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Abstract—Introduction—Cell-cell communication plays a
pivotal role in biological systems’ coordination and function.
Electrical properties have been linked to specification and
differentiation of stem cells into targeted progeny, such as
neurons and cardiomyocytes. Currently, there is a critical
need in developing new ways to complement fluorescent
indicators, such as Ca®"-sensitive dyes, for direct electro-
physiological measurements of cells and tissue. Here, we
report a unique transparent and biocompatible graphene-
based electrical platform that enables electrical and optical
investigation of human embryonic stem cell-derived car-
diomyocytes’ (hESC-CMs) intracellular processes and inter-
cellular communication.

Methods—Graphene, a honeycomb sp”> hybridized two-
dimensional carbon lattice, was synthesized using low pres-
sure chemical vapor deposition system, and was tested for
biocompatibility. Au and graphene microelectrode arrays
(MEAs) were fabricated using well-established microfabrica-
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tion methods. Au and graphene MEAs were interfaced with
hESC-CMs to perform both optical and electrical recordings.
Results—Optical imaging and Raman spectroscopy con-
firmed the presence of monolayer graphene. Viability assay
showed biocompatibility of graphene. Electrochemical char-
acterization proved graphene’s functional activity. Nitric
acid treatment further enhanced the electrochemical proper-
ties of graphene. Graphene electrodes’ transparency enabled
both optical and electrical recordings from hESC-CMs.
Graphene MEA detected changes in beating frequency and
field potential duration upon f-adrenergic receptor agonist
treatment.

Conclusion—The transparent graphene platform enables the
investigation of both intracellular and intercellular commu-
nication processes and will create new avenues for bidirec-
tional communication (sensing and stimulation) with
electrically active tissues and will set the ground for inves-
tigations reported diseases such as Alzheimer, Parkinson’s
disease and arrhythmias.

Keywords—Transparent electrodes, Calcium imaging, High
spatial and temporal resolution, Bioelectronics, hESC-CM,
Graphene.
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INTRODUCTION

Cell—cell communication plays a pivotal role in
biological systems’ coordination and function. Elec-
trical properties have recently been linked to specifi-
cation and differentiation of stem cells into targeted
progeny such as neurons and cardiomyocytes.>"**
Basic research at the tissue level of the heart and brain
electrical activity has led to the development of tools to
treat various ailments, such as pacemaker and deep
brain stimulation electrodes.”!> Human embryonic
stem cells (hESCs) and induced pluripotent stem cells
(hiPSCs)-derived cardiomyocytes (CMs) provide a
promising tool to study cardiac developmental biol-
ogy, regenerative therapies, disease modeling, and drug
discovery. 2023333646 These cells represent human-like
physiology and have the potential to self-renew indef-
initely thus are advantageous over the traditional cells
and ex vivo models obtained from animals.?***® Elec-
trophysiology is a powerful tool to study the maturity
of CMs, their functional properties, effect of thera-
peutics on cellular physiology, and intercellular com-
munication.>?*3?

Studies of electroactive cells such as hESC-CMs
have been carried out using a variety of techniques,
including glass micropipette patch-clamp electrodes,’
voltage and Ca’" sensitive dyes,'® and microelectrode
arrays (MEAs).>7?>3 Patch clamp technique enables
electrical recording at a single cell level with high
temporal resolution, however it is limited to only a few
cells at a time, making it ineffective to monitor activity
of large cellular networks.*> MEA uses established
microfabrication methods to allow multiplexed detec-
tion on a scale not possible with micropipette tech-
nology. However, it exhibits relatively large detection
areas that render both cellular and subcellular electri-
cal recording immensely challenging.** Complement-
ing electrical recording with optical imaging using
fluorescent indicators such as Ca> " sensitive dyes'® can
leverage the temporal resolution and spatial advan-
tages of both the techniques. Commonly used metal-
based MEAs have high opacity which hinders simul-
taneous optical and electrical recordings. Previously,
indium tin oxide (ITO)'® and bilayer nanomesh®-
based electrodes have been developed as transparent
platforms, however, they are either limited by the
brittle nature of the electrode material or limited
transparency over a wide spectral range. Therefore,
developing a platform that allows simultaneous elec-
trical recordings and optical measurements over a wide
visible spectral range will enable measurements at high
spatial and temporal resolution, and will potentially
enable optical stimulation of the cells at electrode-cell
interface using optogenetics.'®
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Since the discovery of graphene,®” a honey-combed
arrangement of sp hybridized carbon atoms, there has
been an immense interest in its use for bio-interfaces,
due to its outstanding electrical conductivity (charge
carrier mobility up to 200,000 cm? V' s7!), mechan-
ical flexibility, high transparency of up to 97.7%, and
biocompatibility.®!324263740 Here, we report a gra-
phene-based transparent and biocompatible platform
to perform simultaneous Ca®" imaging and electrical
recordings in hESC-CMs as illustrated in Fig. 1. First,
monolayer graphene was synthesized using low pres-
sure chemical vapor deposition (LPCVD) and trans-
ferred to a glass coverslip or a Si/285 nm SiO,
substrate (Fig. 1a). Second, the samples were annealed
under reducing environment to enhance adhesion
between graphene sheet and the substrate. Third, the
devices were fabricated by patterning graphene sheet
into electrodes with 50 um x 50 um recording sites,
followed by patterning and evaporating Au intercon-
nects, and a polymer (SUS) passivation layer (Fig. 1b).
For control, Au MEAs were fabricated with the same
design and dimensions as the graphene MEAs. Prior to
passivation, graphene electrodes were treated with
69% w/w HNOj; acid for 2 h to enhance graphene’s
electrochemical properties. Fourth, the surfaces of the
devices were coated with fibronectin, and the fi-
bronectin-conditioned hESC-CMs were seeded on the
devices. Finally, simultaneous electrical and optical
recordings were obtained from the spontaneously
beating CMs (Fig. lc¢).

