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A B S T R A C T

To model complex biological tissue in vitro, a specific layout for the position and numbers of each cell type is
necessary. Establishing such a layout requires manual cell placement in three dimensions (3D) with micrometric
precision, which is complicated and time-consuming. Moreover, 3D printed materials used in compartmentalized
microfluidic models are opaque or autofluorescent, hindering parallel optical readout and forcing serial charac-
terization methods, such as patch-clamp probing. To address these limitations, we introduce a multi-level co-
culture model realized using a parallel cell seeding strategy of human neurons and astrocytes on 3D structures
printed with a commercially available non-autofluorescent resin at micrometer resolution. Using a two-step
strategy based on probabilistic cell seeding, we demonstrate a human neuronal monoculture that forms net-
works on the 3D printed structure and can establish cell-projection contacts with an astrocytic-neuronal co-culture
seeded on the glass substrate. The transparent and non-autofluorescent printed platform allows fluorescence-
based immunocytochemistry and calcium imaging. This approach provides facile multi-level compartmentaliza-
tion of different cell types and routes for pre-designed cell projection contacts, instrumental in studying complex
tissue, such as the human brain.
1. Introduction

To fully recapitulate the complexity of human organs and tissues,
multiple cell populations must be precisely organized in all three di-
mensions, something that is impossible in models based on random 2D
cultures and 3D cell-laden hydrogels. [1–6] Conventional
two-dimensional (2D) cell culture models are a simple and powerful tool
for studying cellular mechanisms. However, the limited dimensionality
and spatial control over the cell positioning make them insufficient to
study medium- and high-complexity tissue processes, such as defined
neuronal-astrocyte interactions and the blood-brain barrier (BBB). [7] 3D
hydrogels with encapsulated cells provide an in vivo-like environment,
but these models typically feature a random distribution of cells in the
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hydrogel. This lack of spatial definition for interconnections between
cells limits the complexity and reproducibility of 3D cell interactions. [8]
While cell migration and scaffold invasion can be guided by inducing a
gradient of growth factors or chemotactic compounds, these processes
take days to occur. In addition, thick 3D models require gas and nutrient
transport solutions to avoid tissue necrosis. [9,10] All these elements
make current 3D modeling solutions complex, expensive, and often too
undefined to mimic tissue physiology.

Compartmentalization strategies based onmicrofluidic systems tackle
part of these issues. [11] Advances in microfluidics and 3D printing
enabled organ-on-a-chip technologies where cells can be cultivated in
controlled microenvironments with integrated sensors or can be placed
using extrusion printing. [12–21] For instance, microchannels can guide
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the growth of neurites to study axonal regeneration and neuronal
communication. [22–24] Fabrication methods such as soft lithography
and injection molding can quickly generate 2.5D guiding structures.
However, these methods are still too complicated and expensive to
fabricate overhanging and multi-level microstructures that resemble the
physiological microenvironment. Recently, two-photon polymerization
has been used to generate 3D microscaffolds for neurite guidance,
providing a solution to obtain 3D environments where the position and
connection points of cells are definedwith micrometric accuracy. [25,26]
However, these examples used nanoliter handling methods for manual
biofunctionalization, cell seeding, or cell interrogation, making these
solutions complicated and time-consuming. In addition, the intrinsic
autofluorescence of most of the available photopolymerizable resins for
3D printing hinders standard imaging techniques in these 3D-printed
micro scaffolds. [27]

To address the limitations of current 3D models based on two-photon
3D-printed scaffolds, we developed a multi-level co-culture model using a
low-autofluorescent polymer and a parallel yet statistically selective
seeding approach (Fig. 1a). We used a probabilistic two-step approach to
seed astrocytes first and then neurons, yielding defined neuronal-
astrocytic interactions without requiring selective coatings or posi-
tioning of individual cells (Fig. 1b). The protocol uses different seeding
time points and densities for the two cell types to enable only neurons on
top of the 3D printed structures and a 2D co-culture of neurons and as-
trocytes on the underlying glass substrate (Fig. 1c). Dedicated neurite
guidance structures (ramps) also define the interaction pathways be-
tween the neurons and the astrocytes, allowing the investigation of how
Fig. 1. Scalable approach for parallel seeding and characterization of neurona
culture model. Neurons (red) and astrocytes (blue) cover the glass substrate surfac
forming connections between the neuronal population on the 3D printed pillar cavitie
connecting the glass substrate surface and the cavity on top of the pillar. b) Process
autofluorescent resin, IP Visio, is printed using a 25 � 0.8 NA objective lens in resin
substrate. After Matrigel® coating, we first seeded astrocytes with low density, cultu
obtain two levels with different cell populations. The transparency of the substrat
Fluorescence images (substrate and pillar cavity planes) of the 3D printed structure
presence of astrocytes and neurons, respectively. The glass substrate plane image sho
of the structures (pillar cavity plane). Scales bars, 100 μm. d) Indirect visualization o
inverted wide-field microscope. Each recording site is indicated with dashed lines in t
in this figure legend, the reader is referred to the Web version of this article.)
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contact-mediated and biochemical signaling shape the interactions be-
tween the two cell types. Since the transparent printed structures display
little to no autofluorescence, the co-culture model can be characterized
using high-throughput, non-contact fluorescence microscopy even with
low-signal assays, such as calcium imaging in neurons or single-molecule
fluorescence. As proof of concept, we examined neuronal protein
expression by immunocytochemistry and electrophysiological activity by
fluorescent calcium imaging (Fig. 1d). [28,29]

