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A B S T R A C T   

Most in vitro functional and morphological studies for developing nervous system have been performed using 
traditional monolayer cultures onto supports modified by extracellular matrix components or synthetic bio-
polymers. These biomolecules act as adhesion factors essential for neuronal growth and differentiation. In this 
study, the use of chitosan as adhesion factor was investigated. Primary rat neurons and neurons differentiated 
from human induced pluripotent stem cells were cultured onto chitosan and standard adhesion factors modified 
supports. The initiation, elongation and branching of neuritic processes, synaptogenesis and electrophysiological 
behavior were studied. The biopolymers affected neurites outgrowth in a time dependent manner; in particular, 
chitosan promoted neuronal polarity in both cell cultures. These results indicate chitosan as a valid adhesion 
factor alternative to the standard ones, with the advantage that it can be used both in 2D and 3D cultures, acting 
as a bridge between these in vitro models.   

1. Introduction 

In vivo cell adhesion is defined as the ability of a single cell to spe-
cifically attach to other cells and to the extracellular matrix (ECM). Cell 
adhesion is the prerequisite to cell differentiation, cell cycle, cell 
migration and cell survival (Gumbiner, 1996). Thus, a fundamental 
property of a biomaterial for tissue engineering is represented by its 
ability to support cell adhesion (Rahmany & Van Dyke, 2013). Rat pri-
mary neuronal cells and neurons differentiated from human induced 
pluripotent stem cells (h-iPSCs) in vitro strongly rely on bioactivation of 
the culture support to mediate their adhesion and development (Farrukh 
et al., 2018; Laura et al., 2008). 

To guide neuronal adhesion and growth, support can be function-
alized either with polymers and biopolymers able to interact with the 
negatively charged cell membrane (Milky et al., 2022) or can be func-
tionalized with molecules which interact with receptors on the cell 
membrane (Rao & Winter, 2009; Rauti et al., 2020). 

The most used approach is the first one, due to its simplicity, 

standardization and low cost. In the seventies, the use of synthetic 
polyaminoacids, such as poly-lysine and poly-ornithine, was introduced 
to bioactivate neuronal culture supports, having demonstrated consis-
tent results in promoting both adhesion and neurite outgrowth (Banker 
& Cowan, 1977; Letourneau, 1975; Yavin & Yavin, 1974). 

It is believed that free amino groups of these polycations mediate cell 
adhesion via a non-receptor mediated mechanism based on the elec-
trostatic attraction of the negative charged cell membrane (Sitterlet, 
2008). After the initial electrostatic binding, cells start to secrete their 
own ECM, which is fundamental for the long-term stability of the culture 
(Miyata et al., 2005). Poly-lysine, poly-ornithine and laminin are the 
most popular commercial adhesion molecules used for the bioactivation 
of neuronal cell culture supports, such as plastic or glass surfaces for 
traditional 2D neuronal cultures. Indeed, despite the popularity gained 
in the last years by 3D tissue models, 2D neuronal cultures are still 
widely used (Banker & Cowan, 1977; Letourneau, 1975). On one hand, 
2D cell cultures are still considered important and often irreplaceable 
models in different fields, ranging from basic cell biology, 
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pharmacology, toxicology and tissue engineering (Baker & Chen, 2012). 
The main advantages of 2D cultures relay in their simplicity, low-cost, 
availability of well assessed and reproducible high throughput func-
tional tests and possibility of high-content imaging. On the other hand, 
2D cultured cells do not mimic the natural structure of tissues and the 
cell-cell and cell-extracellular environment interactions, leading to 
physiologically altered cell behaviors (Tedesco et al., 2018). In this 
respect, 3D cultures have proven to be more capable of inducing in vivo- 
like cell responses for different processes (Banker & Cowan, 1977; Val-
lejo-Giraldo et al., 2020). As for 2D culture supports, biomaterials used 
for 3D cultures should present at their surface functional groups to 
control neuronal adhesion and development. 

Extensive research has focused on functionalizing biomaterials sur-
faces with adhesion molecules in order to enhance neuron adhesion and 
growth (Vallejo-Giraldo et al., 2020). 

In this context, among the different proposed biopolymers for brain 
tissue engineering, the cationic polysaccharide chitosan has been 
investigated both in 2D and 3D neuronal cultures. 

Chitosan, a copolymer of glucosamine and N-acetylglucosamine 
derived from the deacetylation of chitin, is well known for its biocom-
patibility, biodegradability, antimicrobial, and antifungal activities and 
low-price (Nguyen Thi Khanh et al., 2019; Younes & Rinaudo, 2015). 
Indeed, chitosan has been widely studied for its use in different 
biomedical fields ranging from drug delivery to tissue engineering 
(Gupta & Fawzi, 2006; Mu et al., 2019). One of the most interesting 
characteristics of chitosan relies in its structural similarities to the 
extracellular glycoprotein carbohydrates. In this respect, chitosan has 
been found to exert morphogenic functions in connective tissue regen-
eration (Muzzarelli et al., 1988). 

In the field of neuronal cultures, different manuscripts report on the 
use of chitosan to support the adhesion of animal primary neuronal cells 
or neuroblastoma cell lines. In these works, chitosan has been used, in 
short-term culture conditions, both by itself, blended or covered with 
adhesion proteins, poly-lysine, laminin and gelatin, or functionalized 
with adhesive peptides. However, there is no clear statement on the use 
of chitosan to support neuronal cell cultures and no study showing that it 
is able to sustain the development of functional neuronal networks (Cao 
et al., 2009; Crompton et al., 2007; Hayashi et al., 2018; He et al., 2009; 
Mattotti et al., 2017; Zhu et al., 2010). 

Recently, in the search of a scaffold able to sustain the development 
of 3D functional neuronal networks, we demonstrated that a chitosan 
microbeads-based scaffold has this ability. This was proven both for 
primary rat neurons and neurons differentiated from h-iPSCs, after 21 
and 42 days in vitro respectively (Arnaldi et al., 2021; Muzzi et al., 2021; 
Tedesco et al., 2018). 

Based on these results, our hypothesis is that chitosan can be used as 
an adhesion molecule in standard 2D cultures of rat and human neurons, 
having a performance comparable with classical commercial adhesion 
molecules and promoting the formation of functional networks. 

In this work, chitosan was deposited by solution casting onto culture 
supports. The supports were then used without any further modification 
to obtain randomly distributed 2D networks. PORN or PORN/LAM 
modified supports were used as controls. 

Primary hippocampal and cortical neurons, isolated from embryonic 
day 18, were grown up to 5 weeks onto all the supports. 

H-iPSCs, generated from fibroblasts derived from healthy donor, 
were differentiated in excitatory cortical neurons (iNeurons), and plated 
onto the modified supports up to 8 weeks. 

Cells were plated at low density onto petri dishes or glass coverslips 
for the morphological studies and at medium density onto multielec-
trode arrays (MEA) for electrophysiological characterization. 

