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Abstract.  We have carried out the studies aimed at assessing the 
effect of terahertz radiation on DNA molecules in human blood leu-
kocytes. Genotoxic testing of terahertz radiation was performed in 
three different oscillation regimes, the blood leukocytes from 
healthy donors being irradiated for 20 minutes with the mean inten-
sity of 8 – 200 mW cm–2 within the frequency range of 0.1 – 6.5 THz. 
Using the comet assay it is shown that in the selected regimes such 
radiation does not induce a direct DNA damage in viable human 
blood leukocytes. 

Keywords: terahertz radiation, human blood leukocytes, genotoxic 
effect, comet assay, safety levels. 

1. Introduction

The recent progress of techniques for generating and detect-
ing terahertz radiation as well as the unique properties of elec-
tromagnetic radiation (EMR) within the frequency range 
0.1 – 10.0 THz offer the challenge of its wide application in 
security, communication, medical diagnostics and therapy 
systems. In this connection a question arises about the depen-
dence of biological effects on the physical parameters of the 
EMR in the terahertz range and on the estimates of the safety 
limits of its use. However, the presently existing hygienic stan-
dards, regulating the use of electromagnetic radiation sources 
in Russia [1] and abroad [2], are restricted to the frequency 
range up to 0.3 THz. At the same time, in the scientific com-
munity there is no universally recognised opinion on whether 
the EMR of the terahertz range can damage biological objects 

of different level of organisation [3 – 6]. According to the data 
of the review paper [7], summarising the work carried out by 
37 research teams all over the world starting from the 1970s, 
in 43 % of the studies no effects were observed at all, in 29 % 
the effects were negative, in 14 % they were positive, and 14 % 
of the studies revealed differently directed effects on the same 
biological object. Such a variety of data is explained by 
different types of the radiation sources (pulsed or continu-
ous-wave), different exposure duration, level of organisa-
tion and initial functional states of the biological objects 
under study.

At present there are two most widespread hypotheses on 
the interaction of terahertz radiation with biological objects. 
In the first of them it is assumed that the action of terahertz 
radiation on the biological tissues and cells is associated with 
their heating due to strong absorption of this radiation by 
water [3, 8 – 10]. If the heat is not specially removed during the 
experiment, then the heat release can give rise to uncertainties 
in other parameters measured in the experiment. The temper-
ature increase in the given substance depending on the power 
and the frequency of the incident radiation can be calculated 
using the numerical solution of the heat conduction equation 
[11] for a disc, having the radius that corresponds to the 
radius of the terahertz radiation beam, normally incident on 
the exposed object, and the thickness that corresponds to the 
radiation penetration depth. The results of numerical solu-
tion of the heat conduction equation in the case of focusing 
terahertz radiation into a spot 0.5 mm in diameter have shown 
that under the continuous irradiation the temperature incre-
ment per a milliwatt of absorbed power is only 1.8 °C, which 
makes the thermal character of the radiation effect on the bio-
logical tissues doubtful for power values not exceeding 1 mW.

Within the framework of the second hypothesis, in spite 
of the low energy of terahertz quanta and, therefore, small 
probability of chemical bond rupture, the resonance interac-
tion of terahertz radiation with molecules of deoxyribonucleic 
acid (DNA) is possible, which under certain conditions essen-
tially affects the molecular dynamics and can induce DNA 
strand breaks [12 – 14]. The DNA strand breaks can lead to 
disturbance of gene expression, DNA replication and, as a 
consequence, to irreversible changes in cells of living organ-
isms, occurrence of mutations and cancerogenesis. That is 
why it is of key interest to determine the threshold values of 
the energy parameters of terahertz radiation, within which the 
effect is reversible and safe for future vital activity of biologi-
cal objects.

The aim of the present work was to determine the limits of 
biologically safe energy threshold for terahertz radiation by 
estimating its damaging effect on DNA of human blood leu-
kocytes. An important role in the study of the terahertz radia-
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tion effect belongs to novel genome technologies that allow 
both the determination of cellular DNA damage and the 
analysis of definite genes expression and specific protein syn-
thesis [15]. The simplest and operative method that allows 
detection of damage and modification of cellular DNA struc-
ture is the express method of molecular genotoxicology 
known as the comet assay (method of DNA comets or single 
cell gel electrophoresis). This method is recommended by the 
WHO for performing genotoxicity analyses, is certified and 
widely used in many countries [15, 16]. 

