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Abstract

Generation of human neuronal networks by three-dimensional (3D) bioprinting is
promising for drug testing and hopefully will allow for the understanding of cellular
mechanisms in brain tissue. The application of neural cells derived from human
induced-pluripotent stem cells (hiPSCs) is an obvious choice, since hiPSCs provide
access to cells unlimited in number and cell types that could be generated by
differentiation. The questions in this regard include which neuronal differentiation
stage is optimal for printing of such networks, and to what extent the addition of
other cell types, especially astrocytes, supports network formation. These aspects
are the focus of the present study, in which we applied a laser-based bioprinting
technique and compared hiPSC-derived neural stem cells (NSCs) with neuronal
differentiated NSCs, with and without the inclusion of co-printed astrocytes. In
this study, we investigated in detail the effects of cell types, printed droplet size,
and duration of differentiation before and after printing on viability, as well as
proliferation, stemness, differentiation potential, formation of dendritic extensions
and synapses, and functionality of the generated neuronal networks. We found a
significant dependence of cell viability after dissociation on differentiation stage,
but no impact of the printing process. Moreover, we observed a dependence of
the abundance of neuronal dendrites on droplet size, a marked difference between
printed cells and normal cell culture in terms of further differentiation of the cells,
especially differentiation into astrocytes, as well as neuronal network formation and
activity. Notably, there was a clear effect of admixed astrocytes on NSCs but not on
neurons.

Keywords: Bioprinting; Laser; Neurons; Neural stem cells; Synapse; Neuronal
networks; Collective neuronal activity
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1. Introduction

Three-dimensional (3D)-bioprinted organ models are
promising alternatives for testing of pharmaceuticals,
chemicals, or cosmetics on animals or simple cell cultures.
They could also provide better understanding into cellular
mechanisms of specific diseases and, by applying patient-
derived cells, could enable generation of patient-specific
disease models for personalized medicine.

For neural disorders, like epilepsy, schizophrenia,
bipolar disorder, Parkinsons disease, or Alzheimer’s
disease, which affect more than one out of seven people!",
different cell-based brain models are being investigated'?,
which usually are based on simple cell culture systems,
3D cell cultures in hydrogels, cell-seeded scaffolds, or cell
aggregates (organoids, spheroids)®'!. 3D bioprinting could
advance such models toward 3D brain tissue constructs
with a higher level of complexity and functionality.

For personalized brain models, patient-derived neural
cells can be generated by reprogramming cells from blood or
skin to human induced-pluripotent stem cells (hiPSCs)!'>?!
and differentiating them to multipotent neural stem cells
(NSCs)" and further down the neuronal differentiation
pathway. Thus, different types of required cells like neurons,
glial cells such as astrocytes or oligodendrocytes, and
endothelial cells can be generated">'”! and 3D-bioprinted
with determined brain-tissue-like patterning.

Published studies demonstrating the printing of
neural cells applied mouse, rat, or human cells. These
were primary neurons (rat!'®*! and mouse®/), primary
neural stem and progenitor cells or neural stem cell lines
(mouse®?), neural progenitor cell lines (human), or
neurons and neural stem and progenitor cells derived from
iPSCs (mouse® and human*!). Gu et al. printed hiPSCs
and differentiated them to neurons post-printing®®* and
also used immortalized human neural progenitor cells”*.
Aside from neural stem cells and neurons, glial cells such
as astrocytes (rat!), oligodendrocytes (mouse iPSC-
derived™/), and Schwann cells (rat***), porcine*") were
printed.

For different printing technologies and bioinks,
these studies demonstrated printing of neural cells in
controlled patterns, achieving high viability post-printing,
maintenance of neuronal phenotypes, morphology, and
basic electrophysiological = functions!!®21-23:252%:30.32,37-39.41];
neurite outgrowth, formation of synaptic contacts and
networks, as well as spontaneous and stimulated neuronal
activity were shown/1920222425.28.32.35],

For these printing experiments, mostly extrusion
and inkjet printers were used. Since their nozzle-based
printing techniques differ fundamentally from nozzle-free

laser-based bioprinting applied in this study, results on
potential cell impairment are not directly transferable. We
prefer laser-based bioprinting due to its versatility, to print
droplets of cell-containing sols (non-gelled precursors
of gels) with low or high cell density (>10®* mL') and
low or high viscosity (1 mPa-s up to more than 1 Pa-s for
printing of cells) with volumes from a few picoliters up to
the nanoliter range. For instance, Chrisey et al. published
two studies of printing rat neuronal cells with laser-based
bioprinting, applying a neuronal blastoma cell line!*?! and
dorsal root ganglion neurons®!. They applied different
biomaterials in each study and investigated cell survival
after printing. To the best of our knowledge, however, a
direct comparison of the behavior of different neural cell
types upon laser-based bioprinting has not been explored
yet, and has only been investigated to a very limited extent
in studies applying other printing technologies 3],

Having all the different options for cells raises the
following questions: (i) Which cellular differentiation
stages are optimal for printing brain tissue models? (ii) For
these differentiation stages, does co-printing of other cell
types like glial cells support neuronal network formation?
In this study, we investigated laser printing of NSCs
and pre-differentiated neurons, partially together with
astrocytes, which were all derived from hiPSCs.

In a previous study, we compared the application
of different biomaterials for printing of hiPSCs™*! and
found that the best approach was to print with a bioink
composed of hyaluronic acid and cell culture medium onto
a layer of Matrigel™. Given these findings, we used the
same biomaterials in our experiments on hiPSC-derived
NSCs presented here. Matrigel™ was also used by other
groups****! for printing of neural cells.

Our present study includes assessment of post-printing
viability and proliferation of NSCs and pre-differentiated
neurons (all derived from hiPSCs), maintenance of NSCs
stemness, differentiation of printed NSCs toward neurons
and glia cells, formation of dendrites and synapses by
printed NSCs during differentiation, as well as statistical
evaluation of the functionality of neuronal networks formed
by printed post-differentiated NSCs and neurons. We used
fluorescence calcium imaging to monitor and evaluate the
behavior of the printed neuronal networks. Thereby, the
frequency and intensity of collective neuronal activity, i.e.,
events in which many neurons are active simultaneously, are
considered a measure of the functionality of these networks.

NSCs were compared with NSCs cultivated under
neuronal differentiation conditions (pre-differentiated) for 5,
10, or 20 days to identify the optimal differentiation stage for
generating neuronal networksbylaser printing. Furthermore,
we also studied whether co-printing of astrocytes increases
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or accelerates neuronal network formation. Our results
show a clear effect of pre-differentiation on cell viability and
behavior after printing and contrary to our expectations,
a stronger effect of added astrocytes on un-differentiated
NSCs than on pre-differentiated ones.

1.1. Notation

All cells used for this study were NSCs derived from
hiPSCs. Some of these NSCs were differentiated to neurons
or astrocytes. This produced mixtures of cells from different
differentiation stages.

To avoid repetitive long descriptions for these mixtures,
we use the following notation for neuronal differentiation
of NSCs: For cells printed as NSCs and differentiated
after printing, we use the term “post-differentiated NSCs”
to distinguish them from “NSCs” that were already
differentiated before printing (pre-differentiated), which
we call “neurons” or, e.g., “d10 neurons” for 10 days of
pre-differentiation. Additionally, we use the notation “(day
A pp, diff B/C),” which reads “cells assessed A days post-
printing with B days of pre-differentiation and C days of
post-differentiation.” For a more detailed description and
rationale, see section 2.2.

2. Materials and methods

2.1. Materials

Cell culture media, supplements, and hydrogels were
purchased from Fisher Scientific GmbH (Schwerte,
Germany). Cell culture flasks and plates were obtained
from TPP-Techno Plastic Products AG (Trasadingen,
Switzerland). Chemicals and antibodies were purchased
from Sigma-Aldrich (Deisenhofen, Germany), unless
otherwise noted.

2.1.1. Cells

All cells used were NSCs derived from hiPSCs or
differentiated from these NSCs under neuronal or
astrocytic culture conditions. This produced mixtures
of cells from different differentiation stages. After 10 days
of neuronal differentiation, the majority of the cells showed
markers of mature neurons, but there were also NSCs that
were not yet differentiated. In addition, some cells did
also spontaneously differentiate in a different direction.
For example, a few astrocytes were also found in neuronal
differentiated cell cultures.

In this study, NSCs were printed without prior
differentiation, after neuronal differentiation for 5, 10, or
20 days, or after astrocytic differentiation. To avoid repetitive
long descriptions, we will hereafter refer “NSCs” to as cells
that have not been cultured in differentiation medium
before the time of printing as NSCs, NSCs that have been
in astrocytic differentiation culture as astrocytes, and NSCs

that have been cultured under neuronal differentiation
conditions for 5, 10, or 20 days before printing as neurons or
as d10 neurons after 10 days of differentiation.

After most printing experiments, cells were cultured
under neuronal differentiation conditions. While neurons
were directly further kept under neuronal differentiation
conditions, printed NSCs were kept under normal NSC
culture conditions for 2 days after printing before the
differentiation was started to enable distinction between
the effects of medium change and printing. This results in
the need for a distinction between differentiation before
and after printing, for which we will use the terms “pre-
differentiation” and “post-differentiation,” and a distinction
between the time since printing and the time duration of
differentiation after printing, which is the same for neurons
(pre-differentiated NSCs) but differs by two days for NSCs
(non-pre-differentiated NSCs).

