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Abstract
Understanding how a network of interconnected neurons receives, stores, and processes

information in the human brain is one of the outstanding scientific challenges of our time.
The ability to reliably detect neuroelectric activities is essential to addressing this challenge.
Optical recording using voltage-sensitive fluorescent probes has provided unprecedented
flexibility for choosing regions of interest in recording neuronal activities. However, when
recording at a high frame rate such as 500-1000 Hz, fluorescence-based voltage sensors often
suffer from photobleaching and phototoxicity, which limit the recording duration. Here, we
report a new approach, Electro-Chromic Optical REcording (ECORE), that achieves label-
free optical recording of spontaneous neuroelectrical activities. ECORE utilizes the
electrochromism of PEDOT:PSS thin films, whose optical absorption can be modulated by
an applied voltage. Being based on optical reflection instead of fluorescence, ECORE offers
the flexibility of an optical probe without suffering from photobleaching or phototoxicity.
Using ECORE, we optically recorded spontaneous action potentials in cardiomyocytes,
cultured hippocampal and dorsal root ganglion neurons, and brain slices. With minimal

perturbation to cells, ECORE allows long-term optical recording over multiple days.

Introduction
Reliable detection of neuroelectric activities has been instrumental in deciphering how
neurons encode information, expanding our understanding of how electrical activities lead to

physiological outcomes. Several categories of recording methods have been developed, each with
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its own advantages and limitations. With high sensitivity and fast temporal response, electrodes
have been the gold standard for detecting neuroelectric activities. Intracellular recording, using the
patch clamp or sharp electrode, affords large signals and recording from user-selected cells, is
invasive and limited to recording only one or two cells. Extracellular recording using
multielectrode arrays (MEAS) is non-invasive and compatible with parallel and long-term
recording (1). The development of high-density MEA and CMOS technology has enabled parallel
recording of thousands of locations or more (2). However, prefabricated electrode arrays are fixed
in space and not flexible to record user-selected sites.

Optical detection of electrical activities provides the spatial flexibility of choosing the
target cells or areas of interest. The GCaMP family of calcium sensors has been widely used to
optically read out neuronal activities with excellent signal to noise ratio (3, 4). In the last decade,
the development of voltage-sensitive fluorescent proteins (5, 6) and small potentiometric dyes (7,
8) has advanced optical recording. These voltage-sensitive fluorophores exhibit faster kinetics than
the GCaMP calcium sensors and are thus able to record discrete action potentials. Voltage-
sensitive proteins are also genetically encodable to allow recording from a specific cell population.
Although their operational mechanisms vary, voltage-sensitive fluorophores rely on inserting
optically active molecules into the cell membrane through genetic modification or chemical
incorporation, which sometimes lead to membrane capacitance overloading (9-12). Compared
with GCaMPs, voltage-sensitive fluorophores are usually less bright. When recording at a high
frame rate such as 500-1000 frames/sec, fluorescence-based voltage sensors photobleach in
seconds to minutes (13).

A label-free optical detection of neuroelectric activities would avoid limitations associated
with fluorescence-based molecular probes while still allowing spatial flexibility. A number of
techniques are being explored in this area. Surface plasmon resonance (SPR) imaging has been
shown to be able to detect mechanical motions of the neuron in response to current injection-
triggered action potentials (14, 15), which was similarly detected by optical coherence tomography
in Aplysia ganglia neurons (16, 17), by atomic-force microscopy in mammalian neurohypophysis
(18), and by full-field interferometric imaging in spiking HEK cells (19). The fact that cellular
mechanical motion can also be induced by other cellular mechanisms such as cell migration or

mechanical contraction in cardiomyocytes makes these methods sensitive to artifacts (20). In a
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different approach, an elegant study using nitrogen-vacancy centers near the surface of a diamond
has directly detected the magnetic fields caused by current injection-triggered action potentials in
excised giant axons (21). However, the method currently requires averaging hundreds of events,
and is thus not yet able to detect individual and spontaneous activities in a complex network of
cells, or record single spikes. The ultimate goal of label-free optical recording, and eventually even

imaging, of spontaneous cell electric activities in a complex neural network has yet to be achieved.

