
High-frequency extracellular spiking in electrically-active cancer cells 

 

Rustamzhon Melikov, Francesco De Angelis, Rosalia Moreddu* 

 

Istituto Italiano di Tecnologia, Genoa, Italy 

rosalia.moreddu@iit.it 

 

Abstract 

Microelectrode matrices have been extensively used in the past 30 years as a reliable platform 

to record the extracellular activity of cells traditionally regarded to as excitable, i.e. brain cells 

and muscle cells. Meanwhile, fundamental biology studies on cancer cells since the 1970s 

reveal that they exhibit altered functionalities of ion channels, membrane potentials, 

metabolism, and communication mechanisms when compared to their healthy counterparts. In 

this work, we present for the first time the presence of extracellular voltage spikes occurring at 

high frequencies (0.1-3.5 kHz) in breast cancer cells, resembling the ones observed in excitable 

cells, and the possibility to record them with 30 µm TiN microelectrode matrices. These 

preliminary findings may open a new path for exploration in a variety of research fields, 

enabling the access to bioelectrical dynamics in cancer cells and cell networks, targeting 

bioelectricity as a tool in anticancer drug development and cancer diagnostics, as well as 

provide a market expansion for companies commercializing microelectrodes and 

microelectrode recording systems.  
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Introduction 

Bioelectricity is known to play a key role in regulating and driving crucial life processes at all 

scales: from subcellular structures, to cells and cell networks, tissues, and organs.1 The field of 

electrophysiological recording has evolved substantially over time in all these directions, 

translating these electric charges into actionable information in healthcare and drug testing.2-5 

In the last 20 years, a myriad of technologies have been developed to access electrical 

information from cells using a variety of materials and techniques, each with its advantages 

and drawbacks. These include purely electrical methods, such as patch-clamp technique, 

microelectrodes,6 3D nanoelectrodes,7 impedance spectroscopy,8 as well as optical probes, such 

as fluorescent dyes9 and genetically-encoded voltage indicators.2, 10 Recently, combined 

approaches have been demonstrated. Among them, the use of electrochromic materials11 and 

charge-mirroring nanoelectrodes.12, 13 However, nearly all of the studies present in the existing 

literature have been focused on recording action potentials and extracellular signals in excitable 

cells, i.e. brain cells and muscle cells.13-15  

Despite the utility of all these advancements, this research trend in electrophysiological 

recording technologies disregards the crucial role that electric charges play in all the remaining 

types of cells, i.e. the vast majority of biological cells existing in nature. Bioelectricity is known 

to be involved in regulating homeostasis, cellular migration,5, 16, 17 communication,18 

proliferation,19 mutation,20 genetic expression,21 disease insurgence,22 DNA methylation23 and 

cell cycle progression, mythosis,24 and more. Electric gradients, resulting in potential 

differences at different levels (e.g., subcellular,25 cellular,26 and transepithelial5) can be 

generated by multiple biophysical processes, including passage of ions in and out of the cellular 

membrane,27 network currents given by cellular communication (e.g., gap junctions,28 

paracrine signaling29), and surface charges30 resulting from altered cell metabolism.1 
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Cancer cells exhibit altered metabolism and communication compared to their healthy 

counterparts,29, 31-33 and this preliminary biological knowledge has driven the first 

investigations in the field of cancer bioelectricity. Most in vitro studies seem to be looking at 

comparing static membrane potentials of different cancer types or subtypes, or regard the 

biological studies of ion channels expression.34 

Only three recent studies hint at the possibility of performing cellular electrical recordings in 

cancer cells.4, 35-37 However, both record signals occurring at low frequencies. M. Ribeiro et al. 

present large-area, low-impedance microelectrodes to record the electrical activity of breast 

cancer cell populations, registering spikes with duration above 400 ms.35 These signals were 

interpreted as network signals. The same approach was previously adopted in prostate cancer 

cells.4 The other main work in the field of cancer electrical recording was reported by P. Quicke 

et al.,37 where dynamic voltage imaging was conducted in cancer cells using bespoke 

genetically-encoded voltage indicators. However, the disadvantages of voltage imaging lie on 

i) the altered durations of the recorded signals, which means that if the duration is unknown, 

as it is the case for all cells other than neurons and cardiomyocytes, the information collected 

is only partial, and ii) the usual risk of altering cellular behavior by direct exposure to binding 

molecules. Signals recorded by voltage imaging had comparable durations to the ones recorded 

in cell populations.  

