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Executive Summary 

Deliverable D4.5 provides an overview of the current state of research focusing on the characterization of 
biochemical and biophysical mechanisms of electromagnetic fields (EMF) interaction with biological systems, as 
obtained by the NextGEM consortium. 

Investigating the basic physical and chemical processes initiated in living systems upon exposure to EMF in the 
radiofrequency (RF) range (RF-EMF) is one of the goals of the NextGEM project. These processes, reviewed in 
more detail in D4.1, include thermal and possibly non-thermal responses of water, proteins, and lipids to the 
microwave-modulated EMF signal [1][2][3]. We selected red blood cells (RBCs) as a model cell system to explore 
the effects of EMF. A challenge in monitoring the RBC response to EMF exposure is the need to use perfusion 
circuits to mimic blood flow through vessels ex vivo, whereas the currently used exposure setups are static and 
primarily assess the behaviour of cell lines in Petri dishes under exposure conditions. Thus, the main work within 
Task 4.1 over the past months focused on improving the prototype of the exposure system. We also examined the 
possible thermal components of the responses of model systems and processes to EMF. 

This deliverable is based on work performed within Task 4.1. However, it also includes the development of the 
definitive design of the pilot study, in which the blood of healthy volunteers exposed locally to a signal simulating 
that emitted by mobile phones will be tested for responsiveness to RF-EMF in a setting typical of 5G NR. 

In this deliverable, we introduce a new exposure setup and some pilot data obtained using the first prototype. 
Further improvements to the prototype include the reduction of RBC damage by the peristaltic pump, and 
automation of volume and temperature control in the exposure chamber. These findings are discussed in the 
context of the current understanding of the biochemical and biophysical mechanisms between RF-EMF and 
biological systems. This overview of complex biological responses and the possible mechanisms of interaction at 
the cellular level provides the background for the experimental activities of Task 4.1 and links to the other tasks 
within WP4 and case studies. 
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1 Introduction 

Radiofrequency electromagnetic fields (RF-EMF) in the 100MHz-300GHz frequency range are now employed 
worldwide in a variety of technologies. The exposure of humans as well as other species and the environment 
worldwide to the EMF is unavoidable. Fast development of the new technologies and their deployment, including 
5G and the upcoming 6G communication networks has long overrun the pace of studies on the potential health 
risks to humans and other species. The increasing public concern for possible health risks gave rise to EU initiatives 
focusing on the systematic investigation of the processes underlying the interaction of the RF-EMF with biological 
systems, analysis of the existing information and, when needed, re-evaluation of the existing safety guidelines. Until 
now, several biological effects of RF-EMF exposure involving thermal and, possibly, non-thermal mechanisms are 
described and discussed by the scientific community. Tissue heating is the only established effect of exposure to 
RF-EMF, for which exposure limits have been defined [4]. On the contrary, non-thermal mechanisms have not 
been clarified yet. A few hypotheses have been suggested, but none of them has been “proven” so far. Thus, it 
remains unclear if the non-thermal effects of RF-EMF exist.  The studies to substantiate their role in the reported 
biological and health effects of the field are on-going across different research domains, from experimental studies 

to epidemiological research [5][6][7][8][9][10][11]. 

1.1 Mapping NextGEM Outputs 

The purpose of this section is to map NextGEM’s Grant Agreement (GA) commitments, both within the formal 
Task description and Deliverable, against the project’s respective outputs and work performed.  

Table 1: Adherence to NextGEM’s GA Tasks and Deliverables Descriptions 

TASKS 

Task Number & Title  Respective extract from formal Task Description 

Task 4.1 - Biochemical and 
Biophysical mechanisms of 
EMF responses 

Numerous reports on the non-thermal effects of EMF on living cells usually refer to 
the description of the changes in protein expression and cellular functions, whereas 
the chemical and biophysical mechanisms of these processes remain less explored. 
Therefore, we shall study the impact of EMF (carrier frequencies and the envelope) 
on the state of water in protein solutions (dielectric spectroscopy), by means of special 
sample holder combined with a transverse electromagnetic field (TEM), with the 
subsequent assessment of dielectric parameters. Readouts on the changes in free to 
bound water will be followed by the analysis of the chemical and biophysical processes 
on Haemoglobin (Hb). The impact of EMF on kinetics of Hb modifications will be 
monitored to assess possible proton dissociations, and on the surface charge of Hb. 
Possible effects on Hb, RBC-membrane, intact RBC-suspension, and in whole blood 
will provide information of exposure conditions that causes responses to be applied 
to other cell types used by other partners.  

DELIVERABLE  

Deliverable: D4.5: Biochemical and biophysical mechanisms in EMF – Final report (M27) 

This deliverable will provide the final report of possible effects (A) on intracellular water state, protein modifications 
and membrane properties (B) on proteins and plasma membranes in intact cells. 

1.2 Deliverable overview and report structure 

Based on the objectives and work carried out under Task 4.1, the document starts with the Executive Summary 
followed by the introduction of the document in Section 1.  

Section 2 “Background” is an extended version of the information on the physical, chemical and biological 
processes initiated in the living systems by RF-EMF exposures.  

Section 3 is dedicated to the progress in design, construction and characterisation of the exposure setup mimicking 
far-field conditions of exposure of blood cells and cell components to microwave EMF in flow. Unified signal 
properties are also covered in this section.  
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Section 4 follows up on the responses of selected RBC parameters to changes due to temperature. Those include 
kinetics of thiol-disulfide exchange between hemoglobin thiols and oxidized glutathione, Ca2+ dynamics in red 
blood cells and their rheological properties. 

Section 5 provides conclusions and the outlook for the future activities within Work Package 4.  

1.3 Update from previous Deliverable D4.1 “Biochemical and biophysical 
mechanisms in EMF - Initial report” 

This deliverable provides a follow-up on the deliverable D4.1. It reflects the deviations from the initial plan to 
explore the effect of the RF-EMF on the RBC properties such as the state of water in the cells, RBC deformability 
and aggregability as well as on the Ca2+ uptake by the ion channels (section 4 of deliverable D4.1) and NO 
production by the erythroid NO synthase and on the redox state and reversible thiol modifications of hemoglobin 
(Section 5 of deliverable D4.1) during the period from M17 to M23 of the NextGEM project life-span. We have 
investigated the thermal responses of some of these parameters in order to be able to compare the observed 
thermal responses with those induced by exposure to the microwave EMF. At present we have explored 
temperature-dependence of: 

• The kinetics of S-glutathionylation reaction, described in Section 4.2.1 of deliverable D4.1 and updated in 
Section 4.1 of the present deliverable D4.5; 

• Ca2+ movements through the RBC membranes, Section 4.1.3 of deliverable D4.1 updated in Section 4.2 
of the present deliverable D4.5; 

• Deformability referred to in Section 5.2 of deliverable D4.1 and updated in the Section 4.3 of the present 
deliverable D4.5.  

• We are providing information on the temperature-dependence of NO production (Section 4.2.3 of 
deliverable D4.1 and Section 4.4 of the present deliverable D4.5).      
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2  Background 

2.1 Biophysical and biochemical mechanisms of interaction between RF-EMF 
and biological systems 

2.1.1 State of art understanding of the physics of interaction of the RF-EMF with living 
cells 

When a RF-EMF impinges on a living cell or a multicellular organism, it is partly reflected, partly transmitted, 
refracted, or scattered. The transmitted and refracted fields from the RF-EMF exposure induce electric and 
magnetic fields within the biological systems that interact with cells and tissues in a variety of ways, resulting in 
complex patterns of EMF distribution inside the system that are heavily dependent on the EMF characteristics 
(frequency, waveform, and strength of the induced fields), as well as the physical properties and dimensions of the 
body [4][12]. 

Thus, the EMF does not only interact with the biological systems but also causes changes within the cells that can 
be observed as rather complex biological responses [13]. The understanding of biophysical and biochemical 
mechanisms of interaction between RF-EMF and biological systems is of pivotal importance for health risk 
assessment, and prediction of possible ecological consequences of deployment 5G and subsequent communication 
technologies.  

