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Abstract 

Cell phones increase exposure to radiofrequency (RF
1
) electromagnetic fields (EMFs). Whether EMFs 

exert specific effects on biological systems remains debatable. This study investigated the effect of cell 

phone exposure on the structure and function of human NADPH-cytochrome P450 reductase (CPR). CPR 

plays a key role in the electron transfer to cytochrome P450, which takes part in a wide range of oxidative 

metabolic reactions in various organisms from microbes to humans. Human CPR was exposed for 60 

minutes to 1966-MHz RF inside a transverse electromagnetic cell (TEM-cell) placed in an incubator. The 

specific absorption rate (SAR) was 5 W.kg
-1

. Conformation changes have been detected through 

fluorescent spectroscopy of flavin and tryptophan residues, and investigated through circular dichroism, 

dynamic light scattering and microelectrophoresis. These showed that CPR was narrowed. By using 

cytochrome C reductase activity to assess the electron flux through the CPR, the Michaelis Menten 

constant (Km) and the maximum initial velocity (Vmax) decreased by 22% as compared with controls. 

This change was due to small changes in the tertiary and secondary structures of the protein at 37◦C. The 

relevance of these findings to an actual RF exposure scenario demands further biochemical and in-vivo 

confirmation. 

 

Keywords: Cell phone radiofrequency; cytochrome P450 reductase; circular dichroism; fluorescence 

spectroscopy; zeta potential; dynamic light scattering 

                                                      
1
 The abbreviations used are: RF, radiofrequency; CPR, cytochrome P450 reductase; EMFs, electromagnetic fields; 

DLS, dynamic light scattering; 3G, 3
rd

 generation of mobile telephony; TEM-cell, transverse electromagnetic cell; 

SAR, specific absorption rate; GSM, global system for mobile telephony; WCDMA, wideband code division 

multiple access; Universal Mobile Telecommunication System (UMTS); FDTD, Finite Difference-Time Domain; 

Trp, tryptophan 
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Introduction 

Cellular telecommunication is inseparable from our everyday life. Numerous studies have investigated the 

potential impact of Global System for Mobile Communication (GSM) on biological systems with several 

positive and negative outcomes. The biological effects of RF exposure may interact at different levels of 

biological systems such as at the organic, tissue, cellular and macromolecular level. It is reasonable to 

assume that any possible biological damage could start at a molecular level involving biological 

macromolecules. It has been suggested that the main target of RF could be cell membranes and proteins 

(channel proteins, signal transducers, etc.) or enzymatic complexes located within membranes [1]. 

However, few investigations have reported as to the possible subcellular effects of RF exposure emitted 

by 3G cell phones. Proteins are macromolecules found in a living cell and play a crucial role in almost 

every biological process.  

One first step and simplified way is to study the direct effect of RF exposure on protein conformation and 

function. Some studies suggest that non-thermal microwave exposures could alter protein expression 

and/or induce conformational changes [2, 3]. In these macromolecules, charge distribution may be the 

cause or the consequence of a conformation change and functional modification of the biological activity 

could result therefrom. [4-6]. Among such enzymatic complexes, embedded in biological membranes and 

potentially affected by EMF are cytochrome P450 dependent monooxygenases as well as enzymatic 

proteins (NADH cytochrome b5, b5 reductase). The above complexes are the key enzymes of phase I 

reactions, which initiate the metabolism of lipid soluble xenobiotics [7]. Some physiological effects 

attributable to RF radiation may eventually be traced to alterations in cell membrane function. As it is 

involved in electron transportation to cytochrome P450, the human NADPH-CPR is suitable as a model 

for intensive investigation.  

