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Abstract

The measurement of electrical activity across systems of excitable cells underlies current progress
in neuroscience, cardiac pharmacology, and neurotechnology. However, bioelectricity spans
orders of magnitude in intensity, space, and time, posing substantial technological challenges.
The development of methods permitting network-scale recordings with high spatial resolution
remains key to studies of electrogenic cells, emergent networks, and bioelectric computation.
Here, we demonstrate single-shot and label-free imaging of extracellular potentials with high
resolution across a wide field-of-view. The critically coupled waveguide-amplified graphene
electric field (CAGE) sensor leverages the field-sensitive optical transitions in graphene to
convert electric potentials into the optical regime. As a proof-of-concept, we use the CAGE
sensor to detect native electrical activity from cardiac action potentials with tens-of-microns
resolution, simultaneously map the propagation of these potentials at tissue-scale, and monitor
their modification by pharmacological agents. This platform is robust, scalable, and compatible
with existing microscopy techniques for multimodal correlative imaging.
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For the past three decades, new technologies that detect electrophysiological signals have
driven research spanning medical interventions for cardiac arrhythmias, to connectomics

of neuronal networks, to neurotechnologies at the brain-machine interface.! Traditional
semiconductor technologies gave rise to complementary metal-oxide semiconductor
multielectrode arrays (MEAs) and field effect transistors that couple to nearby
electrophysiological signals.2~® Robust and mature, high density electrode-based techniques
permit recordings over large fields-of-view but require complex circuit design, individual
amplification, and are limited by crosstalk and fabrication techniques.”~1! These challenges
can be largely circumvented by working in the optical regime where imaging naturally
permits highly parallel detection and spatiotemporal resolution. For example, voltage
sensitive dyes leverage small-molecule fluorescence to transduce bioelectric signals into
optical signals.12-14 By offering both lower cost and compatibility with a wide range of
microscopies, voltage sensitive dyes overcome some of the challenges of electrode-based
techniques; however, limitations remain from cytotoxicity, photobleaching, nonquantitative
readout, and perturbation due to chemo-sensitivity.1® The pursuit of label-free imaging of
bioelectric activity has driven a number of novel approaches spanning surface plasmon
resonance® to nitrogen vacancy centers.1’ However, these imaging techniques remain
limited by low sensitivity and require extended averaging.

In this Letter, we demonstrate that a critically coupled waveguide-amplified graphene
electric field (CAGE) sensor!® permits quantitative, label-free, and real time recording of
bioelectric signals with tens of micrometers spatial resolution, retaining the advantages of
both optical and electrical modalities. The CAGE sensor pairs the unique field-dependent
optical absorption of graphene with a critically coupled optical amplification scheme to
achieve high-speed voltage sensitivity of microvolts and spatial resolution down to few
microns. (Figure 1a,b). In this proof-of-principle, we demonstrate label-free detection of
native electrical activity from primary cardiomyocytes and monitor their modification

by small molecule inhibitors. Further, we show that the CAGE platform permits
spatiotemporally resolved quantitative determination of electrophysiological behavior across
electrically active cardiac cells at tissue-scales. Uniquely capable of imaging electric fields
in real time, the CAGE sensor enables quantitative imaging of the propagation of bioelectric
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activity through single shot recordings with continuous high spatial resolution across a large
field of view.

Atomically thin, monolayer graphene is supremely sensitive to its local environment. In
addition, the optical absorption of monolayer graphene can be dramatically modulated by an
electrostatic potential, which shifts the Fermi energy and forbids specific optical transitions
through the Pauli blocking effect (Figure 1c). While the unique electronic properties of
graphene permit an ~1% change in transmitted light under a 200 mV gate voltage,18 several
orders of magnitude improvement are necessary to detect extracellular field potentials from
electrogenic cells and cell networks.

In our previous work, we demonstrated that by leveraging a critically coupled waveguide
amplification scheme, the CAGE sensor realizes over 2 orders of magnitude improvement
over graphene’s intrinsic voltage sensitivity.1® The working principle of the device is
outlined in Figure 1d. The device is fabricated from a prism-coupled high refractive

index planar waveguide coated with large area graphene (Figure 1d). A collimated, s-
polarized, 1.55 gm incident beam couples into the transverse electric mode of the slab
waveguide at an oblique angle, satisfying the condition for total internal reflection inside
the waveguide cavity. The waveguide itself can be described as a Fabry—Perot cavity

1| = 2]
1 —1rllr2l
and bottom interfaces of the planar waveguide, respectively. The absorption of graphene
and the amplitude of || are controlled by applying an electrostatic potential from an Ag/

2
with reflection R = ( ) , where |rq| and |r,| are the reflection coefficients at the top

AgCl electrode. At critical coupling, || = ||, the background reflectivity is minimized

(Supporting Information (SI) Figure S4); near critical coupling, the optical modulation per
change in local potential is maximized.

