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to 10’s of μm pitch (Multichannel Systems, 2021; Miccoli et al.,

2019)], a limiting factor in achieving higher spatial resolution is

isolating the activity of individual neurons within the larger array

(Ventura and Gerkin, 2012).

Due the spread of the extracellular current into surrounding

ionic medium originating from action potentials, the number of

effective recording channels in a device will be reduced below

their actual number if they are of a critical spacing or smaller. The

extent to which an electric field originating from a neuron is

recorded by multiple electrodes, rather than by/at a single

recording site, may be defined as electrical crosstalk (Wilke

et al., 2011). The reciprocal of this situation, coinciding fields

from multiple neurons at a single recording site (which then

aggregate as a single input instead of multiple distinct inputs) is

equally problematic. Overlapping electric potentials and fields

are undesirable for both recording and stimulation, the latter

being identified as an issue in, for example, MEA technology used

for visual prostheses (Nelson et al., 2017). One definition of the

degree to which a single pixel of an electrode array dominates all

neighboring pixels was given by Wilke, et al. (2011) as the

crosstalk coefficient CT = EN-1(x,y,z)/EN(x,y,z), where |E|N(x,y,z) is

the electric field magnitude at a point (x, y, z) with all electrodes

in the array active, and |E|N-1(x,y,z) is the field at that point with a

chosen electrode inactive. This ratio will be the same for electric

potential (voltage). CT ranges from 0 to 1, with the low end being

minimal crosstalk (measured electric field dominated by the

measuring electrode of interest) and the upper end being high

crosstalk (multiple electrodes contributing to the measured

electric field).

If the overlap between neuronal events (spikes) is relatively

small, a common tool used by neuroscientists to isolate

individual neurons in multi-unit recordings is the post-data

acquisition process of spike sorting. This involves grouping

recorded spikes into clusters based on the similarity of their

waveforms (Rey et al., 2015) (i.e., voltage dynamics over time).

Spike sorting extracts individual spike waveforms out of a

temporal window of collected spikes and is highly dependent

on the sampling rate. Each datum point of a spike is a possible

“feature” to be used for differentiation from other spikes and
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human embryonic kidney cells (HEK 293-ChR2) were employed,

as proxies for electrogenic cells such as neurons. Two types of

devices were fabricated for each stimulation method: bare multi-

electrode arrays (bMEA) and coaxial multielectrode arrays

(cMEA). Figure 1 upper shows a schematic of an individual

coaxial electrode, with its constituent materials. In Figure 1

FIGURE 1
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middle, we show optical images of the wiring layout for the

electrical device (bare = red arrow, coax = blue arrow), and

electron microscope images of an individual electrode for each

type. In Figure 1 lower, we show the wiring layouts for the optical

devices, and a photograph of an actual chip. We indicate

representative locations of clear holes (red dots) in an

otherwise optically-opaque metal film on the glass substrates

onto which theMEAs (pixels = black dots) were fabricated. These

holes enabled localized optical illumination and excitation via

from below. In each cMEA stimulation device, the outer

conductors/shields of the coaxes were common, with the cores

individually electrically-addressed.

Results

Simulations

We also modeled/simulated the performance of unshielded

and shielded MEA configurations. Using the finite element

method (FEM) simulation software COMSOL Multiphysics

(RRID: SCR_014767), a computational model of the device

was made employing realistic material parameters, intending

to examine the overlap of electric potential of a pair of electrode

sensing areas as a function of electrode separation. A pattern of

seven rows of electrode pairs, arranged with each row having a

specific separation distance (from 5 μm to 1,000 μm), was placed

in a simulated electrolyte solution (having nominally the same

electrical properties as the medium used in the electrical

experiment, i.e., static dielectric constant ε ~ 80, dc electrical

conductivity σ ~ 1.5 S/m). Although crosstalk and the detection

of field potentials in situ are influenced by a myriad of factors

including cell type, distance from electrode and the nature of the

contact with electrodes, the purpose of this simulation was to find

the amplitude of the potential at the recording electrode surface

generated by a source (e.g., neuron spike) as a function of

separation distance. Green-Lorentz reciprocity reduces this

problem to solving Poisson
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the sensing regions of the unshielded electrodes appreciably

overlap. This effectively renders two individual electrodes as a

single electrode of larger size, representing a loss in pixelation

density and thus an emergence of crosstalk. Conversely, even at

separation distance as small as 10 μm (bottom of middle panel in

Figure 2), the shielded electrodes continue to show a separation

of signal with CT* ≤ 0.8. Here, CT* = |V(d)|/|V(0)|. CT*is an

effective crosstalk coefficient and |V(d)| is the signal of a

particular sensing region a distance d from the excitation

source. Simulation results for CT*, from linear cuts through

neighboring electrodes at 50 μm spacing, are shown in the center

panel of the figure.
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comprised of a single coax, we made the geometry of the

simulation as to compare a single coaxial structure with

conventional MEA technology (a single, flat, cylindrical pad).