Therefore, we will use the following notations for
neuronal differentiation of NSCs: For not pre-differentiated
cells we will use the term “NSCs” and “post-differentiated
NSCs,” when differentiated after printing. For astrocytic
pre-differentiated NSCs, we use the term “astrocytes,” and
for neuronal pre-differentiated NSCs, we use the term
“neurons,” even though strictly speaking, it is a mixture of
neurons, NSCs and also some astrocytes and sometimes
oligodendrocytes. We call these neurons, e.g., “d10
neurons,” for 10 days of pre-differentiation. Additionally,
we use the notation “(day A pp, diff B/C),” which reads
“cells assessed A days post-printing with B days of pre-
differentiation and C days of post-differentiation”

2.1.2. Cell culture media

In the cell culture of this study, four different cell culture
media were used, a plating medium to initially seed the
NSCs after thawing, an expansion medium to proliferate
the NSCs, a neuronal differentiation medium to stimulate
the differentiation of the NSCs into neurons, and an
astrocytic  differentiation medium to stimulate the
differentiation of the NSCs into astrocytes. Immediately
after the cells were passaged or printed, medium with
added RevitaCell™ was used. RevitaCell™ is a modified
Rho-kinase inhibitor that promotes adhesion of neuronal
cells and prevents cell death. After 1 day, the medium was
replaced by medium without RevitaCell™.

2.2, Cell culture

2.2.1. Stem cell culture

hiPSC-derived NSCs (ax0011, Axol Biosciences Ltd.,
Cambridge, UK) were used in this study. The NSCs were
thawed and cultured as instructed by the supplier. Briefly,
NSCs were seeded at a density of 5 x 10* cells cm?in Neural
Plating-XF Medium (Axol Biosciences) onto SureBond

Volume 9 Issue 2 (2023)

346

https://doi.org/10.18063/ijb.v9i2.672



International Journal of Bioprinting

Laser bioprinting of hiPSC-derived neural stem cells and neurons

(Axol Biosciences)-coated 6-well plates and cultured for
24 hours at 37°C in a 5% CO, environment. The plating
medium was then replaced with expansion medium
consisting of KnockOut”™ DMEM/F-12 supplemented
with 2% StemPro™ Neural Supplement, 1% Glutamax™,
basic fibroblast growth factor (bFGE, 20 ng mL"; Axol
Bioscience), epidermal growth factor (EGE, 20 ng mL;
Axol Bioscience), and 50 pg mL*' gentamycin. For
passaging, NSCs were washed once with phosphate-
buffered saline (PBS) and then dissociated into single
cells with Accutase™ for 5 minutes at 37°C. After gentle
pipetting, the cells were collected by centrifugation at
400 xg for 5 minutes. NSCs were seeded at a density of
5 x 10* cells cm?and cultured onto Geltrex-ESC™-coated
6-well plates in expansion medium supplemented with
1% RevitaCell™ during initial plating. Medium was fully
exchanged to expansion medium without RevitaCell™ after
24 hours. NSCs were maintained in expansion medium
with medium changes twice a week. NSCs from passages
3-5 were used for the cell printing experiments.

2.2.2. Neuronal differentiation

For the experiments with pre-differentiated neurons, NSCs
were plated at a density of 1 x 10° cells cm? onto Geltrex-
ESC™-coated plates in expansion medium supplemented
with 1% RevitaCell™. Medium was changed the next day
to expansion medium without further supplementation.
At a confluence of 40%-60%, the expansion medium
was switched to neuronal differentiation medium
(Neurobasal medium, 2% B27™ Serum-Free Supplement,
1% Glutamax™, 200 um ascorbic acid-2-phosphate, and
50 ug mL* gentamycin). Half of the medium volume was
exchanged every second day.

2.2.3. Astrocytic differentiation

For the printing experiments with astrocytes, NSCs were
plated at a density of 1 x 10° cells cm™onto Geltrex-ESC™-
coated plates in expansion medium supplemented with 1%
RevitaCell™. Medium was switched the next day to astrocyte
differentiation medium (DMEM, 1% N2 Supplement, 1%
fetal bovine serum (FBS), 1% Glutamax™, and 50 ug mL"
gentamycin). Medium was thereafter fully exchanged
twice a week. Cells were split (1:4 ratio) at a confluence of
80%-90% by using Accutase™. Astrocytes from passages
5-7 were used for the cell printing experiments. Astrocytic
differentiation was confirmed by the staining of glial
fibrillary acidic protein (GFAP), a general astrocyte marker
that does not require fully mature astrocytes.

2.3. Cell printing

2.3.1. Cell preparation for printing and
immunostaining

For printing and immunostaining, NSCs, astrocytes
and neurons after 5, 10, and 20 days pre-differentiation

period, were dissociated into single cells with Accutase™
for 5 minutes at 37°C. After gentle pipetting, the cells
were collected by centrifugation at 200 xg for 5 minutes
and carefully resuspended in their respective cell culture
medium supplemented with 1% RevitaCell™. The majority
of these cells were used for the printing experiments, and
a smaller portion of the cells were analyzed with respect
to their differentiation stage and composition. The latter
were seeded at a cell concentration 2.5 x 10* cells cm™ on
Matrigel™-coated glass coverslips in their respective cell
culture medium and allowed to attach for 4 hours in an
incubator at 37°C in a 5% CO, environment.

2.3.2. Cell printing system

The printing system applied in this study was described
in our previous publication*. Briefly, for laser printing,
cells are suspended in a sol (referred to as bioink), usually
consisting of several components; a sol is the non-gelled
precursor of a gel. A glass slide (donor) is coated with a
60 nm thin laser-absorbing gold layer and a thicker (50—
70 pum) layer of the cell containing bioink. The donor is
mounted upside-down (Figure 1A) above a second glass
slide (collector), which is coated with a layer of hydrogel
(referred to as substrate) to provide a humid environment
and to prevent printed cells from dehydration and drying
out due to the extremely small droplet volumes. For some
cell types, the hydrogel layer is also necessary to enable cell
adhesion after printing.

For printing bioink droplets, laser pulses are focused
through the donor glass slide into the absorbing layer
which is evaporated in the laser focus. An expanding
vapor bubble is generated, which propels the subjacent
bioink downward. Due to the vapor bubble collapsing
after a few microseconds, a bioink jet is formed, lasting
for a few hundred microseconds"”. The bioink deposits
as a droplet on the collector substrate. Arbitrary patterns
can be generated by moving laser focus and donor slide;
3D structures and tissues are printable layer-by-layer. The
printed droplet volume depends on laser pulse energy and
focused laser spot size, as well as on thickness and viscosity
of laser-absorbing layer and bioink layer. In this study,
droplet volumes in the range of 0.1-1 nL were printed.
Former studies demonstrated that no heat shock was
induced to the printed cells™**l.

A Nd:YAG laser (DIVA II; Thales Laser, Orsay, France)
with 1064 nm wavelength, approximately 10 ns pulse
duration (FWHM) and 20 Hz repetition rate was used. The
laser pulses were focused with a 50 mm achromatic lens
into an ablation spot with a 40 um diameter. Depending on
the bioink layer thickness (approx. 60 um) and viscosity,
the laser pulse energy was set between 10 and 15 pJ,
corresponding to laser fluences around 1-2 J cm™.
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Figure 1. Printing process and cell culture homogeneity. (A) Schemat-
ic sketch of the laser-assisted bioprinting technique. (B) Example of bi-
oprinted neuronal stem cells (NSCs): Fluorescence microscopic image
of NSCs printed in a dot-pattern with a dot-to-dot distance of 600 pm,
immunostained with nestin antibody (green fluorescence) for neuronal
stem cells 2 days after printing. (C) Quantitative investigation of NSC’s
differentiation toward neurons and astrocytes (without printing); count-
ing of positive cells for mature neuronal (MAP2), proliferation (Ki67) and
astrocyte (GFAP) markers among NSCs, d5, d10, d20 neurons and as-
trocytes from fluorescent microscopic images; representative images are
depicted in Figure S2 (in Supplementary File). (D) Western blot (left)
analysis of neuronal proteins and its quantitative representation (right) of
the expression level of f3-tubulin, doublecortin (DCX), MAP2, synapto-
physin (SYN), synapsin-1 (SYP1), PSD95, and GFAP of cells in NSC, d5,
d10, d20 neuron and astrocyte culture. Data are normalized relative to
internal standard B-actin band density.

2.3.3. Bioink preparation for printing

The preparation for printing followed the method used in
our previous study with hiPSCs*!. The following materials
were used as bioinks and culture substrates: 66.67% (v/v)
Corning™ Matrigel™, mixed with 33.33% (v/v) EBM-2
medium (Lonza, Basel, Switzerland), was applied as culture
substrate; 1% (w/w) hyaluronic acid from Streptococcus
equi (mol wt ~1.5-1.8 x 10° Da) in 0.1 M Tris-buffered
saline (TBS), pH 7.4, mixed with the culture medium

appropriate for the cells to be printed at a ratio of 15%-—
85% (v/v) was applied as bioink.

For printing, 1 or 2 million cells were suspended in
50 pl of bioink. 26 x 26 mm? donor glass slides were blade-
coated with 50 ul bioink (74 pm layer thickness) and 23 x
23 mm? collector glass slides were coated with 60 pl of
substrate hydrogel (113 pm layer thickness). Subsequently,
droplets of bioink were printed onto the substrate layer
on the collector slide in x/y-arrays of distinct dots (see
Figure 1B) with 1 mm dot distance.