RF-EMF radiation is transmitted by low-energy photons that do not produce ionization of the biological molecules 
and belong to the “non-ionizing radiation” type. Instead, RF-EMF induces relaxation phenomena in the biological 
systems by acting on the polar molecules, including water as well as charged or polarized micro- and 
macromolecules, macromolecular complexes that build the cells. Charged membrane surfaces also interact with 
non-ionizing RF-EMF. The sinusoidal electric field causes rotation and tumbling of polar molecules. These 
movements do not occur instantaneously due to the inertia and viscous forces exerted by the media in which they 
are immersed, giving rise to a time-dependent behavior known as the relaxation process [14][15][16][17][18]. 
Moreover, cells and subcellular structures (organelles, plasma membrane), as well as organic and inorganic ions in 
the cytosol carry different electric charges. When subjected to electrical stimulation, they require a finite amount 
of time for the charges to accumulate at the interfaces and to equilibrate. The accumulation of charges at the 
interfaces continues until a condition of equilibrium is re-established, leading to the relaxation phenomenon [19]. 

Interactions between RF-EMF and biological systems resulting in “biological effects” are attributed to thermal or, 
possibly, also non-thermal causes.  

2.1.2 Thermal effects of RF-EMF for biomolecules to cells and organisms. Temperature-
dependent processes in biological systems 

Thermal effects are mainly associated with the absorption of the RF energy resulting from the electrical 
conductivity and dielectric losses of most biological media. The pulsed electric field generates an oscillating current, 
and the energy is rapidly transferred into the motion of water molecules, which ultimately induces an increase in 
local temperature (dielectric heating) as in the microwave oven [19].  

To understand the possible impact of heating of the cells and tissues in response to RF-EMF exposure, it is 
important to evaluate the effects of temperature per se on biochemical and physiological processes. Most of the 
reactions in biological systems are associated with the consumption or release of heat (exothermic or endothermic 
in nature) and, hence, kinetics of these reactions are influenced by the changes in temperature. In the cells, these 
responses are orchestrated in a way that allow different species to survive and adapt to the changes in ambient and 
body temperature [20]. Marked species-specific differences are therefore reported for the hibernating and non-
hibernating mammals to say nothing about the variations between the animals with constant body temperature 
and those that cannot maintain it (homeothermic vs poikilothermic species). In human RBCs, increase in 
temperature results in higher glucose uptake and an increase in maximal transport rate (Vmax) along with a 
decrease in affinity (increase in Km) for glucose transporter [21][22].  Facilitated ATP production covers the rising 
energy expenditure as increase in temperature results in activation of ion transport ATPases [23]. Activation of the 
pumps is required to maintain transmembrane ion gradients since passive Na+ and K+ transport across the 
membrane of human RBCs also increases [23][24][25]. Na,K-ATPase was shown to be activated with an increase 
in temperature within sublethal range [23]. However, exposure of RBCs to 2.45 GHz microwave radiation at a 
dose of 6 W/kg was reported to suppress the Na,K-ATPase activity by 35% which was claimed to be due to a 
thermal effect of the EMF [26]. Little is known about the temperature-dependence of passive Ca2+ transport in 
human RBCs. However, extrusion of Ca2+ from red blood cells mediated by plasma membrane Ca2+ ATPase is 
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known to be facilitated with increasing temperature [27]. Reports on the impact of microwave radiation on passive 
Ca2+ uptake and its extrusion mediated by the Ca2+ pumps are rather contradictory, and dependent on the type of 
tissue, type of signal and on the methods of detection of Ca2+ movements through the membrane [28].  Taken 
together, thermal effects on RBCs may influence ion transport across the membrane and cause changes in RBC 
volume, deformability and in the intracellular Ca2+-dependent signalling.  Interaction between the thermal and 
possibly non-thermal components remain to be investigated.  

Physical and physico-chemical processes make O2 availability temperature-dependent. Oxygen affinity of 
hemoglobin is temperature-sensitive as O2 binding to hemoglobin is an exothermic reaction [29]. Solubility of O2 
in water is decreasing with increase in temperature. As a result, heating may promote hypoxia. Induction of hypoxia 
by RF-EMF was reported in tumors in rodent models in which electrochemotherapy was simulated [30][31]. 
Deoxygenation in turn results in the electron leak from the mitochondrial electron transduction chain and free 
radical burst [32]. Furthermore, rising temperature facilitates NO production [33][34][35][36][37][38][39][40]. 
Aggregation [41] and deformability of RBCs [42] are temperature-sensitive.  

Heating regulates gene expression response which is orchestrated by heat-shock transcription factors [43]. The 
heat-shock factor (HSF) activation cycle is initiated by dissociation of the HSF monomers from their complexes 
with the inhibitory heat-shock proteins (HSP) 40, 70 or 90, its translocation to the nucleus and trimerization. When 
in the nucleus, the trimers recruit co-activators and interact with the heat-shock response elements at the DNA 
and initiate the production of chaperones, co-chaperones and polyubiquitin. Expression of these proteins is 
required to tackle protein unfolding and denaturation in response to heating. The targets of HSF include the HSP 
40, 70 and 90 that interact with HSF and inactivate them providing a feedback loop and suppressing heat shock 
gene expression response [43].     

Taken together, responses of the living organisms to sublethal heating are complex and multifactorial, and may 
include alterations in ion transport, increase in energy expenditure, deoxygenation, as well as to oxidative stress 
secondary to hypoxia. When persisting these biological responses may result in the development of pathologies 
including cancer progression or neurogenerative diseases [44].  

In fact, multiple reports on the RF-EMF interaction with biological systems may be associated with heat-stress 
response or oxidative damage which are referred to as possible non-thermal responses [45][46][47]. Heating may 
contribute to these responses as well.  However, induction of heat-shock response as well as of other types of 
responses strongly depends on the experimental settings (types of cells, duration of exposure, power and frequency 
as well as the presence of modulation of RF-EMF signal) [48]. Furthermore, modulation of responsiveness to 
hypoxia along with and induction or suppression of HSP70 expression could be observed in chick embryos 
exposed to a modulated 0.915 GHz signal [48].  

International guidelines limiting human exposure to RF-EMF are based largely on the well-known thermal effects 
of these fields [4].  

2.1.3 Non-thermal effects of the RF-EMF 

Molecular mechanisms of non-thermal effects remain a matter of debates. They are not directly associated with 
this temperature change but rather with some other processes induced by the RF electric or magnetic field at 
different levels of the biological scale of complexity. A literature overview covering this research area is presented 
in D4.1. It includes an overview of potential mechanisms of action of EMF on atoms, molecules and cells provided 
by Apollonio et al. [13].  

At the subatomic level, the magnetic field (MF) interferes with biochemical reactions involving radical pairs. Free 
radicals are molecules with an unpaired electron, normally highly reactive and short-lived. They are usually 
generated in pairs as intermediates in chemical reactions, and free radicals are produced if the radical pair dissociates 
before the two radicals can recombine. The electron pairs formed as intermediates can be produced either with 
their spins antiparallel or parallel and oscillate between these two configurations at a rate determined by the 
hyperfine coupling. They are less likely to recombine and hence more likely to dissociate into free radicals if they 
are in the parallel spin state. It is hypothesized that the interaction with an exogenous MF can change the 
probability of radical pairs recombination, thus altering the reaction equilibrium [49]. Even though this mechanism 
is usually associated with the action of static or low-frequency magnetic fields, also pulsed RF-EMF has been 
reported to shift the equilibrium and, hence, potential, which has an important role in several diseases, including 
cancer [50].  

At the level of macromolecules, one of the most studied hypotheses of interaction with RF fields is the possibility 
of inducing conformational changes in proteins, such as enzymes, ionic channels, and pumps [46][51]. The 
significance of this mechanism lies in the fact that the efficiency of the protein in eliciting a specific function strictly 
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depends on its conformation. Therefore, such conformational changes could lead to alterations in important 
biochemical processes [13][19]. 

It has been hypothesized that changes in protein conformation could be related to:  

1. The direct action of the electric field (EF) on the protein dipole moments [6][13]. 
2. The resonant energy absorption by intrinsic protein modes. Depending on the protein conformation, a 

number of both vibrational and torsional modes can be excited. It is suggested that such dynamic modes can 
be excited by low-level RF-EMF [6][13][19].  