Plating efficiency and neuronal polarization for primary rat neurons 
were evaluated at different stages of development and compared with 
those obtained by using PORN coated supports, following the well- 
established model introduced by Dotti et al. (1998) for the polariza-
tion process of neurons (Dotti et al., 1988). 

Neuronal polarity refers to the fact that neurons elaborate two 
distinct types of processes, namely, axons and dendrites. In 1988 Dotti 
et al. proposed a model of the polarization process for in vitro cultured 
neurons. The model is characterized by 5 well-defined morphological 
stages. These five stages have been characterized in their timing and 
morphological features for primary rat neurons grown on the poly-
aminoacids polylysine and polyornithine. These two polyamino acids 
are thus taken as reference when studying the reliability of a molecule to 
sustain neuronal adhesion and thus polarization. 

As relates to iNeurons, plating efficiency and polarization were 
evaluated and compared to those obtained by using PORN/LAM coated 
supports, following the protocol by Frega et al. (2017). 

The innovative aspect of our work relays in having demonstrated 
that the natural and low-cost polysaccharide chitosan, besides all its 
well-known properties, displays bioactivity towards both rat neurons 
and iNeurons. The use of chitosan can provide a bridge between 
different dimensional in vitro models. Indeed, in the view of advancing 
research in the field of in vitro brain models, both 2D and 3D cell culture 
are necessary. Generally well-established 2D cultures are used as con-
trols. Having a bioactive material which can be easily shaped both in 2D 
and 3D without any modification of its chemical cues is extremely 
relevant when directing the in vitro study of neuronal activity from 2D to 
3D networks. 

2. Materials and methods 

2.1. Culture supports functionalization 

Chitosan CHI1 (low molecular weight, 50–190 kDa, 75–85 % 
deacetylated, 20–300 cP, code 448877, lot MKBD4275V, from Pandalus 
Borealis), Poly-L-ornithine PORN (molecular weight 30–70 kDa, P4957), 
laminin LAM (L2020, from Engelbreth-Holm-Swarm murine sarcoma 
basement membrane), ethanol and acetic acid were purchased from 
Sigma-Aldrich. Chitosan CHI2 (low molecular weight, High DDA 88.3 
%, 70 mPa • s, B-85-471,692, from chionoecetes opilio - Snow Crab) was 
kindly provided by Chitolytyc. 

Chitosan solutions were prepared at concentrations of 0.1 and 1 % 
w/v in 0.1 M acetic acid. 

Rheological properties of CHI1 and CHI2 solutions (0.1–1 % w/v) 
were evaluated using a modular compact rheometer (Physica MCR 301, 
Anton Paar), using a cone-plate (Ø 50 mm, d = 0.210 mm) at a constant 
temperature of 23 ◦C. Shear rates in the range of 0.1 to 100 s-1 at a 
frequency of 10 Hz were used to determine the linear viscoelastic range 
of the solution and the evolution of the storage and loss moduli. PORN 
and LAM were used at a concentration of 0.15 μg/ml and 5 μg/ml in 
ddH2O respectively. Culture supports were functionalized by solution 
casting. Moreover, for cell application, sterile chitosan solutions were 
required to avoid any contamination. For that reason, every character-
ization was carried out using chitosan solutions sterilized: 0.1 % CHI1 
solutions were sterilized by filtration through a 0.2 μm syringe filter, 
while 1 % CHI2 solution was autoclaved at 120 ◦C for 20 min. 

For the morphological characterization, sterile CHI1, CHI2, PORN 
and PORN/LAM solutions were pipetted onto the culture supports 
(Ø18mm coverslip and Ø35mm petri dishes), following the standard 
protocol (Dotti & Banker, 1987) and incubated overnight at 37 ◦C. The 
excess of solutions was removed, supports were then washed twice with 
sterile ddH2O and finally normalized in cell culture medium. For 
iNeurons, after PORN deposition, LAM solution was pipetted on the 
supports and incubated for 2 h at 37 ◦C; later, the supports were washed 
with sterile ddH2O and normalized in the proper cell culture medium. 

2.2. Cell plating 

Low density cultures were prepared for adhesion assay, plating ef-
ficiency and neurite outgrowth evaluation. Specifically, cells were 
plated at cell density of 28–30 cells/mm2 in the presence of astrocyte 
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conditioned medium. Neurons were plated on coverslips and incubated 
in Minimum Essential Medium (MEM; Invitrogen) supplemented with 
10 % Fetal Bovine Serum (FBS, Sigma-Aldrich). Three hours later, the 
coverslips were transferred into a dish containing a glial monolayer 
sheet and were maintained in serum-free MEM with B-27 supplement 
(Invitrogen). 

The synaptic count was performed onto cultures with a cell density of 
260–300 cells/mm2. 

The electrophysiological characterization was performed on primary 
cortical neurons and iNeurons with a cell density of 1200 cells/mm2. 

2.3. Rat primary cultures 

Primary hippocampal and cortical cultures were prepared according 
to methods developed by Dotti & Banker (1987). Hippocampi and ce-
rebral cortexes were dissected and removed from embryonic Sprague- 
Dawley rats at gestational day 18 under sterile conditions. Hippocam-
pal and cortex fetal tissue was enzymatically digested in Trypsin 0.125 
% in Ca++ and Mg++ free Hank's (Gibco Invitrogen) for 20′ at 37 ◦C. The 
enzymatic process was quenched by adding culture medium supple-
mented with 10 % of fetal bovine serum (FBS, Sigma-Aldrich), then the 
tissue was mechanically dissociated with a smoothly fire-polished Pas-
teur pipette. Neurons were re-suspended in plating medium consisting of 
Neurobasal medium (Gibco Invitrogen) with 2 % w/v B-27 Supplement 
(Gibco Invitrogen), 1 % Glutamax (Gibco Invitrogen), 1 % pen/strept 
(Gibco Invitrogen). Cultures were maintained in incubator at 37 ◦C in a 
5 % CO2, 95 % humidity atmosphere for 3–4 weeks by replacing half of 
the medium once a week. The experimental protocol was approved by 
the European Animal Care Legislation (2010/63/EU), by the Italian 
Ministry of Health in accordance with the D.L. 116/1992 and by the 
guidelines of the University of Genova. All efforts were made to reduce 
the number of animals used for the project and to minimize their 
suffering. 

2.4. h-iPSCs derived neurons culture 

h-iPSCs were generated by lentiviral transduction from fibroblast 
taken from a healthy donor. Therefore, cell line was edited using two 
lentiviruses to confer overexpression of the transcription factor Neuro-
genin 2 (NgN2) upon tetracycline reverse transcriptional activator 
(rtTa). Cells were kindly provided by Frega et al. and were received in 
frozen vials. Full protocol regarding generation and maintenance of the 
rtTa/NgN2 positive cell line have been previously described (Frega 
et al., 2017). 

