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ABSTRACT

Understanding how the spatial organization of a neural network affects its activity represents a leading
issue in neuroscience. Thanks to their accessibility and easy handling, in vitro studies remain an essential
tool to investigate the relationship between the structure and function of a neuronal network. Among
all the patterning techniques, ink-jet printing acquired great interest thanks to its direct-write approach,
which allows the patterned substrate realization without mold, leading to a considerable saving of both
cost and time. However, the inks commonly used give the possibility to control only the structure of a
neuronal network, leaving aside the functional aspect. In this work, we synthesize a photosensitive ink
combining the rheological and bioadhesive properties of chitosan with the plasmonic properties of gold
nanorods, obtaining an ink able to control both the spatial organization of a two-dimensional neuronal
network and its activity through photothermal effect. After the ink characterization, we demonstrate that
it is possible to print, with high precision, different geometries on a microelectrode array. In this way,
it is possible obtaining a patterned device to control the structure of a neuronal network, to record its
activity and to modulate it via photothermal effect. Finally, to our knowledge, we report the first evidence
of photothermal inhibition of human neurons activity.

Statement of significance

Patterned cell cultures remain the most efficient and simple tool for linking structural and functional
studies, especially in the neuronal field. Ink-jet printing is the technique with which it is possible to
realize patterned structures in the fastest, simple, versatile and low-cost way. However, the inks currently
used permit the control only of the neuronal network structure but do not allow the control-modulation
of the network activity. In this study, we realize and characterize a photosensitive bioink with which it is
possible to drive both the structure and the activity of a neuronal network. Moreover, we report the first
evidence of activity inhibition by the photothermal effect on human neurons as far as we know.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

central nervous system and in the study of neurodegenerative dis-
eases [1,2]. Among all the numerous brain-on-a-chip models that

The possibility of fabricating engineered platforms, able to re-
produce aspects of the physiology of brain tissue, has attracted
growing interest for the study of the mechanisms that regulate the
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have been developed over the years, the ones that allow the simul-
taneous stimulation and recording of electrophysiological activity
by means of multielectrode arrays (MEAs) devices are of particu-
lar interest [3,4]. These platforms constitute an important resource
for scale studies of network dynamics and high-throughput drug
screening, by means of 2D neuronal cultures providing a simpli-
fied in vitro model with high parameter control [5-7]. The ver-
satility of these systems, thanks to the large recording area, has
made them essential in the study of the relationship between
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the functional activity of neuronal networks and their structural
organization [3,8]. In this respect, different strategies have been
adopted to fabricate culture supports with microscopic features
that impose a defined adhesion pattern for neuronal cells [9,10].
To obtain engineered networks, different fabrication methods are
possible, involving physical and/or chemical approaches to guide
cell adhesion and growth. Technological developments in micro-
fabrication, micro-deposition and micro-fluidics have allowed the
application of methodologies such as UV photoablation [11], pho-
tothermal micro-fabrication [12], soft-lithography [13], photoresist
patterning [14], photolithography [15], micro-machined substrates
[16], micro-molding [17] and micro-contact printing [18,19]. An-
other patterning technique that has attracted great interest thanks
to its low cost, scalability, non-invasiveness and versatility prop-
erties is ink-jet printing, which allows the localized deposition of
ink micro-droplets without contacting the printing substrate [20].
Although the ink-jet printing of biomolecule has been proposed in
the past [21], high-precision printing of aqueous solutions remains
difficult, due to the problems associated with the surface tension
of the used solutions [22].

Recently, we demonstrated that the cationic polysaccharide chi-
tosan is by itself able to sustain neuronal adhesion and the mat-
uration of both 2D and 3D functional neuronal networks [23-26].
Moreover, we demonstrated its printability [27]. In order to bet-
ter understand the relationship between the structure and func-
tion of a neuronal network, in addition to the control of its spa-
tial organization, the control of electrophysiological activity also
becomes crucial [28-30]. Extracellular electrical stimulation of a
neuronal network has been used in recent decades to study the
dynamics and plasticity of a neuronal network [31]. However, even
though reasonable temporal control is achieved, it is mainly in-
tended for the excitation of nerve tissues to depolarize the cell
membrane [32]. Although chemical stimulation is used both to ex-
cite and inhibit the activity of a neuronal network, it lacks the
millisecond-scale precision that characterizes normal neural activ-
ity [32]. Thanks to the combination of optical stimulation and ge-
netic modification, optogenetic in recent years has been proposed
to excite and inhibit the activity of a neuronal network in a non-
invasive way and with high space-time control [33]. However, de-
spite the great promise, the difficult stability of gene expression
has severely limited its use [34]. At the same time, an alternative
for the inhibition of neuronal activity with high space-time control
and without the need for any genetic modification has been real-
ized exploiting the thermoplasmonic properties of gold nanorods
(GNRs) [35-37].

