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1. Introduction

Neuroimaging methods are extensively combined with other experimental techniques in
the field of neuroscience in recent years, to study neural activity and map brain
connectivity [Hillman, 2007]. This combined approach allows brain mechanisms and
pathological states to be understood and contributes to the identification of biomarkers
for neurological diseases. Among the techniques used for monitoring brain activity,
electrophysiology is still the gold standard, despite the advent of optical characterization
tools like optogenetics, calcium imaging or voltage imaging [Scanziani 2009]. The
limitations of individual neuroimaging techniques have compelled neuroscientists to
combine multiple approaches, such as electrophysiology with functional magnetic
resonance imaging, multiphoton imaging or optogenetics [Hillman 2007, Uludag 2014].
Neuroimaging techniques can provide the desired spatial information that complements
the information obtained from electrophysiological techniques such as
electrocorticography (ECoG). The emergence of multimodal measurements that utilize
both electrophysiology and optical interrogation [Malvache 2016, Judak 2022] catalyzed
the development of transparent neural interfaces that enable the application of both
modalities. Electrophysiological methods with high temporal resolution are therefore
often used in parallel with a non-invasive optical method with high spatial resolution
[Fekete 2017]. Transparent neural interfaces designed specifically for experimental and
clinical studies may help to understand how the brain processes information through
revealing functional connectivity patterns, therefore they are promising candidates for
brain—computer interfacing (BCI) technology [Hébert 2018].

In my thesis, I introduce two micro-electro-mechanical system (MEMS) based
microelectrode device and present data of their capacity to enable multimodal neuronal
activity measurements by combining electrocorticography and two-photon calcium
imaging. I start by introducing the two measurement modalities and elaborate on MEMS-
based microECoG devices and the current approaches to multimodal measurements with
such devices, before discussing the results of multimodal measurements with the two
devices, the first based on the composing materials Parylene HT / ITO and the latter on

Thiol-ene/acrylate / SIROF.



1.1 Electrocorticography

Electrophysiology is applied in many contexts in neuroscience. Electrical activity can be
measured from a small segment of a dendrite of a single neuron [Davie 2006], on the
surface of the brain [Miller 2020] or on the scalp [Baumgartner 2018]. The source of the
gathered information can scale from only a small membrane segment of a single cell to
the summed activity of an immense population of neurons. The characterizing advantage
of electrophysiology over other investigation methods that record neuronal activity is its
yet unchallenged temporal resolution. The sampling rates of the different measurements
typically range from 200 to 20000 samples per second, determined by redundancy rather
than technical limitations [Weiergraber 2016].

Electrocorticography is one of the methods to measure the potential changes in a living
brain, with arranged electrodes that measure the field potential on the surface of the brain
as a function of time [Branco 2023, Buzsaki 2012, Bédard 2012]. ECoG signals are rich
in frequency components that are difficult to record in a reliable manner with EEG due
to the filtering properties of the skull, the subcutaneous tissue and the scalp [Burle 2015].
These frequency components cover the gamma bandwidth, which correlates with large
scale brain networks, for example sensory - motor activity and cognitive functions such
as memory [Schalk 2011, Muller 2018, Buzsaki 2012b]. Although ECoG devices are
invasive probes that require microsurgical implantation, they offer considerable benefits
over EEG devices in terms of signal quality, longevity, reliability, spatial and temporal
resolution and frequency band [Moon 2024, Buzsaki, 2012a].

The cell membrane separates the intracellular and extracellular space and allows the
existence of potential difference between these two compartments. Resulting from the
actively maintained uneven distribution of positively and negatively charged ions, the
potential difference between the intracellular and the extracellular space is around —70
mV in central nervous system neurons. The field potential measured by the ECoG is
generated when charged ions move through the membrane and temporarily change the
extracellular ion composition. Synaptic events, extrasynaptic ion channels, cell-intrinsic
potential fluctuations and the generation of action potentials are some of the main
contributors of the field potential [Hales 2014]. There are many factors that shape the
extracellular signal [Mazzoni 2012, Einevoll 2013, Herreras 2016, Herreras 2023]. The



amplitude of the signals decay according to the inverse of the distance, so a source further
from the electrode may contribute less to the aggregate signal [Torres 2019]. The
geometric arrangement of sources has a similarly profound effect. As in- or outward
currents generate counterparts with opposing signs, depending on the relative position of
these dipoles and the electrode, inward and outward currents may mutually negate the
registration of the other on the electrode [Herreras 2016]. On a larger scale, the
cytoarchitectural arrangement of the cells in a region may prevent the generation of field
potentials and therefore the registration of its activity [Kajikawa 2012, Herreras 2023].
Synchrony is another determinant of the extracellularly recorded signal. As the
contribution of individual cells is small in itself, the activity of cells that are
synchronously active may influence the recorded signal more [Herreras 2023].
Nevertheless, the electrocorticogram can be used to infer the underlying neuronal activity
and record the oscillatory activity of large networks of neurons [Gallego-Carracedo
2022]. In clinical practice, the source epileptic seizures are explored with implanted
electrocorticography devices in patients in preparation for resective surgery [Schaft 2025,

Grewal 2020, Goel 2023].
1.2. Two - photon microscopy

Two-photon microscopy has evolved to be a primary tool for high spatial resolution
fluorescence imaging in intact neural tissue [Helmchen 2009, Grienberger 2022]. It
utilizes ultrashort pulses of near - infrared light which is directed through an optical
system to excite suitable fluorophores with two low-energy photons in a short time
window. The volume in which fluorophores can be excited is confined, as the high energy
density that is necessary for the absorption of two-photons within the short timespan is
not available outside of the focus [Stosiek 2003]. In fact, excitation light is pulsed instead
of continuous specifically to provide the necessary energy. With reduced off-focal
fluorescene, images can be obtained with higher contrast, from deeper in the tissue. The
use of near - infrared excitation light also aids deeper imaging, as it is less scattered in the
nervous tissue. Since two photons combine their energy during measurement, they are

less harmful to biological tissues than single-photon excitation.



Excitation depends on the structure of the molecule excited and many dyes are
incompatible with multiphoton imaging due to their insufficient absorption cross-sections
[Lecoq 2019]. The activity of cells can be visualized with fluorescent dyes (fluorophores).
These molecules absorb a particular wavelength band of light (excitation wavelength) and
then emit light at another, longer wavelength (emission wavelength). Live cells can be
labeled by local dye injection into a tissue or by the expression of genetically encoded
fluorescent proteins.

Calcium indicators are the most commonly used fluorophores for in vivo two-photon
imaging experiments. Two-photon calcium imaging is an efficient way to monitor the
calcium-binding kinetics with a highly precise morphological image [Stosiek 2003]. This
method uses the fact that in the living cells, most of the depolarizing signals are in
connection with the Ca?" influx because of the voltage gated Ca** channels [Tsien 2003],
which allow the determination of neuronal activity indirectly, increasing fluorescence
with the increase in intracellular calcium concentration. While calcium imaging is the
method of choice for measuring the activity of single neurons and populations in vivo, it
is afflicted by the slow kinetics of the dyes and the influence of reporters on signal

integration due to the binding of calcium ions.
1.3. Transparent microECoG devices

MicroECoG devices are miniature recording systems designed to measure the electrical
activity on the surface of the brain with multiple electrodes arranged in an organized
layout. Their main components are the conductive layer used to record the field potential
and the substrate layer, an insulating, encapsulating layer lending structure to the device.
These devices enable the concurrent investigation of different brain regions [Noy 2015,
He 2008], the exploration of the functional architecture of a given region [Zatony1 2018,
Konerding 2018, Donahue 2018] and the localization of pathological neuronal networks
[Wang 2013, Carrette 2013, Khosravani 2009, Gompel 2008]. Integration of multiple and
complementary techniques in an attempt to leverage the temporal resolution of
electrophysiology and the spatial resolution of neuroimaging is expected to receive great

interest in the near future, as understanding the relationship between anatomical and



functional neural connectivity is essential for both diagnostic and therapeutic
applications.

Neural interfaces combining electrophysiology and neuroimaging are required to satisfy
several requirements [Alahi 2021, Fekete 2024, Bhunia 2015], as neuroscience shifts
increasingly toward chronic experiments on awake and behaving subjects. Recording
quality, transparency, flexibility, biocompatibility and overall size are a few of the crucial
design aspects. Arguably, such devices should ideally be tailored to the specific

experiment for optimal performance.

1.3.1. Conductive materials

When describing the recording sites of microECoG devices, impedance is reported
generally as their main attribute, as it takes all components of the equivalent circuit
models of electrodes into account, therefore yields more informative data on the
performance of the electrodes than conductivity. The impedance of electrodes inherently
depends on the conductive material as well as on their size, with smaller recording sites
having higher impedance.

High conductivity of recording sites is desired for high signal to noise ratio (SNR),
however, conventionally applied thin film metal layers with excellent conductive
properties like gold [Kim 2007, Hollenberg 2006], gold/platinum [Schendel 2013,
Richner 2014, Muller 2018], platinum [Stieglitz 2000, Rubehn 2009] or iridium [Stieglitz
2000]) have low transparency. This introduces a trade-off, as a non-transparent
conductive layer blocks imaging access to a sizeable portion of the optical window and
prevent the complete imaging of the sample. There are a choice of transparent conductive
materials that can be considered for microECoG devices. Nanowires [Neto 2021] and
nanomeshes [Qiang 2018], carbon nanotubes [Zhang 2018], graphene [Park 2014, Kuzum
2014, Driscoll 2021], transparent conductive polymers such as PEDOT [Khodagoly 2015,
Furukawa 2013, Castagnola 2015] and metal oxides like indium-tin-oxide [Qiang 2018,
Hébert 2018].

Additionally, when recording sites are exposed to a particular material-specific
wavelength of light, electrons are excited, and an electric artifact appears in the detected

current or voltage signal, which may hinder noise-free electrical recording and limit the



evaluation of experimental outcome. This effect is also called the Becquerel effect [Han
2012], and a reasonable approach for mitigating it is the use of conductive materials with
awide bandgap, which requires a compromise during the selection of potential conductive
materials. The energy bandgap of the conductive material determines the extent of optical
transmission and the excitation of charged carriers. For conventionally used metals, the
conduction and valence bands overlap and therefore require lower excitation energy for
electrons to move to conduction bands [Fekete 2024], which leaves them more

susceptible to light induced artefacts.

1.3.2. Substrate materials

Recent advances in materials science have had a transformative effect on the fabrication
of microimplants that enable the simultaneous application of electrical recording and
optical imaging [Wellman 2018]. A growing number of transparent substrate materials,
such as polyimide [Zatonyi 2018b], SU-8 [Obaid 2020], Parylene C [Golda-Cepa 2020,
Yang 2021], Parylene HT [Zatonyi 2020], polydimethylsiloxane (PDMS) [Renz 2020]
and PET [Thunemann 2018, Chen 2021] have been proposed to hold functional layers of
transparent neural implants. However, their material properties, transparency, flexibility
and biocompatibility in particular, are of key importance in determining their final
application, and their processability and manufacturing schemes also have limitations
[Fekete 2024].

While it is hard to overstate the importance of transparency in a setting of optical imaging,
flexibility and biocompatibility are pivotal as well. Compressive and tensile forces
inherently act on neural interfaces either during the surgical procedure of implantation or
due to micromotions (e.g. breathing, heartbeat, brain pulsation, circulation) inside the
skull. These phenomena induce cyclic stress in the material, which may also be
disadvantageous to the integrity of the layer structure of the interface. Highly tensile and
tear-resistant devices [Renz 2020, Juhasz 2024] therefore may ease implantation and
prevent the loss recording channels. To alleviate the consequences of such mechanical
processes, the elasticity and stretchability of the implant material are of key importance.

Although the implantation of microECoGs is less invasive to the brain tissue that

penetrating probes, it has been reported that microECoG devices do induce foreign body
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reaction — the specific immune response of the nervous system to implanted
neuroprostheses [Campbell 2018, Degenhart 2016]. Stress from micromotions has been
implicated as the main reason for neuroinflammatory response during prolonged presence
of microECoGs, which may result in glial scar formation and finally the encapsulation of
the artificial system [Marin 2010, Kim 2019, Harris 2011, Blumenthal 2025]. In chronic
experiments, encapsulation of neuroprostheses will lead to unreliable electrical
recordings, unstable signal quality over the extended period and eventually impedance
increase or even loss of functionality, due to the spatial and electrical insulation from
active neuronal ensembles [Gilletti 2006, Bérces 2016].

It is suggested that mechanically compliant neural interfaces that conform better to the
curvilinear surface of the brain would be more likely to reduce stress at the biotic — abiotic
interface [Harris 2011, Lecomte 2018, Jorfi 2015]. In order to maximize conformity and
minimize foreign body reaction, various approaches were developed. Rigid materials
were covered temporarily with soft bioresorbable polymer materials [Yu 2016, Pas 2018].
Flexible polymer materials were employed, such as polyimide [Wurth 2017, Wu 2011,
Zatonyi 2018, Marton 2015, Vomero 2020], Parylene C [Konerding 2018, Vitale 2018,
Park 2016, Khodagholy 2015], SU-8 [Marton 2015, Zhang 2018] and silicone rubber
[Minev 2015, Hotson 2016]. MicroECoG arrays with a mesh-form structure of open
interelectrode spaces, or fenestrae were fabricated to enhance the contactability with the
curvilinear surface of the brain [Baek 2014, Rubehn 2009].

The proportional elastic deformation of a material can be characterized by Young’s
modulus, which equals the compressive or tensile stress exhibited upon the strain of the
material. Unfortunately, elastic properties of the mentioned thin polymer interfaces
(Young’s modulus in the GPa range) [Fekete 2024] are still significantly different from
the neural tissue (3-100 kPa) [Lecomte 2018]. The reduction of mechanical mismatch can
be attained via a variety of routes, including bioresorbable polymer materials such as silk
[Wu 2015, Watanabe 2017] and poly(lactic-coglycolic acid) [Pas 2018], mechanically
adaptive substrates like hydrogel [Li 2020] and with the application of fenestrae or
aperture that disrupt the consistency of the device structure [Toda 2011]. These attempts
are either trying to approximate the Young’s modulus of the device to the surrounding

tissue or increase the compliance by forming mesh-like structures.
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The group of mechanically adaptive materials consist of softening polymers (e.g. Thiol-
ene/acrylate thermoset or shape memory polymers) [Simon 2017, Zatonyi 2019, Frewin
2019, Stiller 2018] and hydrogels from natural materials such as polyglycolic acid,
polyethylene glycol and polyvinyl alcohol [Pas 2018, Guangli 2018, Guangli 2021].
Softening polymers transition in response to stimuli (e.g. temperature, ion concentration,
pH, aqueous environment) when they are exposed to the extracellular space. They
maintain their mechanical robustness (Young’s modulus in the GPa range) during

implantation, thus providing easy handling before and after neurosurgeries.
1.3.3. Advantages of Parylene HT / ITO

Parylene HT as a prospective substrate material for a transparent microECoG device came
to our consideration via the established use of a variant, Parylene C. However, compared
to Parylene C or other substrate materials, Parylene HT has several advantages that justify
its choice for transparent microECoGs.

In terms of transmittance, autofluorescence and UV light stability, Parylene HT is
superior to other electrode substrate materials [Lu 2009, Lu 2010]. It shows transparency
greater than 90% between 400-980 nm that is remarkably higher than that of polyimide
[Zatonyi 2018] or PET [Ong 2018], slightly higher than that of Parylene C and similar to
SU-8 substrates [Prajzler 2014] and PDMS [Liu 2015]. Its low autofluorescence is also
desired to avoid disturbing background noise. Some groups have presented initial results
comparing various polymers like Parylene C, PET, polyimide [Lu 2010] or SU-8
[Walczak 2011]. Their findings indicated that among these materials, Parylene C provides
the best performance in this respect. However, Parylene HT may be superior to Parylene
C. Initial lower autofluorescence of Parylene HT film was attributed to the strength of C—
F bond that is much higher than C—H bond. It is prone to be less sensitive to
dehydrogenation, consequently the amount of C = C bonds which are responsible for
higher autofluorescence intensity remains low under UV illumination [Lu 2009].

From a manufacturing point of view, the advantage of the thin layer of thermoplastic
Parylene is that it can be formed by chemical vapor deposition at low ambient
temperature. The deposited layer is conformal, pin-hole free, chemically inert, while

showing low vapor permeability [Tan and Craighead 2010]. Parylene HT has a long-term
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service temperature up to 350 °C while Parylene C and other polymers used for neural
applications (e.g. epoxy, silicone) tolerate processes with only a lower thermal budget
[Minami 2008]. In case of certain conductive materials with high melting point such as
iridium, patterning on Parylene HT is still compatible with the potentially high deposition
temperature in contrast to Parylene C [Rodger 2008]. Among the four Parylene variants,
Parylene HT exhibits the lowest coefficient of friction - beneficial for biocompatibility,
the lowest permeability to moisture, fluids and gases (<0.01% water absorption after 24
h) decreasing the risk of delamination due to swelling [SCS Data Sheet 2015] and shows
better performance in many applications due to its lower dielectric constant [Diaham
2014].

The widely used indium-tin oxide (ITO) is formed by doping In,O3; with Sn impurities.
Oxidation of these impurities contributes to the release of electrons in the conduction
band, which leads to a net increase in charge carrier density and therefore, conductivity.
ITO differs from other metallizations conventionally used for microECoG devices, such
as platinum, iridium or gold, in the structure of its electron bands. While for
conventionally used metals, the conduction and valence bands overlap and therefore
require lower excitation energy for electrons to move to conduction bands, the conduction
mechanism of ITO is instead based on oxygen vacancies. These vacancies feature large
bandgap (2.6-3.65 e¢V) and excitation photons with wavelength from visible (VIS) to
infrared (IR) spectral range have less energy, which keeps photovoltaic effects at a low
level and allow simultaneous measurements [Mryasov 2001, Ledochowitsch 2015].