Nevertheless, both works convey a precious information: the electrical activity of these cells is 

visibly dynamic. Following this valuable insight, we performed single (or few) cells electrical 

recording of breast cancer cells using 30 µM TiN microelectrode matrices (60 electrodes), with 

data acquisition both at low (1-100 Hz) and high (100-3500 Hz) frequencies. Interestingly, we 

found out that i) breast cancer cells not only exhibit cohort signaling, but also single-cell signals 

recordable with tiny electrodes just as typically done in excitable cells; ii) breast cancer cells 

(and, we expect, many other cancer cell types), exhibit not only low-frequency signals, as 
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demonstrated previously in the reviewed works, but also and most importantly high frequency 

spiking and bursting that clearly resemble the ones observed in excitable cells. 

 

Results 

We characterized four subtypes of triple negative breast cancer cells of two different families: 

MDA-MB-231 and MDA-MB-468, HCC-1937 and HCC-1143. MDA-MB-231 and HCC-

1937 are known to possess higher metastatic ability compared to MDA-MB-468 and HCC-

1143, respectively. All cells exhibited visible activity both at low frequencies (1-100 Hz) and 

high frequencies (100-3500 Hz). 

MDA-MB-231 cell line (Figure 1) exhibited the highest activity and remarkable network 

synchronicity as visible in the Raster plot in Figure 1A. Average spike durations of 8-10 ms 

and 500-800 ms were calculated at high and low frequencies, respectively. Sample spikes are 

displayed in Figure 1B. Figure 1C display whole recordings (6 mins) of 3 selected channels. 

Channel 14 and 21 exhibited synchronicity with 19 and 16 more channels of the matrix, 

respectively. Amplitude of the recording was cut for visualization of spikes in the most 

occurring amplitude range. All channels recorded voltage spikes between 100 and 500 mV, 

with occasional higher amplitude spikes reaching up to few mV. Channels with an electrical 

activity of higher entity compared to all the other electrodes of the matrix were identified in 

each independent culture, leading to a speculation on the possible presence of a triggering or 

regulating role of one or few cells in the network. Figure 1D presents a sample case of whole-

network synchronicity of a spiking event at high frequencies (45 channels) with amplitudes 

ranging from 200 µV to 1.5 mV and durations of 10 ms. Hybrid signals resembling 3D 

biological constructs have been identified, together with clean individual spikes. MDA-MB-

231 cell line also exhibited bursting activity, with spikes in bursts of duration comparable to 

that observed in individual spikes (10 ms), but lower amplitude. Different types of bursts were 
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identified: i) bursts containing clean consecutive spikes (Figure 1E); ii) bursts containing a 

continuous hybrid signals or a sequence of hybrid events (Figure 1F). Similarly, observed 

spikes were either individual, as shown earlier in Figure 1B, or hybrid as in Figure 1F. 

 

Figure 1. Electrical activity of the MDA-MB-231 cancer cell line. A) Raster plot of 45/60 firing channels (3 min). 

B) Sample high frequency and low frequency spikes observed in MDA-MB-231 cell line. C) 6 minute recordings 

of 3 selected channels at high and low frequency (simultaneous). D) Network synchronicity in 45 channels. E) 

Busting activity characterized by individual, clean consecutive spikes as extracted from purple star (channel 21). 

F) Sample of hybrid spiking events happening in channel 14 in the point indicated by the golden arrow.  

 

Figure 2 displays the results obtained with MDA-MB-468 cells, possessing a lower metastatic 

ability compared to MDA-MB-231. The sample Raster plot in Figure 2A shows a remarkably 

lower activity with respect to the MDA-MB-231 cell line, in terms of active channels and spike 

amplitude, as well as a visibly lower synchronicity. Spike duration was comparable to the 

MDA-MB-231 cell line both at high and low frequencies (Figure 2B). Figure 2C presents 3 

selected channels of the network. A bioelectrical hallmark of this cell line was found to be the 

E 
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presence of voltage microbursts (50-80 µV) with shape as depicted in Figure 2D, total duration 

of 5 ms. Corresponding bursts were identified at low frequencies (Figure 2E) with falling 

peaks of 50 ms duration.  

