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ABSTRACT

Recording cortex-wide brain activity and decoding the brain’s neural computations are required
to mediate behaviors. Such an understanding will help formulate better treatments for
neurological disorders and improve the quality of life. Technologies for sensing neural activities
have been continuously developed over the past century. These technologies have gradually
improved to recording from larger brain regions at high temporal and spatial resolution.
Miniaturized devices have been developed for performing such imaging in freely-behaving
animals. Along these lines, this thesis first aimed to develop a high-accessibility neural activity
sensing technology and developed a fully desktop-fabricated flexible Graphene
electrocorticography (ECoG) arrays that can be completely built using commonly used
laboratory tools without the need for specialized cleanroom facilities. The ECoG arrays could be
implanted chronically for up to 180 days allowing high-quality measurement surface field
potentials. Building on this work, | developed a 3D-printed transparent ECoG array that
simultaneously performs ECoG recordings and mesoscale Calcium (Ca?*) imaging from multiple
sites. This device allowed the combination of high temporal resolution electrophysiological
measurements with high spatial resolution optical readout of neural activities. In in vivo
recording, the 3D-printed ECoG recorded stimuli-evoked and anesthesia drug-induced brain
activity in mice and showed strong correlations between the optical and electrical signals with a
cross-correlation factor > 75%. In the third aim, | developed a miniaturized micro-camera array
microscope (mini-MCAM) for cortex-wide Calcium imaging at single-cell resolution in head-
fixed or freely behaving mice. Mini-MCAM is an array of 4 microcameras generating a large
computationally stitched FOV of 30-40 mm2 with a central resolution of 9.9 um. The mini-
MCAM recorded spontaneous brain activities at head-fixed and freely behaving states where
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distinctive neurons’ activities were recorded and identified. In this thesis, all three neural activity
sensing technologies share a common goal to improve the existing neural activity sensing
technologies and accelerate fundamental neuroscience research, which will bring new insights

into the brain.
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Chapter 1:

Introduction: background and motivation

1.1 Importance of studying the brain

The human brain contains approximately 86 billion neurons and is considered the most complex
organ in the human body [1]. Each neuron may have thousands of connections to other neurons,
creating trillions of interconnections across the brain and forming a computational network to
process sensory information and mediate sensory-motor behaviors [2], [3] (Fig 1.1.1a). At the
micro-scale, neuron-neuron interconnections result in stereotyped neuronal circuits [4]. At the
macro-scale, these neural circuits are located in distinct functional regions, including the motor
cortex, which is responsible for voluntary movements [5], [6]; the somatosensory cortex, which
processes input information like touch, temperature, and pain from various skin sensors [7]; and,
the visual cortex which processes visual information collected by the retinas [8] (Fig 1.1.1b).
These functional regions also interact with each other to perform complex brain-wide
computations that mediate behaviors such as movement control [9], emotion regulation, and
memory formation [10] through their functional connectivity [11], [12]. Any disruption or
malfunction occurring in these interactions can result in disorders such as Alzheimer’s disease,
schizophrenia, and depression [13], [14]. Understanding the brain by mapping the interactions

between regions can provide insights into these disorders and potential treatments.
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Figure 1.1.1 | Brain’s neural network and its functional regions: (a) Brain’s neural network contains
approximately 86 billion neurons. These neurons communicate through their electrochemical signals. (b) The brain
has many distinct function regions like the motor cortex for motion control, the somatosensory cortex for input

signals like touch and pressure from skill sensors, the auditory cortex for sound, and the visual cortex for vision.

Aside from neurological disease studies, mapping the neural activity during neuromodulation
provides an opportunity to understand the direct stimulation applied to the brain influences
behaviors [15]. For example, transcranial direct current stimulation has been shown to enhance
the individual’s performance in discovery-learning visual search tasks by improving attention
[16], learning [17], and memory capability [18], while a second neuromodulation technology,
transcranial direct current stimulation, has been shown to improve perceptual discrimination,
motor learning speed, and visual searching ability [19]. To understand the neural bases of these
changes in behaviors and to improve the effectiveness and efficiency of these neuromodulation

technologies, neural activity sensing techniques such as functional magnetic resonance imaging



(FMRI) [15] and electroencephalogram (EEG) [20] have been used to record the simultaneous

brain activity under these types of transcranial stimulations.

1.2 Existing neural activity sensing technologies

a ‘b PC id
EEG electrode ECoG electrode Penetration probes Calcium imaging

Transparent implant
for optical access

Utah Michigan i Emission Exitation
array probe i light light

Scalp —

Skull —

Dura —+
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Pia T

Cerebral __ ] i
cortex : i '

Figure 1.2.1 | Neural activity sensing technologies: (a) Electroencephalography (EEG) electrodes are placed on
the scalp to measure the brain’s electrical activity. (b) Electrocorticography (ECoG) electrodes are placed on the
brain surface without penetrating the brain tissue. (c) Penetrating probes such as Utah array, a needle probe array,
and the Michigan probe, a multi-electrode shank, penetrate the brain tissue to record the neural activity. (d) Calcium

imaging measures the brain’s Calcium activity under a transparent skull implant using optical microscopy.

To get new insights into the brain, neural activity sensing technologies have been continuously
developed and improved. Mainly, these sensing technologies measure brain activity directly

through its electrical signals [21] or indirectly through optical signals from indicators [22]. For
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collecting electrical signals, electroencephalography (EEG) has been used to measure the brain’s
electrical activity by placing sub-centimeter size electrodes on the scalp [23]. Because EEG does
not require surgical implantation, it has become one of the most user-friendly technologies for
research and clinical applications like epilepsy diagnosis [24]. However, as shown in Figure
1.2.14a, the presence of scalp, skull, dura, arachnoid, and pia between the EEG electrodes and the
neurons results in a coarse spatial resolution of several centimeters. This resolution makes it
possible to map large-scale interactions between the brain’s functional regions but impossible to
map the interactions within small groups of neurons among these regions. To observe the neural
activity of this small group of neurons, the spatial resolution of the neural activity sensing tools
can be improved by using smaller electrode size, increasing the electrode density, and shortening
the distance between the electrodes and the neurons [25] (Fig. 1.2.1 c), Michigan probes [26]
(Fig. 1.2.1 ¢), and tetrodes [27] have been developed. However, all of these devices penetrate the
brain tissue, causing tissue damage that can trigger an immune response leading to tissue
encapsulation around the neural probes and degradation of signal quality in the long-term [28].
Intracortical EEG, also known as electrocorticography (ECoG), has been developed to reduce the
problems associated with penetrating probes while still providing relatively high spatial
resolutions in the micrometer scale [29]-[39]. ECoG achieves this balance by measuring the
brain’s surface field potential through a grid array of small electrodes placed on the brain's

surface [40].



1.3 Accessibility of ECoG electrode arrays decided by fabrication procedures

Lithography maski C Inkjet printing probe
: or
Extrusion printing probe

Metal electrode pads
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o material
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ECoG electrode array

v
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Figure 1.3.1 | Fabrications of existing ECoG devices: (a) ECoG electrode arrays of sub-centimeter resolution used
in medical applications are made from biocompatible metals such as gold and titanium alloy. (b) Sub-millimeter
ECoG electrode arrays are commonly built using microfabrication techniques such as lithography, physical vapor
deposition, and chemical etching. (c) Inkjet-printing or extrusion-printing simplifies the fabrication procedures of
sub-millimeter ECoG electrodes by direct electrode patterning, which still cannot completely evade microfabrication
or specialized fabrication techniques like lithography and etching for patterning insulation materials on the

electrodes.

For the human brain, with a size of tens of centimeters, a high-density ECoG electrode array with
subcentimeter-sized electrodes is sufficient for mapping brain activity in subcentimeter
resolution [41] (Fig 1.3.1a). In rodent brains, however, with a size of several millimeters,
submillimeter ECoG arrays are required to resolve the brain in meaningful detail. Submillimeter
ECoG arrays are generally fabricated using specialized techniques such as lithography [42],
vapor chemical deposition [35], and plasma etching [33] to pattern conductive materials into

electrode arrays (Fig 1.3.1b). These techniques require expensive equipment, professional skills,



and highly specialized training, which limits the adoption of sub-millimeter ECoG arrays by
neuroscientists in their research. In recent years, improvements in the precision of printing
techniques have made it possible for them to fabricate submillimeter ECoG arrays (Fig 1.3.1c)
with higher fabrication efficiency thanks to the printing’s additive manufacturing processes [29],
[43]. However, printing techniques often require expensive specialized printers and professional
skills to maintain and operate [43]-[45], so simpler fabrication of sub-millimeter ECoG arrays is

still needed.

Chapter 2 of this thesis presents a fully desktop-fabricated ECoG electrode array that can be

easily reconfigured and built using common bio-laboratory tools with minimal training.

1.4 Combining ECoG recording with Calcium imaging
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Figure 1.4.1 | Non-transparent ECoG electrode array vs. transparent ECoG electrode array: (a) non-
transparent ECoG electrode array can only measure the local field potential from the brain regions under the
electrode, where the spatial resolution depends on the size of and distance between neighboring electrodes.
Meanwhile, the ECoG array cannot directly record the neural activity of the regions without an electrode above. (b)
Transparent ECoG electrode array creates optical access to the brain allowing simultaneous Calcium imaging and
ECoG recording. Calcium imaging can record the neuronal activity from any brain region with or without an

electrode leading to much finer spatial resolution.

Calcium imaging uses optical microscopy to measure neural activity through fluorescence of
Calcium-sensitive proteins (Fig 1.2.1 d) [43]-[45]. The main advantage of this technique is its
ability to record neural activity across large areas of tissue at high spatial resolution, whereas its
main disadvantage is poor temporal resolution compared to electrophysiology techniques such as
ECoG and EEG. Combining ECoG and Calcium imaging techniques would leverage the high
spatial resolution of Calcium imaging with the high temporal resolution of ECoG to produce
high temporospatial recordings of neural activity. This combined technique requires transparent
ECoG electrode arrays to provide optical access to the brain. Some existing transparent electrode
array devices have been built by patterning transparent conductive materials such as Graphene
[30], [31], [46] and PEDOT:PSS [39], [43], [47], which all require specialized fabrication

techniques.

Chapter 3 of this thesis presents a transparent PEDOT:PSS ECoG electrode array fabricated by

patterning conductive materials and insulating materials using a 3D-printer.



1.5 Approach for ideal neural activity sensing technology
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Figure 1.5.1 | Ideal neural activity sensing technology: The ideal neural activity sensing device can record cortex-
wide brain activity at single-cell resolution in a freely behaving animal and be technologically accessible to researchers.
(a) Accessibility is a measure of how easy to use and cost-effective to build the device is. The ideal device will use
low-cost, off-the-shelf materials and be assembled by persons with minimal training and non-engineering background.
(b) Animal subjects should be freely behaving and capable of performing various tasks such as reward study, social
interaction, and space exploration. (c) The device should be capable of recording cortex-wide brain activity. (d)

Recordings should have a high spatiotemporal resolution.

The ideal neural activity sensing device should allow neuroscientists to map cortex-wide
recording in freely behaving mice at single-cell resolution [48]. To maximize adoption of the
device by other labs, it should also be easy to use and cost-effective to build. (Fig. 1.5.1a). Mice,

the most common animal model used in neuroscience studies [49], are often headfixed in



experiments to allow for high-performance neural recording hardware. However, headfixation
severely impedes the behaviors that neuroscientists can study. Freely behaving mice, on the other
hand, exhibit an array of complex behaviors, including social interaction [50], reward training
[51], and space exploration [51] (Fig. 1.5.1b). To study these complex behaviors in mice, the
neural activity sensing device must be miniaturized so that mice can display their natural
behaviors with minimal restriction [45], [52], [53]. Achieving neural sensing of cortex-wide
brain activity in freely behaving mice would allow neuroscientists to decode the neural substrates
of natural behaviors such as sensorimotor processing, learning, and memory [54]. Decoding
neural substrates at the neuron level is important because the neuron is the fundamental
functional unit of the brain. Therefore, the ideal neural activity sensing technology should
resolve neural activity at the single neuron level across large areas of the cortex. Two existing
technologies come close to achieving these specifications. The first technology, the Miniscope,
can achieve single-cell resolution but has a limited FOV that cannot reach a cortex-wide level
[50], [55]-[57]. The second technology, the Mesoscope [50], can achieve cortex-wide brain

imaging [53] but has a limited spatial resolution that cannot resolve single-cell activity.

Chapter 4 of this thesis presents an integrated miniaturized microcamera array that is both
highly accessible and can perform cortex-wide brain imaging in freely behaving mice at single-

cell resolution.

1.6 Thesis Outline

This thesis introduces three different neural activity sensing devices developed to improve

performance and accessibility over existing devices.



Chapter 2 presents a fully-desktop fabricated Graphene ECoG electrode array that improves the
accessibility over existing sub-millimeter ECoG arrays. To do so, a new Graphene ink was
synthesized that allowed for patterning the ECoG electrodes using a stencil. The ink was tested
to be stable, bio-safe, and highly conductive in benchtop characterization tests. Next, a desktop
fabrication process was developed with care taken to ensure that users with a non-engineering
background could design and build their own submillimeter ECoG array by following a set of
instructions for this process. The ECoG device was also chronically tested in mice to establish

biocompatibility and stability of the signal quality across several months.

Chapter 3 presents a 3D-printed transparent ECoG electrode array for performing simultaneous
ECoG and Calcium imaging across most of the mouse dorsal cortex. To do so, a 3D-printing
fabrication procedure was established to pattern transparent PEDOT:PSS electrodes and
transparent SU-8 insulation layers to form a transparent 8-channel ECoG array. In benchtop
tests, the transparent ECoG electrode array was shown to have high light transmission across the
blue and green wavelengths necessary for Calcium imaging. Testing of the transparent ECoG
array demonstrated successful simultaneous ECoG recording and Calcium imaging 15 days after

implantation.