A popular alternative to ITO is graphene. However, the fabrication of graphene relies on
stacking of graphene monolayers require complicated steps, which deteriorates
uniformity and process reproducibility. Moreover, each graphene monolayer stacked to
form uniform layers deteriorates the transmittance by ~2.3% [Park 2016]. On the other
hand, ITO may work as standalone layer sandwiched between two thin Parlyene HT
layers, requiring only two photolithography steps. Depending on its thickness and the
deposition parameters, the optical transparency of ITO at VIS-NIR wavelengths is
generally >80% [Park 2014, Kunori 2015, Kwon 2013, Ledochowitsch 2011, Granqvist
2002], as a result of its wide energy bandgap. Together with its lower sensitivity to
photovoltaic effects, this translates to considerable benefits during imaging, as the field

of view is not being limited by the metallization layer
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1.3.4. Advantages of Thiol-ene/acrylate / SIROF

Minimizing the neural response improves the longevity of implants in multimodal
neuroimaging schemes. The application of responsive polymers that reduce the
inflammatory response by reducing the mechanical mismatch at the tissue and neural
interface may be a key technology in this endeavor [Lu 2010, Thunemann 2018,
Shoffstall 2018]. The group of mechanically adaptive materials constitutes of softening
(or shape memory) polymers [Simon 2017, Zatonyi 2019, Frewin 2019, Stiller 2018] and
hydrogels [Pas 2018, Li 2018, Li 2021].

Hydrogels, in their dry state, express a Young’s modulus in the GPa range but in the
aqueous environment of the intracranial space, even a few MPa is achievable (e.g., 3.4
GPa to 2.6 MPa [Lecomte 2018]). The main drawback (and controversially, the greatest
appeal) of hydrogels is their excessive water absorption. Their swelling rate varies
between 10% and 70%, which is an additional risk for structural degradation and metal
delamination. Swelling also distances recording sites from active neurons and increases
intracranial pressure. Like hydrogels, shape memory polymers such as Thiol-ene/acrylate
maintain their mechanical robustness (Young’s modulus in the GPa range) during
implantation, thus providing easy handling before and after neurosurgeries. However,
softening polymers can be engineered to undergo stimuli responsive transition (e.g.,
temperature, 10n concentration, pH, aqueous environment) when they are exposed to the
extracellular space to reduce the mechanical mismatch. The major advantage of a Thiol-
ene/acrylate based microECoG device is that its Young’s modulus is gradually reduced
from the GPa range down to the 100 MPa range at glass transition temperature, which is
engineered to be close to tissue temperature (Ware 2012), with less than 3% fluid uptake.
The use of Thiol-ene/acrylate as a SMP substrate material to create neural interfaces has
only been exploited recently [Ware 2014, Black 2018, Shoffstall 2018, Zatonyi 2019].
Thiol-ene based flexible devices have been characterized previously both electrically
[Stiller 2018, Frewin 2019] and optically [Feidenhans'l 2014]. Thiol-ene has high optical
transparency (above 85% @ 550 nm) with a refractive index of about 1.54 [Xiao 2016].
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2. Objectives

Given the aforementioned advantages of Parylene HT as a substrate and ITO as a
conductive layer, we set the goal of demonstrating combined electrocorticography and
two - photon calcium imaging in vivo in mice chronically implanted with the Parylene
HT /ITO device (Figure 1 B). This goal defined a roadmap from bench-top tests, through
in vitro experiments, in vivo measurements of awake mice to post-hoc characterization,
a step by step process of validation and verification. In line with this, my aims connected

to the Parylene HT / ITO device were the following.

1.1 The in vivo implantation of the Parylene HT / ITO device into a cranial

window in a way that enabled electrocorticography and two-photon imaging

1.2 Investigation of the limits to the in vivo use of the device, focusing on

photodegradation and photovoltaic effects

1.3 Demonstration of simultaneous electrocorticography and two-photon calcium

imaging, particularly long term chronic measurements

1.4  The immunohistological characterization of the implantation

Following the experiments with the Parylene HT / ITO device and building upon the
experiences with it, the design and fabrication of a new device was started. The shape
memory polymer Thiol-ene/acrylate was chosen as substrate, thus placing emphasis on
flexibility and conformability to the brain, while iridium oxide (SIROF) was chosen as
the conductive layer, favoring conductivity in place of transparency of recording sites.
The dimensions of the new device were adapted to address the challenges of limited
space. First, recording sites were defined to be smaller and closer to each other, arranged
in a recording area that requires a smaller cranial window. Second, a more compact data
connector was selected that still accomodated the same amount of recording channels.

Third, the length of the ’neck’ part of the device that connects the recording area to the
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connector, was carefully chosen to allow the placement of the connector directly on the

skull and the imaging objective over the craniotomy at the same time.

Encouraged by these improvements, we set our sights on long term combined

electrocorticography and two - photon calcium imaging again, as well as chronic

hippocampal measurements potentially. My aims with the novel Thiol-ene/acrylate /

SIROF microECoG device were the following.

2.1

2.2

23

24

Cortical implantation of the Thiol-ene/acrylate / SIROF device into a cranial
window in a way that enabled electrocorticography and two-photon calcium

imaging

Demonstration of chronic electrocorticography and two-photon calcium

imaging through cortical measurements

Utilizing the improved adaptability of the Thiol-ene/acrylate / SIROF device
for simultaneous hippocampal electrocorticography and two-photon calcium

imaging

The immunohistological characterization of the cortical and hippocampal

implantations

16



3. Methods

3.1. Fabrication of Parylene HT / ITO devices

In overview, the Parylene HT / ITO device holds 32 recording sites with a diameter of
150 pm and 500 um inter-site distance (Figure 1 A, C). The outline of the sensor array is
4.5 mm % 5.5 mm. The device is composed of a 100 nm thick indium tin oxide conductive
film embedded between two layers of 8 um thick Parylene HT (SCS, UK). Conductive
traces and bonding pads are made of indium tin oxide, which were connected to a

PreciDiP connector. The microfabrication of the device relies on standard MEMS

technologies (Figure 2).

Calcium imaging

-
/éi‘“-

OBJECTIVE

100 um

Micro-electrocorticography

CRANIAL
WINDOW

Figure 1. Introduction of the Parylene HT ITO based microECOG device. (A) Perspective
view of the transparent microECoG device. Scale bar is 5 mm. (B) Schematic figure

representing the experimental design for simultaneous Ca®*" imaging and
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electrophysiology in vivo using our transparent microECoG device. (C) Camera image of
four recording sites and conductive wires made of sputter-deposited ITO. (D) Epidurally
implanted transparent microECoG array prepared for two-photon imaging in freely

moving mouse.

In detail, a double side polished silicon wafer was immersed to 1:20 hydrofluoric acid
solution for 30 seconds. Using a releasing agent, Parylene HT dimer was vaporized at
150 °C under vacuum into a dimeric gas form, then pyrolyzed (690°C, 0.5 torr) to cleave
the dimer to its monomeric form. The monomeric gas was then deposited at room
temperature on the silicon wafer to form an 8 pm thick transparent polymer layer. A lift-
off pattern for the conductive layer was created with Ti35 Image reversal resist
(Microchemicals GmbH, Germany). The photoresist was spin-coated at 4000 rpm for 45
seconds, then baked at 100 °C for 2 minutes on a hotplate. A Karl Siiss MA6 Mask
Aligner (Suss Microtec Ag, Germany) was used for UV light exposure (200 mJ/cm?),
followed by a relaxation time of 10 minutes, a reversal bake at 130°C for 2 minutes on a
hotplate, and a second UV exposure (500 mJ/cm?). In order to improve the adhesion
between the polymer and the metal oxide layer, oxygen plasma strip was used before ITO
deposition for 30 s (80 W) (Diener Pico, PCCE, RFG 13.56/300, Diener electronic GmbH
+ Co. KG) (Figure 2 A).

Indium-tin-oxide was deposited in a Leybold - Heraeus Z550 RF sputtering equipment
(Leybold GmbH, Germany). Ar gas flow rate was 50 sccm (standard cubic centimeters
per minute) and radio frequency power to form the plasma was 300 W. After ITO
deposition, wafers were left in the acetone bath until the lift-off was completed (Figure 2
B).

An adhesion promoter was applied to support the encapsulation of the second layer of 8
pum thick Parylene HT. A 100 nm thick aluminum thin film serving as a hard mask for
Deep Reactive lon Etching was then deposited at 2 nm/minutes with an e-beam
evaporator (ATC 1800-HY, AJA International, Inc., USA). A thin layer of photoresist
(Microposit 1818, Rohm and Haas Company, USA) was spin coated on top of the hard
mask to form the photolithographic pattern, soft baked at 115 °C for 90 seconds on a
hotplate and then exposed to UV light (100 mJ/cm?). The photolithographic pattern was

developed, then hard-baked at 110 °C for 30 minutes in a convection oven (Figure 2 C).
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Aluminum was wet-etched in a solution of phosphoric acid, acetic acid and nitric acid
(H20:H3PO4:CH3COOH:HNO3 = 2:16:1:1). The exposed Parylene HT surfaces were
removed in high-density inductively coupled O2 plasma in a Deep RIE System (Plasmalab
100, Oxford Instruments, UK) at 1000 W power (0.7 mm/min etching speed). The
aluminum masking layer was then removed in 0.025 M NaOH solution at room
temperature (Figure 2 D).

After soaking the wafers in distilled water for 2 weeks, arrays were released from the
silicon surface. Arrays were mounted on a 32 channel PreciDiP electrical connector
(Preci-dip SA, Switzerland) with a two - component conductive epoxy material
(CW2400, Chemtronics, Georgia, US). The backside of the connector pins were protected
by a two - component adhesive epoxy paste (Araldite 2014-1, Huntsman Advanced

Materials GmbH, Switzerland).

A C
| —
Silicon
. Parylene HT Parylene HT coating & Patterning of Al RIE mask
photolithography for Parylene HT etch
. Aluminium
B D
. . . e—— I=—=1
B Indium Tin Oxide w— . _
Photoresist
Deposition of ITO & lift-off Parylene HT etch in DRIE

&removal of Al mask

Figure 2. Schematic process of the Parylene HT / ITO device fabrication. (A) Deposition
of Parylene HT on the silicon wafer as monomeric gas, lift-off pattern creation, spin
coating of a photoresist layer, UV exposure, oxygen plasma stripping. (B) ITO deposition
with sputtering. (C) aluminum thin film deposition, spin coating of photoresist,
photolithographic pattern development. (D) Wet-etching of aluminum, reactive ion

etching of exposed Parylene HZ surfaces, removal of aluminum masking layer.
3.2. Fabrication of Thiol-ene/acrylate / SIROF devices

In overview, the Thiol-ene/acrylate based device holds 31 symmetrically arranged

recording sites in a 2.4 mm wide and 3 mm long area (Figure 3 A, B). The first and
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seventh rows of the array had three recording sites each, while the five rows in between
had five sites each, all equally distant from neighboring sites. Site diameter was 115 um
and inter-site distance was 400 pum. The composite device is 18 pm thick in areas with
conductive traces and 14 pm thick in other areas with only substrate (Figure 3 C).
Microfabrication was carried out at Qualia Labs, Inc., based on a micromachining scheme
for Thiol-ene/acrylate based intracortical probes published earlier [Zatonyi 2018, Zatonyi
2019].

SMP substrate Gold/SIROF Parylene C
(two layers) (conductive traces) (encapsulation)

Figure 3. (A) Photograph of the finished device. Scale bar is 5 mm. (B) Magnified view
of the contact points. Scale bar is 5 mm. (C) A schematic (not to scale) presenting a cross-

sectional view of the layer composition of the device.

Briefly, a 7 um thick Thiol-ene/acrylate layer was spin coated on a silicon handle wafer,
and then coated with a 2 um thick Parylene C layer. Gold conductive traces (400 nm)
were then photolithographically patterned on top, and encapsulated with another 2 um

thick Parylene C and 7 um thick Thiol-ene/acrylate layer. Recording sites and bonding
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pads were then exposed with reactive ion etching in oxygen plasma, and an additional
300 nm thick sputtered iridium oxide (SIROF) layer was patterned on top of the exposed
gold recording sites. On some devices, SIROF deposition was omitted (’gold-only’
devices). The devices were released from the silicon handle wafer with tweezers after
immersion in distilled water and mounted on a through-hole Omnetics connector
(A79022-001, Omnetics Connector Corp., USA). Interconnection between the integrated
conductive traces and the connector pins was created with a two-component conductive
epoxy (CW2400, Chemtronics, USA), dried at room temperature for 24 h. To isolate the
through-hole joints, a final layer of Araldite 1401 adhesive (Huntsman Advanced
Materials, TX, USA) was applied and cross-linked without using any thermal annealing

Processes.

3.3. Electrochemical characterization

Electrochemical characterization of the devices was performed with a Gamry Reference
600+ Potentiostat (Gamry Instruments, Warminster, PA, US) at 25 mV root mean square.
Measurements were conducted in a Faraday-cage. Impedance was measured at 1, 10, 100,
1000 and 10000 Hz in a three compartment electrochemical cell which consisted of a
leakless miniature Ag/AgCl electrode as reference (ET072-1, eDAQ Pty Ltd., Australia),
a platinum wire as a counter and the recording sites as working electrodes. The electrolyte
was a 0.01 M phosphate buffered saline (PBS) solution (P4417, tablet diluted in 200 mL
distilled water, pH 7.4, Merck KGaA, Germany). Recording sites were measured one by
one to create bode plots of impedance magnitude and phase angle versus frequency,
immediately after submersion in the electrolyte and thereafter on a daily basis. An
equivalent circuit model was constructed in the Impedance Model Editor using Gamry
Echem Analyst software. A Randles circuit (Figure 4) was constructed by a constant
phase element (CPE) to model imperfect or leaky double layer capacitors with a charge
transfer resistance or polarization resistance, RCT, in parallel. In series with RP is a
Warburg element (WD), representing the diffusion of ions to the electrode surface. The
circuit is connected in series with RS, the resistance of the bulk electrolytic solution
combined with internal resistance. The CCPE is modeled using two terms: Y, the

coefficient of CPE capacitance per unit length and o, a parameter defined by the phase
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angle of the CPE. o has values between 0 and 1, where o = 1 represents an ideal capacitor
with a phase angle of 90°, and is proportional to surface roughness and charge uniformity
[Jorcin 2006].

The Parylene HT / ITO device was subjected to an accelerated aging test and measured
for 4 days at 67 °C, to simulate the degradation mechanism of the electrode material and
demonstrate device reliability and long-term stability in harsher than physiological
conditions. Increasing the temperature by about 10 °C roughly doubles the rate of many
polymer reactions [Hukins 2008]. This empirical observation can be described by the

following equation:

AT
— . N10
Tsim - Texp Q10

where Q1o is the aging factor for 10 °C increase or decrease in temperature, and it equals
two and AT = T—Trwr where Trer is the body temperature (37 °C). Thiol-ene/acrylate
devices were measured for 16 days at room temperature. To obtain better curve fitting,
the common Randles circuit was extended with a capacitive parameter (Figure 4), which

represented the porous surface of SIROF electrodes.

CPE

(R w

Figure 4. The Randles equivalent circuit applied on EIS data. RS: resistance of the bulk
electrolyte combined with the internal resistance of the electrode. CPE: constant phase
element of the double layer capacitance (CPE) featuring the interface between solid and
ionic solution due to charge separation. The CPE is modeled using two terms: Y, the
coefficient of CPE capacitance per unit length and o, a parameter defined by the phase
angle of the CPE. RCT: charge-transfer resistance (RCT), refers to the resistance of the
electrode-electrolyte interface. WD: Warburg element representing the diffusion of ions
into the porous electrode surface. C: capacitive parameter, represents the porous surface

of SIROF
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3.4. Mechanical stability

To demonstrate the robustness of the Parylene HT / ITO device, a custom-designed
bending tester based on a stepper-motor and an Arduino control board was built and
applied to evaluate electrical resistance at various bending angles. Data acquisition and
hardware operation were controlled with custom LabView code. The samples (Figure 5
B, C) were mounted on a frame, which translated the motion through a stepping motor
and bent the middle of the samples around a cylinder with a diameter of 1 mm (Figure 5
A). Four-wire resistance measurements were used to monitor the change in resistance at
0,45, 90, 135 and 180 degree positions. Altogether, results on five samples were analyzed
through 100 bending cycles.

Figure 5. (A) Schematic steps of the cyclic bending tests. (B) Dimensions (in mm) and
(C) representative photo of a dummy device with the same layer structure for mechanical

analysis.

3.5. Transmittance and autofluorescence

The optical transmission of Parylene HT and Parylene C substrates were determined using
a Cary 17 type, double beam UV-VIS-NIR absorption spectrophotometer (Varian). A
xenon flash lamp was used as a light source. The beam that reflected from a
monochromator alternately reached the sample and the reference. The beams (contact
area: 8§ mm diameter) from the sample and reference alternately registered on the
photomultiplier detectors, measuring the transmittance. The selected wavelength range

was 400-980 nm, considering the excitation wavelength of GCaMP in two-photon
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imaging (900-910 nm excitation). Transmittance values were acquired on the raw
substrates of equal thickness (16 um). Auto-fluorescence intensity measurements were
also conducted to test the Parylene HT/ITO materials attenuation at an emitted light
wavelength of 512 nm. Autofluorescence characteristics were determined with
Jobin—Yvon IBH FL-322 Fluorolog 3 spectrometer (Horiba Ltd, Japan) at room
temperature, equipped with 450 W xenon arc lamp, double-grating excitation (260-600
nm, with 10 nm step size), and emission (270-800 nm, with 2 nm step size)

monochromators.

3.6. Animals

All of the procedures were in accordance with the Hungarian Act of Animal Care and
Experimentation (2013, (II.14), section 40/2013) and approved by the Animal Care and
Use Committee of the Government Office (PE/EA/674-5/2019, PE/EA/776-5/2021,
PE/EA/00749-6/2024). Mice were sourced from the Medical Gene Technology Unit of
HUN-REN Institute of Experimental Medicine. Mice were housed in a temperature-
controlled environment (2441 °C) on a 12 h reverse light cycle (dark period between
08:00 and 20:00) and humidity between 40 and 70% and were kept in small groups (2—4
mice/homecage) in enriched environments with cardboard rolls, rotary discs, and extra
nesting material (sizzle pet). Mice had ad-libitum access to food and water.