2. Experimental technique

The experiments were carried out using the general fraction of 
whole blood leukocytes from healthy donors aged 24 ± 4. 
Samples of peripheral blood were taken from fingers of eight 
donors and placed into test tubes, containing phosphate buff-
ered saline with 1 mM EDTA as an anticoagulant. To prepare 
the samples we used whole blood, diluted by 10 times. Seven 
microscope agarose slides were prepared from each blood 
sample, six of them later used for studying the effect of tera-
hertz radiation and one being left for control. The control 
samples were subjected to simulation of the exposure: for this 
goal they were placed in the working area of the operating 
setups, but the radiation at the object was absent. The irradia-
tion of the preparations was implemented in a humid cham-
ber (Petri dishes with medical cotton wool wetted with water) 
to prevent drying. 

The analysis of the DNA damage in cells was carried out 
using the alkaline version of the comet assay with certain 
modifications [17]. The method is based on analysing the elec-
trophoresis pattern of individual cells, whose DNA is stained 
with a fluorescent dye [18]. Keeping in mind the small depth 
of terahertz EMR penetration into the water-containing 
media, the prepared microscopic slides were made of two lay-
ers of 0.5 % low-melting-point agarose (Serva, Germany) with 
cells, immobilised in the upper layer having the thickness of 
50 mm. The cells included in the agarose slides were subjected 
to the terahertz irradiation from one of the three types of 
sources. Directly after the slides exposure the lysis procedure 
was performed during not less than 1 hour at room tempera-
ture in the darkness. Then the slides were transported in a 
humid chamber and were subjected to the comet assay proce-
dures, following the in vitro protocol [16, 17]. The DNA dam-
age was estimated by the percentage of the DNA in the ‘comet 
tail’. As an indicator of condensation/decondensation of 
chromatin the nucleoid radius was used. The nucleoid is a 
structure that appears as a result of the lysis of a eukaryotic 
cell and consists of nuclear matrix proteins, to which the 
loops of DNA are attached. In each slide 40 – 60 images of 
nucleoids were recorded, which were then used to calculate 
the mean values of the mentioned characteristics. For each of 
the exposure conditions the mean values and the standard 
errors of the mean were calculated using the results of inde-
pendent experiments (donors). The statistical analysis of the 
data was carried out using the Mann – Whitney U-test (p < 
0.05). 

The studies on the assessment of terahertz radiation effect 
on DNA of human blood leukocytes were performed using 
three experimental setups, differing in the terahertz radiation 
parameters, namely, the spectral range, the spectral intensity 
and the mean and peak powers. This allowed implementation 
of the experimental conditions routinely used in THz spectro-
scopic studies.

All the experimental setups were constructed following 
the same schematic diagram, presented in Fig. 1. The radia-
tion from the femtosecond laser ( 1 ) served as a pump source 
for the terahertz radiation generator ( 2 ). Terahertz radiation 
was focused by the parabolic mirror or the lens ( 3 ) onto the 
surface of the cuvette ( 4 ). The cuvette was mounted in the 
holder ( 5 ), movable in the plane perpendicular to the optical 
axis. The power of the terahertz radiation was controlled by 
the Golay cell ( 6 ) with the cuvette ( 4 ) removed from the 
beam. The terahertz radiation spectra in all experimental set-
ups are shown in Fig. 2.

