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ABSTRACT: Investigation of neural growth and connection is
crucial in the field of neural tissue engineering. Here, using a
femtosecond laser direct writing (fs-DLW) technique, we propose
a directionally aligned porous microtube array as a culture system
for accelerating the growth of neurons and directing the
connection of neurites. These microtubes exhibited an unprece-
dented guidance effect toward the outgrowth of primary
embryonic rat hippocampal neurons, with a wrap resembling the
myelin sheaths of neurons. The speed of neurite growth inside
these microtubes was significantly faster than that outside these
microtubes. We also achieved selective/directing connection of
neural networks inside the magnetic microtubes via precise
microtube delivery to a gap between two neural clusters. This
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work not only proposes a powerful microtube platform for accelerated growth of neurons but also offers a new idea for constructing
biological neural circuits by arranging the size, location, and pattern of microtubes.

KEYWORDS: femtosecond laser writing, porous microtubes, coaxial constraints, neurite growth, neuronal connections

Investigation of neural growth and connection is crucial in
the field of tissue engineering."”” By accelerating the growth
of neurons and directing the connection of neurites in vitro,
rapidly reconstructed neural circuits can be effectively used to
study neural repair, neural therapeutics, and even neuro-
degenerative disease and brain cognition mechanisms.”~> To
engineer the growth and connectivity of neurons in vitro,
neurite chemical guidance has been proposed. Kam et al.
demonstrated that polylysine-conjugated laminin, a highly
selective protein, can effectively provide chemical guidance for
axonal growth.6 Meanwhile, a variety of neurite physical
guidance approaches have also been proposed.” ' For
example, Kim et al. reported a neuron-loaded microgroove
for directing the growth direction of neurites and selective
connection of neural networks.'' However, in vivo conditions
are three-dimensional (3D) by nature, and many axons are
ensheathed in glial cell membranes (myelin)."* The above cell
culture cases were all on open surfaces and could not fully
show normal cell growth, proliferation, and differentiation
functions.

Recently, tremendous efforts have also been made to
develop nerve conduits with polymers and graphene oxide
(GO) to guide neural growth."”™'® These studies show that
nerve guidance conduits (NGCs) can offer a potentially
interesting platform for promoting the regeneration of neurites
and constructing biological neural networks. However, the size
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of the reported NGCs is far larger than the diameter of the
neurites (usually hundreds of microns or even millimeters),
and they hardly guide the growth of axons and dendrites of a
single neuron. In this instance, Froeter et al. presented a
neuron cell culturing platform consisting of arrays of ordered
microtubes that can guide accelerated growth of neuronal
axons.'” Cangellaris et al. proposed a substrate constructed of
arrays of strain-induced self-rolled-up membrane 3D archi-
tectures to guide hippocampal neurons to form neural
However, the above-mentioned microtube prepara-
tion adopts the traditional strain-induced self-rolled-up
method, which has a complicated preparation process and
poor 3D forming ability. Femtosecond laser direct writing (fs-
DLW) technology has the advantages of simplicity, true 3D,
high resolution, and flexibility in micro/nanofabrication and
has already been adopted by many pioneers to build simple
scaffolds to support cell growth”" or to develop controlled 3D
cellular networks.”> However, it has not been used to fabricate
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Figure 1. Design and fabrication of porous microtubes for accelerated growth of neurites and directed neuronal connections. (a) A porous
microtube mimicking the axonal myelin sheath and computer-aided design of microtubes. (b) Schematic fabrication process of microtubes,
femtosecond direct laser writing (fs-DLW), and deposition of nickel (Ni, for magnetic properties)/titanium (Ti, for biocompatibility) on

microtubes.

microtube structures for guided neurite growth and con-
nection.

In this study, we fabricated porous microtubes using an fs-
DLW method and achieved accelerating growth of neurites
and guided directing connection of neurons. We exploited the
growth of neuronal neurites in differently sized microtubes,
evaluated the speed of neurite growth/extension at different
locations of microtubes, and finally uncovered the relationship
between neurite growth velocity and porous microtube
parameters, including inner diameter, wall thickness, and
tube length. The size of NGCs is close to the myelin sheath,
accelerating the speed of nerve regeneration and shortening
the recovery time of nerve injury. In addition, to demonstrate
the ability of the microtubes to selectively connect nerve
clusters to form specific neural networks, the movement of
magnetic-coated microtubes to a designated position is
controlled by a permanent magnet to guide the directional
growth of axons and dendrites of neurons. The controllable
array direction of NGCs ensures the expected directional
conduction in a specific neural circuit, which is an
indispensable process for the development of the nervous
system.

