
  

  

 

Abstract— Human-induced pluripotent stem cells (h-

iPSCs) with their differentiation protocols, constitute a 

potential tool to investigate the various biological 

mechanisms of different human cells, such as those of the 

central nervous system. With the advent of such 

technique, we have increased the knowledge of biological 

mechanisms of neural diseases and, new therapies are now 

emerging. In particular, three-dimensional (3D) neural 

cell culture models including brain organoids and 

neurospheroids are increasingly used as in vitro platforms 

for studying human brain cell biology and drug screening, 

in genome engineering and transplantation as potential 

treatment for some neurodegenerative diseases. In this 

work, we exploited a particular differentiation protocol to 

generate engineered excitatory cortical neurospheroids of 

human origin. To assess functional network activity, we 

used standard Micro Electrodes Arrays (60 channels) and 

for the first time CMOS based devices (4096 channels). 

Sample cultures showed electrophysiological activity in 4 

weeks and these first results suggest future possible 

applications for drug screening and transplantation. 
 

I. INTRODUCTION 

In vitro cell modeling from human-induced Pluripotent Stem 

Cells (h-iPSCs) has improved understanding of critical events 

in numerous neurological diseases including schizophrenia, 

Alzheimer's and Kleefstra [1]. It is hypothesized that many of 

these diseases affecting the nervous system are caused by 

imbalances of excitation / inhibition in neuronal networks or 

by synaptic loss and dysfunction of specific cells [4]. 

Consequently, the development of new screening platforms, 

together with modern genome modification techniques, bring 

with them a high potential therapeutic value for identifying 

the compounds that modulate neuronal activity. Numerous in 

vitro models have been created on microelectrode arrays 

(MEAs) to study a specific biological phenomenon. These 

models are very versatile and allow a wide applicability: from 

the study of how information is transmitted, to the 

characterization of certain neuronal disorders up to 

toxicological screening and evaluation of the effects of 

various neuromodulators [5,6,7]. These models are widely 

accepted but mainly consist of two-dimensional (2D) 

neuronal cultures, that are able to study various phenomena 

and certainly helped to understand the origin of basic 
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biological mechanisms. However, 2D models lack the 

formation of a 3D extracellular matrix (ECM) environment 

that allows neurons to develop morphologically in a more 

physiologically relevant way and guarantees a correct 

exchange of nutrients and waste substances, furthermore cells 

have flat bodies and axons propagate only in one plane [8]. 

Therefore, two different approaches are emerging to recreate 

and study three-dimensional (3D) neuronal network models, 

namely: i) Scaffold-based techniques, which use 

biocompatible materials able to mimic the characteristics of 

the ECM to ensure support and growth of cells in a 3D 

environment. Recent works propose biopolymers such as 

collagen, chitosan, agarose, gelatin, used individually or in 

combination to create gel-like substances that have 

mechanical and biological properties similar to the in vivo 

tissue to be reproduced [9,10,11]. Although these methods are 

versatile and easy to implement, it is often difficult to observe 

cellular re-organization, as the cells are trapped inside the gel.  

ii) Scaffold-free approaches, which exploit the ability of cells 

to bind and organize themselves, giving rise to spherical 

agglomerations of cells. Briefly, spherical aggregates of stem 

cells, are induced to differentiate into neurons through 

specific protocols. In this way the neuronal assembly self-

organize in layers resembling in vivo structures [12]. 

Unfortunately, the size of these structures is limited, as too 

large organoids are subject to internal necrosis; the cells 

present in the core of the organoid struggle to find nutrients 

and cannot eliminate waste products for the absence of 

vascularization [13]. In addition, differentiation protocols are 

still relatively recent, extremely long in achieving a full 

network maturation and there is not a precise control over the 

final composition of the organoid, which is subject to great 

variability among production batches [14]. Here we used a 

particular line of h-iPSCs [15] which allows us to obtain a 

homogeneous population of mature cortical excitatory 

neurons in about 4 weeks, in combination with an astrocytic 

support. Instead of creating stem cell’s agglomerate to be 

differentiated, we generated neurospheroids using cells at an 

early stage of differentiation, in which they have lost 

proliferative capacity allowing for control of final density and 

composition. The method was reproducible and the 

aggregates were manageable allowing an easy coupling with 

different types of MEAs. In this work we presented a 

preliminary characterization of the functional activity of such 

human-neurospheroids, for the first time coupled with High-
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Density MEA (HD-MEA) showing promising application for 

drug screening and precision medicine. 

