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Abstract—The appearance of modern sources and detectors of terahertz radiation (1011–1013 Hz) stimulated
the rapid development of practical applications for radiation in this frequency range. Therefore, the question
of the safety of terahertz radiation for living objects was sharply raised. In this review, we present an analysis
of research on this issue published from 2010 to the present. A brief description of the most significant works
performed before 2010 is given. Particular attention is paid to the sources of terahertz radiation used in the
studies and the results of experimental work on the study of possible bioeffects when such radiation is applied
to both individual cell lines and microorganisms and animals generally.
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INTRODUCTION
Human beings are exposed to electromagnetic

(EM) radiation every day; this is the price they must
pay for the vast amount of technology surrounding
them. The issue of the effect of EM radiation on
humans arose simultaneously with the inception of
these technologies. The terahertz range occupies a sig-
nificant area of the EM spectrum, from 0.1 to 10 THz,
and lies between the infrared and microwave ranges,
which correspond to a wavelength range of 30–3000 μm
and a photon energy of 0.4–41 meV.

Over the past quarter of a century, the issue of the
lack of sources and receivers of terahertz radiation has
been solved, and, at the moment, the scope of its
application is vast: from production control and scan-
ners in security systems to communication and imag-

ing in medicine [1–3]. The latter is especially interest-
ing, because it has a number of practical applications,
in particular, for the diagnosis of breast cancer [4],
melanoma [5], and carcinoma [6]. The number of
studies of the effect of terahertz radiation on biological
objects has grown rapidly, especially over the last 10–
15 years. In contrast to ionizing radiation (the ioniza-
tion of biological molecules requires energy of the
order of 1 eV [7]), which leads to the formation of
active free radicals, the question of the danger of tera-
hertz radiation is still open.

One of the first large-scale research projects
designed to study the possible effects of terahertz radi-
ation on biomolecules and cells and the fundamental
mechanisms of its interaction with biological objects
was the Tera-Hertz radiation in Biological Research,
Investigation on Diagnostics and study of potential
Genotoxic Effects (THz-BRIDGE) project [8]. The
project was carried out between 2001 and 2004. It
united ten scientific research institutes from different
countries. In addition to biomolecules (DNA bases),
the main subjects of research were human lympho-
cytes, epithelial cell cultures, and liposomes. Accord-
ing to the results of the project, it was concluded that
no biological effects of terahertz radiation were
observed in many cases, but, under specific condi-
tions, the effect of radiation led to a change in the per-
meability of the liposome membrane and could also
cause genotoxic and epigenetic effects in lymphocytes.
The importance of further studies in this field to find
the exact relationship between the radiation dose and
the observed effect is noted.

It should be noted that currently available experi-
mental data on the presence or absence of the effect of
terahertz radiation on living organisms, tissues, and
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cells are quite scattered and sometimes contradictory.
In view of the wide range of experimental irradiation
parameters reported in publications, as well as the dif-
ferences in the types of biological objects studied and
the evaluation methods, it is difficult to derive any
definite patterns and give them a theoretical justifica-
tion. The main results of the studies conducted
between the completion of the THz-BRIDGE project
and March 2011 were detailed in [7, 9].

The purpose of this review is to summarize and sys-
tematize the results of experimental studies on the
possible bioeffects of terahertz radiation on living bio-
logical systems that were published from 2011 to early
2018 and to describe briefly the results of the most sig-
nificant studies performed before 2011. Structured
data on the types of biological objects, the observed
effects of terahertz radiation, the used radiation
sources, and the irradiation parameters (frequency,
exposure time, and power density) are presented. If
there was no information about the last parameter in
the work, this value was calculated based on the values
of the source power and the size of the irradiated
region.

1. TYPES OF TERAHERTZ 
RADIATION SOURCES

The interaction of terahertz radiation with biologi-
cal objects is determined by two main factors: the
composition and properties of the object to be affected
(in particular, the refractive index, the absorption
coefficient, etc.) and the teraherz radiation parame-
ters of the effect (duration of irradiation, intensity,
spatial profile, spot size, average power, and radiation
spectrum).