Differentiation into neurons started by supplementing 4 μg/ml 
Doxycycline (Sigma Aldrich) into the medium, defining the step as Day 
After Differentiation 0 (DAD 0). A confluent well of h-iPSCs were de-
tached using ReLeSR and cells were seeded single cells in two 6-well pre 
coated with Matrigel solution (Corning, 1:30 in cold DMEM). Cells were 
cultured using Essential 8 Flex Medium (Thermo Fisher Scientific) 
supplemented with 1 % pen/strep, 50 μg/ml G418, 0.5 μg/ml puromy-
cin and 4μg/ml Doxycycline. On DAD 1, medium was changed using 
DMEM/F12 (Gibco) supplemented with N2-supplement 100× (dilution 
1:100, Thermo Fisher, Invitrogen), MEM non-essential amino acid so-
lution 100× (Gibco), 1 % pen/strep, 10 μg/ml human BDNF (Bio-Con-
nect), 10 μg/ml human NT-3 (BioConnect) and 4 μg/ml doxycycline. At 
DAD 3, neurons were detached using 1 ml Accutase per well and 
collected in a 15 ml tube with Neurobasal medium (Thermo Fisher 
Scientific) supplemented with 1 % pen/strep, B-27 (dilution 1:50, 
Thermo Fisher Scientific), Glutamax (dilution 1:100, Thermo Fisher 
Scientific), 10μg/ml human BDNF, 10 μg/ml human NT-3 and 4 μg/ml 
doxycycline (we will refer to this supplemented medium as Neurobasal- 
iN). After centrifugation (1200 rpm, 5 min), supernatant was discarded, 
and cells were resuspended in 2 ml Neurobasal-iN. Neurons are now 
ready to be counted and used in co-culture with astrocytes in a 1:1 ratio. 

2.5. Astrocytes cultures 

Cortices were isolated from dissection of E18 rat, and non-astrocytic 
cells were removed thanks to 6 h of orbital shaking after plating. More 
details can be found in Aprile et al. (2019). Astrocytes were seeded in T- 
75 flask with DMEM High Glucose supplemented with 10 % FBS and 1 % 
pen/strep. Flasks were left in the incubator at 37 ◦C at 5 % CO2 and the 
medium was refreshed every 3 days for 7–10 days. The plating day, 
astrocytes were mixed with iN (1:1) in Neurobasal-iN. 

2.6. Characterization of coatings 

To determine the amount of free amino groups, ninhydrin (Sigma- 
Aldrich, NHN) assay (Mi et al., 2001) was used. NHN solution was 
prepared as follows: Solution A: 1.05 g citric acid, 10 ml (1.0 M) sodium 
hydroxide (Sigma-Aldrich) and 0.04 g stannous chloride (Sigma- 
Aldrich) were mixed, then deionized H2O added until 25 ml; Solution B: 
1 g NHN was added to 25 ml ethylene glycol monomethyl ether (Sigma- 
Aldrich). The two solutions A and B were combined and stirred for 45 
min, then stored in dark bottle. For the assay, the CHI films adsorbed 
were obtained following the same procedure exposed in “Culture sup-
ports functionalization” section, and after the removal of the superna-
tant, the samples were washed and dried. Finally, CHI films were 
detached from the petri-dishes, put into 1 ml ninhydrin solution, and 
heated to 100 ◦C in water bath with for 20 min. The solution was cooled 
down to room temperature, diluted with 5 ml 50 % isopropanol, and 
then the optical absorbance of the solution at 570 nm was read with a 
spectrophotometer (Cary 60, Agilent Technologies). The amount of free 
amino groups in the test sample, after heating with ninhydrin, is pro-
portional to the optical absorbance of the solution. 

2.7. Adhesion assay 

Cells were cultured on glass coverslips for 4, 8 and 24 h as described 
above. The number of attached cells was counted in 10 visual fields 
(about 0.6 mm* per visual field) in three experiments. 

2.8. Morphometry evaluation 

To characterize the neuronal development and polarization a 
morphometry study was carried out. Only cells without contact with 
other cells were evaluated accordingly to a classification table suggested 
by Dotti et al. (1988), Dotti & Banker (1987) and Frega et al. (2017)). 
Stage 1 is defined as a cell without neurites; stage 2 is defined as a cell 
with some neurites that are not labeled by axonal markers, suggesting no 
axonal differentiation; stage 3 is defined as a cell with an axon; stage 4 is 
defined as the growth of dendrites and finally stage 5 is defined as 
mature cell, (Fig. S1D, Supporting Information). Different parameters 
were extracted: number of neurites per cell, total neurite length per cell, 
length of major neurites per cell, total length of all minor neurites per 
cell and polarity index. 

The cell number was quantified at each selected time to observe the 
initial culture maturation. 

Neurites were defined as a process extending >10 μm from the 
neuronal soma and with a length of at least one cell body diameter; all 
the neuritic processes are considered minor processes, excluding the 
longest one, namely the axon. In particular, major neurites were defined 
as those neurites with the highest length after the computerized mea-
surement of all neurites of a cell, specifically at least 10–20 μm longer 
than any other neurite of the cell. To investigate the polar growth 
(asymmetric growth of axonal versus dendritic compartments), the 
longest neurite (major neurite) was measured for each cell. 

An axon was defined as a neurite labeled by axonal markers, anti-tau 
or anti-AnkirinG antibodies. The polarity index was defined as the 
average length of major neurites divided by the average length of all 
minor neurites per cell. 
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In each experiment, an inverted IX-51 Olympus microscope equipped 
with a DP70 digital camera coupled with CPlan 10 N.A. 0.25 PhC 
objective was used to acquire contrast phase images. For each condition, 
25 cells were acquired and analyzed for the morphometric study. ImageJ 
with NeuronJ plugin have been used to analyze, trace and measure 
neuritic processes. 

All graphs comprise data derived from three experiments. 

2.9. Immunocytochemistry 

Cells were fixed with 4 % paraformaldehyde (Sigma-Aldrich) pH 7.4 
for 30 min at room temperature. Permeabilization was achieved with 
phosphate buffer solution (PBS, Sigma-Aldrich) containing 0.5 % Triton- 
X100 (Sigma-Aldrich) for 15 min at room temperature and non-specific 
binding of antibodies was blocked with an incubation of 45 min in a 
blocking buffer solution consisted of PBS, 0.3 % bovine serum albumin 
(BSA, Sigma-Aldrich) and 0.5 % FBS. Cultures were incubated with 
primary antibody diluted in PBS Blocking buffer for 2 h at room tem-
perature or incubated at 4 ◦C overnight in a humidified atmosphere. 
Cultures were rinsed three times with PBS and finally exposed to the 
secondary antibodies. Differentiation is the establishment of the two 
distinct classes of neuronal processes, dendrites and axon. MAP-2 
(1:500, dendritic microtubule-associated protein), TAU (1:200, axon 
microtubule-associated protein), AkirinG (1:200, axon initial segment) 
and Dapi (1:10000, nuclei) were used to study their expression and 
localization during early stages of development. To verify the presence 
of glial cells in the culture, we employed the astrocyte marker GFAP 
(1:1000, glial fibrillary acidic protein). Cultures were finally exposed to 
the secondary antibodies: Alexa Fluor 488 and Alexa Fluor 549 Goat anti 
mouse or Goat anti rabbit, diluted 1:700 and 1:1000 (Invitrogen Life 
Technologies S. Donato Milanese). An Olympus BX-51 upright micro-
scope was used for immunofluorescence and the image acquisition was 
done with a Hamamatsu Orca ER II digital cooled CCD camera driven by 
Image ProPlus software (Media Cybernetic). 

