
Abstract. Our previous work showed that low-power wide-
band millimeter waves (MMW) inhibit the growth of the MCF-7
human breast carcinoma cell line, also causing a marked
reduction of the density of microvilli at the apical membrane of
the MCF-7 cells, as revealed by scanning electron microscopy.
The aim of the present work was to investigate the
ultrastructural changes induced by such electromagnetic
radiations on this cell line. A transmission electron microscopy
study was performed on MCF-7 cells irradiated under the same
experimental conditions previously adopted. Transmission
electron microscopy analysis revealed several ultrastructural
features of the MMW-irradiated cells pertinent to cells
subjected to sublethal injury. The antiproliferative effect of the
millimeter radiation was confirmed. MMW, in the 52-78 GHz
frequency range, act as stress factor on the cells that survive in
a non-steady low-mitogenetic metabolic state.

In our previous study (1), we compared the effects of low

power millimeter waves (MMW) on tumoral and healthy

human cells. The investigated tumoral cells were the MCF-7

breast carcinoma cell line, the K562 stable leukemia cell line

and a primary cell line from a breast primary tumor. The

non-tumoral human cells were normal human breast

epithelial and normal human lymphomonocytes. The wide-

band frequency range of 53.57 - 78.33 GHz was used and

the radiating energy was low enough not to increase the

temperature of the cellular samples (<1 ÌW/cm2; cold

irradiation). One hour of radiation treatment given every

other day to the three tumoral human stable cell lines

produced a noticeable inhibition of the cellular growth.

Similar treatment of the two healthy cell lines gave weak

growth stimulation. Furthermore, a scanning electron

microscopy study of MCF-7 and K562 irradiated cells

revealed that MMW irradiation induced a marked reduction

of the number of microvilli of the apical membrane in the

irradiated MCF-7 cells and had a smoothing effect on the

membrane of the K562 cells (1). 

In the same paper, we also provided a strong mechanistic

indication based on MMW spectroscopy of the cells: water is

the primary absorber of these electromagnetic waves and

represents the medium through which the millimeter radiation

transfers its energy to the biological system. The ways in which

this energy transfer influences the biological systems are not

clear. It is most probable that some of the targets are the

biological membranes. This hypothesis goes back to the

beginning of the 20th century, when Frölich estimated that

biological membranes, in active systems, might oscillate at the

millimeter frequencies, because of their unique material

properties of very thin layers (=~1 Ìm) that sustain a very high

electric field (=~ 105 V/cm) due to their small potential

difference across the membrane (=~ 100 mV). To explain the

non-thermal effects of MMW, he introduced the concept of

collective response of the membrane to the field (2). Bond

and Wyeth proposed that membrane microwave effects are

related to a critical phase transition. Their theoretical model is

based on the idea of the coherent excitations proposed by

Frölich, but the collective interaction is not necessarily

sustained by metabolic energy (3). Several experimental

studies report on the effects of MMW on biological

membranes. Brovkovich and coworkers showed a significant

activation of the Ca++ pump in the sarcoplasmic reticulum of

the skeletal muscle cells and in those of the rat heart

irradiated at 61 GHz and 4 mW/cm2 (4). Geletyuk et al.
reported on the modifications induced on the single Ca++-

activated K+ channels of kidney cells exposed to MMW at
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42.25 GHz (5). Kataev et al. showed the frequency-dependent

effects produced on the cells of the Nitellopsis obtusa giant

algae by microwaves at a power of 5 mW/cm2. They found

that MMW irradiation inhibits the Cl– transmembrane

current at 41, 50 and 71 GHz and, by contrast, increases the

ion Cl– current at 49, 70 and 76 GHz. (6). Furthermore, they

showed the reversible nature of the effects induced and

excluded any possible correlation between such effects and the

increase of the samples temperature that did not exceed 1ÆC.

Based on these interesting findings, we performed further

studies on model biological membranes in order to clarify

the complex mechanisms of the MMW-biological system

interaction. We found that MMW-irradiation perturbs the

equilibrium established at the polar interface between water

and the polar heads of the phospholipids (7).

