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Abstract

Blood is a fluid connective tissue of human body, where it plays vital functions for the nutri-

tion, defense and well-being of the organism. When circulating in peripheral districts, it is

exposed to some physical stresses coming from outside the human body, as electromag-

netic fields (EMFs) which can cross the skin. Such fields may interact with biomolecules

possibly inducing non thermal-mediated biological effects at the cellular level. In this study,

the occurrence of biochemical/biological modifications in human peripheral blood lympho-

monocytes exposed in a reverberation chamber for times ranging from 1 to 20 h to EMFs at

1.8 GHz frequency and 200 V/m electric field strength was investigated. Morphological anal-

ysis of adherent cells unveiled, in some of these, appearance of an enlarged and deformed

shape after EMFs exposure. Raman spectra of the nuclear compartment of cells exposed to

EMFs revealed the onset of biochemical modifications, mainly consisting in the reduction of

the DNA backbone-linked vibrational modes. Respirometric measurements of mitochondrial

activity in intact lympho-monocytes resulted in increase of the resting oxygen consumption

rate after 20 h of exposure, which was coupled to a significant increase of the FoF1-ATP

synthase-related oxygen consumption. Notably, at lower time-intervals of EMFs exposure

(i.e. 5 and 12 h) a large increase of the proton leak-related respiration was observed which,

however, recovered at control levels after 20 h exposure. Confocal microscopy analysis of

the mitochondrial membrane potential supported the respiratory activities whereas no signif-

icant variations in the mitochondrial mass/morphology was observed in EMFs-exposed lym-

pho-monocytes. Finally, altered redox homeostasis was shown in EMFs-exposed lympho-

monocytes, which progressed differently in nucleated cellular subsets. This results suggest

the occurrence of adaptive mechanisms put in action, likely via redox signaling, to compen-

sate for early impairments of the oxidative phosphorylation system caused by exposure to

EMFs. Overall the data presented warn for health safety of people involved in long-term

exposure to electromagnetic fields, although further studies are required to pinpoint the
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leukocyte cellular subset(s) selectively targeted by the EMFs action and the mechanisms by

which it is achieved.

Introduction

The exposure of humans to electromagnetic fields (EMFs) enormously increased during the

last century and it is still increasing today as a consequence of the industrial and technical

development, which involves generation of artificial EMFs sources (radio and television sta-

tions and receivers, radar, computers, Wi-Fi antennas, mobile phones, microwave ovens, and

many devices used in medicine and industry). In particular, the exposure to EMFs (from 300

MHz to 300 GHz) is extensively increasing due to the huge use of wireless communications

devices working in such a frequency range. The first effect of such exposure consists in the

local heating of tissues located inside the penetration depth of radiation (thermal effect), as a

consequence of energy transfer from EMFs to the oscillating charges inside the biological tis-

sues. However, the increase of temperature is counteracted by physiological mechanisms of

heat dispersion and, therefore, it can be considered as a negligible effect with no dangerous

risks involved. The non-thermal-related effects of EMFs on biomolecular structures have been

largely investigated in the latest years. Nevertheless, because of controversial and discrepant

results, this issue is still object of scientific debate. This subject is still largely investigated, espe-

cially by in vitro experiments, where some experimental parameters can be changed and easily

controlled.

Xu et al. found that EMFs induces DNA damage in human skin fibroblasts, but such a dam-

age did not result in significant cellular dysfunctions [1]. Other investigations have concluded

that the data from genotoxicity studies do not support a causal relationship between EMFs

exposure of mobile phones and the incidence of brain cancer or other tumors of the head [2].

In particular, de Pomerai et al. found that EMFs radiation can alter protein conformation

without heating effects [3]. Esmekaya et al. [4] reported experiments about mutagenic and

morphologic effects of 1.8 GHz radiofrequency in human cultured peripheral blood lympho-

cytes at a Specific Absorption Rate (SAR) average of 0.21 W/Kg. Effects such as destruction of

organelle and nucleus structures, cytoplasm lysis and destruction of membrane integrity

resulted more pronounced with increasing exposure time up to 48 h.

Among biological tissues, blood is of interest for investigation of EMFs effects because it is

present in every human body district, both in those located deeper and in the shallower ones,

just below the skin. So, blood is mainly involved in the environmental EMFs exposure. Among

the different blood components, monocytes play a key role, as part of the innate immune sys-

tem, to recognize and eliminate pathogens. So, they are fundamental components in the pro-

tection of the human organism against infections. Monocytes are mononuclear cells with a

diameter ranging from 10 to 15 μm and account for about 10% of total blood leukocytes. They

can migrate from the bloodstream into different tissues of the human body and differentiate in

macrophages, dendritic cells and microglial cells depending on the tissue in which they

migrate. Macrophages have the ability of phagocytosis and they produce cytokines capable of

activating other inflammatory cells. Moreover, macrophages secrete enzymes and growth fac-

tors, such as the platelet growth factor, which stimulates the growth and activity of fibroblasts

and endothelial cells, thus contributing to tissue repairing. Lymphocytes are a major subtype

of leukocytes in a vertebrate’s immune system. Lymphocytes include natural killer cells (NK

cells which function in cell-mediated, cytotoxic innate immunity), T cells (for cell-mediated,

cytotoxic adaptive immunity), and B cells (for humoral, antibody-driven adaptive immunity).
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In a previous study [5], we reported that EMFs at 1.8 GHz are able to produce morphologi-

cal alterations in human peripheral blood leukocytes, mainly consisting in the increase of the

cell surface area. Several authors report that human peripheral blood lymphocytes which have

been pre-exposed to non-ionizing EMFs exhibit an adaptive response by resisting the induc-

tion of genetic damage from subsequent exposure to ionizing radiation [6–8].

As many blood diseases are linked to biochemical changes in the cells composing the blood,

analytical methods are suitable to investigate the biochemical effects due to blood exposure to

EMFs. Among different techniques, which can be useful to achieve characterization of blood

and blood components, Raman spectroscopy is an established analytical procedure, based on

the inelastically scattered light from a sample, which provides information about vibrational

modes of the functional groups inside the analyzed sample. In fact, a Raman spectrum is char-

acterized by several features, which can be specifically assigned to the chemical bonds inside

the sample. Therefore, Raman technique has been successfully applied to analyze blood and

blood components since the early 1970 [9]. Moreover, a burden of literature suggests that

Raman spectroscopy of individual cells (performed by coupling a Raman apparatus to an opti-

cal microscope) provides meaningful biochemical information, mainly based on relative peak

intensity, that permits to highlight differences between cells exposed to chemical and physical

stress and control ones [10–13]. Therefore, the comparison between Raman intensity of some

specific peaks of control and exposed cells can detect modifications of the cellular chemical

composition, as a consequence of the exposure process. In the particular case of rounded

shaped monocytes (several micrometers in diameter), wherein the nucleus occupies most of

the total cellular volume, the exciting laser beam can be focused to produce a spot of the order

of one micrometer diameter, thereby enabling the nuclear region of individual cells to be

probed by Raman micro-spectroscopic technique.

In this study we combined optical microscopy, Raman micro-spectroscopy, high resolu-

tion-respirometry and morpho-functional confocal microscopy to investigate the biochemi-

cal/metabolic effects on leukocyte subsets from whole peripheral blood of healthy donors

exposed to electromagnetic fields at 1.8 GHz (commonly employed in GSM dual band of

mobile phones) for different times ranging from 1 to 20 h.

Materials and experimental methods

Ethics statement

Specific approval of the local ethics committee was obtained for this study (Ospedali Riuniti di

Foggia–University Hospital cod. 30/CE/2014).