In the first setup terahertz radiation was generated in the 
process of femtosecond laser-induced air breakdown. The 
setup and generation process are thoroughly described in 
Ref.  [19]. In contrast to other setups, the studied sample was 
placed at some distance from the focal plane of the parabolic 
mirror ( 3 ), where the diameter of the beam was nearly 3 mm. 
In the second setup terahertz radiation was generated using a 
photoconductive antenna pumped by the radiation of the 
Femtolite FX-100i fibre laser having the average power 
100  mW, the wavelength 805 nm and pulse duration 120 fs. 
This laser system can be used in most compact measuring 
scheme. Moreover, in this case the sample holder was fixed in 
an automated two-coordinate positioner. This provided an 
essential increase in the exposed area by moving the sample 
along the prescribed trajectory within the area 8 ́  4  mm, 
which simplified the subsequent analysis of the exposure 
results. The time of passing the whole trajectory amounted to 
2 min.
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Figure 1.  Scheme of the experimental setup: ( 1 ) radiation from the 
femtosecond laser; ( 2 ) terahertz radiation generator; ( 3 ) focusing unit; 
( 4 ) cuvette with the sample; ( 5 ) cuvette holder on the two-coordinate 
translator; ( 6 ) detector (Golay cell).

0 1

1

2
3

2 3 4 5 6 7 8
Frequency/THz

In
te

n
si

ty
 (

re
l. 

u
n

it
s)

0.01

0.001

0.1

1

Figure 2.  Spectra of terahertz radiation used in the experiments (the 
curve number corresponds to the number of the setups).
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In the third setup the source of terahertz radiation was a 
photoconductive antenna array pumped by radiation of a 
femtosecond Ti : sapphire laser. It differs from the other set-
ups by the relatively high mean power and the narrowest 
spectrum of terahertz radiation. 

All experimental setups were assembled on the basis of 
terahertz spectrometers, for which the principles of operation 
are described in Ref. [20]. The parameters of terahertz radia-
tion for all setups used in the work are summarised in Table 1. 
The exposure duration in the experiments was 20 min.

3. Results and discussion

In the present study the genotoxic activity of terahertz EMR 
was tested in three different regimes of terahertz generation. 
The studies were performed using the in vitro exposure and 
the comet assay technique. This method, proposed in 1984 by 
Ostling and Johanson, is aimed at detecting the DNA dam-
ages in cells of living organisms and plants, caused by a vari-
ety of damaging agents of chemical, physical and biological 
nature. The method is based on microelectrophoresis of  
nucleoids of individual cells, in which the fragments of dam-
aged DNA migrate towards the anode. After staining with a 
luminescent dye the DNA produces the electrophoresis pat-
tern that reminds a comet with a compact fluorescing ‘nucleus’ 
(intact DNA) and bushy ‘tail’; this likeness explains the origin 
of the term ‘comet assay’. From the geometrical parameters 
and the fluorescence intensity of the stained DNA in the 
comet tail the degree of DNA damage is quantitatively evalu-
ated.

The method allows revealing single-strand and double-
strand breaks of DNA chain, alkali labile sites, DNA-protein 
cross-linkings, and, in combination with enzymatic process-
ing of preparations, also oxidised purine and pyrimidine 
bases. The method also makes it possible to estimate the effi-
cacy of DNA repair in cells of various organisms.

Figure 3 shows microphotographs of cell nucleoids after 
irradiation with terahertz EMR from three types of sources 
(setups 1 – 3). In the control preparations one can observe 
nucleoids having spherical shape and the size, normal for 
the human blood leukocytes. All images are characterised 
by the absence of the tail that could confirm the presence of 
DNA damages. The absence of comet tails in all prepara-
tions demonstrates the absence of direct DNA damages in 
cells under the action of terahertz radiation in the used 
regimes. An assessment of temperature changes in our study 
has shown that under the chosen conditions of irradiation 
the heating was smaller than 1 °C. Thus, the effect of radia-
tion in all three regimes of sample exposure does not lead to 
inducing direct DNA damages, including single-strand and 
double-strand breaks of DNA chain and alkali labile sites, 
in viable human whole blood leukocytes and in nucleoids of 
previously lysed cells, obtained from healthy donors (data 
not presented).

Similar results were obtained within the framework of the 
THz-Bridge project, where the effect of terahertz radiation on 
human blood leukocytes was also studied [21 – 23]. For this 
aim the samples of blood from healthy donors were subjected 
to the action of terahertz radiation having the frequencies of 
120 and 130 GHz for 20 min. Similar to our study, the alkali 
version of comet assay was used to evaluate DNA damage. 
As a result, the authors concluded that the terahertz radiation 
with the used parameters does not lead to toxic or genetic 
modifications in blood leukocytes and does not affect the cell 
cycle kinetics. It is worth noting, that both the calculated and 
the measured temperature changes did not exceed 1 °C. 