For in vitro experiments, transgenic mice expressing GCaMP6f under the thyl promoter
(FVB.129p2 - Pde6b + Tyr c-ch : Tg (Thyl - Gecamp6f) | EMGTU) were used (Parylene
HT / ITO: either sex, 12-15 weeks old; Thiol-ene / acrylate: 3 male mice. For in vivo
experiments with Parylene HT / ITO devices, 8-12 weeks old wild type FVB/Ant mice of
either sex were used.

For cortical in vivo experiments with Thiol-ene / acrylate devices, 6 adult, wild type
C57BL6/J male mice were used. 3 mice were used for electrical characterization and
immunohistology and 3 for chronic two-photon imaging. For hippocampal in vivo
experiments with Thiol-ene/acrylate devices, 4 male and 3 female FVB/Ant mice
expressing GCaMP6funder the thy1 promoter (FVB.129p2 - Pde6b + Tyr c-ch : Tg (Thy 1
- Geamp6f) | EMGTU) were used were used.
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3.7. Acute brain slices

Mice were deeply anesthetized with isoflurane and decapitated. The brain was quickly
excised and put into an intermediate ice-cold solution containing (in mM): 2.8 KCI, 1
MgCl, 2 MgS0s4, 1.25 NaH2POs, 1 CaCla, 10 D-glucose, 26 NaHCO3 and 206 sucrose.
350 pm thick horizontal slices of the hippocampus were prepared with a vibratome (Leica
VTI1000S) and stored at room temperature in artificial cerebrospinal fluid (aCSF)
containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 1.25 NaH;PO,, 26 NaHCO3
and 10 glucose and perfused with carbogen gas. Slices were then transferred to a
recording chamber with continuous aCSF flow and carbogen gas perfusion for two-

photon imaging.
3.8. Anesthesia

During cortical microinjection of AAV vectors and device implantation surgery, mice
were anesthetized with fentanyl (0.05 mg/kg), medetomidine (0.5 mg/kg), midazolam (5
mg/kg) i.p. and ropivacaine (5 mg/kg, subcutaneously) was used for local analgesia. After
surgery, revertor (2.5 mg/kg), flumazenil (0.5 mg/kg) and nexodal (1.2 mg/kg) were
administered i.p. to wake the mice, as well as melosolute (0.2 mg/kg) for analgesia and
Ringer’s solution for hydration. Mice were let to rest for 3 - 5 days after procedures

involving anesthesia
3.9. AAV injection

Following anesthesia, eye ointment (Opticorn A) was applied, and the surgical area was
disinfected with Betadine. The skin on the head was opened, and two 0.3 mm diameter
holes were drilled in the skull over the left hemisphere. The vector solution (0.3 pl /
injection) was injected into the cortex at 30 nl / min using a glass pipette with a beveled
tip. After injection, the pipette was left in place for 3-5 minutes to prevent backflow. The
skin was then closed with sutures and anesthesia antidotes were administered.

For Parylene HT / ITO devices, injection coordinates were (AP, ML, DV inmm): 1) —3.2,
—2.3, —0.35. 2) 3.1, —1.4, —0.35. For in vivo two-photon imaging, GCaMP6f was
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expressed under the Syn promoter (titer: 1.50 x 10712), which was prepared in-house
from plasmids. The plasmid pAAV.Syn.GCaMP6f.WPRE.SV40 was a gift from The
Genetically Encoded Neuronal Indicator and Effector Project (GENIE) & Douglas Kim
(Addgene plasmid #100837; http://n2t.net/addgene: 100837; RRID: Addgene 100837).
For Thiol-ene/acrylate devices, the vector AAV1 - mDIx - GCaMP6f was injected at
coordinates (AP, ML, DV in mm): 1) —1.6, —2.0, —0.35. 2) —2.4, =2.0, —0.35.

3.10. Surgery

Following anesthesia, eye ointment (Opticorn A) was applied, and the surgical area was
disinfected with Betadine. Skin on the top of the skull was removed and the underlying
bone was cleaned with 3% H20,. The boundary of a rectangular craniotomy enclosing
the viral injections was marked and drilled with a 0.3 mm burr bit (1AU, Busch & CO).
On the edge where the device would exit the craniotomy, a bone ramp was formed for
smoother placement. Once the bone flap was removed, sterile tampons (Gelita, BBraun)
soaked in Ringer’s solution were used for constant hydration. The device was placed on
the brain surface and covered with two custom-sized 0.15 mm thick rectangular glass
coverslips. The inner one fit into, while the outer one overlapped with the edge of the
craniotomy. The glass coverslips were glued to the bone with a mix of dental cement
(ESPE RelyX, 3M) and cyanoacrylate glue, holding the device on the brain surface and
sealing the craniotomy. After curing, the connector was fixed to the skull in a separate
step, and exposed parts of the substrate were also covered with glue. An epidural
reference electrode was implanted over the left side of the cerebellum. Finally, a steel
headbar was fixed to the skull anterior to the craniotomy with dental adhesive (Super-
Bond C&B). Specific to Parylene HT / ITO devices, the craniotomy was =3-by-4 mm, fit
to the corner defined by the midline and the lambda sutures. After the craniotomy, a thin
steel plate was bonded to the skull over the right hemisphere to provide stability for the
electrical connector, which was then bonded to the plate with dental cement and
cyanoacrylate glue (Figure 6, Figure 1 D). Specific to Thiol-ene/acrylate / SIROF
devices, the craniotomy was = 2.5 by 3.2 - 3.8 mm, with the sagittal suture and one of the

short edges enclosing an angle of =27° and the two vertices of this short edge positioned
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against the sagittal and lambdoid sutures. The two glass coverslips were joined by optical
adhesive (NOA71, Norland) in advance (Figure 7 A, B).

In case of hippocampal implantation of Thiol-ene / acrylate devices, Dexamethasone
(Baxter Healthcare Corp., 0.2 mg/kg) and Baytril (Bayer, 200 ul/10 g bodyweight) were
administered subcutaneously to reduce brain edema and local tissue inflammation. A 3
mm circular craniotomy was made above the hippocampus using a dental drill, with a
small extension towards the lambda suture, where the device would exit the craniotomy.
The cortex overlying the hippocampus was carefully removed by aspiration (Aspiret,
National Industrial Corporation) and the vessels were sealed with a bipolar coagulator
(Diatrom 80, Fazzini). The device was then gently placed onto the hippocampal surface
and held in place with a deep brain adapter (Judédk 2022). Cylinders were hand selected
to best fit the particular animal. On one end of the cylinders, a 4 mm diameter round
coverslip (Glaswarenfabrik Karl Hecht GmbH & Co KG) was glued eccentrically with
UV curable adhesive (NOA71, Norland). This eccentric positioning left space for guiding
the flexible part of the electrode on the side of the craniotomy out to the skull surface.
The Omnetics connector of the device was then positioned to the contralateral side of the
head. A reference electrode and headbar was also installed as mentioned above. The
Omnetics connector was then fixed to the skull tilted at an angle of ~ 45° to leave the

required space for the two-photon imaging objective. (Figure 7 C, D).
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Figure 6. Parylene HT device and implantation. (A) Schematics of the surgical
arrangement (not to scale). (B) Arrangement of the implanted Parylene HT / ITO device.
Scale bar is 5 mm. (C) Close view of the cranial window with the implanted device above

the dura mater relative to vascularization. Scale bar is 500 um.
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Figure 7. (A) Surgical arrangement of the cortically implanted Thiol-ene/acrylate / SIROF
device on the top of the cortical surface. Scale bar is 5 mm (B) Position of SIROF
recording sites compared to cortical vascularization. Scale bar is 1 mm. (C) Surgical
arrangement of the hippocampally implanted device. Scale bar is 4 mm. (D) Schematic
figure of the implantation. The device is placed on the hippocampal surface. 1: recording

sites of the implanted device, 2: silicone cylinder (deep brain adapter).
3.11. Immunohistology

Mice were deeply anesthetized with isoflurane (Isoflurane, 0.5-1%, Forane, Abbott) and
transcardially perfused with 4% (w/v) PFA for 20 minutes. After perfusion, the implanted
device was detached, the brain was removed and postfixed in 4% PFA until sectioning.
Brain blocks were cut into coronal sections (40 pm, cryo) on a sliding microtome (Leica
SM2010 R) and stored in 24-well plates in 1% PBS with 0.3% Sodium Azide. Sections
were immersed in 30% sucrose solution (in PBS) at 4 °C at least overnight or until the
tissue was completely saturated. Free-floating sections were washed 3 times for 10 min
with 1X PBS, then blocked for an hour at room temperature in a blocking buffer (5%

Bovine Serum Albumin and Goat Serum (Thermo Scientific) containing 0.5% Triton-X
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(Sigma) for membrane permeabilization). After blocking and following 3 subsequent 10-
min washing steps, first with 0.3% Triton-X then with 1% PBS, GFAP primary antibody
(1:2500, chicken anti-GFAP, #PA1-10004, Invitrogen) was applied directly. Slices were
kept at 4°C overnight before additional 3 subsequent 10 min washing steps and the
application of the species-specific secondary antibody (1:200, goat anti-chicken Alexa
Fluor 647, #A-21449, Invitrogen). In addition to the secondary antibody, green
fluorescent Nissl stain (1:400, NeuroTrace, #N21480, Invitrogen) was applied to the
tissue sections for 2 h at room temperature. Unbound secondary antibodies were then
washed off with 1X PBS (3x10 min). Sections were mounted using Fluoromount-G
mounting medium containing DAPI (#00—4,959-52, Invitrogen) to co-label total cell
nuclei. The slides were stored at 4°C in darkness until immunofluorescent imaging was
performed. Fluorescent images were acquired using a Slide Scanner (Pannoramic MIDI
11, 3DHISTECH) equipped with a 20X objective under blue (DAPI filter), green (FITC
filter) and far red (Cy5 filter) illumination. The digital images were processed in
CaseViewer (3DHISTECH) and were exported at 300 dpi in TIFF file format.
Histological slices that were determined to originate from the implantation area by
comparison of surgical coordinates and the slices’ position from bregma according to The

Mouse Brain atlas were included in the analysis (Franklin 2013).

3.12. Immunohistological analysis

3.12.1. Cortical Parylene HT / ITO implantations

Animals were arranged into three groups for analysis according to the duration of
implantation (M1, M2-4, M5) and 16-18 contiguous slices were quantified from each
animal (Table 1). Rectangular regions of interest (ROI) were then manually drawn on
cortical areas that were under the implanted device and mirrored contralateral areas.
Superficial (layers I-IV) and deep (layers V-VI) layers were distinguished with separate
ROIs for separate analysis of upper and lower layers. Raw fluorescence intensity values
of every pixel in a ROI were averaged and then normalized to the ROI area (mean
intensity / mm?) using MATLAB (Mathworks). Neuronal density was calculated on

images of NeuroTrace stained slices. Cells were counted using the ITCN plugin of ImageJ
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(NIH). Cells in superficial and deep ROIs were summed and normalized to the summed
area of both ROIs (cells / um?) for comparison between implanted and control sides.
Cortical thickness was measured in CaseViewer (3DHISTECH). Lines matching the
inclination of the brain surface at the position of the ROIs were drawn on the slices, and
cortical thickness was measured perpendicular to these lines with the distance
measurement tool of CaseViewer. Statistical evaluation was performed in Prism 6.0
(GraphPad). Data groups selected for comparison were tested to be normally distributed
with the D’Agostino & Pearson test, Anderson-Darling test, Shapiro—Wilk test and
Kolmogorov—Smirnov test. If any of these four tests reported the groups to be normally
distributed, a paired t-test was used, otherwise, a Wilcoxon matched-pairs signed rank
test was used. Every test was two-tailed with Type I error rate of 0.05. Data is presented
as mean * standard deviation, whiskers of box plots show minimum and maximum values
within Q1-1.5 x IQR and Q3 + 1.5 x IQR, respectively, data points outside of this range

are considered to be outliers.
3.12.2. Cortical Thiol-ene / acrylate implantations

In vitro immunohistochemical labeling was carried out post mortem, 80 days after
implantation on average, in three mice. Bilateral cortical areas were annotated in a manner
that the marked regions were both rectangular, 500 x 500 um and placed at the same
distance from the midline at the border of layers IV and V, so that they would be the exact
reflections of each other. As reference for cortical layer distinction [Matelli 1991], nuclei
of giant pyramidal cells were stained among every cell nucleus with DAPIL. Sample
regions of the cortex were annotated on sections covered with the implanted device both
on the implantation side and the intact contralateral hemisphere, which served as primary
control. Image analysis was carried out with custom code in MATLAB (Mathworks).
Analysis was performed for each labeling separately. Average background intensity was
calculated from a separate annotation of an imaged area with no tissue, then subtracted
from the values of sample annotations. Non-negative pixel values of ROIs were then
averaged. Average intensities of electrode-side and contralateral side samples of sections
were then compared with Student’s paired t-test. As manual cortical thickness

measurements can lead to inaccuracy, a custom, MATLAB based method was used. Equal
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sized annotations that were placed on the border of layers IV and V extended beyond
layer I and therefore included background. The ratio of tissue and background pixels were
used to compare cortical thickness between hemispheres, based on the rationale that
annotations on samples with larger cortical thickness would include less background. The
95th percentile of the pixel distribution of background annotations was used as the

threshold value in sample annotations.
3.12.3. Hippocampal Thiol-ene / acrylate implantations

IImmunohistochemical analysis consisted of five mice implanted with the soft
transparent microECoG device combined with a silicone cylinder approximately six
months after implantation and one mouse implanted only with a transcortical silicone
cylinder without the device, which served as secondary control during the analysis. One
mouse was excluded from immunohistochemical analysis, which died before the
measurements were completed. 12 Regions of Interest (ROI) were chosen from each
animal from both the implanted and non-implanted hemisphere. As the main focus of the
histological analysis was to shed light to the cellular changes caused by the implantation
of the device, ROIs (rectangular, 400 um x 300 pm) were placed just below the surgical
area arranged so that the CA1 pyramidal region of the hippocampus could be located in
the middle of the ROI. Overall number of cells, number of cells in the CA1 pyramidal
region of the hippocampus and the number of astrocytes were calculated using the
QuantCenter plugin of 3DHISTECH’s SlideViewer program. Significance calculations
were performed using Student’s t-tests (two-tailed, paired), comparing to the control
hemisphere, and a two-tailed two-sample heteroscedastic Student’s t-test was used for
comparison with the control animal implanted without an electrode. Test results were

considered significant for p-values less than 0.05.
3.14. Electrophysiology
Electrode impedance and electrophysiological data were recorded at 2 kHz (cortical

recordings) or 20 kHz (hippocampal recordings) using a 32-channel recording headstage

(RHD 2132) and the open source RHD2000 Evaluation system (INTAN Technologies)
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in vivo. Generally, impedance was measured between 1 and 5000 Hz weekly or at 1 kHz
before data recordings with the built-in feature of the recording system. The number of
working channels was determined based on the regular impedance measurements, in
order to filter out failed electrode sites. Acceptance criteria was chosen as <500 kQ at 1
kHz frequency for cortical and <I MQ for hippocampal measurements. Above these
values, electrode sites were considered nonfunctional. Impedance measurements for the
electrochemical characterisation of the implanted devices were taken in a closed, sound
insulated box, with no lighting.

For detection of sharp wave-ripples, cut-off frequencies were set to 150 Hz and 250 Hz
and used the difference between the two Gaussian filters. Only channels with the highest
ripple band LFP power and events exceeding 25 ms and 4 SD over the baseline were
analyzed in a  MATLAB-based  program  (Data  Analysis Suite,
https://github.com/BenceSzmola/DataAnalysisSuite). Signals were discarded when they
were also present on the reference channels. The automatic detections were manually
curated to exclude artifacts.

For the spike detection, the MATLAB based Kilosort3 spike sorting algorithm was used
(UCL Cortical Processing laboratory), followed by manual curation of the data using the
Python based Phy software (UCL Cortical Processing laboratory). The spike clusters were
then categorized into multi-unit activity (MUA) and single-unit activity (SUA) based on
waveform characteristics, amplitude distribution, and auto-correlogram analysis. The
quality metrics used for evaluation of the spike sorting performance were calculated with
the Python based Spikeinterface (Buccino 2020). To calculate the auto-correlograms and
assess the signal-to-noise ratio, we utilized Spikeinterface along with custom Python and
MATLAB scripts. The signal was determined as the maximum amplitude of the spike
waveforms, while the noise was defined as the standard deviation of the noise present on
the same channel. The MATLAB based Spikes software (UCL Cortical Processing
laboratory) and custom MATLAB scripts were employed to visualize waveforms and
compute parameters such as firing rate, amplitude distribution, number of spikes, and real
amplitudes. In order to distinguish between the various cell types, putative pyramidal
cells, narrow-waveform interneurons, and wide-waveform interneurons were classified
based on two criteria: the trough-to-peak time of the waveform and the burstiness index

(BI) which was calculated based on the autocorrelograms of the recorded single units.
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The threshold for determining burstiness was set according to the literature [Senzai 2017].
Code for KiloSort, Phy and Spikes can be accessed here: https://github.com/orgs/cortex-

lab/repositories.

3.15. Two-photon imaging

Measurements were recorded and analyzed with MES software (Femtonics) running on
MATLAB 2020b (Mathworks).

In vitro two-photon imaging of Parylene HT / ITO devices was performed on a Femto2D
microscope (Femtonics). Laser pulses were generated by a Mai Tai HP laser
(SpectraPhysics) at 900 nm and delivered through a 20x/1.0NA objective
(XLUMPLFLN-W 20x/1.0 NA, Olympus). Signals were detected by a PMT (H7422P-
40-MOD, Hamamatsu) separated by a dichroic mirror (700dcxru, Chroma Technology).
In vivo two-photon imaging through cortically implanted devices was performed on a
Femto2D - DualScanhead microscope (Femtonics). Laser pulses were generated by a
Chameleon Ultra II laser (Coherent) at 910 nm and delivered through a 16x/0.8NA Nikon
objective (CFI75 LWD, Nikon). Signals were detected by a PMT (H10770B-40,
Hamamatsu) separated by a dichroic mirror (700dcxru, Chroma Technology).

During measurements, awake mice were head-fixed on a circular treadmill but were
otherwise freely moving. The movement of the treadmill (running) was also recorded.
Cells expressing GCaMP6f located under the microECoG device were imaged with
resonant scanning at 31 Hz.