Another important aspect to take into account in developing
advanced in vitro neuronal models is represented by the neuronal
cell source. The animal model remains the gold standard as well
as an excellent tool for the study of neuropathologies in vitro, but
for some significant species differences, it is not able to guaran-
tee faithful reproduction of human pathophysiological conditions
[38-40]. For this reason, even in the field of neuronal stimulation-
modulation, in vitro studies are increasingly focusing on human
models, specifically for electrical [41,42], piezoelectric [43], ultra-
sonic [44], optogenetic [45], and optical [46] stimulation, but still
missing the thermoplasmonic ones.

The use of chitosan together with GNRs has been widely stud-
ied as a mean by which to improve the biocompatibility of metal
nanoparticles for cancer therapy applications [47,48] and in tissue
engineering applications [49,50].

In this work, we have combined the bioactive and rheologi-
cal properties of chitosan with the thermoplasmonic properties of
GNRs to obtain a photosensitive and printable ink to be used with
a standard commercial piezoelectric printer. The developed ink has
been then used to control the structure and the activity of neu-
ronal cultures derived from rat embryos and from human induced
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pluripotent stem cells (iPSCs). To our knowledge, this is the first
data reported in the literature of human neural activity inhibition
by photothermal effect. Indeed, this localized photothermal stim-
ulation technique stands as an alternative to that using uniform
nanoparticle deposition and localized light stimulation, which, re-
quires a digital micromirror device to localize the stimulation, sur-
face functionalization to allow the nanoparticles to be anchored to
the MEA substrate and then their functionalization with an adhe-
sion factor [36].

This work aims to provide an easy, versatile, fast and low-cost
tool for the study of the recurring relationship between the struc-
ture and function of neuronal networks.

2. Materials and methods
2.1. Materials

Low molecular weight chitosan (50-190 kDa, 77% deacetyla-
tion degree), glacial acetic acid, ethanol (EtOH), chloroauric acid
(HAuCl4), Cetrimonium bromide (CTAB), Silver Nitrate (AgNO3), L-
ascorbic acid and Sodium Borohydride (NaBH4) were purchased
from Sigma-Aldrich.

2.2. Synthesis and characterization of gold nanorods (GNRs)

GNRs were synthesized by a seed-mediated method, follow-
ing the protocol used by Yoo et al. [36]. The synthesized GNRs
were purified by centrifugation at 12850 rcf for 10 min, and the
pellet was resuspended in ultrapure water. The UV—vis extinction
spectrum was measured using an UV-vis spectrophotometer (Cary
60, Agilent Technologies), while the size and morphology of GNRs
were imaged using a Transmission Electron Microscope (TEM, Hi-
tachi 7800, Japan) with Megaview G3 camera and EMSIS Radius
2.0 software (Muenster, Germany).

2.3. Preparation and characterization of CHI-GNRs composite ink

Different concentration of CHI (0.1%, 0.5% and 1% w/v) were dis-
solved in aqueous solutions of glacial acetic acid at different mo-
larities (0.1, 0.5 and 1 M). CHI solutions were filtered with a sy-
ringe filter (0.5 pm pore size) to remove polymeric aggregates [25].
Viscosity and contact angle were evaluated to find the composi-
tion that best suits the printing parameters provided by the printer
manufacturer. Rheometric measurements were performed with a
modular compact rheometer (Physica MCR 301, Anton Paar), using
a cone-plate (diameter = 50 mm, cone angle = 2°) at a constant
temperature of 23 °C. Contact angle experiments were carried out
on glass substrate (without any previous treatment) at room tem-
perature by means of a home-made contact angle analyser, using
the sessile drop method and the Image] software (NIH, "contact
angle" plugin), to measure angles amplitude. To obtain a good data
reliability, tests were repeated at least twice. Once the proper for-
mulation was found, composite inks were obtained by adding con-
centrated GNRs to the chitosan solution and vortex for 2 min to
get a stable colloidal dispersion. Different amount of concentrated
GNRs were added to obtain different final concentrations expressed
in terms of optical density (OD), specifically 2, 4 and 8 OD, 1 OD
corresponding to ~ 7.25 * 1011 GNRs/mL.

These formulations were subjected to the same rheometric
characterizations described above and, in addition, to a UV-vis
analysis to evaluate the ink optical properties.

2.4. Ink temperature measurement

The photothermal effect of the ink was evaluated in air condi-
tions by depositing a drop of 20 uL of CHI-GNRs on the MEAs sur-
face. The device was stimulated with a fiber-optic laser (785 nm,
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450 mW, B&W Tek, USA), at a distance of less than 1 cm, and the
laser beam from the bottom of the device formed a 5 mm diame-
ter of illumination area on the MEA chip. The temperature change
during NIR irradiation (3 min each) was measured using an infra-
red thermographic camera (TG165-X, FLIR, USA) and the samples
were cooled down at RT before start the next measurement.