Opposite effects were observed under the action of con-
tinuous radiation having the frequency of 0.1 THz on the 
human blood lymphocytes during 2 and 24 hours [24]. By 
means of the fluorescent method the increase in aneuploidy of 
chromosomes 11 and 17 in the process of cell division was 
detected, which causes the genome instability and can lead to 
cancer development. Significant reduction of cell viability was 
found under the action of continuous radiation having the 
frequency of 3.688 THz on the human blood lymphocytes for 
90 min [25]. In the lymphocytes of the same sample that 
remained viable after the exposure the enhancement of cell 
division was observed. According to Refs [3, 8], this effect is 
associated with the increase in temperature during irradia-
tion. The calculated increase in the temperature was 1.5 °C [3].

In our study the effect of terahertz EMR from different 
sources did not lead to significant changes in the nucleoid size 
(Fig. 4). In the histogram of the nucleoid size distribution no 
essential difference from the control distribution was found 
(Fig. 5). The shift of the histogram to the left or to the right, 
i.e., towards smaller or larger nucleoid size, could evidence in 

Table  1.  Characteristics of the terahertz radiation sources used.

Setup Dn/THz f/MHz tp/ps Wp/pJ d/mm Pav/mW Iav/mW cm–2 Pmax/W Imax/W cm–2

1 0.5 – 6.5 0.001 ~1 550 3 0.55 8 550 7800

2 0.1 – 2.0 75 1 0.013 1 (scanning) 1 125 0.013 1.6

3 0.1 – 1.0 82 2 0.5 5 40 200 0.25 1.3

Notes: Dn is the spectral range; f is the pulse repetition rate; tp is the pulse duration; Wp is the energy of the terahertz pulse; d is the spot diameter 
on the sample; Pav is the mean power; Iav is the mean radiation intensity on the sample surface; Pmax is the peak power; and Imax is the peak 
radiation intensity on the sample surface.

50 mm

Control experiment Setup 2

Setup 1 Setup 3

Figure 3.  Characteristic microphotographs of the control cell nucleoids 
and nucleoids after exposure of cells to terahertz radiation.
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favour of the condensation or decondensation of chromatin, 
respectively. In the present case the distributions are close to 
normal, and no significant shift of them along the abscissa 
axis with respect to the control distribution is observed. Thus, 
no condensation or decondensation of chromatin is observed 
under the chosen conditions of irradiation.

According to the data of the study carried out and to the 
literature sources, in Table 2 the biologically safe energy 
parameters of terahertz radiation are summarised. The effects 
of radiation on cells depend on multiple factors, including 
both the parameters of the incident radiation, such as the 
mean and peak power, radiation intensity in the exposed area, 
duration and periodicity of exposure, and the method of 
assaying the results of the action and the state of the irradi-
ated object itself. 

According to the actual hygienic standards [1], for the 
EMR with the frequency no greater than 300 GHz the safety 
level of intensity is 200 mW cm–2 for one hour of irradiation. 
Our studies have shown that the action of pulsed picosecond 
terahertz radiation in the frequency range of 0.1 – 6.5 THz on  

human blood leukocytes does not induce DNA damage dur-
ing the 20 min exposure with the mean intensity up to 
200 mW cm–2 and peak intensity of 7.8 kW cm–2. In this case 
the heating of the irradiated sample does not exceed 1 °C. 
Thus, acting on leukocytes of peripheral blood of healthy 
donors, the above energy parameters of the pulsed terahertz 
radiation can be accepted as safe for the exposure durations 
no greater than 20 min. However, one should keep in mind 
that an increase in the pulsed radiation intensity can lead to 
inducing DNA damage [23]. When using continuous-wave 
regime, the radiation with the power 20 mW and intensity 
about 40 mW cm–2 becomes definitely unsafe for living organ-
isms [25], since the absorbed energy in this case can essentially 
exceed the safety limits.