2.3.4. Cell handling after printing

After printing, the collector slide with hydrogel
substrate and printed cells was stored submerged in cell
culture medium in an incubator at 37°C in a 5% CO,
environment. Culture medium was expansion medium
with RevitaCell™ for printed NSCs and neuronal
differentiation medium with RevitaCell™ for pre-
differentiated neurons. The culture medium of printed
NSCs was changed after 2 days to neuronal differentiation
medium (without RevitaCell™).

For cell viability assay (Figure 1C and 1D), cells were
printed with hyaluronic acid and culture media as bioink
on Matrigel™ substrate. Non-printed cells residing on
the donor glass slides (referred to as donor cells) were
rinsed after printing, collected, centrifuged, resuspended
in expansion or differentiation medium with RevitaCell”,
and 50,000 of them (similar to the number of printed
cells) were seeded on a glass slides coated with Matrigel™.
Control cells were stored with culture medium in vials
(while other cells were printed) and were seeded like donor
cells when printing was finished.

2.4. Cell evaluation

2.4.1. Analysis of cell viability

Cell viability of printed, donor, and control cells was
determined via calcein AM (2 pM, green-live cells) and
ethidium-homodimer-1 (4 uM, red-dead cells) staining
24 hours after printing. The samples were analyzed by
fluorescence microscopy using an Axiolmager Al.m
microscope (Carl Zeiss, Oberkochen, Germany) equipped
with AxioCam ICcl camera and AxioVision Rel. 4.8
software. Live/dead cells were counted from 10 fields
of 3 independent experiments of printed, donor, and
control cells. Percentage of viability is reported as mean
with standard error of mean. Significance of differences
is calculated by applying Student’s unpaired two-sample
t-test.

2.4.2. Inmunostaining

For immunofluorescence analysis, cells printed in patterns
as well as those prepared as described in section 2.4.1.,
were fixed in 4% paraformaldehyde for 30 minutes and
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permeabilized with 0.3% Triton X-100/PBS. After blocking
with 2% bovine serum albumin/PBS solution at 37°C for
1 hour, the cell samples were incubated with primary
antibodies (see Table S1 in Supplementary File for details)
diluted in 0.3% Triton X-100/PBS overnight at 4°C. After
several washing steps, the cell samples were incubated
with a fluorescence-conjugated secondary antibody at an
appropriate dilution (Table S1) for 1 hour at 37 °C. Cell
nuclei were stained with Hoechst 33342.

2.4.3. Western blot analysis

NSCs, neurons and astrocytes were harvested at the
indicated time points from three independent experiments.
Total protein was isolated from the cells with RIPA lysis
buffer containing protease and phosphatase inhibitors
(25 mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% Nonidet
P-40, 0.1% sodium dodecyl sulfate [SDS], and 1% sodium
deoxycholate). The protein concentrations of the cell lysates
were determined using a BCA protein assay (Carl Roth,
Karlsruhe, Germany). Ten micrograms of the total protein
extract were loaded per lane on a 10% polyacrylamide
resolving gel and separated by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis).
After electrophoresis, proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes (Carl Roth)
by wet blotting using 20% methanol in Tris-glycine
buffer. The membranes were blocked for 1 hour in a 5%
nonfat milk solution in TBS with 0.1% Tween™ 20 before
incubation with primary antibodies (Table S1) overnight
at 4°C. After washing, the membranes were incubated with
a horseradish peroxidase-conjugated secondary antibody
(Table S1) for 2 hours at room temperature. The blots were
developed with an enhanced chemiluminescence reagent
SuperSignal West Femto Substrate (Thermo Scientific).
The band densities of the immunoblots were quantified by
applying the Image] software. The relative expressions levels
of neuronal proteins were normalized to the housekeeping
protein levels (f-actin) and are presented as mean values
from three independent experiments.

2.5. Calcium imaging

2.5.1. Culture preparation and visualization

Neuronal cell cultures were incubated with the calcium-
sensitive dye Fluo-8 AM (10 pM Biomol, Hamburg,
Germany) in a neuronal differentiation medium for
40 minutes at 37°C in a 5% CO, environment. Cell
cultures were then washed twice with prewarmed external
medium (EM) consisting of 10 mM Hepes, 130 mM NaCl,
4 mM KCl, 1 mM MgCl, 2 mM CaCl,, 45 mM sucrose,
and 10 mM glucose. Spontaneous calcium activity was
acquired upon an Axiolmager Al.m microscope equipped
with an AxioCm ICcl camera and AxioVision Rel. 4.8
software.

Table 1. Grading system for rating the neuronal activity
visualized by calcium imaging

Spontaneous activity Without bursting  With bursting
events events

No 0 N/A

Scarcely 2 N/A

Little 3 N/A

Some 4 8

Substantial 8 12
Widespread 12 16

Abundant 16 20

Abundant and intensive 20 24

2.5.2. Rating of neuronal activity visualized by
calcium imaging

Approximately 500 videos were taken from printed
samples with calcium imaging to investigate neuronal
activity. Some of them were assessed in detail by statistical
data analysis method described below. Additionally, the
activity visualized in all videos was rated between 0 and 24
(points) with the grading of Table 1. Thereby, intermediary
ratings were also given.

2.6. Calcium imaging data analysis

Fluorescence recordings were analyzed with the custom-
made software NETCAL (www.itscnetcal.com)™’. First,
all frames of the fluorescence recording were averaged to
generate a highly contrasted gray scale image where bright
spots are active neurons. Regions of interest (ROIs) were
then automatically identified as those circular-like spots
with at least 5 um in diameter. The fluorescence trace
F(t) for each ROI was then extracted and normalized as
%DFF = 100 (F(t)-F, )) E|, where F, | is the fluorescence
trace of the neuron at rest. Sharp increases in the
fluorescence trace revealed activity. The train of spikes’
onset times for each ROI was extracted using the
Schmitt trigger method, which accepts a sharp change
in fluorescence as a spike when the fluorescence stays
elevated for at least 100 ms between a lower and a higher
threshold®. The two thresholds are necessary to prevent
that camera noise or other artifacts are identified as
spikes. The complete set of spiking events extended to
all the neurons in the network provided the raster plots,
and from which all statistical analyses were carried out.
We associated all ROIs as neurons. Typically, a recording
contained about 2,000 active neurons. Glial cells showed
smooth fluorescence calcium transients that were
automatically filtered out during data analysis.

2.6.1. Average neuronal activity
The average neuronal activity quantified the neurons’
spontaneous activity and was computed by the number of
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identified activity events per neuron and minute, averaged
over all neurons in the network.

2.6.2. Global network activity (GNA) and distribution
of burst amplitudes

It quantified the capacity of the neurons to exhibit
coordinated activity and was computed by the fraction of
neurons in the network that were active together without
repetition in a sliding window of 2 s width and 0.5 s step.
By construction, the GNA varied between 0 (no activity)
and 1 (full network activation). Peaks in the GNA profile
identified network bursts, i.e., neuronal coordinated
activations that encompassed a significant part of the
network. Since neuronal sporadic activity was abundant,
a burst was deemed significant when its amplitude A,
verified A > Hygna 3 SDbgn » where Hygna and SDbgn jare the
mean and standard deviation of background activity. All
significant burst amplitudes A, across realizations and for
a given experimental condition, were pooled together to
build the distribution of amplitudes. These distributions
were finally compared among experimental conditions
to determine the tendency of a given preparation to show
strong bursting.

2.6.3. Raster plots of collective activity

To prevent the abundance of neuronal sporadic activations
from masking the computation of functional connectivity,
the original raster plots of each realization were processed
to generate new ones that contained only the neurons and
corresponding activations of significantly strong network
bursts. Thus, these rasters excluded all uncorrelated
background activity. The goodness of such a strategy was
investigated through numerical simulations in a recent
study®!.

2.6.4. Functional connectivity

Causal relationships among pairs of neuronal spike
trains were inferred from the raster plots of collective
activity, and using a modified version of the Generalized
Transfer Entropy (GTE)®**. Given a pair of spike
trains corresponding to neurons X and Y, an effective
connection was established between X and Y whenever
the information contained in X significantly increased
the capacity to predict future states of Y. To evaluate the
effective connectivity among all pairs of neurons, binarized
time series (“1” for the presence of a spike, “0” for absence)
were constructed and computed in a fast implementation
of GTE run in MatLab. Instant feedback was present, and
Markov Order was set as 2°?.. The actual GTE estimate was
then compared with those from the joint distribution of
all inputs to Y and all outputs to X, setting a connection as
significant whenever the GTE estimate exceeded the mean
+ 1.5 standard deviations of the joint distribution. This
threshold was considered optimal to capture the effective

interactions among neurons during the bursting episodes,
which is the key dynamic difference across experimental
preparations. The GTE scores were finally set to 0 (absence
of connection) or 1 (connection present), shaping
directed yet unweighted connectivity matrices. For clarity
of language, the term “functional” was used instead of
“effective” throughout the description of results.

2.6.5. Network measures

The network characteristics of the inferred functional
connectivity matrices were inferred using the “Brain
Connectivity Toolbox”™ run in Matlab. Two main
measures were considered, namely the Global Efficiency
G_" and the community statistic Q7. G_ varies
between 0 and 1 and accounts for the capacity of a neuronal
circuit to exchange information as a whole. G = 0
indicates that neurons tend to communicate locally and
with few neighbors, while G_;= 1 indicates that all neurons
communicate among themselves across the entire network.
Q varies between 0 and 1 and describes the strength of
functional communities, i.e., groups of neurons that tend
to be functionally more connected among themselves than
with the rest of the network. For Q = 0, no structure is
detected, and the entire network shapes the only community.
A value of Q = 0.3 typically indicates clear communities.
The extreme case of Q = 1 corresponds to the situation in
which there are as many communities as neurons.

