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Abstract
Among approaches aiming toward functional nervous system restoration, those implementing
microfabrication techniques allow the manufacture of platforms with distinct geometry where
neurons can develop and be guided to form patterned connections in vitro. The interplay
between neuronal development and the microenvironment, shaped by the physical limitations,
remains largely unknown. Therefore, it is crucial to have an efficient way to quantify neuronal
morphological changes induced by physical or contact guidance of the microenvironment. In
this study, we first devise and assess a method to prepare anisotropic, gradient
poly(dimethylsiloxane) micro-ridge/groove arrays featuring variable local pattern width. We
then demonstrate the ability of this single substrate to simultaneously profile the morphologcial
and synaptic connectivity changes of primary cultured hippocampal neurons reacting to variable
physical conditons, throughout neurodevelopment, in vitro. The gradient microtopography
enhanced adhesion within microgrooves, increasing soma density with decreasing pattern
width. Decreasing pattern width also reduced dendritic arborization and increased preferential
axon growth. Finally, decreasing pattern geometry inhibited presynaptic puncta architecture.
Collectively, a method to examine structural development and connectivity in response to
physical stimuli is established, and potentially provides insight into microfabricated geometries
which promote neural regeneration and repair.

Supplementary material for this article is available online
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1. Introduction

To gain insight into neuronal regeneration and repair processes
at a cellular level, simpler culture platforms are required to
reduce the cellular network complexitywhilemaintaining sim-
ilarity to the physiological condition. Methods for enhancing
neural circuit formation have been investigated in vitro [1],
from micromachining [2–5] to self-assembly [6, 7]. Regen-
eration models of peripheral axonal injury have been stud-
ied via microfluidic devices [8, 9], and implantable polymeric
scaffolds [10–12]; however, there remains a lack of optimal
approaches [13] to restore central nervous system function.
Typical regenerative tools emphasize electrical [14] or chem-
ical [15] stimulation on culture plates or within microfluidic
platforms [16, 17], but do not reveal the impact of physical
cues. Neurons experience higly variable density andmolecular
cues in the native extracellular matrix (ECM) [18], so a sys-
tematic methodology to evaluate neuronal network formation
is needed.
In vitro platforms manipulate the cell-microenvironment

interaction and provide physical contact cues to influence
neuronal development [19, 20]. Micro/nano-gratings on soft
materials enhance the differentiation of neural progenitor cells
[21]. Pillar arrays or grooves manipulate the soma distribu-
tion [22], the neurite orientation and outgrowth [23], and the
synapse formation [24, 25]. Soft [26] and patterned semicon-
ductor [27] micro/nanotopographies demonstrated an ability
to induce differentiation, alignment, and neurite extension.
The manufacturing simplicity of these topographies allows for
highly controlled studies of neuronal cell behavior with dra-
matically altered mechanical stimuli via physical cues. These
topographic structures are singly fabricated, necessitating a
multitude of substrates, increasing the experimental runtime
and risk of contamination, and decreasing systematic observa-
tion of the topographical effects.

Progress has been made in the development of gradi-
ent biomaterials with spatially variable chemical (immobil-
ized molecules) or physical (topographic structures) proper-
ties, mimicking the in vivo microenvironment [23, 28, 29].
Micropatterns of octacalcium enhanced controllability of cell
immobilization [30]. Gradient density, linear microarrays
modulate cancerous and normal cell migration and align-
ment [31, 32]. For neuronal cells, gradient micro/nanopillars
regulated differentiation, neurite extension, and enhanced
guidance [33, 34]. Printing and microfluidics have also been
implemented to improve axonal guidance and stem cell cul-
ture systems [35–37]. While these results are promising, there
exists a necessity for devices capable of comprehensively
screening neurite and synapse formation, as few studies on the
influence of physical contact cues from gradient ridge/groove
microtopographies on hippocampal neuron morphogenesis
and maturation have been reported [29, 38].

Herein, we demonstrate a rapid technique to prepare gradi-
ent, anisotropic micro-ridge/groove arrays with variable local
pattern width for culturing primary hippocampal neurons.
Neurite outgrowth behavior, such as axon elongation and
dendritic branching, and formation of synapses were quantit-
atively investigated using an immunochemistry method. It was

anticipated this study may demonstrate the ability of a gradi-
ent microtopography (GM) to provide a more comprehensive
understanding of the neuron-microtopography interaction.

2. Materials and methods

2.1. Design of the GM

The gradient micro-ridge/groove array was designed using
AutoCAD Design Software (Autodesk, San Rafael, CA,
USA). Three distinct GMs were designed, consisting of linear
microchannel structures with varying widths and depths. The
channel depths were constant for a given design, denoted GM
3, 6 and 10, corresponding to 3 µm, 6 µm, and 10 µm depths,
respectively. The microchannel width varied for each design
in the following fashion: 5 µm, 20 µm, 40 µm, and 80 µm [39]
(figure 1).