MATERIALS AND METHODS

Graphene Synthesis and Transfer

A single layer of graphene was synthesized by a Cu-
catalyzed low pressure chemical vapor deposition
(LPCVD) process as previously described.?'** Briefly,
a2cm x 6 cm Cu foil (99.8%, Alfa Aesar, uncoated,
catalog no. 46365) was cleaned with acetone and iso-
propyl alcohol (IPA) in an ultrasonic bath for 5 min
each then N, blow dried. Before being introduced into
a custom-built CVD setup, the foil was treated with a
5.4% w/w HNOj; solution (CMOS Grade, J.T. Baker,
catalog no. JT9606-3) for 30 s, rinsed three times with
deionized (DI) water and N, blow dried. The synthesis
process was carried out at 1050 °C and a total pressure
of 0.5 Torr. The temperature was ramped up to
1050 °C in 20 min, followed by stabilization at
1050 °C for 5 min under the flow of 100 standard cubic
centimeters per minute (sccm) Ar. The foil was an-
nealed for 60 min under H, flow of 100 sccm, followed
by a synthesis step of 8 min under the flow of 50 sccm
CHy (5% in Ar, Matheson Gas) and 100 sccm H,
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FIGURE 1. Schematics of graphene microelectrode array (MEA) fabrication and recording. (a) Low pressure chemical vapor
deposition (LPCVD) synthesized monolayer graphene transferred on glass coverslip. (b) Fabricated graphene MEA. (c) Simulta-
neous optical and electrical recordings from human embryonic stem cells-derived cardiomyocytes (HUES9-CMs) cultured on
graphene MEA.

(Matheson Gas). The sample was rapidly cooled from NA objective) under 532 nm excitation. For the Ra-
growth temperature down to 100 °C in 30 min while man spectra a laser power of 2.3 mW was used, and
flowing 100 sccm Ar. The Cu foil with graphene on the spectra were recorded with an acquisition time of
both sides was cut into the required dimensions. Prior 30-60 s.

to Cu etching one side of the foil was coated with
200 nm of polymethylmethacrylate (PMMA 950 A4

MicroChem) to mechanically support the graphene Device Fabrication

and protect it from the subsequent steps. The foil was LPCVD synthesized graphene was transferred to
placed in a UV-ozone cleaner (PSD Pro series digital 22 mm x 22 mm glass coverslips or 18 mm x 18 mm
UV-Ozone, Novascan) and the graphene on the un- Si/285 nm SiO, chips. The samples were annealed at
coated side was etched for 15 min at 100 °C. The Cu ambient pressure in a reducing environment under 10
foil was wet-etched in a solution containing 25% w/w sccm H, flow for 1 h at 300 °C. Graphene was pat-

FeCl;.6H,O (Sigma Aldrich, catalog no. 31232), 4% terned using photolithography and reactive ion etching
w/w HCI acid (CMOS grade, J.T. Baker, catalog no. techniques. Briefly, 300 nm LOR3A (MicroChem) and
BDH3028) and 71% w/w DI water. At the end of the 500 nm Shipley S1805 (MicroChem) were coated on
etching process the PMMA supported graphene film substrates with graphene sheet; the resist was patterned