Blood collection and exposure to EMF

Peripheral blood samples were collected from healthy donors in the Blood Bank of “Ospedali

Riuniti” Hospital (Foggia, Italy). Healthy donors were screened through a routine laboratory

assessment and then selected for blood donation. Oral informed consent was obtained from

each human subject included in this study. Each blood sample from each volunteer was depos-

ited in two Vacuette blood collection tubes (made of PET and internally coated with K3EDTA

to avoid coagulation), inside which they were kept during exposure. The tubes were compliant

with the requirements of ISO 6710 standard [14]. The EMFs-exposure protocol foresaw to

hold one of the two tubes inside a home-made reverberation chamber [15, 16] at room tem-

perature, ranging from 20˚C to 23˚C (variations of ± 1.5˚C often occurred in the reverberation

chamber, depending on the exposure time). The other tube, consisting of the control blood

sample, was maintained at room temperature for the same time inside the room where the

reverberation chamber was located. During exposure to EMFs in the reverberation chamber
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the frequency was set at 1.8 GHz and the electric field (E) strength was set at the root mean

square (rms) value of 200 V/m. The exposure process was carried out at four different times: 1,

5, 12 and 20 h.

Exposure apparatus to 1.8 GHz

For the irradiation of whole peripheral blood, we used a home-made reverberation metallic

chamber at 1.8 GHz having size (150x85x85) cm3, designed and implemented previously [15,

16]. This metallic cavity has dimensions much larger with respect to the wavelength (λ) of the

electromagnetic field at 1.8 GHz. In fact, at this frequency, λ results to be 16.6 cm and it is

much smaller than the chamber dimensions. A reverberation chamber is a large multimode

cavity with statistically uniform EMFs, obtained by a mechanical metallic stirrer [17]. A rever-

beration chamber works correctly at a frequency f, if the number of eigen-modes N is larger

than 60 [17]. The number N is given by:

N ¼
8p

3
abd

f
c

� �3

� ðaþ bþ dÞ
f
c
þ

1

2
ð1Þ

where a, b, d are the sizes of the chamber and c is the electromagnetic wave speed in the free

space.

Eq (1) is valid when the cavity dimensions are larger than a half wavelength, as in such a

case. In our reverberation chamber, for f = 1.8 GHz, Eq (1) gives N = 1942, a value which is

much larger than 60, so confirming a correct functioning of the chamber.

The internal EMF is characterized by stochastic values, but it is averagely uniform and isotro-

pic one [18]. The transmitting antenna is a stick of 4.15 cm long, corresponding to λ/4 for the

1.8 GHz frequency and it is fixed perpendicularly to a vertical side wall of the chamber. The elec-

tromagnetic wave generator (from 100 kHz to 2112 MHz) has an output power ranging from

-140 dBm to +10 dBm and it is connected to a first power amplifier (up to 5W in the frequency

range 1.5–2.0 GHz). Another power amplifier (ranging up to 20 W for the frequency of 1.8

GHz) is connected in cascade with the previous one and its output is connected to the antenna.

The apparatus was characterized at different input RF powers by measuring the E strength in

different points inside the reverberation chamber by means of an EMFs Meter (PMM 8053B)

connected with an optical fiber to an Electric Field Probe (PMM EP-600) which measures the

root mean square (rms) value. Its frequency range is 100 kHz—9.25 GHz. The probe was cali-

brated in air at the PMM Calibration Laboratory. The measurements of E strength were per-

formed and averaged by the mentioned electric field meter over a fixed time range of 6 minutes.

The magnetic field (H) strength was also measured in the reverberation chamber by means

of a magnetic field probe (HP-102) connected with an optical fiber to the EMFs meter PMM

8053B, which measures also the rms values of H. The measurements of H strength were per-

formed in several points in the region where the blood samples were located and they were

also averaged over a time range of 6 minutes, obtaining a rms value of 0.41 A/m.

To determine the SAR parameter inside the blood sample, the experimental procedure is

reported in [15, 16]. Moreover, the calibration procedure performed in [5] provides a ratio

Eout/Ein = 15, where Eout is the measured E strength value averaged over 6 minutes outside the

blood sample put in the reverberation chamber and Ein is the averaged value over 6 minutes of

the E strength inside the samples. In our case, the Ein average value corresponding to 200 V/m

is Ein = 200/15 V/m = 13.3 V/m. The SAR value corresponding to this E strength is given by:

SAR ¼ s
E2

in

r
ð2Þ
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where σ is the electrical blood conductivity and ρ is the mass density of the blood. By taking

into account the blood values: σ = 1.250 S/m and ρ = 1060 Kg/m3 [19] and the above Ein value,

from Eq (2) we obtain a value of SAR = 0.21 W/Kg. In the range of EMFs frequencies (from 10

MHz to 10 GHz) and, in particular, at 1.8 GHz, the SAR values of mobile devices have to be

lower than 2 W/Kg for head and trunk (general public population), as predicted by the guide-

lines on exposure limit to EMFs ruled by the International Commission on Non Ionizing Radi-

ation Protection (ICNIRP) [20, 21]. For the European countries, at 1.8 GHz the permitted

SAR values of the mobile phones are lower than the previous one and they are 0.3 W/Kg

around the human head and 0.5 W/Kg for the human body measured at 1.5 cm far away [22].

Therefore, the SAR value achieved in our apparatus is of the same order of magnitude of the

maximum allowed value in the European countries.

Isolation of PBLM cells and optical microscopy analysis

Peripheral blood lympho-monocyte (PBLM) cells were obtained from the peripheral blood

samples after Ficoll-Hypaque density gradient separation. The lympho-monocyte cells

obtained from the buffy coat were seeded in 6-well plates wherein poly-lysine coated coverslips

had been placed in complete RPMI 1640 medium supplemented with 10% fetal bovine serum

(FBS). Mainly monocytes attach to the covers after 4h of incubation while most of lymphocytes

remain suspended in the liquid portion. The liquid portion was aspirated and the coverslips

with adherent PBLM were recovered. Cells grown on coverslips were fixed with 3.7% para-

formaldehyde (PFA) in phosphate buffer saline (PBS). Morphological observations were also

performed by staining cells with the May-Grunwald-Giemsa method and observing the sam-

ples by means of an optical microscope (Olympus IX71) operating in bright-field mode.

Raman measurements and processing

For Raman microspectroscopy measurements, a glass coverslip with adherent PBLM cells was

placed on a microscope slide provided with a well, which was filled with PBS solution. The face

of the coverslip where the cells adhered was placed in the PBS solution so that the laser beam

through the glass coverslip probed fixed single cells kept in the PBS solution [23]. We checked

that this configuration did not lead to the degradation of the samples as a result of photochem-

ical reactions or sample heating during the measurement time.

Raman spectra were recorded at room temperature by means of a Raman confocal micro-

spectrometer apparatus (Labram from Jobin-Yvon Horiba). The exciting beam, consisting of

the 488 nm line of an Ar ion laser, was focused on the sample by using an Olympus optical

microscope with a 100x oil-immersion objective (1.3 numerical aperture), resulting in a dif-

fraction-limited spot about 2 μm in diameter. The laser power on the sample was properly

fixed at 5 mW (corresponding to a laser intensity of about 1.5x105 W/cm2) to obtain a good

signal/noise ratio while avoiding thermal damage of the sample. The reproducibility of the

spectra using such excitation intensity was verified by measuring three spectra in sequence on

the same sample point. Each Raman spectrum was measured in the 700–1800 cm-1 spectral

range, where information about the functional groups of the main cellular components (pro-

teins, nucleic acids, lipids, and carbohydrates) are included. The acquisition time was set at 20

s for each single spectral acquisition and the signal was averaged for three acquisitions. The

light scattered from the sample was collected using the same 100x oil-immersion objective (in

backscattering geometry) and passed through a notch filter (Kaiser Optical Systems, Inc.) to

suppress the laser line. The Raman scattered light crossed a square confocal hole (500 μm diag-

onal) and a 200 μm entrance slit of a spectrometer equipped with a 600 grooves/mm grating.