The operation of the CAGE sensor is demonstrated in Figure 2. We applied a periodic
square waveform through the external Ag/AgCl electrode with peak-to-peak voltages (1Vpp)
of 500, 200, and 100 uVpp and recorded the optical response with a wide 10 Hz to 10

kHz bandpass filter (Figure 2a,b). During measurement, the device is biased near critical
coupling for the highest voltage sensitivity (0.47 V). We observed a 0.32%, 0.13%, and
0.07% relative change in reflectivity under 500, 200, and 100 /Ay, voltage modulations,
respectively, consistent with the device sensitivity (SI Section V). At 100 4V, the clear
modulation has a signal-to-noise ratio (SNR) of ~5 corresponding to a ~20 4V voltage
sensitivity, limited by optomechanical and laser source stabilities.

By imaging the optical signal reflected across the continuous sheet of graphene, the CAGE
sensor permits the spatiotemporal dynamics of the local field distribution to be directly
resolved in real time (Figure 2c¢). To demonstrate this, we generated a spatially varying local
field distribution by applying 10 mV electrical pulse to a platinum/iridium microelectrode
with a 2 zm tip radius positioned 5 ¢m above the sensor at the critical coupling condition.

In imaging mode, the spatially resolved reflection is projected with a long working distance
near-infrared objective to the image plane of a 2D InGaAs camera with an 80 Hz frame
rate. The spatial resolution of the CAGE sensor is ~10 gm, set by the propagation distance
of the waveguide (SI Section VI). Under application of a local potential, a region of high
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optical reflectivity will emerge corresponding to the presence of a positive transient voltage
that subsequently dissipates. This behavior is captured by frames 1-4 in Figure 2c. At £=0,
a positive voltage emerges as a region of high optical reflectivity that is spatially coincident
with the microelectrode tip. Over the subsequent 25 ms, this local potential diffuses over
the imaging field-of-view. The signal across each frame is normalized by a frame without
stimulation. These data demonstrate that the critically coupled planar waveguide CAGE
sensor enables two-dimensional time-resolved imaging across the entire surface of the
waveguide/graphene interface with voltage sensitivity below 20 /A and spatial resolution of
~10 zm and continuously across a wide field-of-view.18

Through quantitative mapping of the local potentials into the optical regime, the CAGE
sensor enables real time label-free imaging of extracellular field potentials across native
cardiac cells with high spatial resolution. When an electrogenic cell fires an action potential,
a local extracellular potential is generated at the position of the cell. At the surface of
graphene, this local extracellular potential appears as a local electrostatic gate at the position
of the cell, modulating graphene’s optical absorption at the position of the cell in real time.
This change in absorption generates a change of reflectivity in the light coupled out of the
device and has a one-to-one spatiotemporal correlation to the sample. The bioelectric optical
signal is subsequently collected by a single photodiode or imaged by a 2D charge-coupled
array (CCD), respectively (SI Section I11).

As a proof of principle, we demonstrate this label-free optical detection of local field
potentials from primary chicken cardiac tissue (Figure 3a-b). In response to the spontaneous
firing of the cardiac cells, the sensor detects a signal with two components: a fast
extracellular signal from the action potentials (pulse width ~50 ms) and a slowly varying
signal which peaks 500 ms later (Figure 3c). While the former is generated by the local
extracellular potential from firing cells, the latter is due to the mechanical contraction of the
cardiac cells following the action potentials.

CAGE detection of the mechanical signal has its origins in the sensor’s sensitivity to both
local potential and local refractive index. When a cardiomyocyte fires an action potential,
the fast electrical impulse also initiates a biochemical cascade that triggers myofilament
contraction, inducing cellular motion relative to the detector surface.1® This relative motion
modifies the local refractive index at the position of the firing cell and changes the
reflectivity of the top interface of the planar waveguide. The resulting perturbation of

the critical coupling condition is captured by the CAGE sensor, permitting simultaneous
detection of electrical and mechanical signals. As a result, the CAGE detection scheme is
uniquely sensitive both to changes in the local electric potential and to modulations of the
local refractive index. In the context of cardiomyocytes, the simultaneous measurement of
the electrical and mechanical response can address a challenge in quantitatively studying
excitation—contraction coupling as a single-shot measurement without requiring correlative
methods2%:21 and permit readout of real time cardiac responses to pharmacological inputs.

