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a b s t r a c t

The ubiquity of wireless electronic-device connectivity has seen microwaves emerge as one of the fastest

growing forms of electromagnetic exposure. A growing evidence-base refutes the claim that wireless

technologies pose no risk to human health at current safety levels designed to limit thermal (heating)

effects. The potential impact of non-thermal effects of microwave exposure, especially in electrically-

excitable tissues (e.g., heart), remains controversial. We exposed human embryonic stem-cell derived

cardiomyocytes (CM), under baseline and beta-adrenergic receptor (b-AR)-stimulated conditions, to

microwaves at 2.4 GHz, a frequency used extensively in wireless communication (e.g., 4G, Bluetooth™

and WiFi). To control for any effect of sample heating, experiments were done in CM subjected to

matched rates of direct heating or CM maintained at 37 �C. Detailed profiling of the temporal and

amplitude features of Ca2þ signalling in CM under these experimental conditions was reconciled with the

extent and spatial clustering of apoptosis. The data show that exposure of CM to 2.4 GHz EMF eliminated

the normal Ca2þ signalling response to b-AR stimulation and provoked spatially-clustered apoptosis. This

is first evidence that non-thermal effects of 2.4 GHz microwaves might have profound effects on human

CM function, responsiveness to activation, and survival.

© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The rapid increase in wireless connectivity of electronic devices

(e.g., the Internet of Things (IoT)) has seen microwave-range elec-

tromagnetic fields (EMF) emerge as one of the fastest growing

forms of electromagnetic exposure [1]. The ubiquity of ‘human-

made’ environmental microwaves (ranging from 1 to 30 GHz and

encompassing key designated frequency bands for industrial,

medical, and scientific applications) lends urgency to the need to

add knowledge on their potential impact on human biology and

health. Microwaves heat polar molecules (e.g., water) through a

dielectric relaxation, with the absorbed microwave energy being

dissipated as heat. In order to prevent potential heating effects,

European safety standards limit all domestic microwave-emitting

devices (e.g., mobile phones) to an absorption rate of <2 mW/g

[2]. Different interpretations of available data have led to different

national guidelines on microwave EMF safety limits [3].

However, a growing evidence-base refutes the claim that

widespread deployment of microwave-frequency wireless tech-

nologies (e.g. ‘4G’) poses no risk to human health at currently

permitted safety levels [4e6]. Studies involving mobile phones, in

particular, are prone to inherent issues such as changing technol-

ogies and phone use habits, in addition to low numbers for the

unexposed control group. Several questions relating to the safety of

microwaves at these frequencies remain unresolved [2,3,7].
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Microwave EMF impacts on embryonic development in zebra-

fish [8], chicks [9] and humans [10] and is also reported to disrupt

the function of neurologic [11], cardiovascular [12e15], blood

[16,17] and other biological systems [18]. The effects of microwaves

might be of particular relevance in the context of electrically-

excitable tissues, where evidence exists for the disruption of ion

handling in in vitro culture systems of brain and heart cells [19e22].

Although the majority of the effects reported are presumed to be

mediated by a thermal (heating) effect of EMF, the contribution of

non-thermal mechanism(s) to downstream effects of EMF remains

controversial [7,23e25].

In this proof-of-concept study, we demonstrate the functional

impact of non-thermal effects of the electric field component of

microwaves at a major frequency band used extensively in 4G,

Bluetooth™ and WiFi communications (i.e., 2.4 GHz) on human

embryonic stem-cell derived CM.

2. Materials & methods

2.1. Materials

Human embryonic stem-cell derived CM (Cytiva™) were ob-

tained from GE Healthcare. All Cytiva™ used in this study were

from a single batch (7396634) in which CM comprise 74% of the

total cellular component [26,27].

