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Abstract: The fabrication of in vitro neuronal cell networks where cells are chemically or electrically
connected to form functional circuits with useful properties is of great interest. Standard cell culture
substrates provide ensembles of cells that scarcely reproduce physiological structures since their
spatial organization and connectivity cannot be controlled. Supersonic Cluster Beam Deposition
(SCBD) has been used as an effective additive method for the large-scale fabrication of interfaces with
extracellular matrix-mimicking surface nanotopography and reproducible morphological properties
for cell culture. Due to the high collimation of SCBD, it is possible to exploit stencil masks for
the fabrication of patterned films and reproduce features as small as tens of micrometers. Here,
we present a protocol to fabricate micropatterned cell culture substrates based on the deposition
of nanostructured cluster-assembled zirconia films by stencil-assisted SCBD. The effectiveness of
this approach is demonstrated by the fabrication of micrometric patterns able to confine primary
astrocytes. Calcium waves propagating in the astrocyte networks are shown.
Keywords: micropatterns; nanofabrication; nanostructured zirconia; primary cell networks; cell
confinement; astrocytes
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1. Introduction
The in vitro fabrication of cell networks able to simulate the basic elements constituting
brain circuits and to maintain their native connectivity is of strategic importance for the
understanding of brain circuits’ physiology. An emerging field is bottom-up neuroscience,
in which basic cellular elements of the brain are thoroughly analyzed to understand the
functioning mechanism of higher-level circuits and eventually of the brain as a whole [1–3].
This approach is rewarding, but the interpretation of results is not straightforward, because
a functional dissection of each single elementary module from its interacting counterparts
is needed. One way around it is to assemble tailored cell networks in vitro by culturing
cells on substrates specifically engineered to restrict neural cell adhesion to specific areas
that match the topology of simple neural networks [4–6]. Such simplified systems of
brain cells represent a tool to perform functional studies as it was demonstrated that
small cultures on grid networks yield electrophysiological properties similar to random,
brain-scale preparations, despite their unique topology and connectivity [5].
Substrates with controlled topography and chemical composition at the micro- and
nano-scale are considered very effective platforms for the study of complex behavior such
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as neural cell signaling and to develop high-throughput protocols for drug screening and
cell-based therapeutic solutions [7–10]. In addition, surfaces with well-defined nanotopographical properties that mimic the ones present in natural extracellular matrix (ECM)
are of particular interest, in the field of mechanobiology, to explore mechanotransductiondependent modulations of cell phenotype development, adhesion, differentiation, motility,
and apoptosis [11,12].
Several methods for substrate micro- and nano-patterning are based on the selective
modification of the surface chemistry to create cell-adhesive/repelling regions [11–13].
Among the most widespread methods for chemical patterning, micro-contact printing
(MCP) [14] relies on the pattern transfer of the ink of interest from a soft stamp, usually made of polydimethylsiloxane (PDMS) or poly(methyl methacrylate) (PMMA) to a
substrate. The master mold is usually a silicon wafer microfabricated with photo-resist
lithography (PRL). This technique is simple and flexible towards the choice of substrate
and of the ink to be patterned. On the other hand, the fabrication of the master mold is
expensive, and the complex multi-step process is time consuming [8,12].
An alternative solution to MCP exploits commercial inkjet printers with simple hardware modifications to create fouling/anti-fouling patterns by directly jetting the chemicals
of interest on suitable substrate. This is a low-cost solution for large-scale printing, however,
only inks with certain fluidic properties can be printed and the smallest lateral resolution
achievable is usually 100 µm. Resolutions down to 1 µm can be achieved with complex
and expensive hardware modifications [8,12].
An approach transversal to different fabrication methods is stencil-assisted patterning
(SAP). Soft or rigid stencil masks can be fabricated with different techniques (e.g., PRL,
ion beam milling, laser cut, chemical etching). Different physical, chemical, or physicochemical techniques are then used to deposit active species through the mask. Advantages
and limits depend on the mask fabrication and deposition techniques used to obtain a
certain lateral resolution [8,12].
Topographical patterns at the microscale can be obtained by using top-down subtractive technologies typical of silicon-based MEMS production. Fabrication of simple basic
motifs such as grooves, pillars, dots with different dimensions, and pitches has been reported in order to reproduce and to recapitulate the elemental topographical cues that may
influence the cell behavior [15,16]. In general, these high-precision fabrication methods
have the advantage to be scalable, although with some difficulties. On the other hand,
they are quite expensive and basically limited to silicon substrates. Most importantly, it
is yet to be demonstrated that starting from simple topographical motifs one can realistically reconstruct the ECM topographical complexity that mediates all the interactions
between the cell and its environment [16,17] that are of particular importance also in the
neuronal context [18]. In fact, ECM topography is based on a very complex and random
entanglement of nanoscale fibers and crosslinked reticular structures [19].
During the last decade, we developed an additive method to fabricate surfaces with
multiscale controlled disorder quantitatively mimicking the nanoscale topography of biological systems [20–23]. We concentrated on titania and zirconia surfaces, because of
their biocompatibility and their widespread use as implant and prosthetic materials [24,25].
Our bottom-up fabrication method is based on supersonic cluster beam deposition (SCBD)
to produce nanostructured films with a nanoscale topography whose roughness can be
accurately and reproducibly controlled and varied [23,26–28]. This allows us to fabricate substrates that mimic the intricated morphological characteristics of the ensemble
of nanoscale components making up the ECM [23]. The precise control over nanoscale
topography can be easily obtained over macroscopic areas, as it is required for the large
number of experiments typical of in vitro biological assays, and compatible even with exigent (phospho)proteomics-based approaches [29]. SCBD allows to fabricate nanostructured
films with a controlled morphology at the nanoscale. Standard physical vapor deposition
techniques based on atom assembling for thin film deposition produce microcrystalline