Design and fabrication of porous microtubes for accelerated
growth of neurites and directed neuronal connections. To provide
3D scaffolds that guide and confine individual axons or
dendrites, we are inspired by axonal myelin sheaths to design
microtubes (Figure 1a). The size of microtubes is precisely
controlled within a range slightly larger than typical axons (2—
3 pm) in diameter because small microtubes hardly ensure
inner-tubular growth of neurites, while oversized microtubes
tend to include multiple axons or even neural somas.” Here,
we design and fabricate microtubes with different sizes to guide
the accelerated growth and directed connection of neurites.
Figures 1b and S1 show the porous microtubes we fabricated
with fs-DLW (the laser scanning step was 200 nm in all
directions, the exposure time was 1000 ys, and the exposure
power was 10 mW). To endow the microtubes with magnetic
properties and biocompatibility, 100 nm Ni and 40 nm Ti thin
films were deposited on the fabricated microtubes (the
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deposited elements were characterized in Figure S2; the two
films tightly stuck to the microtubes even after being immersed
in the medium for 13 days). Thus, magnetic microtubes can be
moved to specific locations with a permanent magnet (Figure
S3; Videos S1, S2, and S3).

For the microtubes, there are walls with a height of 10 ym at
both ends to prevent neurites from passing above the
microtubes or the gaps between the microtubes as much as
possible. Here, we design and fabricate microtubes with inner
diameters of 4, 6, and 8 um, wall thicknesses of 0.5, 0.75, and 1
um, and lengths of 85, 120, and 155 um (Figure S4). In
addition, pores with a diameter of 1 ym and a spacing of 4 ym
are designed on the walls of the microtubes to facilitate the
transport of substances for the growth of neurites.”””*
Compared with microfluidic chambers, the microtube we
designed is a true 3D round one, the microtube is separable
from the substrate and movable after magnetic sputtering, and
the wall of the microtube is porous for nutrition exchange.

Accelerated growth of neurites by microtubes: effect of microtube
inner diameter. To obtain the microtube size that is most
effective for neural guidance and growth, the effects of
microtube inner diameter, wall thickness, and length on
neurite growth are systematically studied. Dynamic neural
growth within the microtubes is adopted using live-cell
recording. Figure 2a shows a typical neurite outgrowth in a
porous microtube array of live-cell recordings (also see Video
S4; the time and location of the neurites in the microtubes
were determined according to the corresponding videos). To
demonstrate the general guidance effects of the microtube
structure similar to the myelin sheath (Figure 2b), the average
growth velocities of hippocampal neurites are schematically
studied on the planar glass substrate (location 1) near the
microtube entrance, at the microtube entrance (location 2), in
the microtube (location 3), at the microtube exit (location 4),
and on the planar glass substrate (location 5) near the
microtube exit.

A growing axon has a highly mobile structure at its front end,
called a growth cone, which detects signals from the
extracellular environment to guide its growth direction. The
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Figure 2. Accelerated growth of neurites by microtubes: effect of microtube inner diameter. (a) Time-lapse phase contrast images of a living
hippocampal neuron showing neurite pathfinding through a microtube. Each frame, from top to bottom, represents the growth cone location
(green arrows) at time points (from top to bottom): 4 h 20 min on a planar glass substrate; 6 h S0 min at a microtube inlet; 8 h 10 min inside a
microtube; 9 h 30 min at a microtube outlet; 11 h 10 min back on a planar glass substrate. Original Video S4 of the living cell recording is included
in the Supporting Information. (b) Schematic of the neurite growth velocity of a single neuron in the presence of a microtube: on the planar glass
substrate (1) near the microtube entrance, at the microtube entrance (2), in the microtube (3), at the microtube exit (4), and on the planar glass
substrate (S) near the microtube exit. (c) SEM images show that hippocampal neurites are cultured at 6 days in vitro (DIV) in microtubes with
inner diameters of 4 ym (c-1), 6 um (c-2), and 8 ym (c-3). (d) Relative growth velocity (#m/min) is calculated at 25 ym intervals from the living
cell recording and the velocities of five locations (the gray dotted line is fitted by the sine function of Origin’s nonlinear curve fitting method). (n =
15 samples and three separate cultures each.) The Origin software package was used for the statistical analysis. Here, the microtubes have a wall
thickness of 0.75 ym and a length of 50 ym. Scale = 10 pm.