2.2. Fabrication of the GM

Poly(dimethylsiloxane) (PDMS) samples were fabricated
using soft lithography to transfer the GM from silicon molds
(figure 2). Molds were fabricated from 4 inch, P-doped
(<100>), silicon wafers (UniversityWafer, South Boston, MA,
USA) with photolithographic techniques and etched with deep
reactive ion etching (DRIE; High Rate HRMASE, STS, New-
port, UK). The base and curing agent from a Sylgard 184
Silicone Elastomer Kit (Thermo Fisher Scientific, Waltham,
MA, USA) were mixed in a 10:1 ratio, degassed at room tem-
perature, poured onto the silicon master molds, and cured at
120 ◦C for 40 min in a vacuum oven. Thereafter, the samples
were peeled from the molds resulting in substrates with sur-
face topography spanning a 10 × 10 mm2 area. Samples
were treated with oxygen plasma (M4L, PVA TePla Amer-
ica, Corona, CA, USA) at 300 W and 150 sccm for 5 min to
increase hydrophilicity. The surface was coated with poly-D-
lysine/laminin (Sigma-Aldrich, St. Louis, MO, USA) under
vacuum until dry, sterilized in 70% ethanol, and incubated in
15 mM poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA)
solution at room temperature for 1 week. Finally, PDMS sub-
strates were washed with phosphate buffered saline (PBS) to
remove toxin residues prior to cell seeding.

2.3. GM characterization

2.3.1. Surface geometry. The surface geometry of the
prepared PDMS GM was measured with a Nikon Eclipse
LV150 optical microscope. Sample preparation began by
cleaning the PDMS gradients using 100% ethanol, and DI
water. Cross-sections (500 µm thick) were cut at the mid-
point of each geometric region, mounted on a microscope
stage, and observed using 50× magnification. The dimen-
sions of each cross-section were measured by an embed-
ded NIS-Elements D software package. Three images per
cross-section were captured and 15 width and depth measure-
ments were recorded (table 1, figure S1 (available online at
stacks.iop.org/JMM/32/075005/mmedia)). The GM was also
observed under a scanning electron microscope (Carl Zeiss
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Figure 1. Scanning electron microscope images of PDMS substrate
demonstrating reproducibility and continuity of the GM. Results of
the fabrication protocol depicting (a) one half of the continuous
gradient along the GM, (b) a flat control (top view), and (c)–(e) a
transverse view of multiple GMs with depths of 3 µm, 6 µm, and
10 µm (constant 5 µm width). GM = gradient microtopography.

Figure 2. Fabrication protocol. The GM substrate was fabricated by
(a) spin-coating a silicon wafer with S1813 positive tone
photoresist, (b) photolithographically patterning the resist, (c) deep
reactive ion etching the wafer anisotropically to 3 µm, 6 µm, or
10 µm and stripping the photoresist to create a master mold, (d)
coating with PDMS prepolymer, (e) thermally curing the PDMS for
pattern transfer, and (f) adsorbing poly-D-lysine and laminin to the
surface under vacuum. GM = gradient microtopography.
PDMS = poly(dimethylsiloxane).

Microscopy, Peabody, MA, USA) to check for topography
stability. The PDMS substrate was sputter coated with a
5 nm layer of gold nanoparticles (Cressington 108, Ted Pella,
Redding, CA, USA). Observation was performed under a
1 × 10−6 Torr system vacuum.

Table 1. Summary of GM dimensions. All data are presented as
mean ± standard deviation, with units in µm. GM = gradient
microtopography.

GM3 GM6 GM10

Substrate depth 3.52 ± 0.45 7.23 ± 0.38 9.30 ± 0.36
5 µm section 5.12 ± 0.34 5.25 ± 0.35 4.71 ± 0.29
20 µm section 20.01 ± 0.56 19.86 ± 0.28 19.43 ± 0.32
40 µm section 39.56 ± 0.68 38.97 ± 0.39 38.80 ± 0.33
80 µm section 77.90 ± 1.15 77.45 ± 0.36 77.90 ± 1.15

2.3.2. Substrate wettability assessment. The GM wettabil-
ity before and after plasma treatment was measured via static
water contact angle (WCA)measurement. GM substrates were
placed on a custom stage and aligned with a glass magnify-
ing lens (figure S2). A digital camera (EOS 400D, Canon,
Melville, NY, USA) was then used to photograph the contour
of the droplet above the patterned area. WCA measurements
before and after oxygen plasma treatment (300 W, 150 sccm,
5 min) were recorded using ImageJ (NIH, Rockville, MD,
USA). Three substrates of each depth were fabricated to record
the relative change.