In this work, we report the development of Electro-Chromic Optical REcording (ECORE)
for label-free optical detection of cellular action potentials. Electrochromic materials reversibly
change their optical absorption spectrum in response to an externally applied voltage. These
materials - such as metal-organic frameworks (22), metal oxides (23), and conductive polymers
(24) - have been used in commercial applications including “smart windows” (25) for aircraft,
glass facades for energy-efficient buildings, paper displays, and in optical tools (26). Here, we
make use of this voltage-dependent absorption to achieve optical readout of electrical signals
applied by cells. By building a sensitive optical detection setup, we have used ECORE to
successfully achieve label-free optical detection of spontaneous neuronal action potentials in

culture and in brain slices.
Results and Discussion
Optical detection of electric potentials with electrochromic PEDOT films

Our choice of electrochromic material is Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) (27), a widely-used conductive polymer that is chemically stable, easy
to process, and biocompatible (28). Indeed, PEDOT:PSS has already been used as an electrode
coating material in electrophysiology MEA recording (29). A cell that fires an action potential
induces a local voltage fluctuation in the range of a hundred microvolts that can be detected by an
extracellular electrode in its vicinity (Fig. 1a, left). If the cell is near a PEDOT:PSS thin film, we
expect its action potential to induce small changes in the absorption of the film, which can be
detected optically (Fig. 1a, right). For sensitive optical detection, we focus a laser beam onto the
region of interest (ROI) through a prism-coupled total internal reflection configuration (Fig.1b).
A balanced differential photodetector rejects laser intensity noise by comparing the reflection of
the sample against a reference beam derived from the same laser. Detecting the total-internal
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reflection rather the transmission leaves the upper surface of the specimen accessible (e.g, for
imaging). Because the probing light does not pass through the culture medium, this approach is
insensitive to spurious signals such as floaters in the medium or air-liquid surface ripples induced

by vibrations.

We produce PEDOT:PSS thin films (referred to as PEDOT hereafter) by electrodeposition
directly from monomers onto an ITO-coated glass substrate (30). PEDOT films are chemically
stable and have been shown to be stable in cell culture medium for months or longer (31, 32). We
have observed that the film is stable for >3 months without any indication of decay. We
characterized the electrochemical properties of PEDOT by cyclic voltammetry (33). The cyclic
voltammogram shows no pronounced peaks indicative of faradaic current (Fig. 1c). Therefore, the
PEDOT film resembles a pseudocapacitor electrochemically. The electrochromism of PEDOT
arises from modulation of its m-conjugated system by an electric potential (34) (see supplementary
text, Fig. S1-2). Absorption spectra of the film show a clear voltage-dependent shift in the
absorption maximum. A -500 mV (all potentials are vs. Ag/AgCI electrode) results in a maximum
absorption at Amax = 580 nm, while a positive bias of +500 mV results in Amax = 850 nm (Fig.
1d). Upon application of a train of 1 mV square waves to a 1 cm? film, we detected a clear change
in the reflection signal using a 660-nm probing laser. The fractional reflectivity change (AR/R)
shows a train of optical responses that closely follow the train of applied electric voltages (Fig.
1e). Although the 660 nm wavelength does not lead to the highest sensitivity for voltage-changes,
it is sufficient to detect small changes induced by cellular electrical signals as we show below.