was transferred to clean DI water three times. by UV exposure using a mask aligner (Karl Suss MA6)
Depending on the subsequent experimental require- followed by development for 1 min in CD26 developer
ments, the resulting water floating graphene was (MicroChem); graphene from the un-patterned regions
transferred either to a glass coverslip (VWR, catalog was etched off by reactive ion etching (Plasma Therm
no. 48366-227), quartz substrate (76.2 mm ST-cut 790 RIE) using 14 sccm O, and 6 sccm Ar at 20 W
single crystal quartz wafer, University Wafer) or (100) power and 10 mTorr pressure for 1 min. Post etching,
Si substrate with a 285 nm wet thermal oxide (p-type, the LOR3A/Shipley stack was stripped off using Re-
0.001-0.005 Q cm, Nova Electronic Materials Ltd., mover PG (MicroChem). The Au interconnects and
catalog no. CP02-11208). Prior to the graphene contacts were then patterned using similar pho-
transfer, the substrates were cleaned with acetone in an tolithography technique, and 5 nm Cr (99.99%, R.D.
ultrasonic bath for 5 min followed by IPA wash and Mathis Co.) and 100 nm Au (99.999%, Praxair) were
N, blow dry. The transferred samples were air-dried deposited using thermal evaporator (Angstrom Engi-

overnight. The substrates were then baked at 150 °C neering Covap II). For Au MEA control, graphene
for 30 min, followed by dissolving the PMMA in an electrode region was replaced with Cr/Au (5/100 nm)
acetone bath at 60 °C for 30 min. Finally, the samples electrodes, and for no graphene MEA control, neither
were rinsed with acetone and IPA and N, blow dried. graphene nor Au was present in the recording site re-
gion. For graphene electrodes, 69% w/w HNO; acid
treatment was performed for 2 h followed by three

Graphene Characterization . . . .
P “ times DI water rinses. Finally, the Au interconnects

Transmittance of graphene was characterized using and the non-recording site of the graphene electrodes
a UV-vis spectrophotometer (Shimadzu UV-2600). were passivated with 200 nm of SU-8 2000.5 (Mi-
The spectra were obtained for graphene film trans- croChem) using photolithography.

ferred on a 2cm x 2 cm quartz substrate. Bare
2 cm x 2 cm quartz substrates were used as a refer-
ence material.

Raman spectroscopy of graphene film was per- CV experiments were performed in a three-electrode
formed by NT-MDT NTEGRA Spectra (100X/0.7 cell setup using a potentiostat (PalmSens 3). Elec-
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trolyte solution of 1 M KCI (= 99%, Sigma-Aldrich,
catalog no. P5405) was prepared in DI water. Analyte
solution of 5 mM ferrocene methanol (FcMeOH)
(97%, Sigma-Aldrich, Catalog No. 335061) was pre-
pared in 1 M KCI solution. Prior to conducting CV
experiments, a polystyrene well was sealed to the
sample using 10:1 base:curing agent poly dimethyl-
siloxane (PDMS) (Sylgard 184 Silicone Elastomer,
Dow Corning). Pt wire and Ag/AgCl electrodes were
used for counter and reference electrodes, respectively.
To determine the faradaic peaks, the CV measure-
ments were recorded within a potential range from
— 0.2 to 0.6 V vs. Ag/AgCl at scan rates of 80—
500 mV s~ ! in the presence of 5 mM FcMeOH in 1 M
KCI solution. For capacitive currents, CV was con-
ducted with 1 M KCI electrolyte solution within a
potential range from — 0.2 to 0.3 V vs. Ag/AgCl at
scan rates of 100-800 mV s~ .

EIS experiments were performed in a three-elec-
trode cell setup using a potentiostat (CH Instruments,
CHI660C). 1X Phosphate Buffered Saline (PBS)
(ThermoFisher, catalog no. 10010023) was used as an
electrolyte solution. Pt wire and Ag/AgCl electrodes
were used for counter and reference electrodes,
respectively. The frequency was scanned from 0.01 to
100,000 Hz with Vpc of 0 V and Vac of 10 mV.

Both CV and EIS experiments were performed on
ten electrodes of each of the three independently fab-
ricated chips for each device type (n = 30). The mea-
surements were done inside a grounded aluminum box.

