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Guiding the Patterned Growth of Neuronal Axons and
Dendrites Using Anisotropic Micropillar Scaffolds

Shengying Fan, Lei Qi, Jiawen Li,* Deng Pan, Yiyuan Zhang, Rui Li, Cong Zhang,
Dong Wu, Pakming Lau, Yanlei Hu, Guoqiang Bi,* Weiping Ding,* and Jiaru Chu

The patterning of axonal and dendritic growth is an important topic in neural
tissue engineering and critical for generating directed neuronal networks in
vitro. Evidence shows that artificial micro/nanotopography can better mimic
the environment for neuronal growth in vivo. However, the potential
mechanisms by which neurons interact with true three dimensional (3D)
topographical cues and form directional networks are unclear. Herein, 3D
micropillar scaffolds are designed to guide the growth of neural stem cells and
hippocampal neurons in vitro. Discontinuous and anisotropic micropillars are
fabricated by femtosecond direct laser writing to form patterned scaffolds
with various spacings and heights, which are found to affect the branching
and orientation of axons and dendrites. Interestingly, axons and dendrites
tend to grow on an array of 3D micropillar scaffolds of the same height and
form functionally connected neuronal networks, as reflected by synchronous
neuronal activity visualized by calcium imaging. This method may represent a
promising tool for studying neuron behavior and directed neuronal networks
in a 3D environment.
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1. Introduction

Neurological dysfunction caused by aging,
trauma or neurodegeneration can lead to
severe disability, which is a major concern
in an aging society.[1] The regeneration
and repair of nerve tissue require many
important cells and extracellular compo-
nents, which interact in many ways. As
a scaffold for cell growth, extracellular
substrates can provide signals that affect
cell behavior and facilitate neural function,
although the goal of guiding the directional
growth of cells during development is
a challenge.[2] Such scaffolds are espe-
cially important in guiding the directional
growth and branching of neurons to form
directional neuronal networks between ad-
jacent neurons.[3] Neurons are functional
units of nerve tissue that are responsible
for transmitting information to the sur-
roundings through electrical and chemical
signals. Unlike cells in other tissues,

such as epithelia, myocardial cells, skeletal muscle cells, etc.,
which present with simple shapes, neural tissues exhibit com-
plex three dimensional (3D) topographic features, including a
wide range of morphologies and scales.[4] Neuron shape exhibits
a highly polarized pattern that consists of two types of neurite
extensions from the cell body, namely, dendrites, and axons.

Increasing evidence shows that complex extracellular envi-
ronments, including biochemical signals,[5] extracellular matrix
components,[6] physical parameters (e.g., terrain and stiffness),[7]

and surrounding cell compositions, affect cell morphology, ad-
hesion, proliferation, and differentiation; axon/dendrite orienta-
tion, branching and length; and even the life process of cells.
Among the complex extracellular environments, the influence
of artificial micro- or nanotopographic features on the morphol-
ogy and function of neurons has been widely studied because
such features can better mimic the 3D environment in which
cells grow in the body.[8] Topologies can generally be classi-
fied into continuous topologies and discontinuous topologies
based on different geometric features.[9] The typical morpholo-
gies of continuous topologies include grooved and fibrous sub-
strates, whereas that of discontinuous geometries include peri-
odically or arbitrarily distributed micropillars or microposts.[10,11]

Topologies can be further classified into isotropic and anisotropic
topologies based on the directionality of topographic features.
Isotropic topologies provide cues in random direction axes,
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while anisotropic topologies can guide cell growth in a directed
direction.[12] In addition, anisotropic topographies can support
stronger neurite guidance than isotropic topographies of the
same scale.

Interestingly, discontinuous anisotropic topographies show
strong topography-induced neuron orientation. C. Simitzi et al.
studied the relationship between neurite length and anisotropic
micropillar topography and found that hippocampal neurons
preferred interrupted cues rather than continuous cues for
guidance.[13] Repíc et al. studied the effect of micropillars with
different widths and spacings on the length and number of adult
neonatal dorsal root ganglion (DRG) neurons and proposed
that micropillars induced specific directional growth of DRG
neurites.[9] These previous works focused on 2D micropillar
scaffolds to study the interaction between the number or length
of neurons and the spacing or width of scaffolds. The effect of
scaffold spacing on branches and orientations of neurons has
not been studied systematically. However, directed neuronal
networks depend on controlled axon and dendrite branching
and synapse formation.[14,15] During the development of nerve
cells, the establishment of complex brain circuits requires the
control of the branches and positions of each neuron. Moreover,
cells live in a 3D environment in vivo; therefore, the 3D neuronal
network model provides broad prospects for understanding
the development, function, and disease pathology of the brain.
However, proper development and function of the 3D neuronal
network depends on the interaction of cells and the environ-
ment, and the influence of 3D micropillar scaffolds on guiding
neuronal cell growth has not yet been investigated. Advanced mi-
cro/nanofabrication technologies, including photolithography,
chemical vapor deposition, and nanoimprinting, have been used
for customized microstructures and specific topographies.[16,17]

However, it is still difficult to fabricate 3D micropillar scaffolds
with different heights and submicron resolutions by these
methods.