Chapter 4 presents a miniaturized microcamera array (mini-MCAM) for cortex-wide Calcium
imaging at single-cell resolution. To achieve this, a 4-plane transparent polymer skull implant

was developed that can conform the curved surface of the dorsal cortex into four individual flat
surfaces, which matches the brain surface to the focal planes of the microcamera array. Testing
of the Mini-MCAM demonstrated a spatial resolution of 11 um and cellular-resolution Calcium

imaging of cortex-wide brain activity in mice.
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Chapter 5 discusses the limitations, device improvements, and future applications of these all

three neural activity sensing technologies.
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Chapter 2:

Fully Desktop Fabricated Flexible Graphene
Electrocorticography (ECoG) Arrays!

! The work reported in this chapter is based on the following original publications:

J. Hu*, R.F. Hossain*, Z. S. Navabi, A. Tillery, M. Laroque, P. D. Donaldson, S. L. Swisher, S. B.
Kodandaramaiah, Fully desktop fabricated flexible graphene electrocorticography (ECoG) arrays, bioRxiv

2022.07.25.501414; doi: https://doi.org/10.1101/2022.07.25.501414 (Preprint Paper)

R. F. Hossain*, J. Hu*, Z. S. Navabi, A. Tillery and S. B. Kodandaramaiah, "High-performance, Conformable,
Stencil Fabricated Graphene p-ECoG Array," 2021 IEEE Biomedical Circuits and Systems Conference (BioCAS),

2021, pp. 01-04, doi: 10.1109/BioCAS49922.2021.9644954.

Abstract

Flexible Electrocorticography (ECoG) electrode arrays that conform to the cortical surface and
record surface field potentials from multiple brain regions provide unique insights into how
computations occurring in distributed brain regions mediate behavior. Flexible ECoG devices
requiring highly specialized microfabrication methods provide high-density electrode arrays.
However, these fabrication methods challenge scientists with only bio-backgrounds to fabricate
customizable, low-cost, flexible ECoG devices with relatively lower resolution than
commercially available devices. Here we present a fully desktop-fabricated flexible graphene
ECoG array. First, we synthesized a stable, conductive ink via liquid exfoliation of Graphene in
Cyrene. Next, we have established a stencil-printing process for patterning the graphene ink via

laser-cut stencils on flexible polyimide substrates. Benchtop tests indicate that the graphene
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electrodes have good conductivity of ~ 1.1 x 10% S-em-1, flexibility to maintain their electrical
connection under static bending, and electrochemical stability in a 15-day accelerated corrosion
test. Chronically implanted graphene ECoG devices remain fully functional for up to 180 days,
with average in vivo impedances of 24.72 + 95.23 kQ at 1 kHz. The ECoG device can measure
spontaneous surface field potentials from mice under awake and anesthetized states and sensory
stimulus-evoked responses. The stencil-printing fabrication process can be used to create
Graphene ECoG devices with customized electrode layouts within 24 hours using commonly

available laboratory equipment.

2.1 Introduction

Simultaneous neural computations occur in many brain regions, and interactions between these
regions mediate behavior [2], [3], [58]. Disruptions to these interactions indicate neurological
disorders such as Parkinson’s disease [13] and traumatic brain injury [59]. Minimally invasive
electrocorticography (ECoG) electrode arrays have been used to measure surface field potential
for recording neural activities from several distributed populations of neurons at the brain surface
[60]. Functionally, ECoG electrode arrays covering large brain regions need to be flexible to make
adequate contact with the complex, convex surface of the brain [60], [61]. To this end, flexible,
silicon substrate-based [62] and polymer substrate-based ECoG devices [7]-[19] have been
developed. However, these devices were made using highly specialized micro- or nanofabrication
techniques which require training and specialized fabrication equipment. Further, most
neuroscience laboratories require rapid and flexible design alterations to adapt to various

experimental contexts, which is hard to achieve in traditional microfabrication procedures. To
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simplify the fabrication procedure, inkjet printing conductive materials such as silver nanoparticle
inks [44] and conductive polymers like PEDOT:PSS [43] have been used to create flexible and
reconfigurable ECoG electrode arrays. Tse approaches require expensive printers and still rely on

specialized microfabrication techniques to insulate the electrode [45].

This work introduces a fully-desktop fabricated stencil-printed, flexible graphene ECoG electrode
array fabricated using commonly available tools in neuroscience laboratories. Graphene has
become an attractive material for realizing neural interfaces [30], [31], [46], [63], [64] due to its
high conductivity [65], flexibility [66], transparency [67], stability [68], and biocompatibility [66].
We first formulated a stable conductive ink based on exfoliating Graphene in Cyrene. The ink was
stencil-printed on a flexible polyimide substrate via laser-cut stencils. A similar procedure was
applied to pattern a sacrificial Pluronic layer, a tri-block copolymer for defining the exposed
electrodes. Subsequently, a silicone elastomer insulation layer was coated on the electrodes using
a custom-built, microprocessor-controlled spin-coater to create functional ECoG electrode arrays.
Most importantly, no aspect of the device fabrication needed access to specialized cleanroom
facilities. The ECoG arrays exhibited excellent benchtop performance characteristics and in vivo
recording capabilities. Using this methodology, the proposed devices can be fabricated within 24
hours and require a level of complexity and skill comparable to the assembly of tetrode devices
[69]. The flexible Graphene ECoG devices were chronically implanted in mice and demonstrated

the ability to record surface field potentials for up to 180 days.
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2.2 Approach

[ PI stencil Pl film | Graphene I Pluronic PDMS

via and electrode ink through electrode Graphene through and rinse/remove
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Figure 2.2.1 | Stencil-printed flexible graphene ECoG array: (a) stencil-printing adapted from screen-printing to
realize flexible neural interfaces. (b) Schematic of the graphene ECoG electrode array fabrication procedure. (i)
Stencils are cut from insulating polyimide tape (PI) using a desktop laser; (ii) after tape-transferring the stencil onto a
PI film, graphene ink was drop-cast via stencil on the PI film to pattern the electrode traces, followed by annealing;
(iii) After removing the electrode stencil from the PI film, Pluronic is deposited through the electrode pad stencil on
the graphene electrodes; (iv) Once Pluronic solidifies, the electrode pad stencil is removed from the graphene electrode
array carefully. Diluted PDMS is spin-coated to form the insulating layer. After PDMS cures, Pluronic is rinsed away

to expose the electrode pads. (c) (i) Computer-aided design (CAD) drawing and laser-cut stencils of electrode array
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vias and electrode pads. (ii) The patterned graphene electrode on PI film. (iii) Pluronic droplets on graphene electrodes.

(iv) PDMS-insulated graphene electrodes. Scale bars indicate 500 pm.

We sought to engineer a flexible graphene ECoG device that could be entirely fabricated using
available tools and equipment in most neuroscience laboratories. Previous work has been done on
stencil-printed graphene electronics [70]-[73], but fully desktop fabricated p-ECoG arrays
implanted in mice have not been developed. The fabrication procedure required first a graphene
ink which can be used to build electrodes and retain electrical performance after chronic
implantation. Second, we sought to establish a simple process for achieving reconfigurable
electrode arrays for use in small animals. In this study, we used graphene exfoliated in Cyrene
solvent to create a high-performance conductive ink that could be patterned on a polyimide film

using a stencil-printing technique (Fig. 2.2.1a).

Figure 2.2.2 | Laser-cut stencil characterization. (a) The 2D schematic of laser cutting the stencil of electrode vias.
The stencil was cut using a commercial CO2 laser cutter (PLS6.140D, Universal System) through the PI tape supported
by a stainless-steel sheet. (b)-(e) Images of laser cut stencils at different power and speeds (b) A laser power setting
of 10% and speed setting of 50% failed to create a distinct boundary between 2 neighboring electrodes. (c) A laser

power setting of 10% and a speed setting of 100% created fully etched vias with distinct boundaries between electrode
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tracks. (d) At a laser power setting of 5% maximum and speed setting of 100% maximum, the laser could fully cut
through the PI tape but had carbonized residue filling in the stencil, which was hard to remove. (e) At a laser power
setting of 2.5% maximum and speed setting of 100% maximum, the laser could not fully cut through the PI tape. The

scale bar indicates 2 mm. We chose the settings in (c) for further experiments.

The overall fabrication procedure is shown in Fig. 2.2.1a. In the first step, stencils for patterning
the graphene electrodes and a sacrificial layer of Pluronic defining the exposed electrode pads were
created using a desktop laser cutter (Fig. 2.2.1a. i, Fig. 2.2.2a). The desktop laser cutter achieved
a minimum inter-electrode (center to center) distance of ~ 400 um. To reliably create isolated
electrodes without any spurious interconnects, we used the inter-electrode distance of 500 pm in
the stable design in which the electrode trace width is approximately 200 um (Fig. 2.2.1b, c). This
inter-electrode distance (500 um) depended on the laser power and cutting speed of the laser cutter,

which was experimentally optimized (Fig. 2.2.2b).

ECoG electrode array ECoG electrode array

PI film

—_—

Conductive

Graphene

Conductive adhesive

Figure 2.2.3 | bonding between PCB and ECoG electrode array: (a) 2D and 3D schematic of the bonding
between the graphene ECoG array and interface PCB using conductive adhesive. (b) Photograph illustrating

graphene ECoG array and interface PCB at the bonding sites. The scale bar indicates 2 mm.
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Figure 2.2.4 | whole ECoG device assembly: (a) CAD rendering of the whole implant assembly. The PDMS-
insulated graphene ECoG electrode array is first bonded to a flexible PCB using silver epoxy adhesive to connect the
electrodes with the PCB’s gold pads. A 3D-printed clamp mechanically reinforces the bonded PCB and ECoG array.

(b) Photograph of a fully assembled 16-channel graphene ECoG device. Scale bar indicates 5 mm.

The laser-cut stencil was overlaid on a flexible polyimide (PI) film, followed by drop-casting
graphene ink to pattern the electrode arrays (Fig. 2.2.1a. ii). After drop-casting, the PI film with
the stencil was annealed at a low temperature of ~ 100 °C to evaporate the excess Cyrene solvent.
Then, the stencil was stripped, and the electrode array was annealed at a high temperature of ~
300 °C (Fig. 2.2.1c). At room temperature, the second stencil for patterning the sacrificial Pluronic
layer was overlaid on the substrate (Fig. 2.2.1a. iii). A fine paintbrush was applied to Pluronic on
the electrode pad areas (Fig. 2.2.1a. iii). After removing the stencil, the Pluronic was allowed to
solidify overnight (Fig. 2.2.1c. iii), then the array was spin-coated with diluted silicone elastomer
to create the insulating layer. Once the elastomer was cured, the electrode array was gently rinsed
in warm water to remove the sacrificial Pluronic covering the electrode pads, resulting in an
insulated electrode array with exposed electrode sites for interfacing with a printed circuit board

(PCB) (S. Fig. 2.2.3a) and exposed electrode pads with an average diameter of ~ 300 um for
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interfacing the brain. Once the electrode arrays were fabricated, they were integrated into a 3D
printed frame adapted from our previous work [44], [52], [53]. The PCB interface was bonded to
the ECoG array using conductive epoxy (Figure 2.2.3) and mechanically reinforced using a
custom 3D printed clamp (Fig. 2.2.4a, b). The fabrication procedure relied entirely on common
equipment such as a laser cutter and stereolithographic 3D printers, ubiquitous in nearly every
university maker space. The electrode annealing was performed using a laboratory hotplate. Spin-
coating was performed using a homebuilt microprocessor-controlled spinner, but off-the-shelf

low-cost speed-controllable spin coaters under $1000 can also serve the purpose.
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2.3 Results

Formulation of graphene inks and material characterization
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Figure 2.3.1 | Material characterization of graphene films using three graphene inks: (a) SEM images of the
surface morphology of graphene films drop-cast onto a SiO2/Si substrate. The inset in the top right image shows the
higher magnification image. Scale bars indicate 200 um, while the scale bar in the inset indicates 2 um. (b) Current-
voltage characteristics of three exfoliated Gr inks. (c) Raman spectrum of the three graphene films at room
temperature, showing distinct Raman D, G, and 2D-band peaks, where the Id/1g ratio was lower for the film

originated formed from Cyrene Cyrene-exfoliated graphene ink.

We formulated three graphene inks for stencil fabrication by exfoliating graphene in Cyrene,

Dimethylformamide (DMF) [74]-[77], and Cyclohexanone/Terpineol (C/T) [66], [78], [79]
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solvents, using a top-down liquid-phase exfoliation (LPE) technique through ultra-sonication (see
Methods for details). Graphene inks in DMF and C/T have already been used in optoelectronic,
photovoltaic, and biomedical applications [66], [75]-[80]. More recently, Cyrene demonstrated
near-ideal physical properties for graphite exfoliation and the production of graphene dispersions
[81]. Graphene exfoliated in Cyrene for the same sonication time of 2 hours resulted in drop-cast
films with sub-micrometer surface flakes, while graphene in DMF and C/T ink produced rougher

films with much larger surface clusters (Fig. 2.3.1a).

