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Abstract

Bioelectricity is the electrical activity produced by living organisms. Understanding the role of bioelectricity in
a disease context is important as it contributes to both disease diagnosis and therapeutic intervention. Elec-
trophysiology tools work well for neuronal cultures; however, they are limited in their ability to detect the
electrical activity of non-neuronal cells, wherein the majority of cancers arise. Electronic structures capable of
detecting and modulating signaling, in real-time, in electrically quiescent cells are urgently required. One of the
limitations to understanding the role of bioelectricity in cancer is the inability to detect low-level signals. In this
study, we review our latest advances in devising bidirectional transducers with large electrode areas and
concomitant low impedances. The resulting high sensitivity is demonstrated by the extracellular detection of
electrical activity in Rat-C6 glioma and prostate cancer (PC-3) cell populations. By using specific inhibitors, we
further demonstrated that the large electrical activity in Rat-C6 glioma populations is acidosis driven. For PC-3
cells, the use of a calcium inhibitor together with the slowly varying nature of the signal suggests that Ca”*

channels are involved in the cohort electrogenicity.
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Introduction

CCORDING TO THE BRAIN TUMOR CHARITY, the World

Health Organization and Cancer Research UK, brain
tumors in children and adults <40 years and prostate cancer in
men are among the most common malignant cancers occur-
ring worldwide."* Cancer generally arises when transformed
cells start to continually proliferate and spread in an unreg-
ulated manner, thus requiring an urgent need for early de-
tection and efficient treatment to halt cancer development and
metastasis. Although progress has been made in under-
standing the mechanisms underlying cancer development
and progression, efficient therapeutic interventions are still
lacking. One tool that could lead to potential breakthroughs
in cancer research is electrophysiology. The problem is that
only neuronal cells have classically been known to be elec-
trogenic. This is partly because only neurons are recorded in
conventional electrophysiology systems focusing on neu-
ronal action potentials. Hence, there is still limited scientific
understanding on the electrophysiology of the metastatic
patterns of several forms of cancer, thus delaying the de-

velopment of new targeted drugs for confinement and
treatment of tumors.>

Defining the electrophysiological properties of both neu-
ronal and non-neuronal cell types will directly benefit both
disease detection and intervention. Membrane fluctuations
caused by ion gradients play a key role within cells of the
nervous system, and are caused by the flux of primarily Na™,
K*, CI", and Ca**, along with the gradients controlled by the
activity of various ion channel protein families.*” In neurons,
depolarization of the membrane potential can lead to a sub-
stantial transient reversal of electric polaritg/ of the cell
membrane, known as the action potential.*® Contrary to
neuronal electrophysiology wherein the potential can reach
>100mV, electrophysiology of non-neuronal cells has been a
technical challenge wherein signals may be orders of mag-
nitude lower.

Non-neuronal cancer-derived cells such as the gold stan-
dard of prostate cancer cell culture line, PC-3 cells,>’ glial
cells, as well glia-derived glioma, which retain among others,
the expression of neurotransmitter receptors and voltage-gated
ion channels, do not exhibit unbiased action potentials.g’9
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Instead, those known to be electrically quiescent cells exhibit
distinctive single-cell oscillations of the membrane potential.
Yet their excitability and membrane depolarization are con-
sidered to be functionally relevant, contributing to several
functions including adjusting glia-mediated neurotransmitter
uptake and discharge,'” proliferation,' "' and oxidative stress.'?

As the electrical activity of non-neuronal cells is minute
and difficult to detect, we have derived ultrasensitive elec-
trical transducers to enable electrophysiological record-
ings."*!'> In this study, we review our recent advances in
sensitive transducers to decode cancer cell-cell communi-
cation with emphasis on pH-sensitive rat C6 glioma cells'®!’
and human prostate cancer cell model PC-3.”

Ultrasensitive Transducers

The activity of electrogenic cells, specifically neurons, can
be recorded, or stimulated, through several methodologies of
different neural resolution ranging from intracellular, using
patch or sharp electrodes, to microelectrode arrays (MEAs).
These substrate-integrated MEAs permit a simultaneous
noninvasive method of examining long-term recordings of
extracellular local field potentials.'®'?