Embryonic Stem Cell Culture and CM Differentiation

Human CMs were differentiated from HUES9
hESCs using established protocols. The HUES9
hESCs were expanded in Essential 8 (E8) medium (Life
Technologies, catalog no. A1517001)° on 12 ug/cm?
geltrex (Life Technologies, catalog no. A1413301)-
coated six well plates with an initial seeding density of
125,000 cells/well and passaged every 4 days to prevent
over-confluence. For CM differentiation, HUES9 were
seeded at a density of 16,000 cells/cm? in E8 medium
with 2 yM ROCK inhibitor, thiazovivin (Selleck
Chemicals, catalog no. S1459) and media was changed
daily. On the third day post seeding HUES9 were
differentiated into CMs via previously described pro-
tocols.®? Briefly, cells were washed with 1X PBS and
incubated with RPMI-1640 medium (ThermoFisher,
catalog no. 21870076) supplemented with B27 minus
insulin (ThermoFisher, catalog no. A1895601) and 1%
v/v L-glutamine (ThermoFisher, catalog no. 25030081)
plus 6 uM CHIR99021 (LC laboratories, catalog no.
C-6556), a glycogen synthase kinase-3 inhibitor (LC
laboratories, catalog no. S1459) for 2 days. On day 2
of differentiation, cells were washed again with 1X PBS
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and incubated with RPMI/B27 media and 2 uM Wnt-
C59, a Wnt pathway inhibitor (Selleck Chemicals,
catalog no. S7037). On day 4 and 6 of differentiation,
media was changed with RPMI/B27 media. On day 8
and 10, media was changed to CDM3 media® con-
sisting of RPMI-1640 medium supplemented with 1%
v/v L-glutamine, 500 pg/mL human albumin (Sigma,
catalog no. A9731), and 213 ug/mL L-Ascorbic acid 2-
phosphate sesquimagnesium salt hydrate > 95%
(Sigma, catalog no. A8960). On day 12, spontaneously
beating cells were passaged for CM purification. CMs
were purified using lactate-supplemented media, which
previous studies have demonstrated achieves 95-98%
purification of CMs.**” Briefly, beating CMs were
washed with 1X PBS and detached from the surface
with TrypLE express (ThermoFisher, catalog no.
12604013) for 15 min at 37 °C. Detached cells were
pipetted into DMEM/F12 (ThermoFisher, catalog no.
11320033) and centrifuged at 200 g for 7 min to pellet
the cells. CMs were seeded on Matrigel (Corning,
catalog no. 356231)-coated plates (12 ug/cm?) with
RPMI-1640 lacking glucose (ThermoFisher, catalog
no. 11879020) and supplemented with 500 pug/mL
human albumin, 213 pg/mL L-ascorbic acid-2-phos-
phate, and 7.1 mM sodium-lactate (Sigma, catalog no.
L4263). CMs were purified for 5 days and then swit-
ched back to CDM3 for at least 2 days prior to pas-
saging for fibronectin conditioning.

Fibronectin Conditioning of CMs

Prior to seeding CMs onto fibronectin-coated de-
vices, CMs were conditioned on an isotropic coating of
fibronectin (Corning, catalog no. 356008) to select for
those cells with the ability to bind fibronectin. To
create substrates for fibronectin conditioning, six well
plates were coated with 1 mL of 50 ug/mL fibronectin
per well in sterile distilled water for 1 h at room tem-
perature. Excess fibronectin was then washed with 1X
PBS and plates were either used immediately or stored
at 4 °C in 1X PBS for less than 2 weeks prior to use.
To passage for fibronectin conditioning, CMs were
washed with 1X PBS and then lifted with TrypLE for
15 min at 37 °C. Detached cells were pipetted into
DMEM/F12 (ThermoFisher, catalog no. 11320033)
and centrifuged at 200 g for 7 min to pellet the cells.
CMs were then resuspended in CDM3 supplemented
with 10% fetal bovine serum (FBS) and 2 uM thia-
zovivin and seeded onto fibronectin-coated six well
plates at a ratio of 1:1.

Biocompatibility Analysis

Cell viability was tested using Live/Dead assay kit
(ThermoFisher, catalog no. L3224) containing Calcein
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acetoxymethyl (Calcein AM) and Ethidium homod-
imer dyes for staining live and dead cells, respectively.
lcm x 1 cm glass and graphene substrates were
placed in a 24 well plate and were sterilized with 70%
ethanol treatment and 2 h UV exposure in the culture
hood. Post sterilization, the chips were rinsed 3 times
with 1X PBS, followed by 200 uL of 50 pug/mL fi-
bronectin treatment for 3 h at room temperature. Post
incubation the excess fibronectin was pipetted out
followed by 3 times 1X PBS wash. The CMs were then
seeded at a density of 400,000 cells/cm? in a 1 mL
CDM3 media supplemented with 10% FBS and 2 uM
thiazovivin. The samples were incubated at 37 °C and
5% CO, for 10 days with CDM3 media changed every
other day. After 10 days, Hoechst 33342 (Ther-
moFisher, catalog no. 62249), Calcein AM and
Ethidium homodimer dyes were added with a final
concentration of 1 ug/mL, 2 and 4 uM, respectively, to
each sample and incubated for 30 min at 37 °C and
5% CO,. Cells were then treated with 10 uM Bleb-
bistatin (Sigma Aldrich, catalog no. B0560) to decou-
ple excitation and contraction leading to inhibition of
spontaneous cell beating.”® The cells were washed 3
times with 1X PBS and the live-cell imaging was per-
formed at 37 °C using upright confocal microscope
(Nikon A1R) under 20X/0.50 NA water immersion
objective.
% Viability quantification*” was evaluated by:

Total cells(blue) — Dead cells(red)

76Viability = Total cells (blue)

x 100,

where, blue refers to the cells stained by DAPI and red
refers to the dead cells stained by Ethidium homod-
imer. Total cell count was determined by counting the
DAPI stained nuclei across five randomly chosen
images for each repetition (n = 3), using the Fiji par-
ticles analysis plugin.