Although the first sources of terahertz radiation in
the form of a black body appeared in the mid-1920s
(Globar, registered in 1925), the impact on a biologi-
cal object was first carried out with the use of a
klystron [10] and an infrared laser [11] in 1968 and
1970, respectively.

Table 1 presents the models and characteristics of
sources used in the last decade to study the effect of
terahertz radiation on biological objects. If data are
available, the maximum parameters of the source are
indicated in the table. Tables 2–6 give the real values
of the parameters of terahertz radiation used in the
experiment. More detailed information on the sources
of terahertz radiation and their evolution can be found
in some review papers [12–14].

Lasers generating radiation in the far infrared range
can be attributed to the first category of terahertz radi-
ation sources. A powerful CO2 pump laser is used as a
rule in these systems; it excites vibrational levels in gas
molecules, e.g., methanol. The frequency of transi-
tions between its levels is in the terahertz range. Such
laser systems ensure the generation of coherent,
monochromatic continuous radiation with the possi-
bility of discrete frequency tuning up to 10 THz and
are characterized by a sufficiently high value of the
average output power (~100 mW). The disadvantages
of these systems are their cumbersomeness and high
cost. Despite this, they have been used in a large num-
ber of studies over the past 8 years [15–25].

The second category includes all kinds of elec-
tronic devices that make it possible to obtain narrow-
band continuous radiation of medium power in a fre-
quency range below 1 THz. Typically, such systems
consist of frequency synthesizers (or generators) and
frequency multipliers. These systems are reliable,
compact, and operate at room temperature. Examples
of their use for they study of the effect of terahertz
radiation on blood cells, epithelial cells, and hybrid
cell lines can be found in [26–28], respectively.

Sources of terahertz radiation that operate on the
principle of electron acceleration include backward-
wave tubes and free-electron lasers. At the heart of
these systems, which are different from each other at
first glance, is the same principle of electron slowing
in the EM field. In backward-wave oscillator (BWOs),
combs are used as a deceleration system, and wigglers
are used in accelerators. BWOs enable the generation
of narrowband (1–10 MHz) frequency-tunable tera-
hertz radiation. The maximum achievable frequency is
~1.5 THz. Although these devices are capable of gen-
erating radiation with a relatively high average power
(~100 mW) in the low-frequency range of the terahertz
spectrum, the radiation power decreases to several
milliwatts with increasing frequency (the dependence
is inversely proportional to f 2–f 3). The fact that a
BWO, as a rule, is optimized for a specific spectral
range can be attributed to its disadvantages. In some
cases, the frequency tuning range can reach an octave.
BWOs were used in studies of fibroblasts [15] and rat
glioma cells [29].

Free-electron lasers consist of two main elements:
an electron accelerator producing a beam of relativistic
electrons and a wiggler for undulating an electron
beam. Modulation of the electron beam causes elec-
tron oscillations and the emission of bright terahertz
radiation. Lasers on free electrons offer frequency tun-
ing of the radiation and can work in both continuous and
pulsed modes. To date, a compact free-electron laser
located at the ENEA research center (Italy) [30–33] and
the Novosibirsk Free Electron Laser (NovoFEL) of
the Institute of Nuclear Physics, Siberian Branch of
the Russian Academy of Sciences, have been used in
studies of the effect of terahertz radiation on living
biological systems [34–38]. While most of the studies
in the former case were completed before 2010 [30–
32] (with the exception of [33] in 2015), the experi-
ments at the NovoFEL setup date back to 2010–2016.
It should also be noted that, while radiation in the
range of 120–130 GHz was used at the ENEA facility,
the NovoFEL experiments made it possible to obtain
new data in the frequency range of 1.5–2.3 THz. The
advantages of free-electron lasers are a high output
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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Table 1. Sources of terahertz radiation used to study the effect on biological objects

Type Source Mode1 Parameters2 Frequency,
THz References

G
as

 la
se

r

Far-IR, optically-pumped molecular gas 
(methanol) laser CW I = 0.05–0.9 mW/cm2 2.52 [15]