As shown in Figure 2.3.1¢, the Raman spectroscopy was performed on spin-cast films from the
three ink samples. The L4/l ratio for highly disordered graphitic films like those generated from
annealed graphene flakes increases with crystallite (i.e., flake) size [82]. The l4/I; ratio for the
Cyrene-exfoliated graphene sample is the lowest, indicating it has the least average distance
between defects (< 1 nm), implying that this sample is composed of the smallest flakes of the three
inks, which have been annealed into a mainly sp> amorphous carbon structure [83]. Flake size is a
determinant of the overall packing density, with a smaller flake size enhancing inter-platelet
connectivity, resulting in higher conductivity [66]. Further, if needed, smaller flake sizes are
desirable for uniform patterning through stencils or inkjet printing[66], [70]. The thickness of the
drop-cast graphene inks were measured with a surface profiler, where the Cyrene+Gr,
C/T+EC+Gr, DMF+EC+Gr films’ thickness were measured to be 5.84 pm, 12.93 um, and 8.08

pum, respectively.

We next assessed the current-voltage characteristics of the three graphene films at room

temperature (Fig. 2.3.1b). At 0.5 V, the current was measured to be ~ 1.1 mA for DMF+EC+Gr
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sample, ~ 0.2 mA for C/T+EC+Gr, and ~ 61 mA for Cyrene+Gr. Following the calculation in the
method session, this finding corresponds to the highest conductivity of the Cyrene ink sample (~
1.1 x 10% S-cm—1). These results indicated that Cyrene was an adequate solvent for formulating
the exfoliated graphene ink. The characteristics of small flake size and high conductivity of the
exfoliated graphene in Cyrene indicate its potential for inkjet printing [84]. This work explored
stencil printing to simplify the fabrication process for patterning the ECoG electrodes. Further

experiments in this work involved devices made using graphene exfoliated in Cyrene.

Benchtop characterization of stencil fabricated graphene ECoG electrode arrays
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Figure 2.3.2 | Electrochemical characterization of the ECoG electrode: (a) Impedance magnitude at different
frequencies ranging from 1 Hz to 10 kHz of electrodes made by stencil printing with Cyrene + graphene ink. (b) Phase
angle at different frequencies ranging from 1 Hz to 10 kHz made by stencil printing with Cyrene + graphene ink. (c)
Cyclic voltammetry of the graphene ECoG electrode in PBS at different scan rates in 50 to 500 mV-s. (d) Change in
impedance magnitude as a function of time during an accelerated corrosion test. Each device has 16 electrodes with
exposed electrode pads (red) and 16 electrodes with PDMS capsulated pads (blue). (e) The change of impedance
magnitudes at 1 kHz as a function of radii of bending curvatures for nine identical straight graphene 10 mm long

ECoG electrodes.

Cyclic voltammetry (CV) was used to evaluate the electrochemical stability of graphene electrodes
[85]. The CV of the graphene electrode (n = 1) was measured at potentials with various scan rates
ranging from 50 mV/s to 1000 mV/s. According to the shape of the plotted curves, both double-
layer capacitance and pseudo-capacitance exist in the electrode (Fig. 2.3.2¢) [86]. The capacitance
value was extracted from the current (at 400 mV) vs. scan rate from the CV curve, where the linear

fit slope approximated the capacitance and was calculated to be ~ 10 nF at 400 mV.

Electrochemical impedance spectroscopy (EIS) measured over a frequency range of 1 Hz to 10
kHz (Fig. 2.3.2a) was performed on a graphene ECoG device with 15 functional electrodes (We
used a sample of 15 electrodes from one device to ensure the fabrication condition remains the
same). The phase angle shows the typical capacitive behavior (near 80°) at 20 Hz but gradually
becomes more resistive at higher frequencies (Fig. 2.3.2b). At high frequencies ranging from 1
kHz to 10 kHz, the relatively low impedance magnitudes are attributed to the stray capacitance

and the Ohmic resistance of the electrolyte solution and interconnect [87]. The EIS of the stencil-
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printed graphene electrode presents similar impedance characteristics as a previously reported

ECoG array of monocrystalline graphene layers [31].

To evaluate the durability of the PDMS insulator and stability of graphene electrodes, we used
ECoG arrays with 16 exposed electrode pads as the controls and the ECoG arrays with 16 electrode
pads fully encapsulated with PDMS as the test devices in the accelerated corrosion test (Fig.
2.3.2d). Accelerated corrosion tests are typically used to evaluate the durability of devices by
maintaining the devices in 1X PBS solution for long durations at high temperatures (60°C). Such
tests simulate a fivefold acceleration in device degradation as compared to devices kept at
physiological temperatures [36]. Based on these metrics, we performed accelerated corrosion tests
lasting 15 days to evaluate the impedances for a project 75-day period. At the end of the 15-day
accelerated corrosion tests, the electrodes had an average impedance of 6.49 + 4.16 kQ (n = 16),
while devices fully encapsulated with PDMS all had impedances > 1 MQ. These results indicate

that the potential lifetime of the electrodes is at least 75 days at body temperature of 37°C.

The planar ECoG electrode array is typically bent to conform to the mouse’s convex dorsal cortex
with an approximate radius of curvature of 12 mm [53]. Therefore, it is important to investigate
the relationship between the electrode impedance and the bending radii of curvature. The
impedances of 9 identical 10 mm long straight graphene electrodes were measured at 1000 Hz
when the electrodes were placed on a flat surface and then bent at various radii of curvature using
a custom measurement rig (S. Fig. 3). No significant difference in the electrode impedance
magnitudes on a flat surface or at different radii of curvature (14 mm to 6 mm) could be found

(Fig. 2.3.2). Thus, the graphene electrodes patterned on the flexible Pl substrates can be bent and
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conform to the dorsal cortical surface of the mouse brain with minimal effect on the electrode

impedance.

In vivo experiments
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Figure 2.3.3 | In vivo performance of the graphene ECoG devices: (a) Optical microscope images taken at 2
timepoints after chronic implantation of ECoG device on a C57BL/6 mouse (#4 shown in (b). Scale bars indicate 500
pm. (b) Impedance magnitude at 1 kHz of 64 electrodes in 4 implanted mice. Dots indicate individual electrode

impedance values. Stars indicate the average impedance of the 16 electrodes in each device.

The graphene ECoG devices were implanted in multiple mice to evaluate the in vivo recording
capabilities. The overall array dimension was ~ 9 mm x 4 mm, covering most sensory cortex
areas bilaterally (Fig. 2.3.5b). Representative microscope images of one such implanted mouse
taken on days 22 and 182 after implantation are shown in Fig. 2.3.3a. No visible neuroimmune
response could be found, such as Dural thickening and tissue encapsulation in these devices.

Most of the inner surface of the implant was covered by a PDMS insulation layer (Fig. 2.2.1c
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iv). PDMS itself is a biocompatible material for long-term cranial implants [32]. The longest
duration of implantation assessed was 21 weeks. The impedances of the electrodes were
periodically measured throughout the implantation (Fig. 2.3.3b). Across 4 mice, 61 electrodes
(out of 64) remained functional, with an average impedance magnitude of 24.72 + 95.23 kQ (n =
61) at 1 kHz. Three electrodes lost their connections on mouse 1 at the measurement of day 10.
Based on previous work describing a graphene ECoG device with similar electrode sizes, the
impedance of functional ECoG electrodes was expected to be lower than 600 kQ at 1 kHz [30].
The average electrode impedances of all four devices evaluated in this study remained less than
600kQ throughout implantation (n = 61/64 electrodes). Therefore, our graphene electrode arrays

can be used for chronic in vivo studies.
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Figure 2.3.4 | Ketamine-induced brain response: (a) Raw surface field potential recordings from the electrodes in
awake and Ketamine anesthetized states. (b) Frequency spectrogram of electrode 5 is shown in (a) in awake and
anesthetized states. (c) Average power spectral density (PSD) of recordings of all electrodes shown in (a) in awake

and anesthetized states.

ECoG recordings were performed in head-fixed mice while fully awake and under Ketamine-
anesthesia to demonstrate the functional use of the graphene ECoG devices. The raw recordings
obtained from all 16 electrodes in both states are shown in Figure. 2.3.4c. Consistent with previous

observations [88]-[90], induction of the anesthetized state via Ketamine resulted in low-frequency
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oscillations at the delta frequency (0.5 — 4 Hz) throughout the cortex (Fig. 2.3.4a). These delta
oscillations had signal peak-to-peak amplitudes of approximately 500 uV, much higher than the
awake state’s amplitude of ~ 200 uV (Fig. 2.3.4a). The spectrogram in Figure. 2.3.4b also presents
a higher signal power density at 0.5 — 4 Hz at the anesthetized state, matching the power spectral
density (PSD, Fig. 2.3.4c). The result indicates that all 16 device channels were functional for

measuring brain activity.
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Figure 2.3.5 | Sensory stimulus-evoked responses recorded by the graphene ECoG devices. (a) Air puff stimulus
was applied to the right whiskers. (b) Locations of electrode pads: electrodes 1 - 3 and 14 - 16 were located in the
primary sensory cortex (S1); electrodes 4 and 13 were located in the visual cortex (\V1); electrodes 5, 6, 11, and 12
were located in the primary motor cortex (M1/M2). Electrodes 7, 8, 9, and 10 were located in the Retrosplenial cortex
(RSD). Green dot indicates Bregma. Scale bar indicates 500 um. (c) Average ECoG signals responses to air-puff
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stimuli (n = 138) in 20-min recording were collected from 16 electrodes of Mouse #1. Dotted lines indicate the on-
and off-state of the air puff stimulus. Red line marks the signal of contralateral electrode 1, and blue line marks the
signal of ipsilateral electrode 16 (d) Average ECoG signals captured by the contralateral electrode 1 (top) and
ipsilateral electrode 16 (bottom) in response to repeated whisker stimulus (n = 5) in mouse 1. Blue lines indicate
individual trials. Red line denotes the average signal response. (e) Comparison of surface field potential of
depolarization’s peak amplitudes recorded by the contralateral electrode 1 vs. ipsilateral electrode 16 on mice 1, 2,
and 4 (P < 0.001, t-test). (f) Comparison of local field potential repolarization’s peak amplitudes recorded by the

contralateral electrode 1 vs. ipsilateral electrode 16 of the graphene ECoG on mice 1, 2, and 4 (P < 0.01, t-test).

Furthermore, the graphene ECoG devices demonstrated the ECoG recordings of stimuli-evoked
brain activity in response to sensory stimuli. The stimuli were the brief puffs of air (100 ms) given
to the right whiskers of mice in a randomized fashion during the awake state under head-fixation
(Fig. 2.3.5a). The stimuli resulted in whisking and the motor response observed in the experiments.
Broad activation of most of the cortex in response to the stimuli was observed and possibly caused
by the startle response (Fig. 2.3.5c). Channels 1 and 16 were individually located at the
contralateral and ipsilateral sensory cortices (S1) (Fig. 2.3.5b). Channel 1 has higher signal
amplitudes of negative peak N1 and positive peak P2 than channel 16 (Fig. 2.3.5d). Three animals
(mouse #1, mouse #2, and mouse #4) were tested to study and analyze the signal difference
between Channel 1 and 16. As shown in Figure. 2.3.5e and f, the average peak values N1 in
electrodes 1 vs. 16 were - 83.60 £ 23.16 UV vs. - 48.20 £ 12.29 uV (p < 0.001, t-test) on all three
mice; the average peak values P2 in electrode 1 vs. 16 were 48.64 + 19.96 uV vs. 34.34 £ 11.28
MV (p < 0.05, t-test) on all three mice. Both N1 and P2 peaks of stimuli evoked response measured
by electrode 1 placed on the left somatosensory cortex (contralateral to the right whisker
experienced air-puff stimulation) have significantly higher signal amplitude than electrode 16

located on the right somatosensory cortex. Thus, the graphene ECoG electrode arrays successfully
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captured the evoked response to the lateral right whisker air-puff stimulation. These results are

consistent with previous work done in our group [52], [91].

2.4 Discussion

Here, we demonstrate for the first time a fully desktop fabricated, stencil-printed, liquid exfoliated,
graphene-based, 16-channel ECoG electrode array on a flexible polyimide substrate, implanted on
the rodent dorsal cortex for high-resolution neurophysiological recording. The highly stable
graphene ink formulated by exfoliating graphene in a biocompatible solvent Cyrene [92],
demonstrated a high conductivity ~ 1.1 x 10% S-cm™'. Alongside the electrochemical analysis,
mechanical bending tests showed no significant change in electrode impedance at a flat surface
and various radii of curvature ranging from 14 mm to 6 mm. Fully functional devices and the
encapsulation of PDMS insulation were highly stable even under the accelerated aging
environment, maintaining an average impedance of ~ 6.49 + 4.16 kQ on day 15. Furthermore, the
electrodes remained functional with an average impedance magnitude of 24.72 + 95.23 kQ (1000
Hz) throughout the implantation. Thus, our graphene ECoG arrays are robust neural interfaces that

can be applied for chronic electrophysiology studies in mice.

To our knowledge, all the existing micrometer-scale ECoG devices are fully or partially fabricated
using microfabrication or specialized techniques [32]-[37], [39], [93]-[95], resulting in high cost
and low accessibility to neuroscience laboratories. In our method, the stencils determining the
layout of the electrodes can be rapidly reconfigured using CAD tools and fabricated using desktop
laser-cutters available in most university fabrication shops. The graphene ink can be formulated

using standard lab equipment, and the patterned electrodes can be sintered on a laboratory hotplate.
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The insulation layer can be deposited by a homebuilt, microcontroller-based spinner or a low-cost
off-the-shelf spin coater. We have created the first fully desktop fabricated, flexible micrometer-
scale ECoG array that can be chronically implanted in mice. These results point a way forward for
creating robust, open-source, flexible neural interfaces that can be widely used in basic and

translational neuroscience research.