2.10. Synaptic count 

Rat neurons were fixed at 7 and 14 DIV while iNeurons were fixed at 
7, 14 and 21 DIV for synaptic staining. Neuronal cultures were co- 
immunostained for the excitatory pre-synaptic maker vesicular gluta-
mate transporter (VGLUT1, Invitrogen Life Technologies S. Donato 
Milanese) (1:500), and the excitatory post-synaptic density marker 
(PSD-95, abcam) (1:200) as primary antibodies and then exposed Alexa 
Fluor 488 (1:700) and Alexa Fluor 549 (1:1000) as secondary anti-
bodies. Synapses were defined as points of co-localization between 
VGLUT1 and PSD-95. Olympus BX-51 upright microscope coupled with 
an oil immersion objective 60× was used for synaptic evaluation and the 
image acquisition was done with a Hamamatsu Orca ER II digital cooled 
CCD camera driven by Image ProPlus software (Media Cybernetic). 

All conditions within a batch were acquired with the same settings in 
order to compare signal intensities between different experimental 
conditions. To quantify VGLUT1 and PSD-95 puncta, n = 10 randomly 
selected fields were acquired per coverslip and neuritic segments (30 μm 
each; distance from the soma 5–10 μm) per neuron was randomly cho-
sen. ImageJ has been used to analyze and count the number of synaptic 
puncta per individual cell, via manual counting and divided by the 
length of the neuronal process analyzed. 

2.11. MEA recording and analysis 

Standard MEA-60 (MultiChannel System) were used to record the 
electrophysiological activity of neuronal network. Devices were 
composed of 60 planar microelectrodes (TiN/SiN, 30 μm electrode 
diameter, 200 μm spaced) arranged over an 8 × 8 square grid (except the 
corners). Electrophysiological activity was recorded at different devel-
opmental stages (DIV 21-28-35-42 for iNeurons, DIV 14-18-21-26 for rat 

neurons) and signal was acquired with the 2100 System (MEA 2100-Sys-
tem, MCS) sampled at 10 kHz. A constant slow flow of humidified gas 
(air supplemented 5.5 % CO2) was constantly delivered on the cultures 
and temperature was maintained at 37 ◦C during recording to maintain 
incubator-like conditions. 

2.12. Data analysis 

Data analysis was carried using a custom software developed in 
MATLAB (The MathWorks, Natick, MA, USA). Precise timing spike 
detection (PTSD) was implemented and used with a threshold set to 6 
times the standard deviation of the noise evaluated from each channel 
(Arnaldi et al., 2021). 

To characterize the electrophysiological activity, some first order 
statistics were extracted. In particular, mean firing rate (MFR, number of 
spikes per second of each channel), number of active electrodes (MFR >
0,1 spikes/s) and Percentual of Random Spikes (PRS, the number of 
spikes not fired in a burst divided by the total number of detected 
spikes), were considered into the analysis. Burst detection analysis was 
performed, defining a burst as a series of minimum 3 spikes that were 
fired no >50 ms apart (Maccione et al., 2009). Therefore, the mean 
bursting rate (MBR) is defined as the number of bursts fired per minute 
in a channel, and the mean bursting duration (MBD) as the mean 
duration of burst for each channel. Network bursts (NB) were defined as 
synchronous bursting activation among different channels. Therefore, 
NB whenever a series of burst fired from at least 25 % of the active 
electrodes and spaced no >100 ms was detected. 

2.13. Statistical analysis 

The significance of differences between experimental and control 
values were analyzed by statistical methods. Statistical analysis was 
performed using the non-parametric Mann-Whitney U test, and statis-
tical differences were defined as p < 0.05 (*) and p < 0.01 (**). 

3. Results and discussion 

3.1. Characterization of coatings 

Cell adhesion in vitro is determined by interactions between the cells 
and the culture supports. Considering our previous results, CHI1 was 
used for rat neurons, while CHI2 was selected for iNeurons (Tedesco 
et al., 2018). This selection was carried out by culturing iNeurons onto 
surfaces modified with six chitosans differing by DDA. All different CHI 
were able to sustain development of neuronal networks. However, CHI2 
having DDA of 88.3 % was able to show a more dense network compared 
to the others (Fig. S2, Supporting Information). Two concentrations were 
used, namely 0.1 % w/v and 1 % w/v. The viscosity of 0.1 % and 1 % 
CHI1 solutions was found to be 0.005 Pa•s and 0.015 Pa•s, respectively. 
The viscosity of 0.1 and 1 % CHI2 solutions were found to be 0.004 Pa•s 
and 0.010 Pa•s respectively. All CHI solutions showed values of viscosity 
and shear stress increasing linearly with the increase concentration. CHI 
solutions at 0.1 % showed Newtonian behavior; increasing the poly-
meric concentration, CHI solutions seem to show a pseudo-plastic non- 
Newtonian behavior (Fig. S3, Supporting Information). 

As control, PORN was used as adhesion factor for rat neurons and a 
PORN/LAM bilayer was used for iNeurons (Frega et al., 2017). 

Poly-cationic polyaminoacids such as poly-ornithine are used to this 
purpose. In the literature, it is reported that the free amino groups of this 
polyaminoacid electrostatically interacts with the negative charges of 
the cell membrane, promoting cell adhesion. 

In this respect, we carried out the ninhydrin (NHN) assay and in 
parallel we evaluated the development of a neuronal networks. Ninhy-
drin (NHN) assay was carried out to determine the amount of free amino 
groups of all used adhesion factors (Mi et al., 2001). 

NHN assay results are reported in Fig. 1. Fig. 1A shows that the 
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amount of free amino groups for 0.1 % and 1 % CHI1 was respectively 
three and six times higher compared to the one for PORN. Fig. 1B shows 
that rat neurons were able to adhere and form a network onto all 
coatings. 

Fig. 1C shows that the amount of free amino groups of 0.1 % and 1 % 
CHI2 was respectively comparable and twice higher compared to the 
one for PORN/LAM. Fig. 1D shows that iNeurons were able to adhere 
and form a network on all coatings. However, iNeurons on 0.1 % CHI2 
detached after 10 days in culture. 