2. Results and discussion

2.1. Design, optimization, and characterization of the printed structures

We demonstrate a multi-level co-culture system with geometrically
defined neuronal-astrocytic interaction points and neurite guidance
using a 3D printed platform (Fig. 1a). To fabricate the 3D platform, a
commercially available two-photon 3D printer (Nanoscribe GT2, Nano-
scribe, Germany) was used to print 3D solid structures in a low-
autofluorescent, methacrylate-based, biocompatible resin (IP-Visio,
Nanoscribe, Germany) on ITO-coated glass substrates using two-photon
polymerization (see Experimental section for detail). The 3D printed
structure consists of 4 � 2 micropillars with narrow suspended bridges
connecting the pillars (Fig. 2a–b, see Experimental section for the
detailed design description). The optimization of the printing parameters
and the characterization of stiffness and surface charge using Atomic
Force Microscopy (AFM) and Colloidal Probe AFM (CP-AFM) can be
found in the Supplementary Material (Figs. S1 and S2). [30] Each pillar
l-astrocytic co-culture models. a) Schematic illustration (side view) of the co-
e. The elevated 3D printed structures (in green) feature only seeded neurons,
s and the co-culture population on the glass substrate surface through the ramps
flow for the realization of the co-culture models. A commercially available low-
immersion configuration. After development, a PDMS well is placed on the glass
red the cells to reach confluency, and then seeded neurons with high density to
e and resins allow both upright and inverted microscopy characterizations. c)
s after two-step cell seeding. The blue and red cell tracker colors visualize the
ws a co-culture of neurons and astrocytes, while only neurons are present on top
f electrophysiological activity of neurons by calcium imaging recorded with an
he pillar cavity. Scales bar, 100 μm. (For interpretation of the references to color



Fig. 2. Design, optimization, and characterization of the printed structures. a) SEM image (top view) showing the printed platform composed of two pillar arrays
with and without ramps connecting the pillar cavities with the substrate. Scale bar, 200 μm. b) 3D model of the structures with nominal dimensions. c) Illustration of
post-printing structure shrinkage. The values are based on comparing the dimensions and distances of the 3D model with the measurements in SEM images of
printed structures.
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top is designed with a cavity to host cells (neurons in this study) and to
prevent them from migrating to other areas after cell seeding and
adhesion. The cells seeded into the pillar cavities are 100 μm above the
substrate plane and can be distinguished from those on the substrate
without significant optical crosstalk, even using wide-field microscopy.
Suspended bridges connect all the cavities in the pillar arrays to guide the
neurite growth and formation of a network on top of the printed
structures.

To allow detailed contact vs. non-contact assays of cell behavior, we
printed two copies of the array per sample and included dedicated
structures (ramps) in one of the copies to connect the cavities to the glass
substrates (Fig. 2a). The ramps define specific pathways for physical
contact between the neurons inside the pillar cavities and the co-culture
of neurons and astrocytes on the underlying substrate. This approach
thus enables the precise organization of two separated cell culture planes.

To avoid the delamination of the 3D-printed structures after devel-
opment, we combined a chemical treatment of the substrate and stress
relief features in the design of the structures. A challenge when printing
microstructures with a millimetric footprint is to avoid mechanical fail-
ure due to post-printing shrinkage. Many two-photon polymerization
resins suffer from a significant post-printing shrinkage (5–10%), which is
also present for the type of resin used in this study (Fig. 2c). [31,32] The
shrinkage causes mechanical stress in the structures that tend to delam-
inate from the substrate if there is no strong adhesion between resin and
substrate or stress relaxation feature. To improve the adhesion between
the glass substrate and the printed resin, we chemically modified the
ITO-coated glass substrate with the silane 3-(trimethoxysilyl)propyl
methacrylate (see Experimental section). Then, we optimized the design
to counteract the stress build-up after printing. Specifically, we designed
the connections between the pillars as thin serpentine-shaped flexible
bridges that could absorb the tensile stress by straightening them out
after printing, avoiding the delamination of the entire structure from the
glass substrate. These connections are long and unsupported structures,
which increases the risk of stitching-induced printing error due to the
sinking or deformation of the structures after printing. We included a
support column in the midpoint between pillars to mitigate this issue.
The amplitude of the sinusoidal shape of the connection is reduced by
roughly 30% after printing, indicating that the stress is released as
intended with the deformation of the thin bridges and does not build up
between pillars (Fig. 2c). Previous studies featuring two-photon
3

polymerized platforms presented a similar solution by printing a large
block as a base and a spring connecting the block to the glass substrate.
[26,27] However, a millimeter-sized 3D printed structure significantly
increases the printing time (by a factor of 2–10) and prevents conven-
tional inverted imaging during cell culture and final assessments. Instead,
our configuration, combined with the printed structures’ transparency,
allows conventional inverted microscopy for cell imaging and charac-
terization (Fig. 1c and d) – a significant advantage with respect to pre-
vious methods. [27]
2.2. Neurite outgrowth guided by the 3D printed platform