In order to better understand the biological effects of RF, different techniques like fluorescence, circular 

dichroism (CD), dynamic light scattering (DLS) and microelectrophoresis can be used to investigate 

possible RF-induced modifications. Many biological molecules absorb photons, but few fluoresce, 

particularly among aromatic amino acids. Two of the most important types of biomolecules that do 

fluoresce (i.e., those which have proved useful in analytical procedures) are tryptophan and flavins (FAD 

and FMN) [8]. Both of these intrinsic fluorescence markers are present in the NADPH-cytochrome P450 

reductase, allowing the examination of structural changes which take place in this protein after exposure. 

For these reasons, we chose to study the effects of RF EMF on human CPR. Human CPR is a complex 

multi-domain membrane-bound diflavo-protein and a key electron donor to P450-mediated microsomal 

electron transport system. As underlined by Wang et al. [9], microsomal electron transport mediated by 

cytochrome P450 is responsible for oxidative metabolism of both endogenous and exogenous compounds. 

Electron transport is mediated by a multicomponent monooxygenase system, in which reducing 

equivalents of NADPH are in fine transferred to molecular oxygen [10, 11]. A simple form of the 

monooxygenase system consists of CPR and one of many cytochrome P450 isozymes [12, 13]. Both CPR 

and microsomal cytochromes P450 are integral membrane proteins; together with CPR, the only other 

mammalian enzyme containing both FMN and FAD as prosthetic groups is nitric-oxide synthase and 

various isoforms thereof. Other physiological electron acceptors of CPR include microsomal heme 

oxygenase [14], cytochrome b5 [15] and, although not used in normal physiological reactions, CPR is 

capable of transferring reducing equivalents to cytochrome c [16]. As only two protein components are 

required to catalyze the hydroxylation of a number of substrates, this system represents a simple model 

for other more complex electron transport systems.  

Fluorescence spectroscopy reveals microstructural details of a chromophore's environment at very low 

chromophore concentrations. The fluorescence properties of proteins are highly individual, a sort of 

fingerprint of the protein’s structure, and their behavior is largely dependent on folding or unfolding. The 

CPR molecule is composed of four structural domains: (from the N- to C- termini) the FMN-binding 

domain, the connecting domain, and the FAD- and NADPH-binding domains. CPR contains two flavin 

domains (FAD and FMN) and 9 tryptophan residues as internal fluorescence probes. Electrical charges 

are differently distributed in all macromolecules. For many biomolecules such as proteins, electrostatic 
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interactions influence their conformations and functions. Several studies demonstrate that hydrodynamic 

radius and zeta potential can provide information about the change in conformation and surface 

modification of the biomolecules and particles in solution [17-19]. Since the protein retains its folded 

conformation, hydrodynamic size and zeta potential (charge) will vary with protein conformation. These 

parameters can be measured by DLS.  

The purpose of the present investigation was, therefore, to determine if exposure to RF signals used by 

3G cell phones could alter the structure and activity of CPR.  

 

Materials and methods 

2.1 Reagents and chemicals - Highly purified detergent solubilized human CPR was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). CPR was expressed in baculovirus infected cells containing human 

cDNA. Its molecular mass was ~78.2 kDa, (95% purity by affinity chromatography). CPR was diluted in 

100 mM potassium phosphate buffer, filtered to clear off large sized aggregates and subjected to protein 

content determination by Modified Lowry assay. 3-ml samplings were poured into a (12.5x12.5x45 mm) 

polymethylmetacrylate (PMMA) cuvette (VWR, Fontenay-sous-Bois, France) for RF exposure and 

spectrometric analyses. Horse heart cytochrome C was also purchased from Sigma. Purified water with a 

typical resistivity of 18 MΩ.cm was produced from a Milli-Q purification system (Millipore, Les Ulis, 

France). All other reagents were of analytical quality, and all aqueous solutions were prepared with Milli-

Q water with a Millipore water purification system.  