In vivo cell adhesion is mediated by different components of the ECM 
such as laminin, fibronectin, tenascin. These molecules are character-
ized by negatively charged groups which have been shown to decrease 
of adhesion strength but to induce polarization and axonal growth 
(Stenger et al., 1993; Kim et al., 2018). These different properties could 
explain why for example for iNeurons, it is crucial to pre-treat the 
supports with a bilayer of PORN and LAM. 

In this respect, in the literature it has been reported that primary 
neurons can be successfully cultured even on negatively charged sur-
faces such as carbon materials.(Rauti et al., 2019). These results 
confirmed that neuronal adhesion and maturation is a complex process, 
involving different interactions between the cells and the supports. This 
meaning that higher amount of free ammino groups in not strictly 
connected to higher adhesion properties. 

3.2. Adhesion assay 

For rat neurons, both concentration of CHI1 (0.1 % and 1 %) quali-
tatively showed the ability to sustain cell attachment and the develop-
ment of a network. In order to choose the optimal CHI1 concentration, a 
quantitative adhesion assay was carried out. Fig. 1E reports the number 
of cells adherent onto 0.1 % and 1 % CHI1, and onto PORN coatings after 
4 and 24 h respectively. The number of attached neurons did not 
markedly differ onto PORN and CHI1. In particular, CHI1 at lower 
concentration (0.1 %) showed a similar plating efficiency to that onto 
PORN, underlying the ability of CHI1 to sustain cell attachment. 
Generally, iNeurons require long-term adhesion but onto 0.1 % CHI2 
coatings a detachment of neuronal networks was observed after 10 DIV. 
As it is well known in literature, human neurons require significantly 
longer periods than rat primary neurons to mature and establish syn-
aptic circuits (Bardy et al., 2016; Ray et al., 2014). With these long time 
requirements, issues of detachment and aggregation are common. Cell 
culture supports need of a bilayer treatment (PORN/LAM), that is time 
and cost consuming. Instead, it has been demonstrated that CHI2 was 
able to sustain cell adhesion in a way comparable to the traditional one. 
It is well known that CHI interacts strongly with glycoproteins mainly 
through electrostatic attraction and this interaction is stabilized 
hydrogen bonding and hydrophobic interactions. Glycoproteins are one 
of the main components of the cell membrane glycocalyx. In conclusion 
we can suppose that neuronal adhesion on CHI is mediated by a different 

Fig. 1. (A) Amount of free amino groups of CHI1 and PORN; (B) Optical contrast phase images of 2D rat neuronal network developed on CHI1 and PORN; (C) 
Amount of free amino groups of CHI2 and PORN/LAM; (D) Optical contrast phase images of 2D iNeuronal network developed on CHI2 and PORN/LAM (E) n◦ of rat 
neurons adhered on CHI1 and PORN. Scale bar: 50 μm. 
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set of interactions beside the electrostatic ones, such as hydrogen 
bonding and hydrophobic effects (Menchicchi et al., 2014; Pavinatto 
et al., 2007). 

3.3. Morphometry evaluation 

The main characteristic of neurons is their highly polarized 
morphology. Neuronal polarity refers to the fact that neurons elaborate 
two distinct types of processes, namely, axons and dendrites. In 1988 
Dotti et al. proposed a model, for in vitro cultured neurons of the po-
larization process characterized by five well-defined morphological 
stages. This model based on the use of poly-lysine and poly-ornithine 
thus these molecules are thus taken as reference when studying adhe-
sion molecule for neurons. 

The following main parameters were evaluated and compared: 
number of neurites, average neurites length, average length of minor 
neurites, average length of major neurite and polarity index. 

3.3.1. Number of neurites and average neurites length 
After 4 h of culture it was possible to observe that most cells, rat 

neurons and iNeurons, were in Stage 1 of the Dotti model and this 
behavior was observed to be similar between CHI and controls 
(Fig. 2A–B). In particular, the number of neurites per cell increased 
during the whole culture period for both rat neurons and iNeurons onto 
all coatings: following initial attachment, cells continue flattening and 
spreading on the substrate incrementing contact area and forming filo-
podia and lamellipodia. 

The number of neurites increased steadily until 24 h. At 48 h, the 
number of neurites for rat neurons onto PORN showed a rapid increase 
from 5 to 15 neurites, reaching 21 ± 10 neurites per cell at 72 h, Fig. 2C. 
Meanwhile, the number of neurites for rat neurons on CHI1 didn't show 
any further changing between 48 and 72 h, reaching 10 ± 6 neurites per 
cell at 72 h, Fig. 2C. The results at 48 and 72 h showed statistically 
differences between CHI1 and PORN. In these first stages elicited the 
formation of more neurites. 

On the other hand, iNeurons showed a similar trend on both coatings 
without marked differences (Fig. 2D). In particular, the number of 
neurites increased during time, showing lower values on PORN/LAM 
respect to CHI2 (Fig. 2D). Specifically, the number of neurites of 
iNeurons at 72 h was found to be 12 ± 1 onto CHI2 and 9 ± 5 onto 
PORN/LAM. It can be observed that the number of neurites of iNeurons 
was slightly lower than the one of rat neurons onto both coatings. This 
indicates that neuritogenesis is slower for iNeurons respect to the one for 
rat neurons, at least in their initial stages, as already reported in the 
literature (Ohara et al., 2015). 

As relates to the average neurites length, no significant differences 
between the coatings were observed for both neuronal populations, 
Fig. 2E-F. Rat neurons at 24 h onto CHI1 presented slightly longer 
neurites than onto the control (CHI1: 21.3 ± 9.9 μm and PORN: 16.9 ±
6.47 μm), Fig. 2E; at 48 h, the length of neurites onto PORN overcame 
the one onto CHI (CHI1: 20.68 ± 17.09 μm and PORN: 22.42 ± 5.77 
μm), Fig. 2E. Finally, at 72 h the average length of neurites was higher 
onto CHI1 respect to the one onto the control (CHI1: 42.89 ± 22.36 μm 
and PORN: 30.68 ± 13.53 μm), Fig. 2E. 

In the case of iNeurons, at 24 h onto CHI2 they showed a neurite 
average length lower than the one onto the control (CHI2: 11.55 ± 5.58 
μm and PORN/LAM: 19.48 ± 12.92 μm), Fig. 2F. At 48 h the average 
length was around 17.27 ± 8.05 μm onto CHI2 and around 16.12 ±
4.21 μm onto PORN/LAM, Fig. 2F. Finally, at 72 h, the average length 
onto CHI2 was around 24.19 ± 13.24 μm, similar to the one onto PORN/ 
LAM, having an average length around 22.36 ± 5.04 μm, Fig. 2F. Onto 
CHI coatings it is possible to observe that both cell populations followed 
the Stage 2 of Dotti model in which cells randomly extend and retract 
their tips. At 72 h, rat and iNeurons on CHI coatings had much longer 
neurites outgrowth, that could suggest a major polarization. This result 
was interesting because, generally, the acceleration of neurite 

outgrowth in vitro is only observed on substrates coated with adhesion 
proteins, such laminin (Kim et al., 2018). Even if, the number of neurites 
on CHI1 was found to be lower than on PORN, the results reported below 
demonstrated the complete maturation of neurons and the formation of 
functional networks. 