Developed at the beginning of the 1970s, MEAs are typi-
cally composed of an array of electrodes that are either planar
or three-dimensional, permitting close contact with cells in
culture.’**? The electrodes are frequently made of gold (Au),
platinum (Pt), titanium nitride, or alloys such as iridium ox-
ide, with a diameter ranging between 10 and 100 um, inte-
grated into either a glass or a silicon wafer substrate.®**

The MEA community pursues recording optimization by
improving the electrical coupling between cell membrane
and electrode by decreasing the electrode impedance. To
improve the signal, the impedance should be as small as
possible as compared with the amplifier input impedance. It is
a challenge to achieve low impedance with micrometer-sized
planar electrodes. Therefore, recent developments have fo-
cused on increasing the effective surface area by the utili-
zation of biocompatible porous conducting materials such as
Pt black, Au nanostructures, and carbon nanotubes.®>* By
modifying the surface topology, the impedance of the elec-
trode is reduced, cell attachment improved, leading to im-
proved electrical recordings.'*'?

We teemed our platform bidirectional because it allows
electrical recordings of cell populations over time and under
different pharmacological compounds. ““The sensor consists
of a glass substrate on which circular electrodes of 100 nm
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Au on top of a 4nm Cr adhesion layer were evaporated
through a shadow mask. The surface roughness was mea-
sured with a DEKTAK—surface profilometer—and reached
less than 1 nm. The area for C6 glioma recordings amounted
to 10.5mm?>.” The electrode layout is optimized to gather
long-term synchronized signals from a whole cell population
adhered to the electrode. The sensors comprise two parallel
circular electrodes, with one of them acting as the measur-
ing electrode, whereas the other as a counterelectrode. The
equivalent circuit (shown in Fig. 1a) embodies the electrical
coupling between a population of cells and the electrode. This
circuit has been recently explained in the literature.'*'>!'” In
short, the equivalent model takes into account the electrical
double layer established at a metal—electrolyte interface. The
parallel circuit network is formed by the charge transfer re-
sistance, Rp, and the Helmholtz—Gouy—Chapman double-
layer capacitance, Cp, in series with the spreading resistance,
R, that accounts for the signal loss into the surrounding
electrolyte. A similar circuit describes the counter electrode.
The electrical path from the sensing to the counter electrode
has impedance, Z,;. We then amplify the cell current fluc-
tuations, i(¢). This current appears as a displacement current
across the double-layer capacitance and is amplified by a
transimpedance amplifier. The detected current, as originally
demonstrated in Medeiros et al.,14 is given as

d ,
i(t):dl:CD(l—e—r), with = R.Rp. (1)

In this case, 7 is the time constant for the charging or
discharging of the network. Cp acts as a multiplying factor,
which affects the spatial resolution, but also allows the am-
plification of the signal, thanks to the rescaling of Cp due to
the use of large area electrodes. Changes in the extracellular
potentials affect the current, which is the derivative of the
acquired voltage signal.

To illustrate the importance of the electrode impedance
for the background noise, we calculated the electrochemical
noise as a function of electrode area, as depicted in Figure 2b.
To achieve this, we model our electrode—electrolyte system
as a double R (as depicted in Fig. 1a), where the electrode is
characterized by a charge transfer resistance in parallel with a
constant phase element representing the double layer ca-
pacitance. The R network is then in series with a spreading
resistance representing the solution conductivity. The system
has been explained in detail elsewhere.'®> With this analogy, we
can more robustly model our electrode—electrolyte interface.'

FIG. 1. Bidirectional transducer. (a) Sensor
and equivalent circuit model for sensitive
detection of adherent cells. (b) Calculated
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(a) Time trace of the baselme with only C6 culture medium (blue), with HeLa cells (black) and with C6 glioma

cells (red). Reproduced from Ref.'® with permission from the Royal Society of Chemistry. (b) Time traces of neuroblastoma

Neuro-2A cells (black) and C6 glioma cells (red). Reproduced from Ref.'®

with permission from the Royal Society of

Chemistry. (¢) The power spectral density of current noise, Sy, and voltage noise, Sy, as a function of frequency of a population
of C6 glioma cells. The poyver spectral densities are averages of 20 consecutive unbiased measurements, of 60 s each. The
electrode area was 10.5 mm?. The solid lines are the calculated benchmark noise spectra of the bare Au electrodes in 100 mM
aqueous KCI solution. Reproduced from Ref.'> with permission from Springer Nature, Scientific Reports.