SIFIR-50 OPTL far-IR, optically-pumped 
molecular gas (methanol) laser CW I = 84.8 mW/cm2,

P = 100 mW
(0.3–7), 2.52 [16, 18, 24]

FIRL 100 far-IR, optically-pumped molecu-
lar gas (methanol) laser (Edinburgh Instru-
ments)

CW
I ~ 3 mW/cm2 2.52 [19, 20]

SIFIR-50 OPTL far-IR optically-pumped 
molecular gas (methanol, dif luoromethane, 
methyl chloride) laser CW

P = 20 mW,
I = 44.2 mW/cm2

(0.3–7), 1.4,
2.52, 3.11

[22]

I = 636 mW/cm2 2.52 [17, 21,
23, 25]

Fr
ee

-e
le

ct
ro

n 
la

se
r

Compact–FEL at the ENEA Research Center

P

Micropulse:
t = 50 ps,
f = 3.3 GHz,
macropulse:
t = 4 μs,
f = 1–20 Hz,
P = 1.5 kW

0.09–0.15 [30–33]

NovoFEL, Novosibirsk, Russia

P

Cascade 1:
t = 40–100 ps,
f = 5.6–22.4 MHz,
P = 0.5 kW,
Ppeak = 0.8 МW,
I = 0.14 W/cm2,
Ipeak = 4 kW/cm2

(1.25–3.75), 2.31 [34–38]

Cascade 2:
t = 40–100 ps,
f = 7.5 MHz,
P = 0.5 kW

3.75–7.5

Cascade 3:
f = 3.76 MHz

60–100

A
cc

el
er

at
or

ALICE synchrotron source (Daresbury
Laboratory, United Kingdom)

P

t = 100 μs,
f = 10 Hz,
Ppeak = 6 kW,
P = 0.5 W,
I = 0.14–0.18 mW/cm2

Up to 0.5 [39]

B
W

O

CO.10 Carcinotron, Thomson-CSF CW I = 0.03–0.58 mW/cm2 0.38 [15]

BWO
CW

P = 10 mW,
I = 3.2 mW/cm2

0.12–0.18 [29]
HIGH TEMPERATURE  Vol. 56  No. 5  2018



792 IL’INA et al.
O
pt

ic
al

 re
ct

if
ic

at
io

n 
of

 la
se

r r
ad

ia
tio

n

Optical rectification of Ti:sapphire laser pulses 
in a ZnTe crystal

P

t = 310 fs,
f = 1 kHz,
E = 0.26 nJ,
Ipeak = 1.15 mW/cm2

I = 0.32 μW/cm2

Up to 2.5  [43]

Optical rectification of Ti:sapphire laser pulses 
in a LiNbO3 crystal

P

t = 1.7 ps,
f = 1 kHz,
E = 1 μJ,
I = 57 mW/cm2

0.1–2  [44–46]

Optical rectification of EFOA-SH laser pulses 
in a InAs crystal

P

t = 2.5 ps,
f = 13 Hz,
P = 1.07–11.1 mW,
I = 0.5–60 μW/cm2

0.05–2  [47–49]

Optical rectification of laser radiation
in a ZnTe crystal

P

t = 1 ps,
f = 10 kHz,
Ppeak = 8.5 mW,
P =85 pW,
I = 0.43 nW/cm2

0.1–2.2  [50–52]

Ph
ot

oc
on

du
ct

iv
e 

an
te

nn
a/

ph
ot

om
ix

er

Photoconductive antenna pumped
by a Femtolite FX-100i laser

P

f = 75 MHz,
t = 1 ps,
P = 1 μW,
Ppeak = 13 mW,
I = 0.125 mW/cm2,
Ipeak = 1.6 W/cm2

0.1–2.0  [55]

Photoconductive antenna pumped
by a Ti:sapphire laser

f = 82 MHz,
t = 2 ps,
P = 40 μW,
Ppeak = 250 mW,
I = 0.2 mW/cm2,
Ipeak = 1.3 W/cm2