vapor deposition techniques based on atom assembling for thin film deposition produce
microcrystalline structure with no control on the nanoscale surface morphology, as
in detail in References [27,28].
Micromachines 2021, 12,discussed
94
3 of 18
Here, we report the high-throughput fabrication of micropatterned nanostructured
substrates based on SAP, which can confine cells. The peculiarity of our approach is that
it enables both cell confinement and replication of an ECM-like morphology on the
structure
with noessentially
control onconsists
the nanoscale
morphology,
discussed
substrate. This
methodology
of two surface
steps: an
anti-foulingas
molecule
is in detail in
References
[27,28].
applied to a flat substrate, such as silicon or glass, in order to create a cell-repellent
we report the
high-throughput
fabrication
of micropatterned
nanostructured
monolayer; then,Here,
a nanostructured
zirconia
(ns-ZrOx) coating
is added
via SCBD through
substrates
based
on
SAP,
which
can
confine
cells.
The
peculiarity
of
our
approach
is that it
stencil masks to create the cell-adhesive regions with controlled nanoscale roughness.
enables
both
cell
confinement
and
replication
of
an
ECM-like
morphology
on
the
substrate.
We previously showed that this approach is valid in Reference [30], where we
methodology
essentially
consists
two
steps: an
anti-fouling neurons
moleculeon
is applied to a
successfullyThis
confined
a neuronal
cell line,
PC12, of
and
primary
hippocampal
flat
substrate,
such
as
silicon
or
glass,
in
order
to
create
a
cell-repellent
monolayer;
then,
ns-ZrOx dots of 150 μm diameter. In this work, we demonstrate that it is possible to
a nanostructured zirconia (ns-ZrOx ) coating is added via SCBD through stencil masks to
fabricate much more complex patterns formed by interconnected microstructures, with
create the cell-adhesive regions with controlled nanoscale roughness.
features as small as tens of micrometers. Moreover, we obtained cell confinement with
We previously showed that this approach is valid in Reference [30], where we successprimary astrocytes, a type of glial cells able to grow elongated processes and known to be
fully confined a neuronal cell line, PC12, and primary hippocampal neurons on ns-ZrOx
particularly adaptive [31,32]. We also report the observation and characterization of
dots of 150 µm diameter. In this work, we demonstrate that it is possible to fabricate
calcium waves propagating in a confined astrocyte network as a proof-of-principle of the
much more complex patterns formed by interconnected microstructures, with features as
effectiveness of our method.
small as tens of micrometers. Moreover, we obtained cell confinement with primary astrocytes, a type of glial cells able to grow elongated processes and known to be particularly
2. Materials and Methods
adaptive [31,32]. We also report the observation and characterization of calcium waves
2.1. Substratepropagating
Fabrication in a confined astrocyte network as a proof-of-principle of the effectiveness of
oursteps
method.
The main
for substrate fabrication are summarized in Figure 1: (a) an anti-fouling
molecule is grafted to the surface of a glass substrate, (b) a nanostructured zirconia coating
and Methods
is deposited 2.
viaMaterials
SCBD through
stencil masks, to create the cell-adhesive regions, and (c) the
2.1.
Substrate
Fabrication
result is a selectively antifouling
substrate where cells attach only on the adhesive areas.
The antifouling
thesubstrate
copolymer
PAcrAm-g-(PMOXA,
NH2,
Si) that
binds
The molecule
main stepsisfor
fabrication
are summarized
in Figure
1: (a)
an anti-fouling
is grafted to
the surface
of a glass
substrate,
a nanostructured
zirconia coating
covalently tomolecule
the hydroxylated
surface
[33] without
affecting
its (b)
roughness
significantly,
deposited
via SCBD through
stencilIn
masks,
to create
the cell-adhesive
see Figure S1isin
the Supplementary
Information.
the latter,
the detailed
protocol regions,
for the and (c) the
result
is
a
selectively
antifouling
substrate
where
cells
attach
only
on
the
adhesive areas.
substrate cleaning and functionalization is reported.