Immunostaining of CMs

Immunostaining of cells was done following estab-
lished protocols.'* Briefly, cell culture media was dis-
carded, and the cells were washed with 1X PBS. For
fixation and permeabilization, cells were incubated
with 4% paraformaldehyde (Electron Microscopy
Sciences, catalog no. 15710) and 0.5% Triton-X 100
(Sigma Aldrich, catalog no. X100) for 15 min at room
temperature. Cells were washed 3 times with 1X PBS
for 5 min each and were incubated with 5% blocking
goat serum (ThermoFisher, catalog no. 16210072) for
30 min, followed by 1X PBS wash, and incubation
with 0.5% anti-alpha actinin antibody (Sigma Aldrich,
catalog no. A7811) for 1 h at room temperature. Cells
were washed 3 times with 1X PBS for 5 min each, and

were treated with secondary antibody, goat anti-mouse
555 (ThermoFisher, catalog no. A21422) for 1 h, fol-
lowed by 3 times 1X PBS wash for 5 min each. For
nucleus and actin cytoskeleton staining, cells were
incubated with 0.5% DAPI (ThermoFisher, catalog
no. D1306) and 1.5% Alexa Fluor phalloidin 488
(ThermoFisher, catalog no. A12379), respectively, for
15 min, followed by 3 times 1X PBS wash. The cells
were imaged using upright confocal microscope (Ni-
kon AI1R) under 20X/0.50 NA water immersion
objective.

Electrical and Optical Recordings

Each chip was glued to a printed circuit board
(PCB) with soldered 36 pin connector (Omnetics,
A79024-001), and all the electrodes on the chip were
wire bonded to the Cu pads on the PCB using a
manual wedge wire bonder (West Bond 7476D). A 3D
printed PLA based frustum chamber was glued to the
center of the chip using PDMS for cell culture. Prior to
cell seeding, the chips were sterilized with 70% ethanol
and 2 h UV exposure in the culture hood. Post steril-
ization, the chips were rinsed 3 times with 1X PBS,
followed by 200 uL of 50 ug/mL fibronectin treatment
for 3 h at room temperature. Post incubation, the ex-
cess fibronectin was pipetted out followed by 3 times
1X PBS wash. The CMs were then seeded at a density
of 400,000 cells/cm®. The chips were incubated at
37 °C and 5% CO, for 7 days. The cell media was
changed every other day with a fresh CDM3 media.

At the day of recording, the media in the frustum
chamber of each device was discarded and 10 uM
Fluo-4 AM (ThermoFisher, catalog no. F14217) pre-
pared in 1X PBS was added to the chamber and
incubated at 37 °C for 30 min. Post incubation, the
cells were washed 3 times with 1X PBS. PBS was then
replaced with Tyrode buffer solution (Sigma-Aldrich,
Catalog no. T2145) pre-warmed at 37 °C. The chip
was loaded on to the microscope stage, and the tem-
perature inside the culture chamber was maintained by
constant perfusion of Tyrode solution maintained at
37 °C wusing an inline heater (Automate Scientific,
Thermoclamp). For electrical recordings, the Omnetics
connector on the PCB was connected to a 32-channel
amplifier (Intan tech., RHD2132), and the electrical
signals were recorded using the Intan acquisition sys-
tem (Intan tech., RHD2000) at an acquisition rate of
20 kHz. The optical recordings were performed either
using an upright confocal microscope (Nikon A1R)
under 20X/0.50 NA water immersion objective or an
inverted microscope (Nikon TiE) by using a 488 nm
excitation laser/light source. All the recordings were
performed in a grounded Faraday cage.
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Drug Assays

The effects of f-adrenergic receptor agonist, iso-
proterenol, followed a previously published protocol.'’
Briefly, 10 uM isoproterenol (Sigma-Aldrich, catalog
no. 15627) was prepared in Tyrode buffer solution. The
drug was perfused to the chamber, and the tempera-
ture was maintained at 37 °C by constant flow of drug
through the inline heater. Electrical and optical mea-
surements were performed during the drug flow.
During drug washout, the drug line was clamped, and
fresh Tyrode solution was perfused through the
chamber.

Electrical and Optical Data Analysis

The raw data acquired using the Intan acquisition
system were analyzed using custom-made MATLAB
scripts. The 60 Hz noise was filtered using MATLAB’s
built-in Butterworth notch filter. The beat frequency
was calculated using the Fast Fourier Transform
(FFT) function. The findpeaks function was used to
detect the Na * peaks, and the field potential amplitude
(FPA) was calculated by adding the heights of positive
and negative peaks. To measure field potential dura-
tion (FPD), Na™ and K™ peaks were detected using
findpeaks function, and the distance between the peaks
was calculated. Prior to using findpeaks function, the
voltage vs. time curves were smoothened using Sav-
itzky-Golay filtering or sgolayfilt function, to avoid
interference of the baseline noise while detecting K *
peaks. To measure the signal-to-noise ratio (SNR),
FPA was divided by the peak-to-peak amplitude of the
baseline noise. The peak-to-peak amplitude of the
baseline noise was calculated as 6.6 times the standard
deviation of the baseline signal.**

For calcium signal analysis, the time-lapse image
sequences were imported in the Fiji software. A region
of interest was selected using the ROI tool and the
intensity values were extracted from all the frames
using time series analyzer V3 plugin. Corresponding
time points were determined using the frame rate of the
image acquisition, and the fluorescence intensity vs.
time was plotted.