All chemicals were the highest quality available from Sigma

unless stated. 10 kD and 70 kD dextrans (Dex-10 and Dex-70)

conjugated to tetramethyl-rhodamine (TMR) were from Molecu-

lar Probes. Staurosporine was from Merck. All cell culture reagents

were Gibco brand from ThermoFisher except for Matrigel which

was obtained from Corning Biosciences. Other materials were ob-

tained from sources as described below.

2.2. Experimental design

CM were randomly allocated to three experimental groups

(EMF-exposure (‘EMF’); heating only (‘Heat’); control (‘Ctrl’)). After

exposure to these conditions, CM were subsequently randomized

again prior to the addition of isoproterenol (‘ISO’) or to vehicle-only

(media) control (‘Veh’). To prevent EMF-induced heating raising the

temperature of the bulk media to above 37 �C during the 1-min

exposure to microwave EMF, CM in the ‘EMF’ group were cooled

to 28 �C immediately prior to the application of microwaves. To

control for this heating effect, experiments were done in CM-

populations cooled to 28 �C and then heated to 37 �C using a pro-

grammable heating platform that raised the temperature of the

sample at the precise rate measured experimentally in the EMF

group (‘Heat’). To control for any heating effect resulting from

either direct heating or by EMF exposure, control experiments were

also done in which CM were maintained at 37 �C throughout the

experimental protocol (‘Ctrl’). The experimental design is shown in

Fig. 1A. All data acquired were analysed by operators blinded to the

nature of experimental conditions under test. ‘N’ defines the

number of discrete CM tubes studied in independent experiments

and ‘n’ denotes the number of sub-tubular regions (see

Supplementary Fig. 1S).

2.3. Cardiomyocyte (CM) network formation

CM were seeded in silicone chambers adhered to matrigel-

coated glass in RPMI1640 medium supplemented with B27

[26,27]. Before exposure to ‘Ctrl’, ‘Heat’ or ‘EMF’ conditions, CM

were transferred from this medium (free [Ca2þ] approximately

0.4 mM) into indicator-free Leibovitz (L-15) medium (free [Ca2þ]

approximately 1.3 mM) and loaded with fluo-4 Ca2þ-sensitive

reporter [26,27]. All data were acquired from tubular-like CM

structures (Fig. 1B and Supplementary Movie 1).

2.4. Microwave instrumentation

Microwave electric (E-) and magnetic (H-) fields were separated

using a TM010 mode cylindrical resonant cavity, with samples

exposed to the axial E-field (where H is close to zero) [28,29]. The

equipment delivered an output power of 19 W rms at 2.4 GHz (at

resonance with |S11| of�35 dB) via 10 ms pulses in a 50% duty cycle

for a duration of 60 s. The temperature of the aqueous environment

in the immediate vicinity of CM was monitored continuously using

a fluoroptic sensor (Luxtron, LumaSense Technologies, Santa Clara,

CA, USA) which does not interact with the applied microwave fields

[30].

2.5. COMSOL multiphysics simulation

To visualise E- and H-field distributions within the resonant

cavity, and to calculate the field intensity applied to sample cells

under test, 3D finite-element simulation was carried out using

COMSOL Multiphysics v4.4 [31]. The simulation model replicated

the experimental conditions: an aluminium microwave cylindrical

cavity (relative permittivity (εr), 1; electrical conductivity (s),

3.774e7 S/m) with an input coaxial coupling port (N-type

connector), polystyrene confocal culture dish (εr, 2.5; s, 0) with

silica-glass coverslip (εr, 5; s, 1e-14 S/m), CM contained in a silicone

chamber (εr, 3.5; s, 1e-12 S/m), and L-15 (aqueous) medium (εr, 80-

j*10; s, 5.5e-6 S/m) [26]. The simulated resonant frequency of

TM010 mode was 2.4 GHz (Fig. 1C).