The signal was detected by means of a charge-coupled device (CCD) cooled at 223 K. A

Electromagnetic fields affects leukocyte morphology, DNA-related Raman spectra and mitochondrial OxPhos

PLOS ONE | https://doi.org/10.1371/journal.pone.0192894 February 20, 2018 5 / 26



separate CCD camera was used to record white-light microscope images of the cells to be

probed. The spectral resolution was ~5 cm-1/pixel. Raman spectra were recorded from many

single cells, randomly chosen on each glass coverslip containing the control cells and the cells

exposed to the EMFs. Raman spectra were measured by focusing the laser spot on the cell sur-

face above the nucleus in order to reduce the cell-to-cell variability and to obtain information

originating from the plasmatic membrane, nucleus, and cytoplasmatic region between the plas-

matic membrane and nucleus. Raman spectra of the background signal (the coated glass cover-

slip and the PBS solution) were acquired after the acquisition of each cell spectrum by moving

the objective, without varying the focus position, to a close region where no cells were located.

Raman spectrum collected from each single cell was preprocessed firstly by subtracting the

background signal from each spectrum; then, by performing a subtraction of the cell fluores-

cence and stray light signal, described by a fifth-order polynomial function; finally, by dividing

the intensity of each wavenumber channel of the Raman spectrum by the total spectral inten-

sity, to minimize the effect of variation either in the sampling of the cellular volume or in the

laser power on the spectral intensity of each single cell (this last procedure normalizes to the

total amount of biological material in the sampling volume). After this pretreatment proce-

dure, the normalized spectra collected from each coverslip were independently averaged to

obtain an average spectrum for both the unexposed and exposed cells.

Respirometric analysis

Isolated PBLM cells were isolated as described above, washed in PBS, resuspended in RPMI

1640 medium at about 107 cells/ml and immediately assayed for O2 consumption rates (OCR)

by high resolution oxymetry (Oxygraph-2k, Oroboros Instruments) at 37˚C under continuous

stirring. After attainment of a stationary resting endogenous substrate-sustained respiratory

rate (OCRr), 1 μg/ml of oligomycin was added and the resulting respiratory activity (OCRo)

recorded for 5 min. Finally, 1 μg/ml of valinomycin was added to obtain the uncoupled respi-

ration (OCRu). All the OCRs were corrected for 2 μM rotenone-insensitive respiration and

normalized to the cell number. The respiratory control ratio (RCR) was obtained as OCRr/

OCRo; the respiratory activity linked to the activity of the FoF1-ATP synthase was obtained as

OCRr-OCRo and referred as OCRATP. To note, frozen PBLM cells samples were unsuited for

this analysis because after thawing ensued non-reproducible results.

Confocal microscopy analysis

Laser scanning confocal microscopy (LSCM) live cell imaging was carried out as in [24].

Briefly, buffy coat-derived PBLM cells were seeded on Cell TakTM-coated 35-mm glass-bottom

dishes and incubated for 20–30 min at 37˚C either with 0.1 μM tetramethylrhodamine ethyl

ester (TMRE) to detect ΔCm or with 0.5 μM MitoTracker1 Green FM to detect mitochondria

or with 10 μM 2,7-dichlorofluorescin diacetate, which is converted to dichlorofluorescein

(DCF) by intracellular esterases, to detect ROS. Stained cells were washed with PBS and exam-

ined with a Leica TCS SP8 confocal laser scanning microscope (images collected using a 60×
objective [1.4 NA]); TMRE red fluorescence was elicited with the He–Ne laser beam (λex 543

nm), MitoTracker and DCF green fluorescence was elicited with the Ar–Kr laser beam (λex

488 nm). Acquisition, storage, and analysis of data were performed with a dedicated instru-

mental software from Leica or ImageJ version 1.37 (https://imagej.nih.gov/ij/).

Measurements of citrate synthase and cytochrome c oxidase activity

The activity of mitochondrial marker enzymes was assayed spectrophotometrically on total

PBLM cell lysates as in [25]. Briefly, 5-10x106 cells were suspended in 0.5 ml of 0.32 M sucrose,
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40 mM KCl, 20 mM Tris-HCl (pH 7.2) 2 mM EGTA and subjected to ultrasound treatment till

complete rupture of the cell membranes (assessed by trypan blue assay). PBLM lisates were

diluted 1:8 in 10 mM Tris-HCl (pH 8.0), 1mg/ml BSA and cytochrome c oxidase (complex IV)

was assayed (in the presence of 2.0 μM antymicin A plus 1.0 μM rotenone) following the initial

2 mM KCN-sensitive rate of 20 μm ferro-cytochrome c oxidation under aerobic conditions

(ε550nm = 19.1 mM−1 cm−1). Ferro-cytochrome c was attained treating 1–2 mM ferri-cyto-

chrome c (in dd-water) with a few grains of sodium dithionite and dialyzed overnight against

dd-water. Citrate synthase activity was assayed spectrophotometrically in Tris-HCl (pH 8.0)

measuring the absorbance increase of the reaction between 0.3 mM Acetyl-CoA and 0.5 mM

oxaloacetate coupled with the reaction of the released CoA-SH with 0.1 mM DTNB (5,50-

dithiobis (2-nitrobenzoic acid)) to form 5-thio-2-nitrobenzoic acid (TNB) (ε412nm = 13.6

mm−1 cm−1). The activities of both cytochrome c oxidase and citrate synthase were normalized

to the initial cell number.

Statistical analysis

Data are presented as means ± S.E.M. and analyzed by two-tailed student t-test using Sigma-

Plot version 9.0 (Systat Software). A value of p< 0.05 was set as statistically significant and fur-

ther validated by the variance analysis test (ANOVA) followed by a post hoc Bonferroni test.

Results and discussion

Morphological analysis of the adherent component of PBLM

After exposure of whole blood to EMFs the PBLM cells were isolated, seeded on polylysine-

coated dishes and visualized by optical microscopy. Under this condition the mononocyte

fraction of PBLM, along with platelets, adhere to the conditioned plastic surface while lympho-

cytes largely remain in the surnatant.

At the E strength of 200 V/m, no clear difference in the size and shape of cells after 1 h

exposure can be detected, as can be seen comparing Fig 1A (control cells) and Fig 1B (exposed

cells). Instead, some morphological effects in the PBLM cells can be observed after 5 h expo-

sure: in fact, a few cells seem to aggregate each other after this time (compare the control sam-

ple in Fig 1C with the 5 h exposed sample in Fig 1D). In addition a small increase in the

average size of a few cells can be observed. Such increased-size cells are also present in the sam-

ple exposed for 12 h, as can be seen by comparing Fig 1E (control sample) with Fig 1F (12 h

exposed sample). In this case the aggregation effect is less evident with respect to the sample

exposed for 5 h. Following 20 h of EMF exposure quite large morphological modifications

occurred in adherent cells as compared with non-exposed samples (compare Fig 1G and 1H)

consisting in an enlarged and flattened surface. The percentage of morphologically altered

cells (i.e. characterized by a larger size and/or deformed shape with respect to those of typical

control cells or showing an aggregation status) has been estimated by analyzing many optical

fields of exposed samples and the results are reported in Fig 1I. It is shown that the percentage

of morphologically altered cells increases with the exposure time (triangles), whereas it is negli-

gible and time-independent in the control samples (circles). By a careful inspection of optical

images, it is also evident the trend of platelets in exposed samples to cluster each other and to

stick to the cells. Such a behavior is particularly evident after 5 h of exposure, but is it is also

visible in the 12 h and 20 h exposed samples, whereas it is less evident after 1 h exposure,

although the average number of platelets stuck to each single cells in exposed samples results

larger than the corresponding number in control samples, as visible in Fig 1M.