Femtosecond direct laser writing (fs-DLW) is a promising
method with the advantages of flexibility, high resolution and
true 3D processing, and it has been widely used in the fields
of biological diagnosis, medical components, and 3D vascular
scaffolds.[18,19] Here, we employ fs-DLW to fabricate 3D micropil-
lar scaffolds of various spacings and heights by simply inputting
the computer-aided design 3D model. The 3D scaffolds can be
prepared in a short time without additional processes, which pro-
vides a flexible strategy to fabricate arbitrary 3D extracellular scaf-
folds. Micropillar scaffolds of various heights are first designed to
guide directional growth of axons and dendrites to form neuronal
networks. In addition, two representative cell lines, namely, neu-
rons differentiated by neural stem cells (NSCs) and hippocam-
pal neurons, were selected to reveal the interaction between scaf-
folds and cells. NSCs can produce serial passages, therefore, the
experiments have good stability and repeatability. The guiding ef-
fects of cell scaffolds on neurons are systematically investigated
on predesigned discontinuous, anisotropic, micropillar scaffolds
of various spacings and heights. Moreover, a novel 3D micror-
ing that consists of micropillars with different heights guides
the directional growth of hippocampal neurons to form autapic
neurons for the first time. Finally, the Ca2+ activity of the or-
ganized neuronal network on micropillar scaffolds is synchro-
nized, which verifies that neurons can form normal neuronal

networks. This work has guiding significance for studying the
growth, orientation and branching of neuron cells in a 3D ex-
tracellular environment,[20] which has promising applications in
the field of synaptic signaling, nerve repair and neural tissue
engineering.[21,22]

2. Results and Discussion

2.1. Directional Growth of Neurons Guided by Programmable
One-Step Fabrication of Anisotropic 3D Micropillar Scaffolds

Discontinuous and anisotropic 3D micropillar scaffolds with dif-
ferent spacings and heights are fabricated by one-step fs-DLW,
which is schematically shown in Figure 1a. Anisotropic micropil-
lar scaffolds with the same height and different spacings are fab-
ricated to guide the growth of neurons. The proximal distance of
the micropillar scaffold is 3 µm on one axis (the “proximal axis”),
and the distal distance of the other axis (the “distal axis”) is 3, 6,
9, and 12 µm, with a height of 6 µm and diameter of 1 µm (Fig-
ure 1b–e). In addition, programmable patterned anisotropic 3D
micropillar scaffolds with the same spacing and different heights
are fabricated. The distances of the 3D micropillars on the proxi-
mal axis and the distal axis are the same (3 µm), while the heights
of the micropillars are 2, 4, and 6 µm (Figure 1f). In addition,
micropillars of various heights (3, 6, and 9 µm) are patterned to
form novel 3D microrings (Figure 1g). The inner diameter of the
microring is ≈30 µm, and the outer diameter is ≈82 µm.

To demonstrate the feasibility of substrate–cell interactions,
two representative cells were guided by micropillar scaffolds:
neurons differentiated from NSCs and hippocampal neurons.
Neurons differentiated from NE-4C NSCs have a larger soma size
and wider neurite diameter than primary cultures of hippocam-
pal neurons. Moreover, NSCs can have serial passages; therefore,
the stability and repeatability of the experiment are high.

Micropillar scaffolds with different spacings are designed
to guide axonal and dendritic growth of neurons differenti-
ated from NE-4C NSCs. We found that the neurite orientation
distribution on micropillar scaffolds with a distal distance of
3 µm was arbitrary and did not observe promoting effects of
NSC neurite growth compared with cells growing on a glass
substrate. When the distal distance increases to 6 or 9 µm, most
of the neurites are parallel to the proximal axis when imaged
using scanning electron microscopy (SEM) (Figure 1h,j). Its
neurite length is longer than those on micropillars with a distal
distance of 3 µm. When the distal distance increases to 12 µm,
SEM shows that part of the NSC somas fall directly on the top of
the micropillars and most neurites grow along the proximal axis
of the micropillars (Figure 1i,k). Furthermore, interactions were
observed between the nerve cells and the micropillars, and the
micropillars were tilted under the action of the force (Figure S1,
Supporting Information).

2.2. Neuron Growth Morphology Regulated by Micropillar
Scaffolds with Different Spacings

For NE-4C mouse NSC-differentiated neurons, micropillar scaf-
folds of various spacings affect axon and dendrite branching, ori-
entation and length. In neuronal development, a key mechanism
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Figure 1. Micropillar scaffolds guide the directional growth of neurons. a) Schematic diagram of fabrication. b–e) Scanning electron microscopy (SEM)
of anisotropic micropillar scaffolds and scaffolds with proximal distances of 3 µm and distal distances of 3, 6, 9, and 12 µm. Micropillars with a height
of 6 µm and diameter of 1 µm. e) Distal distance (S) of the micropillar refers to the distance between two distal axes. f) SEM image of 3D micropillar
scaffolds with different heights. Micropillars with a spacing of 3 µm and heights of 2, 4, and 6 µm. g) Micropillars with heights of 3, 6, and 9 µm. The
micropillars are patterned to form 3D microrings with an inner diameter of 30 µm and an outer diameter of 82 µm. h,i) Schematic diagram of cell growth
on anisotropic micropillar scaffolds. The proximal distance of the scaffolds was 3 µm, and the distal distances of the scaffolds were 6 and 12 µm. j,k)
SEM images of NE-4C mouse neural stem cells (NSCs) cultured for 4 days in vitro (DIV) on anisotropic micropillar scaffolds. j) Micropillar scaffolds
with a distal distance of 6 µm guide neurite growth. k) Micropillar scaffolds with a distal distance of 12 µm guide neurite growth. Scale = 4 µm.

