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Spatially defined neuronal networks have great potential to be used in a wide spectrum of neurobiology
assays. We present an original technique for the precise and reproducible formation of neuronal
networks. A PDMS membrane comprising through-holes aligned with interconnecting microchannels
was used during oxygen plasma etching to dry mask a protein rejecting poly(ethylene glycol) (PEG)
adlayer. Patterns were faithfully replicated to produce an oxidized interconnected array pattern which
supported protein adsorption. Differentiated human SH-SY5Y neuron-like cells adhered to the array
nodes with the micron-scale interconnecting tracks guiding neurite outgrowth to produce neuronal
connections and establish a network. A 2.0 um track width was optimal for high-level network
formation and node compliance. These spatially standardized neuronal networks were used to analyse
the dynamics of acrylamide-induced neurite degeneration and the protective effects of co-treatment

with calpeptin or brain derived neurotrophic factor (BDNF).

Introduction

Cellular adhesion patterns have become increasingly recognized
as valuable tools for fundamental research into the effect of
dimensional and geometric parameters on the cytoskeletal
architecture and downstream responses.' Micropatterning can be
applied with equal effect to industrial applications such as tissue
engineering,> as well as drug discovery*® and toxicology
screening.*”® Here the goal is to preserve authentic cell structure
and behaviour, with the spatial ordering of the cultures used to
define the tissue dimensions, geometries and associated diffusion
gradients. Ordering the culture within an array format also has
the telling advantage of providing a display for rapid and high
content analysis.”*1

The striking form—function relations of the brain and the
nervous system have inspired many researchers to replicate
engineered analogs in the form of spatially defined neuronal
networks. Seminal work by Kleinfeld et al. involved using this
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approach to investigate signal propagation through a prescribed
neuronal network.!* In recent years such patterns have been
aligned with microelectrode arrays to provide electronically
addressable interfaces at the nodes within the network.'>¢
Neurite outgrowth and connectivity are useful neuro-
developmental indicators in themselves. We have spatially stan-
dardized the process within a hexagonally patterned array for
rapid, reproducible and quantitative neurotoxicology screening.”
There is a huge repertoire of micropatterning techniques from
which to choose. In the simplest form hydrophilic-hydrophobic
surface contrasts can be prepared by a number of routes
including deep UV photochemical patterning'”!® or by masking
with photoresists’®? or with stencils**** during plasma-based
oxidative patterning of hydrophobic backgrounds. Similarly,
aminated silane coatings assist cell adhesion and can be photo-
lithographically patterned along with hydrophobic silanes to
confine the cellular adhesion microenvironment.*-!%-23
Physicochemical surface patterns are sufficient for patterning
cell lines. However, when working with primary and stem cell
cultures, proteins are necessary for adhesion, function and
maintenance of the differentiated state. Moreover, the use of
proteins, typically constituents of the extracellular matrix,
provides a more relevant context for mimicking the in vivo
adhesive environment. However, the solvents required for
photoresist processing are not sufficiently biocompatible for
most proteins.?*?® Soft lithography, notably in the form of
microcontact printing (uCP), sidesteps the use of solvents with
instead PDMS replica moulds being used to transfer patterns of
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biologically active proteins.”**” The elastomeric character of
PDMS enables conformal contact with substrates for micron-
scale patterning outside the clean room and importantly places
a simple and inexpensive replication technology in the hands of
the biologists.?** For these reasons protein pCP has earned
widespread popularity, with a number of examples demon-
strating the ability to pattern neurons (e.g. by Vogt et al.).®

Patterning neuronal networks presents a unique challenge,
with the need for micron-scale protein tracks which must
equally support neurite outgrowth and prevent the adhesion of
cell bodies. While often overlooked, across chip, chip-to-chip
and batch-to-batch reproducibility is another essential aspect
for undertaking experiments with confidence. As with all
patterning techniques, protein pCP has limitations, including
difficulties with producing homogeneous prints, which is espe-
cially hampered at the pattern edge.*** In addition, the
deformable character of PDMS prohibits the use of small stamp
features separated by comparatively large distances (i.e. those
required for patterning neuronal networks) which are prone to
collapse and foul regions otherwise intended to resist cell
adhesion.'®3>3% This prevents the reproducible fabrication of
neuronal arrays with micron-scale interconnecting tracks.
Although more rigid stamp materials could be used, this is at
the expense of conformal contact which further reduces the
pattern uniformity.