II. MATERIALS AND METHODS 

A. Maintenance of h-iPSCs 

We used rtTa/Ngn2 positive h-iPCSs line[15]. Cells were 
maintained by culturing and expanding colonies of h-iPCSs in 
different wells of a 6 multi-well plate pre coated with Matrigel 
(Corning). We used Essential 8 Flex Medium (Thermo Fisher 
scientific) supplemented with 1% pen/strep (Sigma-Aldrich) 
and 50µg/ml G418 (Sigma-Aldrich) and 0.5 µg/ml puromycin 
(Sigma-Aldrich) to preserve the integrity of the cell line[16] 
(we will refer to this media composition as E8F maintaining 
media). Whenever a well reached confluency, we detached the 
cells maintaining the colonies using ReleSR (Stem Cell 
Technologies) and redistributing the harvested cells in other 3 
wells. Cells were kept in incubator at 37°C 5.5% CO2.  

B. Neuronal differentiation 

The specific h-iPSCs line allowed us to obtain excitatory 
cortical neurons thanks to the rtTa/NgN2 alteration, by 
overexpressing the NgN2 factor upon doxycycline treatment 
(4µg/ml). On the differentiation day (Day in vitro = DIV 0), 
we chose a confluent well of h-iPSCs, we detached all the cell 
using ReleSR and we redistributed equally in other 2 well pre-
coated with Matrigel. To ignite differentiation, we 
supplemented 4µg/ml doxycycline to the E8F maintaining 
media. The next day (DIV1) we replaced the medium with 
DMEM/F12 (Thermo Fisher Scientific) supplemented with 
1% pen/strep, MEM non-essential amino acid solution 100x 
(Sigma Aldrich), 100x N2-supplement (Invitrogen), 10ng/ml 
human-NT-3 (BioConnect), 10ng/ml human-BDNF 
(BioConnect). During DIV2 medium is not changed unless 
cell death/detachment is observed. On DIV 3 we changed the 
medium formulation, using Neurobasal (thermo fisher 
scientific) supplemented with B-27 supplement (Invitrogen), 
1% pen/strep, 4µg/ml Doxycycline, GlutaMAX (Invitrogen), 
10ng/ml h-BDNF, 10ng/ml h-NT-3. We refer to this media 
composition as ‘complete neurobasal’. At this stage, cells are 
not proliferating anymore and, they can be considered as an 
early stage of neurons in which arborization starts to sprout. 
Consequently, we detached the early-stage neurons from wells 
using Accutase (Sigma Aldrich) and we collected the 
harvested neurons in a 15ml tubes containing 2ml of complete 
neurobasal. Cells were ready to be counted and to be used in 
co-colture with Astrocytes. We will refer to this tube as early-
neurons tube (eN tube). 

 

C. Rat Astrocytes 

To support fully functional maturation of early neurons we 
used cortical rat astrocytes obtained from embryos at 18 days 
(E18). Cells were supplied in frozen vials. Prior to the co-
culture with neurons, we thawed the vial and plated the 
astrocytes in t-75 flask using DMEM High Glucose 
(Invitrogen, Thermo Fisher Scientific) supplemented with 1% 
pen/strep and 10% Fetal Bovine Serum (FBS). After 7 to 10 
days astrocytes should reach confluency. From that moment 
astrocytes can be harvested using trypsin-EDTA 0.05% 
(Invitrogen, Thermo Fisher Scientific) and collected in 2ml of 
complete neurobasal in a 15ml tube. Cells were ready to be 

counted and used in co-colture. We refer to this tube as 
astrocytes tube (As tube). 

 

Figure.1 Main steps for the hanging drop technique. a) 15µl drops 
are placed ontothe bottom of a petri dish’s lid. b) 15µl of cell 
suspension are added into the previous drops. c) lid is inverted 
onto the petri dish filled with DPBS. d) Optical image of a 
neurospheroid at DIV42. e) Rendering 3D of a neurospheroid 
at DIV42. Green: MAP-2, Red: GFAP, Blue: DAPI. 

 

D. Neurospheroids generation 

We used the hanging drop technique to generate 
neurospheroids. Briefly, we used 5cm petri dishes in which the 
bottom was half filled with sterile Dulbecco’s Phosphate-
Buffered Saline solution (DPBS); this acted as a hydration 
chamber. We inverted the lid and we deposited 15µl drops of 
complete neurobasal onto the bottom of the lid (Fig. 1a). In 
parallel, we mixed a similar number of eN and As cells in a 
vial to obtain a final concentration of about 3.3 x 106cells/ml. 
Therefore, we added 15µl of cell suspension into the drops 
previously placed on the lid (Fig. 1b). Consequently, we 
obtained30µl medium drops containing ~50’000 cells in 1:1 
ratio between eN and As. Finally, we inverted the lid onto the 
DPBS-filled petri dish and incubated it at 37°C, 5.5% CO2 and 
95% humidity (Fig. 1c). The next day 2µM Ara-C was 
supplemented in each drop by simply replacing 10µl of 
medium. Petri dishes were kept in incubator for at least 14 days 
to ensure neurospheroids formations and 50% of the medium 
was replaced twice a week. After two weeks, neurospheroids 
were transferred to non-adherent plate. During the 3rd week, 
aggregates were then moved onto pre-coated MEA for 
electrophysiological evaluation. 