Hippocampal two-photon calcium imaging was performed with an acousto-optical
microscope (FEMTO3D Atlas Plug & Play, Femtonics) equipped with an Alcor 920-4
laser (Spark Lasers), an H10770B-40 PMT (Hamamatsu) and a CFI75LWD 16 x
objective (Nikon). Fluorescence emission was detected in the 490—550 nm range using a
ET520/60m-2p dichroic mirror (Chroma). Calcium activity was recorded from the
hippocampus under the implanted device with chessboard scanning [Szalay 2016]. ROIs
were placed in regions between electrode traces and sites and recorded with chessboard
scanning (63—111 Hz). Active cells were manually labeled as ROIs. Traces were filtered
with a gauss kernel of 4 and AF was calculated as AF = F; — Fo/Fo with Fo being the gauss

average of the 500 neighbouring frames for each frame. Mice were habituated to the
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recording environment and to head fixation before the measurements. Training and

experiments were conducted during the dark cycle of animals.
3.16. Microbead measurements

Fluorescent microbeads of 0.175 um diameter (P7220, ThermoFisher) and 6.0 um
(F14808, ThermoFisher) were sealed between two glass coverslips and two-photon
images then were recorded with and without Parylene HT / ITO devices placed on the
microbeads. The Point Spread Function (PSF) was calculated as the FWHM (full width
at half maximum) of the gaussian fit of the microbead intensity profile, corrected for the
nominal (0.175 pm or 6.0 um) microbead size and normalized to the average PSF size of
beads measured without devices placed on them. Images were analyzed with MES
(Femtonics) in MATLAB (Mathworks). Paired sample t-test was used to compare bead
sizes (n=10).

In case of Thiol-ene / acrylate devices, only 6 um diameter beads were measured. The
same microbeads were imaged with and without the device on top. A custom bead
detection and size calculation algorithm based on the Circle Hough Transform [Atherton
1999] was used. The uncertainty of the bead edge was overcome with thresholding
(MATLAB function im2bw with level value 0.005). The diameters of the beads were

compared with Student’s paired t-test with 0.05 o value with OriginPro.
3.17. Photodegradation and photoelectric artefacts

Laser power was increased step by step (range: 7.7 — 132.4 mW) while recording with
the electrode, to characterize photoelectric artefacts of scanning and to determine the
maximum laser power to use with the electrode. Parylene HT/ITO devices were immersed
into Ringer’s solution and imaged with both galvanic and resonant scanning while
recording with the electrodes. The exact recording sites were identified according to the
layout of the device. The field of view was chosen to contain only one recording site,
which was selected as a ROI in measurements of 5 seconds long temporal image stacks

(155 frames).
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At each laser power tested, the pixel intensity values inside the ROI were averaged for
every frame, and these averages were normalized to the maximum averaged value at the
lowest laser power tested with that scanning mode. Then, the quotient of the sum of these
averages and the number of frames was calculated, where values closer to 1 would reflect
higher similarity to the state of the recording site at the lowest tested laser power. These
quotients were then visualized as a percentage of the previous quotient value, while the
first one (of the lowest tested laser power) was not fractioned. The safe-to-use light
intensity limit was determined by evident damage to the contact site on the recordings as
the settings of the last image not to cause visible photodegradation. The standard
deviation of the frame averages was also calculated, and evident damage were reflected
by the average SD increasing above 1.

In galvanic mode, we varied laser power between 9.6 mW and 34 mW and Z-level
between 0 um and —30 pum relative to the device surface. For galvanic scanning, all
images were 500 x 500 pixels in size (pixel size is 0.95 um), acquired at 2.11 Hz frame
rate (10 frames) at every focal plane and laser power used. In resonant mode, we used a
laser power between 7.7 mW and 132.4 mW and Z-level between 0 um and —30 um. For
resonant scanning, all images were 512 x 512 pixels, 0.88 um pixel size, acquired at 30.98
Hz frame rate (155 frames) at every focal plane and laser power used. Photoelectric
artefacts were evaluated in the frequency domain of the electrical signals recorded during
the measurements of photodegradation. To quantify the contribution of the light induced
artifact, the power density of noise is calculated, which represents the power distribution

of noise in the frequency domain.

3.18. Neurite measurements

Two-photon images of the CA1 region of the hippocampus were recorded with and
without the device on the acute slices. Sample images were chosen to measure the average
diameter of neurites in a field of view. Images were analyzed with a custom MATLAB
script employing gauss filtering, angle and gradient calculation, morphological operations
and minor axis length measurement (MATLAB function regionprops).

In case of Thiol-ene/acrylate devices, images were cut to four overlapping tiles and the

fluorescence values were normalized to be between 0 and 1, in order to achieve more
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accurate detection. These tiles were segmented differently based on their average
intensity. If the mean intensity of the tile was larger than 0.1, adaptive thresholding was
used with a sensitivity value of 0.1. Otherwise, a global threshold was used, based on
Otsu’s method [Huang 2009]. The tiles were structured with morphological operations
(MATLAB functions bwareafilt, strel, imopen, imclose) for neurite detection. After this,
a watershed algorithm was used to separate the detected objects. Neurites were detected
automatically by determining the circularity of detected objects, which was determined
by using the circularity field of the regionprops function. A detected object was
determined as neurite if this metric was lower than the threshold level (0.1). After the
detection, the detected objects from the tiles were mapped to their original coordinate on
the image, and duplicates were filtered out. The statistical comparison was performed on
the neurite diameter (minor axis length) with Student’s two-sample t-test with 0.05 a

value with OriginPro.
3.19. Calculation of relative intensity

Time-series image stacks were averaged across time, and cell bodies on the averaged
images were automatically detected, with the same algorithm used for the detection of
neurites in case of Thiol-ene/acrylate devices. A detected object was determined as a cell
body if the circularity was larger than the threshold (0.4). Detected cells were used as
regions-of-interest to extract cellular calcium activity. Raw fluorescence of ROIs was
Gauss filtered (o = 5) and converted to relative fluorescence change as AF = F; — Fo/Fo,
where Fo is the mean of the lowest 12.5% data points of an individual trace, and Fi are

the individual intensity values over time.
3.20. Calculation of SNR

The calculation of signal to noise ratio from electrophysiological data was performed with
a custom MATLAB program. The treadmill movement was used to identify resting
periods in the measurements. A 30 s long segment when mice remained immobile was
selected from every measurement. The SNR was calculated based on the work of Lecomte

et al. [Lecomte 2017] as SNR = A / 2 * SDnoise, where A is the peak-to-peak value of
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the filtered data. The noise was derived from the difference between the raw data and the
filtered data, and its standard deviation was calculated to determine the SNR. Raw data
was filtered with either a 1 Hz high pass filter (fourth order Chebyshev filter with 30 dB
attenuation) and a 140 Hz low pass filter (fourth order Chebyshev filter with 30 dB
attenuation), or a 200 Hz low pass filter (5th order Butterworth) and a 1 Hz highpass filter
(3rd order Butterworth). The noise was derived from the difference of the raw data and

the filtered data, and its standard deviation was calculated to determine the SNR.
3.21. Custom code availability

The custom analysis codes that are described at different levels of detail in the thesis are

made available in a common repository at github.com/mm90210/thesis.
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4. Results

4.1. Characterization of the Parylene HT/ITO device

4.1.1. Electrochemical stability

In an approach where the device is chronically implanted on the brain surface, long term
electrochemical stability is necessary to maintain electrophysiological signal quality and
structural cohesion of the substrate layers. These in turn extend the lifetime of the implant
and increase the amount of obtainable data. We tested the long term electrochemical
stability of Parylene HT / ITO devices with the accelerated aging test, where devices were
constantly soaked in 0.01 M PBS at 67 °C for 4 days, which simulates 24 days of soaking
at 37 °C. As a way to recognize recording sites as functional or non-functional, we set up
the criteria that recording sites with the impedance below 500 kQ at the conventionally
relevant 1 kHz frequency were considered as functional. Microscopic inspection of non-
functional recording sites showed that failures were mainly caused by the delamination
of connection points at the contact pads of PreciDip connectors. Impedance of functional
channels decreased slightly from 369 + 42 kQ to 345 + 130 kQ at 1 kHz on average during
the test. Results of the test are shown on Bode plots of impedance magnitude and phase
angle against frequency (Figure 8 A-B, E-F). Curve fitting and equivalent circuit analysis
were then applied to the measured data employing a common method based on the
Randles circuit model (Figure 4, Figure 8 C). The variations in the components of the
modeled equivalent circuit during aging experiments are summarized on (Figure 8 D).
Resistance of the bulk electrolyte is represented as spreading resistance (RS). The fitted
RS, representing the bulk electrolyte, which is independent from the active surface area
of recording sites, remained in the same range (RS = 0.3 MQ) during the aging test. The
charge transfer resistance (RCT) did not change significantly, while CCPE (a) changed
slightly from a capacitive to a resistive state (¢ = 1 for ideal capacitor; a = 0 for ideal
resistor). Decrease in o suggests a possible penetration of moisture over time, resulting in
a larger contact area on the electrode—electrolyte interface. Since the diffusion path length

of ions was short, the constant of Warburg impedance (WD) did not vary with time.
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Figure 8. (A) Impedance magnitude (Z) and phase angle of 22 recording sites on the first
day of the accelerated aging test. Black lines: impedance magnitude, blue lines: phase
angle. Bold lines: averages, pale lines: single channels. (B) Representative Bode plot of
a channel on the first 4 d of the accelerated aging test (1, 8, 16 and 24 simulated days).
The color code is the same as for (A). (C). Representative Bode plot and the relevant
fitted curves of a channel on the 1st and 24th simulated day. Filled symbols: impedance
magnitude. Semi-filled symbols: phase angle. Squares: simulated day 1. Circles:
simulated day 24. Continuous black lines: fitted impedance magnitude. Continuous blue
lines: fitted phase angle. (D) Fitted equivalent circuit parameters during the accelerated
aging test. Average of 22 channels. Frequency is color coded (10 kHz - black, 1 kHz - red
circle, 100 Hz - blue, 10 Hz - orange, 1 Hz - green). (E) Average impedance and (F)
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average phase angle of 22 sites during the accelerated aging test. Data is presented as

mean + standard deviation.
4.1.2. Mechanical stability

The device is exposed to mechanical stress during implantation, as it must be secured to
the skull in a way that prevents the animal from damaging it and simultaneously allow
freedom of movement between measurements. Attaching and removing connectors
before and after measurements also puts repeated strain on the device. Therefore,
characterization of mechanical stability is key in ensuring reliability. We characterized
stability by bending dummy devices cyclically (Figure 5) and measuring and comparing
wire resistance at specific angles. Changes in resistance between various angles were
below 0.5 % for every compared angle, even after 100 cycles (Figure 9 A-B), suggesting
that the Parylene HT/ITO device is sufficiently stable to tolerate mechanical stress during

chronic experiments.
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Figure 9. (A) Change in resistance (AR) of devices at various bending angles. (B)
Resistance (Q2) of individual devices according to cycle number for angles 0° and 180°.

Pale colors: 0°, bold colors: 180° (n =4 devices).

4.1.3. Transmittance and autofluorescence

When combining surface microECoG devices with two - photon imaging, substrate
materials with highly compatible optical properties are desired. Suboptimal compatibility
may decrease the functionality of two - photon imaging and therefore make the device

less useful in practice. From this aspect, the optimal substrate material is not refractive,
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and has high transmittance and low autofluorescence in the wavelength range of both
two-photon excitation and emission. We evaluated the Parylene HT substrate with
autofluorescence (excitation 260—600 nm, emission 270-800 nm) and visible—near—
infrared (380-980 nm) spectroscopy, together with Parylene C as a reference material, as
it is frequently used in microelectrode devices. According to our measurements, Parylene
HT showed lower autofluorescence intensity over the selected spectrum compared to
Parylene C (Figure 10 A) and higher transmittance (~ 2% higher at 900 nm (Figure 10
B). Based on the fluorescence and transmittance spectra, Parylene HT is suitable and more

preferable than Parylene C for two-photon imaging application.

4.1.4. Microbead measurements

In conjunction with the transmittance and autofluorescence tests, we speculated that
imaging through the Parylene HT/ITO device may affect spatial resolution (Liu 2012).
Therefore, I imaged fluorescent microbeads with a nominal diameter of 0.175 pm and 6.0
pum through the Parylene HT/ITO device and compared their size. I found that the smaller
microbeads, that are below the spatial resolution, were larger in size when the ECoG
device covered the bead preparation (without ECoG: 0.79 £ 0.02 um, with ECoG: 0.95 +
0.03 pm, p <0.001, n = 12, Mann—Whitney U-test). This size difference was absent on
larger structures, as the size of 6.0 pm microbeads were equal (without ECoG: 6.11 +
0.05 pm, with ECoG: 6.06 £+ 0.05 um, p > 0.05, n = 10, Mann—Whitney U-test) (Figure
10 C) and the impact of imaging neurons through the implanted microECoG device was

not observable in vivo (Figures 12 E, F, Figure 15 C, F).

4.1.5. Neurite size measurements

As an additional test to verify the combined use of the Parylene HT / ITO device and two-
photon imaging before in vivo experiments, we compared image quality with and without
the microECoG device on in vitro hippocampal slices of GCaMP6f expressing mice by
measuring the size of neurites on the images. Cells in the CA1 subregion were clearly
visible together with fine dendritic structures in stratum radiatum when slices were

covered with the ECoG device (Figure 10 E, F). Our custom image processing algorithm
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recognized 221 neurites on the images taken through the ECoG device and 142 neurites
on the images taken without the ECoG device. The mean width of the neurites under the
device was 2.17 £ 0.17 um, while without the device, the mean size of the neurites was
1.73 £0.11 um (Figure 10 D), measured 30-70 pm from the cell soma. It should be noted
that the refractive index of Parylene HT (1.55) is higher than that of the surrounding
medium, which may introduce a slight optical distortion to the measured dimensions in
the presence of the microECoG device. Nevertheless, the fluorescent signals of the
neuronal structures could be detected clearly through the transparent ECoG device

(Figure 10 E, F. Figure 11).
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Figure 10. (A) Autofluorescence emission spectra of Parylene C (purple) and Parylene
HT (green) at 510 nm excitation wavelength in counts per second (cps). (B)
Transmittance spectra of Parylene C (purple) and Parylene HT (green) between 400 nm
and 980 nm. Orange line denotes the wavelength of two-photon imaging. (C) Boxplots of
normalized microbead size. Left: 0.175 pm microbeads. Normalized size without ECoG:
1.00 £ 0.03, with ECoG: 1.20 £ 0.04. Right: 6.0 um diameter microbeads. Normalized
size without ECoG: 1.00 £ 0.01, with ECoG: 1.00 + 0.01. (D) Measured neurite width 30
- 70 um from the cell soma. Boxplots indicate 25th and 75th percentiles and the mean.
Whiskers extend to the most extreme data points not considered outliers. Outliers are
denoted with the ‘+” symbol (Origin built in boxplot function). (E-F) Sample images of
CA1 neurons in hippocampal slices without (E) and with the transparent ECoG device
(F), using 72 mW and 22.3 mW respectively. Red and yellow arrows show cell soma and

dendrites, respectively.
4.1.6. Evaluation of photodegradation

High intensity laser scanning is known to have possible adverse effects on the sample due
to heating. While this is taken into consideration for living tissue, it may also have
considerable effect on implanted microECoG devices. Since long-term usability is highly
valued in studies using either two-photon imaging or surface microECoG devices, it is
also certainly desired when the two are combined. However, devices may be fragile and
vulnerable to damage caused by high laser intensity scanning, since optical considerations
exclude the use of robust devices. Damage to implanted ECoG devices may limit their
long-term use due to deterioration of optical and electrophysiological performance. To
address this issue, I investigated the vulnerability of the device to two-photon scanning
by exposing it to high laser power in Ringer’s solution. Two scenarios were taken into
account. In case 1) I imaged the device’s surface directly, as this simulates an
experimenter locating areas of interest. In this test, I varied laser power to determine any
limit above which potential adverse effects might appear (Figure 13 B). In case 2) I
imaged closely below the device plane, which simulates measurements inside the brain
(Figure 11). By testing this, I aimed to explore whether there is a minimum necessary

distance between the imaging plane and the device’s plane that is advised to be kept, in
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order not to damage the device. In this case, I also assumed that it is more possible to
damage the device when scanning closer to it. In the first case, I imaged the array’s surface
while gradually increasing laser intensity until I registered visible damage to the device;
while in the second case, I used laser power that was sure to damage the device when
imaging on its surface, and decreased the distance from the device’s surface gradually
between images. I also compared two different scanning modes, galvanic and resonant
scanning, for both cases. Using these approaches, I determined the laser power sufficient
to damage the device under these conditions and advised limits to be used during imaging
the device’s surface accordingly (Figure 12, Figure 13 A). I found that two-photon
scanning of the device’s surface (case 1) can cause damage to the device near recording
sites (Figure 13 B), with an approximately 2.5-fold difference between galvanic and
resonant scanning in safe-to-use laser intensity limits (galvanic: 13 mW at Z = 0 um,
range tested: 7-19 mW; resonant: 33 mW at Z =0 pm, range tested: 7-105 mW). Focusing
below the device (case 2) increased the limits of tolerance, while the difference between
scanning modes increased (galvanic: 34 mW at Z = —30 um; resonant: 132 mW at Z =
—20 um). Exposing the device to laser intensities above these limits induced a change in
the autofluorescence and transparency of the device (Figure 13 A, B), particularly around
recording sites. The observed inhomogenous autofluorescence resulted in the appearance
of a previously unobserved shadow under the recording site, in deeper layers of the cortex
(Figure 13 C, D), hindering two-photon imaging directly under the damaged area. This
effect may be caused by the local delamination of Parylene HT due to heat stress around
the more vulnerable recording sites. However, as focusing below the device’s surface
even by 20 um allowed for high-laser power measurements (132 mW at Z = —20 um with
resonant scanning), damage is easily avoidable when keeping to the advised laser power

limits without hindering imaging or usability.
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Figure 11. Z-dimensional image stack of an in vitro measurement. Images of the stack are
10 um apart in depth (left to right, upper row: =100 pm to —60 pm, bottom row: —50 um

to —10 um), and were imaged with the same light intensity. Scalebar is 50 um.
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Figure 12. Safe-to-use laser power limits of different scanning modes in the two tested

conditions.
4.1.7. Evaluation of photoelectric artefacts

Besides damaging the ECoG device at higher laser intensities, scanning can also induce
artificial signals on the electrodes, photoelectric artefacts, which contaminate the
recordings. A photoelectric artefact is an electric noise detected on the recording sites of
the ECoG when the laser beam passes through the conductive layers. In the
electrophysiology data, this noise is superimposed on real signals, which makes further
analysis hard due to the decreased signal-to-noise ratio. Generating these artefacts may
be avoided by avoiding scanning the electrodes, however this also limits the imaging field
of view. Moreover, in a concurrent imaging and electrophysiology approach, such a
strategy is disadvantageous. Therefore, it is important to characterize the sensitivity of
the Parylene HT / ITO microECoG device to such artefacts.