In place of protein printing, materials with different affinities
for protein adsorption can be combined and used to pattern cells.
Poly(ethylene glycol) (PEG) surfaces are famed for their ability
to resist protein adsorption and thus cell adhesion.?**3** Contact
printing can be used to pattern the grafted copolymer of poly-L-
lysine with PEG (PLL-g-PEG) on culture surfaces, where
proteins self assemble on the uncoated regions to support cell
adhesion.*® As with protein printing, across pattern reproduc-
ibility is brought into question and instead photoresist-based
processing of PEG layers can be used.***”*# Alternatively, deep
UV (185 nm) photolithography can be used for across wafer
patterning by photodegradation.*-* For micron-scale patterning
contact masking is required, a feature which greatly reduces the
lifespan of the costly quartz masks necessary for UV trans-
mission. These standard photolithography methods demand
clean room operation, which removes the freedom of replication
from the end user.?*:3":3

In our previous work we developed a thin film PDMS printing
technique for obtaining hydrophilic-hydrophobic surface
contrasts. Array patterns were suitable for undertaking the
network formation assay (NFA) with neuron-like cell lines.” To
extend the NFA to other neuron types, including primaries and
neuronal precursor cells, a method for the preparation of protein
arrays with micron-scale interconnecting tracks for outgrowth
guidance is essential. Interconnected patterns can been obtained
by thin film PDMS microcontact printing on PLL-coated
substrates and used for establishing primary neuronal networks
(shown in ESI Fig. 1). However, the replication of micron-scale
tracks was insufficiently precise for the reproducible formation of
neuronal networks.

In this paper we present an original micron-scale network
patterning technique which leverages the protein rejecting qual-
ities of PEG adlayers with the elastomeric feature of soft
lithography for rapid replication outside the clean room. Arrays

with interconnecting track features for protein adsorption
patterning were fabricated by plasma masking PEG adlayers
using a bilayer membrane comprising multiple through-holes
interfaced with microchannels. This precise and reproducible
protein network patterning technique was used to determine
optimal dimensions for the formation of high fidelity neuronal
networks. These were used to measure the neurodegenerative
effects of acrylamide as well as the buffering effects of calpeptin
and brain-derived neurotrophic factor (BDNF) during co-
treatment.

Materials and methods
Surface PEGylation

Ethanol and plasma cleaned glass substrates were PEGylated
with the cationic copolymer of poly-L-lysine grafted with
poly(ethylene glycol) by submersion in a 10 mM HEPES
(4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, pH 7.4)
buffer containing 100 pg mL~' of PLL(20)-g[3.5]-PEG(2)
(Surface Solutions, Switzerland) for 1 h at room temperature.
Substrates were then rinsed with a sequence of 1 x phosphate
buffered saline (PBS), MilliQ water and a N, stream.

Membrane fabrication and plasma masking

To prepare the PDMS membranes a bilayer SU-8 master was
fabricated. A first layer of SU-8 2 (Shipley) was spin coated to
a depth of ~1.0 um and patterned using standard photolithog-
raphy to realise arrays with interconnecting tracks. A second
layer of SU-8 50 (Shipley) was spin coated to a depth of ~60 um,
and patterned only as an array of nodes which were aligned to
those of the first layer. The resulting hexagonal arrays contained
70-um-diameter pillars connected via microchannels with
a length of 100 um and with widths ranging from 1.0 to 4.0 um.
Arrays containing 367 or 202 nodes were replicated (16 or 36,
respectively) across a 24 x 24 mm area. For moulding, a PDMS
pre-polymer and curing agent mixture (10 : 1 (wt/wt), Elastosil®
RT 601, Wacker) was first degassed and then diluted in silicone
fluid (1 : 4 (wt/wt), AK35, Wacker). A 2 mL volume was spin
coated at 1600 rpm for 50 s followed by thermal curing at 70 °C
for 10 min to produce a ~50-um-thick coating. To release the
delicate PDMS membrane from the SU-8 master and provide
a handle for manipulation a thick (=2 mm) PDMS frame was
attached by oxygen plasma bonding (Femto, Diener Electronic)
or by applying small quantities of PDMS to act as an adhesive.
The bilayer membrane features were imaged using a SEM
(Quanta 200F, FEI) and are shown in Fig. 1. Plasma masking
involved contacting the bilayer PDMS membranes to the
PEGylated substrates followed by plasma etching (70 W, 40 kHz
(Femto, Diener Electronic)) in a 0.2 mbar oxygen atmosphere
for 60 s.