2.5. Patterns deposition process and characterization

Printing was carried out using a drop-on-demand (DOD)
piezoelectric printer (Dimatix Materials Printer 2800 - DMP
2800 m,Fujifilm, Santa Clara, CA), equipped with a 16 nozzle and
10 pL cartridge (DMCLCP-11610). Printing parameters and patterns
design were controlled through the dedicated software Dimatix
Drop Manager (Fujifilm). We designed three geometries, the full
pattern that covers the MEA’s active area (Supplementary Figure
S1a), the grid pattern that connects the MEA’s electrodes (Sup-
plementary Figure S1b) and the network pattern which is com-
posed of micronetworks (Supplementary Fig. S1c). In addition, to
demonstrate the alignment efficiency by printing at two differ-
ent times, the network geometry was disassembled into two parts
(Supplementary Fig. S1d and Sle). The printing parameters used
were a piezoelectric voltage of 40 V, frequency of 10 kHz, car-
tridge height of 350um and printhead temperature of 23 °C. Pat-
terns were printed both on glass coverslips and on micro-electrode
arrays (MEAs, 60 electrodes, TiN/SiN, 30 um electrode diameter,
200 pm spaced, MultiChannel System). Before printing, glass cov-
erslips and MEAs were cleaned by soaking in a 2% v/v solution of
Extran MA2 (Merk) for 1 hour, then they were rinsed thoroughly
with distilled water and finally dried under N, flux. A prelimi-
nary analysis of the characteristics of single drops deposited on the
substrate was carried out by fluorescence microscopy, disperding
FluoSpheres™ Carboxylate-Modified Microspheres (Thermofisher,
0.2 ym diamater, red fluorescent) into the ink and using an Olym-
pus BX-51 upright microscope. To evaluate pattern print fidelity,
optical micrographs were captured using an inverted optical mi-
croscope (IX-51 Olympus microscope) equipped with a SC180 digi-
tal camera and with a C Plan (10 N.A.). The photothermal effect of
the CHI-GNRs full pattern on the MEA chip was evaluated in cell
culture condition (i.e., with 1 mL of medium). The MEA modified
with the full pattern was stimulated under the same conditions as
the ink, but the temperature change was measured with a thermo-
couple (FLUKE).

2.6. Impedance measurement

The electrical properties of MEAs were evaluated by measur-
ing the impedance before and after the patterns deposition. The
impedance of the samples was measured adding 1 mL of 1X PBS
each, using a potentiostat (Interface 1010E, Gamry Instruments,
USA) applying an ac voltage (V;, =100 mVyp, f = 1000 Hz).

2.7. Pattern thickness measurements

Pattern thickness was measured using atomic force microscopy
(AFM). Sample images were collected using Nanowizard JPK Bioafm
(Bruker) operating in QITM mode in water at ambient condi-
tions. MLCT-BIO probe (Bruker), having nominal length 140 pm,
tip radius 20 nm, spring constant 0.1 N/m, was used and the
images were acquired in height (topography) channels. The raw
AFM imaging data obtained were processed and analysed using JPK
NanoWizard® SPM and DP software v.6.0 software (Bruker).
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2.8. Cell culture

2.8.1. Primary rat neurons

Hippocampal neurons were obtained by dissection from
Sprague-Dawley embryonic rats at gestational day 18-19 (E18-E19).
After the extraction of embryos, the cerebral tissue was isolated
and Hippocampi were exposed to an enzymatic solution of Trypsin
0.125% and DNAse 0.05%, diluted in Ca** and Mgt* free Hanks’
solution (Gibco Invitrogen), for 18-20 min at 37°C in a water bath.
Enzymatic digestion was interrupted by adding culture medium
(Neurobasal, Gibco) supplemeted with 10% fetal bovine serum (FBS,
Sigma-Aldrich), then the tissue was mechanically triturated with a
smoothly fire-tipped Pasteur pipette. The obtained neuronal popu-
lation was suspended by dilution with plating medium: Neurobasal
supplemented with 1% stable L-Glutamine (GlutaMAX 100x, GIBCO
Invitrogen), 2% B-27 Supplement (GIBCO Invitrogen), and 1% Pen-
Strep (Penicillin-Streptomycin Solution, GIBCO Invitrogen) without
serum. No antimitotic drug was used to avoid glial cells prolifer-
ation. The experimental protocol was approved by the European
Animal Care Legislation (2010/63/EU), by the Italian Ministry of
Health following the D.L. 116/1992, and by the guidelines of the
University of Genova (Prot. 75F11.N.6]I, 08/08/18). All efforts were
made to reduce the number of animals used for the project and to
minimize their suffering.

2.8.2. h-iPSCs derived neurons (iNeurons)

To validate the proposed model with human cells, we also per-
formed cultures with neurons obtained from Human-derived in-
duced pluripotent stem cells (h-iPSCs). We used an already charac-
terized reverse tetracycline-controlled transactivator/neurogenin-2
(rtTa/NgN2) positive cell line of h-iPSCs episomial reprogrammed
from fibroblast withdrawn from a healthy donor (kindly provided
by Donders Institute for Brain, Cognition, and Behavior, Nijmen-
gen, Netherlands) [51]. To stimulate the production of NgN2 neu-
ronal determinant, and induce neuronal differentiation into excita-
tory cortical neurons, cells were exposed to doxycycline (4 pg/ml
in the medium) [49]. For the preparation of the cells, we referred
to the protocol described by Frega et al. [51].