In this work, we report the transmission electron

microscopy (TEM) analysis performed on MCF-7 cells

exposed to the same MMW-irradiation treatment conditions

used in the growth experiments cited above (1) and

compare the ultrastructure of the treated cells with that of

the non-irradiated control MCF-7 cells.

Materials and Methods

Experimental MMW facilities and cell culture methods. The radiation

experiments were carried out using instruments produced by the

UWOM company of Nizhnj Novgorod (Russia). The MMW

radiating apparatus, the AMFIT 32, is comprised of a microwave

noise generator diode that is able to supply the frequency band

53.57-78.33 GHz. The electromagnetic radiation is irradiated into

the free space by means of an opportune rectangular waveguide and

a conical horn. The MCF-7 cells were located in 35-mm polystyrene

Petri dishes, supplemented by 2.8 ml of the aqueous culture medium

(layer thickness was 2.9 mm) and were irradiated directly on the

open surface of the culture dishes that were placed at 18 cm distance

from the conical antenna of the instrument. Under these conditions,

the radiating density power reaching the sample was of the order of

0.07 ÌWatt/cm2. It can be argued, by simple energy considerations,

that such radiation power cannot induce macroscopic changes in the

samples temperature, as was experimentally proven. 

Cell culture. MCF-7 human breast cancer cells (8) were obtained

from the American Type Culture Collection (LGD Promochem,

Milano, Italy) and cultured in low glucose Dulbecco’s modified

Eagle’s medium (DMEM; Sigma, Milano, Italy), supplemented

with 7.5% fetal calf serum (FCS), 50U/mL penicillin and 5mg/mL

streptomycin, at 37ÆC in a humidified atmosphere with 5% CO2

and 95% air. Cells from the stock flask were suspended by

treatment with trypsin, buffered with phosphate buffer saline and

counted using a hemocytometer. Each culture was seeded into 35-

mm plates (multiwell), at a density of 5.0 x 104 cells/ml in 2.8 ml of

medium. After about 3 days from seeding, active growth of cells

began and only after this period was the microwave irradiation

started. This cell line has a doubling time of 48 hours.

Determination of the total cell count and viable cell number

were made by the trypan blue exclusion with a hemocytometer. The

mean cell counts came from eight dishes for the treated and eight

dishes for the control sample. A 95% confidence interval for the

difference between the two population means was adopted.

Transmission electron microscopy. The cell suspensions were

centrifuged and the pellets were fixed with 3% glutaraldheyde

solution (pH 7.3) for about 2 hours at 4ÆC. The cell suspensions

were then rinsed twice with phosphate-buffer solution (PBS) and

post-fixed with 1% osmium tetraoxide solution (pH 7.3) and

incubated for 2 hours at 4ÆC. The cells were then dehydrated in a

graded series of alcohol for 5 minutes each. The dehydrated pellets

were embedded three times with propylene oxide for 1 hour each

and infiltrated with a resin/propylene oxide mixture at a 1:1 ratio

for 2 hours and then with resin only for 12 hours at ambient

temperature. The inclusion was made with Epon 812 and Araldite

and the polymerization was performed at 60ÆC for 48 hours.

Ultrathin sections were stained with uranyl acetate and

counterstained with lead citrate. They were examined with the EM

900 Zeiss transmission electron microscope.

Results

Ultrastructure of the non-irradiated MCF-7 cells. As revealed

by TEM, the non-irradiated MCF-7 cells (control group)

were generally round. The nucleus, centrally placed,

showed indentation and usually contained one or two

prominent nucleoli. The nucleus/cytoplasm ratios could be
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Figure 1. Transmission electron photomicrograph showing non-irradiated
MCF-7 cells (control group) in contact. The nucleoli within the nucleus,
the numerous mitochondria within the cytoplasm and a high density of
surface microvilli on the apical cytoplasmic membrane can be noted.
(original magnification X 2,200).



estimated at about 1. The cytoplasm possessed a

considerable quantity of mitochondria with an oblate

morphology as well as evident and regular cristae. The

cytoplasm possessed a smooth endoplasmic reticulum that

comprised an interconnecting network of tubular

membranes and flattened cisternae. A rough endoplasmic
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Figure 2. Transmission electron photomicrograph of the non-irradiated MCF-7 cells (control group) showing: a) a portion of the nucleus and the
cytoplasm within which are clearly visible the large mitochondria (MT) and their cristae, the actin microfilament bundles (MF), the Golgi complex (G)
in continuity with the rough endoplasmic reticulum (ERr); b) the tubular membranes of the agranular endoplasmic reticulum (ERs) and the cell contour
characterized by a high density of digit-like microvilli. (original magnification: a) X 18,000; b) X 15,000).



reticulum could also be noted near the Golgi complex.