 

Figure 2. Electrical activity of the MDA-MB-468 cell line. A) Raster plot of 11/60 firing channels. B) Sample 

high frequency and low frequency spikes observed in MDA-MB-468 cell line. C) 10 minute recordings of 3 

selected channels at high and low frequency (simultaneous). D) Microbursts extracted from the light-blue dashed 

square area in Channel 76. E) Bursting at low frequency extracted from orange star in channel 54. 

 

Two cell lines of the HCC family were characterized, differing for their metastatic ability. 

Figure 3 shows sample recordings obtained with the HCC-1937 cell line, with high metastatic 

potential, reporting 11 selected channels of the network. Here, a lower number of active 

channels (hence, cells) were identified, compared to the MDA-MB-231 highly metastatic cell 

line. However, a higher spike rate per channel was calculated. The Raster plot in Figure 3A 

shows one highly active, bursting cell, and a noticeable synchronicity with varying amplitude 

in different channels. This difference compared to what observed in MDA-MB-231 may 

suggest the presence of coordinated signals among different cells of the network (HCC-1937) 

I 
 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.16.585162doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.16.585162
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vs a whole network activity (MDA-MB-231). High frequency spikes with duration 10-12 ms 

were recorded consistently; low frequency activity comprised peaks with variable duration, 

from 50 ms to 700 ms (Figure 3B). Figure 3C displays 5 selected channels exhibiting both 

spiking and bursting activity, with spike amplitudes ranging from 200 µV to 5 mV. Bursts were 

mainly composed of hybrid signals with occasional individual peaks (Figure D). The pink 

square in Figure Figure 3E comprehends spikes extracted from channel 43 in Figure 3C, 

showing a consistent duration of approximately 10 ms. Bursts were also identified at low 

frequencies with durations of 300 ms, distinguishable from noise, as displayed in Figure 3F. 

Figure 3G presents individual low-frequency peaks extracted from channel 58, with total 

durations of 600 ms. 

 

Figure 3. Electrical activity of the HCC-1937 cell line. A) Raster plot of 11/60 firing channels. B) Sample high 

frequency and low frequency spikes, observed in HCC-1937 cell line. C) 10 minutes recordings of 3 selected 

channels at high and low frequency (simultaneous). D) Hybrid bursting activity extracted from channel 43 (purple 

star), similar to what observed in the bursting areas of other channels. The inset shows a clean extracted spike. E) 

High frequency spikes as extracted from highly active channel 43 and indicated by fucsia arrows in figure. F) 
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Low-frequency bursts distinguishable from baseline noise, extracted from channel 48 (orange star). G) Low 

frequency spikes as extracted from channel 58 and indicated by light-blue arrows. 

 

Figure 4 presents the characterization of the HCC-1143 cancer cell line, sharing the same 

family of the HCC-1937 line but lower metastatic ability. As observed in the MDA-MB family, 

a lower metastatic ability correlated to a lower electrical activity. However, HCC-1143 line 

displayed visible synchronicity and a higher spike-to-bursts ratio compared to the MDA-MB-

468 cell line of the previous family, as visible in the Raster plot presented in Figure 4A. Figure 

4B shows high and low frequency spikes of durations 10-12 ms and 120-600 ms, respectively. 

Figure 4C presents whole recordings (10 min) from 8 channels, displaying high synchronicity 

both at low and high frequencies.  

 

Figure 4. Electrical activity of the HCC-1937 cell line. A) Raster plot of 8/60 firing channels. B) Sample high 

frequency and low frequency spikes, rising and falling, observed in HCC-1143 cell line. C) 10 minute recordings 
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of 8 selected channels at high and low frequency (simultaneous). D) High-frequency synchronic spiking in 8 

channels, as indicated by the red arrows. E) Hybrid consecutive bursts extracted by channel 51 (golden star). F) 

High frequency synchronic trace extracted from channels 51 and 53 (light blue stars). G) Low-frequency 

synchronic spiking in 8 channels, as indicated by the green arrows.  H) Low-frequency sample trace, extracted 

from channel 52 (purple star). 

 

Sample synchronous high frequency spikes are presented in Figure 4D, with amplitudes 

ranging from 100 µV to 5 mV and durations of 8 ms. The gold square in Figure 4E reports a 

hybrid bursting activity extracted from channel 51, with amplitudes up to 3 mV. High frequency 

sample traces (Figure 4F) report a snapshot on the activity of two selected channels. 