For the healthy development of neuronal populations, glial cells
play a key role, for this reason iNeurons were mixed and co-
culture with cortical astrocytes obtained from dissection of rat em-
bryos E18. Cells were suspended in a complete medium composed
by Neurobasal (Thermo Fisher Scientific) supplemented with B-27
supplement (Invitrogen), GlutaMAX (Invitrogen), 10 ng/ml human-
BDNF (BioConnect), 10 ng/ml human-NT-3 (BioConnect), 4 pg/ml
Doxycycline (Sigma Aldrich) and 1% pen/strep (Sigma Aldrich). To
ensure an adequate compromise between neuronal support and as-
trocytic proliferation, the iNeurons to astrocytes initial ratio was
set to 1:1 [51].

2.9. Preparation of 2D neuronal networks on patterns

After the printing process, plating was carried out by using a
donuts-shaped Poly-dimethyl-siloxane (PDMS) ring, having a sur-
face area of ~ 28 mm? (internal and external diameters: 6 and 16
mm respectively, height: 500 um) to confine the printed surface.

The day before plating, printed glass coverslips and MEAs were
exposure to EtOH 70% for 1 h to ensure complete sterilization. Af-
terwards, the samples were washed by rinsing with sterile wa-
ter 3 times to remove EtOH, before being normalized in cell cul-
ture medium. To evaluate the cytotoxicity effect of GNRs on neu-
rons, cultures were prepared both on CHI and CHI-GNRs printed
patterns. On the plating day, normalization medium was removed
from the substrates and neuronal cells were plated directly onto
the patterned surface inside the PDMS ring constrain. Specifically,
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both neuronal populations were plated at a cell density of 400-600
cell/mm?2.

2.10. Morphological characterization of neuronal networks by
immunocytochemistry

Primary neurons (DIV 21) and iNeurons (DIV 42) networks
were fixed by exposure for 30 min at room temperature to 4%
paraformaldehyde solution in phosphate buffer solution (pH=7.4).
Permeabilization was achieved with PBS containing 0.5% Tri-
tonX100 for 15 min at room temperature. To avoid non-specific
binding of antibodies, samples were exposed for 45 min to block-
ing buffer solution consisted of PBS, 0.3% BSA (bovine serum al-
bumin Sigma) and 0.5% FBS. We used as primary antibody Micro-
tubule Associated Protein 2 (MAP-2) to label neuronal dendrites
(dilution 1:500, monoclonal or polyclonal - Synaptic System), Glial
Fibrillary Acidic Protein (GFAP) to label glial specific filament pro-
tein (dilution 1:1000, monoclonal or polyclonal antibodies - Sigma)
and Dapi to label cells nuclei (dilution, 1:10,000 - Sigma). Sam-
ples were incubated with primary antibodies for 1:30 h at room
temperature. Afterwards, samples were rinsed with PBS twice be-
fore being exposed for 1 h to the secondary antibodies: Alexa
Fluor 488, Alexa Fluor 633 Goat anti mouse or Goat anti rabbit,
diluted 1:700 and 1:1000 (Invitrogen Life Technologies S. Donato
Milanese). Finally, samples were rinsed twice with PBS and stored
at 4 °C.

2.11. Neural recording and data analysis

Electrical signals from neural networks were obtained at 21 DIV
for the rat and at 28-42 DIV for the iNeurons. The activity from the
patterned cell culture was recorded using a standard MEA1060 sys-
tem (MEA 1060-Inv-Standard amplifier, Multichannel Systems, Ger-
many). The recording conditions were maintained at 37 °C and 5%
CO2 by a heating plate and humidified gas, respectively. Collected
data were processed using MATLAB (Mathworks) and the Spycode
toolset [52]. Digitized signals were filtered with a digital second-
order Butterworth high-pass filter (cut-off frequency: 200 Hz) and
the spike detection was performed using the threshold based 'Pre-
cise Timing Spike Detection’ (PTSD) algorithm [53] with a detection
threshold set at 8 times the standard deviation of the background
noise.