Surface analysis

Contact angle measurements using a 1 L sessile water droplet
were used to screen the physicochemical properties of the
PEGylated surfaces. Zeta potential responses to the addition of
bovine serum albumin (Sigma Aldrich, Germany) in a 1 x PBS
(pH 7.0) buffer at concentrations ranging from 6 nM to 18 uM
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Fig. 1 SEM images of a 50-um-thick PDMS stencil. The through-holes
have a diameter of 70 pm and are interconnected by 100-um-long
microchannels with a height of 1.0 pym and a width of 3.0 pm. The
curvature demonstrates the elastomeric quality of the stencil, a feature
necessary for conformal contact.

were measured using a SurPASS instrument (Anton Paar, Aus-
tria). PLL-g-PEG adlayers with and without plasma treatment
were compared to plasma treated glass surfaces. The chemical
stoichiometry of the PLL-g-PEG adlayer before and after oxygen
plasma treatment was investigated using X-ray photoelectron
spectroscopy (XPS, AXIS-HS-spectrometer Kratos, Man-
chester, UK). Glass was replaced with silicon substrates with the
native oxide providing a glass-like substitute. For excitation
a non-monochromatic Mg-Ka radiation source was used, with
detection using a hemispherical analyzer with fixed analyzer
transmission. Scan surveys were first undertaken using an 80 eV
pass energy with 1 eV steps, followed by scans of the Ols, Cls,
N1s and Si2p regions using a 20 eV pass energy with 0.1 eV steps.
Relative quantification factors were obtained by calibration
using poly(ethylene glycol) and poly(sodium 4-styrenesulfonate)
standards.

Cell culture and network analysis

The human neuroblastoma cell line SH-SY5Y (DSMZ, Ger-
many) was used in this study and cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% (v/v) foetal
bovine serum (FBS), and 1% (v/v) penicillin and streptomycin.
Differentiation was achieved by the addition of 10 uM trans

retinoic acid (Sigma-Aldrich) for 4 days. This also reduces the
clustering behaviour, promoting higher levels of array occupancy
than a 3 day treatment.” Cells were then harvested using 0.25%
(w/v) trypsin, seeded on the arrays in a 1 mL suspension con-
taining 2.5 x 10° cells and incubated overnight at 37 °C in a 5%
CO, atmosphere. The culture medium was then removed and
replaced with fresh media also containing retinoic acid. In the
process non-adherent cells were removed to reveal the neuronal
arrays. A phase contrast inverted microscope (IX71, Olympus)
was used to image FITC-labelled protein and cell patterns.

Preliminary experiments used 24 x 24 mm substrates
patterned with 16 arrays, each containing 367 nodes. Subsequent
experiments used substrates patterned with 36 arrays, each
containing 202 nodes. In the majority of the experiments the
neuronal networks were assessed in terms of node occupancy, the
number of internodal connections and track occupancy. Node
occupancy was defined as the percentage of nodes occupied by
one or more neurons. The internodal connection measure was
defined as the number of neurite interconnections relative to the
number of occupied nodes across the entire 202-node array and
presented as connections per node (cpn). Track occupancy was
defined as the percentage of tracks occupied by one or more
neurons. Reproducibility analysis also involved measuring the
patterning efficiency.”® Patterning efficiency E,,, was defined
as the number of cells adhering to the plasma activated area
N, relative to the number of cells adhering to an equivalent
sized, untreated area N, and was calculated as a percentage
according to:

En=2x (ﬁ — %) x 100 (1)

Acrylamide-induced network degeneration was investigated
along with the protective effects of calpeptin and brain derived
neurotrophic factor (BDNF). SH-SYS5Y cells were differentiated
for 4 days using 10 uM trans retinoic acid in DMEM containing
10% FBS, and then cultured on the arrays for a further 2 days to
establish highly connected neuronal networks. The media was
then replaced with serum-free media (B-27®, Invitrogen, Ger-
many) containing retinoic acid and the neuronal networks were
treated with 0.5 mM or 1 mM concentrations of the neurotoxin
acrylamide (ACR, Sigma-Aldrich, Germany). Cultures were also
co-treated daily with 1 uM calpeptin (CP, Merck, Germany) or
co-treated once with 100 ng mL~' BDNF (PAN-Biotech, Ger-
many), with the exception of neuronal networks treated only
with acrylamide and untreated controls. The integrity of the
neuronal networks was measured by scoring neurite connections
daily for 3 days. Treatments were undertaken in triplicate.
Results were analysed using a 2-factorial 4 x 7 ANOVA using
the repeated measurement factor time (4-ary: 0, 24, 48 and 72 h
after treatment) and the between subject factor treatment (7-ary:
control, 0.5 mM ACR, | mM ACR, 0.5mM ACR + 1 uM CP, 1
mM ACR + 1 uM CP, 0.5 mM ACR + 100 ng mL~' BDNF, 1
mM ACR + 100 ng mL~' BDNF). The network quality indi-
cator ‘connections per node’ (cpn) was used as the dependent
variable. Dunnett t-tests were used to compare the mean values
at the 4 experimental intervals. To simplify the presentation of
the results the cpn values were normalized to the respective
control conditions. However, all statistical analyses used the raw
data.
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Results and discussion
Surface chemistry

The electrostatic assembly of the PLL-g-PEG adlayer onto the
glass substrates*! reliably produced surfaces which were highly
resistant to protein adsorption and cell adhesion,** a quality
likely resulting from the highly solvated state of the ether (C—O—
C) repeats within the brush-like polymer.** A coating of PLL
(20)-g[3.5]-PEG(2) was chosen for minimal protein adsorption
(<2 ng cm?).** Zeta potential measurements were used to assess
the PLL-g-PEG adlayer. Surface coating was rapid, with the zeta
potential rising from approximately —120 mV to —40 mV within
minutes. XPS analysis also showed that the presence of the PEG
adlayer screens the silicon, causing a >10% reduction in the Si2p
signal (see Table 1). To confirm the protein rejecting capacity of
the adlayer, the zeta potential was measured and remained stable
during the stepwise addition of albumin concentrations up to
18 uM (1.20 mg mL', see Fig. 2). This result further demon-
strates the inert, anti-fouling nature of the PLL-g-PEG adlayer.

The effect of plasma treatment on the atomic stoichiometry of
the PEGylated surface was assessed by XPS, with results docu-
mented in Table 1. The main Cls (e.g. C-O-C) and Nls signals
from the PLL-g-PEG adlayer were markedly diminished while
the COOH signal at ~289 eV increased 7-fold. Coupled with the
restoration of the Si2p signals, the data indicates that the adlayer
had been oxidatively disintegrated. Similar chemical trans-
formations have been observed for the oxidation of PEGylated
surfaces by UV irradiation.’** The water contact angle of the
PEGylated surfaces was reduced from 29.1° (SD =+ 2.1°) to <5°,
a value consistent with oxygen plasma treated glass substrates.
Indeed, the zeta potential responses of the plasma treated PLL-g-
PEG adlayer and the plasma treated glass substrate to additions
of albumin were nearly identical (see Fig. 2). Here, the zeta
potential increased from —125 mV to —73 mV during the addi-
tion of albumin to a final concentration of 18 uM. Together these
results indicate that plasma treatment disintegrates the PLL-g-
PEG adlayer to produce a glassy-like surface suitable for protein
adsorption.