0.1–1.0

Uni-traveling-carrier photodiode
(IOD-PMAN-13001)

CW

P = 10 μW,
I = 1.27 μW/cm2

at 0.1 GHz
I = 0.38 μW/cm2

at 0.3 GHz

0.07–0.3 [56]

H
F

 g
en

er
at

or
s

Frequency synthesizer (Agilent E8257D)
with a frequency multiplier chain CW

P = 155 mW,
I = 38.8 mW/cm2

0.106 [28]

Free-running pulse source ELVA-1

P

t = 80 ns,
f = 50 kHz,
Ipeak = 24–62 mW/cm2,
I = 1–4 mW/cm2

0.14 [27]

CW generator (HP8620C) with a sixfold
frequency multiplier (AMC-10-00000) CW I = 0.031 mW/cm2 0.1 [26]

Type Source Mode1 Parameters2 Frequency,
THz References

Table 1.   (Contd.)
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power of the radiation and a wide range of frequency
tuning. At the same time, such systems are cumber-
some, difficult to operate, and expensive, besides they
require an entire staff of personnel to operate. In addi-
tion to free-electron lasers, a study of the effect of ter-
ahertz radiation on biological objects was carried out
at the Daresbury Laboratory (United Kingdom) with
the ALICE linear accelerator [39]. Since the dimen-
sions of a bunch of electrons (duration ~2 ps) are com-
parable with the wavelength of terahertz radiation,
their radiation can be considered coherent, and the
intensity of such coherent radiation increases in pro-
portion to the square of the charge of the electron
bunch. The typical charge of a bunch of electrons on
the accelerator is 60 pC. This device was used to irra-
diate cells with pulses of broadband radiation with a
frequency of up to 0.5 THz.

Although the methods of optical rectification and
photoconductivity, which were developed back in the
1980s, made it possible to perform a direct transfor-
mation of the radiation of multimode femtosecond
lasers into terahertz lasers [40, 41], the first work on
their use in biology was reported in 2003. The optical
rectification effect consists of the appearance of non-
linear polarization in a medium upon the passing of an
intense laser pulse through it, the shape of which
repeats the shape of the envelope of the optical pulse.
This pulse, or more precisely, its time derivative (that
is, current surge), is a rather effective source of tera-
hertz radiation: the conversion efficiency reaches ~3%
at the moment, and the record energy of the broad-
band (0.1–10 THz), single-cycle, picosecond pulse is
0.9 mJ [42]. The considered sources are widely used
HIGH TEMPERATURE  Vol. 56  No. 5  2018
due to their simplicity and the possibility of generating
high-power broadband terahertz radiation. This type
of source was used in a number of works to irradiate
the skin of a mouse [43], an artificial skin sample [44–
46], the sensory ganglion neurites of chick embryos,
mouse thymocytes and splenocytes [47–49], and male
and female Drosophila [50–52].

Photomixers and photoconductive antennas are a
very promising sources of terahertz radiation and are
widely used. Their advantages include compactness
and the possibility of generating both broadband and
frequency-tunable radiation at room temperature
without the need for high-power optical radiation
sources. At the heart of the device is a semiconductor
element with lithographically drawn conducting elec-
trodes with a certain gap, to which a constant voltage
is applied. The structure is called a photoconductive
antenna when it is irradiated with femtosecond laser
pulses and a photomixer in the case of irradiation with
continuous lasers emitting at close frequencies [53].
However, such antennas have a relatively low effi-
ciency of converting the radiation of femtosecond
lasers or close-in-frequency continuous laser sources
(in the case of photomixing) into pulsed or continuous
terahertz radiation, respectively. Using photomixers, it
is possible to create a tunable frequency (0.1–3 THz)
source, the power of which in the range above 1 THz
is limited to 1 μW [54]. A similar source was used in
[55] to study the genotoxic effects of terahertz radia-
tion on human peripheral blood leukocytes. Photo-
mixers generate narrowband frequency-tunable radia-
tion in the range of 0.01–1.5 THz. Modern units are
equipped with a fiber input and often an antenna,
1Generation mode: CW, continuous, and P, pulsed.
2The minimum and maximum frequencies of the source radiation are given in parentheses; the value used in the indicated work is sepa-
rated by a comma. Here, t is the pulse duration, f is the pulse repetition rate, P is the average radiation power, Ppeak is the peak pulse
power, I is the average power density, and Ipeak is the peak power density.