3. Results

Figure 1A provides a sketch of the cell printing technology,
and Figure 1B shows the accuracy of our system to precisely
allocate cells in predefined locations.

3.1. Change in the composition of cell cultures
during differentiation

NSCs were partially differentiated to neurons for 5, 10,
or 20 days, or to astrocytes before being used for printing
experiments. At any point in time, there is a mixture of
already differentiated cells and undifferentiated NSCs. The
resulting cell composition was determined by fluorescence
imaging and Western blot analysis.

Figure S1 (in Supplementary File) depicts phase
contrast microscopic images of cells before dissociation for
printing; while NSCs exhibited cortical rosettes, neurons
increasingly formed dendritic extensions during pre-
differentiation (d5, d10, d20 neurons). However, some cells
with dendritic extensions could already be seen in the NSC
culture, which demonstrates spontaneous differentiation
of NSCs to neurons. Thus, NSC and neuron cultures were
not homogeneous.

Fluorescence images with antibody staining for mature
neuron marker MAP2, astrocytic marker GFAP, and
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proliferation marker Ki67 combined with general cell
nuclei marker Hoechst 33342 are shown in Figure S1;
the ratios of cells positive for these markers, counted in
between 12 and 18 of such images from 3 independent
experiments, are presented in Figure 1C.

For neuronal differentiation, the percentage of MAP2-
positive cells increased from 18.4 + 0.7% (day 0 / NSCs)
to 43.8 + 1.7% (day 5), 56.4 + 2.0% (day 10) and 81.9 +
1.2% (day 20), while the percentage of GFAP-positive cells
remained low (day 0: 0.01 + 0.01%; day 5: 0.05 + 0.02%;
day 10: 0.04 + 0.02%; day 20: 0.4 + 0.1%). For astrocytic
differentiation, the percentage of GFAP-positive cells
increased from 0.01 + 0.01% (day 0 / NSCs) to 93.4 + 0.8%
(astrocytes), while here the percentage of MAP2-positive
cells decreased from 18.4 + 0.7% (NSCs) to 2.4 + 0.6%
(astrocytes).

The percentage of cells positive for proliferation marker
Ki67 decreased during neuronal differentiation from 40.1
2.1% (NSCs) to 34.5 + 1.7% (day 5), 19.7 £ 1.3% (day 10),
and 13.6 + 1.0% (day 20), while it decreased to 31.4 + 2.1%
during astrocytic differentiation. We observed astrocytes
positive for GFAP and Ki67, which showed that these
astrocytes were not yet fully matured. However, neurons,
positive for MAP2, were not found to be positive for Ki67.

Protein expression levels of neuronal markers B3-
tubulin, doublecortin, MAP2, synaptophysin, synapsin-1,
PSD95, and GFAP, investigated by Western blot, are shown
in Figure 1 for NSCs, d5, d10, d20 neurons and astrocytes as
images (Figure 1D) as well as in a quantitative representation
(Figure 1E). For the quantitative representation, all these
levels were normalized by dividing by the B-actin expression
level as a house-keeping protein. Except for GFAP, all these
protein expression levels increase from NSCs via d5 and
d10 neurons to d20 neurons. As expected, astrocytes are
GFAP-positive, while all NSCs and cell cultures under
neuronal differentiation are almost all GFAP-negative.
Astrocytes also expressed P3-tubulin and doublecortin
(weak), which is in accordance with literature!®®>

3.2. Cell viability after printing

Figure 2A and 2B depict fluorescence microscopy images
of live/dead-staining 24 hours after printing for NSCs, d5,
d10, and d20 neurons with two different magnifications.
Live/dead staining revealed apparent agglomeration of
printed d10 and d20 neurons compared to NSCs and d5
neurons, an effect which increased with duration of pre-
differentiation. Dead cells could be seen within these
agglomerations in high-magnification images (Figure 2B).

Figure 2C compares the viability of printed cells, i.e.,
NSCs and neurons (pre-differentiated for 5, 10, and 20
days), with non-printed donor and control cells. Donor cells

were put into the printing setup but were not transferred,
while control cells were those that were not put into the
setup but stored in a vial during the printing procedure.
In general, we observed that the survival rate of printed
neurons depended on duration of pre-differentiation
period. Control, printed, and donor (c¢/p/d) cells’ viability
decreased with the duration of pre-differentiation.
While the viability of d5 neurons (control: 89.9 + 0.4%;
printed: 93.0 + 0.6%; donor: 91.0 £ 0.5%) was similar (no
significant difference for c¢/p/d; see P values in Figure 2C)
to that of NSCs (control: 91.1 + 0.5%; printed: 94.5 + 0.6%;
donor: 89.1 £ 0.5%), the viability of d10 neurons (control:
76.5 + 0.9%; printed: 79.1 + 0.5%; donor: 75.3 + 0.5%) was
significantly (P < 10 for ¢/p/d) lower and, when compared
with d10 neurons, d20 neurons viability (control: 68.4 +
0.8%; printed: 68.4 + 1.3%; donor: 67.5 + 1.0%) was again
significantly lower (P < 10 for ¢/p/d).

Itisnoticeable that the viability of printed cells was always
higher or equal (d20 neurons) than that of donor or control
cells. This difference was significant in five out of eight cases
(three out of four cases for printed/donor and two out of
four for printed/control); no significant difference could be
seen for d20 neurons. We also observed significantly higher
viability of control NSCs when compared with donor NSCs;
however, this might have been an artifact.

3.3. Effect of cell density on formation of neuronal
dendrites

When printing cell-containing droplets, the effect of
droplet size and cell number per droplet on cells behavior
post-printing is of interest. Figure 2D and 2E show the
formation of neuronal dendrites of printed NSCs at day 7
of differentiation post-printing (day 9 pp, diff 0/7), which
were printed in smaller (Figure 2D) and larger (Figure 2E)
droplets with lower and higher cell number per droplet
(bioink: hyaluronic acid and culture media; substrate:
Matrigel™). Phase contrast images taken at day 1 post-
printing illustrate different droplet sizes, while neuron-
specific cytoskeletal marker B3-tubulin and Hoechst 33342
cell nuclei staining at day 7 post-printing (day 9 pp, dift
0/7) show that the number of neuronal dendrites relative
to the number of neuronal cells is lower in smaller droplets
and higher in larger droplets.

3.4. Proliferation and migration after printing

Figure 3A-C compare the proliferation and migration of
NSCs and d20 neurons. They are shown at 2 days (NSCs
only; Figure 3A) and 12 days after printing under neuronal
differentiation conditions (day 12 pp, diff 0/10 for NSCs,
Figure 3B; day 12 pp, diff 20/12 for neurons, Figure 3C).
Panels show staining of proliferating cells (red, Ki67) alone
and together with cell nuclei staining (blue, Hoechst 33342),
as well as for the same cells, neuron-specific marker B3-
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Figure 2. Cell viability, colony morphology, development of dendrites. (A and B) Fluorescent microscopic images of live/dead-staining 24 hours after
printing for NSCs, d5, d10, and d20 neurons with calcein AM (green, viable cells) and ethidium homodimer-1 (red, dead cells). Live/dead staining revealed
agglomeration of printed cells, increasing with duration of pre-differentiation. Dead cells could be seen within these agglomerations in high-magnification
images (B). (C) Left: Viability 24 hours post-printing of printed, donor, and control cells (NSCs, d5, d10, and d20 neurons), given in percent. Control cells
were not in contact to bioink or substrate, but stored in a vial, while printed and donor cells were suspended in bioink for printing. Obviously, viability
decreases with duration of pre-differentiation period and viability of printed cells is mostly higher than that of donor and control cells. Right: Statistical
analysis, P values for unpaired two-sample t-test. Statistical significance (highlighted in red) was determined for higher viability of printed cells when com-
pared to control and donor cells (five out of eight cases) and for decreased viability with increasing pre-differentiation period (15 out of 18 cases). (D and
E) Formation of neuronal dendrites in smaller (D) and larger (E) droplets of bioink with lower and higher number of NSCs printed on Matrigel™ substrate
is depicted in phase contrast imaging 1 day post-printing and in fluorescence imaging with marker p3-tubulin and Hoechst 33342 at day 7 of post-printing
differentiation. The number of neuronal dendrites relative to the number of neuronal cells is lower in smaller droplets and higher in larger droplets. Scale
bars are 1 mm (D and E, except for right column), 500 um (A) and 100 um (all others).