In Fig 2 the adherent cell samples have been stained with May-Grunwald-Giemsa method

to better appreciate the differences between control cells and exposed ones, especially about
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the nucleus region, which results more intensely stained because of the molecular interaction

between eosin Y and an azure B-DNA complex. Such differences are quite similar to those

described in Fig 1. Also for this test the percentage of cells characterized by anomalous cell and

nucleus size/shape has been estimated in the exposed cells and compared with the control

ones. As shown in the plot of Fig 2I, the morphological changes for exposed samples increase

with increasing exposure time, whereas the corresponding control samples show a negligible

number of altered size cells. A closer image analysis of selected cells, displaying altered size and

morphology, revealed clear alterations in the nuclear chromatin staining documenting transi-

tions from a compact circular shape in the controls (Fig 2A, 2C and 2E) to irregular multi-

lobate/fragmented structures upon EMF-exposure (Fig 2B, 2D and 2F). The observed morpho-

logical changes can be indicative of biochemical modifications occurring in PBLM exposed to

EMFs [26] or of altered adhesiveness of a different cell phenotype present in the PBLM frac-

tion. Evident morphological effects induced by EMFs exposure to 1.8 GHz and at a SAR value

of 1.25 W/Kg were also observed by Ashraf et al. [27]. Similarly to what observed in Fig 1 also

the stained platelet fraction of PBLM appear to have a tendency to form aggregation among

them and with PBLM.

Raman spectroscopy analysis of the adherent component of PBLM

Raman spectra have been collected from control and exposed adherent PBLM cells, whose

shape and size were not deeply altered by EMFs exposure, in order to investigate the presence

of earlier markers of biochemical alterations in addition to or anticipating the observed mor-

phological changes. Unfortunately, the flatness of the deformed cells shown in Figs 1 and 2

made difficult to focalize the laser beam in an intracellular volume, thus leading to unreliable

spectra. The averaged Raman spectra of normalized signals from control and exposed cells

derived from the same patient are shown in Fig 3 for exposure time of 1 (a), 5 (b), 12 (c) and

20 (d) h at 200 V/m. Peak positions and assignments, according to literature [28], are reported

in Table 1. As shown in Fig 3, the spectra of control and exposed cells are similar for each inves-

tigated exposure time, although the relative intensity of some spectral features shows some dif-

ferences in all the average spectra. Such peaks, labeled in Fig 3, are specifically related to: the

ring stretching mode of DNA bases and the O-P-O stretching mode of phosphodiester bond of

phosphate group of DNA (785 cm-1); the breathing mode of phenylalanine (1003 cm-1); the

PO2
- phosphodioxy bond of phosphate group of DNA (1092 cm-1), which can be considered a

marker mode for DNA (although such peak involves also the contribution from C-N stretching

mode of proteins and lipids); the ring breathing mode of DNA bases (1578 cm-1); the C = C

stretching mode of phenylalanine, tyrosine and tryptophan (1615 cm-1).

The change of intensity of the above-reported spectral peaks after EMFs exposure can be

related to local modification of DNA and proteins bonds within the cells. Consequently, the

comparison of the intensity of these peaks in control and exposed cells can be related to modi-

fications in cellular components as a consequence of the EMFs action. In particular, it is evi-

dent in Fig 3 the decrease of the signals related to DNA structure at 785 and 1092 cm-1 after

Fig 1. Optical images of control and exposed cells to EMFs at 1.8 GHz. Bright field optical images of controls (a, c, e, g)

and respective 1 h, 5 h, 12 h and 20 h exposed (b, d, f, h) samples to the electric field strength of 200 V/m of microwave of

1.8 Ghz. The larger structures correspond to adherent PBLM cells, whereas the smaller ones are platelets which cannot be

completely separated by the density gradient procedure to isolate PBLM cells. The scale bar corresponds to 15 μm. The

images are representative of 3–4 independent experiments (i.e. biological replicates corresponding to samples from

different donors for each condition), yielding comparable results. The plots at the bottom shows the percentage of cells

whose size appeared altered after 1, 5, 12 and 20 h exposure (i) and the average number of platelets stuck on each single cell

as a function of exposure time (m). For each sample, about 300 cells were analyzed from 20–30 randomly selected optical

fields. The bar values are means ± SEM of 3–4 independent experiments.

https://doi.org/10.1371/journal.pone.0192894.g001
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exposure to the EMFs for exposure time longer than 1 h, so suggesting some subtle change in

the DNA dynamic structure induced by the EMFs when the exposure time is sufficiently long.

Conversely, the signal related to aromatic amino-acids vibrational modes at 1615 cm-1 seems

to increase when exposure occurs.

A proper way to get reliable biochemical information by Raman spectra is to perform ratio-

metric analysis, i.e. to consider the ratio between the area (or intensity) of a peak with respect

to that of another one. Such a procedure also softens the artefact arising from signal fluctua-

tions due to instrumental parameters variability, to sample and to substrate effects [29]. There-

fore, the Raman peaks have been analyzed in detail, after deconvolution of each measured

spectrum by means of Voigt functions, in order to highlight spectral differences. Such fitting

analysis has been performed in the spectral regions between 700 and 1150 cm-1 and between

1530 and 1750 cm-1, because such regions include signals accurately attributed to specific cel-

lular components. In particular, we compared the ratio of the area of the 785 cm-1 peak with

respect to that of the 1003 cm-1 peak (I785/I1003) as a marker of the DNA-related modification

with respect to that of proteins, similarly to the ratio of the area of 1092 cm-1 peak with respect

to that of the 1003 cm-1 peak (I1092/I1003). In addition, we also analyzed the ratio of the area of

1578 cm-1 peak with respect to that of the 1615 cm-1 peak (I1578/I1615) which also reflects the

ratio between the vibrational modes of the C = C bonds in nucleic acid and protein [30]. The

spectral region between 1150 and 1530 cm-1 contains also some features specific of nucleic

acid components (at about 1420 and 1485 cm-1) but they are scarcely resolved and over-

whelmed by the large and intense band at about 1450 cm-1, which is due to both protein and

lipid components. Therefore, such spectral region has been neglected for the fitting analysis.

Fig 3 (panels on the right hand side of the corresponding averaged Raman spectra) shows

the mean values of the three above mentioned area ratios for control and exposed samples.

The t-test, performed to quantify the level of statistically significant difference between the two

groups of area ratio in control and exposed PBLM spectra, yields the values reported in

Table 2. It can be inferred that the difference in the mean values of the two groups is large

enough to reject the possibility that the difference is due to random sampling variability for all

the intensity ratios related to 5, 12 and 20 h exposure, except for the comparison between the

I1092/I1003 after 12 h exposure (Fig 3F, 3G and 3H, respectively and the p-values reported in

Table 2). On the contrary, there is no statistically significant difference between the area ratio

groups related to 1 h exposure (Fig 3E and the p-values reported in Table 2). The Raman spec-

tral change in the ratio between DNA and protein components, attained at EMFs exposure

longer than 5 h, is mainly due to decrease of the signal related to the former with respect to

that of the latter. Both chemical bonds inside single nucleic acids as well as among nucleic

acids appear to be modified by EMFs exposure. We retain that the EMFs cause a chemical

modification mainly in the environment surrounding the nucleus district. Consequently, the

signal of the Raman peaks related to bonds close to such modified environment is the most

affected by the exposure procedure. Nonetheless, the number of bonds that are affected after

exposure is relatively low (see the difference of the above mentioned signals in control and

Fig 2. Optical images of stained control and exposed lympho-monocyte cells to EMFs at 1.8 GHz. Representative

May-Grunwald-Giemsa (MGG) images of controls (a, c, e) and respective 5 h, 12 h and 20 h exposed (b, d, f) samples

to the electric field strength of 200 V/m of microwave at 1.8 GHz. The scale bar corresponds to 7 μm. Digital

magnifications of selected cells are shown along with their rendering obtained by the software ImageJ 1.49 (http://

imagej.nih.gov/ij) with the tool LUT-ICA. The plot g) shows the percentage of MGG stained cells whose size appeared

altered after 1, 5, 12 and 20 h exposure. For each sample, about 300 cells were analyzed from 20–30 randomly selected

optical fields. The bar values are means ± SEM. The images are representative of 3–4 independent experiments (i.e.

biological replicates corresponding to samples from different donors for each condition), yielding comparable results.

https://doi.org/10.1371/journal.pone.0192894.g002
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exposed samples in Fig 3), so that a shift of the corresponding Raman peaks is not clearly visi-

ble in the spectra.