3. Transient heating of the protein and its environment [52]. 
4. Changes in mobility and abundance of water molecules in the hydration shell of a protein. Changes in 

proton/hydronium mobility and local pH changes [17][53].  
5. Interference of RF-EMF into the process of enzymatic (e.g., by NADPH oxidases, NO synthases or 

mitochondrial electron transduction chain complexes) and non-enzymatic (hydroxyl radical production in 
Fenton reaction or interaction of superoxide anion with NO)) free radical production due to the free radical 
pair electron spin-polarization [46][47][50]. 

2.2 Mechanisms of interaction of RF-EMF at the cellular level 

2.2.1 General considerations on the presumably non-thermal responses of cells to RF-RMF 

The main interest in studying how EMF interact with cells and their environment, is to identify the real effects of 
these fields in cellular function and the direct and indirect risks to human health. To date, the most investigated 
critical conditions that could provide evidence of a mechanism at the cellular level by which RF exposure might 
affect human health are oxidative stress, genotoxicity, effects on calcium signalling and voltage-gated channels, and 
on apoptosis.  

Oxidative stress occurs when the production of oxidants overrides the antioxidant capability of the cells. As a 
result, the oxidants react with macromolecules like proteins, lipids and nucleic acids giving rise to an alteration in 
cellular functions related to several diseases like cancer and neurodegenerative diseases [54]. Genotoxicity is one 
of the key biological indicators of carcinogenicity and the most common characteristic of established carcinogens 
[55]. The role for Ca2+ as a signalling molecule underlying the non-thermal interaction of RF EMF has been 
hypothesized due to the involvement of calcium signalling pathways in the regulation of many essential cellular 
processes [56][57][58]. Apoptosis is an important cell death program, highly conserved within multicellular 
organisms and genetically controlled, which is responsible for the removal of damaged, dysfunctional, or no longer 
necessary cells to promote homeostasis and the survival of organisms [59]. 

Results of the studies on the possible cancerogenic action of RF-EMF are conflicting: some studies found evidence 
that could demonstrate the involvement of these cellular functions, while others did not. Such conflicting results 
makes it difficult to draw meaningful conclusions. A valid approach is to consider systematic reviews and meta-
analysis, and in case these are not available, good quality review papers can be also considered. A good quality 
review paper applies a systematic literature search and includes single studies adhering to basic quality criteria 
defined a priori. In such a way, the risk of bias is reduced. The conclusions of the review are reliable and do not 
represent the personal opinion of the authors. This is the approach followed by the working group on 
electromagnetic fields of the Scientific Committee on Health Environmental and Emerging Health Risk 
(SCHEER) which, on request by the European Commission services, provides Opinions on questions concerning 
health, environmental and emerging risks. Regarding the evidence on interaction mechanisms at cellular level by 
which RF exposure might affect human health, the conclusion of the SCHEER is that there is uncertain weight of 
evidence for interaction mechanisms involving oxidative balance, genetic and epigenetic effects and calcium 
signalling that can result in biological effects [4]. A summary of the review papers analysed in the SCHEER 
Opinion, and the ones published after this Opinion, is provided below.  

The narrative review by Schuermann and Mevissen [47] reports on key experimental findings on oxidative stress 
deriving from in vivo and in vitro studies published in the last decade. The results are discussed in the context of 
molecular mechanisms that can be relevant for human health, specifically for the impact on the nervous system, 
on the reproduction, and on blood and the immune system. They concluded on the increased oxidative stress due 
to RF EMF as from the majority of animal studies and from half of the cellular studies, but they pointed out that 
some studies were subjected to methodological uncertainties or were not very comprehensive regarding exposure 
time, SAR level, number and quantitative analysis of the endpoints analysed. Authors stated that standardized 
conditions are mandatory to better understand and confirm their conclusions. A systematic review, commissioned 
by World Health Organization (WHO), is recently published evaluating the associations between the exposure to 
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RF-EMF and oxidative stress in experimental models both in vivo and in vitro [60]. The protocol, presenting the 
detailed procedure of the review process is also available in this publication [60]. 

From recent narrative review papers on genotoxicity, it appears that results are mainly inconsistent, and the effects, 
when present, are a function of frequency, amplitude, and modulation, and in most cases are not replicated in 
follow-up studies [61][62][63][64]. 
Most of these review papers also highlight the importance of the methodological quality of the experimental 
studies. Thus, in order to consider the available genotoxicity results concerning exposure to RF EMF, it is 
important to check whether quality control measures were included in the experiments, as the absence of the latter 
introduces a methodological bias. In the review by Vijayalaxmi and Prihoda [65], the percentages of publications 
reporting no significant difference in genetic damage between RF-exposed and control cells were positively 
correlated with the increase in the number of quality control measures/scores adopted in the investigations. 
Moreover, the comprehensive review of quality assessment made in this study also revealed that when exposure 
to RF energy was at a SAR level above the ICNIRP guidelines, there was increased damage due to a thermal 
phenomenon or due to the presence of highly localized hot spots. The same authors showed using a meta-analysis 
approach that the mean indices for chromosome aberration, micronuclei, and sister-chromatid exchanges in RF-
exposed and sham-exposed/unexposed controls were within the spontaneous levels reported in a large database. 
Studies published from 1990 to 2011 addressing genetic damage in animal and human cells exposed in vitro to RF 
EMF were included in that meta-analysis [66]. A systematic review coming out in the next months will evaluate 
the associations between the exposure to RF-EMF and genotoxicity in in vitro experimental models. The protocol, 
presenting the detailed procedure of the review process, has been recently published in Elsevier’s Environment 
[67]. 
In the narrative review co-authored by Wood and Karipidis [28], several in vitro and in vivo papers dealing with the 
effect of RF-EMF exposure on Ca2+ levels have been analysed. The authors computed the Effect Size (ES) defined 
as the difference between the means of the exposed and sham groups divided by the standard deviation of the 
sham group. Moreover, they assigned a quality score to each paper based on the attention given to aspects like 
dosimetry, sham control, positive controls and blinding. In 60% of the analysed papers, a change in intracellular 
calcium was reported with the number of papers reporting an increase approximately equal to the papers reporting 
decrease. The greatest proportion (40%) reported no changes. Analysis of ES vs. carrier frequency and modulation 
type did not evidence any significant relationship. The majority of the studies with a higher quality score did not 
report an effect. There was no consistent evidence of power density or SAR windows although the authors pointed 
out that estimation of exposure is to be used with caution since, in some cases, the procedure for exposure levels 
is not clearly described. Moreover, they evidenced that the direction of the effect moved from cytoplasmic loss to 
cytoplasmic gain as methods for estimating calcium levels have become more sophisticated. The papers in which 
the voltage-gated calcium channels (VGCCs) were investigated by direct measurement of cellular Ca2+ current are 
particularly interesting since such channels have been suspected to be susceptible to RF-EMF due to the coupling 
of RF-EMF to cells and the demodulation of extremely low-frequency modulations from the RF-EMF carrier 
[68][69]. These papers did not show significant effect due to RF exposure and thus did not support the claim that 
VGCCs are particularly sensitive to environmental RF-EMF exposure. Based on the overall results of these 
reviews, the authors concluded that future good quality experiments are needed to support the claim that calcium 
levels are affected by RF exposure. The systematic review by Bertagna et al. [70] analysed the effects of EMF on 
neuronal ion channels. They collected papers published in the years 2005-2020 and found that 33% of the total 
papers covered RF-EMF. The RF papers did not show significant effects after acute exposure while effects were 
reported under chronic exposure. However, detailed description and reproducibility of the exposure parameters 
(dosimetry) are a basic requirement for evaluating the quality of evidence used for risk assessment. It appears that 
several studies on RF-EMF effects included in the above systematic review did not meet this requirement. 
Recently, Romeo and co-workers performed a scoping review of the literature studies investigating the effects of 
RF-EMF exposure on the apoptotic process, with the aim to systematically mapping the research performed in 
this area and identifying knowledge gaps [71]. A systematic literature search was performed; 121 potentially relevant 
studies were retrieved, but only 42 complied with basic quality criteria (adequate characterization of exposure 
conditions, appropriate dosimetry, presence of sham control, temperature monitoring, a minimum of three 
independent experiments performed) and were included in the analysis. Most of the included studies did not find 
any significant impact of RF-EMF exposure on the apoptotic process. When a statistically significant effect was 
observed, it mainly occurred at frequencies above 6 GHz, and for acute (<1h) exposure durations.  
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2.2.2 Red blood cells and their components as a model to study mechanisms of interaction 
between RF-EMF and biological systems.  