Some limitations and concerns of the electrode characterization tests and results should be
clarified and discussed. First, the conductivity of the Cyrene graphene electrode was measured to
be ~1.1 X 10° S/m, which is enough for building neural probes compared with some
PEDOT:PSS composite materials with a conductivity of 3.23 + 0.75 x 102 S/m from the previous
study [47]. However, the conductivity of the stencil-printed multilayer graphene electrode (~1.1
X 10° S/m) is not comparable with monolayer graphene (1.46 + 0.75 x 10® S/m) synthesized by
chemical vapor deposition [96]. To improve the conductivity of the ECoG electrode made by this
desktop fabrication method, new conductive inks like inkjet printable gold nanoparticle ink (8.0
x 108 S/m) can be considered [97]. Secondly, in the accelerated corrosion test, for maintaining
the samples in the exact same fluid environment, the 50ml centrifuge tube we used could only fit
2 devices of total 32 electrodes (one functional device of partially PDMS-encapsulated to
evaluate the stability of graphene electrode and one device of fully PDMS encapsulated to
evaluate the durability of the PDMS insulation layer). Though the test results of durable PDMS
(> 1 MQ after day 15) and stable graphene electrodes (6.49 = 4.16 kQ after day 15) indicate the
potential for long-term implantation, the sample size is too small to give a conclusion. Also, the
decreasing impedance values of graphene electrodes from day 0 to day 5 (Fig. 2.3.2d) might

indicate vapor penetration through PDMS, which is water-repellent but permeable to water vapor
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[98]. To resolve this possible vapor penetration, new flexible insulation material SU-8 [93] can
be introduced in the future version of the device. Thirdly, the impedance values (24.72 + 95.23
kQ at 1000 Hz, n = 61) of the implanted ECoG devices have high variability. In the stencil
printing fabrication method, drop-casting conductive ink of exfoliated graphene flakes through
the laser-cut stencil made the graphene electrode’s thickness hard to control, possibly leading to
the high impedance variability. To mitigate this, spin-coated or drop-casted PEDOT:PSS with
smaller particle sizes can be explored to reduce the variability impedance, as demonstrated

previously [91].

We also identified some limitations to the proposed approach. First, the minimum feature size is
limited by the resolution of the desktop laser cutter to create the stencils. The ECoG devices with
an inter-electrode (center to center) distance of ~ 500 um can be patterned using the laser cutter
for a stable fabrication quality, limiting the overall number and density of electrodes incorporated
within a device. Second, the graphene ink needs to be annealed at high temperatures (> 300°C),
limiting the substrates used for supporting the graphene electrodes. As an alternative, photonic
sintering can be used instead of thermal annealing, allowing the use of other materials as substrates.
For instance, the electrodes could be patterned on transparent polymers such as polyethylene
terephthalate (PET) to create devices for simultaneous imaging and ECoG recording [45]. Though
transparent graphene ECoG has been developed, it still requires cleanroom equipment [49]. Our
desktop-fabricated stencil printing method does not apply to building transparent graphene ECoG,
but off-shelf transparent conductive PEDOT:PSS ink can be a potential alternative [8] for making

fully transparent ECoG.
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Several directions can be pursued in the future, building upon the graphene ECoG devices
presented in this work. The size of the implant can be extended to much larger regions of the brain
[52], [53] so that the whole visual cortex and motor cortex can be included for performing ECoG
recording over most of the cortical surface of the mouse brain [45]. The low and stable impedance
of the electrodes can be leveraged for precise cortical micro-stimulation [31]. Miniaturization of
electronic interface circuits can also allow deployment in freely behaving animals, potentially
combined with imaging instrumentation for simultaneously tracking large-scale calcium dynamics
[52]. Further, graphene has shown utility in passive sensing of electrical potentials and
functionalizing to highly sensitive biochemical sensing [99]. Overall, our method can be scaled to
mass manufacturing of flexible graphene-based biosensors at a low cost with a myriad of
applications in biological sensings, such as electrocardiography [100], electromyography [101],

and peripheral nerve interfacing [102].

2.5 Methods

Graphene inks formulation: The graphene inks were formulated by bath ultra-sonication of
graphene powder, which was ground using a mortar pestle from a graphite rod (496561, Sigma
Aldrich), in a mixture of Cyclohexanone:Terpineol (C/T) (398241 and 814759, Sigma Aldrich) at
a ratio of 7:3, DMF(319937, Sigma Aldrich), and Cyrene (807796, Sigma Aldrich). An initial
concentration of Ethyl Cellulose (EC) (EC 200646, Sigma Aldrich) at 2.5 wt% and 10 mg/mL
graphene powder were then added in 10 mL C/T and DMF, treated for 2 hours in the Branson Bath
Sonicator (CPX2800, Fisher Scientific) at 30 °C. No EC was added to the Cyrene ink as it produces

excess bubbles resulting in bad drop casting. All three dispersions were kept idle for 24 hours to
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precipitate the larger particles, which left pale gray precipitation at the bottom of the vials. The

supernatant (~ 8 mL) inks were extracted and stored in clean vials.

Graphene sample preparation for Electrical Measurement:

a b

i. A pair of silver contacts were deposited on Pl film using e-beam evaporator. ii. 4 mm by 20 mm Cyrene/Graphene
traces were deposited on the silver
contacts for further electrical
characterization tests

Figure 2.5.1 | Sample preparation for electrical characterization: (a) A pair of silver contacts were deposited on
P1 film using e-beam evaporator through a lithography mask. (b) 4 mm x 20 mm graphene trace was patterned on

the silver contact for electrical characterization tests.

To carry out the initial electrical characterization of the graphene inks, high integrity metal contacts
composed of silver (Ag) were first patterned with photolithography and deposited with an e-beam
evaporator on the PI film, followed by drop-casting of 0.5 mL graphene ink in a rectangular area
of 10.5 mm x 2 mm using a stencil (Figure 2.5.1). The sample was annealed at 350 °C for 90
minutes. A probe station with a parameter analyzer (B1500A, Agilent Technologies) was used to
conduct 2-point-probe voltage-controlled measurements and data extraction to evaluate the

current-voltage characteristics of three graphene films (Fig. 2.3.1b). The current density (A/cm?)
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was calculated from the measured current values (A) (Fig. 2.3.1b) divided by the cross-session
area of the sample of 1.17 x 10 cm? (sample width of 2 mm x sample thickness of 5.84 um of
Cyrene graphene). The electric field (V/cm) was defined as applied voltage (V) (Fig. 2.3.1b)
divided by the sample length of 1.05 cm. The conductivity (S/cm) of the graphene sample was

calculated by dividing the current density (A/cm?) by the electric field (V/cm).

Electrode array design and assembly:

Electrode array design: The layout of the graphene electrode array was rendered in computer-
aided design software (SolidWorks 2021, Dassault) (Fig. 2.2.1c). The center-to-center distances
between 2 neighboring electrode pads ranged from ~ 600 um to 1 mm. The overall layout of the
electrode array was designed to cover an area of ~ 9 mm long, extending bilaterally, with a width
of ~4 mm posterior to Bregma (Fig. 2.3.4b). Electrodes 1-3 and 14-16 were in the primary sensory
cortex (S1); electrodes 4 and 13 were located in the visual cortex (V1); electrodes 5-6 and 11-12
were located in the primary motor cortex (M1/M2), and 7-10 were located in Retrosplenial cortex

(RSC).

Laser-cut stencils: To fabricate the stencils, a piece of 50 um-thick insulating polyimide (PI) tape
(High Temperature Tape, Bertech) with a size of 25.4 mm by 160 mm was adhered to a stainless-
steel sheet and subsequently patterned by a CO> laser cutter (PLS6.140D, Universal System) (Fig.
2.2.1a). We tested the laser cutter’s cutting precision on the PI tape and found that the inter-
electrode pitch (center to center distance) of ~ 500 um with power settings of 10% and speed

settings of 100% can achieve the stable stencil (Fig. 2.2.2b). The electrode via stencil was
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transferred to a polyimide film substrate using a scotch tape transfer method modified from

previous work [103].
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Figure 2.5.2 | Custom-built spin coater: (a) Photograph of a custom-built microprocessor-controlled spin coater. (b)
The spin coater has one spinning disk with 2 substrate holder clamps that hold the substrate for spin coating. (c) The
major components of the spin coater include a microcontroller, rotary encoder, liquid crystal display (LCD) interface,
power switch, power supply, motor, and chamber. (d) Circuit layout. ESC in the schematic abbreviates electronic
speed controller. () The relationship between spinning speed and PDMS thickness was obtained using the custom-

built spin-coater compared to results obtained using a commercial spinner [1].

Graphene ink deposition: The graphene ink was manually drop-cast on the laser-cut mask and
annealed at a high temperature (~ 350 °C) for 90 minutes. To evaporate the solvent completely,
the hotplate temperature was ramped at ~ 10 °C/minute from 100 °C to 330 °C to evaporate the
solvent completely. After annealing, the mask was carefully removed, leaving the patterned
graphene channels on the polyimide film. A similar procedure was used to apply a sacrificial layer
of Pluronic (F-127, Sigma Aldrich) after manually aligning the electrode pad stencil to the
graphene electrodes. The sample was kept overnight at room temperature to solidify the Pluronic.
Diluted Polydimethylsiloxane (PDMS) was spin-coated at 1500 rpm for 15s using a home-built
desktop spin-coater (Fig. 2.5.2), then cured at 30 °C temperature for 15 minutes. For making the
diluted PDMS, the tert-Butanol (471712, Sigma) was warmed at 45 °C and mixed with PDMS and
SYLGARD 184 curing agent (761036, Sigma) at the weight ratio of 50:10:1. The Pluronic was
released with a gentle flow of hot water at 45 - 60 °C to expose the electrode pads. Then the sample

was annealed again at 100 °C for 30 minutes.

Implant assembly: The graphene ECoG device is an assembly of four major components: the
stencil fabricated ECoG array, a 3D printed cranial window frame, a flexible printed circuit board
(PCB) connector, and a 3D printed reinforcement clamp. The cranial window frame and the
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reinforcement clamps were 3D-printed using a stereolithography 3D printer (Form 2, Formlabs).
The PCB connector was custom-designed in Eagle (Autodesk Inc.) and fabricated by an online
PBC manufacturer (PCBWay.com). To assemble the device, the ECoG electrode array was first
bonded to the gold soldering pads on the flexible PCB connector using a conductive adhesive
(8331 Silver Epoxy Adhesive, MG Chemical) (Fig. 2.2.3) by applying it manually with a sharp
object. The interface was further mechanically reinforced using the 3D-printed clamp and followed
by encapsulation with clear epoxy adhesive (Scotch-Weld Epoxy Adhesive DP100 Plus, 3M). The
recording area of the stencil fabricated graphene electrode arrays was bonded to a 3D printed
cranial window frame using epoxy adhesive (DP1000 Plus Clear, 3M) adapted from our previous
work [52], [53] to realize the device illustrated in Fig. 2.2.4b. The cranial window defined a total
recording area of ~ 4 mm x 9 mm, with a radius of curvature of 10 mm, to allow conformal
implantation over the dorsal cortex immediately posterior to Bregma (Fig. 2.3.4b). A fully

assembled device has a mass of ~ 1.3 g.

Benchtop testing of fully assembled devices:

CV (Fig. 2.3.2¢), EIS (Fig. 2.3.2a, b), and accelerated corrosion tests (Fig. 2.3.2d) were performed
on fully assembled graphene ECoG devices. EIS and CV measurements were conducted using a
potentiostat (1010E, Gamry Instruments), with an Ag/AgCl reference electrode (Gamry
Instruments) and a platinum wire as a counter electrode (1.0 mm diameter, Premion, 99.997%,
Alfa Aesar) in room temperature 1X Phosphate Buffered Saline solution (D1408 PBS 10X, Sigma-
Aldrich). EIS was performed with a 50 mV excitation voltage from 10 kHz to 1 Hz. Ten
measurements were taken per decade. The CV was performed at varying scan rates from 50 — 1000

mV/s, with voltage limits set at + 0.75 V vs. the open circuit potential.
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The accelerated corrosion test was performed [104] by immersing 2 ECoG devices (one device
has 16 exposed electrode pads, and one device has 16 fully PDMS-capsulated electrode pads) into
1X Phosphate-buffered saline (D1408 PBS 10X, Sigma-Aldrich) at an elevated temperature of
60 °C which is equivalent to a five-fold accelerated corrosion process at body temperature of 37 °C
[36]. Impedances of the device were measured using the interface board (RHDZ2000, Intan

Technologies) at 1000 Hz daily for 2 weeks.

Pl film

I Graphene Electrode
Support struture

Measurement station

Figure 2.5.3 | Bending test. (a) The 3D and 2D schematic of the bending test setup. 3 identical electrodes built by the
same fabrication procedure of the graphene ECoG electrode array were conformed to the custom supporting structure
with a curvature. The electrode length is 15.7 mm. The electrode width is 100 um. (b) Photograph of the measurement

setup.

Bending testing was conducted by creating 9 straight, parallel graphene electrodes using the same
ECoG stencil printing technique. To mimic various degrees of bending after implantation, the

electrodes were placed on a flat surface and custom-built acrylic structures (Fig. 2.5.3) with radii
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of curvature of 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm, when their impedance was measured

using the interface board (RHD2000, Intan Technologies Inc.) at 1000 Hz.