Protein and neuronal network patterning

PDMS membranes with through-holes have previously been
used for surface*® and cell patterning.”* A drawback is the
requirement for the membrane to be self-supporting which
prevents the inclusion of continuous and interconnected patterns
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Fig. 2 Zeta potential measurement of glass (black points), PLL-g-PEG
(black triangles) and plasma treated PLL-g-PEG (white triangles)
recorded during the stepwise addition of 6 nM to 18 uM concentrations
of albumin.

within the membrane. In addition, the limited aspect ratio of the
mould coupled with the fragility of thin (<10 um) PDMS
membranes also prevents the inclusion of micron-sized features.
To overcome these limitations we have developed a bilayer
membrane masking approach, which combines through-hole
features with microchannels for the production of micron-scale
interconnecting patterns by masked oxygen plasma treatment.

Plasma masking was simple and rapid, reliably replicating the
stencil features across the entire masked area. An oxygen plasma
treatment for 12 s produced oxidation patterns in the PEG
adlayer with even the smallest channel features (1-um-wide). The
oxygen plasma could therefore penetrate 100-um-long channels
with a cross sectional area of 1 pm? in a matter of seconds. The
selective adsorption of FITC-conjugated proteins was used to
image the oxidation patterns. As shown in Fig. 3(A) and ESI
Fig. 2, high resolution (SD + 220 nm) micron-scale oxidation
patterns were faithfully transferred to the PEGylated surface.
Micron-scale resolution patterning of protein-rejecting surface
coatings can also be achieved using scanning laser ablation
techniques.'®* Such techniques offer greater freedom of design
and, in a stepwise fashion, can be used to pattern multiple
proteins.>® For the fabrication of smaller, nanoscale patterns
scanning near-field optical microscopy (SNOM) methods can be
used,’! although as with other scanning methods fabrication
becomes time consuming.

Table 1 XPS atomic percentage data from the PLL-g-PEG adlayer with and without 60 s oxygen plasma treatment

electron level:  Ols (at. %) Cls 1 (at. %) Cls 2 (at. %) Cls 3 (at. %) Cls 4 (at. %) Nls (at. %) Si2p 1 (at. %) Si2p 2 (at. %)

N-C, N=C,
C-0-C, C-OH, N-C=0,

probable C-N, C-NH;*, C=0, 0-C-O, COOH, N-(C=0)0,

species:* all C-C,C-H C=N, C=N N-C-O, N-C=0 N-(C=0)O NH;*, N(CH;);* Si° SiO,

sample

native Si 35.56 2.04 0.45 0.89 0.82 0.53 47.65 12.06

PEGylated Si  33.52 2.77 12.72 1.64 0.26 1.45 39.23 8.88

Plasma treated 34.80 0.92 0.18 0.21 1.78 0.53 48.25 13.33

PEGylated Si
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Fig. 3 High fidelity protein patterning and network formation. The
selective assembly of FITC-conjugated proteins on the plasma-oxidised
regions demonstrates the precision patterning capability (A). Differen-
tiated SH-SY5Y neurons were confined to the array nodes with neurite
outgrowth guidance resulting in the formation of internodal connec-
tions (B).

It is the elastomeric nature of the PDMS material which
ensures conformal contact for such precision feature replication
outside the clean room. In comparison, protein patterning by
nCP, another soft lithography technique, cannot rival the across
pattern reproducibility and with micron features separated by
100 pum distances the elastomeric stamp frequently collapses for
the unwanted transfer of proteins.'®3%5%5 This drawback is
bypassed when using membranes which have an inverted relief
structure to those required for pCP. The microchannels within
the bilayer membrane are reminiscent of those used for material
patterning by micromolding in capillaries (MIMIC).?¢ However,
the dense array of small through-holes in the bilayer membrane
are not suitable for defining inlet to outlet flow paths necessary
for the controlled distribution of liquid throughout the entire
network.