is the ability of the motor growth cones at the tip of the growing
process to measure environmental cues and use them to grow
accordingly. Using the micropillar scaffold as an environmental
signal, we think that the growth cone can couple the intracellular
movement signal to the fixed extracellular scaffold via cell sur-

face adhesion receptors and then move forward in a directional
direction. By observing the movement direction of the growth
cone, the influence of micropillar scaffolds with different spac-
ings on the branching, orientation and length of neuron neurites
differentiated by NSCs was studied. Figure 2a shows a schematic
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Figure 2. Neuron growth morphology is regulated by micropillar scaffolds with different spacings. a) Schematic diagrams of NSCs with pseudounipolar,
bipolar, and multipolar morphologies. b–f) Left three panels: phase contrast graphs show the NSC growth morphology at 3 DIV; right panel: pie charts
show the percentage of neurite branches on glass substrates and micropillar scaffolds with spacings of 3, 6, 9, and 12 µm (n = 100, 134, 100, 87, and 97
cells correspond to glass substrates and micropillar spacings of 3, 6, 9, and 12 µm, respectively, with nine separate cultures). g) Schematic diagram of
micropillar spacing (S) and growth orientation (𝜃). The orientation of neurites is represented by the orientation angle distribution. The orientation angle
𝜃 of each neurite is measured as the angle between the neurite vector and the proximal axis of the image plane. h–k) Wind rose diagrams illustrate the
relative frequency distribution in the orientation of neurites (n = 134, 100, 87, and 97 cells correspond to spacings 3, 6, 9, and 12 µm, respectively, with
nine separate cultures). The number of cells near a specific angle value is expressed as a percentage of cells. The Origin software package was used for
the statistical analysis. Scale = 20 µm.

of NSC-differentiated neurons with pseudounipolar, bipolar, and
multipolar morphologies. Phase contrast images and pie charts
show the relative frequency distribution of the number of neu-
rite branches (Figure 2b–f). The growth orientation of neurites at
distal distances of 3, 6, 9, and 12 µm was quantitatively evaluated.
A schematic diagram of Figure 2g shows the neurite length and
growth orientation. The relative frequency distribution of the ori-
entation of axons and dendrites on micropillar scaffolds with dif-
ferent spacings is shown by wind rose diagrams. The histogram
illustrates the length distribution of neurites on glass substrates
and micropillar scaffolds with different spacings for 1 day and

2 days in vitro (DIV). Here, DIV is short for day in vitro, it referred
to the number of in vitro culture days (see Figure S2, Supporting
Information).

When the distal distance of the micropillar scaffolds is 3 µm,
the proportions of pseudounipolar, bipolar and multipolar neu-
rite branches are 56%, 11%, and 33%, respectively. Compared
with neurite branches on other micropillars, neurites have the
fewest bipolar branches and more multipolar branches. Neurite
orientation is almost evenly distributed from 0° to 180°, and
the percentages of neurite orientation angles near 0° and 180°
are only 15% and 17%, respectively (Figure 2h). The neurite
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length is even shorter than that of neurites on glass substrates.
When the distal distance increases to 6 µm, the proportions of
pseudounipolar, bipolar and multipolar branches on micropillar
scaffolds are 54%, 37%, and 9%, respectively. Compared with
neurites on micropillars with a spacing of 3 µm, the number
of multipolar branches is reduced and the number of bipolar
branches is increased. The orientation angles of neurites at
0° and 180° accounted for 59%; therefore, the neurite growth
direction gradually tended toward consistency (Figure 2i). The
neurite length is slightly longer than that of neurites on the
other substrates. A combination of increasing neurite length
and reducing neurite branching supports a strong guidance
effect and directional growth of neurons on micropillars with a
spacing of 6 µm. When the distal distance increases to 9 µm, the
proportions of pseudounipolar, bipolar and multipolar branches
on micropillar scaffolds are 58%, 35%, and 7%, respectively.
Compared with other substrates, the proportion of multipolar
neurites is the smallest. In the distribution of neurite orienta-
tion, 0° and 180° accounted for 57%. Therefore, the direction
of neurite growth still tends to be consistent (Figure 2j). The
neurite length is longer than that of neurites on glass substrates.
When the distal distance is 12 µm, the proportions of pseu-
dounipolar, bipolar and multipolar branches are 53%, 23%, and
24%, respectively. The number of multipolar branches increased
slightly, but there were still fewer branches than neurites on mi-
cropillar scaffolds with a spacing of 3 µm. Although neurite has
no obvious orientation angle, the orientation is more consistent
than the orientation of neurites on micropillar scaffolds with a
spacing of 3 µm (Figure 2k). The neurite length is slightly longer
than that of neurites on glass substrates.

Neuronal growth is affected by the micropillar scaffold, and the
interactions between micropillars and cells control the branch-
ing, orientation and length of neurons. The interactions between
neurons and micropillars with different spacings indicate that
the strength of the interaction is related to the spacings of the mi-
cropillars. In short, the anisotropic micropillar scaffolds reduce
neurite branching and slightly elongate neurite length. Impor-
tantly, most NSC neurites have a consistent orientation angle,
which is crucial for the formation of neuronal networks.

2.3. Long-Term Directional Growth of Hippocampal Neurons
Guided by Micropillar Scaffolds

Long-term primary culture of isolated neurons has proven
to be a valuable tool for studying neuron development and
function.[23,24] In culture, another representative hippocampal
neuron cell is selected. Hippocampal neurons are typical cells
used to study the effects of biochemical and physical signals
on axon and dendrite growth. Hippocampal neurons were cul-
tured on poly-l-lysine-and laminin-coated micropillar scaffolds
with the same height and various spacings and labeled by im-
munofluorescence markers for axons and dendrites (tau) and so-
mas and dendrites (Map2) at 13 days in vitro (DIV). Map2 was
found in somas and dendrites, but by contrast tau was just en-
riched in axons. When the distal distance was 6 µm, the axons
and dendrites of hippocampal neurons were mostly aligned with
the proximal axis and some axons and dendrites grew along the
top of the micropillars (Figure 3a; Figure S3a, Supporting Infor-

mation). The distance of 6 µm between the micropillars is also the
size of the hippocampal neuron growth cone;[25] therefore, we in-
ferred that axons preferred to interact with micropillars available
within a growth cone-sized range (Video S1, Supporting Informa-
tion). As shown in Figure 3b, hippocampal neurons grew on a flat
glass substrate served as a control group and axons and dendrites
of neurons grew irregularly on a glass substrate.