Photoelectric artefacts were evaluated with two- photon microscopy using different
scanning modes (galvanic and resonant), depth of focal plane with respect to the device
plane (distance) and at various intensity of irradiation (laser power) in Ringer’s solution
with two device compositions, Parylene HT / ITO and Parylene C / Ti/Au. The
characteristic patterns of photoelectric artefacts are shown on (Figure 13 E). Parylene C
samples holding Ti/Au metallization were tested in galvanic scanning as a control

material to compare the light-induced intensity of artefact signals. The power density of
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artefact signals in the focal plane (Z = 0) of the devices was lower for ITO than for Ti/Au
at the tested light intensities (Figure 13 F). Galvanic scanning evoked larger amplitude
artefacts than resonant scanning (Figure 13 G) and power values below 12 mW in
resonant mode did not evoke substantial photoelectric artefacts (Figure 14). Focusing
below the device by Z = —5 pm in resonant (33 mW) and at Z = —10 um in galvanic (13
mW) scanning mode under an ITO recording site apparently suppressed the power density
of noise (Figure 13 H).

Based on our optical measurements focusing on the limitations of device operation, we
can conclude that two- photon laser scanning close to the device plane (within 10 pum)
requires special caution to avoid possible damages and light induced artefacts in the
recorded signals. If the focal plane of the imaging is out of this range, the device is not

particularly sensitive to the applied experimental parameters.
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Figure 13. Effect of laser power on material degradation of the electrode. (A)

Quantification of damage to the electrode by standard deviation of average fluorescence

of the contact site. The dashed blue line shows the safe-to-use limit (33 mW) with

resonant scanning at the device’s surface. Arrows refer to the images in (B) sequentially.
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(B) Resonant scan images (average of 155 frames) taken at the device’s surface (Z =0
um) with 33 mW (left), 51 mW (middle) and 78 mW (right) laser power, respectively.
Note the darkening of the recording site, indicating damage. Look-up tables are not
uniform, for demonstration purposes. (C) Two-photon image of L.2/3 cells (~ — 160 pum
from the surface) under an intact recording site, where only GCaMP6f expression and
blood vessels limit the areas suitable for imaging. Left, wide field of view image of
GCaMP6f labelled cells under an implanted ECoG device. Right, magnified area inside
the yellow box on the left image. The red dotted circle shows the position of a contact site
on the surface. (D) The same area as in (C), after the recording site on the surface was
damaged and became nontransparent. Note the shadow of the damaged recording site
masking previously visible cells. (E) Representative curves on the sensitivity of signal
recording to photoelectric artefacts at galvanic and resonant scanning modes measured
on the device plane (Z =0 um) and at Z = —10 um. (F) Comparison of the photoartefacts
of Parylene C / Ti/Au devices and Parylene HT / ITO electrodes at various light intensities
at the fundamental harmonic for galvanic scanning (2.11 Hz). (G) Maximum power
density of noise using various light intensities on a recording site (Z = 0 um) at the
fundamental harmonic frequency of resonant mode (30.98 Hz). (H) Maximum power
density of noise at different distances from the device plane. The laser was focused on the
site (Z = 0 um) and under the site at the shown depth. Laser intensities are 13 mW and 33

mW for galvanic and resonant mode, respectively.
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Figure 14. (A) Comparison of the light induced artefacts during galvanic scanning on
Parylene C/Ti/Au devices and Parylene HT/ITO devices. (B) Galvanic scanning with 13
mW laser power at different distances from the plane of the device. (C) Resonant scanning
spectrum using various laser powers at the plane of the device (Z =0 pm). (D) Resonant
scanning spectrum at different distances from the plane of the device. Scanning was

focused on or below the recording site with the same 33 mW laser power.
4.1.8. In vivo two-photon calcium imaging

After extensive bench-top and in vitro tests, I sought to prove the applicability of two-
photon imaging through the Parylene HT / ITO device and its usability in chronic in vivo
experiments by implanting the device into GCaMP6f injected mice and imaging the
spontaneous activity of V1 neurons in awake head-fixed mice. Apart from the
implantation of the ECoG device, this approach is well-known and widely used in two-
photon imaging studies to measure neuronal activity. The implantation of the microECoG
device into the craniotomy and covering with glass coverslips did not damage either the
contact sites or the wires, which allowed the detection of spontaneous

electrophysiological activity (Figure 15 A). The spatial distance between the channels
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increases from top to bottom, which is reflected in the growing difference in the raw traces
and heatmap profiles. As contact sites and their connections cover a considerable area of
the craniotomy, the high transparency of ITO is highly beneficial for two-photon imaging,
since the scattering of photons would reduce the signal-to-noise ratio. The activity of
neurons under recording sites was very similar to cells under the substrate (Figure 15 C,
E). Neurons with varying rates and amplitude of Ca®" activity were present at both
locations (Figure 15 D). In one animal, more than 25 active cells were observed under
recording sites during a single 3-minute long recording. Due to the different levels of
GCaMP6f expression that determine the baseline fluorescence, maximal AF/F values
were used to compare neuronal activity below recording sites and below Parylene HT
only. There was no significant difference between the average maximal event amplitude
(HT /ITO: 1.10 = 0.09; HT: 1.17 £ 0.13, n=25 cells) (Figure 15 E). Representative Ca**
activity of 53 individual cells are shown on (Figure 16). The clarity of neurons after 51
days remained as good as it was 17 days after implantation (Figure 15 F), suggesting that
optical access is primarily unaffected by the presence of the implanted ECoG device, and
more limited by reporter expression and quality of surgery. We also compared the rate of
activity and the decay time of events in neurons of microECoG device implanted and
unimplanted control mice, which did not reveal a significant difference (Figure 17). For
this comparison, imaging data was binned to 160 ms (~5 frames) bins and a bin was
determined as active if the elevation in fluorescence amplitude was at least 2 times larger
than the standard deviation for the baseline period. The decay parameter was calculated
by fitting the decay of Ca*" events with a single or double exponential function. The
number of active bins was 41.68 + 2.68 / minute with the microECoG device and 39.38
+ 2.22 / minute without the microECoG device (n=25 each, p=0.51, two-sample t-test,
mean = SEM), while the decay parameter was 0.42 + 0.03 AF/Fo /s and 0.46 + 0.04 AF/Fo
/s respectively (n=72 and 42 events, p=0.34, two-sample t-test, mean = SEM). To
summarize, we found that the fully transparent Parylene HT / ITO based microECoG
device does not interfere with the two-photon calcium imaging of neurons and provides

simultaneous multi-channel electrocorticography data of intracranial activity.
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Figure 15. In vivo Ca?* imaging. (A) Examples of ECoG recordings showing spontaneous
activity and heatmaps of their frequency - dependent signal power. (B) Camera image of
a recording site of the microECoG device. (C) Two-photon image of the same field of
view as in (B), 250 um below the surface (L2/3). GCaMP6f expressing neurons were
visible under the substrate and also the recording site. Cells on (D) are denoted by solid

circles. The dashed circle marks the position of the recording site in (B) on the surface.
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(D) 30 s long Ca*" activity of the numbered cells on (C), registered from below the
substrate or the recording site. (E) Statistical comparison of peak amplitude (in AF/Fo)
produced by neurons below the recording site or the surrounding substrate (n = 25 cells,
Mann—Whitney U test: p > 0.5). (F) Images of the entire area of viral expression in the

V1 region 17 (left) and 51 (right) days after device implantation.
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Figure 16. 180s long raw fluorescence traces of 53 individual cells measured under the

microECoG device (same field of view as in Figure 15 C).
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Figure 17. (A) Comparison of rate of activity and (B) decay time with and without the
microECoG device. (A) The number of active bins was 41.68 + 2.68 / minute with, and

39.38 + 2.22 / minute without the microECoG device (n=25 each, p=0.51, two-sample t-
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test, mean £ SEM). (B) The decay parameter was 0.42 + 0.03 AF/F¢ /s with, and 0.46 +
0.04 AF/Fy /s without the microECoG device (n=72 and 42 events, p=0.34, two-sample
t-test, mean = SEM).

4.1.9. Immunohistology

The immune response elicited by the implantation of microECoG devices is an important
aspect in chronic experiments. To assess the immune response following implantation of
the Parylene HT / ITO device, I analyzed the fluorescence of DAPI and GFAP staining,
neuron counts and cortical thickness in brain sections after 10-12 weeks of implantation
of five male mice (M1-M5) from the in vivo experimental group, aged 117-149 days.
After an implantation period of 42-116 days (Table 1), mice were sacrificed and
subjected to immunohistochemical analysis. Table 2 summarizes statistical comparisons

of this analysis.

Table 1. Three groups were formed for analysis according to the duration of implantation

(M1, M2-4, M5), marked with shades of blue. Implantation length and age are given in

days.
Animal Implantation length Age at implantation Age at perfusion Number of
evaluated slices
M1 42 143 185 18
M2 75 149 224 18
M3 76 148 224 16

M4 83 145 228 17

Examination of M2-4, implanted for 75, 76 and 83 days, served as the starting point of
the evaluation (Figure 18). Intensity of DAPI and NeuroTrace stainings were higher in
superficial ROIs of M2-4 on the implanted side (DAPI: 4.96% =+ 28.94%, p = 0.0123;
NeuroTrace: 5.41% + 24.73%, p = 0.0165), but not in deep ROIs (Figures 20 B-G). A
higher NeuroTrace intensity is a sign of elevated protein synthesis capacity, indicative of
Nissl substance redistribution to the periphery of cells in injured or regenerating neurons.
Intensity of GFAP stainings were moderately higher on both superficial (11.21% =+
38.51%, p = 0.0018) and deep ROIs of M2-4 (7.56% =+ 33.94%, p = 0.0042) (Figure 18
H-J, Figure 19 A), indicating an elevated astroglial presence after a considerably long

period of implantation. While neuronal density was not different between the implanted
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and control side (Figure 19 B), the cortex on the implanted side was thinner (—23.36 um
+ 66.34 pm, p = 0.0201; Figure 19 C). In M1, implanted for 42 days, the intensity of
DAPI and NeuroTrace stainings were higher in superficial ROIs (DAPI: 12.07% =+
18.15%, p = 0.0142; NeuroTrace: 8.27% + 17.63%, p = 0.0482), but not in deep ROIs
(Figure 20 A—QG), just as in M2-4. The intensity of GFAP staining was greatly increased
in both superficial (187.78% + 71.61%, p < 0.0001) and deep ROIs (50.18% + 38.45%,
p=0.0361) (Figure 20 H-J; Figure 19 A), indicating the ongoing peak astroglial response.
Although the difference in neuronal density was nonsignificant (Figure 19 B), the cortex
on the implanted side was again thinner (—32.49 um = 42.13 um, p = 0.0045) (Figure 19
C). Generally, results of M1 mirror those of M2-4 with a larger magnitude, suggesting an
attenuation of the observed effects over time (Figure 19 A). Moreover, the significant
differences in labeling intensities of M1 and M2-4 on superficial, but not on deep ROIs
suggests a greater and more localized impact of implantation on superficial layers. In M5,
implanted for 116 days, the intensity of DAPI and NeuroTrace stainings were
significantly lower in the superficial ROIs on the implanted (DAPI: —10.53% + 26.44%,
p=10.0083; NeuroTrace: —16.2% = 13.55%, p = 0.0003), but not in deep ROIs (Figure 21
A—QG). The intensity of GFAP staining was also lower in superficial ROIs of the implanted
side (—8.13% =+ 17.74%, p = 0.0361) (Figure 21 H-J; Figure 19 A). Contrary to M1 and
M2-4, neuronal density of the implanted side in M5 was significantly lower (—2.32% =+
4.13%, p = 0.015) (Figure 19 B). This was paired, however, with a significantly thicker
cortex (31.26 um + 33.21 pm, p = 0.0009) (Figure 19 C). The lower intensity of the three
stainings on the implanted side in M5 is noteworthy. In the sense of continuity, it
complements the attenuating trend of M1 and M2-4, although a balanced or slightly
higher intensity on the implanted side was more expected. The thicker cortex on the
implanted side also corresponded to the intensity data, while neural density deviated from
the tendency of the results of M5. Finally, as in M1 and M2-4, the differences between

control and implanted ROIs were larger in the superficial ROIs.
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Figure 18. Images of stained brain sections of a mouse (M2) chronically implanted with
a Parylene HT / ITO ECoG device for 75 days. (A) Composite image of a coronal slice
showing the arrangement of ROIs on control (B, E, H) and implanted (C, F, I) cortex.
ROIs are divided into superficial (layers I-IV) and deep (layers V-VI). Magnification
3.2X, scale bar 500 pm. (B, C) Cell nuclei stained with DAPI. (E, F) Neurons stained
with NeuroTrace, a fluorescent Nissl stain. (H, I) Astrocytes labeled with GFAP.
Magnification 20X, scale bar 50 pm. (D, G, J) Comparison of ROI fluorescent intensity
of DAPI (D), NeuroTrace (G) and GFAP (J) labeling. Mean ROI intensity was normalized

to ROI area and presented here as a percentage of the mean of control, superficial ROIs
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of their respective stainings. CS — control, superficial. IS — implanted, superficial. CD —

control, deep. ID — implanted, deep. Asterisks denote significant differences (p < 0.05).
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Figure 19. Characterisation of implanted and control hemispheres of three implantation
lengths. (A) Comparison of fluorescence intensities of GFAP stainings between
superficial and deep ROIs on control and implanted hemispheres. Mean ROI intensity
was normalized to the ROI area. CS — control, superficial. IS — implanted, superficial. CD
— control, deep. ID — implanted, deep. (B) Neuron density on control and implanted
hemispheres. Counted cells in superficial and deep ROIs were summed and normalized
to the summed area of both ROIs. (C) Cortical thickness on control and implanted

hemispheres. Asterisks denote significant differences (p < 0.05).
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Figure 20. Images of a Parylene HT / ITO ECoG implanted brain after 42 days of chronic
implantation (M1). (A) Composite image of a coronal slice showing the arrangement of
ROIs on control (B, E, H) and implanted (C, F, I) cortex. ROIs are divided into superficial
(layers I-IV) and deep (layers V-VI). Magnification 3.2X, scale bar 500 um. (B, C) Cell
nuclei stained with DAPI. (E, F) Neurons stained with NeuroTrace, a fluorescent Nissl
stain. (H, I) Astrocytes labeled with GFAP. Magnification 20X, scale bar 50 um. (D, G,
J) Comparison of ROI fluorescent intensity of DAPI (D), NeuroTrace (G) and GFAP (J)
labeling. Mean ROI intensity was normalized to ROI area and presented here as a

percentage of the mean of control, superficial ROIs of their respective stainings. CS -
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control, superficial. IS - implanted, superficial. CD - control, deep. ID - implanted, deep.

Asterisks denote significant differences (p<0.05).
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Figure 21. Images of a Parylene HT / ITO ECoG implanted brain after 116 days of chronic
implantation (M5). (A) Composite image of a coronal slice showing the arrangement of
ROIs on control (B, E, H) and implanted (C, F, 1) cortex. ROIs are divided into superficial
(layers I-IV) and deep (layers V-VI). Magnification 3.2X, scale bar 500 um. (B, C) Cell
nuclei stained with DAPI. (E, F) Neurons stained with NeuroTrace, a fluorescent Nissl

stain. (H, I) Astrocytes labeled with GFAP. Magnification 20X, scale bar 50 pum. (D, G,
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J) Comparison of ROI fluorescent intensity of DAPI (D), NeuroTrace (G) and GFAP (J)
labeling. Mean ROI intensity was normalized to ROI area and presented here as a
percentage of the mean of control, superficial ROIs of their respective stainings. CS -
control, superficial. IS - implanted, superficial. CD - control, deep. ID - implanted, deep.

Asterisks denote significant differences (p<0.05).

Table 2. Data on statistical tests of Parylene HT / ITO implanted animals. NT —

NeuroTrace. Superf. — superficial.