2.6. Ca2þ imaging and CM frequency stimulation via b-AR

activation

Baseline Ca2þ oscillations were recorded in CM maintained at

37 �C in phenol-red-free L-15 medium using resonant-scanning

confocal microscopy (Leica SP5) [26,27,32] (Supplementary Movie

2). In some experiments the non-selective b-AR agonist, isopro-

terenol, was used to elicit a sustained increase in oscillatory rate

(ISO; 30 nM, prepared via the dilution, in L-15 medium, of a 10 mM

ISO stock containing 30 mM ascorbate). To control for the addition

of ISO, vehicle-only experiments were done (Veh; L-15 medium

containing 100 nM ascorbate). Following simultaneous imaging of

brightfield (contractility) and fluorescence (Ca2þ) signals, CM-

containing chambers were returned to 37 �C/5% CO2 incubation

for 4 h prior to quantification of apoptosis.

2.7. Ca2þ signal analysis

Imaging datasets were segmented into symmetric 4� 4 regional

grids (Supplementary Fig. 1S) and fluorescent time-series data

corresponding to fluo-4-dependent Ca2þ signals were analysed

using SALVO software [26,27,32]. An eleven-parameter output

provided a quantitative description of temporal and amplitude

features of CM Ca2þ signals (Supplementary Fig. 1S).

2.8. Quantification of the extent and spatial clustering of apoptosis

Apoptosis was measured by quantifying the extent of nuclear

DNA fragmentation in CM 4 h after Ca2þ imaging using the terminal

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)

method as per manufacturer's instructions (DeadEnd, Promega).

Nuclei were counterstained with propidium iodide (0.5 mM), sam-

ples were mounted under Prolong Gold (Invitrogen) and stored at

4 �C until analysis. In other experiments, staurosporine (1 mM, 4 h)
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Fig. 1. CM networks, microwave instrumentation and experimental design. (A) Experimental design. Black and orange arrows denote addition of vehicle-only (Veh) or ISO (30 nM),

respectively. (B) (i) Composite image of a typical CM network produced by tessellation of separate brightfield images (456 � 456 mm each). The boxed area is magnified in (ii) and

depicts the ‘tube-like’ CM structures from which data were acquired. (C) Electric (E-) and magnetic (H-) field intensities (simulated using COMSOL) in the bulk resonant cavity (i)

and in the plane of the CM (ii) and (iii). (D) Resonance/frequency domain plot showing the maximum absorption of microwaves by the sample occurs at 2.4 GHz. (E) Rates of heating

in ‘EMF’ and ‘Heat’ groups (N ¼ 16 and 18, respectively). The average thermal profile (red) was calculated from data obtained from separate experiments (grey). (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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was used to induce maximal apoptosis [33]. The spatial clustering

of TUNEL-positive nuclei was done using digitized confocal images

and a maximum-likelihood probability density function pro-

grammed in MatLab (Mathworks) [34]. The maximum and mini-

mum extent of spatial clustering of apoptotic nuclei was assigned

‘1’ and ‘0’, respectively.

2.9. Assessing CM membrane intactness using fluorescent-

conjugated dextrans

Endogenous CM fluorescence at 575 nm was imaged following

excitation using a 543 nm HeNe laser. CM were then equilibrated

for 5 minwith TMR-conjugated Dex-10 and Dex-70 (exmax 555 nm/

emmax 580 nm) used at 5 mM to avoid aggregation. Dex-10 or Dex-

70-incubated CM were then subject to heating-only or EMF expo-

sure for 1 min and TMR fluorescence was continuously recorded

over a subsequent 3 min period. The maximum intracellular

accumulation of Dex-10 and Dex-70 was determined following the

permeabilization of CM surface membrane using saponin (0.01%

(w/v) in L-15 medium).