growth cones activate some receptors, such as Yes-associated cone arrived at the exit of the microtubes and then grew back
protein (YAP),”® focal adhesion kinase (FAK),”® and integrin- onto the flat substrates (locations 4 and S). Here, the rates of
linked kinase (ILK)*’ to recognize guiding factors and convert the extension/growth acceleration of neurites in the micro-
signals into chemotaxis reactions. It is generally believed that tubes with 4, 6, and 8 ym were approximately 2.78, 11.11, and
when the growth cone detects the targeting factor, the receptor 3.56 um/h% respectively. Axonal outgrowth and pathfinding
will activate a variety of signaling molecules in the growth are mainly controlled by dynamic microtube/F-actin inter-
cones and ultimately affect the growth velocity of the neurons actions and corresponding filopodia dynamics in response to
(Figure $5).”® At 4 h 20 min, the axonal growth cone explored substrate cues.”’
the growth paths on the flat glass substrate (Figure 2a, location Hippocampal neurites were cultured for 3 days in vitro
1). At 6 h 50 min and 8 h 10 min, the growth cone contacted (DIV) in microtubes with different inner diameters under a
the entrance and subsequently extended into the microtubes wall thickness of 0.75 ym and a length of 50 ym (Figures 2c
(locations 2 and 3). At 9 h 30 min and 11 h 10 min, the growth and S6). The images show that most of the neurites grow from
8993 https://doi.org/10.1021/acs.nanolett.2c03232
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Figure 3. Accelerated growth of neurites by microtubes: effect of microtube wall thickness. (a) SEM images show microtubes with different wall
thicknesses; the wall thicknesses are 0.5, 0.7, and 1 ym. (b) Relative growth velocity (ym/min) is calculated at five locations of microtubes with
different wall thicknesses. (c) Relative growth velocity is calculated at glass and microtube nozzles and inside microtubes. (d) Relative speed of
neurite growth within microtubes with different wall thicknesses at different locations was calculated. Position 1/5 denotes the average velocity of
neurites on glass substrates on both sides of the microtubes. Position 2/3/4 denotes the average velocity of neurites at the microtube entrance, exit,
and inside the microtubes. (e) Relative speed of neurite growth within microtubes with different wall thicknesses was calculated. Positions 1—5
denote the total average velocity of neurites on glass substrates and microtubes. (f) The proportion of neurite growth on microtubes with different
wall thicknesses at 3, 6, and 9 DIV. (n = 15 samples and three separate cultures each). The Origin software package was used for the statistical
analysis, followed by one-way ANOVA (*p < 0.0S, **p < 0.01, ¥**p < 0.001, n.s., no significance). Here, the microtubes have an inner diameter of

6 pm and a length of 50 ym. Scale = S ym.

the microtube inlets into the microtubes. When the inner
diameters are 4, 6, and 8 pum, in different locations of
microtubes, the growth velocity of neurons tends to be
consistent (Figure 2d, gray dotted curves). The speed of
neurite growth in the microtubes was significantly higher than
that at the microtube inlets and outlets and on the glass
substrates (the extension of neurites on the glass substrate in
culture dish, as shown in Figure S7). The major factor for the
rapid growth of neurites in microtubes is the complete radial
confinement of axons and dendrites provided by an
appropriate tubular scaffold.””*" When the branch is limited
by spatial confinement, radially constrained actin polymer-
ization facilitates axial extension of neurites and thus speeds up
the growth of neurites. At the entrance and exit of the
microtubes, because the microtubes have a thick wall, the
neurites need pathfinding to climb and grow, resulting in a
slower growth velocity. In addition, we also found that the
average speed of neurite growth in the microtubes with inner
diameters of 6 um was fastest. The reason is that in the
microtubes with a smaller inner diameter, the neurites have
longer pathfinding times at the entrance of the microtubes,
while in the microtubes with a larger inner diameter, the
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tubular scaffolds provide less radial constraint on axons and
dendrites.