E. MEA set-up and data analysis 

We used MEA60 from MultiChannelSystem and HD-
MEA Accura from 3Brain AG to record and monitor neuronal 
network activity. MEA60s are made by glass with a 8x8 grid 
(except corners) of passive electrodes (TiN/SiN 30µm 
diameter and 200µm spaced) embedded. HD-MEAs are 
composed of a monolithic CMOS-chip integrating 4096 
electrodes (21µm x 21µm with 60µm pitch) arranged in a 
64x64 grid. Prior to use, both devices were cleaned and 
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sterilized. The day before plating the neurospheroids, we 
coated the electrode area with a solution of DPBS containing 
50µg/ml Poly-L-ornithine and 20µg/ml laminin. Devices were 
then stored at 4°C overnight. We used 2100 System (MEA 
2100-System, MCS) to record activity from MEA60 and 
signals were sampled at 10kHz. We used BioCam DupleX 
(3Brain AG) to record activity from the HD-MEAs at 20kHz 
sampling frequency. Several basal recordings of about 5 
minutes were performed on a time window of about 15 days. 
During recordings cultures were maintained at 37°C and 5.5% 
CO2 in sterility condition. We stimulated the spheroid on HD-
MEA by injecting a biphasic current pulse with amplitude ± 
60µA lasting 150µs at 0.1Hz. We then estimated the peri-
stimulus time histogram (PSTH) by dividing in 10ms bins the 
time after each stimulus and summing al the occurrence in 
each bin. 

Raw data was analyzed offline using MATLAB scripts [3]. 
Briefly, we considered active electrodes with mean firing rate 
(MFR) >0.1 spks/s. Array Wide Firing Rate (AWFR) was 
obtained dividing the recording in 200ms bins and summing al 
the detected spikes. We defined as a burst an event recorded 
from a single electrode in which at least 5 spikes are fired 
consecutively with an inter time between spikes no longer than 
100ms. Random spikes indicate the percentage of spikes not 
in burst. Finally, we defined as Network Burst as synchronous 
burst activity among channels. 

F. Immunofluorescence 

Samples were fixed in 4% paraformaldehyde (PFA) and 
permeabilized with 0.2% triton X-100. We used as primary 
antibodies GFAP and MAP-2 to mark glial and neuronal cells, 
respectively. We used Alexa Fluor 488 and Alexa Fluor 546 
(Invitrogen) as secondary antibodies. 

III. RESULTS 

A.  Neurospheroids formation 

We evaluated the formation of the neurospheroids by 
acquiring images at DIV42. Samples were kept in hanging 
drop for 3 weeks and then moved onto non-adherent well 
plates. Spherical conformation was not observed in all 
samples. We evaluated a mean diameter around 500 ± 100 
µm. Fig. 1d shows the external conformation of the spheroid, 
while Fig. 1e is a confocal image showing the upper 
hemisphere of the structure. We noticed that the shape of the 
cell bodies was found to be spherical, as the one observed in 
vivo [18] from which rich neuritic arborizations propagates 
homogeneously in the 3D space. No cell death was observed 
within the spheroids. 

B. Spontaneous electrical activity 

At DIV 21 we moved the spheroids from the petri dish to 
MEA60 (n=4) and HD-MEA (n=3). We observed detachment 
in two MEA60 samples and two HD-MEA samples. Spheroids 
started to show spontaneous activity from DIV 28, and we 
acquired data until DIV42. Fig. 2c-d show raster plots (top) 
and Array Wide Firing Rate (AWFR - bottom) of two different 
samples during DIV42. Differently from standard MEA, 
where only disorganized activity was recorded (fig. 2-d), with 
HD-MEA (fig. 2-c) strong, repetitive synchronous events (i.e. 
Network Burst – red lines in the raster plots) were observed 
and confirmed by the oscillatory trend of the AWFR. By 

looking at Fig. 2a-b we noticed that the spheroids started to 
‘explore’ the area around him by creating neurite extension. 
We can assume from this data that spheroids are healthy and 
functional 

  

Figure.2 a-b) top images shows reconstruction from microscope 
picture of spheroids onto MEA devices, below we show 1s of 
raw data from 2 different electrodes. c-d) Rasterplots and Array 
Wide Firing Rate of two samples on HD-MEA and MEA60 
showing 1 min of spontaneous activity. Each point in the 
rasterplot represent a detected spike in a specific electrode. 
AWFR are obtained by dividing the recording in 200ms bins 
and summing all the spikes detected in each bin. red bars under 
the rasterplot shows the detected network burst. 