Recording channels whose mean firing rate (MFR) was larger
than 0.1 spikes/sec were selected as active channels and used for
neural activity analysis. For the photothermal stimulation, a fiber-
optic laser (785 nm, 450 mW, B&W Tek) was used for a light
source and the laser beam from the bottom formed a 5 mm diam-
eter of illumination area on the MEA chip. The stimulation protocol
consists of 20 cycles, where each cycle has 20 s of the laser off fol-
lowed by 10 s of laser on. For the activity analysis, peri-event time
histogram (PSTH) with a 100 ms binsize was used with the NIR
irradiation as an event. We define MFR(ON) as the average firing
rate when the laser is on, while MFR(OFF) corresponds to the aver-
age firing rate calculated in 10 s just before the laser stimulation.
The inhibition percentage (IP) of neuronal activity was calculated
by the following formula:

IP [%] = [1 - MFR(ON) / MFR(OFF)] * 100

2.12. Statistical analysis

All result are expressed as mean =+ standard deviation (SD) and
statistical analysis was performed using Prism (GraphPad Software
Inc., CA, USA). Unpaired t-test was used to determine significant
differences (statistically significant at P <0.05).
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3. Results
3.1. Viscosity and contact angle

To create an ink with suitable printing characteristics, viscos-
ity tests were performed as a first step. Keeping the concentration
of acetic acid fixed at 0.1 M, the results obtained for CHI solu-
tions at 1% w/v showed a viscosity equal to 39.2 &+ 3.1 cP, a value
that drops down to 4.7 + 0.3 cP for a concentration of 0.1% wjv
(Fig. 1a). Contact angle tests on glass smooth surface were made
by comparing the values measured at different molarities of acetic
acid, both in pure aqueous solutions and in the presence of dis-
solved CHI. The results showed a linear decrease of the contact
angle from 68.6 + 3.4° for deionized water to 42.5 + 1.4 ° for 1
M acetic acid solution (Fig. 1b). A similar trend was obtained for
the CHI solutions which showed a slight decrease in the contact
angle of just about 1.5° with respect to the acetic acid controls.

3.2. CHI-GNRs synthesis and characterization

We synthesized GNRs using a seed-mediated method and char-
acterized them using a UV-visible spectrophotometer and TEM.
Fig. 2a shows the UV-spectrum of GNRs presenting the two char-
acteristic peaks that suggest a rod shape, transversal and longitu-
dinal, with the latter tuned close to the laser wavelength source
(i.e., 785 nm). The GNRs morphology was evaluated from TEM mi-
crographs, which confirmed the rod shape with an average length
of 441 + 4.4 nm, an average width of 11.7 + 1.4 nm, and an aver-
age aspect ratio of 3.9 + 0.6. After the synthesis, GNRs were dis-
persed into a 0.5% CHI solution. The CHI-GNRs solution spectrum
reported in Fig. 2a shows that the GNRs are colloidally stable in-
side the CHI solution, uniformly dispersed without any aggrega-
tion phenomena. CHI-GNRs dispersion maintained the GNRs opti-
cal properties with a slight redshift of the longitudinal peak. Af-
terwards, we evaluated the rheological properties of CHI-GNRs ink
at different nanoparticulate concentration (OD). We found that the
viscosity of the dispersion seem not to be affected by the concen-
tration of the nanoparticles for the range considered (0 to 80D).
In fact, In fact, a decrease of the viscosity just from 14 cP for CHI
to 13 cP for CHI-GNRs 80D was found (Fig. 2b). Although a slight
increase occurs for the contact angle, from about 41° of the CHI
ink to approximately 43° of CHI-GNRs 8 OD (Fig. 2c), this differ-
ence is contained in the standard deviation bar. Finally, we evalu-
ated the thermoplasmonic properties of the CHI-GNRs ink measur-
ing the temperature change at different laser power, for 2, 4 and
8 OD cases. Fig. 2d showed that by increasing the laser power the
heat released increased too. At a laser power of 450 mW, the tem-
perature reached 24, 34 and 42 °C for 2, 4 and 8 OD, respectively.

3.3. Pattern printing and characterization

To verify the print resolution, we deposited single drops of the
ink on a glass substrate (Fig. 3a) and measured their diameter,
which is close to 50 um. Later we printed on MEA 3 different ge-
ometries, such as full (Fig. 3b), grid (Fig. 3¢), and network patterns
(Fig. 3d). About the network pattern, we first print two p-networks
with CHI ink (left side of Fig. 3d) and then we added another p-
network using CHI-GNRs ink (right side of Fig. 3d), showing how it
is possible to obtain a perfectly aligned structure also by printing
at different times with different inks. Once verified that the print
precision does not depend on the pattern geometry, we focused on
the full pattern as proof of concept of this work. We acquired the
AFM images of the pattern border (Fig. 3e shows an example) and
calculated the height difference between the MEA substrate and
the pattern, obtaining a pattern thickness measure of 478 + 29,8
nm (N=6).
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To verify that the pattern thickness does not change the MEA
electrical properties significantly, we measured the impedance
module (Fig. 3f) and phase (Fig. 3g) of the bare MEA, MEA with
CHI pattern and MEA with CHI-GNRs pattern. The impedance mod-
ule increases from approximately 130 k2 without any pattern to
approximately 250 k2 with a CHI pattern and finally drop to ap-
proximately 225 k&2 with CHI-GNRs pattern, while the impedance
phase remains stable around -56°.

