. In the spinal cord tissue cultures, multiple types of cells
are present, including neuron cells and glial cells.**** Glial cells
play a major role in supporting the growth and signal
transduction of axon bundles. Toward understanding the
mechanism behind the interactions between the nanostructures
to the neuronal cells, we explored how glial cells in the
organotypic slice culture can contribute to the formation of
functional connections on the nanoladder scaffolds.

To identify glial cells, we used a specific marker, glial fibrillary
acidic protein (GFAP, Sigma-Aldrich, MO), an intermediate
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Figure 6. Alignment of glial cells helps directional neuronal regeneration on the nanoladder scaffold. GFAP labeled glial cells (a,d), anti-Tau labeled
neurite in the glial cells and embryonic neuron cells coculture (b,e), and merged images (c,f) on the cover glass and nanoladder scaffold, respectively.

filament protein expressed in the glial cell cytoskeleton. We
observed a significant expansion of glial cells on the cover glass
via immunofluorescence staining, shown in SI Figure S6a,b.
The regenerated axon bundle is expected to grow on top of the
glial cell layer and was confirmed by SRS imaging through
tuning the Z position of the focus lens. As shown in the SRS
images in SI Figure S6¢,d, there are two layers of cells
colocalizing. The cells at the bottom layer were at a spherical
shape, which were identified as glial cells, while the elongated
cells at the top layer appeared to be neurons.

The SEM images (SI Figure S7ab) of the culture on the
nanoladders further revealed the directional guidance effect of
the nanoladder scaffolds to glial and neuron cells. Influenced by
the nanoladder, the glial cells attaching to the tip of the
nanoprotrusions exhibited a directional and elongated manner
of growth (SI Figure S7a). The aligned glial cells further guided
the neuronal regeneration along the direction of the nano-
ladders in the organotypic tissue slice cultures (SI Figure S7b).

To confirm the above observations, we studied the
interaction between glial cell and primary neuron cocultured
on the nanoladder scaffold. To prepare the coculture, glial cells
from P3-5 neonatal rat brain were first seeded onto either cover
glass or nanoladder scaffold. Different from the cell cultures
discussed above, we did not coat the substrates with Poly-p-
Lysine for coculture, therefore neurons are expected to grow on
the areas where glial cells are present. After 1 week in culture,
spinal cord neurons were then seeded on top of the existing
glial cell layer. We stained for anti-Tau (red) and GFAP
(green) to identify axons and glial cells, respectively. In the
control group shown in Figure 6a—c, both glial and neuron cells
grew randomly without preferred orientation. On the contrary,
in the nanoladder group, the GFAP positive cells, possibly
astrocytes, were partially oriented by the nanoladder scaffolds
(Figure 6d), which guided the neuron cells on top to follow the
direction of nanoladder. Co-localization of orientation of the
nanoladders, oriented glial cells, and axons was observed in
Figure 6f. Together with the previous observations from the
organotypic tissue slices culture, the coculture system indicates
that the nanoladder scaffolds can guide the directional growth
of the glial cells, which further promotes the regeneration of
neuronal axons.”
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4. DISCUSSION

In this work, we developed a nanoladder scaffold to mimic the
native organization of axon bundles to guide directional neurite
outgrowth and functional reconnection over a distance of 1
mm. We have demonstrated significant neurite directional
elongation in parallel with the nanoladder direction via
culturing embryonic neuron cells on the nanoladder scaffolds.
We further showed morphological and functional reconnec-
tions between a pair of the slices placed over 1 mm by
introducing organotypic spinal cord tissue slices as the injury
model. We also investigated the influence of nanoladder
scaffolds on non-neuronal cells, such as glial cells. Our results
indicate that nanoladder scaffolds enable directional outgrowth
of the glial cells in the organotypic spinal cord slices as well as
the glial and neuron coculture.