Characterization and optimization of ECORE

Detecting cellular electrical signals requires a sensitivity of 10 uV or better, 4-5 orders of
magnitude less than the voltage (hundreds of mV) required to induce a color change of
PEDOT:PSS that would be visible to the naked eye (35, 36). To maximize the relative reflectivity
change, and thus the optical detection sensitivity, we built a four-layer (glass:ITO:PEDOT:water)
model to study how the light reflectivity is modulated by changes in the extinction coefficient of
the PEDOT film (See supplementary text, Fig. S3-4). We first optimized AR/R by tuning the
incident angle. As the incident angle increases, the measured AR/R first increases and then
decreases (Fig. 2a). The optimal incident angle is about 67.0° which is larger than the critical

angle of 62.5 and in good agreement with the model. We further optimize AR/R by precisely
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controlling the thickness of the PEDOT layer (37). The optical contrast first increases with the film
thickness as more sensing material is added, but then starts to decrease roughly when the thickness
exceeds the penetration of evanescent light at the interface. The optimal thickness to achieve the
highest contrast is determined to be about 115 nm (Fig. 2b). By fixing the optimal incident angle
and the film thickness, we measure the optical contrast 4R/R as a function of bias voltage (Vo)
while maintaining AV=1 mV (Fig. 2c). The contrast shows a maximum at Vo = -100 mV, a
minimum at Vo = +100 mV, and a good sensitivity Vo= 0 mV. In the cell culture medium, the open-
circuit potential of our system (-50 mV) brings the film closer to the optimum sensitivity without

any active bias.

Finally, the optical contrast AR/R is linearly proportional to the applied voltage AV over a
wide range at bias Vo = 0 (Fig. 2d). This linear dependence allows quantitative conversion of
optical responses to voltages if the film is calibrated. For this work, we directly use 4R/R instead
of converting to voltages. Due to the instrument limit of the potentiostat, we are unable to apply
electric pulses smaller than 1 mV. With a typical signal 4R/R ~3.0 x 10 per 1 mV applied voltage
and a typical standard deviation of the noise at 2.0 x107 or less, we estimate a detection sensitivity

of 6.7 uV with zero bias with a sampling rate of 10 kHz.

The temporal response of the film must be sufficiently fast in order to capture cellular
electric potentials in the order of 1 ms. However, the long response time of macroscopic
electrochromic coatings, typically on the order of seconds (38, 39), is too slow for capturing
millisecond neuroelectric activities. We hypothesize that the temporal response is determined by
charging of the active electrode area and the bulk diffusion of the counter ions necessary for charge
stabilization (40). To test the hypothesis and establish a relationship between the film area and the
temporal resolution, we measured the optical response time vs. PEDOT film areas. The response
time is defined as the time for AR/R to rise from 10% to 90% of its final value after subjecting the
film to a 1 mV square-wave at 0 mV bias potential. The PEDOT film area is precisely controlled
from 9 mm? to 0.25mm? by patterning the ITO area through photolithography (see Supplementary
information). Our measured temporal response of the film scales with the square-root of the
PEDOT area AY? (Fig 2e). This measurement agrees with an RC circuit model for microelectrodes
(41), where 1=RC, where R is the electrolyte resistance proportional to 1/AY? and C the double-

layer capacitance, proportional to A. We also experimentally measured the electrochemical
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impedance spectrum for each film and then modeled the impedance data using the equivalent
circuit described above (supplementary Fig. S5, Table S1). The calculated response time from
the impedance data agrees very well with our direct optical measurement. Therefore, the temporal
resolution improves significantly when the active area becomes smaller. For a cell cultured on a
PEDOT film, the active film area that is affected by cellular action potentials is similar to the cell

size. We thus expect a response time of less than 0.2 ms for a cell area of 400 pm?.

The spatial resolution of the PEDOT:PSS film must be sufficient to detect individual cells.
When a cell is in close contact with the film, the cell’s electrical activity will charge the film
locally. The reported charge mobility in PEDOT:PSS (42, 43) indicates that the charge diffusion
in 1 ms is about 10-3-10" um?, much smaller than the size of a cell. We experimentally determine
the spatial resolution by measuring optical responses at different film locations when an electrical
pulse is applied locally through a microelectrode a few micrometers above the film surface (Fig.
2f, supplementary information). The optical response decays quickly as the laser spot moves
away from the microelectrode. The measured full width at half maximum for the optical response
is 33.4 um, which is the size of the laser spot. Therefore, the spatial resolution of the EC film is
limited not by the charge diffusion, but by the size of the probing laser spot. This size has been
chosen to match the approximate size of the cell and can be further reduced if desired.