2.3.3. Fourier transform infrared spectroscopy (FTIR).
FTIR spectroscopy (Nexus 670, Nicolet FTIR, Thermo Fisher
Scientific, Waltham, MA, USA) evaluated the surface com-
ponents present in the GM samples at various stages of
the fabrication process. PDMS with and without surface
enhancement via poly-D-lysine/laminin coating had their
chemical components identified. Differences in the respective
infrared absorption spectra (400–4500 cm−1) were compared
to identify the presence of chemical residues found in laminin
for promoting neuronal adhesion. Samples were placed face
down on the measurement stage while the spectra were recor-
ded (figure S3).

2.4. Isolation and culture of hippocampal neurons

Primary cultured hippocampal neurons were prepared from
embryonic day 18 (E18) rats. E18 pregnant Sprague-Dawley
rats were purchased from Charles River Laboratories Inc.
Briefly, embryonic hippocampi were dissected and digested
with papain at 37 ◦C for 20 min. After trituration, disso-
ciated hippocampal neurons were collected by centrifuge at
2100 rpm for 3 min, re-suspended in plating medium, and
seeded evenly onto the PDMS GM samples at a density of
5 × 104 cells. Excess cells were plated into the surrounding
6 cm petri dish at a density of 6 × 105 cells to support over-
all viability but are not considered in the analyses described
herein. The GM and flat controls were first coated with poly-
D-lysine/laminin and then soaked in poly-L-lysine for 7 days,
before being fixed to the bottom of the culture dish for cell plat-
ing. Neurons were maintained in Neurobasal medium (Gibco)
supplemented with 2% Neurocult SM1 Neuronal Supplement
(StemCell Technologies), 1% horse serum (Atlanta Biologic-
als), 1% penicillin/streptomycin (Corning), and L-glutamine
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Figure 3. Surface coating of adhesion proteins assessed via FTIR spectroscopy (figure S3(a)), and line plots (a) and (b) cross-sectional
average of fluorescent intensity measurements. (c) Representative images of each pattern width and constant, 3 µm depth. Fluorescence of
FITC-labelled poly-L-lysine coating shown in green. Minimal, nonsignificant increases in fluorescence are shown. †, P < 0.05.
FTIR = Fourier transform infrared spectroscopy. FITC = fluorescein isothiocyanate.

(Corning). 5′-fluoro-2′-deoxyuridine (10 µM, Sigma-Aldrich,
St. Louis, MO, USA) was applied to neuron media eight days
post cell plating to suppress glial growth until experimenta-
tion. All cells were maintained in a humidified incubator at
37 ◦C in an atmosphere containing 5% CO2.

2.5. Immunostaining and image collection

To access structural properties, hippocampal neurons on the
GMs were washed with PBS, fixed with 4% paraformalde-
hyde plus 4% sucrose for 10 min, and permeabilized with
0.3% Triton X-100 in PBS for 10 min at room temperature.
After 1 h blocking with 10% goat serum in PBS, cells were
incubated with antibodies against microtubule associated pro-
tein 2 (MAP2; rabbit, 1:1000) and Tau-1 (mouse, 1:1000)
for 1 h at room temperature. They were then washed with
PBS twice and incubated with fluorophore-conjugated sec-
ondary antibodies (Alexa Fluor 405 blue anti-rabbit, 1:500
and Alexa Fluor 555 red anti-mouse, 1:500) for 1 h at room
temperature. To access network forming capabilities, cells
were incubated post-blocking with Synapsin 1 (rabbit, 1:1000)
overnight at 4 ◦C, washed with PBS twice, and incubated
with fluorophore-conjugated secondary antibody (Alexa Fluor
555 red anti-rabbit, 1:500) for 1 h at room temperature. GMs
were then mounted on glass microscopy slides with an anti-
fade mountant (Prolong Gold Antifade Mountant, Thermo
Fisher Scientific, Waltham, MA, USA). Hippocampal neur-
ons fixed to the GM were imaged with a Carl Zeiss inver-
ted fluorescent microscope by 40× air and 63× oil-immersion
objectives. Images were collected by AxioVision 4.5 soft-
ware. First, a phase snap was taken. The exposure time was

set automatically by the software and adjusted manually such
that the signals fell within the full dynamic range. To compare
neurons across the GM, the exposure time remained constant
for each fluorophore-labeled protein.

A solution of fluorescein isothiocyanate (FITC)-labeled
poly-L-lysine at 0.1 mg ml−1 in PBS (Sigma-Aldrich, St.
Louis, MO, USA; figure 3) was prepared to validate coat-
ing uniformity following the 7 day incubation protocol. GMs
incubated in this solution were not plated with neurons. Fol-
lowing incubation, GMs were mounted to glass slides with an
antifade mountant and observed under the 40× air objective.
The distribution of fluorescence along the GM was measured
for surface homogeneity.