2.2 RF exposure system - Exposures were carried out in a small TEM-cell placed in a temperature-

controlled incubator (Schematic 1Error! Reference source not found.). The TEM-cell, designed and 

built by the XLIM Research Institute (CNRS-University of Limoges, France), is an open RF chamber 

where the intensity of the exposure inside the chamber depends on the input and reflected RF powers of 

the system [20-22]. To minimize the reflection of the RF power, the TEM cell was loaded with a 50-ohm 

load (HTF-525-NM, Trilithic Inc. USA). 3G cell phones use wideband code division multiple access 

(WCDMA) standard RF signals, also called Universal Mobile Telecommunication System (UMTS), 

which operate in the frequency range of 1920 to 2170 MHz. The WCDMA modulation is a non-periodic 

cocktail of signals with 5-MHz bandwidth. The 1966 MHz RF signal modulated by a specific WCDMA 

signal “cocktail” was generated by a Generic UMTS Signal generator (GUS-6960, Universität Wuppertal, 

Germany). As the output power level of the generator is limited, a RF power amplifier (OPHIR, 5303069, 

USA) was connected to guarantee the necessary RF power. A built-in step attenuator of the UMTS 

generator controlled the exposure level of the sample. The absorbed RF power or SAR in the sample 

depends on the RF exposure intensity. A polymethylmetacrylate cuvette (4.5 ml, Brand ®, Wertheim, 

Germany) containing 3 ml of 130 nM CPR was placed in the center position of the TEM-cell and exposed 

to a 1966 MHz RF signal (Figure 1 (A)). The temperature of the incubator (Certomat HK, France) was 

controlled within ± 0.5°C during the study. The temperature of the samples inside the cuvette under RF 

exposure was measured by non-perturbing optical temperature probes (Luxtron model 790, Lumasense, 

USA). The non-perturbing feature of thermal probes is very important in RF studies. Any metallic wire 

can enhance the local SAR in the sample. Therefore, during RF exposure, metallic wires must be avoided. 

Experimental RF dosimetry - The SAR of the solution was determined experimentally by temperature 

measurements [20, 23]. The classic method of experimental SAR measurement is based on RF energy 

absorption in the water solution to produce a rise in temperature. The SAR is linear with the initial slope 

of the temperature increase. Therefore, the SAR was calculated from the temperature rise produced by 

short RF exposure according to the equation:  

 

   dtdTCkgWSAR .. 1 
 (1) 

 

where dT is the temperature rise in K, dt is the duration of RF exposure in seconds and C is the specific 

heat of the solution (C = 4187 J.kg
-1

.K
-1

). The SAR measurement was performed at the highest RF input 

power level available in the system to achieve a great enough temperature increase during a short RF 
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exposure duration. For SAR measurements, the RF input power of the TEM-cell was 3.88 W. The 

incident and reflected RF powers were monitored by a power meter system with a built-in directional 

coupler (Rohde-Schwarz FSH-Z44, Germany). The temperature rise in the solution was measured by 

fiber-optic non-perturbing temperature probes. The non-perturbing fiber-optic probe was inserted into 

3 ml of solution at the cuvette cross section center at different heights from the bottom plate. The SAR 

was calculated by the temperature rise following 30 s of RF exposure from several measurements.  

The SAR in the solution was measured at 4, 8, 12, 16, 20 and 24 mm from the bottom of the cuvette. The 

average SAR over the whole sample normalized to 1 W input RF power was 50  13 W.kg
-1

 (Table 1).  

2.3 Numerical RF dosimetry - Numerical dosimetry was conducted using an in-house code based on the 

Finite Difference-Time Domain method (FDTD) applied to Maxwell equations [24-26]. The SAR 

distribution was computed using the equation:  

 

    2. 21 EkgWSAR 
 (2) 

 

where E is the electric field (V/m), ρ is the biological sample density (1000 kg.m
-3

) and σ is the electrical 

conductivity (S.m
-1

). The TEM cell containing the cuvette filled with 3 ml water solution was modeled 

and analyzed. The metallic parts were considered perfect electric conductors. The cuvette permittivity 

was set to 3.7. The dielectric properties of the solution were: conductivity σ = 1.86 S/m, relative 

permittivity εr = 75.6 and mass density ρ = 1000 kg.m
-3

. A uniform 0.2 mm × 0.2 mm × 0.2 mm mesh 

grid was used for the spatial meshing of the structure with the FDTD method. 