When the distance between the distal axis of the micropillar
scaffold is 12 µm, some axons and dendrites can also grow
along the top of the micropillars (see Figure S3c, Supporting
Information) and the orientation of most neuronal neurites is
also along the proximal axis (Figure 3c). In micropillar scaffolds,
the distal distance is much larger than the proximal distance;
therefore, neurites may follow the existing contact points to find
the nearest contact point. Therefore, the initial position of the
neuron and the relative position between the neuron and mi-
cropillar scaffold result in neurite patterning, especially neurite
alignment along the proximal axis. Hippocampal neurons grew
in a disordered manner on a glass substrate were used as the
control group (Figure 3d).

In terms of neurons, it is necessary to develop a culture scaf-
fold that can culture primary neurons for a long time to meet po-
tential applications.[26] We further clarified the influence of cul-
ture days on the orientation angle of neuron axons and dendrites
on micropillar scaffolds. Neurons were cultured for 3, 7, 10, and
13 DIV, and the orientation angles of axons and dendrites on mi-
cropillar scaffolds with spacings of 6 and 12 µm were calculated.
At 3 DIV, the growth orientation of hippocampal neurons reached
45% along the proximal axis (0° and 180°) (Figure 3e). At 7 DIV,
the growth orientation of hippocampal neurons increased to 53%
in the proximal axis direction (Figure 3f). After in vitro culture
for 10 days, the ratio parallel to the proximal axis was as high
as 56% (Figure 3g). Even after 13 DIV, neurons grew well and
had almost no apoptosis (Figure 3h). Therefore, discontinuously
anisotropic micropillar scaffolds were treated with reagents, and
the micropillar scaffolds were biocompatible for neuron culture
and supported axon and dendrite growth, which can be observed
as directional growth of axons and dendrites for a long time.

The results indicate that neurons differentiated from NSCs
and hippocampal neurons have the same orientation on mi-
cropillar scaffolds with distal distances of 6 and 12 µm, respec-
tively. Micropillar scaffolds can guide directional growth of neu-
ron axons and dendrites for a long time.

2.4. Directional Growth of Neurons to Form Neuronal Networks
Guided by Patterned Micropillar Scaffolds with Different Heights

While a 2D micropillar scaffold can guide the patterned growth
of neurons, as discussed above, a 3D cell scaffold is closer to an in
vivo environment. The influence of 3D micropillar scaffolds with
different heights on the hippocampal neurite orientation angle
was therefore studied. Here, the heights of 3D micropillar scaf-
folds were 3, 6, and 9 µm and 2, 4, and 6 µm, respectively. Hip-
pocampal neurons grew on micropillars with the same spacing
and various heights at 7 DIV and were stained for immunoflu-
orescence. When the heights of the micropillars were 3, 6, and
9 µm, hippocampal neurites grew directionally along micropil-
lars with the same height (Figure 4a). Axons and dendrites grew
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Figure 3. Long-term directed growth of hippocampal fetal rat neurons is guided by micropillar scaffolds with different spacings. a) Orientation of
neurite growth on poly-l-lysine- and laminin-coated micropillars. Micropillars with a distal distance of 6 µm. From left to right: antibody labeled tau
(red), antibody labeled Map2 (green), and merged panels combining two images, Tau and Map2. b) Glass substrate as a control group. c) Micropillars
with a distal distance of 12 µm. From left to right: antibody labeled tau (red), antibody labeled Map2 (green), and merged panels combining two images,
Tau and Map2. d) Glass substrate as a control group. e–h) Representative fluorescence microscopy images showing micropillars with a distal distance
of 6 µm guide neuron growth at 3, 7, 10, and 13 DIV. From top to bottom: antibody labeled tau (red) and antibody labeled Map2 (green). The wind rose
diagrams illustrate the relative frequency distribution of the orientation of neurites (n = 124, 136, 77, and 90 neurites correspond to 3, 7, 10, and 13 DIV,
respectively, with nine separate cultures). The Origin software package was used for the statistical analysis. Scale = 10 µm.
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Figure 4. Directional growth of neurons is guided by micropillar scaffolds with different heights. a–c) Micropillars with a proximal distance of 3 µm,
distal distance of 3 µm, diameter of 1 µm and heights of 3, 6, and 9 µm. a) Schematic diagram of neuron growth on micropillar scaffolds. b) SEM image
shows that hippocampal neurites were cultured at 7 DIV on 3D micropillar scaffolds. c) Immunofluorescence staining of hippocampal neurons at 7 DIV.
Neurite is stained with tau (red), and Map2 (green), and micropillars are shown in purple. d–f) Neuron growth on 3D micropillar scaffolds with heights
of 2, 4, and 6 µm. d) Schematic diagram of neuron growth on micropillar scaffolds. e) SEM image shows that hippocampal neurites were cultured at 7
DIV on 3D micropillar scaffolds. f) Immunofluorescence staining of hippocampal neurons at 7 DIV. g) Number of neurites grown on glass substrates
and micropillar scaffolds with height differences of 2 and 3 µm. h) Number of neurites growing on micropillar scaffolds with heights of 3, 6, and 9 µm. i)
Number of neurites growing on micropillar scaffolds with heights of 2, 4, and 6 µm. g–i) Number of neurites ± SD in the indicated area, n = 14 samples,
with five separate cultures. Actual measured values are expressed by scattered points, without preprocessing of data. The Origin software package was
used for the statistical analysis, followed by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., no significance. Scale = 10 µm.