Surgical implantation: All animal experiments were approved by the University of Minnesota
Intuitional Animal Care and Use Committee (IACUC). 9 C57BL/6 mice (5 males and 4 females)
at the age of 12-30 weeks were used in this study. Initially, 5 mice were implanted with the
graphene ECoG devices while optimizing the electrode layout and overall device design. Mice
were housed in a 14hr light/10hr dark cycle in rooms maintained at 20-23 °C and 30-70% relative
humidity. Mice had ad libitum access to food and water. Mice were given preemptive doses of
2mg/kg of sustained-release buprenorphine (Buprenorphine SR-LAB, ZooPharm) and 2 mg/kg of
meloxicam for analgesia and preventing brain inflammation respectively. Mice were anesthetized
30-60 minutes after the initial analgesia dosage using 1-5% isoflurane anesthesia in Oxygen. Eye
ointment (Puralube, Dechra Veterinary Products) was applied to the eyes. The scalp was shaved
and cleaned. Once the mice were fixed in a stereotax (900LS, Kopf), the scalp was sterilized by
repeatedly scrubbing Betadine and 70% Ethanol solution (3 times). Next, the scalp was removed
using surgical scissors. The tissue and fat under the scalp were subsequently cleared using a micro
curette (# 10080-05; Fine Science Tools). Partial temporalis muscle wrapping around the skull was
carefully removed using a scalpel to expose the squamosal area. After drilling a ~ 300 um-diameter
hole on the squamosal suture, a stainless-steel bone screw (#FFO00CE094, JI MORRIS Company)
tied to a 26-gauge stainless-steel reference wire was tightened in the hole firmly. A large
craniotomy was immediately performed using a high-speed dental drill following a rectangular
path approximately 4 mm x 9 mm posterior to Bregma. After the drilling, the skull piece was
removed from the dorsal cortex using two micro curettes holding its lateral edges. A gauze pad

soaked in sterile saline was gently placed on the exposed brain to keep it moist.
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The graphene ECoG device was sterilized by immersion in 70% Ethanol for 2 min and
subsequently rinsed thoroughly with sterile saline. The periphery of the craniotomy was cleaned
using a pointed cotton tip after removing the gauze pad. The window frame was gently placed on
the exposed brain. Surgical adhesive (Vetbond, 3M) was applied around the edges of the window
frame to bond the window frame to the skull. After the adhesive was cured, a customized waterjet-
cut Titanium headplate was fastened on the implant with a #0-80 screw. The implant was cemented
to the skull using opaque dental cement (Metabond, Parkell Inc.). Mice were transferred from the
stereotax to a heated pad (catalog no. 72-0492; Harvard Apparatus) for recovery from the
anesthesia and were transferred to a clean cage partially located on a warming pad once they were
fully ambulatory. 2 mg/kg meloxicam was administrated twice per 24 hr for 72 hr post-surgery.

Mice recovered for 7 days before any in vivo experiment.

In vivo electrophysiology: In vivo electrode performance test: The impedances of electrodes in the
implanted devices were measured periodically (up to 182 days). Animals were transferred from
their home cage and affixed under anesthesia in a custom head-fixation device adapted from
previous studies [53], [105]. Subsequently, the FPC connector on the amplifier was connected to

the PCB connector of the ECoG device. Impedance measurements were acquired at 1000 Hz.

Awake and anesthetized spontaneous recordings: Mice were head-fixed on the treadmill, and 4
minutes of spontaneous recordings were acquired when the animals were fully awake. All the
signals were recorded through the RHD 2000 interface board at a sampling rate of 20 kHz. Mice

were administrated a cocktail of Ketamine (100 mg/kg) and xylazine (10 mg/kg) while head-fixed.
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A heated pad was placed under the animal to maintain body temperature, and mice were
supplemented with Oxygen. Once the animal was fully unresponsive to toe pinch stimulus,
multiple 4-minute-long spontaneous recordings were acquired. Once fully recovered from
anesthesia, mice were removed from the head fixation apparatus and transferred back to their home

cage.

ECoG recordings in response to sensory stimuli: Stimulation applied to mice whiskers is a
common way to study the evoked response in the somatosensory system [106]. Here, we used a
lateral air-puff stimulation to test whether the implanted ECoG array can successfully measure
the contralateral evoked response [29], [52]. To do so, brief air-puff stimuli of compressed air
flow were applied to the right whiskers of head-fix mice through a blunt 24-gauge stainless steel
needle. The needle-guided the air puff to stimulate the whiskers in the posterior-anterior
direction (Fig. 4a). 24-30 air-puff stimuli were given to each mouse in each experimental
session, with each stimulus lasting 100 ms. The inter-stimulus interval was randomized (8 to 10s)

and controlled using a microcontroller (Arduino Uno, Adafruit) actuated solenoid valve.

Data analysis:

All the data, including electrode impedances and ECoG signals, were collected and converted
using the interface board’s software (RHD2000 interface, Intan Technologies Inc.). The raw ECoG
signals were first down-sampled to a moving average of 2 kHz and low-pass filtered using an
elliptic filter with a passing band of 100 Hz. Custom scripts in MATLAB (MATLAB 2020b,

Mathworks) were used to analyze and plot the data.
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2.6 Summary

In this chapter, we introduce a fully desktop-fabricated flexible graphene ECoG array, allowing
scientists of bio-background to design and build their own ECoG array using common bio-
laboratory tools. For this ECoG, we synthesized a new highly conductive graphene ink exfoliated
in a biocompatible organic solvent Cyrene. Current-voltage characteristic shows that the Cyrene
graphene ink has better conductivity than graphene inks exfoliated in common organic solvents:
DMF and C/T. Electrochemical characterization tests like CV, EIS, and accelerated corrosion
tests showed that the graphene ECoG electrodes are functional and usable for chronic in vivo
studies. Furthermore, the in vivo experiments of spontaneous recordings under different
conditions and stimuli-evoked response recordings successfully demonstrated the usability of
this graphene ECoG. Therefore, our graphene ECoG array is ready for broader applications in

brain study.
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Chapter 3:

3D printed transparent ECoG electrode arrays for

simultaneous ECoG and Ca?* imaging*

! The work reported in this chapter earned and has received support from the NIH NINDS Award (Number

R42NS110165).

2 The publication of this work is in preparation.

Abstract:

The ECoG devices in Chapter 2, provide high temporal resolution electrophysiology recording
from small, distributed sites in the brain surface. To complement these capability, efforts have
been made to combine ECoG with calcium imaging, which provides high spatial resolution
information. To do so, several efforts have been made to develop transparent ECoG arrays that
can be patterned on transparent substrate to realize functionalized, cranial window implants [29],
[43]. In Chapter 3, to create the optical access to brain Ca2+ imaging, we developed a 3D printed
transparent ECoG electrode array greatly simplifying the existing microfabrication procedure of
transparent ECoG arrays. Our 3D-printed ECoG demonstrated its capability of chronic
implantation for long-term electrophysiology and imaging. The ECoG electrodes were tested to
have impedance lower than 300 k€ with high optical transmission 83.89 = 1.67 %. We
conducted in vivo recording of stimuli-evoked brain activity and anesthesia drug induced brain
activity in which strong correlations with a cross correlation factor > 75% between the electrical
signals and optical signals were found. Thus, our ECoG can be deployed in brain studies

involving Calcium activities and local field potential measurement.
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3.1 Introduction

The graphene ECoG device presented in Chapter 2 can provide high temporal resolution in
brain signaling up to 100 Hz. However, it still lacks fine spatial resolution due to the limited
number of electrodes (16) placed on the cortical surface. Furthermore, our previous work
reported that Ca?* imaging can provide high spatial resolution in neural recording [52], [53] by
creating a large area of optical access to the brain. Thus, in Chapter 3, we engineered a 3D-
printed transparent ECoG device that can be used for cortex-wide simultaneous ECoG and Ca?*
imaging. This technology allows us to study the correlations between the brain's Ca®* signals and
surface field potential and brings a higher spatial resolution than the graphene ECoG developed

in Chapter 3.
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3.2 Approach
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Figure 3.2.1 | 3D-printed transparent PEDOT:PSS/SU-8 ECoG array and implant device: (a) Fabrication flow
chart of 3D printing the ECoG electrode: a high-concentration non-transparent PEDOT:PSS interconnect was first
printed on the PET film; secondly, low-concentration transparent PEDOT:PSS ECoG electrode traces were printed
on the PET film and connected with the interconnects; thirdly, a transparent insulation layer of SU-8 was printed on
top of the interconnects and the partial ECoG electrode to expose electrode pads contacting brain surface. (b) Image
of the whole ECoG device, which has a cranial window, a 3D-printed ECoG electrode array, a clamping structure,

and a flexible PCB interface. (c) The microscope image of the transparent ECoG array (Scale bar is 500 pm)

To fabricate the 3D-printed transparent ECoG electrode array, generally, we used a ultra-high

precision extrusion 3D printer [107]. Briefly, as shown in Figure. 3.2.1a, one layer of non-

46



transparent PEDOT:PSS interconnect was 3D printed on the transparent PET film; transparent
PEDOT:PSS electrode array was 3D printed on the PET film and connected to the interconnect;
upon the PEDOT:PSS electrodes and interconnects, a layer of SU-8 transparent negative
photoresist was 3D printed and UV-cured on the electrode array to insulate the electrodes and
interconnects. The overall architecture of the 3D printed ECoG device is similar to the Graphene
ECoG device described in Chapter 2, which has 3D printed clamping structure to mechanically
reinforced the 3D printed PEDOT:PSS electrode array bonded with a flexible PCB (Fig. 3.2.1b).
As shown in Figure 3.2.1c, the electrode array has 8 transparent electrode pads contacting with
brain surface, and the rest of electrode traces and interconnects are precisely encapsulated by the

SU-8 traces.

3.3 Results

Characterization test of optical transmission

ECoG electrode arrays measure surface voltage potentials to study brain activity [60]. Electrodes
with higher conductivity will have better recording performance [108]. The impedance of
functional ECoG electrodes is expected to be less than 1 MQ [86], [87], [109]. The ECoG
devices were submerged in 1X phosphate-buffered saline to mimic the physiological
environment and measured their impedances using an Intan RHD2000 recording station. We
built and tested five devices. For all five devices, 38 out of 40 electrodes had impedance values

less than 1 MQ. Thus, the electrode fabrication procedure was stable.
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Figure 3.3.1 | Thin-film optical transmission: (a) 3D printed thin film of diluted PEDOT:PSS + Polyethylene

Glycol (PEG) additive, line spacing 0.23 mm (Scale bar is 500 pum). (b) The light transmission rates in % through

thin films of different materials

For Ca?* imaging on mice, the ECoG electrode’s light transmission rate needs at least 70%, as
reported in our previous work [53]. To evaluate the electrode transparency, we measured the
light transmission rate through material samples using a light source of variable wavelength
ranging from 380 nm to 730 nm. An optical fiber directed the light through the samples into a
spectrometer. Spectrometer readings from unobstructed light determined the percentage of light
passing through the material samples. The electrode material samples tested were cut out of a
solid film of diluted PEDOT:PSS with PEG additive. The films were printed with the same
parameters used for the ECoG electrodes but were rectangular. (Fig. 3.2.2 a). The diluted
PEDOT:PSS with PEG with an average transmission of 83.89% and a standard deviation of
1.67% over wavelengths between 380 and 740 nm (Fig. 3.2.2 b). Plain diluted PEDOT:PSS
(without PEG) and plain diluted PEDOT:PSS (without PEG) covered with a layer of SU-8 were

also measured for comparison; both had slightly higher levels of light transmission, but PEG was
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still used in the devices due to its positive effect on reducing electrode impedance. The addition

of SU-8 had no noticeable effect on transmission, indicating its transparency.

Implantation of the ECoG array

Since the PEDOT:PSS ECoG electrode array showed its low impedance and high transparency,
the ECoG device was tested in in vivo experiments to evaluate its performance. To test whether
the ECoG electrode array is safe for the animal, five devices will be separately implanted in mice
in accordance with protocols approved by the University of Minnesota Intuitional Animal Care
and Use Committee (IACUC); the goal is to achieve at least 75% survival rate of chronically
implanted mice for at least two weeks post-surgery when optical microscope imaging will be
used to monitor the brain conditions like dura thickening or immune response. The impedance of
implanted ECoG devices will also be measured to test whether the electrode lasts in in vivo
environments. To evaluate the device's ECoG recording performance, stimuli evoked brain
response will be recorded with the same experiment design as Aim 1. Next, simultaneous ECoG
recording and Ca?* imaging will be acquired when the animal is fully awake vs. anesthetized to
test whether a difference in brain activity can be found in electrical and Ca?* signals. At the same

time, the correlation between the electrical and Ca?* signals will be evaluated.
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Figure 3.3.2 | Chronic implantation of 3D printed devices: (a) The image of the whole implant (D1) includes the
ECoG array under a See-shell, a head-fix titanium frame, and a flexible printed circuit board (PCB) on the mouse.

(b) D1 ECoG on the brain after 16 days of implantation.

The devices were implanted on five mice: D1 and D3 were implanted on two 5-month-old wild-
type mice (D1 is male, D3 is female); D2, D4, and D5 were implanted on three 6-month-old
C56/BL6 mice (D2 is male, D4 is female, D5 is male). All animal procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of Minnesota, Twin
Cities. All mice recovered fully and exhibited no loss of body condition or change in behavior
throughout implantation. Furthermore, other than bone regrowth, no visible injuries for all five
devices under the microscope can be found for at least two weeks of implantation (Fig 4.2.3 b).

Therefore, our device is safe to be used for further ECoG recording.
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Table 3: Impedance measurements of implanted ECoG devices post-implantation.