O
pt

ic
al

 b
re

ak
do

w
n

in
 a

 g
as

eo
us

 m
ed

iu
m

Femtosecond laser-induced optical breakdown

P

f = 1 kHz,
t ~ 1 ps,
P = 0.55 μW,
Ppeak = 550 W,
I = 8 μW/cm2,
Ipeak = 7.8 kW/cm2

0.5–6.5 [55]

Two-color femtosecond gas (argon gas,
pressure 80 kPa) breakdown plasma

P

f = 1 kHz,
I = 1 mW/cm2,
E = 1 μJ,
t = 35 fs,
Ipeak = 30 MW

0.1–20 [19, 20, 60]

G
un

n
di

od
e Diode with a planar array of emitters CW I = 5 mW/cm2 0.12 [58]

Diode with an emitter CW P = 100 mW 0.12–0.16 [59]

Type Source Mode1 Parameters2 Frequency,
THz References

Table 1.   (Contd.)
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Table 2. Effect of terahertz radiation on human blood cells

1τ is the time of cell irradiation.
2DNA damage was detected with the comet assay and was observed when blood lymphocytes (placed in Eppendorf nicrotubes inside
the metallic cone) were exposed to terahertz radiation with an average power of 1.9 mW.
3Three different sources of terahertz radiation were used (see the explanations in the text).
4Propidium iodide and Annexin-V-FITC (FITC-AV)) were used as f luorophores for f low cytometry.

Cells Analysis Parameters of terahertz 
exposure Presence/absence of bioeffect References

H
um

an
 p

er
ip

he
ra

l b
lo

od
 ly

m
ph

oc
yt

es

Micronucleus test
Calculation of the cytokinesis-block 
proliferation index (CBPI)

0.12 THz (1 mW),
0.13 THz (0.6 mW)
τ1 = 20 min

–
Absence of direct chromosome 

damage and alteration
of cell cycle kinetics

[30, 61]

Micronucleus test
Calculation of the cytokinesis-block 
proliferation index (CBPI) 
DNA-comet assay

0.13 THz (5 and 7 Hz; 1.9, 
3.5, and 5 mW)
τ = 20 min

–
Absence of direct chromosome 

damage and alteration
of cell cycle kinetics

+
DNA Damage2

[30, 61]

Fluorescence in situ hybridization 
(FISH)

0.1 THz (0.031 mW/cm2)
τ = 1, 2, 24 h

+
Genomic instability (increased level 

of aneuploidy, asynchronous
replication of centromeres
of certain chromosomes)

[26]

H
um

an
 p

er
ip

he
ra

l
bl

oo
d 

le
uk

oc
yt

es

Micronucleus test
Calculation of the cytokinesis-block 
proliferation index (CBPI) 
DNA-comet assay

0.12 THz (2 Hz;
0.05 mW/cm2),
0.13 THz (2, 5, and 7 Hz; 
0.03–0.23 mW/cm2),
τ = 20 min

–
Absence of genotoxicity (direct 

chromosome and DNA damage)
or changes in cell proliferation

[31]

DNA-comet assay 0.1–6.5 THz3

(0.008–0.2 mW/cm2),
τ = 20 min

–
Absence of genotoxicity
(direct DNA damage)

[55]

Ju
rk

at
 c

el
l l

in
es

MTT assay
Flow cytometry4

2.52 THz (227 mW/cm2),
τ = 5, 10, 20, 30, and 40 min

+
Decreased cellular viability

(cell death)
[18]

Analysis of mRNA and microRNA 
expression (mRNA and miRNAs 
microarrays)

2.52 THz (636 mW/cm2)
τ = 30–50 min

+
Changes in the expression

of certain mRNAs (linear growth
of expression with increasing

irradiation time)

[17, 21, 23, 
25]
ensuring the generation of continuous terahertz radia-
tion of ~10 mW power at a frequency of 0.1 THz and
~10 μW at a frequency of 1 THz. A photomixer based
on an uni-traveling-carrier photodiode, UTC-PD
(~0.07–0.3 THz, ~10 μW at a frequency of 0.1 THz
and ~3 μW at a frequency of 0.3 THz) was used in [56]
to irradiate human skin fibroblasts.