For all the cell studies, our ECORE measurements were carried out in an open circuit
configuration (-50 mV open circuit potential) without any active electrode in the solution. Cells
were cultured on 1 cm? PEDOT films for a few days to weeks before ECORE measurements. We
first used ECORE to detect action potentials in monolayers of human iPSC-derived
cardiomyocytes (Fig. 3a). Using ECORE with a 10 kHz sampling frequency, we optically detect
large and periodic optical signals (Fig. 3b). However, these large signals are due to the mechanical
contraction of these cells that accompanies each action potential through excitation-contraction
coupling. These mechanical signals arise when the movement of the cell membrane modifies the
boundary conditions at the interface; they can be measured in the absence of the PEDOT layer.
Careful examination of the ECORE trace reveals that, about 15 ms before the start of each
mechanical contraction, there is a sharp spike resembling extracellularly-recorded action potentials
(arrows, Fig. 3c). To confirm that these sharp spikes were indeed action potentials, we treated

cardiomyocytes with 12.5uM blebbistatin (12.5uM) while the cells were being continuously
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recorded by ECORE (Fig. 3d). Blebbistatin is a potent myosin inhibitor that is known to inhibit
cardiomyocyte contraction without eliminating its action potential (44). Magnified parts of the
ECORE data after 0 min, 5 min, and 10 min of drug treatment show a drastic decrease of the
mechanical signal at 5 min and then an almost complete elimination at 10 min (Fig. 3e). However,
the sharp spikes corresponding to action potentials were unaffected by the blebbistatin treatment
(Fig. 3f, magnified parts of the corresponding spikes in Fig. 3e). This confirms that ECORE is able
to reliably detect individual action potentials in cardiomyocytes. The electrical and mechanical
signals are clearly distinguished by their timing and shape.

We have used standard multi-electrode array (MEA) recording technique to confirm that
our iPSC-derived cardiomyocytes exhibited spontaneous and periodical action potentials (Fig. 4a).
MEA recording shows both monophasic spikes and biphasic electrical spikes at 10 kHz sampling
frequency. As previously reported, the amplitude and waveform of action potential spikes strongly
depends on the coupling and the relative location between the electrode and the cell (45). Using
ECORE, we also detected both monophasic action potential signals (e.g. ROI 1 trace in Fig. 4b)
and biphasic action potential signals (e.g. ROI 2 trace in Fig. 4b). Similar to MEA, the waveform
and amplitude of ECORE depends on the coupling of the cells to the surface and the resulting ionic
currents. The signal-to-noise ratio for ECORE recording (Fig. 4b) is similar to that of MEAs (Fig.
4a) at 10 kHz recording bandwidth and is better than fluorescence-based optical recording by
voltage-sensitive proteins or dyes at the maximum 1kHz bandwidth. It is also orders of magnitude
better than previous label-free optical recording methods and thus enables recording of single,

spontaneous, and un-averaged action potentials.

ECORE is well-suited for long term recording of the electrical activities in cardiomyocytes
since it requires no modification of the cell and does not suffer from photobleaching. With a 10
kHz recording bandwidth, we usually measure 10 min or more for each optical recording session.
This duration, limited only by the lack of an appropriate culture chamber, is much longer than
what can be achieved using voltage-sensitive fluorophores. Furthermore, we are able to measure
the same culture for many days over multiple recording sessions. Figure 4c shows ECORE
recordings from the same culture of cardiomyocytes at different locations at 6, 7 and 9 days on the
PEDOT surface cultured in vitro (DIV).
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After validating our platform with cardiomyocytes, we proceeded to record neuronal action
potentials in cultured hippocampal neurons (Fig. 5a). Dissociated hippocampal neurons from
embryonic E18 rats were cultured on the PEDOT film until they formed a network in vitro and
exhibited spontaneous action potentials. ECORE measurements were made three weeks after
plating when hippocampal neurons exhibit spontaneous and sparse electric activities (Fig. 5b). To
confirm that the recorded signals in Fig. 5b were indeed neural electrical activity, we treated the
same culture with carbachol, an activator of muscarinic acetylcholine receptors (MAChRs) that is
known to increase the firing rate of hippocampal neurons (46). Upon 20 uM bath application of
carbachol, the hippocampal neurons exhibited an increase in complex and unsynchronized electric
signals (Fig. 5¢), which agrees well with what has been reported in the literature (1). We note that
the increase in the firing rate by application of carbachol was accompanied by a decrease in the
amplitude of the electrical spikes which also agreed with previous literature report (47).