Electrode D2 D3 D4 D5

(28 days) (14 days) (14 days) (14 days)
1 86.4 kQ 86.2 kQ 70.2 kQ 62.7 kQ
2 84.3 kQ 10.2 MQ 55.1 kQ 26.1 kQ
3 57.8 kQ 62.7 kQ 19.2 kQ 16.2 kQ
4 66.2 kQ 88.6 kQ 71.4 kQ 17.6 kQ
5 69.7 kQ 25.8 kQ 323 kQ 18.2 kQ
6 67.9 kQ 50.4 kQ 1.79 MQ 14.7 kQ
7 88.5 kQ 51.1 kQ 3.25 MQ 17.8 kQ
8 148 kQ 37.7kQ 149 kQ 93.4 kQ

Implanted ECoG electrode array in the in vivo environment is expected to experience material
loss and tissue encapsulation around the electrodes, which leads to high impedance and
downgrading ECoG signal quality [36]. In all five implanted devices, except for D1, whose PCB
connector was accidentally broken and failed to take any measurements, D2, D3, D4, and D5 had
37 functional electrodes out of 40, with impedance values less than 1 MQ after two weeks of

implantation (Table 3). All five mice survived the implantation.
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Simultaneous ECoG recording and Ca?* imaging of airpuff stimuli evoked brain activity in

head-fixed mice
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Figure 3.3.3 | Functional use of ECoG arrays to measure stimulus-evoked responses: (a) Stimulation
experiment setup to deliver brief air-puff to whiskers and the map of implanted ECoG electrodes on the brain. The
green dot marks the location of Bregma point. (b) Normalized Calcium fluorescence changes (dashed line) vs.
ECoG signal (solid line) at electrodes 2 D5. (c), (d), (e) Averaged recorded brain signals of D2, D4, and D5

activated by the air-puff stimulation.
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Figure 3.3.4 | Correlations between ECoG and Calcium Signals: a, b, c. Correlation factors of airpuff stimulation
VvS. brain’s neuronal response captured by each electrode, and the ratio of the root mean square (RMS) of neuronal
responses in the periods of pre-stimulation vs. post-stimulation of D2, D4, and D5. d. The cross-correlation between
the brain signals recorded by electrodes 2 and 8 in D2. e, f. Cross-correlation between the brain signal recorded by
electrodes 1 and 8 in D4 and D5.

For testing whether the ECoG electrode array can localize brain activity responding to lateral
stimulation, the mouse's right whiskers were given 23-28 air-puff stimuli each lasting ~100 ms
for 4 minutes (Fig. 3.3.3 a). To eliminate the noise, we averaged the signal across all 23-28 time
windows (2.5 s) containing the air-puff and filtered it with a low-pass filter (0-100 Hz) to
generate an averaged signal plot showing that all functional electrodes captured the evoked brain
activity responding to the air-puff (Fig. 3.3.3 ¢, d, and e). In devices D4 and D5, compared with
electrode 8 in the lateral somatosensory cortex, we found that electrode 1 in the contralateral

somatosensory cortex had higher signal amplitude. To further quantify such difference, we first
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calculate the root mean square (RMS) power of the ECoG signal evoked by the stimuli vs. at pre-
stimulus state (no stimulus was given to the animal), then plot the average ratio of the RMS
values individually for each electrode in each device. Since D2 lost the contralateral electrode 1
in the somatosensory cortex (Fig. 3.3.3 ¢), we compare the RMS signal ratio obtained by D4 and
D5 and find that the contralateral electrode 1 did have a higher signal response than lateral

electrode 8 in the sensory cortex (Fig. 3.3.4 b and c).

Furthermore, we also calculate the correlation between the individual electrode's RMS ratio to
the existence of stimuli (in the control group, the air-puff stimuli were turned off in some time
windows). The ECoG signals and Calcium signals are generally highly correlated with each
other with a cross-correlation factor higher than 0.75 (Fig. 3.3.4 d, e, and f). We found that the
contralateral electrode 1 in both D4 and D5 have higher correlation values than the lateral
electrode 8 (Fig. 3.3.3 d and e). This finding indicates a similar localized brain response found
in Chapter 2. Furthermore, the ECoG and Ca?* signals were correlated in the overall recording

(Fig. 3.3.4 a, b and c).
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Simultaneous ECoG recording and Ca?* imaging of brain activity in mice under Ketamine

anesthesia
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Figure 3.3.5 | Simultaneous electrophysiology and Ca?* imagined in Thy1-GCaMP6f mice: (a) Map of
implanted ECoG electrodes in transgenic animal broadly expressing GCaMP in excitatory cells in the cortex. (b)

Normalized Calcium fluorescence changes (dashed line) vs. ECoG signal (solid line) at electrodes 5 and 8 in D2. (c)
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Mesoscale calcium imaging under Ketamine anesthesia in D2 shows traveling waves of periodic activity from
anterior to posterior regions of the cortex. (d), (e), (f) Cross-correlation between calcium signal and ECoG signal
under Ketamine anesthesia in D2, D4, and D5. g. Spectrograms of ECoG signals in awake state vs. anesthetized
state for D2. (g) Spectrogram of ECoG signals measured at electrode 5 in awake state vs. anesthetized state for D2.

(h) Power spectrum of ECoG signals measured at electrode 5 in awake state vs. anesthetized state for D2.

We perform Ca?* imaging through our transparent ECoG device using an epifluorescence
microscope on transgenic Thy1-GCamP6f mice broadly expressing calcium indicators in
excitatory neurons of the cortex (Fig. 3.3.5. a). Mesoscale imaging reveals traveling waves of
Calcium activity going anterior regions of the cortex to the posterior regions. No loss of signal
quality was observed under the electrode pads (Fig. 3.3.5. ¢) because no shadow of the electrode
was found. Under Ketamine anesthesia, the ECoG signals recorded by our device and calcium
activity were marked by low-frequency oscillations (0-4 Hz) (Fig. 3.3.5. b). These Ketamine-
induced low-frequency oscillations can also be found in the spectrogram (Fig. 3.3.5. g) and
power spectrum (Fig. 3.3.5. h). As shown in Figure 3.3.5 d, e, and f, Ca* signals and ECoG
signals are highly correlated with an approximate 100-ms delay. Therefore, in Chapter 3, we
successfully developed a 3D-printed transparent ECoG device that can perform Ca?* imaging
and ECoG recording simultaneously with an improved spatial resolution brought by Ca?* signal

compared to the traditional graphene ECoG device in Chapter 2.
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3.4 Methods

Electrode printing and implant fabrication

To fabricate this 3D-printed transparent ECoG electrode array, as shown in Figure. 3.2.1 a, they
were created via a 3-step fabrication process, with each step using the same 3D printer (ANT130
nano-positioning system). The electrode material is mainly PEDOT:PSS, a flexible and
biocompatible conductive polymer [39]. Previously, 3D-printed ECoG devices with silver
electrodes were opaque and cytotoxic [44]. To prepare for device fabrication, a small rectangle
of polyethylene terephthalate (PET) film was set flat on the printer stage. As shown in Figure
3.2.1a,a5.0 wt% PEDOT:PSS ink was used to print non-transparent electrode interconnects on
the PET film to route the ECoG electrodes and flexible PCB interface. The PET file with the
printed interconnects was then placed on a 120 °C hot plate for 5 minutes to cure the
PEDOT:PSS; a diluted PEDOT:PSS ink mixed with polyethylene glycol (PEG) [110]-[112] was
used to print transparent electrodes each linked with one of the interconnects, and the device was
again placed on a 120 °C hot plate for 5 minutes to cure the ink; finally, an insulation layer of
SU-8 2.0 was printed over most of the transparent electrodes, leaving the ends exposed to be
electrode pads contacting the brain. We previously used a polymethyl methacrylate (PMMA)
layer for insulation, but that material became cloudy and formed cracks in vivo. Therefore, SU-8
was chosen as an alternative transparent and biocompatible insulator [93]. The insulation layer
went through a curing process that consisted of baking on a hot plate at 65 °C for 1 minute,

95 °C for 3 minutes, 380 nm UV exposure for 100 seconds, a second baking step of 1 minute at
65 °C and 1 minute at 95 °C, and finally a hard bake at 120 °C for 15 minutes to ensure
durability over time. This resulted in a durable, flexible, and transparent ECoG device with eight
electrode channels (Fig. 3.2.1 c). The ECoG electrode array was mounted on a modified See-
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Shell frame from the previous study [53] and bonded with a flexible PCB connector connected to

the recording station for further measurement (Fig. 3.2.1 b).

Implantation:

The implantations follow the same procedure in Chapter 2. There are five mice are GCaMP5f

C56/BL6 mice.

Simultaneous ECoG recording and Ca?* imaging of airpuff stimuli evoked brain activity in

head-fixed mice:

The experiment follows the same procedure in Chapter 2.

Simultaneous ECoG recording and Ca?* imaging of brain activity in mice under Ketamine

anesthesia:

The experiment follows the same procedure in Chapter 2.

3.5 Summary

In this Chapter, we developed a 3D-printed transparent PEDOT:PSS ECoG electrode array,
which can be chronically implanted. Our transparent ECoG array successfully demonstrated

simultaneous ECoG recording and Calcium imaging of stimuli-evoked and Ketamine-induced
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brain activities in head-fixed mice, where strong correlations were found between the brain’s

Calcium and electrical signals.
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Chapter 4:

Miniaturized micro-camera array microscopy (mini-
MCAM) for cortex-wide Calcium imaging at single-cell
resolution in head-fixed or freely behaving mouse?

! The work reported in this chapter is supported by NIH Grant (Number RFINS113287)

2The publication of this work is in preparation.

Abstract:

Recording the activities of individual neurons distributed across multiple brain regions can
provide new insights into the brain's functions and animal behavior. Over the last few years,
miniaturized devices have been developed to image the activities of neurons in small fields of
view in freely behaving animals. Scaling the devices to image large fields of view results in large
imaging objectives and large cameras that are difficult to miniaturize for studying freely
behaving animals. Furthermore, such imaging devices must contend with the brain's complex
three-dimensional surface. Here, we introduced two innovations to enable calcium imaging from
multiple sites at cellular resolution across the dorsal cortical surface. First, we engineered a
multi-planar transparent skull implant with four glass windows stacking to open up 42 mm? of
the dorsal cortical surface for imaging. This area encompasses most of the bilateral primary and
secondary motor cortices, much of the somatosensory cortex areas, the Retrosplenial,
association, higher visual, and part of the primary visual cortex. We next built an array of

fluorescent micro-cameras to image each of the four planes defined by the square window. The
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fluorescent micro-camera consists of a 1:1.4 relay objective lens, a fluorescent imaging filter,
and a miniaturized CMOS sensor. Each micro-camera can image 8-12 mm? FOV at resolutions
ranging from 9.9 to 11.4 um. A laser-coupled fiber-based illumination system delivers 460 nm
excitation light with a light intensity power of 4.2-6.7 mW to each targeted brain region. We
imaged neuronal activity using the micro-camera in head-fixed and freely behaving Ail63 x
Cux2-creERT2 transgenic mice that sparsely expressed GCaMP6s in layers 2-3 pyramidal

neurons in the cortex.

4.1. Introduction:

Chapter 1 introduces the concept of the ideal neural activity sensing device, which should be
highly accessible and record cortex-wide brain activity at single-cell resolution in freely
behaving animals. To approach this ideal neural activity sensing device, 2 devices were
developed to improve one or more aspects of existing neural activity sensing devices: First, the
fully-desktop fabricated ECoG array, built by off-shelf materials and common bio-laboratory
tools, in Chapter 2, provides high accessibility but lack spatial resolution. Next, the 3D-printed
transparent ECoG array, combined ECoG and Calcium imaging techniques, in Chapter 3,
provides higher temporospatial resolution but cannot measure the single neuron’s activity. In
Chapter 4, inspired by the promising in vivo imaging results given by the Calcium imaging
technique in Chapter 3, the direction was chosen to develop a Calcium imaging device

approaching the ideal neural activity sensing features.
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Calcium imaging
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Figure 4.1.1 | Existing Calcium imaging device of cellular or near-cell resolutions: (a) A large FOV, single-cell

resolution miniature microscope (Miniscope-LFOV) performs brain imaging in freely behaving mice. Miniscope-

LFOV has a large FOV of 3.6 x 2.7 mm, a resolution of 6.2 — 7.8 um, and a sampling rate of 23 Hz. (b) cortical

observation by synchronous multifocal optical sampling method (COSMOS) to measure the brain activity across a

large, curved brain region of 10 x 10 mm, at near cellular resolution of 28 um, with a sampling rate of 29.4 Hz in

head-fixed mouse. (c) Two-photon mesoscope (2p-RAM) can scan a large brain region of 4.4 x 4.2 mm at
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resolutions of lateral 0.66 um and axial 4.09 um, with a relatively low sampling rate of 1.9 Hz in head-fixed mice.
(d) Real-time, ultra-large-scale, high-resolution (RUSH) imaging system which can perform brain Calcium imaging
in an ultra-large FOV of 10 x 12 mm, at a uniform resolution of ~1.2 um, with a high sampling rate of 30 Hz in
head-fixed mice. (e) Miniaturized micro-camera array microscope (mini-MCAM) developed in this study can
measure brain activity, in a computational stitched FOV of 4.5 x 2.5 mm x 4, at a resolution of 9.9 um, with a

sampling rate of 30 Hz in both head-fixed and freely moving animal study.

In recent years, several Calcium imaging devices were developed to image brain activity at

single-cell resolution or near-cell resolution:

In 2016, a team from Howard Hughes Medical Institute (Virginia, United States) developed a
two-photon mesoscope (2p-RAM) to perform in vivo brain imaging at a subcellular resolution
[113] (Fig. 4.1.1c). The 2p-RAM can scan a large brain region of 4.4 x 4.2 mm at a high
resolution of lateral 0.66 um and axial 4.09 um but at a relatively low sampling rate of 1.9 Hz in
head-fixed mice. In 2p-RAM’s FOV of 4.4 x 4.2 mm, its high spatial resolution allows
measuring the simultaneous activities of over 3000 neurons, but 2p-RAM’s scanning working

principle has a relatively low spatial resolution and only be used in headfixed mice.