Figure 1. Schematic
representation
the fabricationof
process
of substrates
for cell
Theconfinement.
substrate is functionalized
Figure
1. Schematicofrepresentation
the fabrication
process
ofconfinement.(a)
substrates for cell
with the cell repelling
copolymer
PAcrAm-g-(PMOXA,
NH2,
Si).
(b)
A
micropatterned
film
of
ns-ZrO
is deposited via
(a) The substrate is functionalized with the cell repelling copolymer PAcrAm-g-(PMOXA,x NH2,
Supersonic Cluster
Beam
Deposition
(SCBD).
(c)
Cells
are
plated
on
the
substrates
and
they
adhere
only
to
the
ns-ZrOx pattern.
Si). (b) A micropatterned film of ns-ZrOx is deposited via Supersonic Cluster Beam Deposition
(SCBD). (c) Cells are plated on the substrates and they adhere only to the ns-ZrOx pattern.
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Nanostructured zirconia patterns are deposited by a SCBD apparatus equipped with a
pulsed microplasma cluster source (PMCS). The details of nanostructured film fabrication
process can be found in References [27,28,34].
Figure 2a reports a schematic representation of the SCBD apparatus. In brief, in the
PMCS, a zirconium rod is ablated via an aerodynamically confined plasma discharge
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After extraction, the cells were maintained in MEM medium supplemented with
10% fetal calf serum, 33 mM of glucose, 2 mM of Glutamax, and 2 U/mL of PenicillinStreptomycin (all reagents were obtained from Thermo Fisher Scientific, Gibco Massachusetts, USA, if not stated otherwise). Cells were grown on standard culture substrates
for 12 days in vitro (DIV) at 37 ◦ C and 5% CO2 , and every 3 days, the culture medium was
replaced. Cells were then detached with a trypsin/EDTA solution and, after centrifugation
(1000 rpm, 4 ◦ C for 5 min), the pellet was resuspended. The cells were subsequently seeded
on the patterned substrates with a density of 12,500 cells/cm2 . On these substrates, cells
were kept in the same culture medium described above for 1 day, replacing the medium
the day after. At day 2, the medium was replaced with one with a 1% concentration of fetal
calf serum. The following days, the medium was replaced every 3 days. The immunofluorescence images were taken after 3 DIV, whereas the calcium imaging experiments were
performed after 6 DIV.
2.5. Immunofluorescence Imaging
All the reagents were purchased from Merck KGaA, Darmstadt, Germany, if not
stated otherwise.
For the immunofluorescence imaging, we used astrocytes grown on our patterned
substrates (dots and micrometric bridges, produced with silicon stencil masks) for 3 days.
We fixed them with 4% paraformaldehyde (PFA)/phosphate buffered salin (PBS) for 10
min. We then permeabilized the cell membranes with 0.2% Triton X-100/PBS for 3 min
and blocked with 3% bovin serum albumin (BSA)/PBS. Phalloidin, tetramethylrhodamine
(TRITC) conjugated was used to stain the actin cytoskeleton of the cells and Hoechst
33,342 for the nucleus. They were incubated for 45 min in a humid environment at room
temperature. After the staining, the cells were mounted with ProLong® Gold antifade
(MolecularProbes).
Images were taken with a confocal microscope (Nikon A1R) with objectives 4×, 10×,
and 20× at the UNITECH NOLIMITS Imaging facility of the University of Milano.
2.6. Calcium Imaging
Hippocampal astrocytes grown for 6 days onto a patterned film (100 µm dots connected by 50 and 20 µm wide bridges, produced with a silicon mask) were loaded with
2 µm Fluo-4 AM (Thermo Fisher Scientific, Invitrogen, Waltham, MA, USA) for 30 min at
37 ◦ C, 5% CO2 . During the experiment, the cells were kept in air, at room temperature,
and submerged in Tyrode. This solution contains 119 mM NaCl, 5 mM KCl, 2 mM CaCl2 ,
2 mM MgCl2 , 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
30 mM D-glucose, the pH was adjusted to 7.4 with NaOH, and the osmolarity was adjusted
to 300 mOsm. O2 was bubbled into the solution for the duration of the experiment. The
sample was mounted on a customized holder with tubes enabling constant replacement of
the Tyrode solution.
The cells were stimulated with a 100 mM L-Glutamic acid solution (monosodium
salt, acquired from Sigma Aldrich, Saint Louis, MO, USA). Droplets of the stimulating
solution of volume < 4 pL were delivered with a pressure application device (PDES-01T,
npi electronic, Tamm, Germany) equipped with glass micropipettes pulled to have a tip
diameter of approximately 3 µm. To wash away the stimulation solution right after its
application and limit direct stimulation to few cells located in a restricted area, we used
three parallel pipettes of diameter 500 µm filled with Tyrode that ensured a constant flow
of solution washing away the glutamate at the stimulated site.
We recorded several 5-min time-lapse fluorescence videos with a microscope (Axiovert
135, Zeiss, Oberkochen, Germany), equipped with a standard filter set for fluorescein
isothiocyanate (FITC) and a digital camera (Orca-ER, Hamamatsu).
We analyzed the videos with custom-made scripts developed in MATLAB (2020b, The
MathWorks Inc., Natick, MA, USA). The fluorescence traces were extracted as a sum of
the intensity of pixels within circular ROIs (Regions of Interest) of equal radius, with the
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of the intensity of pixels within circular ROIs (Regions of Interest) of equal radius, with
the center corresponding to the most responsive cell somas, located manually. Each trace
