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Brain structure and dynamics are highly 
interdependent

The brain’s structural and functional 
connectivity exhibits peculiar features of 
complex network topologies

The capability of neural systems to encode 
and process  incoming stimuli is affected by 
both structure and ongoing dynamics

There is a need for reduced and engineered 
model systems to address the above issues

(Sporns, Ann. N.Y. Acad. Sci., 
2011)

(Marguet and Harris, J. Neurosci., 2011)

Introduction and rationale
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Reducing the complexity … towards 
brain-on-a-chip

degree of anatomical complexity

20 s

electrophysiological dynamics modulation
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•Micro Electrode Arrays 

•In vitro neuronal networks

•Recording and Stimulation

•Engineered Neuronal 
Networks: 2D and 3D

Outline
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technologies: thin-film technology, micro- and nano-fabrication

devices: microelectrode arrays (MEAs) for long-term extra-cellular recording and 
stimulation of the electrophysiological activity

Micro-Electrode Arrays (MEAs) on 
the market

PanasonicAyanda-Biosystems Multichannel Systems (MCS)

devices on the market:

A

B

C
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▪ long-term culturing (from days to 
months)

▪ multi-site extracellular recording / 
stimulation

▪ study / design of in-vitro 
experimental  models 

conventional features

material insulating glass

number of electrodes 60 - 120 

electrode diameter 30 µm

pitch 100 µm

acquisition type real-time

sampling rate 10-20 kHz

MEAs: an enabling technology to complement 
traditional electrophysiological techniques and 
biosensing applications

Devices



1. pyrex substrate (or silicon)

2. photoresist coating and photolithography

A A

A - A

3. metal evaporation (Pt, Ir, Au)

4. lift-off

MEA fabrication process



A A

A - A

5. insulation - silicon nitride

6. photoresist coating and photolithography

7. plasma etching

MEA fabrication process



A A

A - A

8. photoresist stripping and cleaning

5. insulation - silicon nitride

6. photoresist coating and photolithography

7. plasma etching

MEA fabrication process



10 m

20 m

47 m

planar

hillocks

tips

electrode materials

Au, Pt, ITO, IrOx, TiN

Example: MEAs  electrode materials and 
morphologies 
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Example: MEA with a clustering structure

• microelectrode array 
Pyrex 7740 substrate (14 x 14 mm2)
60 Pt electrodes
electrodes diameter: 30 μm

• clustering structure
EPON SU-8 with adhesion layer
346 ± 8 μm thick
wells diameter: 3 mm
channels: 300 μm x 800 μm

• temperature sensors
Pt-RTDs of 1 kΩ
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MEAs thin-film technology

key features

- accurate control of size, shape (micron) and thickness (nano)

- parallel processing at the wafer level 

- wide range materials:
- standard   SiO2, Si3N4, polySi, Al
- non standard

metals  Pt, Au, Ag, Ir, C
oxides  TiO2, Al2O5, Ta2O5
nitrides TiN
polymers SU-8, PDMS, PI

- flexible technology
- polymers and organic materials
- organic Transistor



Organic Charge Modulated FET (OCMFET)

• Floating Gate transistor
• Supplementary gate called Control Gate
• Low-voltage transistor
• Self-alignement fabrication process
• Charge sensor

• Detection of electrogenic cells activity
• pH sensor
• DNA hybridization sensor

Case study: OCMFET - Organic Charge
Modulated FET
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OCMFET - Transduction principle
14

∆𝑉𝑇𝐻 = −
∆𝑄𝑇
𝐶𝑆𝑈𝑀

= −
∆𝜎𝑆
𝐶𝑆𝑈𝑀

𝐴𝑆.

𝑄𝑆𝐸𝑁𝑆𝐸 = ∆𝜎𝑆𝐴𝑆.
𝐶𝑆𝑈𝑀 = 𝐶𝐶𝐺 + 𝐶𝑆𝐹 + 𝐶𝐷𝐹
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• Suitable for multisite recordings

• Flexible, low cost, and optically

transparent

• No need of any external reference

electrode

• Suitable for multisensing

measurements

• Organic semiconductor not in contact

with the culture medium

The Micro OCMFET Array - MOA

Spanu, A. et al. Sci. Rep. 5, 8807 (2015).



OCMFET devices onto nano-films for 
conformal ECoG

OCMFET: in vivo applications

Polimeric Nano-films

• Biocompatible
• Mechanically
• Robust
• Conformable
• Easy to fabricate
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MOA devices onto more 
rigid substrates for 
intracortical recordings



Summary on MEA devices

Introduced  in the ’80s (Gross et al., 1977, Pine et al., 1980)

Commercially available: end of ’90s

Different materials, different shapes: thin film technology

Main characteristics:

• Non invasive techniques (extracellular measurement)
• Recording and stimulation
• Transparent substrate (optimal for optical inspection with cells)
• Re-usable
• Easy-to-use

From 60-256 electrodes
10-50 µm electrode dimension
100-500 µm electrode pitch

Organic FET based MEA: flexible, low-cost (disposable) active devices
Introduced in the ’90 as a device; in the last ten years for electrophysiology

Silicon CMOS based MEA: rigid, non-transparent, active devices (tomorrow)
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•Micro Electrode Arrays 

•In vitro neuronal networks

•Recording and Stimulation

•Engineered Neuronal Networks: 
2D and 3D
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Cultured networks

▪ There is no fidelity with the in 
vivo architecture, but some 
fundamental mechanisms are 
maintained.