This last consisted of a series of flattened stacks of smooth

membranes and vesicles. 

Within the cytoplasm of the control cells, an intricate

network of actin microfilaments was observed. They were

organized in parallel thick bundles and preferentially
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Figure 3. Transmission electron photomicrographs of MMW-irradiated MCF-7 cells showing: a) the high proportion of condensed chromatin
(heterochromatin; Ht) within the nucleus and the high number of vesicles; b) one nucleolus, the relatively high number of mitochondria, the
microfilaments. Note the absence of the Golgi apparatus and the high quantity of vesicles. Finally, a very low density of apical microvilli can also be noted.
(original magnification: a) X 4,400; b) X 3,600).

Figure 4. Transmission electron photomicrograph of MMW-irradiated MCF-7 cells: magnification of the cytoplasm showing the integral mitochondria
(MT), not affected by the radiation, and the actin microfilaments (MF). (original magnification X 17,000).



oriented in a non- casual direction parallel to the cell

contour. Furthermore, the cell surface was characterized by

a high microvilli density.

These observations indicated a cell system in an active

metabolic state (Figures 1 and 2).

Ultrastructure of the MMW-irradiated MCF-7 cells. By contrast,

cells exposed to MMW irradiation showed several distinct

ultrastructural features representative of reversibly injured

cells or cells in a non-active, unsteady metabolic state. In most

of the nuclei of the MMW-treated cells, the nucleoli were

absent and the chromatin tended to be highly condensed

(heterochromatin) and grouped at the nuclear periphery.

Within the cytoplasm, significant vesiculation of the

smooth endoplasmic reticulum was also observed in

conjunction with scarcity of the Golgi apparatus and of the

secretory vesicles found in the inner surface of the

cytoplasmic membrane of the control cells.

The quantity of mitochondria, their size and morphology

did not evidently differ from that of the control cells.

Furthermore, prominent microfilament bundles, similar to

that found in the cytoplasm of the non-irradiated cells, were

also observed.

On the other hand, the ultrastructural analysis of the

MMW-irradiated MCF-7 cells confirmed our previous SEM

results, that showed a marked reduction of the number of

surface microvilli at the apical cytoplasmic membrane

(Figures 3 and 4).

Discussion

The ultrastructural analysis was performed on MCF-7 cells

exposed to five MMW-irradiation treatments in the

experimental conditions previously described and on sham-

exposed MCF-7 cells (control group), grown in similar

culture conditions. At this phase of the cell growth, the cell

number in the irradiated group of cells was about 60% less

than that found in the control. This data confirms again the

inhibitory effect of MMW on this cell system (1). The

antiproliferative effect was also evidenced by the decrease

of the density of microvilli (SEM and TEM results), that

play an important role in the mitogenesis of MCF-7 cells

(9). Furthermore, various other ultrastructural features

agree with such a thesis: the scarcity of the Golgi complex

and the highly condensed heterochromatin are associated

with low protein synthesis; the vesiculation of the smooth

endoplasmic reticulum is associated with an influx of water

and sodium into the cell (10). All these findings represent

distinctive features of a damaged cell system.

The TEM results show that the low-power MMW, in the

frequency range 50-80 GHz, alter the normal steady-state of

the cell (homeostasis). The radiation constitutes a stress

factor for the system that, in the steady-state, is

metabolically active (Figures 1, 2). Such stress is obviously

the cause of the growth inhibition and ultrastructural

changes observed, but is not severe enough to produce a

significant difference in the number of dead cells (trypan

blue staining) between the two groups of cells. The cells

exposed to MMW generally survive and adapt to a

damaged-state, loosing their mitogenic efficiency.
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