Within the task 4.1 we explore whether RF- EMF exposure may elicit acute effects within minutes-to-an hour scale 
(duration of a phone call) on subcellular structures (plasma membrane and transmembrane proteins, cytosolic 
components) and intact cells. We have chosen RBCs as a model system to study the possible alterations in the 
protein structure and function as well as on water and protons, for the following reasons.  

• These cells lack protein synthetic machinery, and we cannot expect any replacement of the damaged or 
altered proteins by way of de novo protein synthesis.  

• RBCs do not have mitochondria, and we can thus eliminate the effects associated with mitochondrial 
responses to the RF-EMF irradiation.  

• When in circulation, RBCs are exposed to the EMF when passing through the skin capillary circuit.  

• RBCs can be easily harvested and tested for their responses to the RF-EMF after the humans are exposed 
to the EMF.  

• Hemoglobin is a well-characterised and easily available protein, and it may be used to investigate protein 
responses to the RF-EMF 

• We know a lot about metabolism and redox maintenance in these cells. Ion transporters in human RBC 
membrane are relatively well characterised.  

• RBCs possess NO synthases and, hence, NO production may be studied in intact cells. 

Listed below are methodological approaches and techniques we have chosen to assess the possible effects of EMF 
on RBCs and their components.  

Intracellular free and bound water:  Water molecules are the major targets of microwave EMF. Peak of absorbance 
for water is within the RF-EMF frequency range. Hydration of proteins, ions and other molecules in the cytosol 
may reflect the changes in their structure [17]. The changes in hydration shells of biomolecules are assessed by 
HUJI partner using dielectric spectroscopy [16][72].  

Hemoglobin: Exposure of hemoglobin in aqueous solutions was shown to respond to EMF exposure with 
structural changes which may result in the alterations in O2 affinity to the hemes [73]. Heme-containing proteins 
respond to magnetic field when heme iron is in ferrous deoxygenated or carboxylated state or when in ferric state 
as in met-hemoglobin (metHB) or hemichromes [74][75]. 

Tumbling and redistribution of the surface charge of proteins exposed to RF-EMF due to the shifts in dissociation 
constants may result in the changes in times spent in different conformations. These changes in protein dynamics 
may be resolved using different experimental techniques. So far, circular dichroism assessment of protein 
conformation in aqueous solutions of purified proteins failed to provide evidence for conformational responses 
of the thermosensory protein GrpE of the Hsp70 chaperone to exposure to 0.1, 1, or 1.9 GHz EMF with or 
without modulation [76]. However, changes in O2 affinity and spectral characteristics of Hb were reported after 
exposure of Hb solution to 0.91 and 0.94 GHz [73] suggesting the induction of conformational changes by RF-
EMF.  

We are planning to apply several approaches to assess the effects of EMF exposure on Hb conformation. Hb is a 
strong buffer, and conformational changes are highly likely associated with the changes in the pK of the protein. 
Solutions of freshly prepared oxyhemoglobin from human RBCs will be prepared in unbuffered solution, and the 
pH of the solution, which is defined by the state of Hb, will be monitored in sham and EMF-exposed samples as 
a function of RF-EMF exposure time. Thes experiment will be performed with oxy-, deoxy-, and met-Hb as well 
as for oxygenated and deoxygenated intact RBC suspension in isotonic unbuffered medium.  Co-oximetry will be 
performed using EDAN I20 blood gas analyzer, Diatools AG. 

Intraerythrocytic free Ca2+ levels: Based on the earlier reports of other research groups we consider that Ca2+ 
transport systems (channels and/or Ca2+ ATPase) across the RBC membrane [77] could be molecular targets of 
RF-EMF.  As the steady-state levels of free Ca2+ in RBC is temperature-dependent (see below), it is important to 
assess if the effects are thermal or non-thermal or mixed. It is also important to identify the molecular mechanisms 
involved in the observed effects. RBCs membranes possess a number of Ca2+-permeable cation channels and a 
plasma membrane Ca2+ ATPase (PMCA) [78][79]. Among the channels that were studied for their sensitivity to 
RF-EMF exposure by other groups [28], RBCs may serve as a model to explore potential effects on transient 
potential receptor channels (TRPC2,3,6), Piezo1 channels, transient potential vanilloid receptors TRPV, voltage-
gated cation channels and N-methyl D-aspartate (NMDA) receptors [79]. Among the experimental techniques that 
may be used to study the activity of these channels we favour fluorescent imaging techniques (Flow cytometry and 
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microscopy) using fluo-4 AM (for the reasons see [80]) as a fluorochrome of choice as they may be acquired to the 
cells immediately after exposure to the microwave EMF. Recent advances in automated patch clamp technologies 
make it possible to perform electrophysiological recordings on 384 cells (at best) at the same time using Nanion’s 
SyncroPatch devices [81], but this approach cannot be used immediately following exposure to EMF. 

Intracellular Na+/K+ levels: A mechanism proposed for the action of EMF on ion channels (voltage-gated and 
mechano-sensitive) implies that the vibration of the inorganic ions forces by the EMF alter their passage through 
the channel pores, interaction with the ion channel gates and with the modulators such as Ca-calmodulin, and with 
the channel environment (lipids and sugar moieties) [31][33]. The physics and chemistry of the effects of RF-EMF 
on the membrane proteins reported by several groups remain to be clarified. Impact on the ion channels [33] and 
Na,K-ATPase [26][49][50] were reported. Marino et al. [51] have explored the four possible types of ion channel-
based “EMF-sensors”, which could respond to the force, light, chemical stimulation, or the movement of 
negatively charged sugar chains attached to the extracellular domains of the ion channels in response to the EMF 
exposure. Monitoring of evoked potentials in the brain of exposed persons suggested that the EMF receptor 
channel is most likely a mechano-sensitive receptor reacting to the force [51]. Changes in the opening probability 
of ion channels in response to irradiation, an effect which is utilized for pain management [54]. Structural changes 
in the cytoskeleton in intact cells were also reported in response to RF-EMF exposure [55]. Movements of Na+ 
and K+ across the RBC membrane may be visualised directly (by monitoring the changes in Na+ in the extracellular 
medium or in the cells using ion-selective electrodes of flame photometry [82][83][84][85]. Our recent experiments 
revealed that massive Na+ uptake by RBCs may also be detected at the single-cell level using CoroNa Green 
fluorescent dye [86]. 

Cellular deformability and osmotic stability: Changes in ion content in RBCs is associated with 
shrinkage/dehydration following net K+-Cl- loss from the cells or swelling/overhydration following Na+-Cl- 
uptake. Uptake or loss of water and volume alterations, in turn, result in the changes in deformability and ability 
to resist hyperosmotic or hypoosmotic stresses. Together with the changes in hydration, changes in red blood cell 
deformability may originate from the loss of membrane as a result of vesicle release or from the loss of elasticity 
of proteins forming cytoskeleton (reviewed in [87]).  On the contrary mild oxidative stress does not alter cell 
volume in human RBCs (Busch and Bogdanova, unpublished), while strong oxidation decreases the deformability 
and reduces lateral membrane mobility (tank-treading) [88]. The deformability of RBCs is explored using LoRRca 
MaxSis analyser in the osmoscan and deformability modes [89]. Single-cell measurements are performed using a 
cell-flow analyzer [90].  

Aggregability: Exposure to RF-EMF was also reported to increase the aggregability of RBCs and promote the 
formation of stacks of cells known as “rouleaux” aggregates [91]. The exact molecular mechanism of rouleaux 
formation upon RF-EMF exposure is not known. It was proposed that stagging of exposed RBCs is induced by 
the “pearl-chain effect" (i.e., the aggregation or lining-up of dielectric particles in a fluid, resulting from attractive 
forces between), or via impacting the negative charges at the glycocalyx of the membranes. Under the influence of 
RF electric fields, electrical charges tend to accumulate on opposite cell surfaces to form induced dipoles, whose 
orientation changes with oscillations of the field. Dipole–dipole attractive forces occur in the process, which are 
enhanced when the cells are near each other. The dipoles then align in the direction of the applied electric field 
and form chains of many cells or molecules. This effect has been observed under RF electric fields at frequencies 
up to 100 MHz [12]. Erythrocyte sedimentation rate will be used as a measure of aggregability along with 
microscopic examination of the aggregate formation.  
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3 New EMF exposure setups for red blood cells in flow 

Detailed information on the specifications of the new exposure setup will be provided in deliverable D4.7.  