Figure 1 (B) shows the numerical SAR spatial distribution within the cuvette solution and the SAR 

histogram at 1966 MHz. The mean SAR value and the standard deviation computed over the whole water 

solution medium were 47  31 W.kg
-1

 per 1W input power. The mean SAR value can be compared to the 

experimental one (50  13 W.kg
-1

). A proper level of consistency was obtained between the numerical 

and the experimental SAR values.  

2.4 Temperature control – Experiments were performed at the physiologic temperature of 37.0  0.5 °C. 

To limit the temperature increase during RF exposure, the input power was attenuated down to 0.1 W. 

This generated an average SAR of 5.0 W.kg
-1

 in the sample. The temperature changes during the whole 

60 min exposure period at 0.1 W input RF power was monitored at 4, 8, 16 and 24 mm heights from the 

bottom of the solution. The average maximum temperature elevation of the sample after 60 min exposure 

was 1.06°C.  

Numerical temperature simulations were carried out using an explicit method based on finite difference 

applied to a heat transfer equation [27]: 

 

  
C

P
Tgradkdiv

Ct

T c
t






 1
 (3) 

 

where T is the temperature (K), ρ is the density (kg.m
-3

), C is the specific heat capacity (J∙K
−1

∙kg
−1

), kt is 

the thermal conductivity (W∙m
-1

∙K
-1

) and Pc is the calorific power inducing temperature elevation (W.m
-

3
). Due to the low temperature gradient, density is considered constant versus temperature and only 

thermal conduction was considered. The thermal characteristics used for the simulation are presented in 

Table 2. 

2.5 SAR level in the experiments – The whole body SAR level for the most sensitive established health 

risk has been identified as 4 W.kg
-1

. The proposed limit values for local exposures on the head have been 

defined as 2 W.kg
-1

 for public exposures and 10 W.kg
-1

 for occupational exposures. A target value of 

5 W.kg
-1

 has been chosen to identify if adopted values are appropriate for people protection.  

Figure 2 presents the numerical temperature rise for a 5 W.kg
-1

 mean SAR value. A temperature rise of 

about 1°C is observed after 1 hour of RF exposure. This value is consistent with the measured 

temperature rise (1.06°C). 
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2.6 Fluorescence spectroscopy - A Cary Eclipse Varian Australia spectrofluorimeter was used for the 

fluorescence experiments. 

2.6.1) Tryptophan emission fluorescence  

The excitation wavelength was adjusted to 295 nm, which was specific for the excitation of tryptophan 

(Trp) residues of the protein structure. Emission spectra were recorded between the wavelengths of 300 

and 400 nm with a bandwidth of 10 nm. CPR samples were 130 nM of protein in a potassium phosphate 

buffer (100 mM, pH 7.0).  

2.6.2) Flavin emission fluorescence 

Flavin emission spectra were recorded from 475 to 600 nm using an excitation wavelength of 450 nm; 20-

nm bandwidths were used for excitation and emission, respectively. CPR samples were 130 nM of protein 

in a potassium phosphate buffer (100 mM, pH 7.4). 

2.7 Circular dichroism - CD spectra were obtained in the far-UV (260-199 nm) and visible range (350-

600 nm) on a J-815 Jasco spectropolarimeter. The CD measurement was performed using a 10 mm-path 

cell, with 30 accumulations at a 130 nM concentration in 100 mM potassium phosphate buffer, pH 7.4. 

All CD spectra measured were baseline, corrected by subtracting the buffer spectrum. The secondary 

structure was determined by the CDNN 2.1. software, using a network trained with 33 complex spectra as 

the reference set. 