was normalized by the baseline intensity value, and a linear background was subtracted.
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Lastly, the quality of the stencil masks is crucial for the accurate reproduction of stencil patterns on substrates. Any defect in fabrication of the stencil mask will be transferred
on the patterned film in an amplified manner due to the clogging effect. Among the different approaches available for the fabrication of stencil masks, we tested two different
types of masks: LC stainless-steel foils and silicon sheets patterned with PRL. Stencil
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This produces a progressively conical shape of the deposit. The rising width w is
further increased, as the contribution of the clogging effect is summed with the geometric
blurring, as described above (Equation (1)). The clogging effect’s contribution to w is
smaller than the thickness of the deposited film, but it is relevant when the film thickness
is comparable to the lateral dimensions of the stencil mask pattern features. In the present
work, we deposited films with thickness below 210 nm, and therefore clogging is negligible.
Progressive mask clogging may represent a limit when fabricating patterned films of
highly homogenous thickness: the extension of the homogeneous area imposes a limit of
the film thickness. On the other hand, as Barborini et al. showed in Reference [40], this
effect can be exploited to fabricate nanostructured three-dimensional (3D) objects with
controlled geometrical properties, such as nanostructured tips.
Lastly, the quality of the stencil masks is crucial for the accurate reproduction of stencil
patterns on substrates. Any defect in fabrication of the stencil mask will be transferred on
the patterned film in an amplified manner due to the clogging effect. Among the different
approaches available for the fabrication of stencil masks, we tested two different types of
masks: LC stainless-steel foils and silicon sheets patterned with PRL. Stencil masks should
be as thin as possible and non-deformable to guarantee a constant separation between the
mask and the substrate over the whole deposition area.
Due to their fabrication defects, steel stencil masks are suitable for patterns with
features of dimensions of the order of 100 µm and when the requirements of pattern
transfer concern the extension of the pattern feature areas and not the fine micrometric
details of the pattern. The jagged borders of the stencil masks do not compromise the
overall pattern topology as they are much smaller than the mean dimension of the pattern
features (see Figure S2 in the Supplementary Information).
When the width of LC steel mask’s opening is of a few tens of micrometers, the effect
of the edge defects becomes more relevant. This is particularly evident, for example, in the
pattern given by dots connected by 20 µm wide bridges. The width of the border of the
micro-bridges has wiggles of dimensions comparable to the bridge width, therefore the
topography is severely affected (see Figure S3 in the Supplementary Information). Defects
like consistent wiggles and interruptions in channels were found to affect between 40%
and 70% of the channels in each mask.
Higher levels of accuracy in the reproduction of micrometric patterns can be obtained
with PRL silicon masks. They present perfectly regular openings, in the micrometric
range, so the transferred patterns are only affected by the defects deriving from the beam
divergence. The phase contrast images reported in Figure 8a,b show zirconia patterns
deposited with PRL silicon masks: the dots are circular, and their borders are smooth,
with no wiggles. The bridges present no interruptions, and their width is constant over
their whole extension. In Figure 8c, AFM height profiles of micrometric bridges of width
50 µm (blue trace) and 20 µm (red trace) are reported. Both profiles display a plateau
area in the central zone of the bridge and a rising width, w, of ~20 µm, compatible with
the expected value and irrespective of the channel width. This result is coherent with
Equation (1), since the blurring effect does not depend on the width of the mask opening.
Although the two height maps were measured on the same sample, the two microbridges
have different plateau heights due to the blurring effect at the borders. Here, the width of
the channel on the mask is comparable to the rising width of the nanostructured zirconia
bridge; therefore, the whole pattern width is affected by blurring. The maximum height of
the deposit cannot reach the value expected in an un-patterned area.
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The possibility of controlling the zirconia morphology at the nanoscale [36] and its
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The resulting surface roughness, Rq, also decreases, since it depends on the film thickness, t, according to a simple scaling law, Rq ~ tβ [42], where the growth exponent, β, is 0.4
[36].
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Figure
9. (a) Representative AFM topographical map (2 × 1 µm) of nanostructured zirconia in the
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The morphological properties of nanostructured zirconia in different regions of the
micrometric patterns are summarized in Table 1.
Table 1. Morphological properties of the nanostructured zirconia in different pattern features on
the sample.