In order to estimate the exposure time dependence of the chemical modifications inside

DNA components, Fig 4 shows the difference of investigated area ratios of the control with

respect to the exposed PBLM samples for different exposure times. It is clearly evident that

such a difference is negligible for 1 h exposure but results positive for the longer exposure

times, so confirming that the three investigated area ratio values are larger for the control than

for the exposed samples. It is interesting to remark that the intensity ratio difference is charac-

terized by an increasing trend versus the exposure time. In keeping that the energy transfer

occurring at the used EMF exposure is not sufficient to cause breaking of covalent bonds

within biomolecules, it is likely that the observed changes in the Raman signals, rather reflect

Fig 3. Average Raman spectra of control and exposed PBLM cells to EMFs at 1.8 GHz. Raman spectra of control (continuous black line)

and exposed (continuous red line) PBLM cells which were extracted from whole blood samples. The irradiated PBLM cells were exposed to

the electric field strength of 200 V/m of microwave at 1.8 GHz inside a reverberation chamber for 1 (a), 5 (b), 12 (c) and 20 (d) h. The

labeled Raman features are related to DNA (at 785, 1092 and 1578 cm-1) and protein (at 1003 and 1615 cm-1) content (see text). Each

spectra is the average from 20 different cells under each condition and are representative of 3–4 independent experiments (i.e. biological

replicates corresponding to samples from different donors for each condition). On the right hand side of each Raman spectrum is shown

the corresponding comparison between mean values of the I785/I1003 (dots), I1092/I1003 (squares) and I1578/I1615 (triangles) intensity ratios of

Raman peaks of control and 1 (e), 5 (f), 12 (g) and 20 (h) h EMFs exposed cells. The values are means ± SEM of 3–4 independent

experiments (i.e. biological replicates corresponding to samples from different donors for each condition).

https://doi.org/10.1371/journal.pone.0192894.g003

Table 1. Attribution of Raman peaks.

Spectral range of Raman features (cm-1)

[28]

Present work

(cm-1)

Assignment

720–725 725 (ring breathing, n.a.)

746–748 747 (ring breathing, n.a.)

780–788 785 (O-P-O str,. n.a.)+(ring breathing, n.a.)

810–859 830, 853 (O-P-O str,. n.a.)+(ring breathing, Tyr.)

893, 932, 964 vibrational modes of glass substrate

1000–1006 1003 (symmetric ring breathing, Phe)

1031–1033 1031 (C-H in-plane bend., Phe)

1053–1064 1060 (C-O C-C, c.)+ (C-N str., p.) +(C-C str., l.)

1087–1096 1092 (PO2
- str., n. a.)

1123–1128 1127 (C-N str., p.)+ (C-O, c.) +(C-C str., l.)

1163–1176 1173 (C-H bending, Tyr)

1220–1284 1223, 1260 (Amide III, p.)

1300–1313 1307 (CH2 twist., l.)

1335–1343 1341 (CH3 def., CH2 wagg., p. and n.a.)

1360–1379 1378 (CH bend., Trp)+(ring breathing, n.a.) +(CH3 bend.,

l.)

1420–1421 1416 (ring breathing, n.a.)

1436–1460 1460 (CH2 sciss., l.)+ (CH2 sciss., p.)

1485–1490 1488 (ring breathing, n.a.)

1573–1582 1578 (ring breathing, n.a.)

1615–1618 1615 (C = C, Tyr., Trp.)

1655–1685 1665 (Amide I, p.) + (C = C str., l.)

Assignment of Raman spectral structures, based on the results reported in literature [28] and in the present

investigation. Abbreviations: Phe: phenylalanine, Tyr: tyrosine, Trp: tryptophan, p: proteins, c: carbohydrates, l:

lipids, n.a.: nucleic acids, str: stretching, bend: bending, wagg: wagging, twist: twisting, sciss.: scissoring.

https://doi.org/10.1371/journal.pone.0192894.t001
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localized alterations in the sovramolecular geometry of the DNA double-helix assembly. Con-

sistently, denaturation of DNA was reported to be accompanied with a decrease of the Raman

signals assigned to the phosphodiester bond moiety [31, 32].

Effect of EMF exposure on the mitochondrial respiratory activity in PBLM

cells

Finally, we sought to investigate if exposure to EMFs caused alterations in cell metabolism.

Given the central role played in this context by the mitochondrial OxPhos as a major ATP pro-

ducer we carried out a systematic analysis using high-resolution oxymetric methodology. Fig 5

shows comparatively the oxygen consumption rates (OCRs) measured in intact PBLM cells

treated for the indicated times at the E strength of 200 V/m. PBLM cells isolated from the same

human subject were incubated under identical conditions and served as internal control

(CTRL). The OCRs were corrected for the rotenone-insensitive respiratory activity. Since rote-

none is a specific inhibitor of the NADH-dehydrogenase (Complex I of the mitochondrial

respiratory chain) all the reported OCRs can be ascribed to the mitochondrial respiratory

activity. The OCRr (gray bars) measured under resting condition (i.e. utilizing internal or

medium-contained substrates) is shown. No significant differences were observed in not-

EMFs-exposed PBLM cells at 5, 12 and 20 h of incubation as compared with samples tested

soon after their isolation. Five h of EMFs-exposure resulted in no difference as referred to the

cognate control. At 12 and 20 h of EMFs-exposure, a trend toward a progressive increase in

the OCRr was observed. However, the averaged values did not reach statistical significance

likely because of the large inter-individual variability.

Normalization to the internal control of the same patient’s sample resulted in a significant

50–60% increase at 12 and 20 h of EMFs exposure (Fig 6A). Addition of the FoF1 ATP

synthase inhibitor oligomycin caused a decrease of the OCR (Fig 5, yellow bars). This is

expected since inhibition of the FoF1 ATP synthase blocks the utilization of the proton gradi-

ent generated by the respiratory chain that inducing a rise in the mitochondrial transmem-

brane potential (ΔCm) in turn back-inhibits the electron transfer in the respiratory chain [33].

Indeed, addition of a protonophore uncoupler (FCCP) or of a K+ ionophore (valinomycin)

dissipating the ΔCm re-established the OCR to the resting values. The difference OCRr-OCRo

(OCRATP) is taken as an indirect measure of the oxygen consumption linked to the ATP syn-

thesis [33]. Fig 6B shows that the normalized OCRATP decreased at 5 and 12 h of exposure

while increased at 20 h of EMFs exposure. The absolute value of the residual OCRo is consid-

ered an indication of the proton back-flow (leak) caused by the passive proton permeability of

the mitochondrial membrane and/or by membrane-bound uncoupling proteins (UCPs, PTP)

Table 2. t-test of area ratios of Raman peaks in exposed with respect to control samples.