Synchronicity was observed also at high frequency, and extracted sample peaks of duration 1s 

are presented in Figure 4G. A low-frequency synchronic sample trace of two selected channels 

is also reported in Figure 4H. 

Figure 5 presents a statistical comparison plot between the examined cell lines. Burst detection 

(Figure 5A) and spike detection (Figure 5B) analyses revealed higher counts in MDA-MB-

231 and HCC-1937, the cell lines with the highest metastatic level. MDA-MB-231 cells were 

found to be the most active, firing an average of 60 spikes per second at the network level, 

followed by over 50 spikes/sec in HCC-1937, 25 spikes/sec in MDA-MB-231, and 8 spikes/sec 

in HCC-1143. Bursting activity followed the same trend, with the highest percentage of spikes 

in bursts found in MDA-MB-468 cells. The mean spike rate in bursts was found to be 

comparable in MDA-MB-231, MDA-MB-468, and HCC-1937 cells, and lower in HCC-1143 

cells. Despite MDA-MB-468 exhibiting slightly higher electrical activity compared to HCC-

1143, the number of active channels was found to be higher in HCC-1143 networks. Moreover, 

HCC-1937 was found to be the cell line with the highest spike-to-burst ratio.  

To confirm the biological nature of the recorded electrical activity and to evaluate the ion 

channel expression of the examined breast cancer cell lines, we selectively blocked h-ERG K+ 
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channels and voltage-dependent L-type Ca+ channels by administering E-4031 and nifedipine, 

respectively. Figure 5C present a summary of the results. All cell lines exhibited a drop in 

electrical activity (spiking, bursting and active channels) following drug administration, with 

remarkably different levels of response. The graph in figure presents the percentage of spikes/s, 

bursts/min and active channels after drug administration, compared to baseline activity. 

Notably, all cells showed a more marked response to E-4031 with a reduction in spiking to 

20% and below, and bursting to 30% and below. Nifedipine was the least effective in MDA-

MB-468, where both spiking and bursting rate were recorded to be between the 70 and 80% to 

the baseline, followed by MDA-MB231 with a fall to the 50-65%. Nifedipine administration 

to cell line HCC-1143 resulted in a spiking fall to the 20% compared to baseline, and a bursting 

fall to the 50%. On the other hand, nifedipine nearly killed activity in highly metastatic HCC-

1937 cells.  

 

Figure 5. Comparison on the electrical activity observed in the 4 examined cancer cell lines and effect of selective 

channel blockage on spiking, bursting and network activity. A) Evaluation of the spiking activity of the four lines, 

with regards to spiking rate, number of active channels and spiking activity over bursting activity prevalence. B) 

Evaluation of the bursting activity of the four lines, with regards to bursting rate, percentage of spikes in bursts, 
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and mean spike rate in bursts. C) Summary of selective h-ERG K+ and L-type Ca2+ channels blockage via E-4031 

20µM and Nifedipine 20µM administration to the four cell lines on microelectrodes.  

 

Sample Raster plots and sample recordings in baseline and following E-4031 or nifedipine 

administration are presented in Figure 6. Figure 6A reports sample results obtained in the cell 

line MDA-MB-231. Raster plots (grey) display a visible fall in both spiking and bursting after 

nifedipine administration, and null activity following E-4031 administration. Figure 6B reports 

results obtained with HCC-1143 cell line in the same conditions, resulting in a lower spike rate 

following nifedipine administration as well as E-4031 administration. None of the compounds 

killed electrical activity, suggesting a speculation on possible compensatory mechanisms or the 

absence of the targeted ion channels in HCC-1143. Figure 6C presents sample results obtained 

with MDA-MB-468 cell line, where both drugs reduced the spiking rate, bursting rate and 

number of active channels. Despite the decreased firing rate and number of active channels, 

occasional spikes with higher amplitudes were recorded following drug administration, 

compared to baseline signals. Sample results obtained with cell line HCC-1937 are presented 

in Figure 6D. Here, the number of active channels was found to be poorly altered, in favour of 

a visibly decreased spike amplitude following nifedipine administration, and an increased 

amplitude following E-4031 administration. Both drugs induced a remarkably lower firing rate, 

as described in the previous paragraph. 
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Figure 6. Sample results on the effect of selective channel blockage in the four examined cell lines: Raster plots 

and recordings of 5 selected channels of baseline activity, post-nifedipine (20µM) or post-E4031 (20µM) 

administration. A) MDA-MB-231; B) HCC-1143; C) MDA-MB-468; D) HCC-1937.  

