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ABSTRACT: Developing tools to enable non-invasive, high-throughput
electrophysiology measurements of large functional-networks of electrogenic cells
used as /n vitro disease models for the heart and brain remains an outstanding
challenge for preclinical drug discovery, where failures are costly and can prove to
be fatal during clinical trials. Here we demonstrate, for the first time, that it is
possible to perform non-contact monitoring of extra-cellular field potentials with a

multi-electrode array (MEA). To do this preliminary demonstration we built a
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prototype with a custom mechanical stage to micro-position cells grown on

conventional glass coverslips over the recording surface of a MEA sensor. The

prototype can monitor extra-cellular fields generated by multi-cellular networks in a

non-contact configuration, enabling a single MEA sensor to probe different cultures

in succession, without fouling or degrading its sensitive electronic surface. This first

demonstration with easy to culture cardiomyocyte cells and a prototype device

points to the exciting possibility for instrument development leading to more efficient

and cost-effective drug screening paradigms for cardiovascular and neurological

diseases.

Introduction

Recent breakthroughs in cell-culturing techniques used to model functional

human organs, known as organ-on-chips, offer the potential to revolutionize methods for

drug discovery and efficacy. A major focus is geared toward the subset of electrogenic

cells found in the heart and brain.' State-of-the-art advances in neurobiology range
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from the generation of a multitude of specific neuronal subtypes,®¢ to bioengineering

reproducible cortical tissue architecture’” and assembling a functionally integrated

human forebrain.8 Meanwhile, cutting-edge developments in cardiology have led to the

recreation of key elements of the heart,® which include pacemaker cells'® and the

development of cardiac tissue displaying adult-like gene profiles,'! all grown from

human pluripotent stem cells. The ability to observe electrical activity of large multi-

cellular populations with single-cell resolution is a crucial step towards uncovering basic

principles that govern their function, which may transform our understanding of and

approach to treating disease.'2-15

These advances are made more exciting in light of breakthroughs in monitoring

the electrical activity of cells using high resolution multi-electrode arrays (MEAs).

Recently, Tsai ef a/.'® demonstrated the capacity to record simultaneously from 17,000

neurons across an entire retina using complementary metal-oxide-semiconductor

(CMOS) electronics. The rapidly advancing field of MEA technology,'”'8 which include

integration of nano-structured recording electrode techniques developed by Abbot ef
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al’® with CMOS, is enabling the study of large cell populations with unprecedented

spatiotemporal resolution.

One problem in using these breakthroughs to enhance our understanding of

human neurodegenerative and cardiovascular disease is that it is not possible to do

high-throughput experiments because of the cost and difficulty of culturing cells on

multi-electrode arrays (MEAS). Firstly, specialized micro-patterning techniques are

required to generate functional surfaces with the capacity to template spatial cellular

organization. This is commonly achieved by modifying the chemical structure,2%-2! or by

bonding of a microfluidic device to the MEA surface.??-2* The complexity of these bio-

electronic interfaces makes them inherently difficult to reuse; cellular debris can foul

their sensitive surfaces. Furthermore, chemical and plasma-based cleaning methods,

common within the microfabrication community, are not readily accessible to the

biological research community. As a result, probing the electrical activity of electrogenic

cells grown directly on custom-microelectronics remains a costly and labor-intensive

process, one difficult to scale for high-throughput drug screening assays.
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Here we report, for the first time, a method that can apply the power of multi-

electrode arrays (MEAs) to cells grown on conventional glass coverslips, providing a

new platform to conduct high-throughput electrophysiology measurements at the

network level using a single MEA sensor (Figure 1). For this first report we chose

cardiomyocytes because they are more robust and easy to grow for a proof of principle.

Clearly this is just a first step on a path that could lead to a practical instrument that

could also perform measurements on neurons.