along the sidewall of micropillars of the same height, although
that hippocampal neurons fell on the sidewall of the micropillar
(Figure 4b). The 3D immunofluorescence image (Figure 4c) con-
firms that hippocampal neurons are guided by micropillar scaf-
folds to grow directionally. The growth pattern of axons and den-
drites may be closely related to the initial position of the soma
and the relative position between the neurons and micropillars.
A possible reason is the large height difference between micropil-
lars, which will cause the neurite to be aligned at the same height.
Hippocampal neurons were cultured on a glass substrate, which
served as the control group, and the neuronal axons and den-
drites grew in a disordered manner on a glass substrate (see Fig-
ure S4a,b, Supporting Information). The number of neurites on
a glass substrate was significantly lower than that on the mi-
cropillar scaffolds (Figure 4g). The number of neurites growing
on 3D micropillar scaffolds with heights of 3, 6, and 9 µm was
counted (Figure 4h). Significant differences were not observed in
the number of neurites growing on 3D micropillar scaffolds with
different heights, which indicated that the neurites were almost

uniformly distributed and grew directionally on 3D micropillar
scaffolds with a height difference of 3 µm.

When the heights of micropillars were 2, 4, and 6 µm, the
growth directions of axons and dendrites were mainly parallel
to micropillar scaffolds of the same height (Video S2, Supporting
Information). Neurons tended to grow along micropillars with
heights of 4 and 6 µm, and only a few axons and dendrites grew
along micropillars with a height of 2 µm (Figure 4d–f). Neurite
growth on micropillar scaffolds with a height of 2 µm was signif-
icantly different from that on micropillar scaffolds with heights
of 4 and 6 µm (Figure 4i). Neurites grew selectively and direction-
ally on the micropillar scaffold with a height difference of 2 µm
and a minimum height of 2 µm. The selection of neurite growth
was mainly related to the initial position of somas and the height
of micropillar scaffolds. Hippocampal neuron growth on a glass
substrate served as the control group, and axons and dendrites of
neurons grew irregularly on a glass substrate (see Figure S4c,d,
Supporting Information). Moreover, even if the heights of mi-
cropillars were 6, 9, and 12 µm, axons and dendrites tended to
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Figure 5. Directional growth of neurons to form neuronal networks is guided by patterned 3D microring scaffolds with different heights. a–c) Micropillars
with a proximal distance of 3 µm, distal distance of 3 µm, and diameter of 1 µm. The micropillars are patterned to form microrings, the toroid inner
diameter is 30 µm, the outer diameter is 82 µm and the heights are 3, 6, and 9 µm. a) Schematic diagram of neuron growth on microring scaffolds.
b) SEM image shows that neurites were cultured at 7 DIV on microring scaffolds. c) Immunofluorescence staining of hippocampal neurons at 7 DIV.
Neurite stained with tau (red) and Map2 (green), and micropillars are shown in purple. d–f) Neuron growth on 3D microring scaffolds with heights of
2, 4, and 6 µm. d) Schematic diagram of neuron growth on microring scaffolds. e) SEM image shows that neurites were cultured at 7 DIV on microring
scaffolds. f) Immunofluorescence staining of hippocampal neurons at 7 DIV. g) Number of neurites grown on glass substrates and microring scaffolds
with heights differences of 2 and 3 µm. h) Number of neurites growing on microring scaffolds with heights of 3, 6, and 9 µm. i) Number of neurites
growing on microring scaffolds with heights of 2, 4, and 6 µm. g–i) Number of neurites ± SD in the indicated area, n = 14 samples, with five separate
cultures. Actual measured values are expressed by scattered points, without preprocessing of data. The Origin software package was used for the
statistical analysis, followed by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., no significance. Scale = 10 µm.

grow along micropillars with the same height. In particular, mi-
cropillar scaffolds with different heights can guide the growth of
neurons to form autaptic neurons (see Figure S5a, Supporting
Information).

To encourage neurons that form circular neuronal circuits in
a 3D environment, a novel 3D microring scaffold composed of
micropillars of different heights is fabricated to investigate the
effect of micropillar height on the selective growth of hippocam-
pal neurons. We designed linear micropillar scaffolds of various
heights with a constant spacing of 3 µm between the micropil-
lars. The heights of the microrings composed of micropillars are
3, 6, and 9 µm (Figure 5a). Interestingly, the experimental results

for 3D microrings are consistent with the linear micropillar scaf-
folds. Neurites also tend to grow directionally along micropillars
at the same height, and the growth direction of neurites is
related to the initial position of the soma. For example, when
neurons fall on micropillars with a height of 6 µm, they prefer to
grow along micropillars with a height of 6 µm rather than along
micropillars with heights of 3 and 9 µm (Figure 5b). The 3D im-
munofluorescence image (Figure 5c) confirms that hippocampal
neurons are guided by microring scaffolds to grow directionally.
Hippocampal neurons cultured on a glass substrate served
as a control group, and axons and dendrites of neurons grew
irregularly on a glass substrate (see Figure S6a,b, Supporting
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Figure 6. Monitoring neuronal activity in networks by Ca2+ imaging. a–c) Fluo8 labeled hippocampal neurons (13 DIV) on micropillars with a proximal
distance of 3 µm and distal distance of 6 µm. (a,b) Spatial distribution of the Ca2+ activity of hippocampal neurons at different positions. (a) Four neurite
sites are marked with red closed curves in the confocal image. (b) Pseudocolor MIP (maximum intensity projection) image of the fluorescence change
(ΔF/Fmedian) shows the fluorescence intensity change of hippocampal neurons during 1 min, and the bright color region represents the neuronal action
potential that occurred in this period. c) Ca2+ imaging ΔF/F trace of 4 ROIs. d–f) Fluo8-labeled hippocampal neurons (13 DIV) on 3D microrings with a
distance of 3 µm on the proximal axis, a distance of 3 µm on the distal axis, and heights of 2, 4, and 6 µm. (d,e) Spatial distribution of the Ca2+ activity of
neurites at different positions. (d) Four neurite sites are marked with red closed curves in the confocal image. (e) Pseudocolor MIP (maximum intensity
projection) image of the fluorescence change (ΔF/Fmedian) shows the fluorescence intensity change of hippocampal neurons. (f) Ca2+ imaging ΔF/F
trace of 4 ROIs. The Origin software package was used for the statistical analysis. Scale = 10 µm.