Statistical Analysis

Data are represented as the mean 4 standard
deviation. Statistical analysis was performed using
Student’s ¢ test (two-tailed) to determine significant
difference between two independent groups with one
variable i.e. substrates (Fig. S4) and two-way ANOVA
followed by Tukey’s post hoc test for more than two
groups with two independent variables: different sub-
strates and drug treatment (Fig. S8). (**) and NS de-
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note statistically significant difference with p < 0.005
and no statistically significant difference, respectively.

RESULTS AND DISCUSSION

Graphene Characterization

To characterize graphene film continuity and in-
tegrity, LPCVD synthesized graphene was transferred
to a Si/285 nm SiO,, which provides optimal optical
contrast for graphene imaging.” The optical image
confirms high continuity of graphene film with mini-
mal micro-tears (Fig. 2a). To further validate the film
quality, Raman spectra of graphene were acquired
(Fig. S1A). The presence of a sharp G peak at
1590 £ 1em™', a symmetric 2D peak at
2690 =3 cm ' with full width at half-maximum
(fwhm) of 36 &+ 5 cm™ !, and no significant D peak at
1364 + 4 cm ™', indicates presence of defect-free
monolayer graphene (Table S1).*' The 32-electrode Au
and graphene MEA devices were fabricated on both
glass coverslips and Si/285 nm SiO, substrates. Fig-
ure 2b shows an optical image of a graphene MEA
fabricated on a glass coverslip, demonstrating the
transparency of the center region with 32 graphene

(a) (b)

—_
Q.
L

2D

Intensity (A.U.)

1500 2000 2500 3000
Raman shift (cm™)

FIGURE 2. Characterization of graphene MEA. (a) DIC image
of LPCVD synthesized monolayer graphene transferred on Si/
285 nm SiO, substrate. Purple and green arrows indicate tears
and grain boundary in the graphene film, respectively. Scale
bar: 100 um. (b) Image of a graphene MEA fabricated on a
glass coverslip. Cyan arrow marks the area with graphene
electrodes (cyan dashed box). Scale bar: 2 mm. (c) DIC image
of the graphene MEA fabricated on a Si/285 nm SiO, sub-
strate. Red, yellow and orange arrows indicate exposed gra-
phene, SU8 passivated both graphene and Au interconnects,
respectively. Scale bar: 100 um. (d) Raman spectra acquired
from graphene electrode and non-electrode regions marked
by red and blue crosses, respectively in (c).
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electrodes (Cyan dashed box). The presence of mono-
layer and high transparency of graphene was further
confirmed by UV-Vis spectroscopy that shows ca
97.7% transmittance (Fig. S1B).*> The dip in the
transmittance spectra at 250 nm is observed due to the
presence of benzene rings in the graphene sheet.>* The
expanded view of the graphene MEA fabricated on a
Si/285 nm SiO, chip (Fig. 2c) and glass coverslip
(Fig. S2), show the patterned passivated graphene
electrodes. The Raman spectra (Fig. 2d) confirms the
patterning of graphene electrodes with no damage to
the film during the fabrication process. The blue shifts
in the G and 2D peaks of 8 £2 and 4+ 2cm™',
respectively, post HNOj acid treatment confirms the p-
type doping of graphene (Fig. S1C, Table S2).%"-*

Electrochemical Characterization

For the electrochemical characterization of the
electrodes, cyclic voltammetry (CV) and electrode im-
pedance spectroscopy (EIS) were performed in a three-
electrode electrochemical cell. To test the functionality
of graphene electrodes, CV was performed at varying
scan rates and compared to Au electrodes. A conduc-
tive electrode enables electrochemical oxidation and
reduction of a redox probe or analyte." Absence of
graphene electrodes resulted with no current recorded,
indicating that the Au interconnects are properly pas-
sivated (Fig. 3a). The 50 um x 50 um graphene elec-

—_
QD
~

Current (mA/cm?)