2.6. Morphological index analysis

2.6.1. Preferential neuronal residence measurement. The
residential preference of hippocampal neuron somas was
assessed by comparing soma number in each geometric area.
Somas were selected as an identifier of location to sequester
neurites crossing multiple ridge/groove complexes. The total
number of somas located inside a groove or on top of a ridge
was converted into an area density measurement, defined with
ImageJ’s area selection tool. This calculation was conducted
for each geometric region along the surface the three micro-
topography conditions (GM3, GM6, and GM10), evaluating
adhesion preference as a function of width and depth. To elim-
inate adhesion bias from surface coating errors, the relative
fluorescent intensity of FITC-PLL across each GM was quan-
tified. For every experiment, measurements of 50 somas, were
collected in each topographical region.
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2.6.2. Preferential axonal outgrowth assessment. In addi-
tion to soma preference, axon growth in the presence of phys-
ical cues was examined by analyzing the outgrowth of neur-
ites. In particular, the relative fluorescent signal intensities of
axonal segments in the groove and on the ridge were meas-
ured. Axons were stained with anti-Tau-1 primary antibody
and fluorescently labeled (Alexa Fluor 555) secondary anti-
body. Axons were isolated from the other neurites by over-
laying dendritic processes stained with anti-MAP2 primary
antibody and removing those overlapping. The fluorescent
signal intensity was measured along the surface of adjacent
ridges and grooves, parallel to the width. The signal intens-
ity was measured every 0.5 µm. This was conducted on
ten ridge/groove cross-sections for each GM region result-
ing in a minimum of 100 measurements. The average fluores-
cence signal intensity along the line in each ridge/groove was
calculated.

2.6.3. Dendritic arborization assessment. The area spanned
by dendritic arborizations was measured. A polygon was
drawn by linking the dendrite tips of the arborization and cal-
culating the enclosed microscale area with ImageJ. Dendritic
segments were identified by staining neuron specific MAP2
protein with antibody conjugated with Alexa Fluor 405
fluorochrome. Each experiment considered 50 arborizations.
Differentiated axons were excluded from measurement to
isolate dendritic neurites and their associated arborization.
Through this analysis, the network-forming potential of neur-
ons in each GM condition was quantified.

2.7. Synaptic connectivity assessment

Synaptic connectivity was quantified by assessing the rel-
ative density and fluorescent intensity of the presynaptic
marker protein Synapsin 1. Images were adjusted to a fluor-
escent threshold which passed approximately 3% of the total
expressed protein intensity. Furthermore, only thresholded
objects with area between 0.08 and 2.56 µm2 were con-
sidered presynaptic puncta. Fifty distinct area measurements
were obtained for each geometric region. Within an individual
groove or ridge area, the total number of synapses was con-
verted to synaptic puncta density. Additionally, the Synapsin
1 intensity for each punctum was averaged, providing a rel-
ative fluorescence measurement within a given topography.
Area measurements were exclusively taken around axon-to-
dendrite synapses, eliminating potential biasing from synapses
formed with the soma.

2.8. Statistical analysis

All measurements were conducted with ImageJ version
1.43 software. Twelve biologically independent hippocampal
neuron cultures were conducted, with four cultures carried out
until DIV 4, DIV 7, and DIV 14, respectively. For each of
the four cultures, three substrates with identical topography
(flat controls, GM3, GM6, or GM10) were fixed to the bot-
tom of a culture dish and plated with hippocampal neurons.
For morphological and synaptic connectivity measurements,

data points were grouped based on the topographical geo-
metry. Groups were compared using a two-sample unequal
variance two-tailed t-test, with P < 0.05 indicating statistical
significance.

3. Results

3.1. GM characterization

The dimensional continuity of each geometric region was
assessed prior to plating cells. The anisotropic GM is shown
in figure 1, with structure width ranging from 80 µm wide to
5 µm wide ridges and grooves. The reproducibility of 5 µm
wide regions required special attention, ensuring no errors
occurred during polymeric pattern transfer. Figures 1(c)–(e)
shows representative cross-sections of this region, with GM
depths of 3 µm, 6 µm, and 10 µm, respectively. These images
show high reproducibility, including regions with the highest
aspect ratio where capillary forces can dominate and distort
the geometry (figure 1(e)). The average widths and depths of
each region on the topography are shown in table 1 and were
observed to be significantly different (figures S1(b) and (c)).