To further confirm that neurites are guided by microtubes to
grow directionally, hippocampal neurons were cultured on
poly-L-lysine-coated microtubes with different inner diameters
and then labeled with two immunofluorescence markers, tau
and MAP2, at 3, 6, and 9 DIV (Figure S8). Surprisingly, neural
circuits can be formed between neurons in different micro-
tubes (synapse formation can also be observed in the
microtubes, as shown in Figures S9 and S10). In addition,
with increasing culture time, the number of neurites in the
microtubes increased. After 9 DIV, the proportion of
microtubes containing neurites ([the number of microtubes
with neurites/the total number of microtubes] X 100%)
reached more than 80% (Figure S11). Furthermore, we also
achieve a more interesting scenario, in which only one axon or
dendrite is allowed to grow in a microtube with an inner
diameter of 2 ym for 3 days (Figure S12 and Video S5).

Accelerated growth of neurites by microtubes: effect of microtube
wall thickness. Benefiting from the high-resolution advantage of
femtosecond laser direct writing, we designed and fabricated
microtubes with different wall thicknesses (the inner diameter
of microtubes is 6 um based on the above-mentioned

https://doi.org/10.1021/acs.nanolett.2c03232
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Figure 4. Accelerated growth of neurites by microtubes: effect of microtube length. (a) Schematic diagram of microtubes with lengths of 85 ym (a-
1), 120 pm (a-2), and 155 um (a-3). (b) Representative fluorescence microscopic images showing neurite growth on polylysine-coated microtubes
with different lengths ((b-1): 85 ym; (b-2): 120 ym; (b-3): 1SS pm) at 3 DIV (antibody labeled tau (red); microtubes (blue); antibody labeled
MAP?2 (green); merged panels combining three images, tau, microtubes, and MAP2). (c) (i) Relative growth velocity (#m/min) calculated from
the living cell recording. (ii) The relative growth velocity is calculated at the glass, microtube nozzles, and inside microtubes. (d) The line chart
shows the neurite growth velocity of microtubes with different lengths in glass, microtube nozzles, and inside microtubes. (e) The proportion of
neurite growth in microtubes with different lengths at 3, 6, and 9 DIV. (n = 15 samples and three separate cultures each). The Origin software
package was used for the statistical analysis, followed by one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, n.s., no significance). Here, the
microtubes have an inner diameter of 6 ym and a wall thickness of 1 ym. Scale = 10 pm.

conclusions because of the accelerated growth of neurites).
Thinner walls easily cause the microtubes to break, whereas
thicker walls are too stiff to affect the neuronal growth
environments. Therefore, it is very important to choose
microtubes with appropriate wall thickness. The microtubes
with wall thicknesses of 0.5, 0.75, and 1 ym were designed and
fabricated for studying neurite outgrowth (Figure 3a; when the
wall thickness was less than 0.5 um, the microtubes easily
collapsed). In the microtube with a wall thickness of 0.5 pm,
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the behaviors of the axonal growth cone (Figure S13, Video
S6) are the same as those in the microtube with wall
thicknesses of 0.75 and 1 ym (Video S7); again, inside the
microtubes, the growth of neurites is accelerated (Figure 3b;
the rates of the growth acceleration of neurites in the
microtubes with 0.5, 0.75, and 1 pum were approximately
11.11, 10.75, and 9.77 um/h? respectively). In contrast to the
microtube with a wall thickness of 1 pm, the speed of neurite
growth inside the microtube with a wall thickness of 0.5 or
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Figure S. Magnetically manipulated microtubes for selective connection of neurons. (a) Fabrication process of an array of neural clusters on a glass
substrate. (i) The PDMS stencil is placed on a glass substrate. (ii) Polylysine is coated for cell attachment. (iii) The primary hippocampal neurons
are seeded on the glass substrate. (iv) The removal of the PDMS stencil from the glass substrate. (b) Schematic of the active neural network
connections between two neural clusters using a magnetic microtube array. (c) An SEM image shows that primary hippocampal neurons are seeded
on the glass substrate attached to a PDMS stencil at 3 DIV. (d) A magnetic microtube array is manipulated to connect two clusters of neurons.
Region 1 is the microtube array ,and region 2 is the area without the microtube array. (e) Representative fluorescence microscopic image shows
that neurites in microtubes grow and connect neural clusters at 6 DIV. Antibody labeled tau (red), microtubes (blue), antibody labeled MAP2
(green), and merged panels combining three images, tau, microtubes and MAP2. (f—h) Monitoring neuronal activity in networks by Ca** imaging
on magnetic microtubes (11 DIV). (f) Fluo-8 labeled hippocampal neurons. (g) A magnified view of neurites within microtubes corresponds to the
square of Figure Sf. (h) Pseudocolor MIP (maximum intensity projection) image of the fluorescence change (AF/F,4.,) shows the fluorescence
intensity change of hippocampal neurons during 10 s, and the bright color region represents the neuronal action potential that occurred in this
period (left), Ca®* imaging AF/F trace of eight positions (right). (c,d) Scale = 300 um. (e) Scale = 15 um. (fh) Scale = 100 ym. (g) Scale = 20 ym.