3.3.2. Average length of minor neurites, average length of major neurite and 
polarity index 

Neurites were defined as a process extending >10 μm from the 
neuronal soma and all the neuritic processes are considered minor 
processes, excluding the longest one, namely the axon. The average 
length of minor and major neurites was evaluated to demonstrate the 
reliability of CHI in inducing neuronal polarity. 

The average length of minor neurites of rat neurons onto PORN was 
found to increase over time, Fig. 3A. This could be attributed to the 
outgrowth of additional neurites as well as to the increase of the average 
length of single minor neurites per cell. On the other hand, the average 
length of minor neurites onto CHI1 decreased between 24 and 48 h 
(Fig. 3A); after that, a significant increase was observed, and the minor 
processes were significantly longer than the ones onto the control (CHI1: 
29.26 ± 10.09 μm; PORN: 19.34 ± 6.06 μm), Fig. 3A. The results 
showed that on CHI1 there was an extension in the first hours and then a 
retraction, but this behavior is typical of minor processes during Stage 2 
(12–24 h) (Miyata et al., 2005) that precedes Stage 3 in which a minor 
process begins to grow rapidly and transforms into an axon (symmetry 
break) (Wilson et al., 2022). 

As relates to the major neurite of rat neurons onto CHI1, it showed an 
average length higher than the one onto PORN (Fig. 3B). Specifically, 
the major neurite at 24 h showed an average length of 81.28 ± 38.33 μm 
onto CHI1 and of 41.72 ± 19 μm onto PORN (Fig. 3B); at 48 h, the 
average length of the major neurite was around 119.79 ± 47.56 μm onto 
CHI1 and 76.42 ± 18.71 μm onto PORN, Fig. 3B. Finally, at 72 h, the 
major neurite reached an average length of around 249.74 ± 64.49 μm 
for CHI1 and 190.14 ± 67.15 μm for PORN (Fig. 3B). These results 
indicate that both coatings induced axon specification. 

Overall, CHI1, compared to PORN, induced a temporary decrease of 
the total neurite length, favoring the growth of the major neurites over 
the growth of the minor ones, and therefore promoting neuronal polarity 
at later stages of neuritogenesis. These results were already observed for 
extracellular matrix components (tenascin, laminin, fibronectin, cell 
adhesion molecule Ll, lectin concanavalin A), where the decrease in 
total neurite length was due to an arrest of the growth of the minor ones, 
whereas major neurites grew faster than the ones onto PORN, used as 
control as well (Lochter & Schachner, 1993). Interesting, in a previous 
work, the length on major neurites at 48 h on negatively charged (SO3

− ) 
surfaces showed a value of 103.82 ± 4.46 μm (Kim et al., 2018). This 
result confirmed that adhesion goes beyond the electrostatic 
interactions. 

As relates to iNeurons, CHI2 induced minor neurites with an average 
length that increased over time, showing higher values than onto PORN/ 
LAM, Fig. 3C. Moreover, onto PORN/LAM, a decrease from 14.54 ±
5.92 μm to 10.73 ± 4.91 μm was observed between 24 and 48 h in 
culture (Fig. 3C). As relates to the major neurite for iNeurons onto CHI2 
it showed an average length lower than the one onto PORN/LAM 
(Fig. 3D). Specifically, after 24 h, the major process showed a length 
around 31.23 ± 15.56 μm onto CHI2 and 38.41 ± 12.92 on PORN/LAM 
(Fig. 3D); at 48 h, the average length was around 49.61 ± 12.13 μm onto 
CHI2 while on PORN/LAM it was around 59.66 ± 28.94 μm. Finally, at 
72 h, the major neurites reached an average length of around 73.87 ±
26.1 μm and 103.17 ± 36.8 μm, respectively for CHI2 and PORN/LAM, 
Fig. 3D. 

In the case of iNeurons, CHI2 favored the growth of the minor neu-
rites over the growth of the major one. These results suggest that 
iNeurons axonal growth is slower than the primary neuron one. 
Crompton et al. (2007) observed the same behavior. This has been 
attributed to different maturation of primary rat neurons and iNeurons. 
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Fig. 2. Stages of neuronal development: optical images of (A) rat neurons and (B) iNeurons at 4, 24, 48, 72 h on CHI1, CHI2, PORN and PORN/LAM. Coatings 
influence on number of neurites and neurites lengths of rat neurons (C–E) and iNeurons (D–F) over time, * p < 0.05. 
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Polarity index was calculated (Fig. 3E). Polarity index reflects the 
relative extent of axonal vs dendritic arborization. If the value of polarity 
index is >1, the substrate promotes the polarization: for example, at 21 
h, laminin shows a polarity index around 3.89.[44] (Fig. 3E). After 24 h of 
culture, the polarity index for rat neurons was of around 5.38 onto CHI1 
and around 2.46 onto PORN. Polarity index for iNeurons was around 
3.35 onto CHI2 and around 2.51 onto PORN/LAM. Therefore, all coat-
ings induced polarization. 

Even if, during stages 3 of rat neurons development (24-48 h) CHI1 
induced the inhibition of the minor neurites, it promoted the growth of 
major ones increasing the neuronal polarity. 

For iNeurons, the results indicated that CHI2 and PORN/LAM coat-
ings promoted similar neurite outgrowth and neuronal polarization. 

3.3.3. Neuronal differentiation 
In order to confirm the obtained results, neuronal differentiation was 

investigated by immunofluorescence measurements on primary rat 
neurons. Differentiation occurs when the two classes of neuronal pro-
cesses, axons and dendrites, can be clearly distinct. Microtubule- 
associated proteins might be considered prime candidates to regulate 
the spatial control of microtubule function during neuronal 

development. To identify the major neurites as axons and the minor ones 
as dendrites, the proteins MAP2 and TAU were used. Before neuronal 
polarization, MAP2 and TAU are not differentially distributed, and both 
of them are present in the axonal and in the minor neurites. In mature 
neurons, MAP2 is preferentially localized in dendrites, whereas TAU is 
preferentially localized in axons (Miyata et al., 2005). Therefore, neu-
rons were stained for MAP2 and TAU to study their localization during 
early stages of axonal and dendritic development (Fig. 4A). Moreover, 
neurons were stained for AnkirinG antibody, (Fig. 4B–C). AnkirinG, 
which is localized to the axonal initial segment, is the site of action 
potential initiation and plays an important role in maintaining neuronal 
polarity (Hedstrom et al., 2008). After 14 days in vitro (DIV14), both rat 
neurons and iNeurons, cultured not in direct contact with astrocyte glial 
fraction as described in Materials and Methods, were labeled for MAP2 
and AnkirinG. Fig. 4A shows primary rat neuron development onto CHI1 
and PORN, accordingly to Banker's model (Fig. S1D, Supporting Infor-
mation). During the first stages in culture (4–24 h), processes were still 
immature, and it was difficult to differentiate neuritic processes between 
axons or dendrites, due to the overlap of the markers. At 72 h, axons and 
dendrites were well-differentiated, and the distribution of MAP2 and 
TAU was found to be quite different. Finally, after DIV3, 90 % of 

Fig. 3. Coating influence on the average length of major and minor neurites of rat neurons (A-B) and iNeurons (C–D) over time, * p < 0.05, ** p < 0.01. (E) Table of 
polarity index obtained by dividing the length of major neurite by the total length of all minor neurites per cell. 
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neurons, grown onto CHI1 and onto PORN, showed distinct major and 
minor neurites, with major neurite longer than 80 μm, consistent with 
the data provided by Banker (Dotti et al., 1988; Dotti & Banker, 1987). 