 

Materials and Methods 

Cell culture. MDA-MB-231, MDA-MB-468, HCC-1143 and HCC-1937 cell lines were 

purchased from ATCC. All cells were expanded until passage 3 before seeding on chip, and all 

recordings were performed in cells at passages 4-12, to ensure reliability and reproducibility. 

Cells of the MDA-MB family were cultured in DMEM high glucose, 10% FBS, with L-
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glutamine, and 1% penicillin-streptomycin. Cells of the HCC family were cultured in RPMI 

1640, 10% FBS, 1% penicillin-streptomycyn, L-glutamine. 

Cell seeding on chip. Electrodes were prepared equally for seeding all cell types. MEAs were 

sterilized for 30 minutes in a biohood, followed by drop casting of 0.01% poly-L-lysine 

solution (Sigma Aldrich) in the electrodes area. After one hour, chips were rinsed with sterile 

water and air-dryed. Cells were seeded at a concentration of 150-200k cells per chip to ensure 

confluency after 24-36 hours. Chips were stored in an incubator at 37°C and 5% CO2. 

Data acquisition. 30 µm TiN 60 microelectrode arrays were purchased from Multi Channel 

Systems and seeded as described in the previous paragraph. The cell medium was changed four 

hours prior to each recording to ensure optimal viability. Electrical recordings were performed 

using a MEA-2100 system purchased from Multi Channel System, and data was acquired with 

the dedicated software at frequency ranges 1-100 Hz and 100-3500 Hz.  

Drug test. Channel blockers E-4031 and nifedipine were purchased from Sigma, aliquoted in 

DMSO at a concentration of 10 mM, and further utilized such to reach a concentration of 20µM 

in vitro for both compounds. Channel blockers were left acting for one hour, then rinsed with 

cell medium. Each experiment was performed in a separate MEA and statistical results were 

obtained by the data collected from5 independent measurements (two MEAs each), and 4 

independent cell cultures per cell line. 

Data analysis. Data analysis was perfomed using the dedicated software Multi Channel 

Analyzer and MATLAB. Bursts were defined as events containing a minimum of 4 spiking 

events occurring with a maximum time interval of 300 ms. Threshold for rising-falling spike 

identification was defined automatically setting a standard deviation of 5%, then verified for 

each electrode to ensure a reliable calculation. Raster plots allowed to further visualize the 

spiking events. 
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Conclusions 

Our preliminary findings reveal that the examined breast cancer cells exhibit extracellular 

spikes occurring at high frequencies, that resemble the electrical activity observed in excitable 

cells. This data was acquired using commercial microelectrode arrays with a diameter of 30 

µm to interface a few cells. The biological origin of the signals was further confirmed by 

pharmacological manipulation by selective K+ and Ca2+ channel blockage. By comparing the 

results obtained with different subtypes of cancer cells, we performed a preliminary analysis 

that correlates a higher fire rate to a higher metastatic ability. These results advance current 

knowledge limited to low-frequency signaling in cancerous cells, identify an accessible method 

to retrieve electrical information from cells beyond neurons and cardiac cells. As such, it may 

set the foundations to further developments in the fields of nanotechnology, drug testing, 

diagnostics, fundamental biology, and commercialization of microelectrodes. 

 

Acknowledgements 

R.M. thanks the European Commission for a Marie Curie Individual fellowship (grant 

agreement number 101064443). 

 

References 

(1) Moreddu, R. Nanotechnology and Cancer Bioelectricity: Bridging the Gap Between 
Biology and Translational Medicine. Adv Sci (Weinh) 2024, 11 (1), e2304110. DOI: 
10.1002/advs.202304110  From NLM Medline. 
(2) Fan, L. Z.; Kheifets, S.; Bohm, U. L.; Wu, H.; Piatkevich, K. D.; Xie, M. E.; Parot, V.; Ha, 
Y.; Evans, K. E.; Boyden, E. S.; et al. All-Optical Electrophysiology Reveals the Role of Lateral 
Inhibition in Sensory Processing in Cortical Layer 1. Cell 2020, 180 (3), 521-535 e518. DOI: 
10.1016/j.cell.2020.01.001  From NLM Medline. 
(3) Biagiotti, T.; D'Amico, M.; Marzi, I.; Di Gennaro, P.; Arcangeli, A.; Wanke, E.; Olivotto, 
M. Cell renewing in neuroblastoma: electrophysiological and immunocytochemical 
characterization of stem cells and derivatives. Stem Cells 2006, 24 (2), 443-453. DOI: 
10.1634/stemcells.2004-0264  From NLM Medline. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.16.585162doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.16.585162
http://creativecommons.org/licenses/by-nc-nd/4.0/