To verify that the 3D printed platform works as a suitable scaffold for
neurons, we used Lund human mesencephalic (LUHMES) cells as a
human neuronal model, observing the formation of neurites along the
printed structures. LUHMES cells are frequently chosen to perform
toxicity assays and Parkinson's disease modeling due to their rapid dif-
ferentiation into post-mitotic neurons with characteristics of dopami-
nergic neurons [33,34]. To promote neuronal adhesion and growth, we
tested three substrate treatments: poly-L-ornithine (PLO) coating with
fibronectin and laminin, PLO with fibronectin, or Matrigel® coating (see
Table S1 in the Supplementary Material). LUHMES cells were typically
differentiated for 9–12 days. [33,35] In this study, we observed that the
density of LUHMES cells on substrates coated with PLO/fibronectin or
with PLO/fibronectin/laminin would drastically decrease between dif-
ferentiation days 5 and 9. We then evaluated Matrigel®, resulting in
significantly better support for LUHMES cell adhesion and neurite
outgrowth on top of printed structures. Using Matrigel® as substrate
coating, LUHMES cells formed neurite networks on the ITO-coated glass
substrate and the 3D-printed resin. Through their neurite extensions,
neurons inside the pillar cavities can physically connect to the neurons on
the other pillars and to co-cultured cells on the glass substrate if ramps
are present (Fig. 3a). However, without the ramp structure, the neurons
on the pillars without ramps remain physically isolated from the
co-culture (Fig. 3b). The neurons could also attach and grow on the outer
wall of the pillars and suspended bridges, extending to the bottom sub-
strate. No significant autofluorescent signal from the 3D-printed struc-
tures could be detected under normal microscopy conditions, simplifying
confocal imaging of the networks (Fig. S3 in the Supplementary
Material).



Fig. 3. Neurite outgrowth guided by the
3D printed structure. Confocal images (top
view and cross-sectional view) of pillar cav-
ities populated with differentiated LUHMES
cells (day 8) for pillars a) with and b)
without ramp connection, showing how
neurites extend down the ramps or are iso-
lated inside the pillar cavities based on the
presence or absence of the ramp structure,
respectively. Samples stained with anti-
TUBB3 (red) and Hoechst/Nuclei (blue).
The images on the lower panel show the side
view of the areas highlighted with a white
dashed line in the images of the upper panel.
Scales bars, 100 μm. (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)
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2.3. Probabilistic two-step cell seeding for scalable compartmentalization

To avoid serial and time-consuming cell positioning via patch-clamp-
like nanoliter pipetting, we developed a seeding protocol to obtain a
neuron-only population on the top of the printed structures and a co-
culture of neurons (i.e., LUMHES) and astrocytes on the substrate plane
(Fig. 4a). To visualize the outcome of this approach, we stained the two
cell populations with different fluorescent dyes before seeding. First, we
seeded human cortical astrocytes at a low density (2500 cells/cm2). The
area on top of the individual pillar (0.012 mm2) was chosen to allow the
spread and growth of multiple neurons inside the pillar cavities while
minimizing the probability of astrocytes landing in the pillar cavities
when seeded with low cell density (Fig. 4b and c). After one day of
culture, we found an average of 1.89 � 0.16 astrocytes inside each 2 � 4
array (based on brightfield counting on 102 2 � 4 pillar arrays). This
number aligns with the theoretical value (2.4), which we calculated
assuming a uniform distribution of the seeded cells per unit area,
considering the total area of the eight pillar cavities, and no loss due to
viability or delamination. The number of cells (10–15 cells covering 2%
of the region of interest, consisting of an area of 0.005 cm2) we identify
on the substrate also matches the expected value based on the low
seeding density. We first cultured the astrocytes in astrocyte media to
allow proliferation and increase their area coverage (Fig. 4d and e).
Three days after seeding, no additional astrocyte was found on top of the
structures, while the number of cells on the substrate grew to roughly
40–50 with a 10% area coverage. Before seeding the neurons, we iden-
tified the pillar cavities containing astrocytes and excluded them from
further analysis. Once the astrocytes reached 10% confluency, we first
replaced the astrocyte media with LUHMES differentiation media and
then seeded LUHMES cells at high cell density (150000 cells/cm2),
populating both the substrate plane and the pillar cavities (Fig. 4f and g).
4 h after seeding, we found an average of 11.4 � 3.7 cells inside each
pillar cavity (based on brightfield counting on 184 pillars). With this two-
step seeding approach, we obtain observable neurons in three distinct
conditions: 1) neurons inside the pillar cavities without ramps, physically
isolated from the astrocytes but within proximity to the astrocyte-neuron
co-culture from the bottom substrate layer, 2) neurons inside the pillar
cavities with ramps connection, which can connect to the astrocyte-
neuron co-culture through neurite extensions, and 3) neurons that
grow in direct physical contact on top of the astrocytes on the bottom
substrate layer. This setup can be used to study the effect of contact-
4

mediated interactions (direct or through neurites) compared to the in-
direct interaction through extracellular biochemical signaling.
2.4. Structure biocompatibility and optimization of the cell culture protocol