Data |[Stain|Mouse| ROl |Difference (%) |SD (%) Statistical test t/w # ?f p
value pairs
Intensity |DAPI |M1 Superf. 12,07| 18,15|Pairedt - test 2,772 15| 0,0142
Intensity |DAPI |M1 Deep 7,58| 14,26|Pairedt - test 2,001 15| 0,0638
Wilcoxon matched-
Intensity |DAPI |M2-4 |Superf. 4,96| 28,94|pairs signed rank test 530 51| 0,0123
Intensity |[DAPI |M2-4 |[Deep 3,73| 28,26|Pairedt - test 1,577 50| 0,1211
Intensity |DAPI |M5 Superf. -10,53| 26,44 |Pairedt - test 2,985 17| 0,0083
Intensity |DAPI |M5 Deep 1,44| 28,20(Pairedt - test 0,3509 17 0,73
Intensity [NT |M1 Superf. 8,27| 17,63|Pairedt - test 2,151 15( 0,0482
Intensity [NT |M1 Deep 3,79 12,78|Pairedt - test 1,167 15( 0,2615
Intensity [NT |M2-4 |Superf. 5,41 24,73|Pairedt - test 2,48 50| 0,0165
Intensity [NT |M2-4 |Deep 2,48| 20,71|Pairedt - test 1,122 50| 0,2671
Intensity [NT |M5 Superf. -16,20| 13,55(|Pairedt - test 4,556 17( 0,0003
Intensity |[NT |M5 Deep -2,50| 12,67|Pairedt - test 0,671 17| 0,5113
Intensity |GFAP|M1 Superf. 187,78 71,61|Pairedt - test 11,75 15(<0.0001
Intensity |GFAP|M1 Deep 50,18| 38,45|Pairedt - test 5,621 15| 0,0361
Wilcoxon matched-
Intensity |GFAP|M2-4 |Superf. 11,21| 38,51|pairs signed rank test 654 51| 0,0018
Intensity |GFAP|M2-4 |Deep 7,56| 33,94|Pairedt - test 3,002 50( 0,0042
Intensity |GFAP|M5 Superf. -8,13| 17,74|Paired t - test 2,276 17| 0,0361
Intensity |GFAP |M5 Deep -2,13| 22,80(Pairedt - test 0,5576 17| 0,5844
Density |NT |M1 Both -1,40 2,84|Pairedt - test 1,604 17| 0,1272
Wilcoxon matched-
Density |NT |M2-4 |Both -0,43| 3,94|pairs signed rank test -176 51| 0,4153
Density |NT |M5 Both -2,32| 4,13|Pairedt - test 2,705 17| 0,015
Thickness [DAPI |M1 NA -32,49| 42,13|Pairedt - test 3,272 17| 0,0045
Wilcoxon matched-
Thickness |DAPI |M2-4 |NA -23,36| 66,34 |pairs signed rank test -493 51| 0,0201
Thickness | DAPI |M5 NA 31,26| 33,21|Pairedt - test 3,994 17| 0,0009
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4.2. Characterization of the Thiol-ene/acrylate / SIROF device

The Thiol-ene/acrylate based microECoG devices were fabricated in two configurations.
During packaging, after exposing gold recording sites and bonding pads, an additional
300 nm thick SIROF layer was patterned on top of the recording sites (SIROF devices),
or this step was omitted (gold-only devices). Of the 6 mice used for cortical in vivo
experiments with Thiol-ene/acrylate devices, 3 mice implanted with 3 SIROF devices
were used for immunohistology and 3 mice implanted with 1 SIROF and 2 gold-only
devices were used for in vivo two-photon calcium imaging. As both configurations
exclude the possibility of involving the recording sites in the imaging field of view, the
difference had little impact on the two-photon imaging capability. Impedance
spectroscopy, where the configuration difference is most expected to be relevant, was
performed for both device configurations. The Thiol-ene/acrylate devices implanted over

the hippocampus were SIROF devices.
4.2.1. Electrochemical stability

Electrode impedance spectroscopy was performed in a 16 day experiment where the
device was immersed in room temperature PBS and the impedance magnitude and phase
angle of the device was measured daily.

The initial impedance of the recording sites on the SIROF devices in the mice used for
immunohistology was 7.33 + 1.93 kQ on average (n = 31), which decreased minimally
by the 6th day (5.54 + 0.49 kQ, n = 31). Impedance did not change afterwards during the
soaking experiment until the last day (5.31 + 0.50 kQ, Figure 22). Phase angle shifted
from the initial —40.0 + 6.9° degree to —18.5 + 2.5° by the 6th day, then remained stable.
An equivalent circuit model was built to analyze the results of the impedance
spectroscopy. Parameters of the equivalent circuit model suggest that electrode behavior
and conductivity were dominated by resistance. The uniform decrease in the impedance
(Figure 22 C), changes in the value and characteristics of the phase curves mainly at
higher frequency ranges and the slight decrease of CCPE and a indicated a possible
penetration of electrolyte (i.e. water uptake) throughout polymer layers of the substrate.

Of the 31 recording sites, 29 remained functional by the end of the immersion experiment.
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Of the devices used in the in vivo two-photon experiments, the initial average impedance
of the two gold - only device was 9.9 + 1.8 kQ at 1 kHz, which decreased to 9.2 + 5.7 kQ
after 16 days. Average impedance of the SIROF device was 6.4 = 0.9 kQ at 1 kHz, which
decreased to 4.1 + 0.3 kQ after 16 days (Figure 23). During the EIS test, the number of
functional electrodes decreased from 30 functional sites to 26 (impedance rose over 500
kQ), which we associated with compromised bonding pad connections. Changes in

impedance were likely due to the water uptake of the substrate material [Zatonyi 2019].
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Figure 22. Electrochemical impedance spectroscopy of SIROF devices used for in vivo
electrocorticography and immunohistology. (A, B) Pale gray lines represent the
impedance; pale blue lines represent the phase across the 1 Hz—10 kHz frequency range
for all functional electrode sites immediately after immersion (A) and on the 16th day (B)
of soaking test. Thick lines represent the averages. (C) Impedance of all frequencies (1
Hz-10 kHz) for a representative microECoG device at 13 time points (Mean of each

electrode [} standard error: initial (X), Ist (+), 2nd (Q), 3rd (), 6th (A), 7th (V), 8th
(0), 9th (), 10th (I>), 13th (O), 14th (5%), 15th (Q), 16th (%) day of EIS test period).
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(D) Average impedance (thick black and blue lines) at 1 kHz on two different but

functionally identical microECoG devices. Shaded areas represent the standard error.
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Figure 23. (A) Mean magnitude of impedance and (B) phase angle of gold-only or SIROF
devices after encapsulation (Day 1) and after a 16-day long soaking test. Whiskers show

SD.

4.2.2. Microbead measurements

The potential influence the implanted device may have on spatial resolution was
investigated by two-photon imaging of fluorescent microbeads with a nominal diameter
of 6.0 um with and without the Thiol-ene/acrylate device covering them. The field of
view was matched in the two conditions, so that the same microbeads can be measured.
The diameter of 68 microbeads were measured with and without device cover with a
custom MATLAB based algorithm. Mean size without the device was calculated to be
5.6651 + 0.0066 pm, (Figure 24 C), which was not a significant difference (Student’s
two-sample paired t-test, (t(67) = 1.08, p = 0.29, difference of means: 0.0142 um).

4.2.3. Neurite size measurements
Before proceeding to in vivo experiments, the quality of two-photon calcium imaging
was further tested on in vitro hippocampal slices of GCaMP6f expressing mice. To

compare image quality, neurite diameter was measured with and without the microECoG

device on acute brain slices (Figure 24 A, B). Neurites were detected on images of
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hippocampal regions, where the plane of the image was parallel to the neurites, to
maximize the number of samples. Our custom detection algorithm detected 81 neurites
on images without the device and 112 neurites with the device present. There was no
significant difference between the neurite diameters without and with the microECoG
device (Figure 24 D, Student’s two-sample t-test, a = 0.05). The results of this in vitro
comparison show that even fine neuronal structures can be imaged in the hippocampus in

the presence of the device reliably.
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Figure 24. Representative images of hippocampal regions without (A) and under (B) the
microECoG device. Scale bars are 100 um. (C) Diameter of the same microbeads without
(n = 68) and with (n = 68) the microECoG device covering them. Values are normalized
to the mean diameter of the beads without the device (5.67 £ 0.0066 um). (D) Diameter
of neurites measured on in vitro slices from the same field of view at different depths.
Empty box plots show data without device cover and filled box plots show data with

device on the slice. Boxplot whiskers are 5th and 95th percentiles, @ are the outliers.
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4.2.4. In vivo electrocorticography

The ability of chronically implanted Thiol-ene/acrylate / SIROF devices to record
electrocorticography were investigated in awake, freely moving, head-fixed mice on a
weekly basis. Evaluation of functionality relied on impedance testing, which may reveal
device failure, including any mechanical damage (cracking, delamination, leakage), and
on calculation of SNR of the recorded data. Recording sites were monitored before and
after implantation, up to the point when the mice were sacrificed.

In case of mice used for immunohistology, impedance magnitude of recording sites at 1
kHz increased 6 days (73.10 £ 27.81 kQ, n = 24) and further 12 days after implantation
(127.72 £ 52.73 kQ, n = 24), compared to immediately before the implantation (16.56 +
2.62 kQ, n = 28), then remained stable throughout the rest of the experiment (Figure 25
A). Average post-implantation SNR ranged from 1.04 to 5.74 on three different
microECoG devices (Figure 25 B), and did not show any trends except for two
consecutive outlying, low SNR measurements towards the end of the experiments, which
recovered to previous ranges on the last measurement. The number of functional
electrodes decreased by 25% after implantation, but no additional loss was observed
throughout the rest of the in vivo experiment (Figure 26). Representative raw and theta

frequency (3.5 — 11 Hz) filtered ECoG data of these devices is shown on Figure 25 C.
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Figure 25. (A) Post-implantation impedance of one device at 1 kHz. Acceptance limit as
a functional electrode was 500 kQ. Post-implantation data are from n = 24 electrodes of
the same representative device. Impedance magnitude increased over time from day 6
until day 61, then started to decrease. (B) SNR at ten time points (n = 24). Data are shown
as mean = standard error. (C) 2 s long filtered ECoG signal from a representative electrode
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Figure 26. (A) Average electrode yield (percentage of functional channels out of all) and
(B) absolute number of functional electrodes before implantation and at different time
points after implantation. Data are shown as mean (%) =+ standard error (%) from three

different microECoG devices.

Regarding the devices used in the in vivo two-photon experiments, there was a decrease
in the average impedance of gold-only devices after implantation (Figure 27 A), but no
significant change occured between Week 2 and Week 11 (Student’s -paired sample t-
test at a = 0.05: t(9) = 0.12, p = 0.91). At the same time, the SNR increased slightly
(Figure 27 B). The average impedance of the SIROF device increased after implantation
and also between Week 1 and Week 22 significantly (Student’s paired sample t-test at o
=0.05: %(9) = —5.81, p << 0.05), but still remained under 100 kQ (Figure 28 A). At the
same time, the SNR increased moderately (Figure 28 B). “Precranio” values are derived
from measurements in saline, while the rest of the data were collected after implantation.
Health condition of the two mice implanted with gold-only devices required earlier
termination of the experiment than the mouse implanted with the SIROF based device.

This was unrelated to the difference in the material composition of the devices.
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Figure 27. Measurements with a Thiol-ene/acrylate / gold-only microECoG device. (A)
Average impedance values of the channels (n = 10) on different measurement days at 1
kHz. (B) Signal-to-noise ratio on the first (n = 55) and last (n = 66) measurement day. (C)
Long-term two-photon relative intensity change compared to the background intensity
(nW2 =66; nW11 = 254). The different boxes represent the different measurement days.
Boxplot whiskers are 5th and 95th percentiles, and 4 are the outliers. (D) 30 s long
representative electrophysiological activity captured on W11 (Week 11) by the ECoG.

The blue curve represents the movement of the animal.
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Figure 28. Measurements with a Thiol-ene/acrylate / SIROF microECoG device. (A)
Average impedance values of the channels (n = 10) on different measurement days at 1
kHz. (B) Signal-to-noise ratio on the first (n = 135) and last measurement day (n = 143).
(C) Long-term two-photon intensity change of cells relative to background intensity
(nW1 = 67, nW22 = 57). Box plots represent different measurement days. Boxplot
whiskers are 5th and 95th percentiles, and ¢ are the outliers. (D) 30 s long representative
electrophysiological activity captured on W22 (Week 22) by the ECoG. The blue curve

represents the movement of the animal.

4.2.5. Hippocampal sharp wave - ripples
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Besides cortical implantations, Thiol-ene/acrylate / SIROF devices were implanted over
the hippocampus as well, to measure field potentials and calcium events with the
microECoG device and two-photon imaging. The devices were placed on the
hippocampal surface after removing the overlying cortex and fixed in place with an
optically transparent cylindrical silicon deep brain adapter. This procedure and
experimental setup was granted by the improved adaptability of the Thiol-ene/acrylate
microECoG devices, a result of its design process, as it required the flexibility of the
device as well as space management for successful chronic use.

In the weekly recordings, sharp wave-ripples (SPW-Rs) (Figure 29) and MUA/SUA
(Figure 33) could be detected in the local field potential (LFP) recordings and SPW-Rs
detected on identical channels could be compared longitudinally (Figure 31), supporting
the capability of the device in chronic electrophysiological recordings. SPW-Rs displayed
a wide range in amplitude (Figure 30) and in spatial involvement as well, appearing on a
fraction or on the majority of the recording sites (Figure 32). Based on the event
distribution of SPW-Rs, we categorized events recorded 2 months after implantation in 3
recording sessions of 3 mice as widespread (detected on >10 channels, upper quartile of
SPW-R detection distribution) or spatially-restricted (detected on 7-10 channels). The
frequency of widespread and spatially-restricted SPW-Rs in these recordings was 0.1 Hz

and 0.33 Hz on average, respectively (Figure 32).
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Figure 29. (A—C) Representative LFP data of characteristic SPW-Rs (top) and their
continuous 1-D wavelet transforms (bottom, arbitrary units) after one week (A), one
month (B) and two months (C) of implantation. Note the doublet SPW-R event on (C).
(A) shows separate events, (B—C) show events detected simultaneously on different sites.
Continuous wavelet transform (CWT) spectrogram coefficient magnitudes are shown as

arbitrary units, and frequency scale bar ticks denote 31, 100, 200, 300, 400 and 500 Hz.
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Figure 30. (A, B) Representative topography plots from the same recording show
synchronous occurrence of SPW-Rs on multiple recording sites two months after
implantation. (A) shows a widespread (>11 channels) event detected on 14 recording
sites, while (B) shows a spatially more restricted event (<11 channels). LFP traces of
SPW-Rs are shown for every recording site where the event was detected. The amplitude
ratio (AR) of detected SPW-Rs, which is the peak-to-peak amplitude of a SPW-R on a

site normalized to the highest detected peak-to-peak amplitude, is shown for every
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involved recording site. The color scale indicates the delay relative to the earliest
detection. Numbered but empty sites are channels where the impedance was acceptable,

but no SPW-R was detected at the time of the event.
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Figure 31. Characteristic features of SPW-Rs detected simultaneously on different
channels two months after implantation in mouse 1. The length (upper) and frequency
(lower) of detected SPW-R envelopes are presented as box plots (left) and bar graphs
(right). Box plots show the interquartile range extending from the 25th to the 75th
percentile, whiskers represent the furthest data point within 1.5 times the interquartile

range from each box end. Any data point outside the boundary of the whiskers is
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considered an outlier. The red line inside the boxplots shows the median. Bar graphs show

mean + SD of event lengths (upper) and frequencies (lower) from the same three channels.
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Figure 32. Incidence of sharp wave-ripples synchronously recorded on multiple recording
sites two months after implantation, from 3 sessions of 3 animals. Events simultaneously
appearing on up to 7-10 channels were considered as spatially localized (blue) while
events with synchronous appearance on more than 10 channels were considered as
widespread SPW-Rs (green). The occurrence of widespread and spatially-restricted SPW-
Rs was 0.1 Hz and 0.33 Hz on average, respectively (right). Error bars represent mean +

SD.

4.2.6. Unit activity

For seven weeks, the data collected from a single hippocampally implanted animal
consistently showed spikes. The recordings included both multi-unit and single-unit

activity. To distinguish between the various cell types, putative pyramidal cells, narrow-
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waveform interneurons, and wide-waveform interneurons were classified based on the
trough-to-peak time of the waveform and the burstiness index. The clustering resulted in
an average of 24.01% =+ 7.8% of the cells being classified as narrow-waveform
interneurons, 52.15% + 14.63% as wide-waveform interneurons and 23.84% + 14.24%
as pyramidal cells. The distribution of detected cell types over the seven weeks is
summarized in Table 3. The mean burstiness index for the different neuron types was
1.267 + 0.208 for narrow-waveform interneurons, 1.033 + 0.142 for wide-waveform
interneurons, and 1.426 £ 0.273 for pyramidal cells. These values indicate that pyramidal
cells tend to have a higher burstiness index than interneurons, reflecting their well-known
burst firing patterns. Figure 33 A displays the waveforms of 82 spikes, along with their
average, extracted from a cluster of a putative pyramidal cell that exhibited single-unit
activity. Figure 33 B shows the auto-correlogram of this cluster, while Figure 33 C
presents the firing rate and spontaneous firing of the single-unit activity (SUA) cluster.
The investigation involved the analysis of spike clusters recorded over seven weeks using
all available channels. The number of detected clusters varied based on recording quality
and cell firing rates. The signal-to-noise ratio (SNR) was assessed over the seven weeks
of recordings (Figure 33 D). The signal-to-noise ratio (SNR) fell below 1 in week five,
although it was also within the same range as in weeks one and three. Figures 35 E, F
show the mean amplitude and mean number of spikes observed in long-term recordings,
respectively. The amplitude decreased over time, while the number of spikes increased.
Additionally, Figure 33 G illustrates the average count of spike clusters detected in
weekly recordings, which varied over the seven weeks. In addition to the overall analysis,
the spike clusters identified on two specific channels during long-term recordings enabled
a detailed examination of the characteristics of neuronal activity over an extended period.
Figure 33 H illustrates the spike amplitude for the two identified spike clusters. Figure 33
I presents the corresponding firing rates for each cluster. It is noteworthy that the spike
clusters under examination are in close alignment with the average amplitude and spike
count data presented in Figure 33 E, F. This consistency lends further support to the
reliability of our findings and suggests that the observed characteristics in the spike

clusters reflect broader trends in the data.