Dorsal root ganglion (DRG) neurons are sensory neurons known for the sensitivity to
mechanical (48), chemical (49), thermal (50) and noxious stimuli. Embryonic rat DRG neurons
were dissected, isolated, purified, and cultured according to the protocol established by the
Zuchero group (51). We cultured DRG neurons on poly-D-lysine/laminin coated PEDOT film
using the same protocol. After a week of culture, the brightfield image shows a cell body about 30
um in diameter with long axons that are projecting out (Fig. 5d). Embryonic DRG neurons have
been reported to exhibit low spontaneous activities (52, 53). Indeed, even with repeated effort, we
were unable to detect spontaneous activity from these DRG neurons using the standard light
intensity at 28 W/cm? (Fig. 5e). However, when the optical intensity was doubled to 56 W/cm?,
we observed an increase in the electric activities from these neurons (Fig. 5f). The firing pattern
of each DRG neuron tested (n=21) differed between cells; however, we always observed an
increase in the electric activities at high optical power. Many previous studies have demonstrated
that light-absorbing materials can convert light to heat for photothermal stimulation of neurons
(54-56). PEDOT absorbs 660 nm light strongly (57), thus we hypothesize that higher optical
intensity might be locally heating up PEDOT and thus thermally activate the DRG neurons.

To confirm that electric activities of DRG neurons were indeed modulated by the laser
optical intensity we increased the laser intensity to values well above the amount required for
recording purposes. We sequentially changed the intensity from 63 to 28, 42, 56, 28, and 56 W/cm?
with each period lasting 25-30 s during a continuous 5-min ECORE session of the same DRG
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neuron (Fig. 5g, horizontal lines). The firing activity appears to be strongly dependent on the laser
optical intensity (Fig. 5g, each vertical short line indicating an electric activity at the indicated
time). No activity is detected during the two periods at 28 W/cm? and mild activities are detected
at the three periods with 42 and 56 W/cm?. Strong activities are detected at the period at 63 W/cm?.
The photothermal stimulation on DRG neurons using intensities of up to 56 W/cm? is fully
reversible, except at the highest intensity of 63 W/cm?, where it is only reversible after a short
duration such as shown in Fig. 5g. With longer illumination at 63 W/cm?, DRG neurons activities
completely and irreversibly stopped, likely due to cell damage caused by over-stimulation. At
moderate optical intensity (42-56 W/cm?), ECORE can be used to photothermally stimulate and
electrochemically record cells without any genetic manipulation. A previous report (58) showed
that photo illumination at 5900 W/cm?, A = 640 nm for 240 s led to minimal phototoxicity in
cultured mammalian U20S cells.

For normal ECORE recording, we used an intensity of less than 28 W/cm? at A = 660 nm,
well below the threshold that would cause direct cell damage or photostimulation. In a cell free
system, we measured |AR/R| for 1-mV square waves as a function of the light intensity (Fig. S6).
|AR/R] is relatively stable at low optical intensities but decreases as the optical intensity increases
above 30 W/cm?. This decrease in |AR/R| is a signature that the PEDOT film is out of the linear
absorption regime and leads to a reduced recording quality at higher optical power. Therefore, we

avoid going to higher light intensities except for photothermal-simulation purposes.