2.10. Statistical analysis

All data were tested for normal distribution. No log-

transformation of data was done. Pair-wise comparisons of data

within the same group (e.g., same CM tube before and after the

addition of ISO or vehicle) were compared using paired student's T-

test or Mann-Whitney test for normal or non-normally distributed

data, respectively. For comparison ofmore than two groups, ANOVA

or Kruskal-Wallis was used if the data were normally or non-

normally distributed, respectively. Where gateway criteria for

post-hoc testing were met, Holm-Sidak (normal) or Dunn (non-

normal) testing was done. For comparison of more than two groups

with two variables (i.e., exposure condition and ISO/vehicle addi-

tion), two-way ANOVA was used. Correlation analysis of Ca2þ sig-

nalling parameters was done by calculating Spearman correlation

co-efficients. All statistical analysis was done using MatLab

(Mathworks, vFeb22), and Prism (v9.0, GraphPad).

3. Results

Cytiva™ CM formed spontaneously-organised networks of

contractile ‘tubes’ (Fig. 1B; Supplementary Movies 1 and 2) which

were exposed for 1 min to uniform E-field strength (around 2 kV/

m; Fig. 1C (left column)) and negligible H- field strength (<5 A/m;

Fig. 1C (right column)) at a frequency of 2.4 GHz (Fig. 1D). These

conditions produced a linear rate of heating of the aqueous envi-

ronment immediately surrounding the CM of 0.19 ± 0.02 �C/s

(Fig. 1E (i)). To control for this thermal effect of EMF, this heating

profile was recreated precisely using a programmable heating

platform, in the absence of any extrinsic E- or H- fields

(0.17 ± 0.02 �C/s; Fig. 1E (ii)).

SALVO was used to generate an eleven-parameter description of

the temporal and amplitude features of Ca2þ signalling (see

Supplementary Fig. 1S) in CM under baseline conditions following

exposure to ‘Ctrl’, ‘Heat’ or ‘EMF’ regimes. Baseline Ca2þ signalling

parameters including synchronisation, an index of the extent of

functional coupling between CM (Supplementary Movie 2), were

comparable in all three experimental groups (Table 1). The rate of

Ca2þ release and the rate of Ca2þ decay was equivalently changed in

‘EMF’ and ‘Heat’ groups when compared with CM maintained at

37 �C (‘Ctrl’) (Table 1).

ISO (30 nM) was used to stimulate b-AR-mediated Ca2þ signal-

ling in CM previously exposed to Ctrl, Heat or EMF conditions

(Fig. 1A). Paired assessments of baseline Ca2þ signalling, and

following a 12-min incubation in ISO, showed that ISO extensively

modulated Ca2þ signalling in control CM, including a characteristic

increase in oscillatory frequency (Fig. 2A, Ctrl and 2B). There were

also significant post-ISO changes in Ca2þ signalling in those CM

exposed to heating alone, but oscillatory frequency remained un-

changed in this group (Fig. 2A, Heat and 2B)). Remarkably, CM

exposed to EMF did not exhibit any response in Ca2þ signalling

following the addition of ISO and no Ca2þ signalling parameters

were changed by ISO (Fig. 2A, EMF and 2B).

An association between disrupted Ca2þ signalling and suscepti-

bility to apoptosis has been reported in CM [35]. Since EMF elimi-

nated the response of CM to b-AR stimulation (Fig. 2), we explored

whether this translated into enhanced sensitivity of CM to apoptosis

(Fig. 3A). The addition of ISO to ‘Heat’-treated CM resulted in levels of

apoptosis comparable to that determined in vehicle-only experi-

ments (6.7% versus 7.7%, respectively; Fig. 3B (i)). However, ISO

addition to CM exposed to EMF was associated with significantly

increased levels of apoptosis, relative to the vehicle-only group (11%

versus 7%; 53% relative increase) (Fig. 3B (i)). In control CM main-

tained at 37 �C, ISO at concentrations up to 100 nM had no

measurable impact on the levels of apoptosis (Fig. 3B (ii)).

In all experimental groups, the extent of apoptosis was variable

(Fig. 3B (i)). However, there was a pronounced right-shift in the

distribution of data acquired from the post-ISO EMF group (Fig. 3C

and D). To investigate the possibility that some CM within the

tubular structures might be differentially susceptible to apoptosis

following EMF exposure, we quantified the spatial distribution of

Table 1

Baseline Ca2þ signalling parameters in control, heat-only and EMF exposed CM.