Engineering teams and physicists from HUJI, TUD, UNICAS and THUAS were joining forces to develop the 
optimal exposure conditions for blood, RBCs and cell components that would imitate far-field exposure.  

The initial setup was based on a thermostabilized exposure cuvette with plate electrodes immersed in the liquid 
under test as a source of EMF, as depicted in D4.1. Such a near-field configuration was not satisfactory in terms 
of uniformity of the field distribution inside the sample; in addition, the unbalanced feeding network made the 
numerical dosimetry not fully reliable. Consequently, a new exposure setup has been designed to allow exposure 
in far-field conditions.  

3.1 Exposure setup for the far-field mode of exposure to the RF-EMF of 3.5 GHz  

The selection of real signal features, as well as exposure conditions involving flowing blood aims at assessing real-
life exposure. This is one of the main objectives of the NextGEM project, and specifically of Case Study 2 and 
Case Study 3 investigating effects of the 5G FR1 and FR2 bands, respectively. In the framework of case studies, 
simulations will be carried out to model both indoor and outdoor exposure scenarios, as well as measurements in 
real environments, in order to identify the main exposure features to be used with the proposed exposure setup to 
investigate possible biophysical and biochemical mechanisms on RBCs. A new prototype was designed fitting these 
requirements. In this setup, the antenna is located above the sample and the distance between the antenna and the 
thermostated blood sample may be adjusted to fulfil the far-field condition. Numerical dosimetry was performed 
by the HUJI partners using simulations resulting in the following setup dimensions (see Figure 1, Figure 2 and 
Figure 3). 

3.1.1  Equipment and Materials  

The EMF exposure system consists of the following components:  

• RF Generator (Agilent E4438C Vector Signal Generator) 

• RF Line (35 cm Coaxial Rigid Cable 50 Ohm, N-N connectors) 

• Antenna (UWB Inverted T-slot patch antenna, 2 dBi, 1.24 VSWR at 3.5 GHz) 

• Thermostabilized 3D printed cuvette for circulated biological fluid (such as blood, RBC suspension, 
proteins solution, etc.) for EMF exposure (see Figure 1). 

• Peristaltic pumps  

• Silicon tubes for biological fluids circulation 

• The oil-based-heat circulatory system Julabo CF41 

• The thermocouple 

 

 

 

 

 

 

 

 

Figure 1: Far-Field EMF Exposure Cell (3D printed), dimensions shown are in mm. 
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The antenna and the exposure cuvette (Figure 1) are placed into a protective case coated inside with absorbent 
material (~30 dB) to minimize losses and external influence of electromagnetic fields (Figure 2). All additional 
installation elements (such as a generator, circulator, experimental cuvette, etc.) will be outside the shielded box.  

 

 

 

 

 

 

 

 

Figure 2: Scheme of the protective cover with diminutions set for the 3.5 GHz frequency. 

An inverted T-slot bidirectional ultra-wide band patch antenna  was used for the pilot experiments, which fully 
satisfies the study requirements. This type of antenna was detailed elsewhere [92]. The antenna was modified but 
its basic parameters were preserved. In FR2 a similar design will be developed, or a horn antenna will be selected. 

Figure 3a shows the physical appearance of the antenna used in experiments and Figure 3b shows its geometry for 
modeling and manufacturing. 

 

A 

 

 

B          

 
Figure 3: Physical (A) and schematic representation of the antenna (A) top and bottom views; (B) antenna’s geometry. 
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This type of antenna was studied in detail and optimized in CAD.  

We optimized the construction of the exposure cuvette by simulating the distribution of the EMF (Figure 4a). The 
simulation, carried out by means of the software CST Microwave Studio, was performed for fields of two 
frequencies: 3.5 GHz (Figure 4b) and 26 GHz (Figure 4c). 
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Figure 4: CST simulation for the exposure cuvette (A), CST Simulation of the plane-wave ~3.5 GHz, distance between the 

antenna and the sample’s birm is 4𝜆 (B) and simulation of the plane-wave 26 GHz, distance between the antenna and the 

sample’s brin is fixed at 4𝜆 (C). 

The simulated SAR at 3.5 GHz is presented in Figure 5a.  The left panel shows the visualization of the simulation 

setup – the cuvette filled with blood at 37 ⁰C with patch antenna located at 4𝜆 distance above the blood sample 
brim. The central and right panel show the top and side views of the power distribution in the sample.  The same 
power density visualization for the 26 GHz is presented in Figure 5b. 
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Figure 5: SAR distribution in the blood sample based on the CST simulation for the 3.5 GHz (A) and the 26 GHz (B). (A): 

On the left – the simulation setup. The cuvette filled with blood at 37 ⁰C with patch antenna located at 4λ distance above the 
blood sample brim. The middle and right panels represent the SAR distribution in the sample, top-side view and a cut-side 
view, respectively. (B): SAR distribution at 26 GHz with a plane wave source, located at a distance of 4λ. We used the 
Microwave Dielectric Spectroscopy method to control the EMF exposure effect. 

For 26 GHz we have used a plane wave source. Figure 5b shows the SAR distribution in the blood sample. The 
numerical dosimetry will be thoroughly reported in deliverable D4.7, together with the finalized design of the 
exposure setup. 

3.2 Unified signal to expose biological samples and the generator/interface to 
produce it 

Within the NextGEM project, exposure of cells (RBC, human lymphocytes, human keratinocytes (HaCaT), 
neuroblastoma cell line (SH-SY5Y)), a small organism (C. elegans) and healthy human volunteers are foreseen. 
Moreover, based on the results obtained for the exposure of human volunteers to RF-EMF fields in emulated and 
real conditions, different measurement campaigns will be carried out. In order to be able to compare the responses 
to the pulsed RF-EMF obtained by the project partners, the NextGEM consortium decided to harmonize as much 
as possible the stimulus to be used in the different experiments, taking into account the different available hardware 
(HW). 

Our choice of the unified pattern of signal is based on the concept of RF modulated signals, as they are used in 
modern telecommunication systems. Information transfer in a wireless channel starts with coding of the digital bit 



D4.5: Biochemical and biophysical mechanisms in EMF – Final report  
 

© NextGEM  Page | 22  

stream (information). The obtained coded signal is then superimposed on a high frequency carrier (i.e., 3.5 GHz 
and 26.5 GHz for the case of 5G). The resulting merged signal is an amplitude and phase modulated wave that 
can be transmitted on a wireless channel using antenna interfaces, as shown in a simplified version in Figure 6b, 
compared to the simple pulsed signal plotted in Figure 6a. 

         

       a)   b)  

 

a)  b)  

    

Figure 6: Signals temporarilyy used and the unified signal to be used in the future in the biological experiments. (A) The signal 
used for RBC sample is a squared pulse, modulated with the sinus of the 900MHz, 1GHz and 3.5GHz. The pulse width of 
100 microsec and the duty cycle of 10% was used. The signal power was 10dBm at the output of the signal generator port. 
(B) RF modulation (simplified) concept, described in the (Ba) time domain and (Bb) frequency domain. (C) I and Q waveform 
of data modulated using a QAM (Ca) and an OFDM modulation (Cb). (D) I and Q time domain waveform of 5G NR test 
model 3.1. 

RF synthesizer can very accurately set the frequency of the high-frequency carrier with high precision (i.e., 
hundredths of hertz precision). Nevertheless, as mentioned above, the time fluctuation of the high-frequency 
(modulated) signal will be defined by the input (baseband) content.  

In addition to the specific data content, the modulation type (i.e., the specific mapping from bit to waveform) plays 
a significant role in the signal dynamic, as can be seen in Figure 6c, where the same data is modulated on the high 
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frequency carrier using different modulation types and the I and Q time domain waveforms are shown, QAM and 
OFDM, Ca) and Cb) respectively. 