2.8 Dynamic Light Scattering and microcapillary electrophoresis measurement - DLS is a technique for 

sizing particles using Brownian motion in conjunction with the Stokes-Einstein relationship assuming 

spherical particles. The hydrodynamic diameter and zeta potential of the sample were determined with a 

Malvern Zetasizer Nano-ZS, according to the manufacturer’s recommendations. The instrument is 

equipped with a 633-nm He–Ne laser with 173° detection optics (backscatter detection). Protein samples 

(130 nM) were vortexed and transferred into either 1-ml glass cuvettes with round aperture or 1 ml clear 

zeta potential cuvettes (DTS1060, Malvern). The electrophoretic mobility of the sample was measured 

and converted into the zeta potential by applying the Henry equation [28]. The data were collected and 

analyzed with Dispersion Technology software 4.20 (Malvern) producing histograms for particle size as a 

number distribution or diagrams for the zeta potential as a distribution versus total counts. 

2.9 Cytochrome C reductase activity - Protein activity can be regarded as the most sensitive probe for 

studying the changes in protein conformation during exposure, because it reflects even the subtlest 

readjustments at the active site. In this context, comparative CPR activities were measured via the 

reduction of cytochrome c, the surrogate electron acceptor most commonly used for measuring diflavin 

reductase activity [29]. All continuous spectrophotometric assays for CPR activity were performed using 

a total reaction volume of 1 ml in standard 1 cm quartz cuvettes. Experimental measurements were made 

on unexposed solutions and samples exposed for 1 hour at 5.0 W.kg
-1

 SAR value to verify whether 

irradiation disturbs reaction mechanism. Cytochrome c reduction activity was measured as previously 

described [30] using different concentrations of cytochrome c (8.5-89 µM) and 100 µL of 130 nM of CPR 

in 900 µl of 300 mM potassium phosphate (pH 7.8). Increased absorbance at the wavelength of 550 nm 

followed after adding 250 µM NADPH. Cytochrome c reduction rates were calculated using 

ε550=21 mM
−1

.cm
-1

 for reduced cytochrome c [31].  

 

Results and discussion 

3.1 Tryptophan fluorescence - Exposure of CPR to RF radiation resulted in a 10% decrease of intrinsic 

tryptophan fluorescence (Figure 3). Tryptophan emission fluorescence can be considered to be a sensitive 

marker of protein conformation and in particular of changes in hydrophobic regions of the structure [32]. 

Accordingly, a folded protein can have either greater or lesser fluorescence than the unfolded form. The 

intensity of fluorescence is not very informative in itself. The wavelength of the emitted light is a better 

indication of the environment of the fluorophore. The magnitude of intensity, however, can serve as an 

indication of perturbation to the folded state. The tryptophan fluorescence of the CPR comes from the 9 

residues [33]. Thus, these changes in fluorescence reflect global changes in protein structure, and only the 

average microenvironments of tryptophan residues can be assessed. As exposure did not alter the overall 

shape of the fluorescence spectrum (no shift in the maximum, no spectrum enlargement), changes in the 
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fluorescence intensity at 335 nm were recorded. The absence of a shift clearly argues that the 

environment of most of the molecules is not significantly altered by the exposure to RF. The quenching of 

the tryptophan fluorescence could be explained in terms of emission energy transfer between the aromatic 

chromophore and the isoalloxazine ring [34, 35]. These results do suggest a need for further confirmation 

of the structural changes.  

3.2 Flavin fluorescence - The fluorescence intensity of the two flavin prosthetic groups in the natural 

form of CPR is severely quenched by energy transfer to the surrounding protein matrix, rendering the 

detection of the fluorescence signal difficult. Figure 4 shows the flavin fluorescence spectra of unexposed 

and exposed CPR where the exposed protein showed enhancement of flavin fluorescence intensities. 