Ca2þ-signalling parameter Units CONTROL (N ¼ 20) HEAT (N ¼ 24) EMF (N ¼ 21)

Average Min Max Average Min Max Average Min Max

Synchronisation % 65 ± 4 41.55 97.33 60 ± 2 42.32 83.02 61 ± 3 43.08 84.55

Frequency Hz 0.64 ± 0.06 0.30 1.23 0.50 ± 0.03 0.27 0.83 0.54 ± 0.04 0.24 0.84

Temporal heterogeneity a.u. 0.19 ± 0.03 0.05 0.53 0.31 ± 0.05 0.06 1.22 0.39 ± 0.07 0.06 1.25

Amplitude heterogeneity a.u. 0.11 ± 0.02 0.04 0.34 0.12 ± 0.02 0.05 0.33 0.11 ± 0.02 0.03 0.47

Ca2þ spike amplitude DF/F0 1.6 ± 0.13 0.66 3.08 1.92 ± 0.09 1.36 2.92 1.76 ± 0.09 0.75 3.24

Ca2þ spike duration s 1.65 ± 0.13 0.81 2.72 1.77 ± 0.06 1.17 2.28 1.78 ± 0.11 1.18 2.88

Ca2þ spike area a.u. 0.80 ± 0.10 0.22 2.40 0.97 ± 0.07 0.56 1.96 0.91 ± 0.12 0.33 1.70

Rate of Ca2þ release DF/s 209 ± 23 73.90 484.43 129 ± 9*** 66.92 230.63 139 ± 12** 52.54 260.24

Rate of Ca2þ decay DF/s �47.1 ± 5.1 �15.09 �98.07 �26.7 ± 1.9*** �13.42 �49.14 �26 ± 2*** �9.24 �43.20

Ca2þ decay noise a.u. 50.1 ± 4.9 14.45 97.50 37.4 ± 2.7 18.34 74.90 37 ± 3 12.27 58.91

Inter-spike noise a.u. 0.13 ± 0.01 0.05 0.24 0.14 ± 0.01 0.08 0.21 0.13 ± 0.1 0.09 0.19

CM characterised by intercellular synchronisation <40% and oscillatory frequency <0.2 Hz were excluded from analysis as these are indicative of poor cell-to-cell coupling and

sub-optimal CM network formation. Parameters are described in Supplementary Fig. 1S and data are given as mean ± standard error of the mean (SEM), expressed to one or

two significant figures. F, fluorescence; a.u., arbitrary units. **p < 0.01 and ***p < 0.001 compared with control group.
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apoptotic nuclei under these experimental conditions. The output

of a probability density function, used previously to investigate

cellular clustering in the post-infarct swine heart [34], showed

significantly increased spatial clustering of apoptosis in EMF-

exposed CM, when compared with those CM exposed to heating

alone (clustering index of 0.37 versus 0.26, respectively) (Fig. 3E).

Previous work using bacteria has shown that microwaves at a

power of around 5 W/g caused membrane poration [36]. Our

finding that, under the experimental conditions used in the present

study, baseline Ca2þ signalling in CM exposed to 2W/g EMF

remained largely unchanged (Table 1) suggested strongly that the

CM surface membrane remained intact. Corroborating this

conclusion, experiments done using TMR-conjugated Dex-10 and

Dex-70 revealed negligible accumulation of these fluorescent labels

in CM following heating-only or EMF exposure (Fig. 4 and

Supplementary Movie 3S).