Exposure time I785/I1003 I1092/I1003 I1578/I10615

20 h 0.0142 0.0094 5.4�10−9

12 h 0.0431 0.560 4�10−4

5 h 0.0334 0.0299 7�10−5

1 h 0.9645 0.7403 0.7795

p-values of the t-test performed between the I785/I1003, I1092/I1003 and I1578/I1615 area ratios of Raman peaks of Fig 3

for the control and exposed lympho-monocyte samples to EMFs of 1.8 Ghz. The above ratios have been calculated by

considering about 20 Raman spectra of control and exposed cells. The p-values which do not correspond to a

statistically significant difference between the two groups, by considering a significance threshold of p < 0.05, are

reported in bold.

https://doi.org/10.1371/journal.pone.0192894.t002
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[33]. Figs 5 and 6C show that the OCRo either as absolute value or when normalized to the

OCRr respectively increased at 5 and 12 h of EMFs exposure while decreased at 20 h of EMFs.

All together the presented results suggest that following EMFs exposure PBLM cells undergo

progressive changes in their oxidative metabolism. Relatively short time of exposure to EMFs

(5 to 12 h in our experimental protocol) caused impairment in the coupling efficiency of the

mitochondrial OxPhos system which appear to be mainly due to enhanced dissipative flow of

protons at the level of the inner mitochondrial membrane. Theoretical considerations have

envisaged the possibility that irradiated electromagnetic fields might interfere with the local-

ized electric field generated at the level of the mitochondrial inner membrane by the proton-

motive activity of the respiratory chain (120–180 mV negative inside) [34, 35]. Longer expo-

sure to EMFs (20 h) puts in action compensatory mechanisms to counteract the harmful dys-

functioning of mitochondria. Though the mechanism of both the effect of EMFs and the

following resilient adaptation in PBLM cells remains to be elucidated its impact on the biology

of immune-competent cells warrants consideration. The metabolism in immune-competent

cells is emerging as an important factor controlling both the innate and acquired immune

response and activation of immune-competent cells is accompanied with rewiring of the meta-

bolic phenotype [36]. In particular, lymphocytes and monocytes proved to rely on OxPhos

metabolism in their inactive/quiescent state and to shift toward aerobic glycolysis once acti-

vated by pathogen invasion [37]. The presented results imply concerns about the risk deriving

from long-time exposure to EMFs. Indeed, if immune competent cells are primed to up-

Fig 4. Area ratios of Raman peaks from spectra of control and exposed PBLM cells to EMFs at 1.8 GHz. Difference of I785/

I1003 (a), I1092/I1003 (b) and I1578/I1615 (c) area ratios of Raman peaks of the control with respect to the exposed lympho-

monocyte samples for different exposure time of Fig 3. The values are means ± SEM of 3–4 independent experiments (i.e.

biological replicates corresponding to samples from different donors for each condition).

https://doi.org/10.1371/journal.pone.0192894.g004

Fig 5. Mitochondrial respiratory analysis in intact PBLM cells. PBLM cells isolated from human subjects were tested

for oxygen consumption rates (OCRs) by high resolution respirometry as described under Materials and Methods.

Respiratory activity expressed as nmol O2/min/106 PBLM cells. OCRr and OCRo are activities attained before and

after addition of oligomycin and were corrected for rotenone-insensitive respiration. The bar values are means ± SEM

of 3 independent experiment under each condition; t = 0, activity measured in freshly isolated PBLM cells; PBLM cells

incubated for the indicated h in the absence (CTRL) or in the presence of EF (strength of 200 V/m).

https://doi.org/10.1371/journal.pone.0192894.g005
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regulate their oxidative metabolism as a general adaptive response to initial EMF insult, it is

feasible to envisage that their immunometabolic shift toward a glycolysis-competent pheno-

type might be delayed or even hampered. Consistently, a number of studies reported deregula-

tion of the immune response under EFMs-induced stressing conditions [38].

Confocal microscopy analysis of mitochondria-related parameters in

EMFs-exposed PBLM cells

To support the oxymetric measurements we carried out an imaging analysis of the mitochon-

drial membrane potential in PBLM cells by confocal microscopy. To this aim we used the

mitotropic probe TMRE, which is a lipophilic cation accumulating in functional mitochondria

driven by the ΔCm. Fig 7 displays representative pictures of PBLM exposed to 5, 12 and 20

hours to EMFs and the corresponding image analysis. It is shown that the TMRE-related fluo-

rescence underwent a small transient increase at the 12 h time-point of EMF exposure to

recover at the 20 h time-point, in agreement with the respirometric measurements. It has to be

recalled that the relationship between respiratory rate and mitochondrial potential is non-oho-

mic [39–41], thus little changes are expected for the ΔCm. It is worthy noting that the tiny cor-

puscular inter-cellular fluorescent signal attributable to platelet mitochondria displayed a

more clustered appearance in EMFs-exposed samples. This was indicative of a greater platelet

aggregation, as compared with untreated samples, and confirmed the observations made in

phase-contrast microscopy.

Next we assessed the overall mitochondrial content in PBLMs using the specific mitochon-

drial probe MitoTracker Green. Fig 8A shows selected representative images of large PBLM

(about 12–15 μm diameter) and small PBLM (about 8–12 μm diameter) with condensed mito-

chondria distributed peri-nuclearly. Image analysis did not result in significant changes nei-

ther in the overall fluorescence/cell or in the shape of the intracellular fluorescence signal (Fig

8B). This indicated no appreciable variation either in the mitochondrial content and morphol-

ogy after EMFs exposure. This conclusion was further supported by measuring the citrate

synthase activity, an indirect marker of the mitochondrial mass, which did not display signifi-

cant changes in EMFs-exposed PBLM (Fig 9A). Conversely the cytochrome c oxidase (COX)

activity normalized to the citrate synthase activity resulted trendily to decrease though not

reaching statistical significance even at the longest EMFs time exposure (Fig 9B).

Cytochrome c oxidase is the terminal complex of the respiratory chain delivering electrons

to O2 which is reduced to 2 H2O molecules. Impairment of COX activity possibly causes pro-

duction of reactive oxygen species because of the upstream accumulation of reducing equiva-

lents in the electron transfer chain. The consequent risk of electron leakage to O2 produces the

superoxide anion O2
•-, which in turn is converted to H2O2 by the Mn-SOD. To assess this pos-

sibility PBLM cells were treated with the redox probe DCF after different time points of EFMs

exposure. As shown in Fig 10A a significant increase of the DCF-related fluorescence signal

was observed in EMFs-exposed PBLM cells, as compared with untreated cells, starting already

after 5 h of treatment, which progressively enhanced at longer time-points of EMF challenging.

Fig 6. Mitochondrial respiratory analysis in intact PBLM cells. (A) OCRr of EMFs-exposed PBMN cells normalized

to the untreated cognate control samples incubated for the same time and under identical conditions. The bar values

are means ± SEM of 3 independent experiment under each condition and were calculated from the absolute values

shown as averages in Fig 5. (B) OCRATP of EMFs-exposed PBLM cells normalized to the untreated cognate control

samples incubated for the same time and under identical conditions. The bar values are means ± SEM of 3

independent experiment under each condition and were calculated as OCRr-OCRo from the absolute values shown as

averages in Fig 5. (C) OCRo was divided by the OCRr of the same assay and normalized to the relative CTRL value.

The bar values are means ± SEM of 3 independent experiment under each condition and were calculated as from the

absolute values shown as averages in Fig 5.

https://doi.org/10.1371/journal.pone.0192894.g006
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Remarkably, the intracellular DCF fluorescence signal appeared to be partitioned in a subset of

the cells clearly resembling the mitochondrial compartment (compare with Fig 8A). This

points to mitochondria as the earlier ROS source then after diffusing in the rest of the cell. A

closer image analysis unveiled that the progressive increase of DCF-related fluorescence as a

function of the EMFs exposure time did not occur homogeneously in the PBLM. Indeed, it

was shown that the larger was the size of the cell the earlier was the appearance of the DCF-

related fluorescence (Fig 10B). Most notably, the fluorescence was evident only in PBLM cells

and not in platelets which also contains mitochondria as shown in Figs 7 and 8. This last obser-

vation clearly indicates that EMFs exposure causes an unbalance of the cellular redox homeo-

stasis occurring only in nucleated cells.