Culturing cells on glass coverslips is a standard practice in the biological

sciences and these substrates are easily micro-patterned to template spatial cellular

organization?5-2 and tune mechanical interactions with their environment.2%30 First, we

implement a mechanically adjustable stage, based on techniques used to create

squeezable electron-tunneling junctions,3'32 to lower cultures of hundreds of networked

cardiomyocytes towards the sensing surface of a MEA and observe their network

activity. Our attempts to use this prototype on neurons were unsuccessful. We believe

this was due to shear forces when removing the cells from growth medium and placing
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them into liquid reservoir of the MEA with the mechanical stage (see Results and

Discussion for details on how the cells are interfaced with the MEA). Our lab, as well as

others have demonstrated that it is possible to detect extra-cellular fields from neurons

grown in culture wells using a single, mobile micro-electrode in a non-contact

configuration.33:34 These observations point to the need for an instrument that lowers the

MEA to the cells, which can be left undisturbed in their culture wells. This instrument is

under development in our lab.

The general principle is to mechanically move and hold a MEA, close enough to

the cells to do electrophysiology recordings as shown in Figure 1. Either the MEA can

be moved to the cells or the cells can be moved to the MEA. If the MEA is moved, the

cells can remain undisturbed, which is a major advantage. For this initial demonstration

we moved the cells so that we could use our commercial MEA without modification. For

cardiomyocytes we observed propagating signals with signal-to-noise ratios comparable

to cardiomyocytes grown directly on the recording surface of the MEAs (See supporting

Info Section A and B for representative extra-cellular field potential wave forms).35:36
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Additionally, the mechanical stage operates without any observable drift or hysteresis

and does not require active feedback controllers to maintain its position. This new

technique will enable low-cost, high-throughput measurements of networked cellular

activity and aid in the development of therapies intended to treat heart and brain

disease.13.37-39

~_coverslip - 200 uv T R
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Figure 1. Non-contact measurements of extra-cellular field potentials were performed
by lowering electrogenic cells towards the surface of a multi-electrode array (MEA). A
custom mechanically actuated stage is used to control the relative distance between the
cells and the recording surface of the MEA. Extra-cellular field potentials are shown as a
function of time for a spatial cluster of cellular activity produced by a cardiomyocyte
culture at 20 days /n vitro. For visual clarity, spike-detected voltage amplitudes are
displayed in a 6 by 6 grid (from adjacent electrodes) to highlight a region of cellular
activity as the coverslip approaches the MEA surface. The extra-cellular voltage vs. time
recorded by a single electrode (dotted arrow) during approach is shown on the right
side. Individual spikes, center about their spike time, are plotted in gray, while the spike
triggered average is shown in red. Each electrode is 30 um in diameter spaced at 100
um pitch. As the cells approach the recording surface, the signals can be easily
detected above background noise fluctuations. This method can be used to

successively monitor different cell cultures using the same MEA.

Results and Discussion

Device design and characterization. To bring the power of multi-electrode arrays

(MEAS) to cells grown on coverslips, we have developed a novel approach involving

lowering the coverslip onto a MEA using magnetic force (Figure 2). This approach has

the advantage that it does not rely on cell cultures to be grown on the surface of

sensitive electronics. Rather, cell cultures can be grown on cheap and disposable

commercial glass coverslips and then gently micro-positioned above a recording

electrode surface using the mechanical stage. The surface height, /A, of a glass
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coverslip can be tuned by varying the distance, a,, between a large magnet and a small

magnet. The resultant force applied to the small magnet, due to magnetic-dipole

repulsion, can be tuned over a continuous range by controlling the separation distance

between the two magnets df,. There is a demagnification factor of approximately 140

between the distance df,, which is mechanically controlled (Figure 2a) and As, which is

the distance between the cells and the recording surface (Figure 2c,d,e). This

mechanical positioning technique was inspired by methods used to create electron

tunnel junctions, which can attain sub-nanometer positioning precision.3'.32 Moreover,

the properties of the simple mechanical stage allow for hysteresis free operation when

cycling through its dynamic range, giving the precision of piezoelectric stage without the

use of complex feedback controllers necessary to maintain their position. For further

details about the mechanical reproducibility and angular variability of the coverslip

during approach see Supporting Info Section C.
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Figure 2. Overview of the mechanical stage used to micro-position a glass coverslip