Information). Neurite growth on glass substrates was also
significantly less than that on micropillar scaffolds (Figure 5g).
The number of neurites growing on 3D microring scaffolds
with heights of 3, 6, and 9 µm was not significantly different
(Figure 5h). Neurites grow directionally on micropillar scaffolds
with a height difference of 3 µm.

Similarly, 3D microring scaffolds with heights of 2, 4, and 6 µm
were designed to guide the growth of neurites (Figure 5d; Video
S3, Supporting Information). Figure 5e,f shows that most axons
and dendrites can be guided by microrings to form autaptic neu-
rons. Experimental results show that most neurites also grow
along the direction of 3D microrings composed of micropillars
with heights of 4 and 6 µm and directly pass through microrings
with a height of 2 µm. Neurite growth on the microring scaffolds
with a height of 2 µm was significantly less than that on the mi-
croring scaffolds with heights of 4 and 6 µm (Figure 5i). There-
fore, we speculate that neurites are not sensitive to micropillar
scaffolds with a height of 2 µm. More importantly, the ratio of lin-
ear micropillar scaffolds forming autapic neurons was less than
1%, and the ratio of microring scaffolds forming autapic neu-
rons was more than ≈50% (Figure S7, Supporting Information).
Therefore, compared to linear micropillar scaffolds, autapic neu-
rons are more easily formed by microring-guided neurites. Hip-
pocampal neurons cultured on a glass substrate served as a con-
trol group, and axons and dendrites of neurons grew irregularly
on a substrate (Figure S6c,d, Supporting Information).

In summary, when the height difference between the micropil-
lars was 3 µm, neurites mainly grew along patterned micropillar
scaffolds with the same height. When the height difference be-
tween micropillars was 2 µm and the minimum height of the mi-
cropillar was 2 µm, neurites tended to grow along patterned mi-
cropillar scaffolds with heights of 4 and 6 µm, and passed through
micropillars with a height of 2 µm. Therefore, patterned 3D mi-
cropillar scaffolds can guide the directional growth of neurons to
form autapic neurons. In particular, patterned 3D microring scaf-
folds more easily form autapic neurons than linear micropillar
scaffolds, thus providing an experimental method that allows the
quantitative assessment of input and output properties of individ-
ual neurons, both in morphological and functional experiments.

2.5. Monitoring Synaptic Signal Transmission in 3D Directional
Neuronal Networks by Spontaneous Ca2+ Activity

Functional Ca2+ imaging is widely used to monitor nerve cell ac-
tivity in vitro and in vivo.[27] Synaptic signal transmission is mon-
itored on micropillar scaffolds with a distal distance of 6 µm and
proximal distance of 3 µm (Video S4, Supporting Information).
In the confocal image of the neuronal network, spontaneous
changes in Ca2+ at 4 neurite sites were measured (Figure 6a). The
pseudocolor (maximum intensity projection (MIP) image of the
fluorescence change (ΔF/Fmedian) indicates the change in calcium
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concentration in hippocampal neurons (Figure 6b). By analyz-
ing the spontaneous Ca2+ activity of hippocampal neuronal axons
and dendrites, the Ca2+ fluorescence intensity at sites 1 to 4 on
the micropillars was almost the same in the first 2 s in Figure 6c,
which shows strong connectivity between the neurons showing
synchronized firing. This finding indicates that a burst of activity
occurs between neuronal networks guided by micropillars caused
by synaptic transmission. However, in the last 1 s of recording,
the spontaneous Ca2+ fluorescence intensity peaks of hippocam-
pal neurons only occurred at sites 1 and 2 (Figure 6c). The dif-
ferent firing patterns of neurons may reflect different synaptic
connections between discordant neurons.

Synaptic signal transmission is monitored on 3D microring
scaffolds composed of micropillars with a spacing of 3 µm
and heights of 2, 4, and 6 µm (Video S5, Supporting Informa-
tion). The spontaneous changes in Ca2+ at four neurite sites in
the formed network were measured by confocal imaging (Fig-
ure 6d). The pseudocolor MIP image of the fluorescence change
(ΔF/Fmedian) indicates the activity of hippocampal neurons (Fig-
ure 6e). We found that the change in Ca2+ fluorescence inten-
sity at sites 1 to 4 on the micropillars was similar, thus indicat-
ing strong connections between microring-guided neurons (Fig-
ure 6f). In addition, experiments also showed that the change of
Ca2+ fluorescence intensity at sites 1 to 4 on the microrings was
similar, the action potentials were emitted synchronously; there-
fore, neuron cells formed functional neuronal networks (Figure
S8, Supporting Information).

Based on the analysis of spontaneous Ca2+ activity of neurons,
a burst of activity occurs between neuronal networks under the
guidance of micropillars, which proves that the burst of activity
between neurons is caused by synaptic transmission. In short,
micropillars of various spacings and heights can guide neurite di-
rectional growth, thus increasing the likelihood of synaptic con-
nectivity between neurons. The above results demonstrate that
our method is useful for a neuronal network analysis platform.