To verify the compatibility of the 3D-printed structures with the two
cell populations, we run multiple viability assays. Qualitative image
analysis of the cell density showed equal distribution on the substrate
next to the printed structures and farther away from them. We then
performed a quantitative evaluation of the cell viability using a live-dead
assay. LUHMES cells (differentiation day 9) in co-culture with human
astrocytes had comparable viability in control well plates and in the
presence of the printed structures, indicating that the printed structures
are biocompatible and do not leach out cytotoxic chemicals during the
multiday cell culture (Fig. 5a). We then examined the viability of
LUHMES cells as monoculture and co-cultured with astrocytes. The
viability of LUHMES and human astrocyte cells in co-culture decreased
significantly compared to LUHMES differentiated as a monoculture
(Fig. 5b). The low viability was associated with little to no neurite
outgrowth, likely because the LUHMES cells did not properly differen-
tiate into post-mitotic neurons. Previous toxicological studies instead
reported beneficial effects for LUHMES cells when co-cultured with
immortalized or embryonic stem cell-derived mouse astrocytes. [36,37]
Our contradicting results indicate that the combination of
LUHMES-derived neurons and human cortical astrocytes is sub-optimal
for co-culture models, highlighting the non-trivial interplay between
the specific cell models used in co-culture studies. To understand the
source of this discrepancy, we first examined the viability of primary
human astrocytes in different media conditions (Fig. S4 in the Supple-
mentary Material). Since the viability of astrocyte monocultures did not
decrease significantly when astrocyte monocultures were kept in differ-
entiation media, we hypothesized that biological stress arises during the
high-density seeding of LUHMES cells on top of the astrocyte cell layer.
This stress can cause a direct reduction in the viability of the co-culture
and a neurotoxic response from the astrocytes, further decreasing the
viability. [38] To minimize the stress reaction, we changed the culture
media composition after LUHMES seeding from standard differentiation
media (DM) to a modified version (DMþ) by including astrocyte growth
factor supplements and ROCK inhibitor. Seeding LUHMES cells in DM þ
culture conditions significantly increased the viability of the co-culture
(Fig. 5c). The adapted media allowed us to co-culture the human



Fig. 4. Two-step seeding approach to generate neuronal monoculture inside the pillar cavities and astrocytes-neurons co-culture on the substrate surface.
a) Schematic illustration of the two-step seeding method. Astrocytes (in blue) are first introduced with a low seeding density (2500 cells/cm2) not to get astrocytes in
the pillar cavities. Next, the astrocytes are cultured until they reach the desired level of confluency. Then, neurons (in red) are seeded with high-cell density (150000
cells/cm2) populating the substrate, forming a co-culture with the astrocytes. The pillar cavity features neuronal populations isolated from the underlying co-culture or
confined contact points in the presence of the ramps. Figures b) to g) are top-view microscopy images composed using the brightfield signal and the fluorescence signal
from the cell tracker dyes (top view). b) Astrocytes (blue cells) on the glass substrate 2 h after astrocyte seeding. The initial area coverage on the glass substrate is low
(around 2%), in line with the low seeding density, and increases over time, reaching around 10% in d). f), g) Neurons (red cells) 4 h after neuron seeding. No astrocytes
are found on top of the structures at any stage (c, e, g). Scale bars, 100 μm. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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astrocytes and LUHMES cells to obtain post-mitotic neurons showing
neurite extensions and maturing electrophysiological properties.
2.5. Protein expression analysis

After optimizing the co-culture protocol, we assessed the influence of
human astrocytes on the differentiation process of the LUHMES cells. The
co-culture platform allows performing fluorescent imaging directly
through the printed structures, thus enabling investigation of the protein
expression of LUHMES cells differentiating inside the pillar cavities (with
and without ramps) using immunocytochemistry with standard micro-
scopy. Therefore, we evaluated the protein expression of tyrosine hy-
droxylase (TH, a marker for dopaminergic neurons), synapsin 1 (SYN1, a
presynaptic marker), and doublecortin (DCX, a microtubule-associated
protein). All three proteins show increased expression in differentiated
LUHMES cells and are used as maturity markers. [33,39,40] The
5

quantitative analysis showed that TH is significantly downregulated in all
co-culture conditions (LUHMES cells growing on the bottom substrate
layer and inside pillar cavities) compared to the monoculture (Fig. 6a).
However, TH was equally expressed in the differentiated LUHMES
monoculture growing on the bottom substrate layer and inside the pillar
cavities (with and without ramps), indicating that the printed structure
did not affect TH expression (Fig. 6b). Furthermore, we measured no
significant difference in TH expression in the co-culture samples between
1) the neurons on the bottom substrate layer where they grow in direct
contact on top of the astrocytes, 2) the neurons growing inside the pillar
cavities without ramps and thus without direct physical contact with
astrocytes, and 3) the neurons growing inside the pillar cavities with
ramps that allow them to connect with the astrocytes co-culture through
neurite extensions growing down the ramps (Fig. 6c). These results
indicate that the downregulation in the LUHMES cells, when co-cultured
with astrocytes, is mainly caused by biochemical signaling, not



Fig. 5. Viability assay and optimization of the co-culture models. a) Viability analysis co-culture of LUHMES cells (differentiation day 9) and human astrocytes in
a conventional well plate with no printed structures (control) and in the PDMS well close (<1 mm) and far (>2 mm) from the printed structure. No significant
difference in viability was found, indicating good biocompatibility of the printed structures. b) Viability assay of differentiated LUHMES cells as monoculture and co-
culture with human astrocytes. We found the viability of the co-culture to be significantly lower (p«0.005), suggesting a loss of viability due to the high cell density
seeding. c) Cell culture protocol with the optimized co-culture protocol (DMþ). Supplementing standard (DM) differentiation media with ROCK inhibitor and astrocyte
growth factor supplement significantly increases the viability of both neuron monocultures and neuronal-astrocytic co-cultures (p«0.0005). One-way ANOVA test and
two-sample t-test were performed to obtain the p values. Error bars show the standard deviations, with the centerline being the median value, and box plots cor-
responding to 25 and 75 percentiles.