Finally, we investigated how the temperature changed in cell
culture conditions if the patterned MEA was stimulated with dif-
ferent laser power. Fig. 3h shows that increasing the laser power is
possible to control also the amount of heat released up to a tem-
perature rise of approximately 9 °C at 450 mW. In contrast, at the
same laser power, the medium temperature change of the control
samples is significantly lower (Fig. 3i).

3.4. Morphological and electrophysiological characterization of
primary neuronal networks

Phase contrast and fluorescence optical microscopies were car-
ried out to evaluate the bioaffinity of CHI-GNRs patterns to pri-
mary neurons. From the images shown in Fig. 4a, it can be ob-
served how, after 21 days in vitro (DIV21), the cells adhere only
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to the printed patterns, as demonstrated by the presence of neu-
rites and healthy neurons. Immunofluorescence characterization
was carried out to analyze the structure and composition of the
planar patterned networks. Samples were labeled using MAP-2
(green), GFAP (red) and DAPI (blu). As can be observed in Fig. 4b,
a dense network with a homogenous distribution of neuronal and
glial cell populations was developed. Furthermore, Fig. 4c shows
how neurons were able to follow more complex patterns and ge-
ometries, such as grid patterns.

To verify the ability of the pattern to sustain adhesion and neu-
ronal activity recording, we used primary hippocampal neuronal
rat cells that they are usually considered the gold standard in elec-
trophysiological in vitro studies. At 21 DIV the patterned cell cul-
tures, which have an average MFR of 2.448 + 0.07 spks/sec (N = 3),
were stimulated with NIR light following the protocol described in
Section 2.11. Fig. 4d shows the PSTH of an MEA electrode, where
the inhibitory phenomenon is ideally within 10 s of stimulation,
and its magnitude increases as the laser power increase. The raw
data of one electrode is shown in Fig. 4e, where it can be seen
that neuronal activity is modulated only during the stimulation cy-
cle and resumes normally once this is over. Fig. 4f shows an av-
erage electrodes inhibition percentage of a MEA chip with a CHI-
GNRs patterned hippocampal culture, where the inhibition per-
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Fig. 3. Patterns printing and characterization. a) Fluorescence image of CHI-GNRs single drops labeled with FluoSpheres; scalebar = 100 um. b) Contrast phase image of a
CHI-GNRs full pattern on MEA; scalebar = 200 pum. c) Contrast phase image of a CHI-GNRs grid pattern on MEA (scalebar = 200 pm). d) Contrast phase image of network
pattern on MEA developed in two steps: CHI network pattern (left) CHI network pattern with an additional CHI-GNRs network (right); scalebar = 200 pm. e) AFM image of
a CHI-GNRs full pattern border section. f) Impedance module measured for bare MEA (N = 57), MEA with CHI pattern (N=57) and for MEA with CHI-GNRs pattern (N=54).
Mean =+ SD. g) Impedance phase measured for bare MEA (N = 58), for MEA with CHI pattern (N=57) and for MEA with CHI-GNRs pattern (N=57). Mean % SD. h) Temperature
change measurement in cell culture condition for CHI-GNRs full pattern on MEA at different laser power (N=2). Mean =+ SD. i) Temperature change measurement in cell
culture condition for MEA with and without (control) CHI-GNRs full pattern at 450 mW. Mean =+ SD.

centage means the decrease of the electrode MFR. As the laser
power increased, the percentage of inhibition also increased, from
40% stimulating with 120 mW up to about 60% with 450 mW. Fi-
nally, Fig. 4g shows that with the same laser power, the inhibi-
tion percentage is significantly higher in CHI-GNRs compared to
the control.

3.5. Morphological and electrophysiological characterization of
human neuronal networks

After testing the pattern efficiency with primary neurons, we
validated the model with iNeurons. iNeurons show similar results
to those observed for primary neurons. Cells faithfully followed the
printed pattern (Fig. 5a), adapting also to fine geometries (Fig. 5b
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and 5c) and formed a dense network on the patterns. Moreover,
from immunofluorescence characterization, it was possible to high-
light a peculiar and defined organization of the two cell popu-
lations on the 2D square pattern, with neuronal cells creating a
concentric square inside the glial one (Fig. 5d). In particular, by
a 50x objective it was possible to observe that neurons had an
in vivo-like shape, showing a round soma from which neuritic ar-
borizations originate, while GFAP-positive cells presented thin mor-
phology [54]. iNeurons patterned cultures were stimulated start-
ing from 28 DIV with the same protocol and conditions used for
the primary ones. Fig. 5e shows the average electrodes inhibition
percentage of a MEA chip with iNeurons onto a CHI-GNRs pattern,
at different DIV and under different laser power. Also in this case
the inhibition percentage can be controlled by changing the laser
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power, reaching an approximately value of 60%, 70% and 80% at 28,
35 and 42 DIV respectively using a laser power of 450 mW. Focus-
ing on the middle timepoint (i.e., 35 DIV), Fig. 5f shows an exam-
ple electrode PSTH where it is possible to observe how, like the
primary neurons patterned culture, the inhibition percentage was
well confined inside the 10 s NIR light stimulation, while Fig. 5g
shows as the laser stimulation affected the spike train at 450 mW.
Fig. 5h shows the significant gap between control and CHI-GNRs
samples at 450 mW. Indeed, if the control reached an average in-
hibition percentage of 30%, with the same laser power CHI-GNRs
pattern reached almost 80%. Finally, Fig. 5i reports changes in the
MFR as the number of DIV increases.