Geometry of the Pattern

Thickness (nm)

Roughness (nm)

Micromachines 2021, 12, 94

12 of 18

The resulting surface roughness, Rq , also decreases, since it depends on the film
thickness, t, according to a simple scaling law, Rq ~ tβ [42], where the growth exponent, β,
is 0.4 [36].
The morphological properties of nanostructured zirconia in different regions of the
micrometric patterns are summarized in Table 1.
Table 1. Morphological properties of the nanostructured zirconia in different pattern features on
the sample.
Geometry of the Pattern

Thickness (nm)

Roughness (nm)

Dot (250 µm diameter)
Bridge a (50 µm wide)
Bridge b (20 µm wide)

205 ± 5
192 ± 5
162 ± 4

19.5 ± 0.7
19.0 ± 0.8
16.5 ± 0.1

In biological applications, it was demonstrated that substrates with different nanoroughness provide distinct biophysical stimuli that can have a direct impact on mechanotransducive cellular structures (such as the integrin adhesion complexes and the cytoskeleton) and eventually cell development and functioning [18,20,21,29].
3.3. Cell Confinement
The effectiveness of our approach in cell confinement with patterned substrates has
already been demonstrated with a neuronal cell line, PC12, and with primary hippocampal
neurons [30].
Here, we use primary hippocampal astrocytes, a type of brain cells whose biological
function has recently been demonstrated to be closely related to neuron signaling [31].
Previously believed to have a mere supportive role in the central nervous system, there is
now evidence that astrocytes participate actively in synaptic transmission. The concept of
tripartite synapse has been developed to describe the spatial proximity but also functional
relation between pre- and post-synaptic neurons and astrocytes at the synaptic level [43].
On standard culture substrates, astrocytes grow in unorganized, interwoven monolayers, in which it is challenging to discriminate the functional connections between adjacent
cells. Also, a uniform layer of cells hardly compares to the complex anatomical structures
in which astrocytes are found in vivo.
Confining these primary astrocytes is particularly challenging as they can grow elongated processes and express a wide variety of cell adhesion molecules [32,44]. Astrocytes
accordingly display a remarkable adaptive plasticity and adhere to many different substrates, allowing, e.g., the interaction with the brain interstitial matrix and the basement
membrane in the vicinity of brain capillaries, or to enwrap neuronal components’ surfaces [31,44]. Substrates must be fabricated exploiting a combination of materials with
robust and stable in time cell-adhesive/repelling properties. Here, we show that the patterned cluster-assembled zirconia substrates represent an effective platform to constrain
adhesion of astrocytes onto specific areas and make them follow specific designs determined a priori. We underline that the zirconia films are used in their original state, with
no further functionalization to enhance adhesion (such as poly-L-ornithine and matrigel)
prior to cell plating.
We tested the patterns with micrometric resolution comprising zirconia bridges connecting dots, fabricated with the procedure described above and using PRL silicon masks.
The immunofluorescence images of Figure 10 display the staining of the actin cytoskeleton
(red, phalloidin TRITC conjugated) and of the nuclei (blue, Hoechst 33,342) of astrocytes at
3 DIV confined on patterns of dots connected by bridges of different dimensions.

functionalization to enhance adhesion (such as poly-L-ornithine and matrigel) prior to cell
plating.
We tested the patterns with micrometric resolution comprising zirconia bridges connecting dots, fabricated with the procedure described above and using PRL silicon masks.
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several 10× images (using the grid stitching plugin of ImageJ, NIH, New York, NY, USA).
borders of the dots adapt to their circular shape, whereas cells on the micrometric bridges
Interestingly, cells tend to take on the shape of the underlying pattern: cells on the
are elongated toward the direction connecting the dots. On the micrometric bridge, an
borders of the dots adapt to their circular shape, whereas cells on the micrometric bridges
alignment of the cytoskeleton actin components in the direction parallel to the bridge is
are elongated toward the direction connecting the dots. On the micrometric bridge, an
clearly visible.
Astrocytes are homogeneously distributed on the adhesive area of the samples, and
very few cells adhere on the cell repelling area. A statistical analysis of the images, carried
out by counting the nuclei of the cells (average over 5 images), showed that 93% of the
cells adhering on the sample surface can be found on the ns-ZrOx adhesive area portions,
occupying only 6% of the total surface available. In more detail, 85 % of the cells are
strictly inside the nominal dimension of the pattern feature, 7% are on the border, in contact