The brain slice is a widely-used model in the field of molecular and cellular neuroscience
(Fig. 6a). With their local circuits and the cyto-architecture relatively intact, they have been
employed in pharmacological studies in controlled environments and electrophysiological studies
to characterize properties of individual neurons and neuronal networks. We measured the electrical
activity of hippocampal brain slices obtained from P7 rats and cultured using Stoppini’s method
(59). After 10 days of culture on a semipermeable membrane, the brain slice is flipped onto either
a PEDOT film or a MEA device. The tissue is gently pressed onto the surface using a 3D-printed
adapter terminated with a nylon mesh and immersed in artificial cerebrospinal fluid (ACSF)
saturated with carbogen gas. We first confirm that these brain slices exhibit spontaneous electric
activities by using the conventional MEA device. MEA recording shows sparse and sporadic

spikes (Fig. 6b), which is typical of hippocampus slice recording (60).
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After application of 20 uM carbachol, an agonist of the acetylcholine receptor, we observed
a significant increase in the spike frequency by MEA recording (Fig. 6¢), consistent with previous
reports (61). Similar to the MEA recording, our ECORE recording shows sparse and spontaneous
spiking patterns from brain slices (Fig. 6d). The spikes are sometimes monophasic and sometimes
biphasic. The peak-to-peak amplitude of AR/R=3x%10 can be observed with a S/N ratio of 14 at 1
kHz (-3dB) bandwidth. To confirm that the optically-recorded spikes are indeed from the
electrical activity of the brain slice, we apply 20 uM carbachol to the brain tissue while it is being
continuously recorded on the optical setup. We observe a sudden and pronounced increase in the
optically-recorded spiking frequency (Fig. 6e), in agreement with our MEA measurements (Fig.
6¢). Lastly, the electrical activity of brain slices depends on the availability of oxygen; hence
hypoxic conditions decrease the electrical activity of brain slices. Indeed, we find that the optical
signal of a brain slice exposed to 20 uM carbachol without a continuous supply of carbogenated
ACSF gradually decreases and ceases (Fig. 6f). Re-saturating the ACSF with carbogen restores
the electrical activity of the same brain slice (supplementary Fig. S7). These results demonstrate

that we have successfully achieved label-free optical recording of hippocampal brain slices.

In this work, we develop a method that achieves label-free optical detection of bioelectric
activities. Using electrochromism, a unique material property, ECORE provides the spatial
flexibility of optical detection without requiring molecular insertions or genetic modifications to
the cells. We note that ECORE is an extracellular method like MEAs, and thus is not genetically
encodable and cannot be used to measure absolute voltages such as resting membrane potentials.
Nevertheless, it offers complementary advantages to fluorescence-based voltage recording and
would be valuable for measuring cells that are sensitive to molecular perturbation or difficult to
modify genetically, such as human stem cell derived neurons for disease modeling. ECORE does
not suffer from photobleaching or phototoxicity, and thus enables long recording sessions; e.g. we
regularly record 20-minute or longer at 10kHz sampling rate and have recorded the same culture

in multiple sessions over a week or longer.

This work demonstrates the feasibility to optically detect action potentials via
electrochromic materials using a single point of detection. Extending this work to imaging can be
achieved by utilizing an acousto-optic deflector (AOD) to steer the beam to scan multiple sites of
interest for simultaneous detection of many cells. For example, two-dimensional AODs could scan

100 spots at a rate of 1 kHz. The sensitivity of ECORE can be further improved by choosing an
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optimal wavelength, polarization, and by using multiple probing wavelengths for noise rejection.
The fast kinetics, long-term stability, and non-invasive nature makes ECORE an attractive
candidate as a complementary tool applied toward the growing field of all-optical
electrophysiology.