4. Discussion

As a first step the CHI-GNR ink properties were characterized
in terms of viscosity and of thermoplasmonic effect. As relates to
the viscosity, the printer used in this work requires an ink with a
viscosity close to the range of 10-12 cP as a reference parameter
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[55]. In this respect, the 0.5% w/v CHI solution, having a viscosity
of 14.36 + 0.48 cP, was selected as ink. This value is slightly higher
than the limit recommended by the manufacturer of the instru-
ment, however the tests we carried out by dispersing the GNRs in
solution have shown how the addition of the particles until a con-
centration of 8 OD does not lead to a significant change in the vis-
cosity. By dispersing GNRs in this solution, the viscosity decreased
to a value of 14.20 + 0.25, 13.94 + 0.37 and 13.39 + 0.23 cP re-
spectively for CHI-GNRs 2, 4 and 8 OD (Fig. 2b), obtaining a vis-
cosity closer to the optimal print values. A probable light decrease
of the viscosity that can be observed by adding the GNRs might be
associated with the dilution due to the addition of deionized wa-
ter used as dispersant of the particles that are added directly to
the CHI solution. A different concentration of acetic acid does not
affect the viscosity of the dissolved chitosan solutions as already
demonstrated by Geng et al. [56]. However, as previously reported
in the literature, acetic acid, in addition to favoring the dissolu-
tion of CHI in aqueous solutions, lowers the surface tension of the
water solution as its concentration increases [57], acting as a non-
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ionic surfactant. A systematic study, made by Alvarez et al. on the
surface tension of solutions of acetic acid diluted in water, demon-
strate that, at increasing concentrations of acetic acid, there was
a decrease in the surface tension [58]. We have evaluated the ef-
fect of the acetic acid concentration on the surface tension of our
formulations in an indirect way by analyzing the contact angle be-
tween the liquid phase and a smooth glass surface. The contact an-
gle values were found to decrease with the molarities increasing,
showing the same linear trend under equal conditions as demon-
strated by Alvarez et al. for surface tension. The results obtained
for the contact angle of the chitosan-based solutions, under the
same measurement conditions, showed values comparable to those
obtained for the aqueous solutions of pure acetic acid. Indeed, it is
reasonable to speculate that even in terms of interfacial interaction
between liquid and glass solid surface, the addition of chitosan in
solution, also considering the low final concentration of the poly-
mer, does not lead to any variation. In fact, in our study acetic acid
has the double function of solvent and surfactant, making its con-
centration in solution the only parameter to be adjusted for print-
ing.

The ink temperature tests in air condition showed that the CHI-
GNRs 4 0D ink, at 450 mW, increased the temperature of at least
30 C°, which is considered sufficient to obtain a good level of inhi-
bition of the neuronal network activity [36]. This ink was used for
the subsequent experiments. The GNRs surface density on MEA for
40D was around 1.5 * 107 GNRs/mm?2.

As shown in Fig. 3a, the print resolution obtained was found to
be comparable to the MEA electrode (i.e., 30 pum). All the geome-
tries were printed with good precision, demonstrating the great
versatility and simplicity of the used technique. In addition to full
geometry (Fig. 3b), simple condition chosen to demonstrate the
control of the activity by thermoplasmonic effect, it was possible
to realize more complex structures such as the grid (Fig. 3c), con-
necting only the MEA electrodes, or as micro-networks (Fig. 3d).
For example, this geometry could be used to realize neuronal mi-
croenvironments linked together and analyze how the activity af-
fects the other. As the figure shows, thanks to the easy alignment
allowed by the software, with this technique, it was possible to
realize portions of patterns at different times, managing to recon-
struct the overall geometry precisely.

Although the thickness of the pattern was found to be ~500
nm, the impedance test excluded any possible interference in
the subsequent neuronal activity recording. Impedance analysis
showed that the pattern did not affect the impedance phase and
even if the impedance module values were increased, it remained
around the hundreds of kQ (Fig. 3e), not precluding the record-
ing of neuronal activity [36]. Furthermore, the presence of GNRs
leaded to a slight improvement in the device’s electrical proper-
ties compared to the pattern without GNRs, in agreement with the
results found by Yoo et al. [36]. Finally, the temperature test in
cell culture condition confirmed that the CHI-GNRs patterned MEA
reached a temperature change sufficient to modulate the neural ac-
tivity by thermoplasmonic effect [35]. Based on the data found in
the literature on the cumulative temperature rise at the medium
interface, it is reasonable to assume that the temperature rise at
the cell interface at the stimulation time is about 5 °C or less
[59,60]. This value is reasonable, considering that the increase in
temperature did not damage the cells. Although the control sam-
ples leaded to a slight increase in temperature too, this was signif-
icantly lower.