Fig. 6. TH Protein expression. ICC-based TH protein expression analysis in a) differentiated LUHMES cells from monoculture and in co-culture with human as-
trocytes showing downregulation of TH in the co-culture condition, b) TH expression in LUHMES cells differentiated inside the printed pillar cavities and on the
bottom substrate layer showing similar expression, and c) TH expression in LUHMES cells differentiated in co-culture condition with human astrocytes growing on the
substrate layer directly on top of the astrocytes or inside the pillar cavities with and without ramp connection to the astrocyte co-culture. One-way ANOVA test and
two-sample t-test were performed to obtain the p values. Error bars show the standard deviations, centerline the median value, and box plots 25 and 75 percentiles.
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contact-mediated. Furthermore, comparing the expression of SYN1 and
DCX genes showed no significant difference in differentiated LUHMES
cells grown as monoculture or in co-culture with the astrocytes (Fig. S5 in
the Supplementary Material). Previous studies showed that astrocytes
have a neuroprotective mechanism for dopaminergic neurons, [36,41,
42] increase the TH expression in neurons, [43–45] and promote synapse
formation. [46,47] Comparable protein expression values in mono-
cultures and co-cultures suggest that the human fetal cortical astrocytes
used in this study do not support the maturation of LUHMES cells.
2.6. Indirect study of cell electrophysiology by calcium imaging

Thanks to the transparent printing resin, we could use our platform
for live calcium imaging to investigate the electrophysiological proper-
ties of the neurons instead of using the time-consuming and more inva-
sive patch-clamp method. Moreover, the absence of a significant
fluorescence background simplifies the quantitative comparison of pro-
tein expression and calcium oscillations for the two spatially separated
cell populations. Similar to the protein expression investigation, we
aimed to investigate if contact-mediated or biochemical signaling-based
6

interactions between astrocytes and neurons influence the electrophysi-
ological property of the neurons. It has been shown that astrocytes
modulate the electrophysiological properties of neurons and help to in-
crease the spontaneous firing activity of action potentials and speed up
the maturation process. [48–50] Differentiated LUHMES cells showed
spontaneous calcium activity cultured as monoculture and co-culture, but
the calcium fluctuations from the cells were too small to compare cell
behavior in the different conditions quantitatively.

To verify the compatibility of the printed structures with low-signal
imaging scenarios, we used a well-established rodent model - rat neu-
rons and rat astrocytes - with the optimized seeding protocol. [50] The
rat cells formed neuronal networks on the printed structures. The calcium
waves from the rat neurons produced strong signals that could be easily
quantified (Fig. 7a). We cultured rat neurons as monoculture or
co-culture with rat astrocytes for 21 days and then compared the
neuronal firing rates using fluorescent calcium imaging. Monocultures of
rat neurons showed comparable spontaneous activity, independent of the
neurons' substrate (pillar cavities or glass substrate, Fig. 7b). This result
confirms that, despite neurons inside the pillar cavities having fewer
options to form a network than those on the substrate layer, the



Fig. 7. Calcium imaging of rat neurons and rat astrocytes. a) Calcium imaging of isolated neuron population growing inside the pillar cavities (green calcium dye
Calbryte™ 520 AM). Scale bars, 100 μm. b) Characterization of the spontaneous firing rate of rat neuron monocultures on the glass substrate layer and inside the pillar
cavities with and with our ramps. c) Characterization of the spontaneous firing rate of rat neurons in co-culture with rat astrocytes, growing on the substrate layer
directly on top of the astrocytes or inside the pillar cavities with and without ramp connection to the astrocyte co-culture. P values were calculated using Linear Mixed
Models. Red and black marked data points represent two experimental rounds (see Fig. S6b and materials and method section). Error bars show the standard de-
viations, centerline the median value, and box plots 25 and 75 percentiles. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3D-printed structures do not compromise neurons’ electroactivity. Im-
aging results for the co-cultures showed that the spontaneous firing rate
is higher for rat neurons growing directly on top of the astrocytes than for
those growing inside the pillar cavities without ramps (Fig. 7c). The rat
neurons growing directly on top of the astrocytes also showed signifi-
cantly increased firing rate compared to monoculture firing rates, indi-
cating that rat astrocytes promote the maturation of electrophysiological
signals when in direct contact with the neurons (Fig. S6 in the Supple-
mentary Material). Interestingly, the addition of the ramp connectors
showed no increase in firing rate for the neurons with neurite connec-
tions to the co-culture on the glass substrate compared to those growing
in the pillars without ramps. This result indicates that the contact pro-
vided by neurite extensions is insufficient to provide the increased
maturation effect observed when neurons and astrocytes are in direct
contact.

Overall, the presented 3D-printed neurite-guidance co-culture plat-
form allowed us to investigate in detail how the electrophysiological
properties of neurons are affected by astrocytes. Only direct cell-body
contact between rat neurons and astrocytes affects the neurons,
whereas chemical signaling or contact through neurites does not show
any effects. This new insight would not have been observable using
previously described co-culture methods.