-0.2 0.0 0.2
E vs. Ag/AgCl (V)

10° 10" 100 100 10" 10’
Frequency (Hz)

0.4 0.6

trodes resolved the reduction and oxidation peaks of
FcMeOH similar to that of Au electrodes indicating
that graphene is electrochemically active (Figs. 3a and
S3A, B)." Interfacing electrodes with the electrolyte
leads to a formation of an electrical double layer that
behaves as a capacitor.! Sweeping the potential across
the working electrode with respect to the reference
electrode leads to the capacitive currents, as observed
for both graphene and Au electrodes (Figs. 3B and
S3D, E). Treatment of graphene with HNO; acid en-
hanced the faradaic and capacitive currents (Figs. 3a,
3b, and S3C, F) due to the increase in charge carriers
and oxide containing species on the surface of gra-
phene leading to pseudo-capacitance.”’*® These
observations were consistent for CV performed at
varying scan rates (Fig. S3). To further characterize the
impedance of the electrodes EIS was performed. The
Au and graphene electrodes show an impedance of
1.2 £ 0.2 and 2.1 £+ 0.3 MQ, respectively, measured at
1 kHz (Fig. 3c). The impedance of the graphene elec-
trodes dropped down to 1.5 £ 0.2 MQ after HNO;
acid treatment, which can be explained by the increase
in charge carriers due to p-type doping introduced by
HNO;.?" The phase plots indicate that Au electrodes
exhibit more resistive characteristics at high frequen-
cies and more capacitive characteristics at lower fre-
quencies.”® Graphene electrodes show a deviation in
the capacitive properties compared to Au electrodes
which might be attributed to quantum capacitance of

T T T T T T
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FIGURE 3. Electrochemical characterization of MEAs. (a) Cyclic voltammograms of 50 um X 50 um electrodes acquired with
5 mM ferrocene methanol (FcMeOH) in 1 M KCI at 500 mV/s. (b) Cyclic voltammograms acquired with 1 M KCI at 800 mV/s. (c)
Impedance vs. frequency plots for 50 um x 50 um electrodes. (d) Phase vs. frequency plots for 50 um x 50 um electrodes. Purple,
green, blue and red traces denote no graphene control, graphene electrode, Au electrode, and HNO; treated graphene electrode,

respectively.
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graphene.'**’ The HNOj; acid treatment enhanced the
capacitive characteristics of graphene, which is in line
with the increase in capacitive currents in the CV
curves performed with 1 M KCI (Fig. 3b).

Biocompatibility Analysis

Cellular viability was assessed by a Calcein ace-
toxymethyl and Ethidium homodimer based Live/
Dead assay before interfacing the graphene-based
electrodes with the cells.** As evident from the fluo-
rescent and DIC images of the hESC-CMs cultured on
glass coverslips and graphene substrates for 10 days
(Fig. S4A, B), graphene substrates had no
detectable cytotoxic effects on cell viability. The cell
viability of > 95% on both control and graphene
substrates confirms biocompatibility of graphene
(Fig. S4C). These findings are in line with previously
published data regarding biocompatibility of graphene
interfaced with nonneuronal and neuronal cells.*

(a)

et al.

Simultaneous Electrical and Optical Recordings

The Au and graphene electrodes were then inter-
faced with hESC-CMs for simultancous electrical and
calcium imaging. The immunofluorescent and DIC
images of the cells (Fig. S5) show that the cells spread
out uniformly on the MEA chip with graphene elec-
trodes. The immunostaining of alpha-actinin bands
confirms the presence of CMs.>* The low impedance of
Au electrodes leads to recording of field potentials at
high SNR, however, the high opacity of Au electrodes
hinders the visualization of cells at the electrode
interface (Figs. 4a(I) and S6A). The Au electrodes
recorded the field potentials with spike frequency of ca.
1.4 Hz at high SNR of ca. 17 (Fig. 4a(Il)). The high
temporal resolution of electrical recordings provides
information about the Na™ current (upstroke), K™
current (repolarization) and Ca®" current (plateau
phase) across the cell membrane with recorded field
potential amplitude (FPA) of 880 £ 15 uV and field
potential duration (FPD) of 214 + 10 ms (n = 87

1} ___FPD,,
|
2
=
[N

7'1

500ms v 100ms

I_u\/
I_“‘

,Jr_
A

1 _FPD,
S Emm—
g
=
[N,

500ms AR 100ms

250ms

FIGURE 4. Electrical and optical signals recordings. (a) Electrical recordings using Au MEA. (l) Optical image of HUES9-CMs
cultured on Au MEA. Scale bar: 50 um. (ll) Representative recorded field potential traces using Au electrodes marked in (I). (lll)

Averaged peak (red trace) and raw data (grey traces, 87 peaks). (b)