with the cells within the patterned area, and only 7% of the cells actually adhered on the
cell-repelling surface, with no contact with the cells on the ns-ZrOx areas.
We are thus able to guarantee an optimum level of cell confinement and to determine
a priori the geometry of the astrocyte network; potentially, we can also control the shape
of the single cells. This is a particularly relevant result from the biological point of view:
cells of the same type acquiring different shapes can show relevant physiological differences [45,46]. There is evidence suggesting that astrocytes do not have a homogeneous
morphology throughout the brain, with potential implications regarding brain ageing and
neurodegenerative diseases [47,48]; however, it is still not understood how astrocyte shape
could be physiologically relevant. The possibility of controlling cell shape by fabricat-
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ing ad hoc patterned substrates can provide a platform for a rich variety of experiments
concerning cell morphology with astrocyte ensembles mimicking anatomical structures.
3.4. Testing the Functionality of the Network
Astrocytes can propagate signals in the form of calcium waves, mediated by channels
called gap junctions. Moreover, synchronized calcium activity in astrocyte ensembles
has been observed: this provides a mechanism for signal transmission in an organized
functional network [49–51].
Cell patterning represents a viable strategy to assemble topologically controlled networks of astrocytes in vitro with a physiologically relevant geometrical shape. These
specific platforms represent an important tool that enables the systematic study of calcium
wave propagation in astrocytic networks, thus allowing a better understanding of the role
of these cells in synaptic signaling in the central nervous system.
We tested the functionality of the astrocyte network on our patterned substrates with
calcium imaging, exploiting the Fluo-4 fluorescent indicator. This molecular probe signals
the variation of intracellular calcium concentrations. We observed the propagation of
calcium waves through neighboring cells both occurring spontaneously and elicited by the
application of 100 mM glutamate solution droplets (volume < 4 pL). Astrocytes are known
to respond to glutamate, inducing the opening of ion channels and the subsequent rise in
cytoplasmic free calcium, which can propagate to neighboring cells [47].
In Figure 11a, we report a fluorescence image of the calcium signal from astrocytes
seeded on a patterned substrate. Here, two dots of 100 µm diameter connected by a
50 µm wide bridge are depicted, the third dot is out of the field of view. The border of
the zirconia pattern is highlighted with a blue line, and each ROI, corresponding to a cell,
is signaled with a red circle and labelled with an index. The indexes are assigned so that
ROIs labelled with a lower number correspond to cells closer to the micropipette, whereas
“a” and “b” refer to cells on the right and left with respect to the micropipette. The light
blue triangle represents the micropipette delivering the glutamate-stimulating solution. In
Figure 11b,c, the fluorescent intensity time traces measured from each ROI are reported,
with no stimulus (spontaneous activity) and with stimulus (elicited activity), respectively.
The stimulus consisted in the delivery of a droplet of glutamate solution every 30 s
(the pressure application device was triggered every 30 s for 50 ms, thus delivering droplets
of equal volume < 4 pL), and in the graph, this is indicated by the red triangular markers.
In both graphs, the traces are ordered following the position of each ROI with respect
to the direction parallel to the bridges, from left to right. The triangle representing the
micropipette is reported in Figure 11c, between the traces of ROIs 1a and 1b, corresponding
to the two cells closer to the stimulus.
The fluorescence intensity traces registered without and with the periodic glutamate
stimulus reveal a distinct behavior in the calcium activity of the astrocytic network. When the
cells are not stimulated, spontaneous bursts of increasing intracellular calcium concentration
take place and propagate to a few adjacent cells, see for example traces 10a, 11a, 12a, and 13a,
which all present a peak at approximately 204 s. The burst is localized within 135 µm, the
distance projected onto the direction parallel to the bridge between cell 13a and 10a.
Instead, when the glutamate stimulus was applied, we observed a periodical rise in
intracellular calcium in non-adjacent cells, and the stimulus propagated through cells on
different sites of the bridge, further away from the micropipette opening. Traces relative to
cells on both sides of the pipette, more than 370 µm apart (see, for example, 5b and 10a), all
displayed peaks at similar times, proving that geometrically confined astrocytes behave as
a functional network.