Fig 7. Confocal microscopy analysis of ΔCm in EMFs-exposed PBLM cells. PBLM cells exposed to EMFs for the indicated time were incubated with TMRE and

analyzed by confocal microscopy as detailed in Materials and Methods. (A) Representative images are shown with enlargements from each optical fields of selected

nucleated cells and platelets. (B) Quantitative analysis of the TMRE-related fluorescence intensity/cell. The values are means ±SEM of 3 independent biological

replicates; for each biological replicate the digitalized mean fluorescence/cell (ranging from 0 to 255) was averaged from 50 to 100 single cell analysis from at least

three different optical fields for each condition. Image analysis was performed by ImageJ using the “particle analysis” tool on threshold adjusted optical fields.

P< 0.05 of “12 h” vs all the other conditions.

https://doi.org/10.1371/journal.pone.0192894.g007
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Fig 8. Confocal microscopy analysis of mitochondrial content in EMFs-exposed PBLM cells. PBLM cells exposed to EMFs for the indicated time were

incubated with MitoTracker1 Green and analyzed by confocal microscopy as detailed in Materials and Methods. (A) Representative images of cell

subsets pinpointed on the basis of the size; L-PBLM and S-PBLM indicate large and small lympho-monocytes respectively. The picture below each

microscopy image was attained by rendering of the corresponding fluorescence signal using ImageJ after removal of the back-ground. (B) Quantitative

analysis of the MitoTracker1-related fluorescence/cell; the top histogram shows the fluorescence intensity/cell, the bottom histogram shows the

elongation parameter of the fluorescent intracellular signal defined as the reciprocal of the circularity value. The bars are means ±SEM of 3 independent

biological replicates; for each biological replicate the digitalized mean fluorescence/cell (ranging from 0 to 255) and the circularity of the signal was

averaged from 50 to 100 single cell-analysis from at least three different optical fields for each condition. Image analysis was performed by ImageJ using

the “particle analysis” tool on threshold adjusted optical fields.

https://doi.org/10.1371/journal.pone.0192894.g008

Electromagnetic fields affects leukocyte morphology, DNA-related Raman spectra and mitochondrial OxPhos

PLOS ONE | https://doi.org/10.1371/journal.pone.0192894 February 20, 2018 20 / 26



Conclusions

This work investigates the effects of 1.8 GHz electromagnetic field at the electric field

strength of 200 V/m on peripheral blood, focusing the analysis to leukocyte cells isolated

from the blood after exposure to 1h, 5h, 12h and 20h times. The physical parameters

used in the exposure protocol are within the EMFs values produced by mobile phones at

a SAR comparable to the limit values allowed in European countries. Based on the

Fig 9. Measurement of mitochondrial markers in EMFs-exposed PBLM cells. The activity of citrate synthase (A)

and of cytochrome c oxidase (B) was measured spectrophotometrically as detailed in Materials and Methods. The

activity of citrate synthase was normalized to the cell number whereas that of cytochrome c oxidase to the citrate

synthase. The values are means ±SEM of 3 biological replicates. P< 0.05 vs CTRL.

https://doi.org/10.1371/journal.pone.0192894.g009
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discussed results, it is justified to conclude that the EMFs exposure of microwave radia-

tion may alter the morphology of the lympho-monocyte blood component. Most nota-

bly, Raman spectroscopy analysis unveils changes in the biochemical composition of

the lympho-monocyte nuclear compartment before the overt appearance of the cellular

morphological changes. Such differences mainly consist of a decrease of the DNA and

nucleic acid backbone-related signals with respect to those of the proteins, possibly

caused by EMFs-induced alteration of the chemical environment surrounding the

nucleus. Respirometric analysis of EMFs-exposed PBLM cells, largely constituted by

lymphocyte, results in in a biphasic outcome with an earlier impairment of the mito-

chondrial OxPhos activity followed by an overwhelming recovering. This effect is paral-

leled by changes in the ΔCm. No appreciable variations either in the mitochondria mass

and morphology is observed ruling out substantial changes in mitochondrial biogenesis

or degradation. Nevertheless, a clear alteration of the intracellular redox balance is

observed in the EMFs-treated nucleated PBLM preparations at time-point as earlier as 5

h. The impact of EMFs on the cellular ROS level has been object of extensive investiga-

tion leading to contrasting results. Multiple factors could cause these discrepancies,

including but not limited to EMFs type/intensity/frequency, exposure time and assay

time-point, as well as different biological samples examined [42]. The novel finding

reported in the presented study would indicate the requirement of a functional nucleus

in the cell to elicit the observed EMFs-mediated unbalance of the cellular redox tone

since this was absent in the anucleate platelets.

The biophysical causes and biological consequences of such changes remain still

unclear, because more statistically relevant samples are required to investigate effects on

long time scale. Moreover, the obtained results refer to samples consisting of a mixture of

monocyte and lymphocyte cells, although the fraction of the former component is larger

with respect to the latter one. In order to complete the study, a proper isolation procedure

of each one of the two components is needed to investigate if the EMFs exposure effects

recur for each homogeneous cellular sample. Nonetheless, the original findings reported

in this study suggest that EMFs exposure may affect the DNA and metabolic homeostasis

in immune-competent cells potentially influencing both the innate and adaptive immune

response and remark the need of a proper use of EMFs based-technologies to preserve the

human health.
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Fig 10. Confocal microscopy analysis of ROS production in EMFs-exposed PBLM cells. PBLM cells exposed to

EMFs for the indicated time were incubated with 2,7-dichlorofluorescin diacetate and analyzed by confocal

microscopy as detailed in Materials and Methods. (A) Representative images are shown with enlargement of selected

cells. (B) DCF-stained PBLMs were clustered as a function of the calculated area and the fluorescence intensity/cell

averaged (from 50 to 100 single cell-analysis under each condition). The values are means ±SEM of 3 biological

replicates. The black bars in the graph denote the size range of the two major cell subsets indicated as small and large

size PBLM (S-PBLM and L-PBLM respectively). Image analysis was performed in threshold adjusted optical fields

using the “particle analysis” tool of ImageJ. Conditions for statistical significant difference (i.e. P< 0.05): “a”, vs CTRL

of the same size cluster; “b”, 12 h vs 5 h of the same size cluster; “c”, 20 h vs 12 h of the same size cluster; “d”, L-PBLM

vs S-PBLM subjected to the same EMF-exposure times.

https://doi.org/10.1371/journal.pone.0192894.g010
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2. Repacholi MH, Lerchl A, Röösli M, Sienkiewicz Z, Auvinen A, Breckenkamp J et al. Systematic review

of wireless phone use and brain cancer and other head tumors. Bioelectromagnetics. 2012; 33: 187–

206. https://doi.org/10.1002/bem.20716 PMID: 22021071

3. de Pomerai DI, Smith B, Dawe A, North K, Smith T, Archer DB, et al. Microwave radiation can alter pro-

tein conformation without bulk heating. FEBS Lett 2003; 543:93–7. PMID: 12753912

4. Esmekaya MA, Aytekin E, Ozgur E, Guler G, Ergun MA, Omeroglu S, et al. Mutagenic and morphologic

impacts of 1.8GHz radiofrequency radiation on human peripheral blood lymphocytes (hPBLs) and pos-

sible protective role of pre-treatment with Ginkgo biloba (EGb 761). Science of Total Environment 2011;

410: 59–64.