3.2. Analysis of preferential neuronal residence

Neuronal adhesion after plating is a prerequisite for future
developmental stages such as neurite outgrowth and formation
of synaptic connections. To assess the effects of variable geo-
metries on cell adhesion and viability, we examined the soma
residence preference. To this end, primary hippocampal neur-
ons plated onto the surface of the GM were fixed at DIV 4,
DIV 7 and DIV 14, respectively. The soma was visualized by
the overlap of the dendritic marker protein, MAP2, and axon
marker protein, Tau-1.

At DIV 4, neuron density increased per unit area compared
to flat topography controls. This remained true for geometric
widths across the microtopography, regardless of their depth.
Furthermore, decreasing pattern width for each GM depth sig-
nificantly increased neuron density, with enhancement ran-
ging from 18.4% (80 µm ridges) to a maximum of 329.9%
for 20 µm grooves, over flat controls. Neurons cultured on
GM3 (figure 4(a)) and GM6 (figure S6(a)) induced preferen-
tial adhesion within the microchannels (20 µm, 40 µm, and
80 µm); however, GM6 reduced preferential adhesion within
20 µm microchannels relative to GM3 and GM10. When
pattern width decreased to 5 µm, which is below the aver-
age soma diameter (15–25 µm), preferential adhesion ocurred
atop the ridge. Restricting the neurons capability to adhere
within the microchannel, resulted in elevated enhancement
of 616.2% over controls (figure 4(a)). For GM3, microchan-
nels of large patterns (⩾20 µm) enhanced neuron density by
98.7 ± 20.3%, on average, compared to density on top of the
ridge. On the smaller 5 µm topography, 64.8% fewer cells
adhered within the microchannel compared to ridge, resulting
in a 25.6 ± 14.5% reduction of soma density relative to large
grooves. Neurons adhered within the 5 µmmicrochannel were
observed to have elongated soma morphology, although this
finding was not quantified (figure 4(c)).
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Figure 4. Morphological analysis of the MAP2 channel acquired on GM3 at DIV 4. (a) Cell density and (b) dendritic tree (arborization)
expansion are inversely proportional in the presence of linear ridge (solid)/groove (dashed) microtopography. (c) Representative images of
individual cells in each region of GM3. Inset: example arborization area calculation. ∗, P < 0.05 groove vs ridge; †, P < 0.05 vs flat.
MAP2 = microtubule associated protein 2. GM = gradient microtopography. DIV = days in vitro.

3.3. Analysis of preferential axonal outgrowth and dendritic
arborization

Following neuron adhesion, neurites, including dendrites and
axons, begin to extend from the soma. Dendritic arboriza-
tion was visualized by immunofluorescent labeling of dend-
ritic specific marker MAP2 at DIV 4. Combined with image
processing tools, the area covered by the corresponding dend-
rites was quantified in the presence of physical topography.
In comparison to flat controls, substrate microtopography
hindered the expansion of neurites. Dendrite labeling at DIV 4
showed increasingly aligned and constrained dendritic arbor-
izations calculated according to figure 4(b) (inset), consist-
ent throughout each of the geographic regions. In 40 and
80 µm wide environments, dendritic expansion exhibited a
23.7 ± 4.1% reduction in coverage area. Across the GM the
neurons adhered within microchannels experienced a signi-
ficant, linear reduction (R2 = 0.993) in dendritic arborization
area: 5 µm, 287.3 ± 32.6 µm2; 20 µm, 495.3 ± 79.7 µm2;
40 µm, 718.9 ± 147.6 µm2; 80 µm, 913.5 ± 148.0 µm2.
This regression was also true of neurons resting on top of
neighboring ridges (R2 = 0.915). In general, as the density
of the cells increased, the corresponding dendritic arboriza-
tion area decreased. While microchannels enhanced adhesion
and cell viability (figure 4(a)), they did not exhibit a signific-
ant arborization area reduction relative to neurons cultured on
ridges of the same dimension. One exception occurred on 5µm

wide patterns from GM3, which induced significant (20.9%)
reductions in dendritic arborization area within microchannels
(figure 4(b)).