containing a culture of electrogenic cells above the surface of a multi-electrode array
(MEA). (a) Schematic overview of the magnetically actuated positioning stage. A small
cantilever is used to vertically micro-position an electrogenic cell culture above the
recording surface of a MEA. The force exerted on the cantilever (due to magnetic
dipole-dipole repulsion) can be tuned over a continuous range by varying the separation
distance between the two magnets. (b) Photograph of the positioning stage mounted on
top of a MEA. The scale bar is 12 mm. (c) Cross sectional diagram of micro-positioning
stage positioned above the recording surface of a MEA. (d) Optical image of a glass
coverslip positioned above a glass surface. The scale bar is 500 um. (e) Measured
coverslip height above the surface /A as a function of large-magnet to small-magnet
separation distance a,. The cantilever deflection is 7.2 + 0.3 um for every mm change
in dy. Three different vertical indexing spacers (diagramed in c) were used to offset the

dynamic range (240 um) of the stage.

10
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Non-contact measurements of extra-cellular field potentials. To demonstrate the

principle of using a multi-electrode array (MEA) as a non-contact, multi-cellular

electrophysiology probe, we first prepared primary cardiomyocyte cultures on glass

coverslips using conventional techniques (see Methods and Supporting Info Section D

for microscopy and characterization of cell morphology). A coverslip containing cells in

culture was then mounted onto the micro-positioning stage and lowered towards the

surface of the MEA to record their electrical activity. The amplitude of extra-cellular

fields measured by the MEA increases as the relative distance to the cells decreases.

These fields are observable when their measured amplitude exceeds background

electronic noise fluctuations sensed by the recording electrodes.

Figure 3 highlights the dramatic difference between using an MEA in the non-

contact configuration versus the traditional contact-configuration, where cells are grown

directly on the sensor surface. In the non-contact configuration (Figure 3a), the MEA

remained like new after probing /= 10 separate cell cultures. Meanwhile an MEA used

in the traditional contact-configuration (Figure 3b) after V= 8 cultures can no longer can

11
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detect extra cellular field potentials. This is largely due to a continual build of cellular

debris and electrode degradation as a result of replating cells directly onto the same

surface.

Non-Contat: Used fowr 10 cltres
Status: Like new

e

Contact: Used fo 8 cultures
Status: No longer usable

Figure 3. (a) Phase contrast images of a multi-electrode array (MEA) used in the non-
contact configuration for N = 10 different cell culture preparations. (b) Cells were grown

on a MEA surface in the traditional contact-configuration. The scale bar is 100 um.

Figure 4 shows spontaneous spiking activity produced by a medium-density

culture (17 days /in vitro) positioned at a fixed height (A5 = 391 um) above the recording

12
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surface of a MEA. The upper three arrows highlight observable extra-cellular field

potentials produced by the ‘beating’ of cells that form a contiguous cluster that spans

across much of the array. The spatial extent of the observed activity is indicated by the

blue squares. Regions outside of the cell clusters are electrically inactive and register

only electronic noise, as shown by the lower left arrow of Figure 4. Extra-cellular field

potentials were recorded from low-density single cell preparations to confluent

cardiomyocyte sheets ranging from 4 to 21 days /n vitro (DIV) from a total of N = 10

different cell culture preparations (see Methods). To characterize the spatial dependence

of extra-cellular field potentials, we focus on low-density, single cell clusters plated at a

density of 125,000 cells-cm? before 7 DIV and medium-density cultures that have

proliferated into large, multi-cellular clusters at later time points consisting of a confluent

network of cells that span several hundreds of microns in diameter.

13
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Figure 4. Measured voltage of extra-cellular field potentials generated by a culture of
cardiomyocytes (17 days /n vitro) positioned above the surface of a multi-electrode
array (MEA) at a fixed height of 391 um. The vertical and horizontal scale bars are 20
uV and 2 ms, respectively. Red arrows specify the spatial locations as measured by the
MEA. The blue squares indicate electrode locations that detected extra-cellular field
potentials produced by cells residing above their surface, while the open circles are
spatial regions where no signals were detected above background noise fluctuations.
The MEA consists of 120 recording electrodes, each with a 30 um diameter, spaced at
a 100 um pitch. The cartoon diagram on the left depicts the experimental setup with a

coverslip containing cells positioned above the recording electrodes.