3. Conclusion

We have demonstrated that 3D printing with the readily available IP-
Visio resin can create contact and non-contact 3D co-cultures with
micrometer precision, allowing live high-spatial and temporal resolution
fluorescent imaging. We achieved a neurite guidance co-culture model of
neurons and astrocytes with spatial localization of the astrocytes with a
simple and completely scalable seeding method. The non-cytotoxic and
low-autofluorescence properties of the resin allowed for
immunocytochemistry-based protein expression analysis and calcium
signal imaging as a direct non-contact method to assess neuronal elec-
trophysiology. Viability assay and protein expression analysis of
LUHMES cells in co-culture with human fetal cortical astrocytes showed
that this glial cell type could not support the maturation of LUHMES cells
towards a neuronal phenotype. Further, calcium signaling analysis with
rat neurons and astrocytes revealed that direct cell-body contact between
neurons and astrocytes results in increased neuronal calcium activity,
7

whereas cell-projection contact does not affect the calcium transients.
The presented platform can enable multi-well arrays with the optical
readout of co-culture models for functional studies of neural activity and
processes relevant to neurological disorders.

4. Experimental section

4.1. Substrates, materials, and reagents for sample preparation

Soda-lime glass slides (L x W x T: 25 mm � 25 mm x 0.7 mm) coated
with indium tin oxide (ITO, around 18 nm thick, 100–300 Ohm/square)
were purchased as printing substrates from Nanoscribe (Germany).
Acetone (product number 5048858, VWR), isopropanol (product number
20839.366, VWR), and deionized water (DI water, purified from tap
water by a Milli-Q® Type I direct water purification system, Merck) were
used to clean the substrates. A 1:200 v/v solution of siloxane (3-(trime-
thoxysilyl)propyl methacrylate, product number M6514, Sigma Aldrich)
in 96% Ethanol (product number 20823.362, VWR) was used to increase
the adhesion of the 3D printed resin to the ITO-coated glass substrates, as
described in the silanization section. For the 3D printing process, IP-Visio
resin (Nanoscribe proprietary resin based on 7, 7, 9(or 7, 9, 9)-trimethyl-
4, 13-dioxo-3, 14-dioxa-5, 12-diazahexadecane-1, 16-diyl bismethacry-
late, CAS No. 72869-86-4; full formulation listed in Table S2 in the
Supplementary Material) and propylene glycol methyl ether acetate
(PGMEA, product number 484431, Sigma-Aldrich) were used as two-
photon printable resin and developer, respectively.
4.2. Substrate cleaning and silanization

The substrates were first cleaned by subsequent submersions of the
substrates in acetone, isopropanol, and DI water. Then, to make the
silanization more effective, the ITO-coated surface of the glass substrates
was activated by oxygen plasma treatment in a plasma chamber (FEMTO,
Diener electronic) using 40 W power, 1 mbar process pressure, and 800
cm3/min of air gas flow. After oxygen plasma activation, the substrates
were submerged in a prepared solution of 3-(trimethoxysilyl)propyl
methacrylate in 96% ethanol (1:200 vol ratio) overnight, keeping the
ITO-coated side facing upwards during the treatment. The substrates
were then rinsed with acetone and deionized water, and blown dry with
air. Finally, the functionalized samples were transferred into a petri dish,
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sealed with parafilm (product number P7793-1 EA, Sigma-Aldrich), and
used for printing within 72 h.

4.3. Design choice for the 3D platform

A 3D CAD model of interconnected pillars was designed using Sol-
idWorks software (Dassault Syst�emes) and transformed into a Nanoscribe
print design using the proprietary software Describe (Nanoscribe). The
designed 3D platform comprised two arrays of 4 � 2 pillars connected by
suspended bridges (Fig. 2a). Each array consisted of 150 μm high square-
based pillars with 140 μm long edges and a 50 μm deep cavity on top of
the pillar to host the neurons and prevent them from migrating to other
areas after cell seeding and adhesion (Fig. 2b). The pillars were con-
nected to each other by 250-μm-long suspended bridges that serve as
guiding structures for the neurites to form a network on top of the printed
structures. The suspended bridges were 30 μm thick and 25 μmwide and
had a guiding cavity 15 μm deep and 10 μmwide. We designed the pillar
array design described above to allow the study of neurons on the printed
structure, separated from the substrate plane. We also included a second
pillar array design to create specific pathways for physical contact be-
tween the neurons inside the pillar cavities and the co-culture of neurons
and astrocytes on the underlying substrate. The design was identical to
the first pillar array except for 45-degree ramps connecting the pillar
cavities and substrate plane (Fig. 2a, right).

4.4. Optimization of the laser exposure parameters for two-photon
polymerization direct writing

We optimized the pattern fidelity by printing an array of 50-μm-edge
cubes with pulse energies and scanning speeds ranging from 420 pJ to
730 pJ and from 70 mm/s to 120 mm/s, respectively. To minimize
processing time, the hatching and slicing distance values were expanded
from the recommended values of 0.5 μm and 1 μm–0.55 μm and 1.1 μm,
respectively. The optimized pulse energy and speed parameters (730 pJ
and 70 mm/s) were then used to expose the IP Visio resin and print the
3D structures for cell seeding.

4.5. Structure printing and development

3D polymeric structures were printed using a two-photon 3D printer
(Photonic Professional GT2, Nanoscribe) with low fluorescence and the
non-cytotoxic (according to ISO 10993-5/USP 87) Nanoscribe resin IP-
Visio. The IP-Visio resin was applied at room temperature onto func-
tionalized ITO-coated glass slides and exposed in immersion configura-
tion using a 25x objective (Objective LCI Plan-Neofluar 25x/0.8 Imm
Corr DIC M27, product number 420852-9972-000, Zeiss). The two-
photon printer used a laser beam at 780 nm wavelength, a pulse dura-
tion of around 100 fs, and a repetition rate of 80 MHz. After printing, the
samples were submerged in PGMEA for 20 min, then transferred into
isopropanol for 5 min. To increase the degree of crosslinking, post-print
curing via UV-driven radical generation was performed (3 min, 220–450
nm wavelength, 10 mW/cm2) using an OAI Model 30 UV Light Source.
Next, the samples were transferred to DI water at 65 �C for 10 min to
facilitate the desorption of unreacted species and solvents. Then, the
samples were carefully dried, avoiding air blowing on top of the printed
structures to prevent possible mechanical damage and delamination.
Finally, the dried samples were transferred to a petri dish, sealed with
parafilm, and stored at room temperature until cell seeding.