0.75 um (Figure 3c—e, Figure S14) is higher and reaches adhesion of microtubes). Here, an interesting phenomenon is
approximately 20 ym/h. Compared with the growth velocity of that even if the microtubes are very long, neural circuits can
neurons on glass substrates, the fastest speed of neurites in still be easily formed between neurons (Figure 4b). The results
microtubes with a wall thickness of 0.5 um sometimes show that for the long microtubes, the speed of neurite growth
increased by ~10-fold (Video S8). in the microtubes is far larger than that at the nozzle or on
Generally, the growth speed of neurites in the microtubes is glass (Figure 4c). Furthermore, the longer the microtube
significantly higher than that at the microtube inlets and length is, the longer the acceleration time is (even for 155 ym
outlets and on the glass substrates. In addition, the thinner the microtubes, the scale is still very small, and we speculate that at
wall of the microtubes is, the faster the growth of neurites in the scale, the growth is still accelerating), and the faster the
the microtubes is (Figure 3c). Additionally, the proportion of growth velocity of neurites in the microtubes is. In 85, 120, and
neurites increased with culture time, but the increase in the 155 pm microtubes, the average growth velocities of neurites
thickness caused a decrease in the proportion (Figure S15), reached 23, 32, and 41 um/h (Figure 4d; Videos S9, S10, and
resulting from the increase in the pathfinding time of the S11), respectively, and the rates of the growth acceleration
growth cone (Figure 3f). were approximately 10.63, 11.34, and 11.04 um/h’ respec-
Accelerated growth of neurites by microtubes: effect of microtube tively (the results confirmed the speculation we mentioned
length. Previously, Froeter et al.” showed that a self-rolled-up above). We also summarize the relative speed of neurite
microtube with a length of 50 ym can increase the growth growth within microtubes with different sizes at different

speed of neurites. Here, the lengths of the microtubes are locations (Figures S16—S18).
appropriately increased to 85, 120, and 155 pum (Figure 4a; the Generally, the speed of neurite growth is closely related to
connecting part in the middle of microtubes is to avoid the the diameter of axons and dendrites, the presence or absence
8996 https://doi.org/10.1021/acs.nanolett.2c03232
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of myelin sheaths, temperature, etc.”>*> Myelinated neurites
grow faster than unmyelinated neurites. We think that the
microfabricated porous microtubes act in part as a myelin
sheath, contributing to the enhanced axon and dendrite
guidance by radial constraint and promoting the accelerated
growth of axons and dendrites. With increasing culture time,
the number of neurites in the microtubes increased. However,
after 9 DIV, the proportion of neurites in microtubes with a
length of 155 ym was only 54% (Figure 4e). To explore this
reason, we carefully observed the growth cones and found that
the retraction of growth cones in pathfinding occurred,
especially in long microtubes. Thus, we speculated that the
neuron sensory process possibly works only within a certain
length range because the rates of synthesis and transportation
of certain proteins are limited for neurons themselves. Here,
we also find an interesting phenomenon: when the growth
cone senses an edge, it tends to continue its trajectory across
the edge to sense the next cue (the microtube array) rather
than align with the edge (Video S12). The possible mechanism
for this phenomenon is that by some certain polarization
markers, the growth cones of neurons are sensitive to
topographic cues,'”** and then, the neurites are oriented.”

Magnetically manipulated microtubes for the selective connection
of neurons. The selective connection of neurons ensures the
expected directional conduction in a specific neural circuit,
which is an indispensable process for the development of the
nervous system. Here, we fabricate a magnetically actuated
microtube array that also has the capability for the selective
connection of neurons.