The temporal and amplitude features of cellular Ca2þ oscillations

are highly interconnected and the extent of disruption of these inter-

relationships can be used as an index of CM dysfunction

[26,27,35,37]. We hypothesised therefore that, even though there

was no change in any discrete Ca2þ signalling parameter in the EMF-

treated CM group in response to ISO (Fig. 2), the increased levels and

spatial clustering of apoptosis determined in this group (Fig. 3)might

be associatedwith alterations in the inter-relationships of these Ca2þ

signalling parameters. Correlation analysis of the multi-parametric

output from SALVO (Supplementary Fig. 1S) revealed extensive

changes in the inter-relationships of Ca2þ signalling parameters in

control, heating-only and EMF CM groups following ISO addition

(Fig. 5A (i), (ii) and (iii), respectively). Directly comparing the data

obtained from heat-treated or EMF-exposed CM with those from

control CM showed that the nature and extent of changes in inter-

parametric correlations following heating alone (Fig. 5B(i)) or EMF-

exposure (Fig. 5B(ii)) were very different.

4. Discussion

The heart is the human body's largest bioelectrical source, and

its normal function depends on the electrical and functional syn-

chronisation of approximately three billion CM in situ [38]. This

proof-of-concept study is the first to resolve a non-thermal effect of

2.4 GHz EMF on functionally-coupled human CM networks in vitro.

A major objective of the work was to employ EMF at power suffi-

cient to elicit a pronounced temperature rise (9 �C, from 28 to

37 �C), so that a clear and obvious thermal effect could be separated

from any non-thermal effect. Our experimental configuration,

which also incorporated carefully calibrated EMF E-field and

attenuated H-field, showed that while thermal effects didmodulate

CM Ca2þ signalling (Fig. 2, Heat and Fig. 5), only those changes

provoked by exposure to 2.4 GHz EMF (i.e., a cumulative thermal

and non-thermal effect) elicited increased levels of apoptosis

(Figs. 2, 3 and 5).

Previous studies have reported that the abnormal amplification

of low amplitude Ca2þ fluxes, which do not directly contribute to

cellular contractility under normal conditions, had a profoundly

negative impact on CM function and survival [26,32,35]. Counter to

Fig. 2. The effect of heat or 2.4 GHz EMF on baseline and ISO-stimulated Ca2þ sig-

nalling. (A) Paired assessment of Ca2þ signalling parameters in CM under baseline

conditions (grey) and following the addition of ISO (30 nM, 12 min) (black). Data were

acquired from CM maintained under under control temperature conditions (Ctrl) or

those exposed to heating only (Heat) or to EMF (EMF). Post-ISO data were normalised

to separate experiments in which CM were exposed to vehicle-only addition (Veh; see

Experimental Design, Fig. 1A). Where the addition of ISO stopped Ca2þ oscillations,

data were excluded. Ctrl, N ¼ 8; Heat, N ¼ 11; EMF ¼ 10 CM tubes. *, p < 0.05; **,

p < 0.01; ***, p < 0.001. (B) Relative changes in Ca2þ signalling parameters following

ISO addition were calculated from the data shown in (A). Blue and red denote statis-

tically significant reductions and increases, respectively (p < 0.05). (For interpretation

of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 3. ISO-stimulation increases apoptosis in CM exposed to 2.4 GHz EMF, but not to heating alone. (A) Images of apoptotic nuclei (green) in CM (brightfield) in ‘Heat’ and ‘EMF’-

groups under baseline (Baseline) or post-ISO (30 nM, þISO) conditions. Staurosporine (1 mM, 4 h) was used to provoke the maximum extent of apoptosis. (B) (i) Apoptosis in heat- or

EMF-exposed CM following the addition of vehicle or ISO. Heat_Veh, N ¼ 63; Heat_ISO, N ¼ 77; EMF_Veh, N ¼ 61; EMF_ISO; N ¼ 61; Staurosporine; N ¼ 21. In (ii), apoptosis in

control CM following addition of ISO (0.3e100 nM, 4 h) was measured (N ¼ 20e29). *, p < 0.05; ***, p < 0.001 between designated groups. x, p < 0.001 when compared with any

other group.

(C and D) Data from (B) plotted in individual histograms (C) and combined distributions (D).