Distance dependence of extra-cellular field potentials. To demonstrate the reliable

spatial control of the height, we first show that the magnitude of the extra-cellular field

potentials can be modulated by varying the relative distance of the cell culture from the

14
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recording surface of the MEA. Figure 5a shows experimentally measured voltage as a

function of time as a cardiomyocyte culture (6 DIV) approaches and leaves the MEA

surface over a continuous range of surface heights 4. No signals are detected (above

background noise fluctuations) in the resting position of A; = 590 um. As the stage is

lowered, A is decreased and extra-cellular field potentials become detectable at /s ~

234 um (figure 5b). The voltage amplitude increases significantly for As < 234 pum.

Repeated cycling of the stage does not vary the voltage amplitude (within experimental

uncertainty) for fixed values of /.

20 uvl

10s

7

approaching

~

leaving

h,=180um

hy=157um
hy=142 um

Figure 5. Distance dependence of extra-cellular field potentials (a) Measured extra-

cellular voltage vs. time as a cardiomyocyte culture (low density, clusters of single cells,

15
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6 days /n vitro) approaches and leaves the recording surface of a MEA. Vertical and
horizontal scale bars are 20 uV and 10 s, respectively. (b) Individual extracellular
voltage vs. time traces for fixed surface heights As above the MEA surface. The traces
are offset horizontally for clarity. Vertical and horizontal scale bars are 20 uV and 2 ms,

respectively.

We first note that the origin of the extra-cellular field potentials produced by

electrogenic cells are generated by the flow of transmembrane ionic currents.40-42

However, the magnitude of these fields depends critically on the ion channel density

distributed across the cell membrane, which increases with cell maturation.*3

Additionally, spatiotemporally synchronized cellular activity mediated via gap-

junctions,** generates a net additive effect on the magnitude of extra- cellular filed

potentials, a result due to the linear superposition principle.#'4® In short, un-

synchronized young populations of cells generate smaller extra-cellular fields compared

to more mature and synchronized populations.46 Additionally, extra-cellular waveforms

generated by cardiomyocytes can vary dramatically depending on various components

of the transmembrane ion current and capacitive components as shown by Tertoolen ef

16
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al*” with their richly detailed calculation and simulations. See Supporting Info Section E

for details about modeling the magnitude of transmembrane ionic currents as a function

of distance from the cell’s surface using a simple volume conduction model. Further

experiments and instrumentation development would be needed to simultaneously

visualize and monitor the extra-cellular field potentials in the non-contact configuration

during approach to thoroughly investigate the effects of cell maturation and

synchronization on the magnitude of the extra-cellular field potentials.

Shape and distribution of extra-cellular field potentials. Simultaneous measurements

performed on MEAs using patch-clamp have previously demonstrated that extra-cellular

field potentials accurately reflect the local changes in the membrane potential of

cardiomyocytes.3%4849 However, outward currents generated by simultaneous

depolarization from neighboring cells, as well as passive capacitive currents, will

generate initial positive components to the extra-cellular waveform. These effects

generate regional differences in waveforms that depend on the relative distance of the

recording electrode to the local distribution of active and passive current sources, which

17
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form the resultant extra-cellular field potential.3550 Extra-cellular fields are further

modulated by the resistance and capacitance of the recording electrodes, but can still

be used to accurately reconstruct the action potential waveforms

observed by patch clamp measurements.#” These combined effects account for the

spatial waveform variation across the MEA (for example see Figure 6) as well as

distance related effects as shown in Supporting Info Section E Figure S5. We observe

similar waveform distributions for measurements made in the non-contact configuration

(see Supporting Info Section A) compared to control measurements in the conventional

contact configuration, where cells are grown on the surface of the MEA (see Supporting

Info Section B).