Figure 1b depicts the noise boundaries when using circular
electrodes with areas varying from 100 um® to 1cm? Al-
though the signal-to-noise ratio decreases with increasing
frequency, at frequencies >10 Hz, the signal is controlled by
the background noise of the electrode—electrolyte interface.
At low frequency, the noise scales with the value of the charge
transfer resistance. This means a linear increase of the current
noise with electrode area, whereas concomitantly the voltage
noise decreases with electrode area. Alternatively, at high fre-
quencies, the charge transfer resistance is shunted by the double-
layer capacitance and the impedance is dominated by the
spreading resistance. The analysis indicates that the background
noise increases with decreasing the charge transfer resistance.
This means that to electrically detect sensitive electrical signals
from cells, low impedance electrode interfaces are preferred.
Hence, the most straightforward solution to optimize the im-
pedance of the electrodes is to increase the electrode area.'”

Thus, by minimizing the background noise through the use of
low impedance large area electrodes and by minimizing external
interferences using a set of Faraday’s cages around the mea-
surement equipment, we have shown that the noise level can be
reduced from conventional 10100 xVpp to only 0.3 xVpp.'>'¢

We note that the signals recorded using our large electrode
area are the sum of all individual cell contributions. We es-
timate ~ 25,000 cells adhered to a 10.5 mm? electrode. In-
dividual cell signals cannot be resolved with sufficient spatial
information. Uncorrelated cell activity appears as noise and
low magnitude asynchronous spikes. Asynchronous current
fluctuations of individual cells should largely cancel each
other out, given the sufficiently high number of cells mea-
sured simultaneously. Instead, we propose that these current
oscillations are either coordinated or occur simultaneously
across a population of adherent cells.

Electrochemical Noise Analysis

To test the background noise level for the transducer, only
cell culture medium was placed in the device (Fig. 2a, in

blue). The current noise level revealed a small value of only
100 fA.'® As a control experiment, we employed a human
cervical carcinoma cell line HeLa, because these cells did not
originate from the brain nor from any other electrically active
tissue. Yet, owing to the high sensitivity of our system, we
could even detect residual fluctuations of their basal current
level (Fig. 2a, in black). Fluctuations near 3 pA were detected
and differences between C6 and HeLa cells was reported.'®
C6 glioma cells were chosen as they were a robust and
available model to validate the detection system. In fact, the
current noise fluctuations of C6 glioma cells are compara-
tively larger than that of HeLa cells.

To prove the system’s appropriateness for bioelectric de-
tection, we first recorded the electric currents in neuronal
populations, because they are broadly accepted as the most
electroactive cells able to generate strong membrane depo-
larizations. We, therefore, as a benchmark used the murine
neuroblastoma cell line Neuro-2A (N2A), which displays
imposing electric excitability in a single-cell patch-clamp
assay due to their neuronal origin.>* We were able to show
that N2A cell populations can easily be detected and are
capable of distinctive electric firing reaching up to 400 pA of
amplitude (Fig. 2a). These recordings were then compared
with the glioma cell line C6 (Fig. 2b). As expected, we ob-
served a much lower amplitude of signaling. By overlapping
both HeLa and C6 cells, the measured currents are barely
detectable when directly compared with that of the N2A cells
(Fig. 2a). However, clearly the glioma cells exhibit electrical
activity and are not electrically quiescent, as previous single-
cell patch—clamp studies have suggested.®

Our methodology showed, for the first time, that record-
ings in glioma populations can be achieved when using ex-
ternal and highly sensitive electrodes rather than individually
clamped cells.

For a more in-depth investigation, we analyzed the bio-
electric activity in the frequency domain wherein the noise
spectral density is presented on a double logarithmic scale as
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a function of frequency. Figure 2c shows the current-noise
and voltage-noise spectra of glioma cells. We have included
the noise spectra of the bare electrodes in red. For clarity, we
included the calculated noise spectra as they are similar to the
recorded spectra. Below 10 Hz, the electrical activity of gli-
oma can be clearly detected. Yet, at higher frequencies, the
signals can no longer be distinguished from the background
electrochemical noise of the electrode—electrolyte interface.
Based on these results, we demonstrated that our sensing
system allows noninvasive detection of extracellular field
potentials of large cell populations over a wide range, from
electrical bursts in the nanoampere range in neuronal cells
(N2A) to miniscule basal current oscillations of electrically
quiescent and nonexcitable cells (HeLa). Importantly, it al-
lows the assessment of the spontaneous low-frequency
electrical noise generated by populations of cancer cells.