(E) Spatial clustering of apoptotic nuclei. Heat_Veh, N¼ 50; Heat_ISO, N ¼ 61; EMF_Veh. N ¼ 45; EMF_ISO, N ¼ 55. *, p < 0.05; ***, p < 0.001. N is different from (B) since tubular CM

structures with none or one TUNEL-stained nucleus cannot be factored into any calculation of CM clustering. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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these studies that illustrated a pro-apoptotic role for augmented

(non-spike) Ca2þ fluxes, the data reported in this work evidence a

new paradigm in which the absence of a b-AR-mediated Ca2þ

response in CM exposed to 2.4 GHz EMF (Fig. 2) promoted

apoptosis (Fig. 3).

The data shown in Fig. 5 confirm that the effects of 2.4 GHz EMF

exposure on CM Ca2þ signalling are complex. The similarities be-

tween thermal and non-thermal effects on the relationships be-

tween Ca2þ signalling parameters in the post-ISO states of ‘EMF’

and ‘Heat’ groups illustrates, perhaps, why it has proved difficult so

far to untangle the effects of heating- and non-heating components

of microwave E-field exposure. However, these data also highlight

that the differences in Ca2þ signalling modulation between heating-

only and EMF exposure are likely to be sufficient to underpin the

increased apoptotic susceptibility determined in our experiments.

This study was not configured to resolve the specific mecha-

nisms that transduce the impact of EMF exposure into biological

perturbations. Formica and Silvestri have advanced the idea that

thermal effects arise from energy transfer between external EMF

sources and cellular material, and that non-thermal effects occur as

a consequence of information transfer between irradiated cells [39].

On the latter, a dipole effect involving polarized cellular structures

[40,41] is entirely consistent with the theory of ‘Fr€ohlich's Con-

densates' [42,43]. It is possible that vibrational modes of the highly

polarized surface membrane of the CM used in this study (mem-

brane potential of approximately�80mV [26]) might participate in

‘information coupling’ via resonance interaction with the applied

microwave EMF [23,44]. We also speculate that mitochondria could

Fig. 4. Heating-only or EMF-exposure does not induce CM surface membrane permeability. (A) Representative images of CM tubes before and after incubation with Dex-10 and

Dex-70 in 'Heat' or 'EMF'-treated groups (see 2.9 Methods). Scale bar ¼ 50 mm. (B) Representative images of the effect of saponin permeabilization (final concentration 0.01% (w/v in

L-15 media)) on CM accumulation of Dex-10 and Dex-70. Saponin altered the morphology of some CM tubes under test. Scale bar ¼ 50 mm. (C) Ratios <0 and >0 denote intra-CM

TMR fluorescence as less than, or more than, fluorescence determined in the bulk media, respectively. Heat_Dex-10, N ¼ 18; Heat_Dex-70, N ¼ 25; EMF_Dex 10, N ¼ 18; EMF_Dex-

70, N ¼ 20; Saponin (Sap), N ¼ 4 for both Dex-10 and Dex-70. *p < 0.05 when compared with Heat and EMF groups using two-way ANOVA.
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be involved in mediating the non-thermal effects of 2.4 GHz mi-

crowaves. Mitochondria form functionally coupled networks,

acting as co-incidence detectors to modulate cellular homeostasis

and function [45]. The high charge-separation acrossmitochondrial

membranes might explain the susceptibility of mitochondrial

dysfunction to microwave EMF which has been demonstrated by

others [18,21,46e49].

Providing mechanistic clarity on how non-thermal effects of

microwave EMF disrupt cellular electrical excitability will not be

straightforward. For example, measuring the functional impact of

microwaves on surface-membrane voltage-gated channels, that are

characterised by open-closed kinetics in the nanosecond range, is

not possible. There are also practical issues that negate the use of

electrophysiologic approaches such as interference caused by the

applied microwave E-field on the electronic recording equipment

used (e.g. patch clamp).