Finally, when the same QAM modulation is applied and a standard 5G signal protocol is applied, (i.e., mapping 
the synch signals and the various physical and paging channels), the signal dynamics over which the frequency 
carrier is modulated are yet again strongly different, as can be seen in Figure 6d.  

After gathering the information on signal generator hardware capabilities from the various groups, the NextGEM 
consortium decided to define a 5G NR baseband signal, which would mimic a time slice of a signal used in real 
life, which can be used in all the different experiments. 

The high-level signal information is summarized in the Table 2. For more details on the meaning of the parameters 
see Deliverable D2.2. The baseband signal has been generated by the University of Cassino and Southern Lazio 
and made available to all the partners to be employed in their future experiments. All the parameters are chosen 
to comply with the 5G standard1 (see D2.2), but some choices could be changed since they are related to the HW 
to be used and to the scenario modelling, which are currently under definition. The proposed approach will ensure 
a higher level of uniformity for the biological experiments performed at the NextGEM partners’ sites, allowing to 
compare the results obtained in the various experiments and case studies. In addition, the chosen parameters will 
also allow the extension of the comparison with analogous studies carried out within the other projects funded by 
the EU in the framework of the Clue-H cluster. 

Table 2: Unified signal characteristics 

Parameters Characteristics 

PAPR 12 dB 

Duplex mode TDD 

Waveform format DFT‐s‐OFDM 

Modulation scheme QPSK 

Subcarrier spacing 30 kHz in FR1 (3.5 GHz), 120 kHz in FR2 (26.5 GHz) 

Channel bandwidth 100 MHz (50 MHz in case of HW limitations) 

% of RBs 100% RBs 

Signal duration 20 msec 

TDD 75% 

 

 

1 In particular, test models NR-FR1-TM1.1 and NR-FR2-TM1.1 have been selected in the two bands, as defined in TS 38.141-
1 and TS 38.141-2, respectively. A few parameters have been changed according to Table 2. 
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4 Temperature-dependence of the parameters of interest 

Most of our knowledge on the mechanisms of interaction between the microwave EMF and the biological systems 
is on the thermal effects which arise from absorbance of the energy of EMF by water, as explained in the Section 
2.1. While the thermal effects of the EMF on cells and tissues are not questioned, the existence of nonthermal 
effects is disputed. To assess the contribution of the thermal component in our responses at higher signal power 
densities, we have performed experiments on the possible effects of temperature on the parameters we test for 
responsiveness to the EMF. 

4.1 Kinetics of thiol-disulfide exchange reaction between the oxidised 
glutathione (GSSG) and reduced thiols of hemoglobin molecule 

4.1.1 Introduction  

Non-enzymatic reaction between the GSSG and SH-groups of cysteines within the α and β globin chains of 
hemoglobin occurs only when sulfide is in the dissociated form and is accessible for GSSG to approach it. The 
resulting product, S-glutathionylated GSS-P adduct, is stable and its de-glutathionylation requires enzymatic 
catalysis. We hypothesized that, when occurring, the transient short-lived changes in hemoglobin structure caused 
by EMF exposure may be visualised through the alterations in thiol disulfide exchange reaction and preserved for 
analysis as the reaction product is stable.    

Interaction of deprotonated SH-groups of proteins with oxidised glutathione is known as thiol-disulfide exchange 
and results in production of S-glutathionylated adducts: 

Protein-S- + H+ + GSSG (oxidized glutathione) = Protein-SSG (S-glutathionylated adduct) + GSH (reduced 
glutathione) 

Regeneration of Protein -SH from S-glutathionylated form may occur in reaction catalyzed by an enzyme, the 
glutaredoxin [93][94]. This protein modification is triggered by oxidative stress. Apart of GSSG which accumulates 
in the cell in response to oxidation, S-glutathionylation may be triggered by mild oxidative stress that transfers SH-

groups to thiyl radical -S𑁦 or -SO- (sulfenic acid), both of which may interact with reduced glutathione GSH. Being 
reversible, S-glutathionylation prevents irreversible oxidation such as sulfinic (P-SO2

-) and sulfonic (P-SO3
-) acids 

(Fig. 7).  

Figure 7: A sequence of thiol oxidation steps where sulfur (S) changes its oxidation state from -2 to +4. 

When irreversible oxidation of SH-groups takes place, protein is degraded and replaced by a newly produced one 
in all cells that are capable of de novo protein synthesis [95]. Mammalian RBCs are not producing new proteins, they 
lack nucleus and protein synthesis machinery. Therefore, RBCs that accumulate terminally oxidized proteins are 
removed and replaced by new cells. S-glutathionylation in RBCs thus protects these cells from premature clearance. 
One more function of S-glutathionylation is the impact of glutathione binding to the protein-on-protein structure 
and function [93][94][96][97][98].  

Dissociation of thiols of thioredoxin was suggested to be affected by EMF irradiation and is claimed to represent 
a non-thermal effect of it [99].  

Adult human Hb (HbA) tetramer consists of two alpha and two beta-globin chains containing all together 6 
cysteines (two of the following cysteines: Cys93B, Cys112B and Cys 104A) per tetramer (more on that in D4.1). 
Each cysteine contains one thiol group that may be S-glutathionylated, but they have different reactivity [100] and 
different kinetics for S-glutathionylation of different groups may be expected. Increase in S-glutathionylation of 
HbA has been reported for smokers and patients with diabetes and is associated with changes in HbA oxygen 



D4.5: Biochemical and biophysical mechanisms in EMF – Final report  
 

© NextGEM  Page | 25  

affinity. Furthermore, HbA thiols function as scavengers of oxidants originating from the peripheral tissues. 
Induction of S-glutathionylation increases O2 affinity of HbA and compromises O2 release in hypoxic peripheral 
tissues such as the heart and the brain [101][102][103]. Increase in S-glutathionylation of HbA was reported in 
patients with diabetes [104], those under dialysis [105], and in smokers [106]. 

4.1.2 Experimental procedures 

Using the first near-field RF-EMF prototype of the exposure system we have observed reduction in the reaction 
rate of S-glutathionylation if the substrates (GSSG and hemoglobin) were exposed to a modulated 3.5 GHz signal 
(10 dBm) for 20 min at room temperature. Reaction kinetics remained unaltered if the modulation was omitted. 
As this exposure system did not meet the far-field EMF requirements, this experiment will be repeated using the 
exposure setup described in the Section 3. 

We explored the temperature-dependence of kinetics of this thiol-disulfide reaction. We monitored the rate of 

accumulation of S-glutathionylated adducts of Hb when hemolysates were exposed to GSSG at 2, 25 and 37⁰C.  

The following experimental protocol was used:  

RBCs of healthy donor was hemolyzed by mixing with an equal volume of water in the presence of 1mM EDTA 
and a protease inhibitor mixture. Membranes were sedimented by centrifugation and concentration of 
oxyhemoglobin was determined using the Drabkin reagent. A stock solution of oxidised glutathione GSSG of 420 

mM was prepared. The Hemolysate was pre-exposed to 2⁰C, 25⁰C or 37⁰C until it reached the desired temperature 
and then thiol-disulfide exchange reaction was initiated by adding GSSG (1:10 proportion to Hb). The reaction 
was stopped by adding N-ethyl maleimide (25mM) to the reaction mixture to alkylate all the free reduced thiol 
groups. 

Thereafter, the abundance of S-glutathionylated hemoglobin was tested using immunoblotting. After protein 
separation on the 12% agarose gel, the proteins were transferred to the 0.45 µm Nitrocellulose membrane 
(Amersham Protran), and the efficacy of transfer was controlled with Ponceau Red staining. The antibodies that 
were used to visualise S-glutathionylated hemoglobin was detected with mouse Anti-Glutathione antibody (abcam; 
ab19534, 1:1000 dilution) as well as with Hb beta-chain specific  Rabbit HbB antibody (abcam; ab214049 1:2000 
dilution). Images of the blots were obtained using BIO-RAD ChemiDoc imaging system and densitometric analysis 
was performed using ImageJ software.  Hb samples obtained from the cells treated with diamide catalyzing S-
glutathionylation were used as positive control, while lysates treated with 10 mM DTT was used as a negative 
control. Mass spectrometry was used to confirm the results of immunoblotting.  