To confirm the ability of the magnetically actuated
microtube array to selectively connect neurons, neural clusters
are isolated, cultured, and attached at predetermined regions
(Figure Sa; an array of S00 ym by 500 ym neural clusters with
a gap of approximately 100 pm is patterned on a glass
substrate), and then, the magnetic microtube array is
manipulated between two adjacent regions with neural clusters
by a permanent magnet (Figure Sb). Figures Sc and S19 show
the neural clusters cultured in the polydimethylsiloxane
(PDMS) stencil on the glass substrate and attached neural
clusters on the glass substrate after removing the PDMS
stencil. Then, the magnetic microtubes are moved to a
designated region to selectively connect the left and right
neural clusters (Figure Sd, Region 1). Since the microtubes are
deposited with very thin layers of Ni and Ti, the neurites are
immunostained and observed (Figure Se). The neurites only
appear in the magnetic microtubes rather than the regions in
the absence of microtubes (Figure Sd, Region 2), indicating
the morphological selective connection of neurons by the
magnetic microtubes (Figure Se). The patch clamp also
confirms the connection of neurons through the microtubes
(Figure S20).

To further confirm the successful functional connection of
neurons, Ca** imaging was used to monitor neuron activity in
adjacent neural cluster regions. Under the confocal micro-
scope, neuron morphologies can be observed (Figure 5fg).
Here, by imaging the spontaneous Ca’* activity of neurons at
both ends of microtubes, we show synchronized firing between
the neuron clusters (Figure Sh). However, there was no
synchronous burst of activity between isolated neuron clusters
without microtube connections (Figure S21). These findings
demonstrate successful synaptic signaling between nerve
clusters that are selectively connected by the magnetic
microtubes we fabricate.
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In this study, we propose porous microtubes for accelerating
the growth of neurites and directing neuronal connections.
The coaxial constraints of microtubes on axons or dendrites
are very similar to myelin sheaths in the nervous system. Using
one-step fs-DLW, we successfully fabricate microtubes with
different inner diameters, wall thicknesses, and lengths. The
microtube arrays provide extremely well-defined guidance and
dramatically increased growth velocity for hippocampal
neurons. Compared with glass substrates and other sizes of
microtubes, microtubes with an inner diameter of 6 ym, a wall
thickness of 1 um, and a length of 155 um show the fastest
growth velocity in terms of accelerating the growth of neurites.
Furthermore, we successfully achieved the in vitro selective/
directive connections of neural clusters using a magnetic
microtube array. The microtubes proposed here may enable us
to rapidly replicate complex biological neural networks,
providing a powerful platform for the development of
therapeutic interventions and the understanding of neural
networks.
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Video S1. The magnetic microtubes passing through a
designed “N” shaped pattern. Scale = 100 ym (MP4)
Video S2. The magnetic microtubes passing through a
designed “L” shaped pattern. Scale = 100 ym (MP4)
Video S3. The magnetic microtubes passing through a
designed square pattern. Scale = 100 ym (MP4)

Video S4. Porous 3D microtubes with a wall thickness of
0.75 pm and an inner diameter of 6 ym guide neurite
growth. Scale = 10 ym (MP4)

Video SS. Porous 3D microtubes with a wall thickness of
0.5 pm and an inner diameter of 2 ym guide neurite
growth. Scale = 10 um (MP4)

Video S6. Porous 3D microtubes with a wall thickness of
0.75 pym and an inner diameter of 6 ym guide neurite
growth. Scale = 10 um (MP4)

Video S7. Porous 3D microtubes with a wall thickness of
1 ym and an inner diameter of 6 ym guide neurite
growth. Scale = 10 ym (MP4)

Video S8. Porous 3D microtubes with a wall thickness of
0.5 ym and an inner diameter of 6 ym guide neurite
growth. Scale = 10 yum (MP4)

Video S9. Porous 3D microtubes with a wall thickness of
1 pm, a length of 85 ym, and an inner diameter of 6 ym
guide neurite growth. Scale = 15 ym (MP4)

Video S10. Porous 3D microtubes with a wall thickness
of 1 pm, a length of 120 ym, and an inner diameter of 6
pm guide neurite growth. Scale = 15 ym (MP4)

Video S11. Porous 3D microtubes with a wall thickness
of 1 pm, a length of 155 pm, and an inner diameter of 6
um guide neurite growth. Scale = 20 ym (MP4)

Video S12. Porous 3D two-stage microtubes with a wall
thickness of 0.5 pm, a length of 85 ym, and an inner
diameter of 6 ym guide neurite growth. Scale = 10 ym
(MP4)

Supporting Information for “Accelerating Neurite
Growth and Directing Neuronal Connections Con-
strained by 3D Porous Microtubes” (PDF)
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