In 2019, a team from Tsinghua University (Beijing, China) developed a real-time, ultra-large-

scale, high-resolution (RUSH) imaging system to image the brain activity in a FOV of 10 x 12
mm at a uniform resolution of ~1.2 um and a sampling rate of 30 Hz in head-fixed mice [114]

(Fig. 4.1.1d). The RUSH system uses a 34-camera array to record the neural activities from

multiple brain regions and merge the cameras’ FOVs into a large FOV containing the whole
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cortex. The RUSH system uses the camera array to create a curved focal plane matching the
curved brain surface, making the whole cortex imaginable. However, the RUSH system’s camera

array is costly and heavy for only use in headfixed mice.

In 2020, a team from Stanford University (California, United States) developed an imaging
method of cortical observation by synchronous multifocal optical sampling (COSMOS) to
measure brain activity across a large, curved brain region of 10 x 10 mm at near cellular
resolution of 28 um, and at a high sampling rate of 29.4 Hz in head-fixed mouse [115] (Fig.
4.1.1b). Unlike the RUSH system’s camera array using a camera array to create a curved focal
plane, the COSMOS method uses a custom-built lens with multi-focal planes matching the
curved brain surface to achieve a large FOV. Though this multi-focal lens has a much-minimized
hardware setup than RUSH, its resolution of 28 um may not be able to image all the cortical
neurons with a soma size of 10-20 um. As well as RUSH, COSMOS can only be used in head-

fixed mice.

In 2021, a team from the University of California in Los Angeles (California, United States)
developed a large FOV, single-cell resolution miniature microscope (Miniscope-LFOV) which
can perform in vivo Calcium imaging in freely-behaving rat in a large FOV of 3.6 x 2.7 mm, at a
high resolution of 6.2 — 7.8 um, and a sampling rate of 23 Hz [116] (Fig. 4.1.1a). Miniscope-
LFOV is a miniaturized 1p-microscope mounted on the freely-behaving rat, and it captures

neurons’ activities across its large FOV. However, the FOV is too small to image the neural
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activity across the whole cortex. Also, its 14 g is too heavy for the freely-behaving mouse to

carry [52], the most common animal model in the research.

4.2 Approach

____________________________________________________________________
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Figure 4.2.1 | Two approaches to increase FOV: (a) The approach of building conventional optics is to use a
larger objective lens, which also results in a bulky, heavy device requiring head-fixing the animal during recording.
(b) The other approach uses a miniaturized microcamera array to image and stitch multiple small FOVs to form a

large FOV.

As mentioned, the ideal neural activity sensing device should record the neural activity across
the dorsal cortex, requiring the imaging device to have a large FOV. One approach commonly
used in conventional optics is using a large objective lens to achieve a larger FOV. This results in
bulky, heavy hardware requiring head-fixing the mouse during recording (Fig. 4.2.1a). Here, this

study proposes another approach to use a miniaturized microcamera array microscopy (mini-
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MCAM), which has multiple microcameras to image different brain regions and merge all the
microcameras’ FOVs into a large FOV. Thus the mini-MCAM can create an approximate curved

focal plane matching the curved brain surface (Fig. 4.2.1b).

See-shell

Ghanbari et al., 2019 mini-MCAM'’s 4-plane transparent implant
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_________________________________________________________________________

Figure 4.2.2 | See-Shell vs. 4-plane transparent skull implant: (a) See-Shell from our previous study is a
transparent skull implant, which creates optical access to the brain through its curved transparent PET film placed on
the brain surface. The curved surface challenges the imaging device to keep the whole FOV in focus if the focal
plane is approximately flat. (b) Used by the mini-MCAM, a 4-plane transparent implant was developed to have four
windows. Each window confronts the underneath brain surface to a flat surface allowing the microcamera to keep its

whole FOV in focus easier.

The COSMOS system, 2p-RAM, and RUSH system were all trying to address one challenge:
keeping the targeted curved brain surface in focus [114]-[116]. As shown in Figure 4.2.2a, for
imaging the brain, when the optical access maintains the curved brain surface using curved
transparent skull implants like See-Shell [53], if the center of the FOV is in focus, the edge of the
FOV becomes out of focus, which results in failure of imaging the neural activity across the
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whole FOV. Since the mini-MCAM has 4 microcamera to target 4 different brain regions, a 4-
plane transparent skull implant of 4 windows was developed. Each window conforms the

underneath brain tissue to a planar surface allowing one microcamera to keep its whole FOV in

focus (Figure 4.2.2b).
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Figure 4.2.3 | Assembly and photos of mini-MCAM: (a) Demonstration of mini-MCAM mounted on a mouse for
brain imaging. Mini-MCAM consists of an illumination component, laser-coupled fibers providing excitation light,
an imaging component, a microcamera array performing cortex-wide brain imaging, and a recording interface
visualizing and storing the imaging data. (b) Assembly of the illumination component: the excitation light is
provided by a 460 nm laser diode. The blue light is first filtered by an excitation filter and then delivered to the brain
surface through four optical fibers. (c) The microcamera is a modified endoscope consisting of a CMOS sensor, an

objective lens, and an emission filter. The microcamera is mechanically reinforced by a heatsink Aluminum tube
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and multiple copper components. (d) Assembly of mini-MCAM: four microcameras and four optical fibers are
installed on a 3D-printed holding structure. The 4-plane transparent skull implant has four separate windows, mainly
transparent PET films coated with a layer of transparent SU-8 negative photoresist for hardening the window. (e)
Photo of the illumination component. (f) Photo of the microcamera array. (g) Photo of excitation blue light projected

on the 4-plane window implant.

Based on the two introduced working concepts to increase the FOV in this study (Fig. 4.2.1 and
Fig. 4.2.2), Mini-MCAM was developed to perform cortex-wide brain imaging at single-cell
resolution in head-fixed or freely behaving mice. The mini-MCAM consists of three major
components: an illumination component, an imaging component, and the 4-plane transparent
skull implant. The illumination component provides 460 nm excitation laser light. The laser
diode's light is first filtered by an excitation filter of 469 + 17.5 nm and then delivered through a
bundle of optical fibers to the brain under the transparent implant (Fig. 4.2.3b, e, and g). The
imaging component is an array of four microcameras (Fig. 3.2.3f). Each microcamera is a
modified endoscope with an emission filter of 525 + 25 nm, an objective lens, and a CMOS
sensor collecting the fluorescence signals from the brain’s Calcium activity (Fig. 4.2.3c). The 4-
plane transparent skull implant has four windows. Each window is a 150 um thick PET film
coated with a layer of transparent negative photoresist SU-8 (~20 um), and the SU-8
demonstrated strong biocompatibility in Chapter 3. Four windows are installed on a 3D-printed
PMMA window frame attached to a titanium structure for head fixation (Fig. 4.2.3. d). When

imaging the brain, the microcamera array is installed on the titanium structure (Fig. 4.2.3. a).
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4.3. Results

Benchtop testing of the mini-MCAM
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Figure 4.3.1 | Benchtop testing: (a) Size and resolution of the microcamera’s FOV used in in vivo recordings were
measured using a USAF resolution test chart. (b) FOVs in different sizes have different corresponding central and
corner resolutions. (c) Images present the central and corner resolutions measured using the USAF resolution test
chart. (d) Power spectral density of the blue excitation light provided by the 460 nm laser-coupled fiber bundle. (e)
Image of fluorescent microbeads coated underneath the 4-plane implant captured by the mini-MCAM. f. Image of

brain slide captured by the microcamera.

Benchtop testing was used to evaluate the optical performance of the mini-MCAM Before in
vivo experiments. First, the size and central resolution of the microcamera’s FOV used in in vivo
recordings were measured using a USAF resolution test chart. Here, the resolution refers to the

shortest distance between 2 distinct lines in the USAF chart which is 9.9 um at the center and
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11.4 um at the corner for the FOV of 4.53 x 2.55 mm (Fig. 4.3.1a). Since cortical neuron’s soma
has a diameter of 10-20 um [114], a resolution of 9.9 — 11.4 um should be adequate for
measuring neuronal activities. As for the FOV of 4.53 x 2.55 mm used in the in vivo recording,
~68 % area of the implant’s rectangle window, in a size of 3.82 x 3.82 mm (Fig. 4.3.2a), can be
imaged by 1 microcamera. Also, the microcamera is just a modified off-shelf endoscope, and its
FOV size is adjustable by simply changing the distance between the lens and CMOS (Fig.
4.2.3c). To study how the FOV affects the resolution, the central and corner resolutions are
measured for different FOVs. As shown in Figure. 4.3.1b and c, the smallest achievable FOV of
3.56 x 1.99 mm has a central resolution of 8.8 um and a corner resolution of 11 um. Once the
FOV was increased to 5.50 x 3.56 mm, its central and corner resolutions degraded to 12.5 um
and 13.9 um. In the largest achievable FOV of 13.45 x 7.57 mm, the central and corner
resolutions were measured to be 27.9 pum and 49.6 um, which can only be used for mesoscale
brain imaging demonstrated in our previous study [52]. In the in vivo recording, the FOV of 4.53

x 2.55 mm was selected.

Resolution is just 1 of 2 factors deciding whether the Calcium imaging tool can successfully
capture single-cell activity in GCaMP6f mice. The other factor is the excitation light which
excites the Calcium indicators to reveal the Calcium activity through the indicator’s fluorescent
light [117]. The excitation light's power spectral density was measured; its intensity centered at ~
460 = 5 nm (Fig. 4.3.1d), and it did not exceed 500 nm above the fluorescent Calcium signals.
Further, the 460 nm excitation light was also proved effective for brain imaging GCaMP6m mice
in a previous study [118]. Besides wavelength, the sufficient intensity of excitation light also

matters to have good imaging results. The light intensities of the four individual optical fibers
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were measured to be ~ 5.5 mW for Fiber 1, ~ 5.8 mW for Fiber 2, ~ 5.5 mW for Fiber 3, and ~
6.7 mW for Fiber 4. To evaluate the excitation light’s effectiveness, under this blue light, 10 um
fluorescence microbeads coated underneath the windows were imaged using the microcameras
(Fig. 4.3.1e), and the image of individual neurons in a brain slide was also imaged using the
same setup (Fig. 4.3.1e). Therefore, all these results suggest that the mini-MCAM is ready for in

vivo experiments and used to measure neural activity at single-cell resolution.
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In vivo testing of mini-MCAM

Calcium imaging of spontaneous brain activity in head-fixed mouse
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Figure 4.3.2 | Head-fixed recording of spontaneous brain activity: (a) FOV of mini-MCAM compared with the
4-plane transparent skull implant. Each microcamera’s FOV aligns with its targeted window. The whole FOV of the
mini-MCAM consists of a front-left (FL) window, a front-right (FR) window, a rear-left (RL) window, and a rear-
right (RR) window. (b) Setup of the experiment: the mouse was headfixed on a disk treadmill which was also used
in the in vivo experiments of Chapters 2 and 3 when brain imaging was taken. (c) Calcium image of the brain
region under the RL window. Green-labeled region highlights the neurons locating in the Retrosplenial cortex. (d)
Plot of Calcium signals in DF/F extracted from the selected neurons in RL window using imaging processing
software suite2p. (e) Calcium image of the brain region under the FL window. Blue-labeled region highlights the
neurons locating in the sensory cortex. Green-labeled region highlights the neurons in the motor cortex. (f) Plot of
Calcium signals in DF/F extracted from the selected neurons in FL window using imaging processing software

suite2p.

To evaluate the in vivo imaging performance of mini-MCAM, the mini-MCAM was used to
record the spontaneous brain activity in a head-fixed mouse walking on a disk treadmill (Fig.
4.3.2b). This experiment recorded mesoscale and single neurons’ activities of four brain regions
under the 4-plane transparent implant (Fig. 4.3.2a). The FOVs of the four microcameras imaged
multiple brain regions across the brain, including parts of the motor cortex, sensory cortex,
auditory cortex, Retrosplenial cortex, and visual cortex. The implant’s rear-left (RL) window and
the front-left (FL) window are selected to present single neurons’ Calcium activities, where the
signals of 17 representative cells (cell 119, 57, 96, 574, 709, 39, 464, 107, 183, 46, 616, 361, 26,
28, 185, 184, and 18) locating in the Retrosplenial cortex were extracted from the recorded video
and plotted (Fig. 4.3.2d). Meanwhile, more than 1200 cells in the RL window were identified by
suite2p [119]. As shown in Figure 4.3.2f, in the front-left (FL) window, Calcium signals of 5
representative cells (cell 111, 998, 396, 2533, and 1555) locating in the motor cortex and four

cells (cell 3691, 3230, 1554, 38) locating in the sensory cortex were also extracted and plotted.
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More than 3500 cells in the FL window were identified by suite2p. The plotted Calcium signals
in DF/F all have magnitudes > 15%, and all the neighboring cells appear to have distinctive spike
activities (Fig. 4.3.2d and f). Therefore, the mini-MCAM successfully demonstrated proof-of-

concept in vivo recording in a headfixed mouse.
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Figure 4.3.3 | Calcium imaging of spontaneous brain activity in freely behaving mouse: (a) The experiment
setup: the mouse explored in an O-shape arena when mini-MCAM was recording. (b) Calcium image of the brain

region under the rear-right window. Blue-labeled area highlights the neurons locating in the Retrosplenial cortex.

75



Brown-labeled area highlights neurons locating in the visual cortex. (c) Plot of Calcium signals in DF/F extracted

from the selected neurons in RL window using imaging processing software suite2p.