As a second step, the cytotoxity and bioactivity of the CHI-
GNRs ink were evaluated. In this respect the adhesion of the cells
was verified. This characterization was performed on full pattern
(Figs. 4a and 5a), grid patterned with 50 pm thick lines (Figs. 4c
and 5b) and on micro-networks connected each other’s (Fig. 5c).
The results obtained showed that both neurons and glial cells ad-
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hered to the print patterns, confirming the bioactivity of chitosan
[23,24], which was not compromised by the addition of the GNRs
[61]. The stability of the neuronal networks over time (up to DIV
42) was also assessed, making CHI an interesting candidate for
long term cultures.

The effectiveness of this approach was demonstrated for both
primary rat cells and human iNeurons. This represents a valuable
contribution in the search for low-cost biomimetic culture systems,
which can have important applications in neuropharmacology, tox-
icology, and regenerative medicine.

As a first step the thermoplasmonic properties of the developed
pattern was verified using primary rat neurons in order to compare
the obtained results with the literature on this topic. We demon-
strated that by increasing the laser power it was possible to in-
crease the inhibition activity of patternated neuronal networks. Al-
though an inhibitory phenomenon is present even without GNRs,
this is significantly lower than in samples with nanoparticles (i.e.,
CHI-GNRs). We speculate that the mild inhibitory phenomenon
without GNRs is probably due to the MEA’s metal component heat-
ing when irradiated by NIR light. The results obtained in this work
are consistent with those obtained using the same cells and the
same laser with very similar powers by Yoo et al. [36], confirm-
ing the good thermoplasmonic properties of our patterns. However,
there is a slight difference in the inhibition percentage, consider-
ing we reach about 25% less of those reported in [36] with similar
laser power. The lower level of inhibition may be due to the dif-
ferent interface conditions between cells and GNRs. In fact, in Yoo
et al., the cells are sown in direct contact with a layer of GNRs,
while in our case, the GNRs are inside a biopolymeric layer having
a thickness of about 500 nm. Finally, although an inhibitory phe-
nomenon is present even without GNRs, this is significantly lower
than in samples with nanoparticles (i.e., CHI-GNRs). We speculate
that the mild inhibitory phenomenon without GNRs is probably
due to the heating of the device components under NIR irradia-
tion, where the metal part (i.e., electrodes) plays the major role.
Indeed, in our recent paper, we found that limiting the electrodes
contributes the gap between the control group and the test group
increase significantly [62].

The thermoplasmonic properties of the CHI-GNRs pattern were
then also characterized using human iNeurons. As far as we know,
this is the first work where the thermoplasmonic effect was used
to inhibit the electrophysiological activity of human iNeurons.
From Fig. 5e and 5i it is possible to conclude that the pattern
is stable. Indeed, the pattern preserves both its thermoplasmonic
properties, which allow to obtain a consistent level of inhibition
as DIV increases (Fig. 5e) and its bioadhesive properties, which al-
lows a consolidation of the network that develops-stabilizes and
remains electrically active (Fig. 5i). Furthermore, for both human
and rat neuronal networks, the inhibition of the activity by pho-
tothermal effect is fully reversible (Figs. 4e and 5g) and confined
within the stimulation period (Figs. 4d and 5f), demonstrating a
high temporal control also on the modulation effect. Finally, al-
though it is not the aim of this study, from a preliminary com-
parison between the two cell types, we can speculate that under
the same condition human neurons (Fig. 5h) appear to be more
sensitive to the photothermal stimulation than rat ones (Fig. 4g).

Although not the subject of study in this paper, the realized
photosensitive micropatterned platform opens the door to new
methods for studying the connectivity in vitro of a neuronal net-
work. With the controlled deposition of adhesion factor and gold
nanorods, different geometries with photosensitive and no photo-
sensitive areas can be easily, quickly, and economically fabricated.
This provides a complete platform in which it is possible to record
the activity of a patterned neuronal network, excite it locally by
electrical stimulation (using MEA microelectrodes [31]), and inhibit
it locally by photothermal stimulation. Among possible future de-
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velopments, we consider fascinating the neuronal activity study of
unstimulated regions directly connected to the areas under pho-
tothermal and electrical stimulation.

5. Conclusions

In this work, a bioactive and photosensitive ink was designed,
developed and printed by ink-jet technology using a commer-
cial piezoelectric printer. The printed photosensitive patterns were
used to control the structure and activity of neural networks, with-
out the use of any physical master and without the need of fur-
ther functionalization with adhesion factors. Both rat and human-
derived neural networks were tested with the developed photo-
sensitive patterns. To our knowledge this is the first evidence of
photothermal stimulation inhibiting human neuronal activity. The
approach proposed in this work provides a useful tool for the study
of neuronal communication and associated disorders, in a high re-
producible and low cost manner.
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