4.6. Characterization of the 3D printed structures by scanning electron
microscopy (SEM)

SEM was used to optimize the printing parameters (processing speed
and laser pulse energy) and assess post-printing shrinkage. The printed
structures were metalized by sputtering approximately 50 nm of gold
with a 10-nm thick adhesion layer of TiW alloy (KDF 844NT batch
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sputtering system, KDF Inc.) and imaged using a scanning electron mi-
croscope (SEM, Carl Zeiss AG - ULTRA 55, Carl Zeiss, Germany).

4.7. Device preparation for cell seeding

To reduce the volume of necessary reagents and cells, a poly-
dimethylsiloxane (PDMS) ring was attached to the glass substrates to
create a cell culture well with the structures in its center. PDMS and its
curing agent (Sylgard 184 Silicone Elastomer Kit, Dow) were mixed at a
weight ratio of 10:1, degassed, and hardened in a petri dish at 70 �C for a
minimum of 3 h. The resulting PDMS slab with a thickness of 5 mm was
punched using a 10 mm biopsy punch and trimmed on the side with a
scalpel to fit on top of the glass slide. The PDMS ring was then placed on
top of the glass surface. The samples were sterilized by soaking them in
70% ethanol for 5 min and then rinsed two times with DI water and
Dulbecco's phosphate buffered saline (DPBS product number 14190144,
Gibco). Finally, samples were coated with 160 μg/mL growth-factor-
reduced Matrigel® (product number 354230, Corning) in DPBS over-
night at 37 �C. The coating solution was washed with cell media before
cell seeding. It is also possible to reuse the printed samples after the cell
culture experiment, leaving them in 0.5% Alconox® detergent solution
(product number 560437Q, VWR) overnight at RT and washing them
three times with water and DPBS before use.

4.8. Cell culture

Human astrocytes (product number 1800, ScienCell) were cultivated
in Astrocyte Media (AM, product number 1801, ScienCell) supplemented
with 2% (v/v) fetal bovine serum (FBS, product number 0010, ScienCell),
1% of astrocyte growth supplement (AGS, product number 1852, Sci-
enCell) and 1% penicillin/streptomycin (P/S, product number 0503,
ScienCell). Astrocytes were expanded in tissue culture treated flasks with
media changes every second day, passaged when 90% confluent using
TrypLE Select (product number 12563011, Gibco), and always used at
passage 6 for seeding in the devices. Conditionally immortalized prolif-
erating Lund human mesencephalic (LUHMES, product number T0284,
abm) cells were cultivated and differentiated according to the protocol by
Scholz et al. with minor modifications in the optimized co-culture pro-
tocol (described at the end of this section). [33] Tissue culture treated
flasks (T25) were coated by incubating them in a solution of 50 μg/mL
poly-L-ornithine hydrobromide (PLO, product number P3655, Merck)
and 1 μg/mL human plasma fibronectin (product number FC010, Merck)
in DI water (product number 10977035, Invitrogen) overnight at 37 �C.
After removing the coating solution, the flasks were washed with DI
water and left to dry for 5 min at room temperature before cell seeding.
LUHMES cells were grown in Advanced Dulbecco's modified Eagle's
medium/F12 (Adv-DMEM/F12, product number 12634010, Gibco)
supplemented with 1x N2 (product number 17502-048, Gibco), 2 mM
L-glutamine (product number 25030024, Thermo Scientific), and 40
ng/mL recombinant human fibroblast growth factor (FGF, product
number 233-FB, R&D Systems) at 37 �C and 5% CO2. Cells were passaged
1:10 when reaching 80%–90% confluency. For differentiation, LUHMES
cells were seeded on coated T25 flasks at a density of 460000 cells/cm2 in
growth media. After 24 h (Differentiation Day 0, or DD0), the media
formulation was changed to differentiation media, consisting of
Adv-DMEM/F12 supplemented with 1xN2, 2 mM L-glutamine, 1 mM
diburtyryl cAMP (product number S7858, Selleck Chemicals), 1 μg/mL
tetracycline (product number T7660, Merck) and 2 ng/mL recombinant
human GDNF (product number 450-10, PeproTech). After two days
(DD2), pre-differentiated LUHMES cells were passaged using TrypLE
Select and reseeded at a density of 1500000 cells/cm2 on the selected
substrate to finish the differentiation. Half the culture media was
changed every three days until the desired endpoint.