Mini-MCAM was also used to record spontaneous brain activity in a freely behaving mouse. The
weight of mini-MCAM was measured to be ~4.5g, which is too heavy and exceeds 10% of the
subject’s body weight of ~34g. According to our previous study [52], the weight of the imaging
device should not exceed 10% of the animal’s weight, which is 3.4g under this circumstance.
However, a study of miniaturized 2p-microscopy performing brain imaging in freely behaving
mice shows that 5g device carried by 32-35 g mice had minimal effect on the mice's movement
[120]. In this experiment, the subject was trained for 1 week (30 minutes per day) to carry the
mini-MCAM when placed in an O-shape arena to explore the arena freely. In the RL window,
suite2p identified more than 200 neurons (Fig. 4.3.3b). Figure 4.3.3c shows the representative
Calcium signals of 26 neurons in the Retrosplenial cortex, and 2 neurons in the visual cortex
were extracted and plotted where distinctive spike activities within all these neighboring cells
can be found. Thus, the mini-MCAM demonstrated proof-of-concept in vivo recording in freely

behaving animals at single-cell resolution.

4.4 Methods

The 4-plane transparent skull implant assembly

As shown in Figure 4.2.3d, to assemble the 4-plane transparent skull implant, a 150 pum thick
PET film was first laser-cut into 2 square windows of 3.8 x 3.8 mm and 2 triangle windows of

3.8 x 4 mm, then installed and bonded on a 3D printed PMMA window frame using optical
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adhesive (Thorlabs, NOAG61). To harden the flexible PET window, 0.025 ml negative photoresist
SU-8 monomers dissolved in 1 wt% cyclopentanone were dropped cast on the window and
polymerized to form a hardened glass-like transparent layer, in which the implant was pre-baked
at a ramping temperature from 60 °C to 90 °C for 1 min, then placed under 365 nm UV light to
polymerize the monomer following by post-baked at a ramping temperature from 60°C to 90°C.
Three holes of the 3D-printed window frame were threaded using a 0-80 tap for a titanium

headfixation structure to be installed (Fig. 4.2.3d).

Imaging component assembly

The fully assembled device has 4 microcameras. Each microcamera is a modified endoscope
(MISUMI, TD-B209M3-76-01). As shown in Figure 4.2.3c, to assemble one microcamera, an
emission filter of 525 + 25 nm (Chroma. Inc., ET525/50m 4mm Dia) was bonded on the
endoscope’s original objective lens using optical glue (Thorlabs, NOA61). A heat-conductive
Copper tape was partially wrapped around the emission filter as a protector preventing accidental
collision with the emission filter. The endoscope attached to the emission filter was placed in an
aluminum heat sink tube with an inner diameter of 4mm and an outer diameter of 4.5 mm. Four
microcameras were individually installed into the microcamera slots of a 3D printed PMMA
camera/fiber holder, where four optical fibers were also installed into the fiber slots of the
camera/fiber holder that each fiber individually targets at a window of the 4-plane transparent

skull implant.
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Illumination component assembly

The illumination component is mainly a laser-coupled optical fiber bundle. As shown in Figure
4.2.3b, a bundle of four acrylic optical fibers of 500 um diameter was inserted into and bonded
to a custom-built laser-cut acrylic fiber adaptor to assemble the illumination component. The end
of the fiber bundle was polished first using 600-grade sandpaper and then 2000-grade sandpaper
to create a perpendicular surface facing the blue laser light. The fiber adaptor, the excitation filter
of 469 £ 17.5 nm (Thorlabs, Inc., MF 469-35), and a custom-built laser-cut laser diode adaptor
were installed into a lens tube (Thorlabs, SM01) where the 460 nm laser diode was attached to

the laser diode adaptor.

Surgical implantation and animal caring

The surgical implantation and animal caring follow the same procedure and protocol described in

Chapter 2, the fully desktop-fabricated Graphene ECoG electrode array.

In vivo brain imaging

In this study, all the in vivo recording data was collected from an 8-mouth old female GCaMP6
Ai163-cux2 mouse. The setup of headfixed recording followed the same procedure of studies in
Chapter 2 and Chapter 3. In the freely behaving experiment, the mouse mounted with mini-
MCAM was placed in an O-shape arena to explore the space. 8 trials of brain recording were

taken, and each trial lasted ~1 minute.
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Data acquisition and analysis

An open-source multi-camera interfacing software OBS studio developed OBS Project was used
to record the brain image and save the video in mp4 format. To analyze the data, the video was
first converted into avi format through a MATLAB script and then analyzed by an open-source
cell detection software called suite2p developed by cortex-lab. When analyzing the video, the
suite2p automatically identified and located the regions of interest (ROI) behaving like a neuron
and extracted the Calcium signals of the neurons and their surrounding backgrounds. The
Calcium signal waveform in DF/F, relative signal to baseline, was plotted by a MATLAB script

(MathWorks. MATLAB).

4.5 Summary

Chapter 4 presents a miniaturized brain imaging device, mini-MCAM, an array of four
microcameras individually targeting four planar brain surfaces confronted by a 4-plane
transparent skull implant. As a proof-of-concept device, mini-MCAM has a merged FOV of ~ 34
mm? and successfully demonstrated in vivo recording of cortex-wide spontaneous brain activity
at single-cell resolution in moue under head-fixed and freely behaving conditions. Therefore,
mini-MCAM shows a strong potential to become the ideal neural activity sensing technology

defined in this thesis.
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Chapter 5 Conclusion and future perspectives

Mapping and decoding the brain’s neural network bring a further understanding of the brain,
from which the knowledge can be used to improve the quality of human life by seeking better
treatments for neurological disorders and enhancing brain functions. To gather more insights into
the brain, neural activity sensing technologies have been continuously developed and improved.
In this thesis, a concept of the ideal neural activity sensing technology is introduced, that this
technology can perform cortex-wide brain recording at single-cell resolution in freely behaving
animals with high accessibility. To approach the ideal neural activity sensing technology, the
neural activity sensing tools presented in this thesis aimed to improve one more aspect of
existing neural activity sensing tools with corresponding benchtop characterization tests and in

Vivo experiments.

Fully desktop-fabricated flexible graphene electrocorticography (ECoG) arrays

Chapter 2 presents a fully-desktop fabricated ECoG electrode array that can be built using off-
shelf materials and common bio-laboratory tools. The electrode array was patterned by stencil
printing graphene ink. The highly stable graphene ink formulated by exfoliating graphene in a
biocompatible solvent Cyrene [92] demonstrated a high conductivity of ~ 1.1 x 10% S:em™.
Mechanical bending tests showed no significant change in electrode impedance at a flat surface
and various radii of curvature ranging from 14 mm to 6 mm. Fully functional devices and the
encapsulation of PDMS insulation were highly stable even under the accelerated aging
environment, maintaining an average impedance of ~ 6.49 +4.16 kQ on day 15. Furthermore, the

electrodes remained functional with an average impedance magnitude of 24.72 + 95.23 kQ (1 kHz)
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throughout the implantation. Thus, our graphene ECoG arrays provide robust neural interfaces that

can be applied for chronic electrophysiology studies in mice.

To our knowledge, all the existing micrometer-scale ECoG devices are fully or partially fabricated
using microfabrication or specialized techniques [32]-[37], [39], [93]-[95], resulting in high cost
and low accessibility to neuroscience laboratories. In our method, the stencils determining the
layout of the electrodes can be rapidly reconfigured using CAD tools and fabricated using desktop
laser cutters available in most university fabrication shops. The graphene ink can be formulated
using standard lab equipment, and the patterned electrodes can be sintered on a laboratory hotplate.
The insulation layer can be deposited by a homebuilt, microcontroller-based spinner or a low-cost
off-the-shelf spin coater. We have created the first fully desktop-fabricated, flexible micrometer-
scale ECoG array that can be chronically implanted in mice. These results point a way forward for
creating robust, open-source, flexible neural interfaces that can be widely used in basic and

translational neuroscience research.

Several directions can be pursued in the future, building upon the graphene ECoG devices
presented in this work. The size of the implant can be extended to much larger regions of the brain
[52], [53] so that the whole visual cortex and motor cortex can be included for performing ECoG
recording over most of the cortical surface of the mouse brain [45]. The low and stable impedance
of the electrodes can be leveraged for precise cortical micro-stimulation [31]. Miniaturization of
electronic interface circuits can also allow deployment in freely behaving animals, potentially
combined with imaging instrumentation for simultaneously tracking large-scale calcium dynamics

[52]. Further, graphene has shown utility in passive sensing of electrical potentials and
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functionalizing to highly sensitive biochemical sensing [99]. Overall, our method can be scaled to
mass manufacturing of flexible graphene-based biosensors at a low cost with a myriad of
applications in biological sensings, such as electrocardiography [100], electromyography [101],

and peripheral nerve interfacing [102].

3D-printed transparent ECoG electrode arrays for simultaneous ECoG and Ca?* imaging

Chapter 3 presents a 3D-printed transparent ECoG electrode array conducting simultaneous
ECoG recording and Calcium imaging in the mice to achieve finer spatial resolution than
traditional ECoG. On the one hand, for Calcium imaging, the transparent ECoG electrodes
provide optical access to the brain with a measured transmission of 89.96 + 1.67%. On the other
hand, for the ECoG recording, the electrodes remained functional after 15 days of implantation
in mice and were measured to have low impedances < 300 kQ. When performing in vivo
recording, the ECoG array successfully measured the stimuli-evoked brain activity and
anesthesia drug-induced brain activity, in which the ECoG’s electrical signal was found to be
significantly correlated with the Calcium’s optical signal with a cross-correlation coefficient >
75%. Thanks to this correlation, ECoG’s high temporal resolution, and Calcium’s fine spatial
resolution can better map the brain’s neural network leading to a better understanding of the

brain [121].

As for the fabrication, the 3D-printed ECoG array also simplifies the fabrication procedures of
existing transparent ECoG arrays, highly relying on cleanroom facilities [29], [30], [43], [44].
The 3D-printed electrodes were built using only 1 extrusion 3D printer, which can precisely

pattern the transparent PEDOT:PSS ink to form the electrodes and the transparent SU-8
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photoresist ink to insulate the electrodes. All these inks are off-shelf products and can be

purchased from supplier Sigma-Aldrich.

Several directions can be pursued to improve and deploy this ECoG array. Currently, the ECoG
array only has 8 electrodes to monitor the ECoG signals of neural activities in 8 regions under
the electrodes. These 8 regions (Fig. 3.3.2 a) are too small for cortex-wide ECoG recording. To
resolve this issue, a 3D-printed high-density 64-channel ECoG array is under development by
refining the printing setting to reduce the electrode size. To deploy the ECoG array into research,
the transparent ECoG array can collect the brain’s electrical activity feedback in responding to
optical stimulation. Thanks to the different signal types, the electrical feedback and optical
stimulation signals will not interrupt each other [29]. Furthermore, due to the high scalability of
3D printing and the ECoG array’s flexibility, the ECoG array can be easily modified for
biological sensing applications such as skin electrodes [122], neural cuff electrodes [123], and

Electrocardiography electrodes [124].

Miniaturized micro-camera array microscopy (mini-MCAM) for cortex-wide Calcium

imaging at single-cell resolution in head-fixed or freely behaving mouse

Chapter 4 presents a miniaturized microcamera array microscopy (mini-MCAM) which
performs cortex-wide Calcium imaging at single-cell resolution in head-fixed and freely
behaving mice. Mini-MCAM weighed 4.5g and was built using off-shelf endoscopes. To create
optical access to the brain for the mini-MCAM, a 4-plane transparent skull implant was

developed. This optical access gave mini-MCAM a total FOV of ~35 mm?, which includes most
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of the bilateral primary and secondary motor cortices, most of the somatosensory cortex areas,
the Retrosplenial, association, higher visual, and part of the primary visual cortex. Besides this
large FOV, the resolution of the mini-MCAM was measured to be 9.9 — 11 um, which is feasible
for recording the single neuron’s activity [116]. The blue excitation light of Mini-MCAM was
measured to be 460 nm with a light intensity of 5.8 £ 0.6 mW, which was proved sufficient to
capture images of fluorescence microbeads and neurons in brain slide samples. Furthermore, in
the in vivo brain imaging, mini-MCAM successfully recorded spontaneous brain activity at
single-cell resolution in head-fixed and freely behaving mice. All these results indicate that mini-
MCAM, as a proof-of-concept device, presents a promising direction of device development to

approach the ideal neural activity sensing technology.

Based on the current accomplished benchtop optical and in vivo imaging performances, several
improvements can be pursued in future development. First, the excitation light was not uniformly
projected on the brain surface, making the central region of the brain under the implant window
brighter than the edges. This non-uniform light projection makes cell detection challenging
because the brighter region saturated the image’s brightness and submerged the cells’ Calcium
signals. In this study, to temporally resolve this issue, neurons located in the brighter regions
were manually selected based on their twinkling somas’ Calcium activities in the recorded video.
In the future, the cell-detection setting in the current processing software can be optimized, and
the optical fiber can be modified by adding an extra diffuser to provide a more uniform light
projection to the brain’s surface. Secondly, rather than recording spontaneous brain activity,
behavior, and stimulation studies can be beneficial for mini-MCAM to map the neural network

and study the interactions within neurons and different functional regions [114]-[116]. Thirdly,
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mini-MCAM’s weight of 4.5¢g is questionable for freely behaving studies based on the
mesoscope standard because it exceeds 10% body weights of most mice, ~ 32g [52]. To reduce
the weight, the Aluminum and Copper heat sink should be miniaturized or replaced with lighter

materials.

425 7th Street South, Minneapolis, MN, 55415

From fully desktop-fabricated Graphene ECoG array to 3D-printed transparent ECoG array to
mini-MCAM, this thesis demonstrates how engineering can support fundamental brain study by
developing optical and electrophysiological technologies for monitoring cortex-wide brain
activity. With the author’s sincere desire, this work is expected to serve humankind to better

understand the brain for continuously improving quality of life and performance.
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