The firing of an action potential produces a well-defined local electric field at the graphene/
solution interface, which can be quantitatively measured with the CAGE sensor without
labels or dyes (Figure 3c, inset). The optical response to this local electric field is directly
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dependent on the gating voltage and will quantitatively follow the gate dependence of

the CAGE sensor. To demonstrate this phenomenon, we monitor the electrical signal as a
function of increasing gate voltage (Figure 3d). With increasing gate voltage, the waveguide
approaches the critical coupling condition corresponding to the highest sensitivity to the
local field. Far from critical coupling (V4 = 0 mV), the electrical signal is absent from

the optical readout (Figure 3d, dark green). The CAGE optical detection resolves the
extracellular potential starting at V4 = 250 mV. As the sensor approaches critical coupling,
the amplitude of the optical detection of the electrical peak increases dramatically at the
maximum sensitivity point, clearly resolving the bioelectric signal. The measured reflection
amplitudes of the electrical peak follow the sensitivity curve of the CAGE device (Figure
3e), including the expected change in polarity, underscoring the quantitative nature of this
direct optical readout of local potentials. At 750 mV gate voltage, the extracellular potential
drives a 0.93% change in reflectivity (AR/A) collected by the CAGE detector, which
corresponds to an extracellular potential of 1.36 mV (Sl Section V). These measurements
boast a signal-to-noise ratio of >30 and are in excellent agreement with MEA-recorded
signal amplitudes (SI Section X1) and previously reported values?2.

Noninvasive and noncytotoxic, the CAGE platform is compatible with small molecule drug
delivery and detection. To demonstrate this, we introduced blebbistatin, a small molecule
inhibitor of the motor protein responsible for cellular contraction, myosin23 (Figure 3f,

S| Section X). Following infusion and incubation with blebbistatin, the optical signal
attributed to the mechanical beating is entirely suppressed while the electrical signal retains
its intensity. Taken together, these measurements demonstrate that the CAGE sensor can
simultaneously detect both the electrical and mechanical signals and permits real time
detection of cardiac response to small molecule pharmaceuticals.

Free from raster scanning or time averaging, imaging with the CAGE sensor enables the
measurement of the propagation of a cardiac local field potential wave with high resolution
across large fields of view (Figure 4). In imaging mode, the spatiotemporal dynamics of
local electric fields generated by spontaneously firing cardiomyocytes cause a spatially
resolved modulation of graphene’s absorption (Figure 4a), similar to the microelectrode-
generated modulation demonstrated in Figure 2. As an action potential propagates between
cells, the optical contrast of graphene will propagate with one-to-one correspondence to the
electrical signal. This 2D optical signal is amplified by the critically coupled waveguide,
directly imaged onto a 2D CCD array, and saved as time-series image stacks as illustrated in
Figure 4b.

To demonstrate this, we illuminate a large ~2 mm? area through the CAGE sensor and image
the electro-optical readout onto a 2D InGaAs array with a 186 Hz frame rate (Sl Section 1V).
As the spontaneous action potentials propagate across the cells, graphene’s absorption is
locally modulated by the extracellular potential and the increased reflectivity is captured by
the CCD camera. This data is plotted as frames of the spatially resolved reflection contrast
(AR/R) time series (Figure 4c and Sl Video). Each frame is normalized by an image taken
with no cardiomyocyte activity. The spatial resolution of the CAGE sensor is ~10 um set by
the waveguide propagation distance with a spatio-voltaic resolution down to ~25 zm set by
our InGaAs camera array, and the temporal resolution is ~5 ms, set by the frame rate of our
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InGaAs camera array (SI Sections IV and VI). Higher SNR could be obtained by improving
optomechanical and laser stabilities, increasing the charge homogeneity of graphene, and
increased temporal resolution in imaging mode could be achieved by using a CCD detector
array capable of a higher frame rate and dynamic range.

CAGE image detection enables facile and direct measurement of several important
electrophysiological parameters that span spatiotemporal scales. Signals from selected
positions or regions of interest can be isolated and plotted as time traces of the local field
potentials. To isolate time traces corresponding to cell-sized areas, we bin pixels on the CCD
array to correspond to ~50 x 100 gm on the sensor surface (Figure 4d, time traces (a—d)
from areas outlined in the first frame of Figure 3c and Sl Section VI). Other parameters,

like the velocity (speed and direction) of the action potential propagation, can be important
to studies of cardiac arrhythmias but difficult to measure directly. With CAGE imaging, we
can directly extract the velocity of the action potential propagation across the cells from the
arrival time of the electrical pulse to be ~14 cm/s left-to-right, consistent with physiological
cardiac action potential propagation velocity?4 (Figure S7). Together, these data demonstrate
that in addition to the strength and frequency of the electrogenic potentials, dynamic and
parallel parameters like the direction and speed of propagating signals across bioelectric
cells can be obtained with ease.

In this work, we demonstrate that the CAGE sensor enables scalable, label-free, and high-
speed optical imaging of bioelectric potentials across large fields of view with high spatial,
temporal, and voltaic resolution, by leveraging the unique optical properties of graphene
coupled to a photonic waveguide. Noninvasive and noncytotoxic, the CAGE sensor benefits
from the advantages of both electrode array recordings and optical microscopy, without the
need for fluorescent tags, chemical labels, or complex circuitry. In contrast to traditional
electrode arrays that rely on low-noise electrical amplification, there is no increase in cost
or complexity with a large field of view or additional data acquisition. The results presented
here demonstrate that the CAGE sensor can image extracellular field potentials, permits real-
time 2D imaging of network-scale behavior, and can be compatible with pharmacological
research.