These changes in the fluorescence properties are likely to reflect the loss of protein-flavin contacts and 

probable changes in the tertiary structure of CPR (Munro and Noble 1999). 

3.3 Circular dichroism (CD) spectroscopy - It is well known that far-UV CD and near-UV CD spectra are 

directly related, respectively, to the secondary structure and to the tertiary protein structure ([36], [37], 

[38]). To test whether the conformational transition monitored by fluorescence measurements reflected a 

disruption of the overall protein structure or was just indicative of local folding and to have a better 

knowledge of the structural properties at 5.0 W.kg
-1

 SAR level, we analyzed RF induced modifications by 

CD spectroscopy. The secondary structure compositions (including α-helix, β-strand, turns and random 

coil) of these samples were calculated from their far-UV CD spectra according to the CDNN software 

program, as displayed in Figure 5. CD measures the difference in the absorbance of left versus right 

circularly polarized light and is therefore sensitive to the chirality of the environment. The far-UV CD 

spectrum provides quantifiable information about the secondary structure of a protein because each 

category of secondary structure (e.g., α-helix, β-sheet) has a different effect on the chiral environment of 

the peptide bond [39, 40]. The data indicate that RF exposure induced small but visible changes in the 

secondary structure of the protein (Table 3). The CD spectra experimental measurements, in the visible 

range (350-600 nm), were carried out in the same conditions than the far-UV. No difference in the tertiary 

structure was observed between the unexposed and the exposed protein solutions (data not shown).  

3.4 Microcapillary electrophoresis and hydrodynamic diameters by dynamic light scattering - A 

prerequisite for the accurate determination of the dimensions of denatured proteins, as well as of the 

structural transitions they may undergo, is the ability to determine size parameters precisely and 

reproducibly. To confirm if observed changes in conformation of the CPR tend to change hydrodynamic 

diameters of the exposed sample, DLS measurements were made. Although CPR is asymmetrically 

shaped in its natural conformation, DLS can provide a relative measurement of protein size, which can be 

used to discriminate between different conformational states. A shift in the zeta potential is observed at 

pH 7.0 (originally negative, then positive after exposure), indicating that the total surface charge at the 

sliding plane becomes, as a mean value, more positive in the exposed sample (data not shown). Perhaps, 

the topological distribution of charges and their interaction with electromagnetic fields can cause a 

conformational modification. The average hydrodynamic diameter was decreased in the exposed sample 

(10±3) compared to the unexposed one (15±2) to (Figure 6). These findings are consistent with the 

behavior observed with fluorescence and CD spectroscopy and represent further evidence of the 

occurrence of conformational changes in the exposed sample. It has been demonstrated that a correlation 

exists between the relative decrease in hydrodynamic radii and the increase in secondary structure content 

[41]. 

3.5 Cytochrome C reductase activity - Figure 7 shows the Lineaweaver-Burk plots; the kinetic parameters 

Km and Vmax were calculated from the intercept and the slope of the linear fit. The Lineweaver-Burk 

equation is: 

 
max

1

max

11

V
S

V

K

V

m 


 (4)  

where V is the reaction velocity (mM.min
-1

), [S] the substrate concentration (mM), Km is the Michaelis–

Menten constant (mM), Vmax is the maximum reaction velocity (mM.min
-1

). From measurement, we 

obtain V
-1

=3.05 (0.09) [S]
-1

+77.2 (3.3) mM
-1

.min for the sham-exposed condition and V
-1

=3.1 
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(0.10) [S]
-1

+98.5 (3.6) mM
-1

.min for the exposed condition. The RF exposure produced a 22% decrease 

in both Km and Vmax as compared with control values. The inhibition pattern appears to be 

uncompetitive inhibition; the enzyme's apparent affinity for the substrate is increased (Km is lowered) 

which decreases the maximum enzyme activity (Vmax), as it takes longer for the substrate or product to 

leave the active site [42]. This decrease in enzyme activity can be indirectly related to the electron transfer 

ability upon alteration of the structure of cytochrome P450 reductase under WCDMA modulated RF 

exposure.  