C. MEA60 and HD-MEA comparison 

We analyzed different recordings over several time points 
to characterize the spheroids activity during development. Fig. 
3 show a comparison of different parameters between MEA60 
and HD-MEA recordings. In general, spheroids started to 
exhibit spontaneous activity mainly composed of single spikes 
while later during development, firing rate increased and burst 
behavior arises, reducing the percentage of random spikes. 
Even if general trends were comparable between different 
devices, in HD-MEA we observed a wider dynamic among 
different electrodes and a richer repertoire of rhythmic activity. 
By analyzing the PSTH we noticed that current pulses were 
able to elicit network event. We then evaluated the PSTH for 
channels that were not active before the stimulus (Fig.3g) and 
channels that were active before (Fig.3h). These results 
suggest that the produced spheroids were healthy and 
functional. 
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IV. DISCUSSION 

In this work we presented a first electrophysiological 
characterization of excitatory cortical spheroids of human 
origin on two different MEA devices. Thanks to the rapid 
differentiation protocol, we were able to obtain a 
homogeneous population of mature neurons in only 3 weeks. 
We have chosen to couple rat astrocytes because at the 
moment the literature does not present protocols for 
differentiation of stem cells into cortical astrocytes that have 
fast maturation times like that of the neurons used [4, 5]. Using 
frozen astrocytes, we have shown that it will be possible to use 
this spheroid production technique to produce samples in 
which density, size and cell rate are controllable. 

 

Figure.3 a) comparison between active electrodes. Values are 
expressed as a percentage of active channels out of the total of 
available channels (mean ± STD). MEA-60 (n=2), HD-MEA 
(n=1) b-c) mean firing rate and burst rate of samples among 
active electrodes. d) mean bursting duration. e) percentual of 
random spikes evaluated across active electrodes. f) network 
burst rate. b, c, d, e) shows the distribution of quantitative data. 
The box shows the quartiles of the dataset while the whiskers 
extend to show the rest of the distribution. Pre-post stimulus 
time histogram of g) inactive electrodes showing a fast-spiking 
response to the stimulus, h) a spontaneously active electrodes 
showing a fast response followed by an inactivation period. 
Insert shows mean value pre- and post-stimulation. 

 

All the samples maintained their sphericity during the 
weeks kept in hanging drop. Once transferred on non-adherent 
substrates the structures tended to squash (cf. Fig. 1). This was 
probably due to the weight of the medium that slightly crushed 
the culture during development. The fluorescence images 
showed how astrocytes and neurons were well mixed within 
the structure and even after 7 weeks the core was free from 
necrosis; thus assuming a passage of nutrients and waste from 
the center of the structure to the outside. Future analyzes will 
be aimed to quantify the level of vitality and verifying a 
possible spatial organization of the cells. The human cell line 
used in this work showed spontaneous activity as early as 
DIV16 [6] when cultured in a 2D layer, while in our 
experiments, 3D aggregates exhibited spontaneous 
electrophysiological activity after one week from the 
deposition onto the substrate (DIV28). This is because neurons 
need time to adhere perfectly to the electrodes and form 
synapses before we can record activity. The samples showed 
an increase in firing rate during time, and global activity 
slowly tended to be organized in bursts. During the 
development of the spheroid on the device we noticed an 
increased number of active electrodes involving also the 
recruitment of new electrodes located far from the spheroid. 
Moreover, a certain structural-functional re-organization in the 
spheroid was observed by imaging, suggesting that they may 
be considered as a possible in vitro platform for disease 
modeling, drug screening and for transplant. This behavior 
will be further investigated in future experiments. The use of 
HD-MEA has shown a greater variability of dynamics 
between the electrodes probably due to the size and spacing of 
the electrodes that made it possible to have a better spatial 
resolution. In fact, the activity recorded by a single electrode 
on a HD-MEA was more easily representative of a single or a 
few neurons, while in the MEA60 the activity of each 
electrode reflected more the activity of a small population of 
neurons. Thanks to this feature it was possible to observe 
network synchronization phenomena only in HD-MEAs. 
Future experiments will be aimed at increasing the n number 
in order to provide an appropriate statistical analysis and test 
the effect of electrical and chemical stimulations (e.g. 
neuromodulators). 

V. CONCLUSION 

In this work we have shown network electrophysiological 

activity form three-dimensional neuronal networks of human 

origin coupled to large-scale (4096 electrodes) HD-MEA. 

Although the model presented was not fully human-derived, 

the results demonstrated that these samples were functional 

and easy to be generated-manipulated. They open new 

perspectives for drug screening and precision medicine 

applications.  
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