The plasma masking technique also has good throughput. The
plasma chamber can accommodate multiple substrates,
patterning is rapid and the membranes are reusable (x40).
Together these attributes make the technique highly convenient
for meeting the replicate demands of typical neurobiology
experiments. The plasma oxidized surface patterns were subse-
quently tested for their suitability for arraying human SH-SYSY
neurons and for guiding neurite outgrowths to interconnect the

cellular nodes. Here, conformationally intact adhesion proteins
from the culture media selectively assemble on the oxidized
regions and act to direct the formation of a neuronal network.
The masked PEGylated surfaces retained their ability to resist
cell adhesion, resulting in high pattern compliance. An entire
367-node array with 97% of the nodes occupied and a >99%
patterning efficiency is shown in ESI Fig. 3. Without track
features network formation was limited to 0.012 connections per
node (cpn) by the fourth day, demonstrating that, unlike thin
film PDMS patterns (0.88 cpn),” the PEGylated surfaces strongly
resist the locomotion of growth cones and the extension of
neurite outgrowths. A preliminary screen of different node
diameters and different connection distances was undertaken.
Arrays containing 70-pm-diameter nodes were optimal for high
occupancy levels (>90%) and high patterning efficiency (>99%),
while a track length of 100 um was optimal for the development
of high neurite interconnection levels. An image of a neuronal
network developed during a 3 day culture period is shown in
Fig. 3(B), with a larger area (~2 mm?) of the network docu-
mented in ESI Fig. 4.

Network plasticity

Neuronal networks located within an array format are straight-
forward to visualize, negating the need for fixation and staining
which enables network dynamics to be periodically or continu-
ously recorded. Neuronal network development on a 0.55 mm?
region of an array with 4-um-wide tracks was recorded using
time lapse video microscopy (see ESI video link). Throughout the
5 day development phase the network was highly dynamic, with
interconnections being formed, being retracted and being
re-established, before finally leading to 1.0 cpn. Network devel-
opment is plotted in ESI Fig. 5 and, although positional infor-
mation is not captured, illustrates the plasticity occurring within
the dynamics of the network formation process. The video also
documents high levels of neuronal migration between nodes,
a quality assisted by the generous 4-pm-wide tracks. However,
such levels of migration limit the ability to score neurite inter-
connections with a defined length of 100 pm.

Optimum track width for neurite outgrowth

A systematic study of the optimum track width required for the
development of highly connected neuronal networks has not
been previously reported. The precision network patterning
capability afforded by the bilayer membrane plasma masking
technique makes this possible. Shown in ESI Figs. 5 and 6, and
also illustrated in the ESI video, a track width of 4 um was
excessive, with large numbers of neurons migrating between
nodes by adhesive locomotion along the track features. The
adhesion of neurons on the track features is especially undesir-
able for the network formation assay (NFA) as this voids neurite
outgrowth length standardization, a pre-requisite for neurite
counting.”* Track widths ranging from 1.0 um to 3.0 um were
evaluated for optimal network formation levels, with results
documented in Fig. 4(A). Neurite outgrowth and network
formation was sensitive to track width differences as small as 500
nm. The rate of network formation increased with track width.
With the use of 1-um-wide tracks network formation levels
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Fig. 4 Network development was sensitive to the width of the micron-
scale tracks (A). Neuronal occupancy of the track features increased with
track width (B).

reached 0.58 cpn (SD + 0.16) during a 4 day development period,
whereas with the use of 2.0-um-wide tracks levels were increased
to 1.52 cpn (SD + 0.07). However, with the largest 3.0-um-wide
tracks neuronal networks attained plateau levels by the second
day, with a maximum value of only 1.38 cpn (SD =+ 0.22) on the
third day. These tracks were significantly occupied (~25%) by
neurons, prohibiting the scoring of complete neurite outgrowth
connections. Shown in Fig. 4(B), the width also correlated with
neuron occupancy of the tracks with levels being relatively stable
throughout the duration of culture (for widths >1 pm). Taken
together, the results demonstrate that a track width of 2.0 um is
optimal for high network formation levels and low track occu-
pancy (~15%). Arrays containing 70-pm-diameter nodes sepa-
rated by 100-um-long tracks with a 2.0 pm width were used for
subsequent experiments.