Micromachines 2021, 12, 94
Micromachines 2021, 12, x FOR PEER REVIEW

15 of 18
15 of 19

Figure
x xsample.
Figure11.
11.Calcium
Calciumimaging
imagingof
ofastrocytes
astrocytesconfined
confinedon
onaamicropatterned
micropatternedns-ZrO
ns-ZrO
sample.(a)
(a)Section
Secof
a fluorescent
imageimage
of theof
calcium
signalsignal
from astrocytes
seededseeded
on a sample
patterned
with dots
tion
of a fluorescent
the calcium
from astrocytes
on a sample
patterned
with
dots of100
diameter
500
μmconnected
apart andbyconnected
by bridges.
50 μm wide
Only
two dots
of
diameter
µm, 500100
µmμm,
apart
and
50 µm wide
Onlybridges.
two dots
are included
arethe
included
the field
view.ofThe
of pattern
the zirconia
pattern is with
highlighted
with aRed
blue
line.
in
field of in
view.
The of
border
theborder
zirconia
is highlighted
a blue line.
circles
Red circles
Region
of Interest
(ROI), corresponding
to a cell.
Thean
labels
report
an ininclude
eachinclude
Region each
of Interest
(ROI),
corresponding
to a cell. The labels
report
index
to allow
the
dex to allow the reader to identify the position of the cell with its calcium trace reported in the
reader to identify the position of the cell with its calcium trace reported in the graphs below. The light
graphs below. The light blue triangle represents the micropipette delivering the stimulating solublue triangle represents the micropipette delivering the stimulating solution. (b,c) Graphs reporting
tion. (b,c) Graphs reporting the calcium traces measured from the ROIs reported in image (a)
the
calcium
traces
measured from
the
ROIs reported
in image
(a) when
cells are
non-stimulated
and
when
cells are
non-stimulated
and
periodically
stimulated
with
glutamate,
respectively.
The trianperiodically
stimulated
with
glutamate,
respectively.
The
triangular
markers
on
graph
(c)
indicate
the
gular markers on graph (c) indicate the application of the glutamate solution, every 30 s, and the
application
of
the
glutamate
solution,
every
30
s,
and
the
light
blue
triangle
represents
the
position
of
light blue triangle represents the position of the pipette with respect to the cells. The indexes’ the
pipette
with
respectfor
to the
cells. The
indexes’ofnumber
increasing
distance
of theacells
number
increases
increasing
distance
the cellsincreases
from thefor
pipette
tip, and
the letters
andfrom
b
indicate
whether
are of athe
right
or left whether
side of the
pipette.
the
pipette
tip, andcells
the letters
and
b indicate
cells
are of the right or left side of the pipette.