While our experimental arrays feature multiple coaxial structures

within a single sensor region, the simulations represent a

conservative estimate of field overlap since the experimental

arrays have more shielding surface area. For comparison, in

conventional MEA architectures, the field distribution will likely

be larger because of the lack of local shielding and greater surface

area found in a capped cylinder (as opposed to the coaxial

structure which has the cap removed). Therefore, the results
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shown). Red (blue) symbols are data from unshielded bMEA

(shielded cMEA) samples, open (solid) symbols are from optical

(electrical) experiments. The dashed lines represent the computer

simulated response using the same formalism as employed for

Figure 2. Data sets from two of each type of MEA device are

shown (thus the two symbol types for each). By combining the

optical and electrical stimulation data sets, one sees a common

trend, in that for both experiments, the coax outperforms bare

FIGURE 4
Recording with bMEA and cMEA under optical excitation. Voltage response vs. time of optogenetically-transfected HEK-293 cells for the bMEA
(upper) and cMEA (lower) devices in sensing regions at indicated distances d from backside-illuminated (0.5 s duration, shaded regions) stimulation
location (d = 0). Large extracellular potentials were evident at the site of stimulation and nearby electrodes in the bMEA but only at the site of
stimulation on the cMEA. All windows correspond to 1.5 s recordings.
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electrodes in reducing crosstalk. These results are summarized in

Figure 5, where one can see that the effective crosstalk coefficient

for the shielded electrodes is significantly lower than that for the

bare electrodes for all distances greater than a few micrometers

from the source. This corresponds to signifi
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multielectrode arrays, a coaxial or similarly locally-shielded

architecture could be utilized. While current state-of-the-art

electrode arrays (e.g., HD MEAs, CMOS-based multiplexing

sensor arrays, neuropixels) achieve high density, crosstalk

represents a rate-limiting effect on spatial resolution.

Conversely, the present coaxial architecture, in addition to

achieving even higher pixel density than presented here

(nothing in the fabrication process prevents us from pushing

the pixel density into the nanoscale), is able to reduce electrical

crosstalk and thus maintain high spatial resolution. Theoretically,

the shielded architecture can improve until the thermal noise

floor becomes dominant. For nanoscale coaxial arrays, using the

Johnson-Nyquist noise equation as a first order approximation,

one should still have a practical S/N ratio with a noise floor of

tens of microvolts. The device characteristics could be further

improved by the changing the impedance through increasing the

inner electrode surface area (lowering the shield) or changing the

inter-electrode (inner—outer metal annulus) gap.
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cMEA region, so as to leave Cr covering 28 sensing areas and to have

subsequent address lines coming fromeach area. To expose the cMEA

inner metal, an anisotropic lithographic process was combined with

subsequent wet etching in order to lower the heights of the Cr and

alumina layers. The resulting outer metal to inner metal height ratio

was ~0.6. Two plastic wells fabricated using a 3D printer were

attached with PDMS to contain an electrolyte buffer solution

(aCSF) within the bare and coaxial electrode regions.

In preparation for experiments, the bMEA and cMEA regions

were characterized by measuring DC resistance (in air) between

the individual electrodes for the bare electrode region and between

all terminals (inner and outer electrode as well as inter-electrode)

for the coaxial region. Typical resistances were in the GΩ range,

indicating no shorts in the circuit. Capacitance of the coaxial

samples was also measured and those results checked against the

calculated values according to the equation for a coaxial capacitor:

c � 2πlε ln(router/rinner). Measured values were within 10% of the

calculated values, with differences attributed, in part, to stray

capacitance originating from the unshielded portions of the

coaxes. Additionally, the devices needed to be sterilized prior to

cell culture. This was done by placing them in a sterilization

packet: a bag which contains a scaffold that expands to let steam

pass to its inner contents during the sterilizing process and then

contracts during a cooling phase to insulate the inside from any

foreign contaminates. The packet was placed inside a steam

autoclave and a standard dry process was run at 100°C for
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