Drug Screening Platform for Electroactive Cancers

After fabrication and characterization of devices capable
of electrically detecting minuscule activity of cell-cell sig-
naling, the source of the detected signal needs to be deter-
mined. Our bidirectional platform allows continuous electrical
monitoring while exposing the cell population to pharmaco-
logical compounds. In addition, the analysis of biological
signals has been performed using a highly sensitive method, in
the frequency domain. In the same spectrum, one can retrieve
information on calcium and sodium spikes and other switching
behaviors between quiescent and bursting states,'”** in real
time, and under different pharmacological compounds.

Voltage-gated Na* ion channels in electroactive
glioma cells

The most aggressive and common form of primary adult
brain tumor is malignant glioma. These are classified into
three subcategories depending on the predominating glial cell
type, astrocytoma, oligodendroglioma, and ependymoma.®
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The current standard treatment regimens include surgery,
immunotherapy, chemotherapy, and radiotherapy, with most
cases requiring a multidisciplinary approach, which have
been proven inefficient in providing a better quality of life as
well as long-term survival. >

The clinical presentation of glioma varies depending on
the location of the tumor and the anatomic structure involved.
Common presenting symptoms include increased intracranial
pressure, in the form of persistent headaches, progressive
neurofunctional deficits, and seizures. Around 25% of high-
grade and 95% of low-grade glioma patients suffer from
epileptic seizures, a high risk factor for long-term disabili-
ty.>*=*? Current antiepileptic drugs are unable to circumvent
the occurrence of ~50% of minor seizures and 5% of major
seizures. Optimal clinical management of seizures associated
with tumors is complicated by a lack of understanding of the
mechanisms of seizure initiation. Complete seizure control
cannot currently be achieved in all brain tumor patients.

Voltage-gated Na* ion channels are the elementary chan-
nels for neuronal depolarization, which are vital for the
resting potential and the propagation and/or generation of
action potentials in neurons and often studied during epileptic
events in glioma patients.* Voltage-gated Na* ion channels
have been widely associated in enhancing the invasiveness of
several forms of cancer, including glioma.34_36 Thus, we
examined the role of voltage-gated Na* ion channels in the
generation of electric signaling in glioma cells. To this end,
tetrodotoxin (TTX) is known to specifically inhibit the voltage-
gated Na* channel without imposing on the functionality of
other various types of Na* channels present in glia cells.”” We
investigated the effect of adding 1 uM of TTX to a population
of freshly deposited adherent C6 glioma cells (Fig. 3a).

The analysis depicted in Figure 3a is in the frequency
domain. The current noise spectra <10Hz show a strong
frequency dispersion and, therefore, cannot easily be ascribed
to thermal adhesion noise. After adding TTX, the current
noise spectrum, Sy, at 0.1 Hz decreases by two orders of
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FIG. 3. Electrical signaling of glioma cells. (a) The current noise spectrum of fresh C6 glioma cells is represented in
black. In red, the current noise spectrum is illustrated after adding 1 uM of TTX for 50 min. The blue trace represents the
current noise spectrum after the inhibitor washout process. Measurement was taken 90 min after inhibitor washout. The
dashed black curve in the bottom is a guide to the eye representing the proportionality of 1/f'> suggesting residual activity

of other channels within the measured cells. Reproduced from Ref.

© with permission from the Royal Society of Chemistry.

(b) Time evolution of the current noise of C6 glioma cells. (¢) Current noise spectra of C6 glioma cells upon adding PcTX-1,
up to a concentration of 100 nM in acidified cell culture medium. The black line represents the original state. The red line is
recorded after adding PcTX-1 to a concentration of only 100 nM. The blue curve represents the recovery plot after washing
thrice. Reproduced from Ref.!” with permission from Science Advances. PcTX-1, psalmotoxin-1; TTX, tetrodotoxin.
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magnitude, within 25 min (Fig. 3a, solid red curve). At higher
frequencies, between 1 and 10 Hz, the spectrum is flat as a
result of adding 1 uM TTX. This means that thermal noise is
observed at this frequency interval. Furthermore, the noise
spectrum S; follows a 1/f'> power law due to some residual
activity between 60 mHz and 1 Hz, suggesting that we are not
disrupting the functionality of other channels within the
measured cells. After the washout process, the signal returns
to its original form within 90 min (Fig. 3a, solid blue line). In
addition, the thermal contribution of the cell noise vanishes as
the original S; becomes re-established. '