Resolving spatiotemporal activity. Generating high-resolution maps of impulse

propagation along cardiac tissue is crucial for developing /n vifro models as a test bed

for regenerative tissue research.5'52 We demonstrate that the positioning stage can be

used to probe spatiotemporal activity of cardiomyocyte cultures grown on coverslips

using the MEAs in a non-contact configuration. Figure 6a shows a temporal activation

18
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map of an electrical impulse propagating across a cardiomyocyte culture (17 DIV)
positioned above the surface of a MEA. The impulse is first observed by the electrode
indicated by the X’ and propagating outwards. Representative voltage traces are shown
by Figure 6b, which indicate the temporal latencies between the spikes at different
positions measured along the MEA (shown by the dotted lines). From this activation
map we observe an average propagation velocity of 1, = 0.27 + 0.11 m-s™!, which is
bounded by previous observations, which span from 0.13 m-s-' to 0.36 m-s-'" depending

on cell orientation.44:46.53

2l

Figure 6. (a) Spatiotemporal activation map of action potentials generated within a

0

cardiomyocyte culture (17 days /n vitro) positioned above the recording surface of a

19
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MEA. The activation origin is denoted by the ‘x’. (b) Extra-cellular voltage signals
measured by the MEA highlight the spatiotemporal activation delays. Vertical and
horizontal scale bars are 20 uV and 1 ms, respectively. The dotted lines indicate the
spatial location of the recording. The different shapes of the action potentials shown
here are similar to the different shapes in contact recordings. They are due to differing

relative contributions of capacitive and resistive components of the ionic current as

explained above in the section on shape and distribution of extra-cellular field potentials.

We next demonstrate that this technique can be utilized to resolve sub-cellular

activity with high temporal resolution. For this purpose, we utilize low-density cell culture

preparations consisting primarily of single cells measured before 7 DIV. Figure 7 shows

an activation map of two independently temporally correlated regions of activity. The

source of activity is initiated spatially at locations designated by the ‘x’ and propagate

outwards. The short temporal delays are indicative of intercellular signal propagation

caused by the cascading wave of ion channel activation associated with action potential

propagation signals.5* The negative peaks are the result of active transmembrane

current flow, while the positive peaks are the result of passive capacitive currents.35.55

The spatial distribution of these fields are reasonable, given single cardiomyocytes can

reach lengths of up to ~150um?%6:57 (see Supporting Info Section D for microscopy of cell

cultures) and their extra-cellular fields can be detected at distances of greater than 50

20
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um from the cell body,3® a result consistent with our low-density measurements (Figure

5b).
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Figure 7. (a) Spatiotemporal activation map of action potentials of isolated, low density,

‘single’ cell populations of cardiomyocytes (6 DIV) positioned above the recording
surface of a MEA. (b-c) Two spatially distinct ‘single’ cell clusters are highlighted by the
extracellular voltage signals measured by the MEA. The ‘X’ marks the temporal
activation origin for each cell cluster. Vertical and horizontal scale bars are 20 uV and 1

ms, respectively.

Conclusion

Our measurements demonstrate the exciting possibility for development of faster

and cheaper methods to investigate multi-cellular scale electrical signaling and pave a

route towards the developing high-throughput pharmacological screens intended to

21
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understand and treat disease. Further research is urgently needed to move from the

prototype demonstration device to a practical instrument. In particular, it would be better

to lower the MEA down to the cells rather than lower the cells to the instrument because

then we could do measurements on cultured cells in conventional multi-well plates.

Methods

Positioning stage design. The micro-positioning stage was designed using the 3D

modeling software SketchUp (Trimble Inc.)

Mechanical stage fabrication. The mechanical stage is composed of five components:

(1) Cantilever support housing, (2) magnetic cantilever, (3) silicone coverslip mounting

column, (4) magnetic translation stage, and (5) height indexing spacers. (1) The

cylindrical support for the cantilever was machined out of Delrin (McMaster-Carr) stock

material (1.25” diameter rod) and designed to fit snuggly around the glass ring attached

to the MEA (0.945” OD). (2) The central cantilever was cut out of 0.005” thick 510

bronze sheets (McMaster-Carr) and sandwiched between a vertical stack of 0.25"x 0.1”

neodymium magnets (McMaster-Carr) with 1.8 Ibs. max pull; two magnets attach above

the center of the cantilever and three below (cantilever-stack). (3) The central column,

22
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used to mount coverslips, was cast out of two-part silicone (ecoflex 0030, Reynolds