During in vitro development, axonal polarization of hip-
pocampal neurons occurs within 48 h post plating. To study
the effects of the GM on axons following differentiation,
we fixed neurons at DIV 4 and labeled the corresponding
axons using antibodies against axonal specific marker Tau-
1 (figures 5(a)–(e)). Relative fluorescence in each pattern
was measured (figure 5(f)), with representative curves for the
fluorescence across a single ridge/groove complex shown in
figure 5(h). The fluorescence was not evenly distributed, with
enhanced signal intensity observed centrally in both grooves
and ridges. Tau-1 signal intensity migrates toward the peri-
phery with increasing topography width. The average fluores-
cent intensity in each of the GM regions generally increased as
the pattern width decreased, while the microchannels consist-
ently exhibited a higher presence of Tau-1 (figure 5(g)). As the
width of the topography on GM3 decreased, the Tau-1 signal
intensity within the microchannels increased by 32.1 ± 7.0%.
The fluorescence in the 40 µm region was not significantly dif-
ferent, however, all other dimensions demonstrated an average
enhancement of 42.4 ± 5.8%. Fluorescent signal intensity of
Tau-1 in axons grown on GM6 and GM10 was only differ-
ent from those on GM3 for 5 µm topographies (figure S7).
On average, 5 µm topographies induced fluorescent intensity
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Figure 5. Axonal maturation under exposure to various microtopographies with constant 3 µm depth. Neurons were cultured until DIV 4.
Representative images of individual cells on (a) flat controls, and GM3: (b) 5 µm wide, (c) 20 µm, (d) 40 µm, (e) 80 µm topographies. (f)
Example axon growth preference calculation. Black dotted lines plot Tau-1 intensity with the average along the cross-section shown in (g).
(h) Line plots of the protein expression within each topographical area for a single ridge/groove complex. Most of the protein expression is
localized to the center of the pattern and extends toward the periphery with increasing pattern width. ∗, P < 0.05 groove versus ridge.
DIV = days in vitro. GM = gradient microtopography.

on GM6 that was 94.4 ± 5.5% higher than GM3 and GM10
for axons growing on top of ridges, and 36.3 ± 6.9% within
the microchannels. Flat controls were not considered in this
experiment, due to spatially random axon growth.

3.4. Analysis of presynaptic biomarkers on GM

To assess connectivity, we used the presynaptic marker protein
Synapsin 1 to indicate the presynaptic site. The relative puncta
per unit area of microtopography, and average punctum pro-
tein signal intensity were quantified through immunofluores-
cent staining at DIV 14 and analyzed with ImageJ. The Syn-
apsin 1 stained puncta density was enhanced on narrow, 5 µm
regions of GM3; however, topographies generally demon-
strated no increase in synaptic density relative to flat controls,
contradicting expected increases due to the previously dis-
cussed increase in cell density (figures 4(a) and 6(a)). GM3

topographies on average showed a 24.8 ± 17.1% increase in
synapses formed within microchannels versus on top the pat-
tern, while the deeper topography GM10 induced a sparser
network, with 7.14 ± 8.6% fewer synapses per unit area in
the microchannels (figure S8(a)).

Synapsin 1 fluorescent intensity for neurons from GM3
decreased on 40 µm and 80 µm microtopographies relative
to flat controls, while 5 µm and 20 µm topographies only
demonstrated significant decreases for synapses located above
the pattern (figure 6(b)). GM10 also exhibited a significant
decrease in Synapsin 1 signal intensity for synapses formed
on neurites extending along the tops of ridges (figure S8(b)).
Examining each individual pattern width revealed a signi-
ficant increase in Synapsin 1 signal intensity for synapses
formed within microchannels versus on top of the ridges,
46.5± 14.4% and 52.4± 17.6%, for GM3 andGM10, respect-
ively. GM3 topographies did not enhance Synapsin 1 signal
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Figure 6. Quantification of synapses immunostained with anti-Synapsin 1 at DIV 14. (a) Presynapse puncta density and (b) protein
expression increases within the smallest pattern width; however, topography generally inhibits presynapse architecture. (c) Representative
images showing the change in presynaptic density and Synapsin 1 expression across the microtopographical substrate. Fluorescence of
Synapsin-1 shown in red. Ridges are shown in solid boxes and grooves in dashed. ∗, P < 0.05 groove versus ridge; †, P < 0.05 versus flat.
DIV = days in vitro.

intensity relative to flat controls; however, a general increas-
ing trend was induced as the topography width decreased from
80 µm to 5 µm. Representative images of neurons cultured
on flat controls and GM3 topographies reflect these findings.
Clear localization and enhanced fluorescence of Synapsin 1
was observed within the grooves (figure 6(c)).

4. Discussion

It has been previously reported that the use of microtopo-
graphies for contact guidance of neuronal cells influenced the
extension [11, 40] and alignment of neurites [29], the orient-
ation of the soma [38, 41], initial polarization [33], and dif-
ferentiation of neural progenitors [21, 27, 42]. While inform-
ative for understanding the influence of surface topographies
on neural tissue, there is a lack of methodologies and sub-
strates for systematic and comprehensive assessment of phys-
ical, topographic cues using variable geometry. As such, it
was the goal of this study to create and implement a method
of assessing neuronal response to microtopographical stimuli.
A GM, comprised of adjacent linear, anisotropic microtopo-
graphies with variable geometry, was fabricated along a single
substrate through a photolithographic and PDMS micromold-
ing technique (figure 2) and surface modified (figures 3 and
S3) with adhesion proteins [39]. Topography widths were var-
ied from 5 µm to 80 µm and depths from 3 µm to 10 µm

to facilitate a variety of cell interactions with the microen-
vironment. This fabrication method allowed morphological
and synaptic screening of hippocampal neurons in a vari-
ety of environments with a fourfold decrease in the fabrica-
tion time relative to singly fabricated substrates. Ultimately,
the GMs will lead to a better understanding of the neuron-
microenvironment interaction as well as more rapid develop-
ment of microtopographical culture substrates.