▪ The main receptors for 
neurotransmitters of the CNS 
(i.e. glutamate and GABA) are 
expressed after two weeks in 
culture (Köller et al., 1990).30 µm

100 µm

Experimental Models: in vitro networks

From rat-mouse embryos 
(or newborn)

Dissection
+

Enzymatic digestion
+

Mechanical dissociation
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Experimental Models: in vitro networks

50μm

D E

2D neuronal network labeled with MAP-2 (green) and DAPI (blu)
2D neuronal network labeled with Tubulin-III (green), GFAP (red), DAPI (blu)
2D neuronal network labeled for GFAP (red), DAPI (blu)

20μm

20μm

20μm
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Brain slices: acute and 
organotypic

▪ There is a good fidelity with the in vivo
architecture

▪ They can only survive for short period 
(i.e. hours – acute slices)

▪ They show little spontaneous activity

Intact brain: explanted 
brain

▪ A real brain !

▪ Only connection to the periphery and to 
the body are missing

▪ It can survive only few hours

Other in vitro Experimental Models
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Brain Organoids

Other in vitro Experimental Models

Typically from human – induced 
Pluripotent Stem Cells (h-iPSC)

They somehow represent the 
developing brain and as such 
have been used as in vitro neural 
models of neurodevelopmental 
disorders 



10 ms

20
 

V

Spike

In vitro neuronal networks onto MEAs

Dissection
+

Enzymatic digestion
+

Mechanical dissociation

1.64 mm

~ 50000 cells

Rat embryos (E18)

Primary cultures of rat cortical neurons

5 cm

Micro-Electrode Arrays (MEAs)

Pre-coated with poly-D-lysine 
and laminin

Network burst

Burst

100 ms



Recording aspects

Metal electrode

Electrogenic cell

Cell-electrode junction

◼ Extracellular recordings

Changes in the membrane 
voltage are measured:

◼ Action potentials, LFP, … 

◼ No resting state



extracellular MEA recording

1

Culture media

3 (RE)

2 (WE)

action potential: V12 = Vm = up to 100 mVp-p V23 = Ve = 20-200 Vp-p

(in rat’s cortical neurones)

Intra- vs. Extra-cellular recording

Electrogenic cell

Metal electrode
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Electrophysiological signals
▪ Primitive patterns of synchronized electrical activity are observed, 

usually ranging from stochastic “spiking” to organized “bursting”.

› Bursting is a peculiar behavior 
shown by developing in vitro 
neuronal systems (Muramoto et 
al., 1993; Robinson et al., 1993; 
Kamioka et al., 1996; Chub & 
O'Donovan, 1998; Ben-Ari, 2001; 
Chiappalone et al, 2006)

› Bursting represents an exploring 
dynamics of the in vitro network 
which has to find a stable state in 
which synaptic connections are 
properly formed.

› This activity pattern changes its 
features along with the 
maturation level of the network.



In vitro neuronal networks onto MEAs



In vitro neuronal networks onto MEAs

Not only recording but also electrical stimulation

Voltage or current stimulation

Post 
Stimulus 
Time 
Histogram



Summary on NN and MEA recordings

Cultured neurons can be easily grown onto MEA substrates 
(adhesion molecules such as Laminin, Polylysine, Polyornithine, PEI 
- polyethylenimine, … are needed)

Easy coupling with: slices, organoids, …

Network electrophysiology

Single neuron recordings … up to 3-4 neurons per electrode (spike 
sorting)

Long-term recordings: 1-2 months standard; up to 3-4 months

Easy to electrically stimulate

Easy to couple with other stimulation methods: e.g. optogenetics
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•Micro Electrode Arrays 

•In vitro neuronal networks

•Recording and Stimulation

•Engineered Neuronal Networks: 
2D and 3D
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Engineered 2D networks
State of the art

conventional techniques -> structuring adhesion promoters / 
inhibitors

patterning by mechanical constraints
• PDMS channels 
• neurocages
• photo-thermally-etched agarose



Standard MEA 200/30 
TiN/SiN w/o ring with 

60 microelectrodes 
arranged in a 8 x 8 

layout

Kanagasabapathi T., et al.,. Frontiers in  Neuroengineering, Vol. 4, 2011

Micro-channels features

width 10 m

length 150 m

height 3 m

channel 
spacing

50 m

# 
channels

120

Micro-fluidic 
compartment

width 1.5 mm

length 8 mm

height 100 m

reservoir Ø 6 mm

Case study: PDMS structures and dual chambers

Polydimethylsiloxane - PDMS
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Selective chemical manipulation

Segregation and possibility to recreate 
interconnected sub-populations

Heterogeneous networks

Co-cultures 

cortex-thalamus

cortex-striatum 

Dual compartment with microfluidic 
separation
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Only bundle of neurites go 
through the microchannels

Co-culture preparation

Cell bodies remain 
confined in the relative 

compartments
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Kanagasabapathi T., Massobrio P., et al., Functional connectivity and dynamics of cortical-thalamic 
networks co-cultured in a dual compartment device. Journal of Neural Engineering, Vol. 9, N.3, 2012.