The plasma that is formed in a gaseous medium as
a result of optical breakdown is another type of source
of terahertz radiation used to affect biological objects.
Terahertz radiation is generated by focusing two fem-
tosecond laser pulses at the fundamental frequency
and the second harmonic frequency, which coincide
in time and space (two-frequency pulse). Second-har-
monic radiation modulates the photoionization rate,
thereby increasing the electron concentration, and the
effect of a two-frequency pulse results in a nonzero
photoelectron drift rate, which is equivalent to the
emission of a photocurrent that generates terahertz
radiation [57]. The advantages of such a source are the
simplicity of implementation, high values of peak
power and intensity, and the broad spectrum of radi-
ation. The disadvantages include a low conversion
factor, a conical spatial distribution of intensity, and
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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Table 3. Effect of terahertz radiation on human epithelial cells

Cells Analysis Parameters of terahertz 
exposure

Presence/absence
of bioeffect

Refe-
rences

Primary human
keratinocytes

Resazurin reduction assay
Fluorescein cadaverine
to monitor cell differentiation

0.2–3.0 THz
(up to 0.1 μW/cm2),
τ = 10, 20, and 30 min

–
No changes in cellular 

activity or differentiation
[63]

Human dermal
fibroblasts (HDF)

Confocal laser microscopy1

Analysis of gene expression 
(mRNA microarrays)

2.52 THz (227 mW/cm2),
τ = 15 s, 1 and 2 min

+/–
Decrease in viability, 

change in the expression
of several genes

[18]

MTT assay
(qPCR)

2.52 THz (84.8 mW/cm2),
τ = 5, 10, 20, 40, and 80 min

–
No changes in the expres-
sion of genes responsible 

for DNA repair
+

Minor increases
in the heat-shock

proteins expression

[16, 24]

Micronucleus test
Analysis of replication
activity (EdU)
DNA-comet assay

0.106 THz (0.04, 0.39,
and 0.88 mW/cm2 at τ = 2 h),
(0.88 mW/cm2 at τ = 8 h),
(2 mW/cm2 at τ = 24 h)

–
Absence of DNA strand 
breaks or chromosome 

damage (there are
no changes in the fre-

quency of micronuclei)
No changes

in proliferation

[64]

0.308 THz (0.03, 0.30,
and 0.58 mW/cm2 at τ = 2 h),
(0.58 mW/cm2 at τ = 8 h)

[15]

2.52 THz (0.05, 0.2, 0.3, 0.4, 
and 0.9 mW/cm2 at τ = 2 h),
(0.3 mW/cm2 at τ = 8 h)

Keratinocytes
НаСаТ

Micronucleus test
Calculation of cytochalasin
B proliferation index
DNA-comet assay

0.106 THz (0.04, 0.39,
and 0.88 mW/cm2 at τ = 2 h),
(0.88 mW/cm2 at τ = 8 h),
(2 mW/cm2 at τ = 24 h)

–
Absence of DNA strand 
breaks or chromosome 
damage (there are no 

changes in the frequency
of micronuclei)

No changes
in proliferation

[64]

0.308 THz (0.03, 0.30,
and 0.58 mW/cm2 at τ = 2 h),
(0.58 mW/cm2 at τ = 8 h)

[15]

2.52 THz (0.05, 0.2, 0.3, 0.4, 
0.9 mW/cm2 at τ = 2 h),
(0.3 mW/cm2 at τ = 8 h)
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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Human Keratinocytes 
(HEK001 cell line)