The intriguing finding that ISO provoked increased levels of

spatially-clustered apoptosis in EMF-exposed CM, but not in heat-

treated CM, suggests that non-thermal effects of EMF might be

variably transduced into biological abnormalities that are predi-

cated by individual CM status in the highly-coupled CM network. It

is plausible, but remains to be tested, that the functional uncou-

pling of sub-populations of damaged CM in these networks might

lead to their increased susceptibility to the effects of EMF. This

might have relevance therefore to future efforts to develop the

therapeutic utility of microwave EMF in targeted destruction of

specific sub-populations of cells in damaged tissue (e.g., cellular

ablation in post-infarcted myocardium).

5. Study limitations and other considerations

To maximize the likelihood of eliciting a measurable thermal

and non-thermal effect on the biological processes that modulate

cellular Ca2þ signals, our study used microwave power levels

equivalent to an absorption of approximately 3 W/g. This is more

than 1000-times higher than the recommended specific absorption

rate (SAR) safety threshold in Europe and the US. It is unlikely that

exposure to microwaves at this power will be encountered in

Fig. 5. Different inter-relationships of post-ISO Ca2þ signalling in control, Heat-treated or EMF-exposed CM. (A) Post-ISO inducedchanges in correlation coefficients (post-ISO Dr) of

Ca2þ signal descriptors in ‘Ctrl’, ‘Heat’ and ‘EMF’ groups, relative to those determined in the same CM populations under baseline conditions, were calculated. Numeric data are from

correlation analysis given in full in Supplementary Fig. 2S, 3S and 4S. The extent of synchronisation (Fig. 2) is calculated from the analysis of multiple intra-tubular regions (see

Supplementary Fig. 1S) and was not subject to correlation analysis. (B) Post-ISO Ca2þ signalling parameter correlations in ‘Heat’ or ‘EMF’ groups (Supplementary Figs. 3S and 4S)

were plotted relative to those correlations calculated in post-ISO treated control CM (Supplementary Fig. 2S).
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everyday life. However, pulses of GHz-frequency microwaves at

powers that exceed10W have been used for imaging via thermoa-

coustic emission [50] and in therapeutic applications, including in

the treatment of hypothermia and cancer [51]. The temperature

change in both ‘Heat’ and ‘EMF’ groups (9 �C acheived at a rate of

heating of 0.2 �C/s, Fig. 1E) did not produce measurable increases in

the extent of apoptosis (Fig. 4). However, there might be other

downstream biological consequences in response to this large

thermal gradient that we did not investigate.

In this proof-of-concept workwe did not investigate the power-,

frequency-, pulse- or time-dependence of EMF effects. Since the

perturbation of biological processes might be related to EMF fre-

quency in a highly non-linear manner [39], adding knowledge on

these variables will require further work. Microwaves at a fre-

quency of 2.4 GHz were used owing to the relevance of this fre-

quency to 4G communications, Bluetooth™ and WiFi. Next

generation communication systems (e.g., 5G and above) will use

higher frequencies for greater data bandwidth and gaining new

knowledge on the functional impact of these higher frequencies on

human health is a priority area for future study.

The data reported in this study show that non-thermal effects of

EMF fundamentally remodel b-AR -stimulated Ca2þ signalling and

lead to increased levels of apoptosis. We recognise though that

there might be other downstream consequences of EMF exposure,

on aspects of CM behaviour distinct from apoptosis induction, that

we did not explore.

We also only exposed CM to microwave E-field since a previous

study on the exposure of photoluminescent bacteria to EMF (where

light output was used as a biological marker) showed that the

magnetic H- field, albeit a necessary component of an electro-

magnetic wave, had no influence on the state of the bacteria over

the full range of microwave power levels used [29]. Whilst our

experimental configuration purposely attenuated the applied

magnetic H-field therefore, it is conceivable that exceptionally high

H-fields might modulate cell and tissue function under some

circumstances.
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