For rat neurons, this further characterization highlights that the 
average growth rates of major and minor processes onto CHI1 was 
higher than the ones onto PORN. In particular, the average growth rate 
of the major process increased between 48 and 72 h onto both coatings 
(Fig. 4D), being faster for CHI1. On CHI1, the average growth rate of 
minor processes showed a retraction between 24 and 48 h (− 0.19 μm/ 
h), while on PORN an elongation of 0.2 μm/h was observed. After that, 
between 48 and 72 h, the growth rate onto CHI1 was found to be higher 
than the one onto PORN (Fig. 4E). As Banker reported in literature 
(Letourneau, 1975), starting from the second day in culture, it was 
possible to distinguish the axon as that neurite which grows at an 
average speed of at least 2.5 μm/h. 

Starting from DIV2, the average growth rates of neurites for rat 
neurons on CHI1 were more than twice higher than the ones obtained by 
the Dotti model, while onto PORN the values were similar (Dotti et al., 
1988). 

As relates to iNeurons, the average growth rate of major neurites, 
during the different development stages, was slightly lower onto CHI2 
than the one onto PORN/LAM (Fig. 4F). Between 24 and 48 h, the 
average growth rate of minor neurites was higher on CHI2 than the one 
onto PORN/LAM, where it was possible to observe a retraction (− 0,22 
μm/h). Between 48 and 72 h, CHI2 induced a faster elongation than 
PORN/LAM, (Fig. 4G). 

These results indicated no particular increase of growth rate on both 
coatings, and axonal growth resulted slower onto CHI2 than the one 

onto PORN/LAM, confirming thus the results reported in 2.2.2. 
Further characterizations by immunofluorescence techniques were 

carried out to compare rat neurons and iNeurons co-cultured with 
astrocyte glial fraction, grown both on CHI and control coatings. To this 
purpose, cells at 21 DIVs were labeled by MAP2, as specific cytoskeletal 
component for neurons, and by the glial fibrillary acidic protein GFAP, 
as specific cytoskeletal component for astrocytes and by DAPI as nuclei 
marker (Fig. 5). 

Cells showed a homogeneous distribution and the formation of a 
dense network on all coatings. Moreover, neuronal morphologies 
revealed no differences for both rat neurons and iNeurons. 

Meanwhile, glial cells presented a remarkably different morphology 
depending on the coating. Specifically, on both control coatings, PORN 
(Fig. 5A) and PORN/LAM (Fig. 5B), GFAP positive cells were found as a 
flat monolayer. On the contrary, glial cells grown on CHI coatings 
exhibited a thin morphology and numerous processes extended in a non- 
directed manner. 

The same thin morphology was previously observed for primary rat 
neurons cultured onto a 3D scaffold (Arnaldi et al., 2021; Cao et al., 
2009; Crompton et al., 2007; Gupta & Fawzi, 2006; Hayashi et al., 2018; 
He et al., 2009; Mattotti et al., 2017; Mu et al., 2019; Muzzarelli et al., 
1988; Muzzi et al., 2021; Nguyen Thi Khanh et al., 2019; Tedesco et al., 
2018; Vallejo-Giraldo et al., 2020; Younes & Rinaudo, 2015; Zhu et al., 
2010). This result suggests that the chemical environment plays a 
pivotal role on the morphological cell behavior (Smith et al., 2015; 
Tedesco et al., 2018). Moreover, a further difference was observed for 
iNeuron cultures onto CHI, MAP-2 positive cells were located predom-
inantly on the top of the glial monolayer while on PORN/LAM coatings, 

Fig. 4. (A) Hippocampal neurons development on CHI1 and PORN coatings, stained for MAP2 (green) and TAU (red) at 4, 24,72 h, 5 and 7 days in vitro; Scale bar: 20 
μm. (B) Hippocampal neurons developed on CHI1 and PORN coatings. (C) iNeurons developed on CHI2 and PORN/LAM coatings, stained for AnkG (green) and TAU 
(red) at 72 h in vitro. Scale bar: 10 μm. Table of average growth rate of major (D, F) and minor (E, G) neurites of rat neurons and iNeurons expressed in μm/h. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Optical images of 2D neuronal cultures stained for MAP2 (green), GFAP (red) and DAPI (blue) at DIV 21: (A) 2D rat neuronal culture onto CHI1 and PORN 
coatings; (B) 2D iNeuronal culture onto CHI2 and PORN/LAM coatings. Scale bar: 20 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Representative optical images of rat neurons (A) and iNeurons (B) 2D cultures, stained for VGLUT1 (green) and PSD-95 (red), at DIV 14, scale bar: 20 μm. (C) 
Quantification of synaptic puncta in rat neurons at DIV 7 and 14; (D) Quantification of synaptic puncta in iNeurons at DIV 7, 14 and 21. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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neuronal cells were mixed and immersed in the glial ones (Fig. 5B). 

3.4. Synaptic count 

In addition, the detection of structurally intact synapses was carried 
out by VGLUT and PSD95 immunostaining (Fig. 6). The co-localization 
of VGLUT and PSD95-positive puncta (yellow dots) was observed for 
both rat neurons (Fig. 6A) and iNeurons (Fig. 6B), indicating that a 
synapse was formed (Pyka et al., 2011). Generally, the overall expres-
sion of synaptic puncta increased with time in all experiments, for both 
neuronal populations onto all coatings, reflecting a progressive and 
adequate cell maturation. During the first week of culture, synapse 
development was almost absent. Then, an increase in the number of co- 
localizations and robust synaptogenesis were observed after 14 days in 
rat neuronal cultures on CHI1 as well as on PORN coatings, passing from 
0.5 to 3 synapse/10 μm (Fig. 6C). 

The same colocalization or synaptogenesis weren't observed for 
iNeurons cultures (Fig. 6D), since not all marker signals matched, as 
evidenced by the presence of distinct red or green spots in Fig. 6B, 
confirming the finding that iNeurons maturation is slower than the one 
of primary rat neurons. These values are perfectly in line with the results 
found in literature (Frega et al., 2019). 