Optically transparent and chemically inert, the CAGE sensor easily integrates with
complementary measurement techniques such as white light or fluorescence microscopy.
Simultaneous bioelectric imaging would enable the correlation of multiple modalities

in real-time and with one-to-one correspondence of network-scale behavior with cell-
specific spatial resolution. In addition, the CAGE sensor could be built on transparent

and flexible substrates for applications spanning flexible devices to electronic skin.

These measurements promise new opportunities for correlative studies of bioelectric,
biochemical, and biophysical processes. Future applications of the CAGE sensor with these
complementary techniques could probe how electrical signaling and spatial organization of
electrogenic cells contribute to the formation of cellular networks or how electrical activity
emerges during stem cell differentiation.
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Operating principles of the CAGE platform. (a) Schematic of the critically

coupled waveguide-amplified graphene sensor paired with a microscope objective for
complementary white light or fluorescence imaging. (b) Optical micrograph of the CAGE
sensor. (c) Graphene interband transitions where the Fermi energy of graphene shifts under
an electrostatic gate. Optical modulation is strongest near the Fermi surface, where an
external field can shift the Fermi energy and prohibit optical absorption due to Pauli
blocking. (d) Cross-section of the CAGE imaging sensor. Interfaces r1 and r2 form a cavity

with critical coupling modulated by r2.
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Figure 2.
Demonstration of the CAGE working principle. (a) Schematic of the experimental setup in

which a periodic square waveform is applied to the external electrode. The CAGE response
is read out optically. (b) Optical CAGE detection of (a). Periodic peak-to-peak modulations
of 500, 200, and 100 A/, are applied with a 10 Hz to 10 kHz bandpass filter. (c) CAGE 2D
imaging. The application of a voltage pulse to the microelectrode creates a local electrical
field that varies in both space and time. To form this spatially defined local potential
distribution, a 10 mVp, 200 ms voltage pulse is applied to a platinum/iridium microelectrode
with a 2 zm tip placed in solution 5 zm above the graphene surface of the detector. This
spatially distributed electric field is optically captured by the graphene reflectivity. Spatially
resolved field images are obtained by projecting the optical signal onto a 2D 80 Hz InGaAs
camera. The reflectivity in each image is normalized to a frame without stimulation. Frames
are separated by 12.5 ms.
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Figure 3.
Detection of the extracellular field potentials from primary cardiac tissue. (a) Schematic of

the cardiac tissue in the sample chamber above the CAGE sensor. (b) Optical micrograph of
the cardiac tissue in the sample chamber above the CAGE sensor. White light illumination
from below permits simultaneous white light optical imaging through the objective (out of
view). (c) Time traces of the optical response to cardiac tissue beating with well-resolved
electrical and mechanical components. Inset: narrow time window around electrical signal.
Reflection contrast (AR/R) corresponds to an extracellular potential of 1.36 mV. (d) Polarity
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change in optical response to the extracellular potential with varying graphene gate voltage.
(e) The polarity of the detected extracellular potential follows graphene’s responsivity,
demonstrating both responsivity to the electrical signal and the high sensitivity achieved
with critical coupling. (f) After the measurement in (c), the addition of blebbistatin inhibits
the mechanical beating of the cardiac tissue, while the electrical signal remains strong. Inset:
narrow time window around electrical signal. Reflection contrast (A~/~) corresponds to an
extracellular potential of 2.9 mV.
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Figure 4.

Label-free imaging of the extracellular potential wave. (a) Illustration of the experimental
setup. Electrogenic cells or tissue are loaded into the sample chamber. When a cell fires an
action potential (blue star), the optical absorption of graphene is locally modulated, resulting
in an increase in the light reflected from that spatial position. (b) The response of the
graphene sensor surface is imaged onto a 2D array, where time-series data maps the action
potential propagation across the network. (c) CAGE imaging data maps the extracellular
field potential propagation from spontaneously beating cardiac tissue across an ~2 mm? field
of view. The color axis maps the local field potential from 0 to 3 mV. From sequential
frames, the action potential propagation is readily observed moving from left to right across
the cardiac tissue. Time lapse between frames = 5 ms. Scale bar = 400 gm. (d) Signals
(A-D) from areas outlined in (a) are plotted as time traces and resolve the time-delayed
electrical response as it propagates across the tissue. The dashed line serves to guide the
eye. Parameters, like the velocity of the signal propagation can be quantitatively determined
(here, 14 cm/s, propagating left-to-right).
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