Volume 9 Issue 2 (2023) 352 https://doi.org/10.18063/ijb.v9i2.672



International Journal of Bioprinting Laser bioprinting of hiPSC-derived neural stem cells and neurons

~
o
X
S
=
2
b=
=
=
o
(<]

MAP2/Ki67

0O
MAP2/Ki67

TBR1 NSCs TBR1 d5 Neurons  MAP2

D ---

GFAP - day 2 GFAP - day 23 GFAP/MAP?2 - day 23 GFAP/S100R - day 37
. & A 5 "

04 - day 67

¢

vGLUT1

Figure 3. Proliferation and differentiation toward neurons and glial cells in printed patterns. All blue staining are general cell nuclei staining with Hoechst
33342. Scale bars: 100 pm. (A-C) Proliferation of NSCs (A and B) and d20 neurons (C) 2 days (A) and 12 days (B and C) post-printing. Ki67 staining marked
nuclei of proliferating cells in red, while green staining of NSCs (p3-tubulin (A); MAP2 (B)) and d20 neurons (MAP2 (C)) stains whole cells. While both
NSCs and d20 neurons migrated post-printing and proliferation of NSCs was observed everywhere, d20 neurons proliferated only at the positions of print-
ed droplets with high cell density. (D) TBR1 and MAP2 staining of printed NSCs (left) and d5 neurons (right) 22 days after printing. The position of four
printed droplets can still be seen in TBR1 panels, while there is only one droplet position depicted in MAP2 panels due to higher resolution microscopy. (E
and F) NSC spontaneous differentiation to glial cells like astrocytes and oligodendrocytes under neuronal differentiation conditions. Staining with markers
GFAP (red, for astrocytes), MAP2 (green), and S100B (green, for mature astrocytes) at days 2, 23, and 37 post-printing demonstrates differentiation to as-
trocytes under neural differentiation conditions. Staining with oligodendrocytic marker O4 (red) at days 35 and 67 of neuronal differentiation post-printing
demonstrated many O4-positive cells already present on day 35, mostly pre-oligodendrocytes with simple dendritic extensions (without bifurcations) and a
few immature oligodendrocytes (with a few bifurcations). On day 67, mature oligodendrocytes (with long extensions and many complex bifurcations) were
also observed. (G) vGLUT1 staining (green) of glutamatergic neurons and GABA staining (red, same image section) of GABAergic neurons at day 30 of
post-differentiation of printed NSCs. Most of the NSCs differentiated to glutamatergic neurons and only a smaller proportion became GABAergic neurons.
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tubulin (green, Figure 3A), which already stains neurons in
their earliest phases of differentiation, and mature neuronal
marker MAP2 (green, Figure 3B and 3C). The left images of
Figure 3A-C depict larger overviews of the printed pattern.
In all cases, there was a large proportion of proliferating
cells. However, many post-differentiated NSCs migrated
and proliferated during neuronal differentiation until
day 12. At day 12, post-differentiated NSCs proliferated
everywhere. There is also strong migration of d20 neurons
but less proliferation until day 12. However, at day 12, these
neurons proliferated almost exclusively at the position of
the printed droplets.

3.5. Maintenance of multipotency

The maintenance of multipotency of printed NSCs is
demonstrated in the panels of Figure S2 (in Supplementary
File). Stem cell marker nestin (green), PAX6 (red), SOX2
(red) and P3-tubulin (green) are depicted together with
Hoechst 33342 cell nuclei staining (blue) and phase contrast
imaging at day 2 post-printing with different microscope
magnifications. Obviously, all cells still expressed these
stem cell markers at day 2.

3.6. Neuronal differentiation of NSCs and neurons
after printing

The composition of cell types and the ratio of neurons to
NSCschanges during culture under neuronal differentiation
conditions. Figure 3D shows early-born cortical neuron
nuclei marker TBR1 staining (red) and MAP2 staining
(red) together with Hoechst 33342 cell nuclei staining
(blue) of printed NSCs and d5 neurons, respectively,
22 days after printing (day 22 pp, diff 0/20 for NSCs; day
22 pp, dift 5/22 for d5 neurons). In the TBR1 images, the
position of four printed droplets can still be seen due to
the blue Hoechst staining, while there is only one droplet
position depicted in MAP2 images due to higher resolution
microscopy. It can be seen that printed NSCs, which were
under differentiation culture conditions, migrated and
populated the whole depicted region, although the highest
cell density remained at the droplet positions. Most of the
NSCs, post-differentiated for 20 days, were TBR1-positive
and about half of them were MAP2-positive, indicating
an abundant presence of early-born cortical neurons. D5
neurons showed less migration and proliferation. They
were much more concentrated in the printed positions
and arranged in ring-like formations. Less than 50% of d5
neurons were TBR1-positive 22 days after printing, but the
proportion was higher among migrated cells and lower
in the printed positions. This difference did not exist in
MAP?2 expression, which is generally much higher.

Further culturing under neuronal differentiation
conditions led to specific differentiation in different neuronal
lineages; glutamatergic and GABAergic neurons are the

most common ones among these lineages. Figure 3G shows
vGLUT1 staining (green) for glutamatergic neurons and
GABA-antibody staining (red) for GABAergic neurons
of printed NSCs (same sample and image section for both
staining) at day 30 post-differentiation (d32 pp, diff 0/30).
The comparison of the panels indicates that most of the
NSCs differentiated to glutamatergic neurons and a smaller
proportion became GABAergic neurons, which is a common
proportion in the cerebral cortex; ratios of approximately
70%-80% glutamatergic and 20%-30% GABAergic neurons
have been reported by other groups!®!l.

3.7. Differentiation of NSCs to glial cells under
neuronal differentiation conditions

Besides differentiation to neurons, NSCs are also
capable to differentiate to glial cells, such as astrocytes
and oligodendrocytes. Such differentiation also occurs
spontaneously, even under culture conditions supporting
neuronal differentiation. Hence, differentiation of printed
NSCs to astrocytes (Figure 3E) and oligodendrocytes
(Figure 3F) under neuronal differentiation conditions was
investigated.

The differentiation to astrocytes in neuronal
differentiation medium is shown in Figure 3E with the
markers GFAP (red), MAP2 (green), S100B (green, for
mature astrocytes), and Hoechst 33342 (blue) at day 2 (day
2 pp, diff 0/0), day 23 (day 23 pp, diff 0/21), and day 37
(day 37 pp, diff 0/35) post-printing. These staining reveal
that there are no GFAP-positive astrocytes at day 2 before
starting neuronal differentiation. In contrast, there are
already many GFAP-positive astrocytes at day 23. However,
these cells did not increasingly appear at the position of the
printed droplets but often in the interspace and mixed with
neurons (MAP2-positive). At day 37, most astrocytes are
mature (S100B-positive).

Figure 3F shows staining with oligodendrocyte marker
04 and Hoechst 33342 at day 2 (day 2 pp, diff 0/0), day
35 (day 35 pp, diff 0/33), and day 67 (day 67 pp, diff 0/65)
post-printing. While we observed no O4-positive cells at
day 2 before starting neuronal differentiation, there was
already an abundance of O4-positive cells at day 35, most
of them were pre-oligodendrocytes (with simple dendritic
extensions without bifurcations) with a few immature
oligodendrocytes (with a few bifurcations only). At day
67, mature oligodendrocytes (with long extensions and
complex bifurcations) could also be observed.

3.8. Impact of astrocytes on NSCs and neurons
under neuronal differentiation

The effect of astrocytes, added to or spontaneously
differentiated from NSCs, on NSCs and d20 neurons under
neuronal culture conditions for 23 days was investigated and
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Figure 4. Printed NSCs, neurons and astrocytes 23 days post-printing. Neuronal differentiation of printed cells, compared among NSCs, NSCs with 20%
of astrocytes, NSCs with 50% of astrocytes, astrocytes only, d20 neurons, d20 neurons with 20% of astrocytes, and d20 neurons with 20% of NSCs. MAP2
(green), GFAP (red), and Hoechst 33342 (blue) staining show neurons, astrocytes, and nuclei of all cells, respectively. Images with two different magnifica-
tions are depicted. Distance between droplets in printed patterns is 1 mm; scale bar: 500 pum.

results are depicted in Figure 4. For comparison, astrocytes
from astrocytic differentiation of NSCs were also printed
and cultured for 23 days under neuronal culture conditions
(Figure 4D). MAP2 was stained for neurons (green) and
GFAP for astrocytes (red), while Hoechst 33342 was used
for general cell nuclei staining (blue). Due to spontaneous
differentiation, there were approximately 0.1% astrocytes
within NSCs at passage 5 and approximately 0.4% within
d20 neurons prepared for printing (Figure 1C).

We observed strong proliferation and migration when
printing NSCs only (Figure 4A), thus the printed patterns
were barely recognizable after 23 days. In contrast,
astrocytes did not proliferate and migrate considerably
(Figure 4D). When NSCs were printed together with
astrocytes, NSCs' migration was significantly reduced
with 20% astrocytes (Figure 4B) and even more with 50%
astrocytes (Figure 4C). The clear visibility of the printing
pattern proves the lack of migration.
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There was only slight migration of d20 neurons
(Figure 4E) compared to NSCs (Figure 4A); however,
d20 neurons (which also contained NSCs and a few
spontaneously differentiated astrocytes) still proliferated.
Several connections between printed droplets developed.
Nevertheless, the printed pattern was clearly visible 23
days after printing. When 20% astrocytes were added
to neurons before printing, the pattern (Figure 4F) was
compact 23 days after printing compared to neurons alone
(Figure 4E), although there were more MAP2-positive
neurons in the space between these droplets. Similar to
neurons alone, several connections had formed between
printed droplets. Furthermore, addition of 20% of NSCs
to neurons before printing was investigated. In this case,
much more cells were observed after 23 days (Figure 4G),
with higher proliferation and migration. There were also
several connections between the printed droplets; however,
the space between these droplets was filled with so many
migrated cells that the printing pattern was barely visible
in some places.