4.1.3 Results and discussion  

An increase in the production rate of S-glutathionylated Hb adducts in thiol-disulfide exchange reaction with 
GSSG with increasing temperature was observed (see Figure 8). The effect becomes visible from the first minutes 

of interaction between GSSG and the thiol groups of Hb if the reaction is allowed to occur at 2⁰C or 40⁰ C. The 

differences in GSS-Hb production between 25⁰C and 40⁰C reach significance after 40 min of incubation (Figure 
8).  This observation is particularly important as our earlier preliminary/unpublished findings revealed that 
exposure to the microwave modulated EMF in near-field slows down this reaction. If this observation will be 
reproduced in the far-field settings, it will allow us to suggest that not all effects of RF-EMF that we observe at 
the molecular level are due to the temperature changes that are controlled by the ICNIRP regulation standards.  
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4.2 Effect of temperature on the intraerythrocytic Ca2+ levels  

4.2.1 Introduction 

Effects of RF-EMF, as well as that of extremely low frequency EMF, on the activity of Ca2+-permeable ion 
channels were reported in multiple cells and tissues, being mostly studied in the brain tissue and neuroblastoma 
cell line [28]. The fact that both RF and ELF may produce the changes in Ca2+ levels, suggest that the underlying 
mechanisms may not only be of thermal nature, but the existence of thermal effects on the channel activity cannot 
be completely ruled out. Reports on the changes in Ca2+ uptake rate in cells and tissues exposed to the microwave 
EMF are contradictory and the mechanisms of possible responses of the ion channels to modulated or non-
modulated signals are unknown.  One recent study reveals an increase in the intracellular free Ca2+ in RBCs exposed 
to GSM 0.9 GHz or 1.8GHz signal as a result of activation of voltage-gated cation channels [77], followed by the 
alterations in metabolic activity and in RBC morphology.  We have addressed the temperature-dependence of the 
intracellular free Ca2+ levels.  

4.2.2 Methodology 

Fresh-isolated RBCs were isolated from heparinised venous blood samples and washed three times with plasma-
like buffer (for composition see [85])and subsequently  were loaded with Fluo-4AM for 1 h at room temperature 
in the dark and then exposed to one of three temperatures (Thermoshaker; Huber lab) while shaking (300rpm) for 
20 or 40 min. Afterwards, intracellular Ca2+ was detected  with flow cytometry (BC Gallios) using Ca2+-dependent 
fluorescent signal (excitation/emission wavelengths being 488/545 nm respectively). RBCs treated with 
intracellular Ca2+ chelators (BAPTA or permeable EDTA) served as negative control, and the cells treated with 
Ca2+ ionophore or with activator of Ca2+-permeable cation channel PIEZO1, Yoda1, were used as a positive 

Figure 8: Temperature-dependence of S-glutathionylation of hemoglobin.  The abundance of S-glutathionylated adducts is 

shown after 3 or 15 min of incubation of hemolysate with GSSG at 2, 25 or 37⁰C. Presented are the examples of 
immunoblots and the outcome of densitometry normalized to the Hb loading control. “Lysate” stands for the basal S-
glutathionylation of Hb before the addition of GSSG. * denotes p<0.05 in One-way Anova on repeated measures. Data are 
results of 3 independent experiments ±SD. 
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control. Shown in this section are the data for bulk RBC population (see [85][86]).  The next sets of experiments 
will elucidate temperature-sensitivity of individual ion transport pathways such as Plasma membrane Ca2+ ATPase 
(PMCA) [86], and the following Ca2+-permeable channels: PIEZO1, NMDA receptors, voltage-gated cation 
channels [79].  

4.2.3 Results and discussion 

Studies on the responsiveness of the intracellular Ca2+ to the changes in temperature are shown in Figure 9.  An 

increase in temperature from 26 to 40⁰C results in up-regulation of Ca2+ levels in RBCs. This effect may be caused 
by one or several processes. Those include facilitated Ca2+ uptake via one or more of Ca2+-permeable nonselective 
cation channels and/or suppression of the PMCA (despite the fact that PMCA was earlier on was shown to 
increase its transport activity with an increase in temperature [27]. At the moment, we explore if the activity of ion 
channels such as Piezo1 channel, NMDA receptors, TRPV and VGCC or PMCA. The example of such 
experiments where dynamics of Ca2+ uptake by the channels and extrusion by the PMCA is shown in Figure 7b,c.  
Yoda is used as a chemical activator of Piezo1 channel.  
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Figure 9:  Temperature-dependence of intracellular free Ca2+ in RBCs. RBCs were incubated at designated temperature for 20 or 

40 min and intracellular Ca2+ was then assessed by means of flow cytometry using Fluo-4 AM as a Ca2+-dependent fluorescent 
marker. * denotes p<0.05 in One-way Anova on repeated measures. Data are results of 3 independent experiments ±SD. Shown in 
panel B are the negative and the positive controls. Panel C gives an example of a functional test in which the maximal activity of 
Piezo1 channels and the functionality of the PMCA are shown. Yoda is the activator of Priezo1 channel. BAPTA is a chelator of 
intracellular Ca2+ and serves as a negative control. Amplitude of Ca2+ accumulation and the kinetics of Ca2+ extrusion are 
associated with the increase or decrease in fluorescence intensity of Ca2+-sensitive fluorescent dye fluo-4 
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4.3 Temperature effects on RBC deformability 

4.3.1 Introduction 

The deformability of RBCs is defined by multiple factors such as membrane surface-to-volume ratio, lipid fluidity, 
elasticity of membrane cytoskeletal network, hemoglobin association with the membrane, and cytosolic viscosity 
[87]. Some of these contributing factors are known to be temperature-dependent [23][40][107][108][109][110] 
Temperature-dependence of the other contributors has not been studied in detail.   

A local increase in skin temperature results in significant increase in perfusion of microvasculature (both nutritive 
capillaries of the elbow, and arteriovenous anastomic capillaries at the fingertip) tested by Laser Doppler analyser 
[111]. Thermal stimulation of perfusion reached 300% as the skin temperature increased from 28 to 44 °C. The 
effects of RBC heating on their deformability were reported by several groups.  Deformability was shown to 
depend on the temperature, magnitude of shear stress and duration of exposure [42]. An increase in temperature 
from 0°C to 40°C increases deformability, particularly at low shear, while further rise in temperature to 48 °C 
results in the ability of cells to elongate [42][112]. Matrai et al. [113] used ektacytometry to explore if exposure of 
RBCs to 37, 40, and 43 °C for 10 min causes the changes in the ability of cells to elongate in response to shear 
stress. The authors observed a significant elevation of cell rigidity, specifically under 40 and 43°C at high shear 
stress intensity of 30 Pa. Heating of RBCs to the lethal temperature of 48°C or more was reported to increase RBC 
membrane viscosity and in membrane bending resistance, doubling of membrane rigidity, along with the reduction 
in deformability [112].  

Liu and colleagues [114] used previously obtained experimental results for the silico RBC models they developed, 
and came to the conclusion that RBC heating leads to the degradation of RBC deformability comparable to some 
disease-damaged RBCs, such as malaria. When RBCs pass through a microchannel or a slit, heated cells show 
longer transit or retention time. In addition, these kinetic parameters depend on the level of restriction and the 
heating procedure. 

4.3.2 Methodology 

We used two independent approaches that may be used to estimate the changes in deformability. The changes in 
forward scatter were used as an indirect measure of the possible alteration in RBC deformability at modest shear 
stress at room temperature. On the other hand, Laser optical rotational red cell analyser (Lorrca® Maxsis, RR 
Mechatronics) offers two ways to detect RBC deformability directly. One assay allows exposure of RBCs to a 
constant supra-physiologically high shear stress of 30 Pa while the cells undergo swelling or shrinkage. This 
technique, known as osmoscan, allows to obtain information on the membrane osmotic stability, hydration state 
and deformability of RBCs (for details see [87][115]).  The other method is exploring deformability of cells as a 
function shear stress intensity at constat cell volume. Both above-mentioned assays are performed at constant 
temperature of 37°C. This means that the changes in rheology of RBCs measured using the Lorrca analyser will 
only detect the alterations that are not reversed withing several minutes after the cells were transferred from the 
temperature at which they were incubated to the temperature at which their deformability was analysed at 37°C. 
Further single-cell response to an increase in temperature from 25 °C to 40°C were conducted using cell-flow 
analyser available at the HUJI site [116].  