MTT assay
Analysis of gene expression 
(mRNA microarrays)

1.4, 2.52, and 3.11 THz
(up to 52 mW/cm2,
indicated value),
(up to 207 mW/cm2,
calculated value)
τ = 20 min

–
No changes

in proliferation
+

Significant change
in mRNA expression

(>400 mRNA)

[22]

Human corneal epi-
thelial cells (HCE-T)

Phase contrast microscopy 
for cell morphology
observation
Cell proliferation analysis

Up to 0.5 THz
(0.32–0.37 mW/cm2),
τ = 4 h and 5 h 20 min

–
No changes in cell mor-
phology or proliferation [39]

Micronucleus test
Estimation of morphological 
changes from
the impedance variatio 
Heat shock proteins 
expression analysis

0.12 THz (5 mW/cm2),
τ = 24 h

–
No changes in the mor-
phology and frequency

of micronuclei
No changes in expression

of heat shock proteins

[58]

Human retinal
pigment epithelial
cells (ARPE-19)

Phase contrast microscopy 
for cell morphology
observation
Cell proliferation analysis

Up to 0.5 THz
(0.14–0.18 mW/cm2),
τ = 3 and 6 h

–
No changes in cell mor-
phology or proliferation [39]

Artificial human skin 
tissue model

Immunochemical
and immunofluorescence
analysis
Western blotting

0.1–2 THz
(5.7 and 57 mW/cm2),
τ = 10 min

+
Presence of DNA damage 
(possibly double-strand-

breaks)
Simultaneous activation
of DNA repair mecha-

nisms (expression
of certain genes)

[44–46]

Human primary
fibroblasts (HFFF2)

Flow cytometry
DNA-comet assay
Immunofluorescence
staining for histone H2AX
analysis
Micronucleus test
(as well as CREST2

and FISH3 analysis)
Q-FISH telomere length 
analysis
Ultrastructural analysis
Western blotting4

0.1–0.15 THz
(0.40 mW/cm2),
τ = 20 min

+
Aneugenic effects
Increase of actin 
polymerization

+/–
Temporary change in cell 
morphology and cell cycle 

perturbations (in [33])
–

Absence of DNA damage, 
histone H2AX phosphor-

ylation, modulation
of telomere length, 

induction of apoptosis
No changes in the cell 

cycle (in [65])

[33]

Human dermal
fibroblasts (HDF)

[65]

Cells Analysis Parameters of terahertz 
exposure

Presence/absence
of bioeffect

Refe-
rences

Table 3. (Contd.)
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some difficulties with radiation collimation. Such a
source (spectrum of 0.5–6.5 THz, power rate in the
pulse of 7.8 kW/cm2) was used to irradiate blood cells
[55] and mesenchymal stem cells (spectrum of 0.5–
20 THz, power density in the pulse of 2 mW/cm2)
[19, 20].

A source in the form of a planar array of emitters
made on a printed circuit board [58] should be men-
tioned separately. The cell culture object (HCE-T)
seeded on the bottom of a Petri dish is placed directly
on the board. Spreading along the substrate, radiation
at 0.12 THz frequency due to leaks has an effect on the
biological object; the power density reaches 5 mW/cm2.

On the basis of Gunn diodes invented in 1962,
sources were created at 10 GHz and higher (up to
1.7 THz by frequency multiplication). The power of
such generators can vary from ~100–300 mW at fre-
quencies close to 0.1 THz to microwatt magnitudes
near 1.7 THz. In particular, the generator based on the
Gunn diode was the basis of the KVCh-O2 apparatus
developed by Russian scientists and used in numer-
ous studies of the effect of radiation at a frequency of
0.129 THz (corresponding to the molecular absorption
spectrum and atmospheric oxygen radiation) [59].