3. Conclusions

In summary, using one-step fs-DLW, we successfully fabricated
discontinuous, anisotropic micropillar scaffolds with different
spacings and heights. These scaffolds have a guiding effect on
NE-4C mouse NSC differentiated neurons and hippocampal neu-
rons for a long time. Micropillar scaffolds of various spacings
reduce neurite branching, and most of the axons and dendrites
have an orientation angle parallel to the proximal axis. Further-
more, 3D micropillar scaffolds with different heights are used to
guide the growth patterns of axons and dendrites to form neu-
ronal circuits. More importantly, neurites guided by a microring
scaffold more easily form autaptic neurons than linear micropil-
lar scaffolds. Calcium imaging shows that there are synchronized
firing patterns and strong connectivity between neurons guided
by 3D micropillar scaffolds, which is of great significance to the
study of mechanical transduction pathways and neuronal net-
works in neuronal synaptic connections. This method can guide
the directional growth of neurons to form neuronal networks,
which has wide applications, including synaptic signaling, nerve
repair, and neural tissue engineering. It is especially suitable for
studying the behavior of cells in a 3D environment, such as the

orientation and branching of neurons, both of which are impor-
tant aspects to be considered in future research.

4. Experimental Section
Substrate Preparation: A regenerative amplified Ti:sapphire femtosec-

ond laser system (Legend Elite-1K-HE, Coherent, USA) with a 75 fs
pulse width, 80 MHz repetition rate and 800 nm central wavelength was
employed to fabricate micropillar scaffolds using SZ2080 photoresist.[28]

First, the photoresist was dropped on a coverslip, and then subjected to a
baking treatment at 100 °C for 1 h to remove the solvent. Then, micropil-
lars on glass substrates were manufactured by focusing the femtosecond
laser beam through a 60× oil-immersion objective lens (Olympus, numer-
ical aperture (NA) 1.35) for two-photon polymerization into the photore-
sist. Fs-DLW technology can flexibly fabricate 3D micropillar scaffolds of
various spacings and heights. A single micropillar was polymerized on a
glass surface with a laser power of 9 mW.

After fabrication, the unexposed region of the photoresist was dissolved
by washing the glass coverslips with 1-propanol solution development,
and then the cover glass was washed with Dulbecco’s phosphate-buffered
saline (DPBS). For the cell experiments, the patterned samples were ster-
ilized by immersion in 75% ethanol followed by UV light irradiation for
30 min. Since poly-l-lysine can facilitate cell adhesion to solid surfaces,[29]

these micropillars were coated with poly-l-lysine (20 µg mL−1, Sigma-
Aldrich) overnight at 4 °C, followed by washing twice with DPBS. Finally,
because laminin was the main substrate for axon growth in vivo and in
vitro,[30] the micropillars were coated with a solution of laminin (20 µg
mL−1, Sigma-Aldrich) at 4 °C for 12 h and washed with DPBS before cell
seeding.[31]

Cell Cultures: The NE-4C mouse NSC line was derived from the vesi-
cles of 9-day p53-function gene knockout mouse embryos (NE-4C mouse
NSCs were kindly provided by Stem Cell Bank, Chinese Academy of Sci-
ences). To increase the proportion of neurons differentiated from NSCs,
the effects of different concentrations of fetal bovine serum and differ-
ent types of coated proteins on cell proliferation and differentiation were
tested. Finally, NE-4C NSC lines were maintained on poly-l-lysine- and
laminin-coated dishes in minimum essential medium (MEM; Invitrogen)
supplemented with 1% fetal bovine serum (FBS; Gibco), 1% Glutamax (In-
vitrogen), 1% nonessential amino acids, 100× (Invitrogen), 20 ng mL−1

NGF (nerve growth factor),[32] 100 U mL−1 penicillin, and 100 µg mL−1

streptomycin.[33] Differentiation medium was replaced every 2 days, and
NE-4C mouse NSCs were differentiated into neurons and astrocytes in dif-
ferentiation medium.[34]

Preparation of low density dissociated embryonic rat hippocampal neu-
rons followed a previous protocol.[35] In brief, hippocampi of embryonic
day-18 embryos (without distinguishing sex differences) from pregnant
Sprague-Dawley rats (CD (SD) IGS, Beijing Vital River Laboratory Animal
Technology Co. Ltd., Beijing, China) were dissected and treated with 0.25%
trypsin (Sigma-Aldrich) for 15 min at 37 °C. DMEM (Biowhittaker) supple-
mented with 10% F12 (Biowhittaker), 10% heat-inactivated fetal bovine
serum (Thermo Fisher) and 1× B27 (Thermo Fisher) was used as the
culture medium. The dissociated cells were seeded on poly-l-lysine- and
laminin-coated micropillar substrates on Φ18 mm coverslips (Assistent)
in 35 mm petri dishes at a density of 30 000–50 000 cells mL−1 and main-
tained in incubators at 37 °C in 5% CO2. Culture medium (1.5 mL) was
added to each dish. Twenty-four hours after seeding, half of the medium
was replaced with serum-free NeuroBasal (NB) medium (Thermo Fisher)
supplemented with 1× Glutamax (Thermo Fisher) and 1× B27 (Thermo
Fisher), and then half of the medium was replaced with fresh serum-free
NB culture medium every 3 days. Cytosine arabinoside (Sigma-Aldrich)
was added to the culture for 3 days in vitro (final concentration, 2× 10−6 m)
to prevent overgrowth of glial cells. All experiments were performed on
neurons at 2–13 DIV and repeated on 2 or more separate cultures unless
otherwise specified. All animal experiments were approved by the Animal
Experiments Committee at the University of Science and Technology of
China (USTCACUC152101034).
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Biological Testing: For immunofluorescence staining, neurons were
fixed for 20 min with cold 4% paraformaldehyde in PBS (0.01 mol L−1