3.6 Role of temperature increase - The observed effects could be due to the increase in temperature 

produced by the absorption of electromagnetic energy (dielectric absorption). To test this hypothesis, a 

complementary experiment was performed to compare the fluorescence spectra of flavin exposed for one 

hour to 1966 MHz-RF and placed at 40°C for one hour. The increase in intensity was much lower at 40°C 

(-10 fluorescence units) than after a one-hour exposure to RF producing a 1°C-Temperature increase, i.e. 

38°C (-30 fluorescence units), indicating that the shift produced by RF was not exclusively due to 

temperature (Figure 8).  

 

Conclusion and perspectives 

Spectroscopic, microelectrophoretic and DLS data have demonstrated that exposure to RF of 3G mobile 

telephone systems can induce some structural changes in CPR. The far UV CD spectra gathered in the 

peptide absorption range show that exposure affects the secondary structure of the enzyme, whilst 

evidence of tertiary structure modification is revealed by the change of tryptophan and flavin fluorescence 

intensity. This clearly shows that the interaction of RF energy gives the protein a conformation that is 

naturally irreversible, providing a clear modification of kinetic parameters. It will be of interest to look 

further into whether this biological effect brought about by this exposure level of 3G-RF could potentially 

be associated with adverse health effects. The relevance of these findings to real RF exposure scenarios, 

however, demands further biochemical and in vivo confirmation. A SAR of 5.0 W.kg
-1

 is larger than a 

realistic SAR produced by commercial phones, limited by standards at a maximum of 2.0 W.kg
-1

, but just 

above the identified health risk level of 4 W.kg
-1

 for whole body exposure. It will then be important to 

further define exposure levels and durations that can result in changes in protein conformation and 

activity. It is also quite possible that the effects of RF radiation in fully integrated biological systems may 

either be masked by repair and regulation mechanisms or be transient. Thus, to systematically detect RF 

influences, a bottom-up approach is suggested, by reconstituting the complex system from individual 

enzymes, for example CPR and one of the isoforms of the microsomal cytochrome P450. This two 

protein membrane enzyme complex could be a suitable model for further investigation as it catalyzes the 

transformation of a number of xenobiotic substrates.  

A better knowledge of interactions between RF exposure and molecules will possibly help to understand 

the mechanisms for these effects, and the health consequences for humans. 
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Figure legends 

 
Schematic 1. In vitro exposure system with a TEM cell connected to a UMTS signal generator and RF amplifier 

housed in the incubator. 

 
Figure 1. (A) Numerical modeling of SAR spatial distribution within the cuvette solution and (B) SAR histogram at 

1966 MHz with 1 W input power. Ncount represents the number of voxels as a function of the specific absorption rate 

values (SAR/W.kg
-1

). 

 
Figure 2. Average temperature rise (T/°C) as a function of time (t/min) for 5 W.kg

-1
 mean SAR value obtained from 

numerical simulations of the sample. 

 
Figure 3. Tryptophan fluorescence intensity (FI/a.u.) as a function of wavelength (λ/nm) corresponding to the 

emission spectra of CPR in 100 mM potassium phosphate buffer (pH 7). Unexposed (
___

) and exposed (- - -) proteins 

at 5 W.kg
-1

 of specific absorption rate. Experimental conditions: CPR [130 nM] excitation wave length 295 nm. 

 
Figure 4. Flavin fluorescence intensity (FI/a.u.) as a function of wavelength (λ/nm) corresponding to the emission 

spectra of CPR samples in 100 mM potassium phosphate buffer (pH 7.4). Unexposed (
___

) and exposed (- - -) 

proteins at 5 W.kg
-1

 of specific absorption rate. Experimental conditions: CPR [130 nM] excitation wave length 450 

nm. 