(4) Cabello, M.; Ge, H.; Aracil, C.; Moschou, D.; Estrela, P.; Manuel Quero, J.; S, I. P.; P, R. F. 
R. Extracellular Electrophysiology in the Prostate Cancer Cell Model PC-3. Sensors (Basel) 
2019, 19 (1). DOI: 10.3390/s19010139  From NLM Medline. 
(5) Nuccitelli, R. A role for endogenous electric fields in wound healing. Curr Top Dev Biol 
2003, 58, 1-26. DOI: 10.1016/s0070-2153(03)58001-2  From NLM Medline. 
(6) Dipalo, M.; Amin, H.; Lovato, L.; Moia, F.; Caprettini, V.; Messina, G. C.; Tantussi, F.; 
Berdondini, L.; De Angelis, F. Intracellular and Extracellular Recording of Spontaneous Action 
Potentials in Mammalian Neurons and Cardiac Cells with 3D Plasmonic Nanoelectrodes. Nano 
Lett 2017, 17 (6), 3932-3939. DOI: 10.1021/acs.nanolett.7b01523  From NLM Medline. 
(7) Dipalo, M.; Messina, G. C.; Amin, H.; La Rocca, R.; Shalabaeva, V.; Simi, A.; Maccione, 
A.; Zilio, P.; Berdondini, L.; De Angelis, F. 3D plasmonic nanoantennas integrated with MEA 
biosensors. Nanoscale 2015, 7 (8), 3703-3711. DOI: 10.1039/c4nr05578k  From NLM 
Medline. 
(8) Bou, A.; Bisquert, J. Impedance Spectroscopy Dynamics of Biological Neural Elements: 
From Memristors to Neurons and Synapses. J Phys Chem B 2021, 125 (35), 9934-9949. DOI: 
10.1021/acs.jpcb.1c03905  From NLM Medline. 
(9) Day-Cooney, J.; Dalangin, R.; Zhong, H.; Mao, T. Genetically encoded fluorescent sensors 
for imaging neuronal dynamics in vivo. J Neurochem 2023, 164 (3), 284-308. DOI: 
10.1111/jnc.15608  From NLM Medline. 
(10) Aseyev, N.; Ivanova, V.; Balaban, P.; Nikitin, E. Current Practice in Using Voltage Imaging 
to Record Fast Neuronal Activity: Successful Examples from Invertebrate to Mammalian 
Studies. Biosensors (Basel) 2023, 13 (6). DOI: 10.3390/bios13060648  From NLM Medline. 
(11) Zhou, Y.; Liu, E.; Yang, Y.; Alfonso, F. S.; Ahmed, B.; Nakasone, K.; Forro, C.; Muller, 
H.; Cui, B. Dual-Color Optical Recording of Bioelectric Potentials by Polymer 
Electrochromism. J Am Chem Soc 2022, 144 (51), 23505-23515. DOI: 10.1021/jacs.2c10198  
From NLM Medline. 
(12) Moreddu, R.; Boschi, A.; d’Amora, M.; Hubarevich, A.; Dipalo, M.; De Angelis, F. 
Passive recording of bioelectrical signals from non-excitable cells by fluorescent mirroring. 
Nano Letters 2023. DOI: 10.1021/acs.nanolett.2c05053. 
(13) Barbaglia, A.; Dipalo, M.; Melle, G.; Iachetta, G.; Deleye, L.; Hubarevich, A.; Toma, A.; 
Tantussi, F.; De Angelis, F. Mirroring Action Potentials: Label-Free, Accurate, and 
Noninvasive Electrophysiological Recordings of Human-Derived Cardiomyocytes. Adv Mater 
2021, 33 (7), e2004234. DOI: 10.1002/adma.202004234  From NLM Medline. 
(14) Dipalo, M.; Rastogi, S. K.; Matino, L.; Garg, R.; Bliley, J.; Iachetta, G.; Melle, G.; 
Shrestha, R.; Shen, S.; Santoro, F.; et al. Intracellular action potential recordings from 
cardiomyocytes by ultrafast pulsed laser irradiation of fuzzy graphene microelectrodes. Sci Adv 
2021, 7 (15). DOI: 10.1126/sciadv.abd5175  From NLM PubMed-not-MEDLINE. 
(15) Dipalo, M.; Melle, G.; Lovato, L.; Jacassi, A.; Santoro, F.; Caprettini, V.; Schirato, A.; 
Alabastri, A.; Garoli, D.; Bruno, G.; et al. Plasmonic meta-electrodes allow intracellular 
recordings at network level on high-density CMOS-multi-electrode arrays. Nat Nanotechnol 
2018, 13 (10), 965-971. DOI: 10.1038/s41565-018-0222-z  From NLM Medline. 
(16) Payne, S. L.; Levin, M.; Oudin, M. J. Bioelectric Control of Metastasis in Solid Tumors. 
Bioelectricity 2019, 1 (3), 114-130. DOI: 10.1089/bioe.2019.0013  From NLM PubMed-not-
MEDLINE. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.16.585162doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.16.585162
http://creativecommons.org/licenses/by-nc-nd/4.0/