Remarkably, the percentage of astrocytes 23 days after
printing does not seem to considerably depend on the
percentage of astrocytes at the time of printing, except,
of course, for the case of printing of astrocytes alone
(Figure 4D). Furthermore, the percentage of astrocytes in
NSCs cultured for 23 days under neuronal differentiation
condition post-printing was much higher than the
percentage of astrocytes in d20 neurons (pre-differentiated
in 2D culture) at the day of printing (= 0.4%).

3.9. Formation of synapses during differentiation of
printed NSCs and neurons

Neurons develop their full functionality with the
establishment of spontaneously active neuronal networks.
For communication within these networks, the formation
of synapses (synaptogenesis) is crucial. Synapses consist of
pre- and post-synaptic compartments of two connecting
neurons, at which neurotransmitters are transmitted
from the pre-synaptic cell to the post-synaptic one. The
pre- and post-synaptic compartments consist of different
proteins and are positioned with a small gap (synaptic
cleft) in between. These compartments can be observed in
juxtaposition or as colocalization (overlapping).

In Figure 5, synaptic compartments of printed NSCs
(Figure 5A and 5B) and d20 neurons (Figure 5C and
5D), neuronal post-differentiated for 20 days (day 22 pp,
dift 0/20 for NSCs; day 20 pp, diff 20/20 for neurons), are
depicted by pre-synaptic synaptophysin staining (red)
and post-synaptic PSD95 staining (green) together with
Hoechst 33342 cell nuclei staining (blue). The yellow color
in the right column panels is an overlap of red and green
staining. Both synaptic markers were found in abundance

after 20 days of neuronal pre-differentiation in both NSCs
as well as d20 neurons, and synaptic compartments can be
seen on the right panels of (B) and (D) in juxtaposition
and in colocalization. This abundance demonstrated
neuronal maturation, extensive formation of synapses,
and connection of neurons via synapses to form neuronal
networks.

3.10. Dependence of neuronal activity on printed
cell type

Collective neuronal activity always involves an increase of
the level of calcium ions (Ca?*). The intracellular calcium
concentration of neurons at rest is about 50-100 nM, but
transiently rises to ten- or hundred-times higher levels
during electrical activity!®®]. Therefore, electrical activity
of neuronal circuits was monitored by imaging of calcium
levels using the calcium-binding fluorochrome Fluo-8 AM
in combination with a wide-field fluorescence microscope
with video camera.

The neuronal activity of cells depended on cell type and
duration of pre-differentiation. However, there were strong
variations in activity between samples handled equally
with the same printing parameters and biomaterials.
The cells” activity was visualized by calcium imaging and
roughly rated by applying a grading system ranging from
0 (no activity) to 24 (abundant and intensive activity
with bursting events). Figure 6A depicts the mean of
these ratings for different cell types (NSCs, d20 neurons,
astrocytes, and mixtures of these). Data were averaged
over different durations of post-differentiation. Figure 6B
lists the statistical P values, which are highlighted in red
whenever they are below the significance level of 0.05.

Noticeably, NSCs show higher levels of activity than
pre-differentiated neurons. The activity of mixtures of
NSCs with 20% (activity 8.6 £ 0.5) or 50% (9.3 £ 1.0)
astrocytes was similar to the activity of NSCs only (8.9 +
0.3; no significance), while the activity of mixtures of
neurons with 20% astrocytes (6.2 + 0.6) or 20% NSCs
(6.4 £ 0.8) was lower than that of neurons only (7.7 +
0.5; no significance). The activities of these neuron-based
mixtures were also significantly lower than those of NSCs
or NSC-based mixtures, while there was no significant
difference between neurons only and NSCs. Additionally,
the activity of astrocytes only (4.2 + 0.9), which is the
lowest, is depicted for comparison.

3.11. Development of neuronal activity in long-term
cultivation

Samples of NSCs printed with bioink on Matrigel™ started
to show spontaneous activity at day 10 of differentiation
(day 12 pp, diff 0/10; Videoclip S1). Activity became
widespread from day 25 onward (day 27 pp, diff 0/25;
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Synaptophysin

PSD95/Synaptophysin

Figure 5. Formation of neuronal networks and synapses. Development of pre- and post-synaptic compartments by printed NSCs (A and B) and d20 neu-
rons (C and D), both neuronal post-differentiated for 20 days and stained with pre-synaptic synaptophysin (red) and post-synaptic density protein PSD95
(green) together with Hoechst 33342 cell nuclei staining (blue). (B and D) Details of (A) and (C), respectively. For each panel (A-D), the right image is a
merger of the others; the yellow color in these merged images is an overlap of red and green color. Both synaptic markers were found in abundance after 20
days of neuronal differentiation, and synaptic compartments could be seen in juxtaposition (red and green spot next to each other) and in colocalization
(yellow spot as overlap of red and green spot). This demonstrates neuronal maturation, extensive formation of synapses, and connection of neurons via

synapses. Scale bar: 50 um.

Videoclip S2), with bursting events emerging by day 37
of differentiation (day 39 pp, dift 0/37; Videoclip S3).
Further cultivation under differentiation conditions up
to day 65 of differentiation did not increase the average
observed activity. It must be noted, however, that there was
always large variation across samples, with ones depicting
low activity and others exhibiting abundant and intense
activity.

The spontaneous activity of neurons printed with
hyaluronic acid on Matrigel™ did also increase with the
duration of pre-differentiation (data not shown). However,
the average observed activity was always a bit lower than
that of NSCs and the number of average bursting events
directly visible was considerably lower. An illustrative
recording at day 26 (day 26 pp, diff20/26) is shown in
Videoclip S4.
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Figure 6. Functionality of neuronal network dependence on cell type. (A)
Rating of the neuronal activity visualized by calcium imaging applying a
grading system ranging from 0 (no activity) to 24 (abundant and inten-
sive activity with bursting events). Different printed cell types and cell
compositions were differentiated post-printing with different durations of
neuronal differentiation period. Mean and standard error of mean (SEM)
of the ratings for the activity of NSCs (8.9 + 0.3), NSCs mixed with 20%
(8.6 +0.5) or 50% (9.3 + 1.0) of astrocytes, astrocytes (4.2 + 0.9) alone,
d20 neurons (7.7 + 0.5), and d20 neurons mixed with 20% of astrocytes
(6.2 +0.6) or NSCs (6.4 + 0.8) are depicted, and also averaged over differ-
ent durations of neuronal post-differentiation period. (B) Statistical anal-
ysis of P values for unpaired two-sample t-test, which are highlighted in
red if less than the significance level of 0.05.

3.12. Formation of neuronal networks and
co-activation/bursting events

A measure for formation of functional neuronal networks
is the appearance of collective activation events, which were
quantified by computer-based analysis of calcium imaging
videos. The procedure of this analysis is shown in Figure 7.
The images from a given experiment were analyzed to
identify neurons (Figure 7A) and extract their fluorescence
traces (Figure 7B). Sharp peaks in fluorescence revealed
activity, and several neurons co-activating synchronously
in the same time window (yellow box) evinced the bursting
events. As shown in Figure 7C, fluorescence traces were
analyzed to extract the timing of neuronal activity, generate
the raster plots and inspect the data for strong episodes
of collective activity (blue dots). Data were then further
analyzed to identify communication among neurons and
characterize the functional organization of the neuronal
circuits (Figure 7D and 7E), as discussed later.

The development of the network after printing under
neuronal differentiation conditions is shown in Figure 8A
and 8B. Panels depict the raster plots of activity for 1,000
individual neurons on top, and the averaged activity (termed
“global network activity”) at the bottom. Figure 8A shows
the development of printed neurons 27 (left), 39 (middle)
and 67 (right) days in differentiation medium after printing.
For comparison, Figure 8B shows the development for cells
that were neuronally pre-differentiated for 5 days, printed,
and then cultured in differentiation medium for additional
22 (left), 44 (middle), and 67 (right) days after printing.
We note that, for printed NSCs, no collective activity could
be observed at 27 days in the example shown. However,
the time of the first appearance of bursting events varied
among experimental realizations, and thus in other
experiments with NSCs of different passages we already
observed bursting events before day 20. Overall, the panels
reveal a gradual increase of activity, with clear bursts at
day 39 that become stronger at day 67 and later. Thus,
there is a clear evolution of burst over time. In the case of
pre-differentiated neurons, these collective activity events
could already be observed after 22 days (or 27 days of total
differentiation time) and even earlier, i.e., significantly
earlier than with printed NSCs. However, there was no
further development over time. Indeed, by day 67, the
bursting events remained weak, comparable in number and
strength as those observed at day 22. To better contrast the
differences between the two culture conditions, extended
over all culture realizations, Figure 8C shows a statistical
analysis of the development of mean neuronal activity
over time, while Figure 8D compares the strength of the
collective activity (bursting events) of printed NSCs and
pre-differentiated neurons. The gradual increase of network
activity for NSCs over time is clear, and contrasts with the
weak and practically constant activity of pre-differentiated
printed neurons. The distribution of burst sizes is also
remarkably different. While burst sizes practically double
for NSCs along development (from 11% of the network to
27%), they remain small (by 5%-10% of the network) for
pre-differentiated neurons.

3.13.The effect of added astrocytes

One aspect of this study is the effect of added astrocytes on
neuronal network formation. It must be considered that
NSCs can spontaneously differentiate into astrocytes even
under neuronal differentiation conditions. This means that
even without the addition of astrocytes, they can already
be contained in the cultures. However, we observed only
a proportion of approximately 0.1% astrocytes in NSCs at
passage 5 and approximately 0.4% astrocytes in d20 neurons.