Network patterning reproducibility

Reproducible cell patterning is a pre-requisite for spatially
standardized cell assays such as the NFA. The reproducibility of
neuronal arraying and network formation on the patterns
prepared by plasma masking with a bilayer membrane was
assessed on the second day of culture in an experiment involving
3 batches, each containing 3 microchips. The across chip
(involving 9 arrays, each containing 202 nodes), chip-to-chip and

batch-to-batch reproducibility was excellent. Array occupancy
levels were consistent at 95.0% (SD + 0.6%) and, combined with
the cell adhesion resistant quality of the PEG adlayer, led to
patterning efficiencies >99.5%. Network formation levels were
0.91 cpn (SD =+ 0.10). The variance in the neurite connection
levels is presented as a box and whiskers plot in Fig. 5. Within
each batch the chip-to-chip coefficient of variation (CV) was
7.25%, with a batch-to-batch CV of 5.95%. This variance could
be attributed to the plasticity within the network formation
process (see ESI Fig. 5), the different passage numbers (9-12) and
the inherent variability of the neurite outgrowth process.
Nevertheless, this data reflects the reliability of the bilayer
membrane plasma masking technique, the reproducibility of
arraying differentiated SH-SYS5Y cells and directing network
formation at consistent levels.

The network formation assay and connection scoring

The extreme precision and reproducibility of the bilayer
membrane plasma masking technique makes it ideally suited for
undertaking the network formation assay (NFA).”® The assay
measures neurite outgrowth, a hallmark neurodevelopmental
indicator, by quantifying internodal connection levels. The
hexagonal array format contains uniformly spaced neuronal
adhesion sites to standardize the neurite outgrowth length and
thereby eliminate length measurements which are otherwise
required to satisfy the morphological neurite classification
criteria.”** Nodes in the array were separated by 100 um,
a distance also sufficient for the differentiation of neurites into
axons with functional synapses.*>5¢ Multiple connections can be
formed between nodes, with the pioneer neurite connection often
becoming suspended (see ESI Fig. 7(A)), thereby vacating the
track for outgrowth by another neurite (see ESI Fig. 7(B)). To
avoid difficulties discerning the number of connections shared
between a pair of nodes we chose to score multiple connections as
a single connection.

Analysis of network degeneration and protection processes

We have previously used the NFA to quantify the dose-
dependent inhibition of neurite outgrowth by the neurotoxin
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Fig. 5 Network formation reproducibility. The across chip (9 arrays)
variation in network formation levels from 3 batches (A-C), each con-
taining 3 chips. The box and whiskers plot presents the mean, the lower
25th and upper 75th percentiles, along with the data extremes.
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acrylamide.” Acrylamide neurotoxicity in humans is character-
ized by central-peripheral distal axonopathy with clinical
manifestations such as numbness of the hands and feet or
altered nerve conduction velocity.>” In vitro, acrylamide can also
cause the degeneration of pre-existing neurite outgrowths.’®
Acrylamide’s neurotoxic modes of action are various, one of
which may be by elevating intracellular Ca** levels.® This
causes the Ca®*-dependent up-regulation of calpains, a class of
cysteine proteases which degrade neurofilament proteins, spec-
trin, tubulin and microtubule-associated proteins.>*! At phys-
iological levels calpains control, amongst other processes, the
mobilization of vesicles to depleted release sites and therefore
play a critical role in synaptic facilitation and post-tetanic
potentiation.®> However, with a high Ca* influx calpain is
excessively up-regulated, and causes progressive structural
damage to the neuronal cytoskeleton and neuronal
networks.*>¢! In contrast, diminished calpain activity is associ-
ated with higher neurite outgrowth rates,*™®® such that the
general calpain inhibitor calpeptin can be used to buffer the
degenerative effects of acrylamide®® or elevated Ca** levels in
general.%*