Table 3. Percentages of the different cell types over the seven measurement weeks.
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Weeks Percentage of Percentage of Wide- | Percentage of
Narrow- waveform waveform Pyramidal Cells
Interneurons (%) Interneurons (%) (%)

1 25 31,25 43,75

2 36,36 54,55 9,09

3 20 70 10

4 16,67 41,67 41,66

5 30,77 46,15 23,08

6 14,29 71,43 14,298
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Figure 33. (A) Waveforms of one single-unit cluster, their average is highlighted (B) Auto
correlogram of the single unit cluster. (C) Firing rate of the single unit cluster. (D) Signal-
to-noise ratio of the clusters. The box plot shows the interquartile range, which extends
from the 25th to the 75th percentile, and the whiskers represent the minimum and
maximum values of the data set. (E) Mean amplitude of the spikes in all of the clusters
during the chronic recordings. (F) Firing rate in all of the clusters. (G) Number of detected
clusters in the chronic recordings. (H) Mean amplitude of the spikes in two clusters
(cluster A and B). (I) Mean firing rate of cluster A and B. Error bars represent standard

deviation.
4.2.7. In vivo two-photon calcium imaging

I imaged two-photon neuronal calcium activity in three awake, freely moving mice
implanted cortically with the Thiol-ene/acrylate based device (one SIROF, two gold-only
devices) over a chronic timescale (Figure 34). Mice underwent two to three imaging
sessions at different time points after implantation, over a period of 22 weeks at most.
GCaMP6f labeled neurons were prominent on the initial measurements 1-2 weeks after
implantation and this clear distinction from the background continued for the rest of the
experiment. We quantified this by calculating the intensity of automatically detected
neurons compared to background fluorescence for each measurement day. Relative
intensity change was not significantly different between measurement days of gold-only
devices (Student’s t-test: t(65) = —0.79, p = 0.43)(Figure 27 C). Although in the case of
SIROF based devices, there was a significant difference between the relative intensity
values on different measurement days (one-way repeated measures analysis of variance
in OriginPro: F(1.72, 96.15) = 16.99, p << 0.05), the mean of the relative intensity stayed
over 0.5 during the whole measurement period (Figure 28 C). Since imaging was
performed with the same substrate material (Thiol-ene/acrylate) in the light path in the
case of both devices, we hypothesize that the optical performance was influenced by other
aspects, most likely suboptimal expression of GCaMP6f. Chronic imaging quality may
be influenced by the immune response, sensor expression, and tissue regrowth, as well as
factors introduced by the device. Nevertheless, cells also displayed spontaneous calcium

activity often exceeding 50% increase in relative fluorescence (Figure 34 B, D, F), and
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the same cells were identifiable between measurements through 21 weeks (Figure 34 A,

C, E).
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Figure 34. (A, C, E) In vivo two-photon imaging field-of-view and (B, D, F) spontaneous

neural activity on different measurement days of a mouse implanted with a Thiol-

ene/acrylate / SIROF device. (A, B) 1 week post implantation. (C, D) 9 weeks post

implantation. (E, F) 22 weeks post implantation. Images were recorded 150 um below the

brain surface. Field-of-view on (A) and (E) is identical, and numbers on (B) and (F) label

activity of the same cells measured 1 and 22 weeks post implantation. On (B, D, F), AF/Fo

increases of over 50% are highlighted in red. Scalebar shows 100 um.

For hippocampal two-photon imaging, the Thiol-ene/acrylate based device was implanted

over the hippocampus of GCaMP6f expressing transgenic mice. Hippocampal two-

photon imaging is constrained by the increased working distance compared to the cortical
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imaging. In this case, the implanted transparent microECoG device allowed optical access
to the dorsal hippocampus and provided ipsilateral electrophysiology signals. Figure 35
A shows the implanted Thiol-ene/acrylate device on the hippocampal surface. The
transgenic mouse line showed a net-like expression pattern of GCaMP6f in the pyramidal
layer, which was clearly visible in the implanted animals and a sham-implanted littermate
(Figure 35 B, C).

Leveraging the flexible 3D scanning capability of the AO microscope with chessboard
scanning, multiple areas were scanned in different planes of the field of view. For the
recording of spontaneous calcium activity, we divided the FOV into three chessboard
scans according to their best match to the pyramidal layer. Each chessboard scan covered
a 100 by 100 um square area. This simultaneous high-speed scanning of multiple areas
picked-up the sparse, stochastic activity of the densely populated CA1 neurons (Figure
35 D, Figure 36).

Figure 35. Calcium activity recorded from mice implanted with a Thiol-ene/acrylate
device. (A) Two-photon image of the Thiol-ene/acrylate device covering six recording

sites. The grey box shows the field of view on B. Scale bar is 100 um. (B) Two-photon



image showing the pyramidal layer under the device, from the box on A. The FOV was
selected to be between the central sites on panel A. Red circles show the ROIs for D.
Scale bar is 50 um. (C) GCaMP6f. expression in the pyramidal layer of a thy 1-GCaMP6f.
transgenic mouse without device implantation. Scale bar is 50 um. (D) Representative
calcium traces of GCaMP6f. labelled cells from the area in B, in the CA1 pyramidal layer

during spontaneous activity.
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Figure 36. Example neuronal calcium activity and correlated SPW-Rs recorded from 5
neurons in a single session of mouse 1. Colored traces show neuronal calcium activity,
black traces below show filtered concurrent SPW-R activity. Scale bars uniformly show

50 ms / 100 uV / 0.1 AF/Fo.
4.2.8. Immunohistology

To evaluate the impact caused by the long-term chronic implantation of the Thiol-
ene/acrylate device, histology targeting astrocytes (GFAP) and the physiological state of
neurons (NeuroTrace) was performed after 80 days of implantation on average, in three
mice. Figure 37 shows representative fluorescent images for each marker and the
calculated fluorescent intensity of the implanted and contralateral hemisphere, which
functioned as primary control. For secondary control, only a glass coverslip was
implanted to one subject, without probe implantation. Compared to primary control, there
was no significant difference in the intensity and number of cell nuclei (DAPI), while the
difference of GFAP intensity was highly significant, indicating that after 10 weeks of
implantation, repairing and scarring mechanisms were in progress. The highly significant
increase in the intensity of NeuroTrace staining (measured in 2 of 3 mice due to technical
difficulties) reflects the consistent high protein synthesis capacity of neuronal cells, as in
injured or regenerating neurons, Nissl substance is redistributed around the periphery of

the cell body. Secondary controls supported the results of the primary control (Figure 38).
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Figure 37. Fluorescent images of Thiol-ene/acrylate microECoG implanted brains after
80 days of chronic implantation. Images show layers I-IV of the mouse cortex. (A, B)
Cell nuclei stained with DAPIL. (C, D) Astrocytes stained with GFAP. (E, F) Neurons
stained with NeuroTrace, a fluorescent Nissl stain. (G, H) Composite images of the three
stains. (I) Box plots showing minimum, quartiles, mean and maximum of DAPI staining
intensity for control and implanted cortices in three subjects and averaged. (J) Same as

(1), for GFAP staining. (K) Same as (1), for NeuroTrace staining in 2 subjects.
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Figure 38. Fluorescent images of immunostaining in a coverglass implanted control
subject. (A-H): Images of DAPI (A-B), GFAP (C-D), NeuroTrace (E-F) and composite
(G-H) immunostaining. Intensity of DAPI (I), GFAP (J) and NeuroTrace (K) was

compared between coverglass implanted and untreated contralateral hemispheres.

We examined the cellular changes following hippocampal implantation as well. The
analysis was based on labeling of cell nuclei (DAPI) and astrocytes (GFAP) in six mice.
We identified 12 regions of interest (ROIs) beneath the implantation site and in the
corresponding area of the opposite hemisphere, which served as our primary control
(Figure 39 B-G) for each of the 5 implanted animals included. Additionally, one animal
was implanted with a hippocampal adapter alone, without a device, to determine whether

the implantation of the electrode caused any additional damage (Figure 39 A). One
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implanted animal was excluded from immunohistological evaluation due to early
termination without perfusion. Fundamentally, we sought answers to three questions
during the analysis: Did the implantation influence the total cell count? Did the CA1
pyramidal layer of the hippocampus, which lay nearly directly beneath the electrode,
sustain damage? Did gliotic activity increase due to the implantation? Initially, we
compared data from the implanted hemisphere of the five animals with data from the
intact hemisphere. In all four animals implanted with electrodes, there was a significant
increase in the number of astrocytes (p = 7.71E—14), correlating with an increase in total
cell count (p = 3.52E—-09), and significant cell death was observed in the CA1 pyramidal
cells (p =2.88E—14). Similar changes were observed in the control animal implanted only

with a cylinder, without an electrode (p = 0.01, 0.04, 0.04, respectively).
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Figure 39. Fluorescent images made after the chronic implantation of shape memory
polymer based devices into mouse brains. (A) Fluorescent image of the surgical area
without the electrode and the cylinder. Cell nuclei stained with DAPI, astrocytes labeled
with GFAP. Scale bar: 0.5 mm, magnification: 4X. (B-D) Magnified (15X) fluorescent
ROIs from below the implanted area and the contralateral control hemisphere, also from

the control animal (only cylinder implanted). Scale bar: 0.05 mm.
Subsequently, we compared data from the implanted hemisphere of the experimental

animals with data from the operated hemisphere of the control animal without an

electrode to observe whether electrode implantation enhanced cellular changes. In this
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case, contrary to comparison with its own control hemisphere, astrocyte activity
significantly decreased (n°l: p = 9.64E—10, n°2: p =0.01, n°3: p = 0.00022, n°4: 0.0078,
n°5: 1.02E—07) and this trend was followed by a significant decrease in total cell count
in three out of four animals, though not significantly in two (n°1: p = 2.56E—6, n°2: p =
0.00026, n°3: p =0.0066, n°4: 0.45, n°5: 0.074). The number of cells counted in the CA1
pyramidal cell layer decreased in all cases except one (animal n°5), of which only one
was significant (n°1: p=0.0011, n°2: p=0.1, n°3: p = 0.4, n°4: 0.25, n°5: 0.19) (Figure
40).
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Figure 40. Bar graphs representing data from three cell counting methodologies (total cell
count, hippocampal CA1 region cell count, and astrocyte count) are shown, displaying
the mean and standard deviation. Error bars represent the standard deviation, and asterisks
indicate significant differences where the p-value threshold is <0.05. Data from six
different animals (n°1-n°6) are illustrated across six panels; mouse n°6 was not implanted
with a device. Each methodology includes data from the control case, which represents
the contralateral hemisphere, and the implanted case, representing the electrode-
implanted hemisphere. The implanted case is also compared to data from the treated

hemisphere of the animal that underwent surgery without device implantation.
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5. Discussion

5.1. The applicability of Parylene HT / ITO devices

The goal of this work was to demonstrate the application of the Parylene HT / ITO based
transparent microECoG device. Combination of these two materials is not common,
however, our study revealed several advantages that maintained the performance of two-
photon imaging, when such a device is implanted and located in between the microscope

objective and the living tissue.
5.1.1. Mechanical stability of the ITO based device

Parylene HT has the lowest moisture absorption among polymer- based implant materials,
which is beneficial due to the decreased risk of delamination due to swelling. Adhesion
and potential brittleness of ITO was also addressed experimentally, since there had been
concerns about the stability of ITO on flexible substrates [Kwon 2013, Ledochowitsch
2011, Kim 2010]. The cyclic mechanical tests confirmed that ITO forms a reliable
conductive layer encapsulated in Parylene HT and is not prone to failure when exposed
to bending (Figure 5, Figure 9). The fabrication scheme of the Parylene HT / ITO device
is also simple, cost-effective and straightforward, requiring only two photolithography
steps, compared to that of graphene for example, that relies on stacking monolayers in

complicated steps, which deteriorates uniformity and process reproducibility (Figure 2).
5.1.2. High transparency of substrate and recording sites

The advantage of the current structure relying on Parylene HT / ITO lies in the fact that
scan size and quality is not limited by the metallization layer. Fluorescent signals of
individual neurons underneath the wires and recording sites can be freely captured with
high resolution (Figure 10 E, F; Figure 11; Figure 13 C, D; Figure 15 C, F). The useful
surface for neuroimaging through transparent microECoG devices made of graphene

[Park 2014, Blaschke 2017] or bilayer-nanomesh [Qiang 2018] structures is usually
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limited to the close vicinity of the recording sites, since other non-transparent metal traces
(e.g. gold) are used to provide stable interconnection between recording sites and
connector pins, and to reduce the overall impedance. The use of ITO without additional
metal layers for ECoG recording has been successfully demonstrated for recording
purposes earlier [Zatonyi 2018]. The overall optical properties of the final multi-layer
structure also make our ECoG superior to other approaches proposed in the related
literature. Parylene HT shows transparency greater than 90% between 400-980 nm
(Figure 10 B) that is remarkably higher than that of polyimide [Zatonyi 2018] or PET
[Ong 2012], slightly higher than that of Parylene C and similar to that of SU-8 substrates
[Prajzler 2014] and PDMS [Liu 2015].

5.1.3. Low autofluorescence of Parylene HT

As the principle of two-photon imaging is real-time collection of changes in fluorescence,
relatively low autofluorescence of the polymer substrate is also desired to avoid the
disturbing background noise. Compared to other substrate materials like polyimide,
PDMS, SU-8 or PET, Parylene C is more preferable, due to its lower autofluorescence
(Lu2009, Lu2010, Walczak 2011), while Parylene HT in turn provide better performance
compared to Parylene C, according to our fluorometric measurements in the relevant
biological window (Figure 10 A). This is attributable to the strength of the C-F bond
compared to the C-H bond, as it is less sensitive to dehydrogenation, consequently the
amount of C = C bonds which are responsible for higher autofluorescence remains low

under UV illumination [Lu 2010].
5.1.4. Imaging neuronal structures through the device

The spatial resolution of two-photon imaging was compared with microbeads and in vitro
hippocampal slices (Figure 10 C). Based on statistical analysis, there was no remarkable
difference in measured bead sizes when beads were covered and not covered with the
transparent microECoG device. In case of acute brain slices, dendritic structures were
clearly identified without significant difference in their dimensions (Figure 10 D-F). It

should be noted that the refractive index of Parylene HT (1.55) is higher than that of the
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surrounding medium (aCSF or distilled water), which may contribute to the slight
differences in the presence of the microECoG device (Liu 2012). These experiments also
confirmed that imaging even underneath the ITO recording sites and traces allow high

resolution of neuronal structures.
5.1.5. Impedance spectroscopy and accelerated aging

In terms of electrical properties, the accelerated aging test provided valuable indications
on device stability (Figure 8). Systematic variation in the impedance magnitude and phase
angle at every frequency revealed a more dominant resistive mode of conductivity than
on the first day of the accelerated aging test. Since Parylene HT exhibits the lowest
permeability to moisture, fluids and gases among Parylene variants (<0.01% water
absorption after 24 h — SCS DataSheet), the changes likely occurred at the surface of
ITO. Overall, the EIS results predicted stable and acceptable impedance magnitude in the
physiological environment to record field potentials in vivo. As expected, the ITO devices
demonstrated impedance values in the same range (few hundred kQ) than the previous
Au/PEDOT:PSS nanomesh or graphene devices designed for the same purpose, but with
a smaller site diameter [Qiang 2018, Kuzum 2014]. Although the area of our recording
sites is slightly larger (0.018 mm?) to maintain low impedance, two-photon imaging and
fluorescence Ca?* imaging through the sites and wiring are still unhindered (Figure 10 C—

F).

5.1.6. Characterization of photodegradation and photoelectric

artefacts

Besides optical, electrical and mechanical performance of the transparent microECoG
device, its integrity under two-photon exposure was also tested (Figure 13 A-D). These
tests provided valuable guidelines for future users to avoid damage to either the device or
to the tissue (Figure 12). Recommended laser powers were determined for both galvanic
and resonant scanning modes at different depths relative to the surface of the device. The
results revealed that below the limits of 13 mW in galvanic and 33 mW in resonant

scanning mode, direct exposure on the device layer does not cause any visible
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degradation. Naturally, the explicit scanning of the surface of the device is generally not
the aim in the experimental context, as the usual regions of interest are located well below
the superficial layer of the cortex. However, location of ROIs and navigation inside the
craniotomy are potentially critical points in this sense. By focusing below the microECoG
device by several tens of micrometers, the amount of power could be significantly
increased without impairment of the transparent device.

Besides potential photodegradation of the device, light induced artefacts must also be
considered when the optimal distance of the focal plane from the device is determined.
Electrical artefacts on both ITO and Ti/Au (control) recording sites were quantified
during galvanic and resonant scanning with various laser powers and at various distances
from the device plane. In general, laser exposure 10 um below the device plane does not
induce apparent noise in the signal, while low power exposure close to the device plane
contributes to parasite peaks in the power density spectra, where the fundamental
frequency is corresponding to the frame rate of image acquisition (Figure 13 E-H, Figure

14).
5.1.7. Chronic two-photon calcium imaging in awake mice

In vivo two-photon imaging through the proposed device with simultaneous recording of
ECoG was arguably the most important test of the microECoG device (Figure 15). Cell
bodies and dendrites were clearly visualized up to ~ — 400-500 um in the cortex, either
under the substrate or under ITO wires and recording sites. Since ITO is less transparent
than the surrounding Parylene HT, shadowed areas under wires and recording sites
crossing the labeled area could influence measurements (Figure 15 B, C). In contrast to
this, comparison of neuronal activity under recording sites with the activity of
surrounding neurons did not reveal any difference, showing that wires and recording sites
do not present a barrier to imaging (Figure 15 D, E, Figure 17). Imaging can be influenced
in another aspect as well. Implantation of an added layer between the brain and the cover
glasses may give ground to enhanced bone ingrowth and result in less transmittance.
However, this was not observed in the implanted mice, as the craniotomy remained clear
throughout the imaging period (Figure 15 F). An inherent complication of two-photon

imaging combined with electrophysiology is limited space, as implanted electrodes can
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block the approach of objectives. Moreover, as a necessity for chronic imaging with the
implanted device, the 32 channel connector of the device needed to be fixed to the skull
in a way that did not limit freedom of movement for the animals between measurements.
This was successfully resolved without complications to two-photon imaging or ECoG
recordings, as the flexibility of the device neck allowed the appropriate placement of the
connector as well. This ultimately allowed me to perform concurrent ECoG and two-
photon calcium imaging (Figure 15 A, D), and verify that our Parylene HT / ITO based
microECoG device is a good candidate for large area and high-resolution
electrocorticography and simultaneous two-photon calcium imaging for cortical mapping

of neuronal ensembles.
5.1.8. Immunohistological responses

Over extended periods of chronic implantation, it is necessary to evaluate the immune
response to the implantation of a device and the presence of its material components. Both
the biocompatibility of ITO [Selvakumaran 2002, Selvakumaran 2000] and Parylene HT
[Meng 2008, Xie 2011, Castagnola 2015, Huang 2008, Cogan 2008] is well supported by
both in vitro and in vivo experiments.