 
Figure 5. Far-UV CD spectra, circular dichroism (CD/mdeg) as a function of wavelength (λ/nm), of CPR samples in 

100 mM potassium phosphate buffer (pH 7.4). Unexposed (
___

) and exposed (- - -) proteins at 5 W.kg
-1

 of specific 

absorption rate. Experimental conditions: CPR [130 nM]. 

 
Figure 6. Particle distribution (PD/%) histograms as a function of hydrodynamic diameter (ø/nm) measured by DLS 

recorded in 100 mM potassium phosphate buffer (pH 7.4). Unexposed (light gray) and exposed (dark gray) proteins 

at 5 W.kg
-1

 of specific absorption rate. Experimental conditions: CPR [130 nM]. 

 
Figure 7. Reaction velocity (V

-1
/min.mM

-1
) as a function of cytochrome P450 reductase substrate ([S]

 -1
/mM

-1
): 

Lineweaver-Burk plot of cytochrome P450 reductase samples after 1 hour exposure to RF 1966 MHz (130 nM, pH 

7.8, 100 mM potassium phosphate buffer). Unexposed (
___

) and exposed (- - -) proteins at 5 W.kg
-1

 of specific 

absorption rate. Reduction of cytochrome C measured spectrophotometrically by recording the absorbance at 

550 nm. 

 
Figure 8. Flavin fluorescence intensity (FI/a.u.) as a function of wavelength (λ/nm). Unexposed at 37°C (

___
), 

unexposed at 40°C (····), and exposed (- - -) proteins at 5 W.kg
-1

 of specific absorption rate. Comparison of the 

fluorescence shift of flavin produced by a 3°C increase by conventional warming at 40°C and by the 1°C increase by 

RF absorption at 5 W.kg
-1

. 
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Tables 

 

Height  

(mm) 

dT* 

(
o
C) 

SAR* 

(W.kg
-1

) 

N-SAR  

(W.kg
-1

).W
-1 

4 0.82 114 29.3 

8 1.17 163 41.9 

12 1.38 192 49.5 

16 1.71 234 61.3 

20 1.79 250 64.4 

24 1.52 212 54.7 

*at 3.88 W RF input power 

 
Table 1. Temperature elevation and SAR

2
 at different heights in the sample, taken from the bottom of the cuvette. 

Normalized SAR at 1 W input power (N-SAR) is also calculated. 

 

 

 

 Air Solution Plastic 
Stainless 

steel 

kt 

(W∙m
-1

∙K
-1

) 
0.025 0.606 0.12 1.6 

C 

(J∙K
−1

∙kg
−1

) 
1012 4178 1400 500 

 
(kg.m

-3
) 

1.16 1000 1100 7900 

 
Table 2. Thermal properties of each element used for simulations. 

 

 

 

 Unexposed 

(mdeg) 
200-260 nm 

(%) 

Exposed  

(mdeg) 
200-260 nm 

(%) 

Helix 57.2 50.2 

Antiparallel 9.3 8.8 

Parallel 7.8 6.8 

Beta-Turn 7.6 9.6 

Random Coil 22.3 23.4 

 
Table 3. Secondary structure compositions of CPR at pH 7.4 (100 mM, potassium phosphate buffer) as calculated 

from far-UV CD spectra by the CDNN 2.1. software. 

                                                      
2
 SAR: specific absorption rate; kt: thermal conductivity; C: heat capacity; : volumetric weight  
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Figures 

 
Schematic 1 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Graphical Abstract 
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Highlights 

Structure of cytochrome P450 reductase was altered under mobile phone-like exposure. 

Circular dichroism and dynamic light scattering showed protein conformation narrowing. 

Activity assessed by reduction of cytochrome c was decreased.  

Heating alone does not explain this effect, meaning that its mechanism must be sought. 

If this happens at usage power, it could alter detoxification metabolism in humans. 