We concluded that freshly adhered C6 glioma cells pro-
duced a basal current noise of a few picoampheres and this
residual activity was influenced by the flow of Na* ions
through their respective voltage-gated channels.'®

Role of acid sensing ion channels
in electroactive glioma cells

We observed that when cells remain incubated for a period
longer than 10h, the current recordings unexpectedly trans-
formed (Fig. 3b, in red). Whereas in the first hours of re-
cordings the glioma electrical recordings reveal sporadic and
weak patterns that evolve with time to a more active pattern
characterized by an increase of both the firing rate and the
spikes’ magnitude rising from a few pA to ~ 100 pA."”

We detected a prompt medium acidification over time. The
pH dropped ~1U after 20h."” We note that the increasing
electrical activity in the recorded glioma populations is related
to the decreased extracellular pH. To ascertain whether the
emerging large electrical activity is pH triggered, we recorded
the electrical activity of C6 cells upon addition of the highly
specific inhibitor of acid sensing ion channels (ASICs), psal-
motoxin (PcTx-1).*® In acidified cells, the electric response
exhibited large current spikes (Fig. 3c, black trace). Im-
mediately after adding PcTX-1 to the cell medium up to a
concentration of 100 nM, the large electrical activity stop-
ped and recordings only showed basal current fluctuations
(Fig. 4c, red curve). The cell medium was then washed to
remove the PcTX-1 and left to acidify for ~8h. The acid-
ified response re-established (Fig. 3c, blue trace).

We demonstrated that the increase in electrical activity is
not related to apoptosis since the cells are viable and prolif-
erative when the electrical activity is recorded.!” With their
disordered vasculature and rapid growth, tumors exhibit a
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strongly acidic extracellular environment due to the production
of lactic acid.*® By using specific inhibitors, we demonstrated
that the large electrical activity in our glioma populations is
stimulated by extracellular pH change that enhances Na* ion
flux through the PcTX- 1-sensitive ASICs."”

The discovery that the tumor itself is electrogenic and in-
dependent of any neuronal stimuli could be relevant for un-
derstanding the tumor’s impact on brain electrophysiology,
namely seizure initiation in glioma patients, once the pH
measured in human brain tumors can reach as low as 5.9, as
opposite to normal brain tissue with a pH value of ~7.1.

Role of putative Ca®" channels in electroactive
prostate cancer cells

Prostate cancer is one of the most common malignancy
cancers in men.***!' Currently, diagnosis is a significant
challenge and, therefore, there is an urgent need for early
prevention and efficient treatment. Yet, there is still minute
scientific knowledge on the electrophysiology of the prostate
cancer growth and metastatic patterns, therefore, postponing
the development of new targeted drugs for confinement and
treatment of the tumor.’

Reliable in vitro models for prostate cancer are LNCaP,
DU-145, and PC-3 cells.**** By applying a population of PC-
3 cells to our sensors, we could, for the first time, detect their
electrical signaling. In fact, two typical patterns were recorded:
a weak and asynchronous pattern and a quasi-periodic pattern.
The weak activity was characterized by asynchronous and
sporadic spike amplitudes of ~ 100 pA and widths between 30
and 200 ms. The origin is likely to relate with the known ex-
pression of K* channels of the Kv1.3 family and voltage-
activated Na" currents as shown recently 1ILPr0state cancer cell
lines through patch clamp experiments.

The quasi-periodic spikes, however, were mostly charac-
terized by larger signal magnitudes, with lower widths
ranging from 0.03 to 0.3 s and the distance between spikes
reaching a peak ~2 to 3s although the variation e ;aands
from 1 to 10s of interval between b1phas1c spikes.” The
spikes are larger and wider during the quasi-periodic activity,
as expected for cooperative intracellular traveling waves.'>!”