Advanced Materials) and encapsulated the magnetic cantilever. A machined Delrin

mold insert was used for the casting. The silicone was cured at room temperature for 12

hours before releasing the mold. (4) A vertical translation stage from a stereoscopic

microscope (Edmond Scientific) was modified to mount two stacked 2”x1/4” neodymium

magnets (stage-stack) with a 35 Ibs. max pull (McMaster-Carr). The two magnetic

stacks (stage and cantilever) were oriented so the dipoles repelled one another. The

vertical translation stage was used to vary the vertical separation between the stage-

stack relative to the cantilever-stack, thus applying a variable force to the cantilever. (5)

The resting height of a coverslip mounted to the silicone column was vertically offset

using indexing spacers made of sandwiched glass coverslips with a thickness of = 160

um.

Positioning stage calibration. A digital 200x microscope (5 MP, Celestron) was used to

image the surface separation height /A of the coverslip (= 160 um thick) mounted on the

mechanical stage for various magnet to magnet separation distances a,. The images

23
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were then imported into Imaged (NIH) and As was calculated based on the number of

pixels per unit length. Pixel calibration was based on the measured coverslip thickness

using digital calipers.

Cell culture. Coverslips (12 mm diameter, #1.5, Warner Instruments) were cleaned in a

12 M HCI solution for 12 hours, thoroughly rinsed with DI H,O (18.2 MQ-cm) and stored

in 200 proof ethanol. Coverslips used for cell culturing were removed from the ethanol

and placed into tissue culture plates (Falcon 24 well plate) filled with sterile DI H,O. The

liquid was then aspirated and filled with 0.01 mg/ml poly-L-lysine (PLL) (Sigma Aldrich)

in PBS and allowed to incubate for 12 hours at room temperature, rinsed with 2x with DI

H,O and sterilized under UV irradiation for 20 minutes. Higher density cultures were

also achieved by plating cells onto sterilized coverslips incubated 63 nM fibronectin

(Sigma Aldrich) prepared in PBS at 2 °C overnight. Culture wells were then filled with

500 pl of cell culture media (DMEM/F12 (ThermoFisher), 20% fetal bovine serum

(LifeTechnologies), 1x penicillin-streptomycin (LifeTechnologies), 1x MEM non-essential

amino acids (LifeTechnologies) and placed in an incubator (37 °C, 5% CO,) prior to cell

culture preparation. Primary mouse cardiomyocytes were prepared following the

24
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methods based on the work of Sreejit ef /% and briefly described below. Neonatal

mice (C57BL/6) between PO to P3 were decapitated and whole hearts were excised,

transferred to an ice-cold bath of dissection solution (D1), containing 2.35 mg/ml

HEPES, 8 mg/ml NaCl, 0.4 mg/ml KClI, 0.045 mg/ml Na;HPOQO4-7H,0, 1.2 mg/ml glucose,

3 mg/ml sucrose, 0.0012 mg/ml phenol red, in 18.2 MQ-cm DI H,0, adjusted to pH=7.3,

330 mOsm and sterile filtered, where blood was squeezed gently from the heart with

sterile forceps, then transferred to a second ice cold bath of D1 for an additional 10

minutes. Excess tissue was then removed, and the ventricles were cut into ~ 1 mm?3

size pieces. Ventricle tissue was then enzymatically dissociated in a 15 ml conical tube

using papain solution (0.15 mM CaCl,, 0.5 mM EDTA, 1 mM L-cysteine, 200 units

papain (Worthington), 3 mM NaOH in 10 ml of D1) and placed on a nutating mixer at 37

°C for 30 minutes. The papain solution was then aspirated off and discarded and 2 ml of

fresh cell culture media was added. The tissue was then triturated with a fire polished

pipette (~10x), allowed to sit for 1 minute, and the supernatant single cell suspension

was collected. This process was repeated 2x. The single cell suspension was then spun

down in a centrifuge at 200G for 5 minutes at room temperature and re-suspended in

25
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cell culture media by gentle pipetting. This technique yields = 2-108 cells per neonatal

heart. Cells were then plated onto PLL or fibronectin coated coverslips at a density of =

125,000 cells/cm?2. Cultures were grown in a tissue culture incubator (37 °C, 5% CO,), in

cell culture media and exchanged twice a week.