Figure 9 shows the effect of added astrocytes on the
fraction of printed NSCs that were organized as neuronal
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Figure 7. Data acquisition and analysis. (A) Highly contrasted fluorescence image of NSCs at Dift 0/67. Bright spots are neural cells (neurons and glia). The
enlarged area shows detail of the field of view, with the brightest spots (yellow outlines) automatically ascribed as regions of interest (ROIs). (B) Fluores-
cence traces of spontaneous activity for 10 randomly selected ROIs. Sharp increases in fluorescence reveal neuronal activity and are associated to elicited
action potentials. The simultaneous activation of a group of neurons shapes a network burst (yellow rectangle). (C) Top: Raster plot of spontaneous activity
extended to 1000 neurons. Black dots are neuronal activations. Network bursts appear as vertical bands of coordinated activity. Bottom: Corresponding
“global network activity” revealing a persistent background activity of about 10% of the network and 5 significantly strong peaks that correspond to net-
work bursts (blue dots and yellow rectangle). (D) Sketch of functional connectivity and network measures for two contrasting situations of a highly segre-
gated network (left) and a highly integrated one (right). The top matrices show the functional communities as colored boxes along the diagonal. Dots are
functional connections, either intra-modular (black) or inter-modular (blue). The bottom graphs show the corresponding network maps. (E) Functional
connectivity matrix of the experiment shown in panels A-C, highlighting the functional communities. The combination of moderate Q and low G values
indicates a network that exhibits clear functional communities that are well linked among themselves, suggesting a balanced network.

networks after 25 days under neuronal culture conditions. A detailed representation of the impact of astrocytes on
Zero, 20, or 50% added astrocytes indicate that, prior to neuronal network connectivity is shown in Figure 10A. The
printing, for every 100 NSCs, a number of 0, 20, or 50 functional organization of printed NSCs after 25 days under
astrocytes were added, respectively. There were only small neuronal differentiation culture conditions without added
bursts observed without added astrocytes (on average, 7 + astrocytes is depicted on the top row. The left panel shows
4% of the networks’ cells were involved in one burst) or the functional connectivity matrix, ie., the neurons that
with 20% of added astrocytes (6 = 2%), but significantly frequently exchanged information. Each color of the eight
larger bursts (14 + 4%) when 50% of astrocytes were boxes along the diagonal represents one functional neuronal
added. community, understood as a group of neurons that tend to
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Figure 8. Contrasting activity between NSCs and printed neurons. (A) Representative raster plots (top) and global network activity (bottom) of NSC cultures
along development, showing the emergence of collective activity in the form of network bursts and the progressive increase of burst sizes (blue dots). (B) Cor-
responding data plot for printed neurons. Bursts emerge since early days in culture but remain small. Spontaneous activity is overall weaker than NSCs at late
developmental times. (C) Comparison of average neuronal activity for NSCs and printed neurons along development. Activity in NSCs gradually increases
along time, while printed neurons maintain a low activity. Data are shown as mean * standard error of mean. Each data point is an average over four cultures,
and lines are linear fits. (D) Comparison of burst sizes between NSCs and d5-printed neurons. Burst sizes for NSCs significantly increase along development
and are much higher than for printed neurons. Color boxes show the extent of the distribution; dots are all the burst sizes observed in four realizations of each
condition, and black crosses indicate mean + standard deviation. Significance analyzed by a multiple comparison test in ANOVA. *** P < 0.001.

communicate within the group more strongly than with the
rest of the network. The central panel shows the networks
as a map with colored dots indicating neurons integrated
in the respective network. A larger dot size indicates higher

connectivity. The eight identified neuronal communities
are not spatially separated, but all extend over the full
observation area (2 x 1.5 mm?®) and overlap each other. This
finding indicates the existence of neuronal connections at
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Figure 9. Impact of astrocytes on network bursts. Comparison of burst sizes in NSC cultures at Diff 0/25 with and without astrocytes. Cultures with 20%
astrocytes behave similarly as those without astrocytes, with average burst sizes of about 7% of the network. Cultures with 50% astrocytes exhibit a signif-
icant increase in burst size, of about 15% of the network on average, and indicate an excessive synchronization of the neurons. Significance analyzed by a

multiple comparison test in ANOVA. ** P<0.01.

both short and long distances. An alternative topological
representation of the functional neuronal communities is
depicted in the right panel, in which neurons are grouped
by community, and communities are separated according to
their coupling within the network. A similar representation
of printed NSCs with 50% astrocytes under same culture
conditions is shown at the bottom row of Figure 10A. Here,
too, all networks are extended over the entire observation
section. However, there are less communities (five instead
of eight), which are clearly much larger. The overall higher
cohesion of the network is also shown in the topological
representation, where communities are closer to one another.
Altogether, the results indicate that astrocytes accentuate the
synchronization among neurons and therefore strengthen
their functional interactions, shaping a network where
neurons are strongly coupled. Without the addition of
astrocytes, a network where neurons are relatively more

isolated was shaped. We must note that both culture types
are active and healthy. The increased network functional
cohesion when astrocytes are present is not necessarily
advantageous since neuronal circuits must balance local
and global communication for optimal functioning, but
indicates that the presence of astrocytes is central in shaping
global network activity.

To statistically analyze the differences in network
functionality with and without astrocytes, we compared two
network measures, namely global efficiency G (left) and
community statistic Q (right), for culture realizations without,
with 20% and with 50% astrocytes, as shown in Figure 10B.
The global efficiency captures the degree of overall network
communication (see also Figure 7D) and is significantly
higher for cultures with 50% astrocytes, which indicates an
increased cohesion of the functional networks and that is
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Figure 10. Impact of astrocytes on functional connectivity. (A) Example of the functional organization of an NSC culture. The left panel shows the adjacency
matrix with boxes along the diagonal that correspond to functional communities. The central panel shows the corresponding network map, with neurons indi-
cated as dots and color-coded identically as in the matrix. The larger the diameter of a dot, the higher its connectivity. Neurons belonging to a given community
extend all over the culture, indicating that neurons connect both at short and long length scales. The right panel provides an alternative topological representa-
tion of the functional communities, in which neurons are grouped by community, and communities separated according to their coupling within the network.
Orange and black communities are relatively isolated, while the pink one is strongly coupled. (B) Comparison of two network measures, global efficiency G,
(left) and community statistic Q (right), for cultures with and without astrocytes. G, is significantly higher for cultures with 50% astrocytes, indicating an
excessive cohesion of the functional network and that is a consequence of the elevated bursting observed in these cultures. Q gradually decays with the number
of astrocytes, indicating a progressive strengthening of network integration. Significance analyzed by a multiple comparison test in ANOVA. *P < 0.05.

a consequence of the elevated bursting observed in these 4. Discussion
cultures (Figure 9). The community statistic Q, which captures
the number and isolation of communities in the networks,
gradually decreased with the percentage of added astrocytes,
indicating that astrocytes increased network integration.

The main objectives of this study were the investigation
of 3D laser-based bioprinting of neural constructs
and to delineate whether NSCs are preferable over
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pre-differentiated neurons. In the latter case, it is also
important to ascertain which stage of differentiation is
optimal. Essential aspects were viability, maintenance of
stemness and differentiation potential, as well as ability to
form functional neuronal networks.

An aspect for future research will be the identification
of other biomaterials for printing, bioinks and culture
substrates, which probably could even better support
formation of functional neuronal networks; however, we
applied Matrigel™ as substrate, and hyaluronic acid and
cell culture media as bioink in the present study, since one
of our previous studies found that these materials are the
best for printing hiPSCs*), from which all cells applied in
the present study were generated.

These generated cell types were not present as
homogeneous cultures. NSCs at passage 3-5 that were
printed already contained some TBR1- and MAP2-positive
cortical neurons due to spontaneous differentiation, and
a few cells (= 0.1%) differentiated toward astrocytes at
passage 5. However, no astrocytes were observed in NSCs
at passage 3, and no oligodendrocytes were observed at
any of these passages. On the other hand, d20 neurons
still contained undifferentiated NSCs and some astrocytes
(= 0.4%), but over 80% of cells were MAP2-positive. We
found that there were more than 90% GFAP-positive
cells within astrocytes. Furthermore, it can be noted
that very few astrocytes were generated under neuronal
differentiation and very few neurons developed under
astrocytic differentiation conditions in conventional
2D cell culture; in contrast, many more astrocytes were
generated under neuronal post-differentiation in printed
3D cell samples. Especially for long-term cultivation post-
printing, the compositions of different cell types need to be
taken into consideration.