(17) Zhu, K.; Hum, N. R.; Reid, B.; Sun, Q.; Loots, G. G.; Zhao, M. Electric Fields at Breast 
Cancer and Cancer Cell Collective Galvanotaxis. Sci Rep 2020, 10 (1), 8712. DOI: 
10.1038/s41598-020-65566-0  From NLM Medline. 
(18) Saunders, M. M.; Seraj, M. J.; Li, Z.; Zhou, Z.; Winter, C. R.; Welch, D. R.; Donahue, H. 
J. Breast cancer metastatic potential correlates with a breakdown in homospecific and 
heterospecific gap junctional intercellular communication. Cancer Res 2001, 61 (5), 1765-
1767.  From NLM Medline. 
(19) Rao, V. R.; Perez-Neut, M.; Kaja, S.; Gentile, S. Voltage-gated ion channels in cancer cell 
proliferation. Cancers (Basel) 2015, 7 (2), 849-875. DOI: 10.3390/cancers7020813  From 
NLM PubMed-not-MEDLINE. 
(20) Levin, M. Bioelectrical approaches to cancer as a problem of the scaling of the cellular 
self. Prog Biophys Mol Biol 2021, 165, 102-113. DOI: 10.1016/j.pbiomolbio.2021.04.007  
From NLM Medline. 
(21) Levin, M. Bioelectric signaling: Reprogrammable circuits underlying embryogenesis, 
regeneration, and cancer. Cell 2021, 184 (8), 1971-1989. DOI: 10.1016/j.cell.2021.02.034  
From NLM Medline. 
(22) Tajada, S.; Villalobos, C. Calcium Permeable Channels in Cancer Hallmarks. Front 
Pharmacol 2020, 11, 968. DOI: 10.3389/fphar.2020.00968  From NLM PubMed-not-
MEDLINE. 
(23) Liu, K.; Dong, F.; Gao, H.; Guo, Y.; Li, H.; Yang, F.; Zhao, P.; Dai, Y.; Wang, J.; Zhou, W.; 
et al. Promoter hypermethylation of the CFTR gene as a novel diagnostic and prognostic 
marker of breast cancer. Cell Biol Int 2020, 44 (2), 603-609. DOI: 10.1002/cbin.11260  From 
NLM Medline. 
(24) van Kempen, M.; van Ginneken, A.; de Grijs, I.; Mutsaers, N.; Opthof, T.; Jongsma, H.; 
van der Heyden, M. Expression of the electrophysiological system during murine embryonic 
stem cell cardiac differentiation. Cell Physiol Biochem 2003, 13 (5), 263-270. DOI: 
10.1159/000074541  From NLM Medline. 
(25) Matamala, E.; Castillo, C.; Vivar, J. P.; Rojas, P. A.; Brauchi, S. E. Imaging the electrical 
activity of organelles in living cells. Commun Biol 2021, 4 (1), 389. DOI: 10.1038/s42003-021-
01916-6  From NLM Medline. 
(26) Sundelacruz, S.; Levin, M.; Kaplan, D. L. Role of membrane potential in the regulation 
of cell proliferation and differentiation. Stem Cell Rev Rep 2009, 5 (3), 231-246. DOI: 
10.1007/s12015-009-9080-2  From NLM Medline. 
(27) Kim, H. J.; Lee, P. C.; Hong, J. H. Chloride Channels and Transporters: Roles beyond 
Classical Cellular Homeostatic pH or Ion Balance in Cancers. Cancers (Basel) 2022, 14 (4). 
DOI: 10.3390/cancers14040856  From NLM PubMed-not-MEDLINE. 
(28) Chen, Q.; Boire, A.; Jin, X.; Valiente, M.; Er, E. E.; Lopez-Soto, A.; Jacob, L.; Patwa, R.; 
Shah, H.; Xu, K.; et al. Carcinoma-astrocyte gap junctions promote brain metastasis by cGAMP 
transfer. Nature 2016, 533 (7604), 493-498. DOI: 10.1038/nature18268  From NLM Medline. 
(29) Dominiak, A.; Chelstowska, B.; Olejarz, W.; Nowicka, G. Communication in the Cancer 
Microenvironment as a Target for Therapeutic Interventions. Cancers (Basel) 2020, 12 (5). 
DOI: 10.3390/cancers12051232  From NLM PubMed-not-MEDLINE. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.16.585162doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.16.585162
http://creativecommons.org/licenses/by-nc-nd/4.0/