Materials and Methods

Detailed method and supporting figures can be found in SI Materials and Methods.
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Figure 1. Characterization of the PEDOT:PSS film for ECORE optical recording. a) Schematics of MEA-
recording and ECORE-recording from electrogenic cells. b) Optical set-up of ECORE with total internal reflection.
The zoomed-in picture illustrates the interface and the electrical modulation of the electrochromic-film using a
potentiostat. M: Mirror, PBS: polarizing beam splitter, WP: Wollaston Prism, L: lens, OI: optical isolator, and A/2:
half-wave plate. ¢) Cyclic voltammogram of PEDOT thin film in 0.1 M HEPES / KCI at a scan speed of 50 mV/s, d)
UV-VIS absorption spectrum of the PEDOT:PSS film at three different applied voltages. €) The fractional reflectivity
change (AR/R, red curve) is seen to be modulated by a 1-mV square wave applied to the film (Potential, black curve).
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Figure 2. Optimization of ECORE. Change in fractional reflectivity change (AR/R) as a function of a) incident angle
6 (Vo= 0 and AV =1 mV at 10 Hz), b) film thickness (Vo= 0 and AV = 1 mV at 10 Hz), and c) bias voltage (6 = 67°
and AV =1 mV at 10 Hz). d) AR/R as a function of AV (d =120 nm, Vo= 0 and 8 = 67°). e) The film response time
scales with the square root of the film’s surface area. f) The change in reflectivity (AR/R) decreases as the laser spot
moves away from the microelectrode that locally applies 1-mV square wave voltage.
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Figure 3. ECORE optical recording in stem cell-derived cardiomyocytes. a) Bright-field image of stem-cell derived
cardiomyocytes cultured in a PEDOT film. b) Typical ECORE optical recording of cardiomyocytes. c) Enlarged part
of b) shows the electrical signal as a small spike occurring about 15 ms before the onset of the cell’s mechanical
contraction. d) ECORE recording shows a gradually decreased signal upon the application of 12.5 uM blebbistatin
over 10 min. e) Enlarged parts of d) at 0 min, 5 min, and 10 min, respectively, show a drastic decrease of the
mechanical contraction. f) Zoomed parts of (€) show that electric spikes remain the same at 0, 5, and 10 min.
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Figure 4. ECORE provides high S/N that is comparable to MEA recording. a) MEA electric recording shows both
monophasic and biphasic signals with indicated S/N and b) ECORE optical recording also shows both monophasic
and biphasic signals with an S/N that is comparable to MEA recording. c) ECORE allows multiple days in vitro (DIV)
recordings of the same batch of cardiomyocytes cells.
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Figure 5. ECORE optical recording in cultured hippocampal neurons and dorsal root ganglion (DRG) neurons. a)
Bright-field image of the hippocampal neurons cultured on a PEDOT film, b) ECORE optical recording of
spontaneous activity in hippocampal neurons. ¢) At the same recording site in b), the application of 20 uM of carbachol
significantly increased the firing frequency. d) Bright-field image of DRG neurons cultured on a PEDOT film. €) No
spontaneous DRG activity was observed at the standard ECORE recording optical intensity of 28 W/cm?2. f) Induced
electric activity can be observed at a light intensity of 56 W/cm?2. g) A continuous ECORE recording of the same
location while the laser optical intensity was modulated from 63 to 28, 42, 56, 28, and 56 W/cm?, with each period
lasting 25-30 s. Each vertical short line indicates an electric activity at the indicated time.
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Figure 6. ECORE optical recording and MEA electric recording of hippocampal brain slices with insets showing

representative electrical activities. a) Brightfield image of a cultured hippocampal brain slice. b) MEA electric

recording shows sporadic spikes of neuronal activities from a brain slice. ¢) After a brain slice is exposed to 20 uM of

carbachol, MEA recording shows a strong increase in the spiking frequency. d) ECORE optical recording shows

sparse and spontaneous spiking activities from a brain slice. €) ECORE optical recording shows a drastic increase in

spiking frequency after 20 uM of carbachol treatment. f) ECORE optical recording shows the carbachol-induced high

spiking frequency gradually decreases during hypoxia.
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