Following genesis in the CNS, neurons migrate to and
mature in their phenotypically defined destinations through
contact with radial glia and the local microenvironment. Mem-
branous sheets of lamellipodia and filopodia probe the local
environment for attractive and repulsive cues, which dictate
guidance [43]. Hippocampal neurons translate through the hip-
pocampus in this same manner, attaching lead processes to
radial glial fibers and climbing to their desired location [44].
Studying this contact guidance with topographies have com-
monly been used for neurite elongation, which is imperative
for nerve repair [11, 45]. Implementation of a GM is more
advantageous for a complete understanding of how contact
guidance influences neuron morphology and network form-
ation through interaction with the ECM [29, 41]. Through
a simultaneous screening of neurons in each topographical
region, trends in the morphological outcomes and network
forming potential can be deduced. First, at these length scales,
the topography acts as a physical barrier confining neur-
onal adhesion and neurite outgrowth. Second, topography
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generally hinders the ability of neurons to form active
networks.

Decreasing ridge/groove topography width demonstrated
increased cellular adhesion and viability. Feature density
has previously been demonstrated to cause cell migration
[28, 31, 32, 46]; however, this large-scale movement is not
common for the neuron population, which readily adhere
after identifying a viable location. In this work, we observed
elevated soma density as the width of the GM decreased
(figure 4(a)). Furthermore, somas adhered more readily within
the microgrooves along the GM [39]. Cortical neurons have
shown similar preference for microgrooves at geometries
approximately equal to or a few times larger than the soma dia-
meter [47]. In the case of 5 µm wide regions some soma even
elongated to adequately fit into the microgroove, although
this is not common (figure 4(c)). Immunostaining of a blank
GM confirmed no adhesion molecule bias was influencing the
experiment. The groove and ridge surfaces expressed equi-
valent poly-L-lysine fluorescence (figures 3(b) and (c)); how-
ever, the presence of three coated surfaces (groove and two
side walls) was likely a more favorable environment for cell
viability. Reducing the topography width therefore increases
the favorable surface area for adhesion, allowing more cells
to survive throughout culture. To confirm the findings of our
study time lapse recording of the neurons through DIV 1 is
required and will allow observation of the migration and adhe-
sion processes.

Axonal pathfinding and dendritic arborization can be
manipulated by biochemical cues; however, neurite develop-
ment can additionally be impacted by contacts with the local
microenvironment. Herein, the impact of GMs with variable
width and depth on hippocampal neurites was observed. Prior
to plating and culture, hippocampal neurons were dissoci-
ated from glial cells, and glial cell growth was later inhib-
ited to ensure the contact guidance applied to the neurites
was dominated by the GMs and not the interaction between
neurons and glial cells [19, 44]. Through four days in vitro,
neurons successfully extended axons along the feature direc-
tion, regardless of the topography width, and formed expans-
ive dendritic arborizations on flat controls (figures 4(b) and
S5). Single topographies exhibit comparable axon and dend-
rite extension directionality [29]; however, few studies observe
the impact on arborization expansion and axon growth pref-
erence [39]. Dendritic arborization exhibits significant reduc-
tions in coverage area in the presence of topographical fea-
tures (figure 4(b)). Upon observation, the processes can climb
in and out of grooves in all geometries [40, 48, 49]. The intro-
duction of topographical cues likely induces a highly energy
consumptive obstacle for the microtubules in the cytoarchi-
tecture, which are inherently stiff, to overcome [40]. The
lack of topography in controls allows more energy to be
expended on lateral growth resulting in an expanded arbor-
ization. Continued culture until DIV 14 highlights the tem-
poral consistency of these findings (not shown). GM depth
imparts no significant change to arborization coverage area.
Despite the ability to climb across shallow gratings, axons
on 5 µm wide gratings were predominantly guided in the
direction of topographic cues, consistent with polarization

and elongation studies indicating plated neurons demonstrated
increased axon presence on smaller topographies [33, 50].
Herein, we observed increased fluorescence of Tau-1 antibod-
ies with decreasing topography width, particularly within the
microgrooves (figure 5(g)). The relative orientation of the axon
within the microgroove is also impacted by the width. Axons
at DIV 4 extending on 80 µm show greater occurrence of
growth along the interface of the ridge and groove in the topo-
graphy. Elevated Tau-1 signal intensity migrated more cent-
rally as the width decreased (figure 5(h)), suggesting 3D con-
tact is vital to axonal differentiation from the original neurite.
Taken together, increased axon presence and reduced dendritic
arborization in smaller GM regions confirms the microtopo-
graphical substrate’s impact on hippocampal neurite differen-
tiation [51]. It should be noted however, reduced arborization
could be greatly influenced by elevated soma density. Min-
imal differences in coverage area between ridge and groove
adhered soma indicate a greater sensitivity to cell number over
topographical geometries.