(30) Chen, B.; Le, W.; Wang, Y.; Li, Z.; Wang, D.; Ren, L.; Lin, L.; Cui, S.; Hu, J. J.; Hu, Y.; et 
al. Targeting Negative Surface Charges of Cancer Cells by Multifunctional Nanoprobes. 
Theranostics 2016, 6 (11), 1887-1898. DOI: 10.7150/thno.16358  From NLM Medline. 
(31) Jang, S. H.; Choi, S. Y.; Ryu, P. D.; Lee, S. Y. Anti-proliferative effect of Kv1.3 blockers 
in A549 human lung adenocarcinoma in vitro and in vivo. Eur J Pharmacol 2011, 651 (1-3), 
26-32. DOI: 10.1016/j.ejphar.2010.10.066  From NLM Medline. 
(32) Silver, B. B.; Nelson, C. M. The Bioelectric Code: Reprogramming Cancer and Aging 
From the Interface of Mechanical and Chemical Microenvironments. Front Cell Dev Biol 2018, 
6, 21. DOI: 10.3389/fcell.2018.00021  From NLM PubMed-not-MEDLINE. 
(33) Wee, P.; Wang, Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling 
Pathways. Cancers (Basel) 2017, 9 (5). DOI: 10.3390/cancers9050052  From NLM PubMed-
not-MEDLINE. 
(34) Moleon Baca, J. A.; Ontiveros Ortega, A.; Aranega Jimenez, A.; Granados Principal, S. 
Cells electric charge analyses define specific properties for cancer cells activity. 
Bioelectrochemistry 2022, 144, 108028. DOI: 10.1016/j.bioelechem.2021.108028  From NLM 
Medline. 
(35) Ribeiro, M.; Elghajiji, A.; Fraser, S. P.; Burke, Z. D.; Tosh, D.; Djamgoz, M. B. A.; Rocha, 
P. R. F. Human Breast Cancer Cells Demonstrate Electrical Excitability. Front Neurosci 2020, 
14, 404. DOI: 10.3389/fnins.2020.00404  From NLM PubMed-not-MEDLINE. 
(36) Rocha, P. R. F.; Elghajiji, A.; Tosh, D. Ultrasensitive System for Electrophysiology of 
Cancer Cell Populations: A Review. Bioelectricity 2019, 1 (3), 131-138. DOI: 
10.1089/bioe.2019.0020  From NLM PubMed-not-MEDLINE. 
(37) Quicke, P.; Sun, Y.; Arias-Garcia, M.; Beykou, M.; Acker, C. D.; Djamgoz, M. B. A.; 
Bakal, C.; Foust, A. J. Voltage imaging reveals the dynamic electrical signatures of human 
breast cancer cells. Commun Biol 2022, 5 (1), 1178. DOI: 10.1038/s42003-022-04077-2  From 
NLM Medline. 
 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.16.585162doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.16.585162
http://creativecommons.org/licenses/by-nc-nd/4.0/