MEA measurement. Spontaneous extra-cellular field potentials were observed in

primary cardiomyocyte cultures using the MEA2100-120-system (Multi-Channel

Systems). The multi-electrode arrays (MEAs) were equipped with 120 TiN recording

electrodes with a 30 um diameter, 100 um pitch and = 40 kQ impedance at 1 kHz.

Lowering cells to the MEA surface. Prior to recording, the MEA was sterilized under UV

irradiation for 20 minutes. The glass ring reservoir of the MEA was filled with cell culture

media (warmed to 37 °C) and placed in a tissue culture incubator for 10 minutes (37 °C,

5% CO,) to equilibrate. In a sterile cell culture hood, coverslips containing the

cardiomyocyte cultures were gently removed from multi-well plates using sterile forceps

and mounted onto the silicone column of the micro-positioning stage with a dab of high-

vacuum grease (Dow Corning). The cardiomyocyte culture, mounted on the micro-

positioning stage, was placed around the glass ring of the MEA to rest a fixed distance

26
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above the recording electrodes. The resting height of the coverslip was vertically offset

using indexing spacers made of sandwiched glass coverslips (160 um thick, #1.5,

Warner Instruments) to adjust the = 240 um dynamic range of the stage (see Figure 2

for schematic details of the mechanical stage mounted on the MEA). The stage was

lowered until signals were observed by the MEA and modulated to study spatial

dependence of the extra-cellular field potentials. After use, the stage was taken off of

the MEA, the coverslip was removed from the stage and placed back into a multi-well

plate containing culture media or discarded. The stage was then rinsed using a squirt

bottle with acetone, followed by isopropanol and DI H,0 (18.2 MQ-cm), then sterilized

under UV irradiation for 20 minutes prior to reuse. The MEA was rinsed using a squirt

bottle with 1% (w/v) tergazyme solution in DI H,0, followed by acetone, isopropanol and

DI H,0 rinses, then dried with a ultra-high purity nitrogen spray gun and sterilized under

UV irradiation for 20 minutes prior to reuse.

Data collection and spike detection. Voltage signals measured from MEAs were

sampled at 20 kHz using Multi Channel Experimenter (Multi-Channel Systems) and

converted to HDF5 file format. Spike detection was performed using custom software

27
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written in Python.>® First, data was band pass filtered (2" order butterworth filter with

cutoff frequencies of 0.2 and 4 kHz) and spikes were detected by using a threshold to 5

times the rms-noise value. To generate spike triggered average waveforms, custom

code written in MATLAB (MathWorks) was used to extract individual voltage vs. time

waveform traces (centered about their spike time), then averaged together. Peaks were

defined by the maximum negative deflection peak greater than 5 times the rms-noise

(using the findpeak function) on unprocessed data.

Analysis of spatiotemporal signal propagation. Custom code written in MATLAB was

used to identify time-lags between all spiking electrode channels recorded by the MEA

that satisfied the spike detection criteria (mentioned previously). Time lags were

calculated by performing pairwise cross correlations (using the xcov function) between

the earliest spiking electrode (reference signal) and all other active spiking electrodes.

The spike delay times were determined by the lag-time associated with the maximum

correlation within a 10 ms time window. The spike delay times for each electrode (with

respect to the reference signal) were then used to generate a spatial map of spike

activation time across the MEA.

28



Page 29 of 34

Lab on a Chip

Cell staining and confocal microscopy imaging. Cell cultures were stained with the plasma
membrane stain Wheat Germ Agglutinin-Alexa Fluor 488 (ThermoFisher), following the
manufacturers protocol for cell fixation and permeabilization. Fixed cells were then mounted on
glass slides using ProLong Diamond Mountant with DAPI (LifeTechnologies). Confocal z-
stacks were captured with a Leica SP8 resonant scanning confocal microscope using a 63x oil

immersion objective.
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A single set of electrical sensors can probe the activity of electrogenic cells grown on disposable
coverslips without degrading its performance.

coverslip 200 uV e
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