5. Jirillo E, Boffola S, Stefanelli R, Magrone T, Vitale E, Pappagallo MT et al. In vitro Effects of Low Inten-

sity 1.8 Ghz Electromagnetic Radiation on Peripheral Blood Leukocytes from Healthy Donors: A Mor-

phometric and Morphological Study. Adv. Res. 2014; 2(9): 478–493.

6. Vijayalaxmi Cao Y, Scarfi MR. Adaptive response in mammalian cells exposed to non-ionizing radiofre-

quency fields: A review and gaps in knowledge. Mutation Res. 2014; 760: 36–45.

7. Sannino A, Zeni O, Romeo S, Massa R, Gialanella G, Grossi G et al. Adaptive response in human

blood lymphocytes exposed to non-ionizing radiofrequency fields: resistance to ionizing radiation-

induced damage. J. Radiation Res. 2014; 55: 210–217.

8. Zeni O, Sannino A, Romeo S, Massa R, Sarti M, Reddy AB et al. Induction of an adaptive response in

human blood lymphocytes exposed to radiofrequency fields: Influence of the universal mobile telecom-

munication system (UMTS) signal and the specific absorption rate. Mutation Res. 2012; 747: 29–35.

https://doi.org/10.1016/j.mrgentox.2012.03.013 PMID: 22525361

9. Atkins CG, Buckley K, Blades MW, Turner RFB. Raman spectroscopy of blood and blood components.

Appl. Spectr. 2017; 71(5): 767–793.

10. Harder SJ, Matthews Q, Isabelle M, Brolo AG, Lum JJ, Jirasek A. A Raman spectroscopic study of cell

response to clinical doses of ionizing radiation. Appl. Spectr. 2015; 69(2): 193–204.

11. Farhane Z, Bonnier F, Maher MA, Bryant J, Casey A, Byrne HG. Differentiating responses of lung can-

cer cell lines to Doxorubicin exposure: in vitro Raman micro spectroscopy, oxidative stress and bcl-2

protein expression. J. Biophotonics 2017; 10(1): 151–165. https://doi.org/10.1002/jbio.201600019

PMID: 27088439

Electromagnetic fields affects leukocyte morphology, DNA-related Raman spectra and mitochondrial OxPhos

PLOS ONE | https://doi.org/10.1371/journal.pone.0192894 February 20, 2018 24 / 26



12. Perna G, Lasalvia M, Capozzi V. Raman microspectroscopy discrimination of single human keratino-

cytes exposed at low dose of pesticide. J. Mol. Struct. 2012; 1010: 123–129.

13. Delfino I, Perna G, Lasalvia M, Capozzi V, Manti L, Camerlengo C et al. Visible micro-Raman spectros-

copy of single human mammary epithelial cells exposed to X-ray radiation. J. Biomed. Opt. 2015; 20:

035003. https://doi.org/10.1117/1.JBO.20.3.035003 PMID: 25769498

14. International standard ISO 6710 “Single-use containers for venous blood specimen collection”

15. Biagi PF, Righetti F, Maggipinto T, Maggipinto G, Ligonzo T, Schiavulli L et al. Apparatus for “in vivo’’

exposure at 1.8 GHz microwaves. J. Instrum. 2011; 6: T07002.

16. Biagi PF, Castellana L, Maggipinto T, Maggipinto G, Ligonzo T, Schiavulli L et al. A reverberation cham-

ber to investigate the possible effects of "in vivo" exposure of rats to 1.8 GHZ electromagnetic fields: A

preliminary study. Progress in Electromagnetic Res. 2009; 94:133–152.

17. Hill DA. Electromagnetic theory of reverberation chambers. NIST Technical Note 1506, National Insti-

tute of Standards and Technology, Boulder, Colorado 80303–3328, USA, 1998.

18. Corona P, Ferrara G, Migliaccio M. Reverberating Chambers as sources of stochastic electromagnetic

fields. IEEE Trans. Electromagnetic Compatibility. 1996; 38(3): 348–356.

19. Schwan HP. Electrical Properties of Blood and its Constituents: Alternating Current Spectroscopy, Blut.

1983; 46: 185–197. PMID: 6338980

20. “Guidelines for Limiting Exposure to Time-varying Electric, Magnetic and Electromagnetic Fields (up to

300 GHz)” Health Physics. 1998; 74(4): 494–522. PMID: 9525427

21. Poljak D. Human exposure to electromagnetic fields. WIT Press (2004), ch. 6.

22. European Council Recommendation of 12 July 1999 on the limitation of the exposure of general public

to electromagnetic fields (0 Hz to 300 GHz)– 1999/519/EC, Official Journal of European Communities,

L. 197 of 30 July 1999.

23. Lasalvia M, Perna G, Capozzi V. Raman spectroscopy of human neuronal and epidermal cells exposed

to an insecticide mixture of Chlorpyrifos and Deltamethrin. Appl. Spectr. 2014; 68: 1123–1131.

24. Quarato G, D’Aprile A, Gavillet B, Vuagniaux G, Moradpour D, Capitanio N, Piccoli C. The cyclophilin

inhibitor alisporivir prevents hepatitis C virus-mediated mitochondrial dysfunction. Hepatology 2012;

55: 1333–1343. https://doi.org/10.1002/hep.25514 PMID: 22135208

25. Piccoli C, Izzo A, Scrima R, Bonfiglio F, Manco R, Negri R, Quarato G, Cela O, Ripoli M, Prisco M, Gen-

tile F, Calı̀ G, Pinton P, Conti A, Nitsch L, Capitanio N. Chronic pro-oxidative state and mitochondrial

dysfunctions are more pronounced in fibroblasts from Down syndrome foeti with congenital heart

defects. Hum. Mol. Genet. 2013; 22:1218–1232. https://doi.org/10.1093/hmg/dds529 PMID: 23257287

26. Donnelan M, McKenzie DR, French PW. Effects of exposure to electromagnetic radiation at 835 MHz

on growth, morphology and secretory characteristics of a mast cell analogue, RBL-2H3. Cell Biol. Int.

1997; 21: 427–439. PMID: 9313343

27. Ashraf AA, Safaai BD, Zaki N. The effects on cell mobility due to exposure to EMF radiation. Advanced

Computing: An International Journal 2011; 2: 1–7.

28. Movasaghi Z, Rehman S, Rehman IU. Raman spectroscopy of biological tissues. Appl. Spectr. Rev.

2007; 42: 493–541.

29. Kumar S, Verma T, Mukherjee R, Ariese F, Somasundaram K, Umapathy S. Raman and infra-red

microspectroscopy: towards quantitative evaluation for clinical research by ratiometric analysis. Chem.

Soc. Rev. 2016; 45: 1879–1900. https://doi.org/10.1039/c5cs00540j PMID: 26497386

30. Zinin PV, Misra A, Kamemoto L, Yu Q, Hu N, Sharma SK. Visible, near-infrared and ultraviolet laser-

excited Raman spectroscopy of the monocyte/macrophages (U937) cells. J. Raman Spectr. 2010; 41:

268–274.

31. Duguid JG, Bloomfield VA, Benevides JM, Thomas GJ Jr. DNA melting investigated by differential

scanning calorimetry and Raman spectroscopy. Biophys J. 1996; 71(6): 3350–60. https://doi.org/10.

1016/S0006-3495(96)79528-0 PMID: 8968604

32. Movileanu L, Benevides JM, Thomas GJ Jr. Temperature dependence of the Raman spectrum of DNA.

II. Raman signatures of premelting and melting transitions of poly(dA).poly(dT) and comparison with

poly(dA-dT).poly(dA-dT). Biopolymers. 2002 63(3):181–94. PMID: 11787006

33. Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M. Analysis an interpretation of micro-

plate-based oxygen consumption and pH data. Methods Enzymol. 2014; 547: 309–54. https://doi.org/

10.1016/B978-0-12-801415-8.00016-3 PMID: 25416364
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