3.5. Electrophysiological characterization of 2D neuronal networks 

To evaluate the functional activity of the neuronal networks, cultures 
were seeded onto MEA functionalized with CHI1, CHI2, PORN and 
PORN/LAM. 

The spontaneous activity of rat neuronal networks and iNeuronal 
networks was recorded starting from 14 DIV and 21 DIV, respectively, 
and the results obtained from the two different coatings were compared. 

The global spontaneous electrophysiological behavior of both rat 

neuronal networks developed onto CHI1 and PORN coatings, are qual-
itatively shown in the raster plots (1 min; entire network) and with 
examples of raw signals (3 s) recorded from one microelectrode (Fig. 7A 
and B). Activation phases of the network (burst and network burst) can 
be observed from the accumulation of dots in the graph. Fig. 7C–H show 
the main parameters extracted from the analyzed spike data. The single 
electrode average properties slowly increased over the time with the 
increase of the number of active electrodes (Fig. 7C). In rat neuronal 
cultures, the number of active electrodes was almost identical for the 
two coating; the values of MFR onto CHI1 at DIV 21, was 2.44 ± 0.13 
(spikes/s), similar to that one onto PORN (2.03 ± 0.84 (spikes/s)), 
Fig. 7D. Moreover, during the first 21 days in culture, the activity of rat 
neuronal networks was predominantly random, in fact about 85 % of the 
spikes do not belong to bursts (Fig. 7E). Regarding the bursting 
behavior, rat neuronal networks didn't show significant differences, 
except the higher firing onto CHI1 that seems to stabilize in the long 
term. The MBR of rat neuronal networks at DIV 21 onto CHI1, showed 
similar values to the control one, (13.41 ± 0.16 (bursts/min) and 12.85 
± 10.55 (bursts/min)), Fig. 7F; moreover, both rat neuronal cultures 
developed onto the two different coatings shared similar MBD values 
(CHI1: 74.68 ± 4.21 (ms) and PORN: 63.32 ± 24.25 (ms), DIV 21), 
(Fig. 7G); activity was investigated by computing the network mean 
bursting rate (NBR; Fig. 7H). At DIV 21, NBR onto CHI1 was different 
from the one onto PORN, showing higher values (34.7 ± 5.09 (NB/min) 
and 27.15 ± 12.05 (NB/min), respectively). 

Regarding the electrophysiological activities of both iNeuronal net-
works developed onto CHI2 and PORN/LAM coatings, they are quali-
tatively shown in the raster plots (1 min; entire network) and with 
examples of raw signal (3 s) recorded from one microelectrode (Fig. 8A 
and B). The number of active electrodes from DIV 28, was significantly 
higher in the cultures onto CHI2 than the ones onto PORN/LAM, Fig. 8C. 

The firing activity for iNeurons reached a plateau phase towards 

Fig. 7. Electrophysiological development characterization of rat neuronal networks. Qualitative analysis of the electrophysiological activity of rat neuronal networks 
at DIV26: raster plots of spontaneous activity onto CHI1 (A) and PORN (B) coatings. Each black dot represents a detected spikes at a given electrode; 3 s of 
representative raw signals extracted from a single electrode, onto CHI1 (A) and PORN (B). Quantitative analysis showing (C) number of active electrodes, (D) mean 
firing rate, (E) percentual of random spikes, (F) mean bursting rate, (G) mean burst duration, (H) network burst rate. 
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DIV21. The MFR values for iNeuronal networks onto both coatings are 
similar (Fig. 8E) and increasing during the time in culture. Specifically, 
at DIV 42, the MFR value onto CHI2 was 2.49 ± 0.89 (spikes/s) and onto 
PORN/LAM was 1.76 ± 1.12 (spikes/s). 

iNeuronal networks tend to organize their network activity in bursts, 
going from 100 % PRS to about 85 % at DIV26, Fig. 8D. The MBR of 
iNeuronal networks onto CHI2 showed similar value (8.80 ± 2.69 
(bursts/min)) to the one onto PORN/LAM (8.39 ± 5.06 (bursts/min)), 
Fig. 8F. 

On the other way, neuronal networks onto CHI2 exhibited a MBD 
(186.25 ± 36.80 (ms)) higher than the control that showed MBD values 
around 160.02 ± 33.62 (ms), Fig. 8G. 

The NB activity of iNeuronal networks appears from DIV21 
increasing in frequency with the time in cultures (Fig. 8H). NBR values 
at DIV 42 onto PORN/LAM were higher than CHI2 (18.3 ± 12.87 (NB/ 
min) and 8.85 ± 4.66 (NB/min), respectively). 

Definitely, the electrophysiological analysis showed that both cul-
tures on all coatings increased their activity towards mature network 
dynamics. 

Moreover, this indicated that a stable interface between the coatings 
and adherent cells was reached probably due to the secretion of extra-
cellular matrix components (Sitterlet, 2008; Tedesco et al., 2018). 

4. Conclusions 

In this work, CHI has been characterized as a reliable adhesion 
molecule to support neuronal cultures. Morphometric characterization 
highlighted that CHI is able to support neuronal adhesion and growth in 
way comparable with the standard commercial adhesion molecules. The 
electrophysiological characterization pointed out that CHI is also able to 
sustain the maturation of a functional neuronal networks in long-term 
cultures. The validation was carried out for both rat neurons and 

human derived neurons. 
Indeed, having a material which can be used in both 2D and 3D 

cultures represents a great advantage since 2D cultures are always used 
as control experiments facilitating thus the comparison of the results 
obtained for the two different configurations. It is known in the litera-
ture that the activity dynamics of 3D neuronal networks differ from 
those of 2D networks. This difference is due to a more extensive con-
nectivity in 3D ones (Ulloa et al., 2016). Moreover, in 3D networks glial 
cells have found to maintain their in vivo-like complex morphology. 
Finally, several groups have reported significantly different gene and 
protein expression profiles when comparing 2D and 3D cultures (Fon-
toura et al., 2020). In this context, the impact of the 3D scaffold 
biomaterial on cellular behavior and metabolism should be clarified in 
order to correctly interpretate results. 

CRediT authorship contribution statement 

Donatella Di Lisa: Investigation, Methodology, Validation, Data 
curation. Lorenzo Muzzi: Investigation, Data curation. Sara Pepe: 
Investigation. Elena Dellacasa: Investigation. Monica Frega: Writing – 
review & editing. Anna Fassio: Writing – review & editing. Sergio 
Martinoia: Supervision, Writing – original draft, Writing – review & 
editing. Laura Pastorino: Conceptualization, Supervision, Writing – 
review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 8. Electrophysiological development characterization of iNeuronal networks. Qualitative analysis of the electrophysiological activity of rat neuronal networks at 
DIV42: raster plots of spontaneous activity onto CHI2 (A) and PORN/LAM (B) coatings. Each gray dot represents a detected spikes at a given electrode; 3 s of 
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