4.3.3 Results and discussion 

As follows from Figure 10, the accumulation of Ca2+ was associated with a decrease in forward, but not the side 
scatter fitting to the changes in hydration state caused by the opening of the Ca2+-sensitive Gardos channels.  
However, these changes could not be detected as alterations in hydration state or RBC deformability at 30Pa shear 
stress (Figure 11).  However, some trend to a decrease in elongation index while the cells were incubated at 40°C 
could be detected in pilot experiments where low shear stress intensities (0.3-0.5 Pa) were applied (Figure 12d), 
while this difference disappeared at shear stress above 0.5 Pa. As the changes in deformability observed at 0.3 Pa 
may reach 20% of the initial value, more experiments will be performed to resolve the possible statistical 
significance of this difference. Similar outcome was observed by the partners from HUJI that used their 
microfluidic setup that was described elsewhere [116]. Shear intensity produced in this system is also below 1 Pa.  
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Figure 10: Temperature-dependence of forward and side scatter measured by flowcytometry. * denotes p<0.05 in 
One-way Anova on repeated measures. Data are results of 3 independent experiments ±SD. 

Figure 11: Temperature-dependence of the osmoscan parameters obtained using Lorrca red blood cell analyzer. Shown 
in the figure are half-maximal and minimal tolerated osmolarities O_hyper (A) and O_min (B) as well as optimal 
osmolarity (O_EImax, C) and maximal elongation index (EI_max, D). Readouts obtained at the shear stress of 30 Pa. 
Results are means ±SD of three independent experiments.  
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The partners from HUJI have used single cell approach to study deformability (elongation index) at shear rates 
below 1 Pa. The whole blood (preserved with Li-heparin) of healthy donors was exposed to 40°C for 20 or 40 
min. After incubation, the cells were washed in a phosphate-buffered saline and subjected to deformation 
measurement. Deformation was measured using a cell-flow analyzer (CFA), described in detail elsewhere [90][117]. 

As follows from Table 3, reduction of the elongation index, and in the medium elongation ratio (MER) of cells 
and an increase and percentage of low-deformable cells (%LDFC) in the population was detected. At the same 
time, a significant decrease in the population of high-deformable cells (%, HDFC) was observed. 

 

Table 3: Alteration of RBC deformability parameters after incubation of RBCs under 40°C (data are results of 3 
independent experiments ±SD) 

Samples MER UDFC, % LDFC, % HDFC,% 

Control 1.554±0.023 2.122±0.678 16.106±3.389 4.823±1.073 

20 min 1.452±0.006* 3.352±0.177 26.347±0.540* 2.661±0.519* 

40 min 1.435±0.029** 3.622±0.621 28.776±4.504* 2.703±0.904* 

MER – median elongation ratio;  

UDFC – un-deformable cells (cells with elongation ratio less than 1.1); 

Figure 12: Temperature-dependence of RBC deformability presented as elongation index at different intensity of shear stress. 
Data are results of 3 independent experiments ±SD.             
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LDFC – low-deformable cells (cells with elongation ratio less than 1.3); 

HDFC – high-deformable cells (cells with elongation ratio high than 2.5). 

* denotes p<0.05 and ** stands for p<0.01 compared to control (exposure to room temperature, data constant 
for 40 min) 

Taken together, these findings support a durable decrease in deformability in RBCs at low shear stresses after 
exposure of whole blood to 40°C. 

4.4 Temperature effects on nitric monoxide production by RBCs 

4.4.1 Introduction 

Production of nitric monoxide (NO) is essential for controlling of blood pressure and the efficacy of O2 delivery 
to the tissues. When produced in vascular endothelial cells and in RBCs (that will be used in their present study), 
NO stimulates soluble guanylyl cyclase to produce more cyclic GMP in smooth muscle surrounding blood vessels 
causing them to relax and increase blood flow through the vasculature. Further functions of NO include its 
interaction with mitochondrial cytochromes and reduction of respiration, as well as binding of NO to the SH-
groups forming S-nitrosylated adducts. Thereby, protein thiols get protected from irreversible oxidation. During 
oxidative stress, NO functions as an alternative sink for superoxide anion.  Fast generation peroxynitrite species 
(ONOO-) overrides production of hydrogen peroxide by superoxide dismutase. The resulting ONOO- is quickly 
(within seconds) transformed to either NO3

- or interacts with tyrosine residues causing accumulation of nitro-
tyrosine adducts.   

The effects of temperature alterations on NO production by endothelial NO synthase (eNOS) in RBCs have not 
been investigated in detail. However, analysis of thermodynamics of reactions involving catalytic NO production 
by the other isozyme, neuronal NO synthase (nNOS) revealed a temperature-dependent increase in all reaction 
constants of the NO production process [118]. Heating is discussed as a cause of light-induced improvement of 
skin capillary perfusion [119]. Furthermore, uptake of Ca2+ stimulates NO production catalyzed by iNOS and 
eNOS [120][121]. In RBCs, NO production is sensitive to mechanical stimulation which activates Ca2+ uptake via 
mechano-sensitive Piezo1 channels [122].  As we have shown, an increase in temperature to 40°C induces Ca2+ 
accumulation in the cells (Figure 7a). Taken together, these findings suggest that NO production in RBCs may be 
facilitated by heating. A pilot set of experiments was performed to test this hypothesis.  

4.4.2 Methods 

Whole blood (venous samples, anticoagulated with Li-heparin) is used for the experiments. Plasma is collected to 
assess the basal concentration of nitrite and nitrate (RNO). Three samples are prepared to assess temperature-
dependence of NO production. They are incubated for 40 minutes at three different temperatures (on ice, at 25°C, 
or at 40°C) while shaking. Thereafter, RBCs are pelleted, and plasma is collected and frozen at -20°C. RNO 
concentrations is assessed in plasma within the next 1-3 weeks after collection using the chemiluminescence 
detection technique (for details see [123][124]) Pilot experiments using this method are on the way.  
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5 Conclusion 

A new far-field exposure setup was designed by the HUJI partners in close collaboration with partners from 
UNICAS and TUD. In addition, the TUD partners designed a generator to produce a unified modulated signal at 
a frequency of 3.5 GHz. Another system to generate a signal at 26 GHz was in production. The CST modelling of 
the EMF power distribution in the sample was amended with temperature measurements in the exposure cuvette 
to finalize the experimental dosimetry. Afterward, the exposure system was shipped to Zurich and installed to be 
used by the UZH partners by the end of November 2024. Meanwhile, the temperature dependence on the 
parameters of choice was studied by the UZH and HUJI partners using experimental protocols refined for future 
RF-EMF experiments. 

The data obtained contributed to work within the KPI. According to this KPI, we were required to gather 
information on the possible responsiveness of at least five blood parameters to RF-EMF. We already determined 
that Ca2+ movements across the RBC membrane might be thermally regulated. Other parameters dependent on 
intracellular Ca2+ include RBC rheology and NO production. Information on the temperature dependence of 
thiol-disulfide exchange enhanced our understanding of the potential influence (thermal or otherwise) of RF-EMF 
on the kinetics of this reaction. 

As the next step, ex vivo experiments were conducted using the new exposure system. The first frequency used for 
exposure was 3.5 GHz, with or without modulation. The KPI of testing at least five independent RBC parameters 
for sensitivity to EMF was met. To date, we have tested the following parameters for their sensitivity to 
temperature changes: hydration state of hemoglobin, interaction of hemoglobin with oxidized glutathione, 
intraerythrocytic Ca2+ levels and transport of Ca2+ across the membrane, abundance of reduced protein and non-
protein thiols in RBCs, and RBC deformability. Production of NO by erythroid NO synthase, changes in RBC 
density, and aggregability are scheduled for testing in the future. Subsequently, experiments will be repeated at 26 
GHz using the signal generators provided by the TUD partners. 

The obtained results and the SOPs developed to generate the data were shared with consortium members and 
placed in open repositories. The experimental techniques were also used to analyse blood samples obtained from 
healthy human volunteers in Case Study 3.  
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