In the present paper the discussion is mainly focused on 
the energy parameters of the terahertz EMR, and the conclu-
sion is made about the existence of a certain threshold value 
of the radiation intensity, beyond which the effect of the radi-

Table  2.  Effect of terahertz radiation on human blood leukocytes at different parameters of the sources used [(p) stands for a pulsed source and 
(cw)  –  for a continuous-wave source].

Frequency/THz Intensity/mW cm–2 Exposure time/min ∆T/°C Effects References

0.5 – 6.5 (p) 8 20 <1 no

0.1 – 2.0 (p) 125 20 <1 no

0.1 – 1.0 (p) 200 20 <1 no

0.12 (p) 
0.13 (p)

50 
30

20  <0.3  no  [22] 

0.12 (p) 
0.13 (p)

50 
30; 160; 230

20  0.35  no  [21] 

0.13 (p)  150 
250

20  0.3  no  [23] 

0.13 (p)  2000 
5000

20  0.3  yes1 [23] 

0.1 (cw) 
 

31 
 

60 
120 
1440

<0.3 
 

no 
yes2

yes3 

[24] 
 

3.68 (cw)  39800  30 
90

<1.52 yes4

yes5 
[25] 

0.0003 – 0.3 200 60 [1]

0.003 – 0.3 10000 [2]

Notes:  DT is the temperature increase during irradiation; 1 is DNA damage; 2 is the 40 % increase in asynchronous replication; 3 is the 50 % 
increase in asynchronous replication; 4 is the 10 % decrease in cell viability; and 5 is the 50 % decrease in cell viability.
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Figure 4.  Sizes of control cell nucleoids and nucleoids after the action 
of terahertz radiation.
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Figure 5.  Histograms of the size distribution of the control nucleoids 
and the nucleoids affected by the terahertz radiation (the number of 
nucleoids n = 180 – 200).
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ation may be unfavourable. In this connection it is worth not-
ing, that an important role in inducing biological effect can 
belong to other radiation parameters, including the duration 
of exposure, the spectrum of carrier and modulation frequen-
cies. The possibility of hydrogen bond breaking in the DNA 
double helix under the action of low-intensity EMR with the 
frequencies, close to those of the natural phonon modes in the 
DNA (i.e., in the terahertz range), was theoretically analysed 
in Ref. [13]. It is assumed that the terahertz EMR can exert 
resonance influence on the inherent dynamical behaviour of 
the DNA molecule, introducing changes at the level of gene 
expression and DNA replication [12]. In this way the func-
tional modifications of DNA activity can be induced and, as 
a consequence, a number of functional features of the entire 
cell may be changed. Based on the results of the studies on 
biological effect of EMR with extremely high frequencies, it is 
logical to suppose that the biological effects of the terahertz 
EMR can be strongly dependent upon the functional state of 
the studied object, i.e., the action of the radiation with the 
same physical parameters can be safe for healthy organism 
and dangerous when acting on the organism in the modified 
functional state, e.g., as a result of disease or joint action of 
different physical and chemical factors.

Particular attention should be paid to the problems, 
related to strong absorption of terahertz EMR by water-con-
taining media. In this connection it is necessary to create spe-
cial conditions, providing the availability of cells and tissues 
to direct action of terahertz EMR and the possibility of pre-
cise dosimetric control of the EMR absorption. In our exper-
iment the irradiation was applied to cells, immobilised in the 
agarose layer with the thickness of 50 mm, i.e., the conditions 
for minimal EMR attenuation in the process of cell irradia-
tion were created. Discussing the results of other experiments, 
one should account for the specific features of the terahertz 
EMR absorption and estimate the fraction of radiation 
energy that can directly reach the biological object under 
study.

4. Conclusions

Thus, as a result of the investigation carried out it was shown 
that the used sources of terahertz radiation in the frequency 
range of 0.1 – 6.5 THz with the intensity of 8 – 200 mW cm–2 do 
not cause genotoxic effects at the level of direct DNA damage 
of human blood leukocytes. Special thorough studies should 
be devoted to investigating the dependences of terahertz 
EMR biological effect upon other parameters, such as the 
exposure duration, the carrier and modulation frequency 
spectrum, as well as to determining the precise energy thresh-
old of the impact.
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