Electrical recordings using graphene MEA. (I) Optical image of

HUES9-CMs cultured on graphene MEA. Scale bar: 50 um. (ll) Representative recorded field potential traces using graphene
electrodes marked in (l). (lll) Averaged peak (red trace) and raw data (grey traces, 70 peaks). FPA and FPD denote field potential
amplitude and field potential duration, respectively. (c) Calcium fluorescence signal recordings. (I) Confocal image of HUES9-CMs
loaded with Fluo-4 dye, cultured on graphene electrodes. Scale bar: 50 um. (ll) Fluorescence intensity as function of time at the

electrode region marked in (I).
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peaks) (Fig. 4a(I1I)).>* The graphene electrodes, on the
other hand, allowed the visualization of the cells at the
electrode interface owing to the high transparency of
electrodes (Figs. 4b(I) and S6B). The graphene elec-
trodes also enabled recording of field potentials with
high SNR of ca. 14, spike frequency of ca. 1.1 Hz, and
FPA of 815 £ 12 uV and FPD of 217 £ 9 ms (n = 70
peaks) (Fig. 4b(Il, II1)). The values for beating fre-
quency, FPD and FPA are in line with the previously
reported values.>>*? The high transparency of gra-
phene electrodes also enabled simultaneous Ca’”"
imaging (Figs. 4c(I) and S7A, Video S1). The Ca’"
spike frequency extracted from the time lapse imaging
of Ca®" sensitive dye (Fluo-4) labeled cells matches the
electrical spike frequency recorded using the elec-
trodes. This shows the ease of performing simultane-
ous recordings, thus allowing integration of the
advantages of both modes of recording, leading to high
spatial and temporal resolution.

Drug Assays

To further validate the recorded electrical signals
and check if graphene MEA platform can be used to
detect changes in electrophysiology, the cells were
treated with a standard drug, isoproterenol that stim-
ulates the f-adrenergic receptors leading to an increase
in beat frequency and a decrease in FPD.'” Fig-

+lso
(a) | (1 min post application)

oo ot |

+lso
(b) (1 min post application)

ures S5a(l) and 5b(I) show 1.3 fold increase in the peak
frequency from 1.4 to 1.8 Hz in case of Au electrodes,
and 1.2 fold increase from 1.1 to 1.3 Hz in case of
graphene electrodes. The increase in the beat frequency
was further supported by the simultaneous Ca’*
imaging performed on the cells interfaced with gra-
phene electrodes (Fig. S7B, Video S2). The addition of
the drug led to 0.9 fold decrease in FPD from 215 + 9
to 187 £ 3 ms for Au electrodes (n = 350 peaks
across 5 channels) (Figs. Sa(IT) and S8), and 0.9 fold
decrease from 215 + 7 to 195 & 6 ms for graphene
electrodes (n = 350 peaks across 5 channels) (Fig-
s. Sb(II) and S8). The beat frequency returned to its
original value post washout of isoproterenol (Fig. S9),
suggesting feasibility of performing multiple assays on
the same electrode-cell setup.

CONCLUSION

In conclusion, we demonstrated that the graphene
electrodes enable simultaneous electrical and optical
recordings from hESC-CMs without affecting either of
the recording modes. The high temporal resolution of
the electrical recording provides information about all
three ionic currents involved in action potential (i.e.,
Na®, K* and Ca?"), whereas high spatial resolution
of the Ca’?" imaging provides information at a single
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FIGURE 5. Effect of g-adrenergic receptor agonist on the recorded electrical signals. (a) Representative recorded field potential
trace using Au MEA. (I) Recorded trace before and after application of the p-adrenergic receptor agonist, isoproterenol. (ll)
Averaged trace (87 peaks) before (red, —) and after (green, +) isoproterenol application. (b) Representative recorded field potential
trace using graphene MEA. (I) Recorded trace before and after application of the -adrenergic receptor agonist, isoproterenol. (ll)
Averaged trace (70 peaks) before (red, —) and after (green, +) isoproterenol application. Green arrow represents the addition of

drug.
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cell level. The HNOj; acid treatment of graphene led to
electrode impedance reduction to values similar to Au
electrodes, thus enabling recording of electrical signals
at high SNR of ca. 14. This further indicates the flex-
ibility and ease of surface modification of graphene
electrodes to enhance their electrochemical properties.
The fabrication protocol suggested in this work can be
easily extended to dense arrays of graphene electrodes
to enable recording and studying of larger cellular
networks. The biocompatibility of graphene demon-
strated in this work and previous studies* indicates the
potential of graphene-based devices for long term
stable tissue interfaces. The major advantage of the
presented platform is the high transparency of the
electrodes, which provides the flexibility to perform
simultaneous optical studies for both electrophysiol-
ogy applications such as Ca’" imaging, and non-
electrophysiology applications such as optogenetic
manipulation of the cells,'® optical coherence tomog-
raphy (OCT) imaging,”’ monitoring biochemical
activity of the cells using fluorescently labeled dyes and
proteins,'""'** and further investigation of the tissue
health® at the electrode-cell interface over time. The
developed nanomaterials-based measurement platform
will set the ground for further investigations of the
relationship between electrical signals and reported
diseases such as Alzheimer, Parkinson’s disease and
arrhythmias.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
1007/s12195-018-0525-z)  contains  supplementary
material, which is available to authorized users.
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