The immune response was evaluated with immunohistochemical staining of DAPI,
NeuroTrace and GFAP and comparison of neuronal density and cortical thickness 42 to
116 days post implantation (Table 1, Figure 18, 20, 21), in the superficial and deeper
layers of the cortex. GFAP labeling, indicative of the astroglial response, recapitulated
the described response to cranial surgery [Holtmaat 2009, Koletar 2019]. We found a
major increase in its intensity at the shortest time point relative to the control side, more
localized to the superficial layers (Figure 19 A). This is in agreement with the described
formation of glial scars in the immediate vicinity of implanted devices and shows the
higher exposure of superficial layers to surgery induced changes.The relative preservation
of deeper layers and the lack of considerable difference between the implanted and control
side is promising for imaging of deeper cortical layers long after implantation, and may
advocate the adaptation of longer implantation periods in chronic imaging efforts.
Regarding the absolute levels of GFAP intensity at different time points, the superficial
ROIs of M2-4 were comparable to the highly elevated superficial ROIs of M1 (Figure 19
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A). While the statistical testing of this is hindered by the overall number of animals, the
causes of this apparent elevation may be speculated. A possible explanation may be an
increase in baseline GFAP levels at this implantation time, as the differences between
control and implanted sides are preserved.

Changes in cortical thickness or neuronal density may be indicative of an ongoing or
concluded immune response and are therefore useful in evaluating the impact caused by
the implantation of the device. Although it could be expected that the total width of the
cortex would correlate with the neuronal density, the results showed a different picture.
Despite unchanged neuronal density in the first two time points, the thickness of the
cortex was reduced significantly in M1 and M2-4 (Figure 19 C), while neuron density
was lower only in M5, where cortical thickness was actually larger on the implanted side
(Figure 19 B).

The evoked immune response encountered here, particularly GFAP and NeuroTrace
labeling, is in line with previous reports of immune response after cranial window
[Holtmaat 2009] or epidural device implantation [Fedor 2022]. GFAP expression
increases 1-2 weeks after surgery ipsilaterally and remains elevated, to a lesser degree,
for up to 6 months [Brosch 2020], although there are reports of regained baseline levels
[Koletar 2019, Park 2019]. The magnitude of these increases covers a wide range, from
17% [Brosch 2020, Fedor 2022] and 50% [Holtmaat 2009] to 300% [Schweigmann
2021]. In some cases, the reported increase is not quantified [Xu 2007, Guo 2017,
Brodnick 2019, Koletar 2019], or the amount of increase is not reported [Park 2019].
Importantly, this agreement with previous reports shows that the implantation of Parylene
HT did not evoke an immune response that would exceed the responses evoked by a
common craniotomy window surgery.

Softness and flexibility is hypothesized to be an important contributor to the
biocompatibility of a device and its effect can be quantified by measuring the depression
of the cortex (or cortical thickness) caused by a device [Vomero 2020]. Here, we found
that implanted cortices were slightly thinner in the first two implantation lengths, by 32
um and 23 um on average respectively, and slightly thicker at the last time point, by 31
um on average. While the flexibility of Parylene HT is certainly surpassed by shape
memory polymers [Fedor 2022] and hydrogel - based devices, its impact here manifests

in tens of micrometers on average (Figure 19 C).
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It is important to note that the data presented here may be limited by the overall number
of implanted mice (Table 1). In particular, the shortest (M1) and longest (MS5)
implantation lengths had only one mouse examined. While the initial GFAP response
after craniotomy, corresponding to M1, is well described, further testing would certainly
strengthen the results of the longest implantation period. Nevertheless, the results
correspond well to the described effects of cranial implantation surgery [Holtmaat 2009,
Schweigmann 2021] and do not suggest an additional, aggravating element introduced by
the materials of the ECoG device. Therefore, Parylene HT can be recommended as a
stable and biocompatible substrate for chronically implanted transparent neural

interfaces.
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5.2. The applicability of Thiol-ene/acrylate / SIROF devices

The experiments performed with the Thiole acrylate / SIROF devices were aimed to
demonstrate that this transparent microECoG device can be used to concurrently
interrogate cortical and hippocampal neuronal populations with ECoG and two-photon
calcium imaging (Figure 7). The device was designed specifically for such chronic
recordings in awake mice, with the challenges in mind that arise in combined
neuroimaging and electrocorticography experiments where a cranial window is also

necessary, such as limited space and weight (Figure 3).
5.2.1. Shape memory polymers as substrates

Probes implantable in the rodent brain have been proposed to perform intracortical
recordings successfully [Zatonyi 2019, Stiller 2018, Stiller 2020]. Previous research
suggests that mechanically compliant neural interfaces that conform better to the
curvilinear surface of the brain would be more likely to reduce stress at the biotic—abiotic
interface and may mitigate foreign body response [Harris 2011, Lecomte 2018, Jorfi
2015], including studies on SMP substrates [Driscoll 2021, Zatonyi 2019]. Thiol-
ene/acrylate compositions have been shown to undergo remarkable changes in elastic
properties, softening from over 1 GPa to 300 MPa with less than 3% water uptake upon
exposure to PBS at 37 °C. Hovewer, even the low water uptake of Thiol-ene/acrylate
necessitated the use of an inner encapsulating layer of Parylene C to prevent short-circuits
of the conductive layer. The conductive tracks and their Parylene C capping are located
along the neutral axis of the whole multi-layer structure, so the softening behavior of the
substrate and its bending stiffness minimally changed. This way, the beneficial
mechanical property of the tissue-device interface to foreign body response was
exploited, while functionality was maintained even during chronic use. In vitro EIS
measurements indicated a uniform decrease in impedance and increase in phase angle
(Figure 22, 23), that, together with the equivalent circuit analysis, suggested the diffusion
of solvent into the polymer layers [Zatonyi 2019, Takmakov 2015]. This may have
undermined the electrophysiological performance of the device except for the additional

Parylene C encapsulation (Figure 3 C).
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The soft nature of the device was leveraged and validated to great extent in the
hippocampal experiments, since the device was folded at 90 degrees at two locations by
the silicone cylinder (Figure 7 D). Despite the sharp folds that are suboptimal for
handling, the impedance tests and electrode yields showed that the device remained
functional until at least seven weeks. This was underlined by the detection of sharp waves

in the recorded dataset (Figure 29).
5.2.2. In vivo impedance spectroscopy

In vivo EIS measurements and electrocorticography were carried out weekly with the
implanted SIROF based devices of the immunohistology group (Figure 25). Although
electrode yield decreased immediately after implantation by 25%, no additional loss of
recording sites was observed over the 75-day measurement period (Figure 26). Impedance
increased after implantation compared to pre-implantation, most likely in association with
acute inflammation, reaching its largest magnitude after 61 days. By the 75th day,
impedance magnitude was similar to what was measured after 12 days (Figure 25 A).
Long-term electrical stability of an SMP probe softening similarly to our substrate (from
2 Gpato 300 Mpa) was investigated by Stiller et al., who found that impedance magnitude
significantly decreased after 7 weeks but was found to not hinder recording capabilities
up to 13 weeks. During that time period, SNR of their device was also maintained [Stiller
2018]. In our study, Thiol-ene/acrylate devices with SIROF (Figure 25 B) or gold-only
metallization exhibited similar changes in impedance, while showing a stable SNR during
the 22-week long experiment (Figure 27 A-B, Figure 28 A-B). The SNR values are
comparable to those of DC sputtered platinum electrodes (SNR = 8.9) on a polyimide
microECoG device [Zatonyi 2018]. With the same SNR calculating method, silicon-
based arrays were examined [Suner 2005], and a signal quality scale was defined,
according to which the Thiol-ene/acrylate / SIROF device would receive a “fair” signal
quality. Since this scaling was defined for the higher standards of penetrating electrode

arrays, the SNR of our microECoG device is acceptable and appropriate.

5.2.3. Detection of hippocampal sharp wave - ripples
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The key hallmark of the hippocampal LFP during immobility, drinking, eating and
grooming is the appearance of SPW-Rs, while theta oscillations dominate LFP activity of
the walking animal [Buzsaki 2015]. SPW-Rs can arise from any site of the hippocampal
CA1 region and propagate along the septotemporal axis depending on ripple magnitude
[Patel 2013]. Our recordings from the surface of the dorsal hippocampus further support
these statements (Figure 30). A handful of studies reported similar data about the
distribution of SPW-Rs as described here, recorded with different electrode types under
different conditions (sleep/awake; freely moving/head restrained) and from various
species (mice, rats, humans)[Patel 2013, Yitzhak 2021]. In a study using comparable
methods by Liu et al. [Liu 2022], the simultaneous recording of SPW-Rs and Ca*" activity
with a 16-channel PET / graphene electrode was introduced, describing local and global
SPW-R events and corresponding neuronal populations, although their frequency was not
addressed. Our dataset provide firm evidence on the feasibility to detect sharp wave
ripples in the hippocampus in this experimental scheme (Figure 29, 31) and on the
frequency of spatially-restricted (local) and widespread (global) events (Figure 30, 32).
This underlines the quality of electrocorticography that can be achieved with the Thiol-
ene/acrylate / SIROF device. Taken together, the observed SPW-R incidences found here
fit well to those reported in the literature [Buzsaki 2015].

5.2.4. Single unit activity

Although the device was not designed to record single unit activity, we also proved that
recording of action potentials is possible at sufficient quality (Table 3, Figure 33). To
optimise the performance of SUA recordings using our technology, recording site area,
and inter-site distance should be reduced, while channel numbers should be increased
[Khodagholy 2014]. A larger density of recording sites will also improve localization of
the signal sources within the hippocampus [T6th 2021], however, high-density arrays also
limit the field of view for optical imaging. This trade-off could be partially addressed by
the application of transparent wiring based on e.g., indium-tin-oxide [Zatonyi 2020] or

PEDOT:PSS [Dijk 2022].

5.2.5. Chronic two-photon calcium imaging
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The longevity of two-photon imaging measurements with transparent microECoG
devices is an important and often neglected aspect. In the Thiol-ene/acrylate / SIROF
implanted mice, neuronal calcium activity in the cortex and in the hippocampus could be
measured with two-photon calcium imaging even 22-24 weeks after implantation (Figure
34, 35). This measurement period is considerably longer than for other transparent ECoG
devices. Thunemann et al. presented successful multimodal imaging through the PET-
based microECoG array in anaesthetized rats [Thunemann 2018]. In the work of Donahue
et al., a Parylene C / PEDOT:PSS based device was used to simultaneously monitor
pathological activity in the 4-Aminopyridine (4AP) induced acute epilepsy model
[Donahue 2018]. Driscoll et al. investigated induced epileptic seizures in acute
experiments using a Parylene C / graphene MEA [Driscoll 2021]. Schweigmann et al.
used a liquid crystal polymer (LCP)-based array for 28 days to capture GCaMP3 signals
of neurons and astrocytes [Schweigmann 2021].

This longevity was reinforced by the quality of calcium signals detected in the str.
pyramidale of the hippocampus for six months after the implantation (Figure 35 D),
simultaneously with sharp wave ripples (Figure 36), and convincingly confirmed our
concurrent measurement scheme relying on the use of the Thiol-ene/acrylate / SIROF
microECoG device. Through these experiments, facilitated by the improved desing and
the softening property of the device, I was able to demonstrate the simultaneous
measurement of ECoG and two-photon calcium imaging both in the cortex and the

hippocampus of mice.
5.2.6. Immunohistological responses to cortical implantation

In the experiments where the Thiol-ene/acrylate / SIROF devices were implanted over
the cortex (Figure 37), we observed an increased GFAP signal in the
immunohistochemical staining on the implanted hemisphere compared to the primary
control, the contralateral cortical region of the same mouse. The electrode-cortex
interface was dominated by GFAP™ astrocytes (Figure 37 D), which indicated that foreign
body response may still be in progress 80 days after implantation. There was high protein
synthesis made visible by NeuroTrace labeling as well, but no significant difference in

DAPI signal intensity. Histology from a secondary control, coverglass implanted mouse
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suggested that these changes are likely not due to the presence of the device. The increase
in astrocyte activity and protein synthesis may instead be due to the surgical procedure
(e.g., removal of dura mater) and the use of coverglass as a substitute of skull bone (Figure
38). Our findings are in good agreement with the work of Saxena et al., who found the
same high appearance of GFAP astrocytes at the electrode-cortex interface 16 weeks post-
implantation in rats [Saxena 2013]. Moreover, Ravikumar et al. found that GFAP
immunoreactivity was the highest at 2 and 16 weeks post-implantation in mice but
concluded that they did not find any correlation between neurodegeneration and activated

microglia [Ravikumar 2014].
5.2.7. Immunohistological responses to hippocampal implantation

Immunohistochemical examination of the hippocampal implantations revealed that the
implantation of the electrode caused significant cellular changes in the brains of the
examined mice following approximately six months of chronic implantation (Figure 39
Figure 40). In terms of the effect of electrode implantation surgery, it was associated with
increased gliotic activity and a decrease in cell population in the hippocampal CAl
region. When comparing surgery with and without implantation, no significant difference
was observed in the total number of cells and the changes in the CA1 region. However, it
can be stated that during surgery without implantation, astrocyte activity was significantly
lower. Although gliotic activity increased, gliotic scar tissue did not develop during the
observed period, which would have isolated the electrode from the brain tissue, thus the
quality of the measurements could have been maintained. Furthermore, the fact that
gliotic activity increased when compared in all of the cases when comparing with the
contralateral hemisphere, leads back to the conclusion that the surgical procedure greatly
influences cellular organisation, and the changes observed are not solely caused by the
implantation of the Thiol-ene/acrylate microECoG devices.

Our study highlighted the first successful chronic application of a softening microECoG
device incorporated in a hippocampal cranial chamber to record sharp wave-ripples and
action potentials, while facilitating optical access to measure calcium signals through the
transparent substrate layer. The chronically implanted shape memory polymer based

device provided stable electrophysiological signals from the surface of the dorsal
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hippocampus, including SPW-Rs and MUAs/SUAs, for several weeks with preserved
transparency for two-photon imaging up to six months in GCaMP6f expressing transgenic
mice. These valuable features make the presented Thiol-ene/acrylate / SIROF device a
strong candidate for future studies where long term electrophysiological monitoring and
simultaneous calcium imaging might support discoveries, such as in epilepsy research or

drug development for neurodegenerative diseases
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6. Conclusions

In my thesis, I introduced a transparent microECoG device composed of Parylene HT /
ITO and presented its first use in chronic, simultaneous ECoG and two-photon calcium
imaging experiments in awake mice. The device is simple, cost-effective and
straightforward to fabricate, its recording sites exhibit impedance in the range of a few
hundred kQ-s and compatible with two-photon imaging as demonstrated by our
experiments aimed at photovoltaic effects and photodamage. In vivo two-photon imaging
and combined ECoG recordings demonstrated that cell bodies and dendrites were clearly
visualized at =250 um (Figure) and up to —400 pm in the cortex, either under the polymer
layer or under wires and recording sites. In line with previous reports of immune
responses after cranial surgery [Holtmaat 2009, Schweigmann 2021], we encountered
increased GFAP and NeuroTrace labeling. We conclude that these changes do not suggest
an additional, aggravating element introduced by the materials of the microECoG device,
and recommend Parylene HT as a stable and biocompatible substrate for chronically
implanted transparent neural interfaces.

In the second part of my thesis, I introduced a microECoG device featuring the shape
memory polymer Thiol-ene/acrylate as an encapsulating substrate and gold/SIROF
conductive layers. The device was designed specifically for chronic recordings in awake
mice, with the challenges in mind that arise in combined neuroimaging and
electrocorticography experiments. Excellent recording quality was reflected throughout
the course of the experiment by high SNR, impedance in the range of several hundred
kQ-s, detection of hippocampal sharp wave — ripple events and the recording of single-
unit activity. This underlines the quality of electrophysiology that can be achieved with
the Thiol-ene/acrylate / SIROF microECoG devices. The optical performance of these
devices satisfied the requirements of chronic experiments aiming for the synergetic use
of two-photon microscopy and cortical electrophysiology. Cortical measurements of two-
photon calcium imaging were performed up to 22 weeks atfer implantation of the device,
a period that is considerably longer than for other transparent microECoG devices. In the
str. pyramidale of the hippocampus, we recorded neuronal level calcium events

simultaneously with sharp wave — ripples, confirming the parallel use of the Thiol-
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ene/acrylate microECoG device. Although histological evaluation indicated increased
GFAP levels in both cortically and hippocampally implanted mice, histology of
secondary control, coverglass implanted mice as well as data in the literature suggested
that the surgical procedure greatly influences cellular organisation, and the changes
observed in implanted mice are unlikely to be caused solely by the implantation of the

Thiol-ene/acrylate / SIROF microECoG device.
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7. Summary

Through extensive characterization and experiments in vitro and in vivo in awake mice,
we sought to validate the usability of the Parylene HT/ ITO and Thiol-ene/acrylate /
SIROF composed transparent, implantable ECoG devices in two-photon imaging
experiments. We introduced novel material compositions and device designs and
subjected those devices to many tests, covering particularly electrochemical properties,
transparency and rigidity. In vitro tests on acute mouse brain slices served as a middle
ground towards in vivo experiments, and we explored the optical characteristics,
photothermal and photoelectric effects on the devices more in depth. As our main goal,
we implanted these transparent devices in mice, both on the cortical and the hippocampal
surface, for use in two-photon imaging and validated the in vivo, long term performance
of ECoG and calcium imaging, the basis of concurrent measurements. Finally, we
characterized the histological context of the implantations with DAPI, GFAP and
NeuroTrace labelings at different time points post implantation.

The results of all of these tests point out conclusively the applicability of both Parylene
HT/ITO and Thiol-ene/acrylate / SIROF composed devices in concurrent ECoG and two-
photon calcium imaging experiments in awake mice. The devices possess excellent
optical transparency. Electrochemical properties reflected the material choices in the
devices’ design and allowed good quality recordings months after implantation with
minimal loss of recording sites. Two-photon calcium imaging of GCaMP6f labelled
cortical neurons through the implanted devices provided satisfactory data on the activity
of neuronal populations 51 days (Parylene HT / ITO) and 22 weeks (Thiol-ene/acrylate /
SIROF) after implantation. Last but not least, the use of shape memory polymer materials
supported the implantation of the devices and the tackling of the following immune
response by conforming to the cortical surface better.

In light of these experiments we concluded that the implantable devices introduced here
are suitable for combined electrocorticography and two - photon calcium imaging
chronically, in awake mice and are good candidates for cellular level resolution mapping

of neuronal ensembles with electrophysiology and simultaneous two-photon imaging.
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