For the co-culture experiments with human astrocytes and LUHMES,
human astrocytes were seeded on pre-coated samples in astrocyte media
at a density of 2500 cells/cm2 one day before starting the differentiation



S. Buchmann et al. Materials Today Bio 21 (2023) 100706
protocol for the LUHMES cells (Differentiation Day -1, or DD-1). Astro-
cyte media was replaced once after two days (DD1). After three days
(DD2), the astrocyte media was replaced by the LUHMES differentiation
media, and pre-differentiated LUHMES cells were seeded on top of the
human astrocytes at a density of 150000 cells/cm2. Co-cultures were
then kept in the LUHMES differentiation media with half media changes
every three days until the endpoint of the experiment. In the optimized
co-culture protocol (DMþ), pre-differentiated LUHMES cells were seeded
on top of the astrocytes at a density of 600000 cells/cm2, the LUHMES
differentiation media was supplemented with additional 1% of AGS and
10 μM ROCK inhibitor (Y-27632 Dihydrochloride, product number
72304, Stemcell Technologies) for the first three days of co-culture (DD
2–5) followed by LUHMES differentiation media supplemented with 1%
AGS without ROCK inhibitor (DD5). Further, half-media changes were
performed every three days until the endpoint of the experiment. The
seeding density was reduced in the optimized media condition to obtain
the same final density of differentiated cells.

For the co-culture experiments with rat astrocytes and neurons, pri-
mary cortical rat astrocytes (product number N7745100, Gibco) were
cultivated according to the suggested protocol provided by Thermo-
Fisher. Rat astrocytes were expanded in DMEM high glucose (product
number 11995065, Gibco) with 15% FBS (product number 16000-036,
Gibco) and 1% P/S in tissue culture treated flasks. At the third cell pas-
sage, the rat astrocytes were seeded on pre-coated samples at a density of
2500 cells/cm2. After four days, Primary Rat Cortex Neurons (product
number A1084001, Gibco) were thawed up and seeded on top of the rat
astrocytes at a density of 750000 viable cells/cm2 in Neurobasal Plus
media (product number A3582901, Gibco) supplemented with 0.5 mM
Glutamax (product number 35050-038, Thermo Scientific), 2% B-27
supplement (product number 17504044, Gibco) and 1% P/S. Half media
changes were performed every three days. For increased viability of the
rat neurons, the optimized media was supplemented with 1% AGS and
10 μM ROCK inhibitor for the first three days, followed by media sup-
plemented with 1% AGS until the endpoint of the experiment (red data
points in Fig. 7 S5).

4.9. Immunocytochemistry

Cell samples were fixed at a final concentration of 4% low methanol
formaldehyde solution (product number 4235.4, Roth). Samples were
then incubated in blocking buffer (DPBS with 10% goat serum, product
number G923, Merck, and 0.1% Triton X-100, product number HFH10,
Invitrogen) for 1 h. Primary antibodies were incubated in dilution buffer
(DPBS with 1% goat serum and 0.01% Triton X-100) overnight at 4 �C.
Secondary antibodies were incubated in the dilution buffer for 1 h at
room temperature. Nuclear staining was performed with Hoechst
(1:2000 in dilution buffer) for 10 min. After each incubation step, the
samples were washed three times with DPBS. The following antibodies
were used: anti-TUBB3 (1:500, product number 801201, Biolegend),
anti-TH (1:500, product number P40101, PelFreez), anti SYN1 (1:500,
product number AB1543, Merck), anti DCX (1:800, product number
4604S, Cell Signalling), anti-rabbit Alexa Fluor 488 (1:1000, product
number A21206, Invitrogen), anti-rabbit CF594 (1:1000, product num-
ber SAB4600107, Merck) and CF633 anti-mouse (1:1000, product
number A-21136, Invitrogen). A Nikon CrEST X-light V3 spinning disc
was used to image the samples.

4.10. Live Imaging

For the cell tracker experiments, astrocytes and LUHMES cells were
incubated, respectively, with green cell tracker CMFDA (10 μM, product
number C7025, Invitrogen) and red cell tracker CMTPX (10 μM, product
number C34552, Invitrogen) for 30 min in PBS at 37 �C with 5% CO2 and
then washed three times with cell culture media. For the image series in
Fig. 4, the astrocytes were re-stained just before seeding LUHMES cells to
obtain a stronger fluorescent signal to counter the dilution of the
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fluorophore due to the proliferation of the astrocytes. The green and red
colors of the dyes were replaced in Fig. 4 with a blue/red colorblindness-
friendly palette. For the calcium imaging, cells were incubated in 0.75
μMCalbryte™ 520 AM (AAT Bioquest, product number 2065) for 45 min
at 37 �C and washed three times with respective cell media before the
experiment. For the live/DEAD assay, we used a Viability/Cytotoxicity
Kit (product number L23224, Invitrogen). Samples were incubated in a
final concentration of 2 μM calcein AM and 4 μM Ethidium homodimer-1
in PBS for 30 min at RT. All live imaging was performed with a Zeiss Cell
Observer microscope equipped with an incubator chamber, heating, CO2
control, and a Zeiss AxioCam MRm camera.

4.11. Imaging analysis

We used IMARIS image processing software to perform the live/dead
and protein expression analysis. For the live-dead quantification, live-
&dead cells were defined and counted using the spot function (⌀ ¼ 10
μm). For the gene expression analysis, nuclei were counted using the spot
function (⌀ ¼ 10 μm), and we used the surface function to quantify the
expression of the TH, DCX, and SYN1. The determined area of the
expressed protein was normalized to the number of cells. For the calcium
imaging analysis, randomly selected cells were marked in FIJI to plot the
fluorescent intensity change over time and count the total spikes. Only
cells inside the pillar cavities were analyzed, while the cells attached to
the outer side of the printed pillar structure were excluded from the count
and analysis.

4.12. Statistical analysis

Origin Pro was used to calculate p-values using ANOVA, two-sample
t-tests, and Linear Mixed Models.
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