Primary hippocampal neurons successfully matured
through DIV 14 on the GM surface and the impact on presyn-
aptic structure and synaptogenesis was explored. Presynaptic
structure was monitored via immunostaining of Synapsin 1,
which has a specific role in synaptogenesis and often accumu-
lates on synaptic vesicle membranes. Presynaptic assemblies
have been observed at the neuron-substrate interface between
neurons and both micro and nanostructures [52, 53]. Culture
of hippocampal neurons on the GM did not result in elevated
presynaptic puncta density relative to flat controls until the
pattern width reached 5 µm (figure 6(a)). This likely reflects
the potential insensitivity of the puncta and neurites result-
ing from the larger length scales on the GM [39]. Synapsin
1 signal intensity has been shown to increase in the presence
of submicron topography [54], indicating further decreasing
the GM dimension will lead to an increase in presynapse
formation. Significant increases in presynaptic density within
the microgroove highlights the impact of topography induced
increases in axon-dendrite interactions by upregulating axon
growth (figure 5(g)). Further classification of neuron-neuron
versus neuron-topography synapses is required to isolate and
understand the direct influences of the microenvironment on
the formation of presynaptic elements.

Synapsins play a crucial role in synapse formation and syn-
aptic plasticity. Synapsin 1 has proven crucial for regulating
release of neurotransmitter and is often associated with short-
term plasticity [55]. They achieve such function by stability
modulation of synaptic vesicle reserve pools. Synaptic vesicle
membranes are reversibly bound via activity-dependent phos-
phorylation [56–58].When cultured along theGM, topograph-
ical stimuli induce reductions in Synapsin 1 signal intensity.
Like puncta density, there was a general increase in signal
intensity as the topography width decreased (figure 6(b)).
Given synapsin’s role in reserve pool stability, neurons cul-
tured on large-scale topographies could induce neural net-
works more susceptible to impairment in the presence of pro-
longed action potentials. More mature presynaptic networks
have been demonstrated on submicron fibrous scaffolds [54],
therefore, the GM has induced an unstable and immature
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network. One shortcoming of these studies is the lack of func-
tional information. Future work is required to understand how
physical topography impacts synaptic transmission between
cells and how linear topographies impact the formation of
excitatory or inhibitory synapses [24, 59, 60].

5. Conclusion

The GM developed herein applied mechanical stimuli via
physical cues to primary hippocampal neurons, inducing mor-
phological and synaptic network changes in vitro. The modu-
lar nature of the fabrication technique allows for manufacture
of single substrates capable of supporting a variety of gradient
dimensions in both width and depth. The GM was fabricated
through clean roommethods, which allow for high-throughput
production. The GM represents a platform capable of support-
ing neuron cultures through development of a synaptic net-
work, and further lends itself to more in depth and efficient
understanding of the neuron-microenvironment interaction.

A neuron-on-chip platform exhibiting gradient, linear topo-
graphic features successfully supported primary hippocam-
pal neurons through neural network formation. Neurons cul-
tured on the PDMS GM demonstrated distinct influences on
both morphologic and synaptic network parameters. The lin-
ear, ridge/groove topography was successfully modified with
a surface enhancement protocol to increase neuron viabil-
ity and acted as an adequate platform for neurons to mature
through DIV 14. The average soma density per unit area
was significantly increased relative to flat controls, allow-
ing observation that neuronal adhesion was positively influ-
enced by topographical stimuli. Analysis of neurite extension
revealed a preferential growth environment for axons within
the microgrooves of the GM and confirmed findings of micro-
topographies inhibiting the expansion of the dendritic arboriz-
ation, limiting the formation of neuronal connectivity. Finally,
a synaptic network was established, with reduced puncta dens-
ity and synatptic protein signal intensity, indicating a poten-
tially immature network. Depth modulation exhibited a more
limited effect, reducing soma density in 20 µm wide regions,
increasing axon preference in 5 µm microchannels, and indu-
cing a sparser synaptic network. The overall effects of the GM
on neuron behavior was thereby systematically understood by
a one-step screening on an integrated chip, lending itself to
improvements in neuroregenerative micro-device design.
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