We note that various neuron-material interfaces have been
reported. The majority of these platforms can be specified into
two categories: micron-scale”””> and nanoscale structures.”®
Microstructures, such as grooves, pillars, posts, pyramids, and
isotropically etched cavities, in the range of 1 to 200 um were
utilized for directing neural growth.27 Nanostructures, such as
nanotubes, nanopillars, and nanowires, were reported to restore
the native extracellular matrix organizations to facilitate
neuronal regeneration after injuries.28_30 Here, we show for
the first time that directional axonal outgrowth and
regeneration achieved on a single scaffold using segregated
organotypic spinal tissue slices placed over 1 mm apart. Such
distance is relevant to many currently used spinal cord injury
models.”’ The ability to guide directional regeneration in the
millimeter scale promises nanoladder with potential clinical
applications toward spinal cord injury treatment. We attribute
this capability to the unique integration of two structures on
our nanoladder scaffold, which are the micrometer-wide stripes
that guide the growth of neurons and the nanometer-scale
protrusions that promote the formation of neurites.

We also note that nanotubes have been successfully used to
facilitate nerve electric signaling in spinal cord.”” The multiwall
carbon nanotubes were used independently and integrated with
other materials to help stimulate neuronal recovery.” In
particular, Ballerini and co-workers demonstrated the reforma-
tion of neural networks on the nanotube platforms to support
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the reconnection of segregated spinal cord segments.'" The
authors also commented that the conductivity of the materials
can enhance the electrophysiological activities of the injured
tissue and create artificial bridges to restore electrical
connectivity.”” Notably, such connectivity is not cell specific.
More importantly, the use of conductive carbon nanomaterial
matrix may introduce unnecessary spontaneous activities and
electric connections to influence nerve activities, which could
potentially cause major side effects such as chronic pain. The
nonconductivity of our SiO,-based nanoladder scaffold ensures
that all electric connectivity is truly formed by cell-specific
synaptic connections.

Another advantage of SiO, is its biocompatibility. Unlike
silicone, stainless-steel elements, or platinum—iridium electro-
des that are ultimately rejected by the human organism,”* SiO,
has been widely used as drug delivery vehicles in vivo, which
shows high compliance with the cells and tissues.”> With
established surface chemistry, SiO, can be functionalized with
growth factor and extracellular matrix molecules to further
enhance the facilitating effect of the neuronal outgrowth.36
Compared to samples prepared on nontransparent silicon
wafers,”” neurons or tissues can be directly cultured on the
SiO,-based nanoladder substrates for live cell optical imaging.
Such volatility opens up the potential of using the nanoladder
scaffold as a platform to understand cell-nanotopography
interactions.

Finally, our study provides a foundation for developing 3D
nanoladder structure for spinal cord injury repair in vivo. It was
reported that 3D interconnected and addressable nano-
electronic networks can be fabricated from ordered 2D
nanowire nanoelectronic precursors through conventional
lithography.””** Since the current clinical treatment of SCI is
limited by the regeneration of the ordered 3D alignment of
neuronal network to regain functional recoveries, such
nanoladder scaffold can be coupled with other soft materials,
such as hydro§els and polymer materials, to fabricate injectable
3D structures.””~*' Further study along this direction promises
broad applications in clinical spinal cord injury treatment and
brain-computer interface development.

5. CONCLUSIONS

A nanoladder scaffold, composed of parallel aligned micro-
meter-wide stripes and nanoprotrusions on the stripe surface,
was demonstrated for directional outgrowth of neurons.
Embryonic neurons cultured on the surface of the nanoladder
scaffolds established a directional elongated outgrowth. The
averaged neurite length of the nanoladder group is 1.7 times
longer than that of the control group. In total, 79.12% of the
neurites from the neurons cultured on nanoladder scaffolds
were distributed within the angle in the range of —30° to 30°,
toward the orientation of the nanoladder scaffolds. The efficacy
of nanoladder scaffolds in facilitating neuron regeneration was
confirmed by using organotypic spinal cord slices as an ex vivo
injury model. Enhanced morphological and functional
reconnections were obtained for pairs of the spinal cord tissue
slices placed in the distance of 1 to 1.5 mm along the
nanoladder scaffolds. Further imaging studies revealed that
directional growth of glial cells preguided the regeneration
process. In all, the nanoladder scaffold presented in this work
offers a novel platform for studies of neuronal development,
neuro—glial interaction, and has the potential for functional
restoration after spinal cord injury.
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