The interconnected adhesive patterns produced by plasma
masking with a bilayer membrane assist the development of high
network formation levels which aid the investigation of neuro-
degenerative processes. In this study we have used the NFA to
measure the neurodegenerative effects of 0.5 mM and 1.0 mM
concentrations of acrylamide and, by co-treatment, the protec-
tive effects of calpeptin (1 pM daily) and brain-derived neuro-
trophic factor (BDNF, 100 ng mL™"), a protein with wide
ranging functions including promoting the differentiation and
survival of central nervous system neurons.®® Differentiated SH-
SYS5Y cells were cultured on the arrays for 2 days to establish
mature, highly connected (~1.3 cpn) networks. Acrylamide
treatment for 3 days caused network degeneration. The time
courses of acrylamide-induced network degeneration and the
buffering effects of co-treatment with calpeptin and BDNF are
presented in Fig. 6 as cpn values normalized to the controls, with
the raw data plotted in ESI Fig. 8. ANOVA analysis revealed
a significant time-treatment interaction (Fg42) = 2.19; p =
0.024) indicating dose-dependent network degeneration. With 1
mM acrylamide treatments, degeneration was not evident during
the first 48 h, but by 72 h network levels were significantly
reduced. Co-treatment with calpeptin or BDNF was insufficient
to prevent network degeneration.

The post-hoc test showed that 72 h of treatment with 0.5 mM
acrylamide was also required before a reduction in the connec-
tions per node was evident (mean difference: —0.46 cpn), but
with lower significance (p = 0.095). At this concentration cal-
peptin co-treatment buffered the action of acrylamide, with only
an 18% mean reduction in network levels compared to 44%
without calpeptin. The NFA is a spatial refinement of the neurite
outgrowth assay. This traditional assay has previously been used
to measure a 52% reduction in outgrowth levels for neurons
treated with 0.5 mM acrylamide for 3 days, with calpeptin co-
treatment buffering the reduction to 17%.5® The close similarity
between results generated by the different methods underscores
the reliability of the NFA, with the NFA aided by gains in
analytical throughput.” The data similarity also indicates that
patterned culture does not perturb neurite outgrowth.
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Fig. 6 Dynamics of network degeneration during exposure to 0.5 mM
(A) and 1 mM (B) acrylamide concentrations. The buffering effects of 1
uM calpeptin (C,D) and 100 ng mL~' BDNF (E,F) during exposure to 0.5
mM and 1 mM acrylamide, respectively. Network levels were normalized
relative to control levels.

Protection with BDNF provided a strong buffering capacity,
completely maintaining network integrity. BDNF binds to the
tyrosine kinase B (TrkB) receptor and impacts various signaling
pathways, including activation of the transcription factor CREB
which mediates the expression of genes involved in the molecular
processes underlying aspects of memory function.® Differentia-
tion of the SH-SYS5Y cell line with retinoic acid leads to the
expression of TrkB receptors for further differentiation with
BDNF to produce cells which exhibit many of the features of
mature neurons.%” Besides the general neuroprotective effect, co-
treatment with BDNF will therefore also stimulate pathways
required for the fuller maturation of the neuronal networks.®® In
such contexts, the NFA could be used in combination with other
analytical tools to draw associations between toxic molecular
perturbations and possible neurobehavioural outcomes.

Technical perspectives

A major advantage of the bilayer membrane plasma masking
technique is that proteins can be applied by the end-user just
prior to experimentation. This feature makes the approach
suitable for distributed testing by collaborating groups. In
addition to the wider implementation of the assay, high content
and high throughput screening PEG arrays can be realised using
larger substrates for packaging within industry standard 96-well
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and 384-well plates. Shown in ESI Fig. 9, we have adapted
a magnetic interfacing technique invented in our laboratory®®™
for use with a PDMS gasket array to provide a compression seal
between a patterned substrate and a bottomless polycarbonate
96-well plate. Automated imaging and analysis will also provide
significant gains in throughput,”'®’*7? and brings the enticing
possibility of obtaining deeper insights into the dynamics of
network behaviour.

Conclusions

Plasma masking with a bilayer membrane enables precision
oxidative patterning. With optimal dimensions the technique can
be used to pattern PEGylated surfaces for the reproducible
formation of spatially standardized neuronal networks. These
have been used as an analytical platform to measure the time and
concentration dependent network degeneration effects caused by
the neurotoxin acrylamide and the counteracting effects of
calpeptin and BDNF. Beyond these examples, the neuronal
networks can be applied to the investigation of a range of
structural and kinetic processes in neurobiology.
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