phosphate buffer solution, pH = 7.4) in an imaging chamber, washed with
PBS and permeabilized with Triton X-100 (0.2% Triton X-100 in PBS). Fixed
and permeabilized neurons were blocked in 3% BSA in PBS for 1 h and pri-
mary antibodies were applied in 3% BSA in PBS overnight at 4 °C. Samples
were washed with PBS and then incubated with secondary antibodies in
3% BSA for 45 min at room temperature. The following primary antibod-
ies were used: guinea pig anti-tau (1:1000; SYSY 314004) and mouse anti-
map2 (1:500; Sigma-Aldrich M4403). Labeled secondary antibodies were
raised in donkey against the appropriate species and conjugated to Alexa
488 (1:400; Jackson lab 706-545-148) or Alexa 640 dyes (1:800; Jackson lab
715-605-151).[36] Stained cells were visualized under a fluorescence micro-
scope (Olympus IX-81-ZDC, Japan) equipped with a 100× oil objective lens
(Olympus Plan Apo 100× NA 1.45) and an ANDOR iXon DU-897D-500
camera. Images were taken using Andor iQ2 software (Andor Oxford in-
struments). All 3D immunofluorescence images were drawn using Imaris
software.

SEM images of NE-4C mouse NSCs were derived from samples cul-
tured in vitro for 5 days after differentiation induction. The SEM images
of hippocampal neurons were cultured for 7 DIV to 13 DIV. These sam-
ples were washed with DPBS and then fixed with 4% paraformaldehyde in
DPBS at 4 °C for 20 min. Progressive and gradual dehydration steps were
carried out by rinsing the samples with increasing ethanol solutions (0%,
5%, 10%, 20%, 30%, 50%, 70%, 90%, 95%, and 100% in deionized water).
The samples were then dried under supercritical conditions and sputtered
with gold before SEM investigation.

Statistical Analysis: To measure the influence of the spacings between
micropillars on axons and dendrites, the neurite orientation angle, length
and branch of NE-4C cells were calculated by ImageJ and Origin software.
In particular, the direction of the axons and dendrites was measured as
the angle (0–180°) consisting of neurites and axes parallel to the proxi-
mal axis. The lengths of axons and dendrites were measured by manually
tracking axons and dendrites from soma to neurite terminal using ImageJ
plug-in “Neuron J.”[37] To demonstrate the universality and biocompatibil-
ity of materials and structures, immunofluorescence staining was used to
observe the effect of in vitro culture time on the neurite orientation angle.
The orientation angle of each neurite was measured as the angle between
the neurite vector and proximal axis of the image plane. The number of
cells near a specific angle value was expressed as a percentage of cells.

Quantitative analysis was performed by manually outlining the contour
of every identifiable cell using ImageJ software. All statistical analyses were
performed using Origin software with a sample size of n ≥ 3. All results
are expressed as the mean ± standard deviation (SD). Statistical analyses
were performed via the one-way ANOVA for different groups. Statistical
significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

Recording of Ca2+ Activity: The spontaneous activity of neuronal net-
works on micropillar scaffolds was investigated by functional Ca2+ imag-
ing. Such images have been widely used to monitor neuronal activity both
in vitro and in vivo. Ca2+ influx was generated by neuronal action poten-
tials; therefore, Ca2+ indicators can be used to monitor the neuronal ac-
tivity. At 13 days of in vitro culture, the cell culture was incubated in a
mixed solution of Fluo-8 (TefLabs) and F127 (Invitrogen P6867) at 37 °C
for 15 min in an external cellular solution (ECS) containing (in mm) 150
NaCl, 3 KCl, 3 CaCl2, 2 MgCl2, 10 HEPES, and 5 d-glucose and then washed
with ECS twice.[34] The substrate was then removed from the incubator
and placed on a microscope stage for imaging. For each experiment, the
calcium imaging area was recorded through its original coordinate in the
Andor Revolution xD 99S106 LE Flat Top stage, and then image stacks
(512 × 512 pixels, 0.267 or 0.16 µm per pixel) were collected. All images
were obtained in culture external medium with 20× 10−6 m bicuculline me-
thiodode (Tocris 2503) at room temperature at a rate of ≈33 frames per
second (Δt = 30 ms). Spontaneous cellular activity was typically recorded
for 1 min, and data were analyzed by ImageJ and Origin software.

Live Ca2+ imaging stacks were filtered with a 𝜎 = (0, 0, 2) Gaussian func-
tion to reduce the noise in the z-axis. To minimize the effect from calcium
imaging fluctuation to the fluorescent baseline, the median fluorescent
intensity was chosen as F0 and then calculated the ΔF/F of every pixel in

the imaging stack to generate a new stack that represented the ΔF/F of
the original stack. Then, the maximum and the minimum intensity projec-
tion was performed to the ΔF/F stack and the two projection images to
create a new image named the MIP image were summarized. To further
quantify the observations of Ca2+ activity, the spatial distribution of ΔF/F
of neurons in the micropillar samples was analyzed. F0 was the average
fluorescence intensity of the selected region from an initial baseline pe-
riod without activity, F was the fluorescence value of the selected region,
and ΔF was the change in the fluorescence intensity (ΔF = F–F0).[38] In
the neuronal network formed by neurons grown on micropillar scaffolds
with various spacings and heights, the spontaneous Ca2+ activity of four
representative sites was recorded.

Live Cell Imaging: Hippocampal neurons were imaged using a Leica
DMi8 Auto microscope through a 20× lens at 2–5 DIV in NeuroBasal
medium (Thermo Fisher) supplemented with 1× Glutamax (Thermo
Fisher) and 1× B27 (Thermo Fisher) under 5% CO2, and 37 °C conditions.
Over 4–10 h, a phase contrast image was captured every 5 or 10 min.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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