We observed that the quasi-periodic nature of signals is
slow and routinely occurs during prostate cancer prolifera-
tion. In addition, the quasi-periodicity and form of the current
signal match with an intracellular traveling wave across the
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electrode. Once the wave reaches the sensing electrode, it
increases its potential relative to the counter electrode,
forcing a large displacement current through the double-layer
capacitance, originating the upward and downward current
spikes, which corresponds to the wave entering and leaving
the recording electrode.'*'> We measured the time between
upward and downward spikes to vary between 0.7 and 2s,
using 1 mm? electrodes. In other words, our recordings al-
low the monitoring of a traveling wave at a velocity of a few
hundreds of micrometers per second, in agreement with
Ca”* wave speeds recorded in the literature.'"'**® In ad-
dition, previous imaging and single-cell studies investigated
K*, Na*, and Ca** channels in human prostate cancer basal
activity and proliferation.*>>° Consensus on the role of Ca**
channels during prostate cancer proliferation seems to exist
as demonstrated by Zhang and colleagues through the use of
Ca**-permeable channel TRPM8'*>" and by others through
a permeable channel to Ca2+, TRPC6, and other oxidative
stresses.”?

We assumed that Ca** channels are involved due to their
reported periodicity, kinetics, and contribution during PC-3
proliferation. However, to demonstrate a possible role of
Ca®" in the recorded electrical activity, we blocked the
electrical spikes usin% a generic Ca®" channel inhibitor,
gadolinium (Gd*").*~°

First, we recorded the regular quasi-periodic activity of
PC-3 cells (Fig. 4). Gd>*, a Ca®* inhibitor, was then added to
the culture. The inhibitor at concentrations of 20 uM re-
mained for 20 min before being washed out. Recordings
were continuously made. The inhibitor effect is rapid and in
<1 min, the current fluctuations were lowered to <5 pA of
magnitude (Fig. 4, red trace). The cells were then washed
three times with phosphate buffered saline to remove the
Gd** inhibitor and fresh medium was provided. After
washing out, the PC-3 cells regained the original electrical
activity, yielding spike magnitudes of ~100 pA as illus-
trated in the right ended black trace of Figure 4. Importantly,
several controls have been made to ascertain that GdClj is
nontoxic to PC-3 cells during the experiments.’

Our recent results reveal that one of the most common
malignant cancers diagnosed in men can also be electrically
monitored in real time and employed into our drug-screening
platform. This could be quite advantageous as still little
scientific understanding on the electrophysiology of prostate
cancer growth and metastatic patterns exists. This lack of
knowledge is delaying the development of new targeted
drugs for the confinement and treatment of this tumor.”

Conclusions

Minimally invasive electrophysiology coupled with pro-
cessing tools such as electrical noise analysis holds great
promise for novel therapeutic targets for cancer progression,
particularly for predicting and preventing future metastatic
development.

Our transducer comprises large electrode area with con-
comitant low impedance. Because low electrode impedance
decreases the electrochemical background noise, the noise
floor of our transducer can be one order of magnitude lower
than state-of-the-art transducers, 0.3 uVpp, by using elec-
trode areas up to a few square millimeters. The large area
electrode allows the recording of whole cell populations
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instead of single cells. We, therefore, suggest this method
for the investigation of whole cell populations that engage in
cohort activity such as cancer cells.

The resulting high sensitivity is demonstrated by the ex-
tracellular detection of two of the most severe cancers, gli-
oma and prostate cancers. The minute electrical activity
could be detected below a frequency of ~10Hz in highly
viable and proliferating cancer cell populations.

For glioma, the role that glial cells play in seizure onset is
still unknown and all pieces of evidence suggest that they are
as important as neurons. By using specific inhibitors, we
demonstrated that the large electrical activity in rat C6 gli-
oma populations is stimulated by extracellular pH changes
that enhance Na' ion flux through the PcTX-1-sensitive
ASICs. Hence, efforts toward the understanding of seizure
development and improvement of seizure control for patients
with glioma must be addressed while accounting for all
electrogenic cells in the brain.

For PC-3 cells, the use of the calcium inhibitor Gd*" to-
gether with the slowly varying nature of the signal suggests
that Ca®* channels are involved in the electrical signaling
among a population of PC-3 cells during proliferation. This
opens the door to more investigations to better understand the
signaling pathways among prostate cancer cells at different
tumor stages.
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