Interacting populations
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Kanagasabapathi T., Massobrio P., et al., Functional connectivity and dynamics of cortical-thalamic 
networks co-cultured in a dual compartment device. Journal of Neural Engineering, Vol. 9, N.3, 2012.

IFR distribution  reveals interactions

CX alone → rhythmic bursts highly 
synchronized. Linear profile of 
the IFR distribution

TH alone → regular spiking activity. Few 
bursts. IFR distribution with a 
exponential drop shape.

CX maintains a linear  relationship; 
change of the slope; mixture of
spiking and bursting activity

TH displays a linear relationship and a 
firing pattern with the presence 
of bursts
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80’000 cells/mm3

▪ Structure developed in a 3D space onto specific scaffolds or 3D self assembled structures

▪ Environment, neuronal morphology and interaction with glial cells and extracellular matrix 
more similar to in-vivo situation

▪ With the advent of h-iPSC, human neuronal based models are feasible

▪ Network electrophysiological activity is largely unknown

(Pautot et al., Nature Methods, 2008)
(Cullen et al., Crit. Rev. Biomed. Eng., 2011)

5’000 cells/mm3

Engineered 3D networks

State of the art
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▪ Neurons fill the interstitial space of the self-
assembled glass microbeads

▪ Neuronal soma have a round shape

▪ Neurites develop in a 3D space and form 
extensive arborizations connecting the neurons

MAP-2 green
Neu-N: red

50 m

MAP-2: red
20 m

  

 

 

Frega et al. Scientific Report, (2014)

Monica Frega, PhD

Engineered 3D networks
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▪ Good assembly of the glass microbeads onto the MEA surface plated with neurons

▪ Extensive encapsulation of the microbeads by means of neuritic processes

▪ 6-9 layers for a thickness of  250-350 m

▪ Cell density: 80∙103 cell/mm3; functional connections

30 m

50 m

3D networks: imaging
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▪ PDMS structure allowing to confine microbeads and neurons 
on the recording site area; 

▪ Microbeads are placed onto a porous Transwell® membrane 
where they self-assembled in a hexagonal geometrical 
structure; 

Construction of 3D neuronal networks

3D networks: methods

▪ To obtain a 3D structure, the suspension of neurons and microbeads is then 

moved from the membrane to the MEA surface several times 
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Electrophysiology: 2D, 3D and controls

15 s15 s
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Continuous 
propagation

Same source

2D 3D

Different sources

Discontinuous 
propagation

Frega et al. Scientific Report, (2014) 

Electrophysiology: 2D vs 3D
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2D 3D

Few sources with high occurrence A lot of sources with low occurrence

Sites where the bursts started

511 
network bursts

173 network bursts

Registration of 30 min

Electrophysiology: 2D vs 3D
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2D 3D

Same sources in different phases Different sources in different phases

Simple and stereotyped dynamics Complex dynamics

Signal sources in the upper layers

6-10 min

Same sources during time?

11-15 min
16-20 min

1-5 min

Electrophysiology: 2D vs 3D



Chitosan based scaffolds for 3D neuronal 
networksBiopolymer

Donatella Di Lisa, PhD student

Di Lisa et al. Biomaterials, (2018) 



50 m 50 m

A-D: CHI film untreated, w/o adhesion proteins
B: CHI film treated with a.p.; C: petri dish untreated

Chitosan based scaffolds for 3D neuronal 
networks



Chitosan based scaffolds for 3D neuronal 
networks

Di Lisa et al. Biomaterials, (2018)



Summary on 2D and 3D engineered
neuronal cultures

2D cultured networks can grown onto MEA “patterned” 
substrates

Polydimethylsiloxane – PDMS as widely used material for 
microchambers and neurofluidics. Easy coupling with MEAs

3D cultures onto scaffolds and coupled to MEA devices for 
network electrophysiology

Chitosan as biomaterial for advanced and bio-integrable 
scaffolding for neuronal cells

Open issue: 3D electrodes for 3D recording/stimulations



Summary and conclusions

State-of-the-art technologies allow for in vitro human based neuronal 
models for network electrophysiology 

To Investigate capability of neural systems to encode and process  stimuli, 
and to study mechanisms of computation, brain function and dysfunction

In vitro 3D models for brain-on-a-chip applications, towards engineered 
brain organoids and patient specific medicine

Engineered model systems are needed to address issues in complex 
networks: e.g., dynamics and connectivity, interactions among 
populations, representation of information (Lecture of tomorrow) 