Initially, the viability post-printing was studied, which
is affected not only by the printing process itself and the
applied biomaterials; harvesting neurons from culture
plates caused dissociation of neuronal networks that
were spontaneously formed in cell culture and can reduce
viability. Figure 2C demonstrates this effect. Even control
neurons that were not printed and were not in contact with
any of the biomaterials, bioink, or culture substrate showed
a reduced viability that decreased with the duration of
pre-differentiation to 68.4 + 0.8% for d20 neurons. We
assume that neurons were harmed due to chemical and
mechanical dissociation by pipetting required to dissolve
networks formed under differentiation culture conditions
(depicted in Figure S1). On the other hand, the printing
process and the applied biomaterials, hyaluronic acid and
Matrigel™, did not reduce viability. On the contrary, the
viability of printed cells was higher, significantly in five out

of eight cases, than the viability of donor and control cells.
We hypothesize that cell viability is cell density-dependent,
and that the higher viability of printed cells is caused by
the high density of cells concentrated in printed droplets
compared to the density of donor and control cells seeded
homogeneously by pipetting with the same total amount of
cells per area. In contrast to neurons, the viability of NSCs
is much higher and about 91.1 + 0.5% for control cells and
94.5 + 0.6% for printed cells, which is in good accordance to
92 + 3% reported by Sharma et al.®”! for printing of hiPSC-
derived NSCs, while other groups reported lower viability
of 75%-80%**! for printing of NSCs. Salaris et al.*"!
reported viability of 78 + 4% for hiPSC-derived neurons.
However, in these studies a different extrusion-based
bioprinting technique was applied; therefore, the results
were not directly comparable. By applying a similar laser-
based bioprinting technique and rat dorsal root ganglion
neurons, Curley et al.*®) demonstrated a viability of 84.9
+ 4.7% for printed cells, 86.4 + 3.3% for donor cells, and
89.3 + 2.0% for control cells. Compared with these results,
we achieved higher viability for NSCs and d5 neurons,
but lower viability for d10 and d20 neurons. Furthermore,
Curley et al.”*! did not observe higher but lower viability
for printed cells.

In our study on printing of hiPSCs with the same
biomaterials, we achieved generally lower viability of
printed (82 + 1%), donor (84 + 1%), and control cells (87 +
1%); here the viability of printed cells was significantly
lower than the control cell viability. However, pluripotent
hiPSCs are known to be sensitive to environmental
parameters, such as culture media components, paracrine
factors, and matrices. These factors have an impact on cell
viability and proliferation; when dissociated into single
cells, programmed cell death (apoptosis) of hiPSCs is
immediately induced. The present study confirmed that, in
comparison to hiPSCs, hiPSC-derived multipotent NSCs
are less delicate.

Obviously, NSCs proliferate much more than pre-
differentiated neurons. Figure 3C suggests that proliferation
of neurons, in opposite to NSCs, depends on cell density,
which is in line with the fact discussed above that neurons,
like NSCs, concentrated in printed droplets showed higher
viability than cells homogeneously seeded by pipetting.

Printed NSCs maintained their multipotency, if
cultivated under expansion culture conditions, as
demonstrated by stem cell markers nestin, SOX2, and
PAX6 (Figure S2B and 2C). On the other hand, if NSCs
were cultivated under neuronal differentiation conditions
after printing for 20 days, many TBR1- and MAP2-positive
cortical neurons could be observed (Figure 3D), while
among printed d5 neurons cultivated for further 22 days
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under neuronal differentiation conditions, only a few were
TBR1-positive but most of them were MAP2-positive
(Figure 3F). Printed neurons lost the early-born cortical
neuron marker TBR1 during further differentiation.

Under neuronal differentiation conditions for 30
days, printed NSCs already express glutamatergic and
GABAminergic neuron lineage markers vGLUTI1 and
GABA; thus, within this period, printed NSCs undergo all
differentiation stages from stem cell to specific neuronal
lineage. Aside from that, spontaneous differentiation toward
glial cells also occurred under neuronal differentiation
conditions, and even mature oligodendrocytes (Figure 3F)
and astrocytes (Figure 3E) were observed. Similar findings
were also reported by other groups/®-20-343°1,

As shown in Figure 4, the spontaneous differentiation
to astrocytes under neuronal differentiation conditions
was much higher for printed NSCs and d20 neurons than
for normal cell culture (= 0.1% for passage-5 NSCs, =
0.4% for d20 neurons; Figure 1C). Also noticeable was the
proportion of astrocytes after prolonged cultivation under
neuronal culture conditions of printed samples with and
without added astrocytes (Figure 4); this does not seem
to have been dependent on the proportion of astrocytes at
the time of printing. We assume that both might be due
to the high cell concentration in the 3D-printed droplets
compared to 2D cell culture®**],

Figure 5 demonstrates synaptogenesis and formation
of neuronal networks by printed NSCs and d20 neurons
cultivated under neuronal differentiation conditions for
20 days post-printing. We did not observe difference in
synaptogenesis between NSCs and d20 neurons; however,
the formation of dendrites and thus the neuronal networks
during differentiation of printed NSCs depended on cell
density. Better results were achieved in bigger droplets
with more cells (Figure 2D and 2E). Formation of synapses
by printed hiPSCs, differentiated 30-37 days post-printing,
was also reported by Gu et al.?*%,

An important part of the experiments within this study
was the calcium imaging analysis of printed NSCs, pre-
differentiated neurons, astrocytes and compositions of
this cell. Calcium imaging demonstrates functionality of
neuronal networks by visualizing spontaneous activity and
collective activity of several neurons (bursting events).

Our study revealed that there was no clear relationship
between strength of spontaneous neuronal activity and
cell composition, except from the fact that the neuronal
activity of astrocytes alone was strongly reduced (Figure 6).
When comparing the neuronal activity of printed NSCs
and pre-differentiated neurons with succeeding neuronal
differentiation via calcium imaging, we found that the

addition of other cell types, i.e., astrocytes to NSCs and
neurons or 20% NSCs to neurons, did not lead to stronger
activity and even reduced activity in the case of neurons
(not significant). The observed neuronal activity of printed
NSCs or NSC-based cell mixtures was always higher than
the activity of printed neurons or neuron-based mixtures
(significant when compared with neuron-based mixtures).

When focusing on collective neuronal activity,
statistical evaluation revealed a distinct difference between
NSCs and neurons, even when d5 neurons (NSCs, pre-
differentiated for 5 days) were used. When NSCs were
printed and cultivated under neuronal culture condition,
the activity increased with time (Figure 8). Conversely, we
observed collective activity earlier in neurons, even in d5
neurons; however, this collective activity did not increase
any further with extended cultivation under neuronal
differentiation condition. Interestingly, we did not observe
considerable differences in the synaptogenesis of NSCs and
d20 neurons (Figure 5); therefore, the distinct difference in
collective activity was not expected.

The addition of 50% astrocytes (Figure 10) increased
burst size and global efficiency of collective neuronal
activity of printed NSCs significantly, while the modularity
(community statistic Q) decreased; 20% astrocytes did
not have a significant effect. In opposite, the spontaneous
activity was not significantly affected by addition
of astrocytes (Figure 6). Unexpectedly, neither the
spontaneous (Figure 6) nor the collective (data not shown)
activity of d20 neurons was significantly affected by added
astrocytes; actually, we had expected that the astrocytes
would help the neuronal network develop better!*+6>],
Therefore, in terms of maximal collective neuronal activity
and functionality of neuronal networks, NSCs with 50%
added astrocytes were the best in our study. Moreover, the
presence of astrocytes resulted in reduced migration (NSCs
only) and the formation of more compact cell aggregates
(NSCs and neurons) as well as supported printing pattern
maintenance (NSCs and neurons).

To the best of our knowledge, this is the first study
that directly compares printing of hiPSC-derived NSCs
and neurons generated from these NSCs at different
differentiation stages as well as investigates the impact
of co-printed astrocytes. Future studies will investigate
the effect of other biomaterials applied as bioink and
substrate. In this study, Matrigel™, a matrix extracted
from Engelbreth-Holm-Swarm mouse sarcoma, was
used as a substrate only. We did not mix Matrigel™ into
the bioink, but printed the bioink with cells onto the
Matrigel™ substrate. For printing thick neural tissue, the
effect of such a substrate is rather limited to the bottom
layers. When printing thick neural tissue, results could
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be different due to the spatially decreasing effect of the
Matrigel™. Matrigel™ is widely used in 2D and 3D cell
culture and for bioprinting as well, but its composition is
rather undefined. Therefore, more defined alternatives are
required for standardized test-systems. Further important
aspects are the impact of different printing patterns on
neuronal network formation and the interaction between
different cells in these patterns, especially when printing
different cells at specific positions.

5. Conclusion

NSCs could be laser-printed with high viability of
about 95% and without affecting their stemness and
differentiation potential. In contrast, the viability of printed
neurons (pre-differentiated NSCs) decreased with duration
of pre-differentiation period (below 70% for 20 days of pre-
differentiation). We found significant differences in further
differentiation of printed NSCs and neurons compared
to normal cell culture, especially the differentiation to
astrocytes under neuronal differentiation conditions was
increased. This can be explained by the higher local cell
density in the printed droplets—at similar average cell
density. Synaptogenesis, neuronal network formation and
neuronal activity of connected cells were observed during
differentiation of printed NSCs and neurons. While we did
not observe differences in synaptogenesis, we found distinct
differences in network formation and neuronal activity.

Pre-differentiation of NSCs before printing did
accelerate both neuronal network formation after printing
and onset of collective neuronal activity. However, further
development of frequency and intensity of collective
activity was superior when NSCs were applied. Addition of
astrocytes to NSCs further supported network formation
and increase of collective activity, while no comparable
effect was observed when astrocytes were added to neurons.

Therefore, NSCs seems to be the best choice for
printing of functional neuronal networks. However, if
complex systems containing neurons and other cell types
shall be printed, differentiation post-printing alone might
not be possible. Moreover, proliferation and migration of
NSCs were stronger than those of neurons; maintenance of
printed pattern was better when pre-differentiated neurons
were printed. Possibly, these findings would be different
if other biomaterials were applied, which better support
network formation by pre-differentiated neurons. We aim
to investigate this in a subsequent study.
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