This
is a proof-of-principle
that
this approach
provides
a reliable
method
for the
The stimulus
consisted in the
delivery
of a droplet
of glutamate
solution
every
30 s
study
of calcium
waves indevice
geometrically
defined
networks
A systematic
(the pressure
application
was triggered
every
30 s for of
50 astrocytes.
ms, thus delivering
dropcharacterization
of the
cells
grown ofby
substrates
with different
lets of equal volume
< 4calcium
pL), andpropagation
in the graph,of
this
is indicated
the red triangular
marknano-roughness
or geometrical
features
of the
patternthe
potentially
shapes
of
ers. In both graphs,
the traces are
ordered
following
position mimicking
of each ROIthe
with
respect
significant
anatomic
structures
will
be
provided
in
future
works.
to the direction parallel to the bridges, from left to right. The triangle representing the
micropipette is reported in Figure 11c, between the traces of ROIs 1a and 1b, correspond4. Conclusions
ing to the two cells closer to the stimulus.
We
a versatile
reliable
experimental
produce
culture
subThedeveloped
fluorescence
intensityand
traces
registered
withoutprotocol
and withtothe
periodic
glutamate
strates
forreveal
cell confinement
onto different
micrometric
patterns,
an ECM-mimicking
stimulus
a distinct behavior
in the calcium
activity
of the with
astrocytic
network. When
surface
nanotopography.
The
nanostructured
micropatterned
zirconia
films
deposited
the cells are not stimulated, spontaneous bursts of increasing intracellularare
calcium
conwith
the
SCBD
through
stencil
masks
on
glass
substrates
prepared
with
an
anti-fouling
centration take place and propagate to a few adjacent cells, see for example traces 10a, 11a,
treatment.
Compared
other micro-fabrication
techniques,
method
provides
cell
con12a, and 13a,
which alltopresent
a peak at approximately
204 this
s. The
burst is
localized
within

Micromachines 2021, 12, 94

16 of 18

finement by exploiting a biocompatible material, with a nanoscale topography reproducing
the natural environment of cells. Compatibly with the need of a large number of samples
typical of biological experiments, our method is suitable for production on a large scale.
In this work, we showed a strategy that enables to reproduce patterns with controlled
topographical features both at the nanoscale (surface roughness) and at the microscale
(micrometric pattern). Stainless-steel masks fabricated with the LC technology provided
accurate results for patterns with features larger than 50 µm, whereas PRL silicon masks
are suitable for the reproduction of patterns with features down to a few micrometers.
The patterned zirconia films have a well-defined nano-morphology that can be accurately
reproduced and varied to meet the requirements of the particular biological system under
research.
The effectiveness of our cell culture substrates was tested with primary hippocampal
astrocytes: we found a stable confinement and adhesion of the cells on the predefined
zirconia patterned areas with no further cell adhesion-enhancing functionalization. The
versatility of the pattern design enables to systematically approach the investigation of the
behavior of modular systems of cells, thus providing a platform for the in vitro reconstruction of complex architectures.
Astrocytes grown on our patterned substrates display a rich calcium activity both
spontaneous and elicited by glutamate application, as indicated by the propagation of a
stimulated calcium wave along a micrometric bridge. This represents an important starting
point for a systematic characterization of calcium signals in geometrically predefined
astrocytic networks.
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66X/12/1/94/s1, Figure S1. Morphological AFM maps (2 × 1 µm) of glass coverslips, Table S1.
Summary of the different types of masks tested in this work, Figure S2. Nanostructured zirconia
dots, phase contrast image, and morphological AFM map, Figure S3. nanostructured zirconia pattern
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