2. EFFECT OF TERAHERTZ RADIATION
ON CELL LINES

Most experimental work studies the effect of tera-
hertz radiation on human cells, in particular, blood
cells and epithelial cells. Particular attention is paid to
the effects of terahertz radiation on stem cells, and the
stem cells of both humans and mice were considered as
HIGH TEMPERATURE  Vol. 56  No. 5  2018
model objects [19, 20]. Some works are devoted to the
effect of terahertz radiation on animal cells, in partic-
ular, isolated neurons of the mollusk Lymnaea stagna-
lis cultured outside the body [36] and rat C6 glioma
cells [29].

The results of the study of the effects of terahertz
radiation on particular cell lines with the specified
parameters of radiation, irradiation regimes, and
methods used to evaluate the effect of terahertz radia-
tion are presented below.

2.1. Human Blood Cells
The effect of terahertz radiation and, in particular,

its genotoxicity, on human blood cells (lymphocytes
and peripheral blood leukocytes) was actively studied
within the framework of the THz-BRIDGE project.
The results are presented in [26, 30, 31, 61] and sum-
marized in [9].

Lymphocytes play an essential role in the protec-
tive processes of the body. In addition, they can be eas-
ily obtained from peripheral blood. Therefore, lym-
phocytes were actively used to study the possible bio-
effects caused by terahertz radiation. In [30, 31], a
free-electron laser operating at frequencies of 0.12 and
0.13 THz was used as the radiation source. Irradiation
of lymphocytes taken from nine donors for 20 min
with radiation with an average power of 1 mW (power
rate of 0.05 mW/cm2) and 0.6 mW (power rate of
0.03 mW/cm2) did not reveal any possible genotoxic
effect (the frequency of micronuclei and the cell pro-
liferation were estimated by calculating the prolifera-
tion index) [30]. Nevertheless, it is worth noting the
1Propidium iodide and annexin (FITC-AV) were used to assess the viability of dermal fibroblasts using confocal laser microscopy.
2CREST (Micronuclei antikinetochore antibody) assay was used to detect aneuploidy induced by exposure to terahertz radiation.
3FISH (Fluorescence In Situ Hybridization) assay was used for chromosome nondisjunction analysis.
4Western blotting was used to study the effect of terahertz radiation on the expression of heat shock proteins, cytoskeleton proteins, etc.
5The power density values used for cell exposure and for further determination of their proliferation.
6The power density values used for cell exposure and for further measurement of their activity and cytotoxicity.

Normal human skin 
fibroblasts (NB1RGB)

Measurement of electrical 
impedance
Colorimetric method based 
on new tetrazolium com-
pounds (MTS assay)

0.07–0.3 THz,
frequency step 1 GHz
51.27 μW/cm2 at frequency
0.1 THz, 0.38 μW/cm2

at frequency 0.3 THz,
frequency step 1 GHz
(every 24.17 min), τ = 94 h;
60.23 μW/cm2 at frequency
0.1 THz, 0.07 μW/cm2

at frequency 0.3 THz,
frequency step 1 GHz 
(every 18 min at τ = 70 h,
every 36 s at τ = 3 h)

–
No changes in prolifera-

tion, cell activity,
no cytotoxicity

[56]

Cells Analysis Parameters of terahertz 
exposure

Presence/absence
of bioeffect

Refe-
rences

Table 3. (Contd.)
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Table 4. Effect of terahertz radiation on mouse and human stem cells

1Cell differentiation was analyzed after cell exposure to terahertz radiation with a power rate of 0.14 mW/cm2 for 3 h.
2Cell adhesion was analyzed after cell exposure to terahertz radiation with a power rate of 0.02–0.04 mW/cm2 irradiating for 2 or 4 h.

Cells Analysis Parameters of terahertz 
exposure

Presence/absence
of bioeffect

Refe-
rences

Human embryonic
stem cells (hES07)

Phase contrast microscopy 
Fluorescence microscopy

Up to 0.5 THz
(0.14 mW/cm2

at τ = 3 h1),
(0.02–0.04 mW/cm2

at τ = 2 and 4 h2)

–
No change in the cell differ-

entiation or proliferation, 
their cytoskeleton and attach-

ment to the substrate

 [39]

Human embryonic
stem cell line (hESM01)

Morphological analysis
Cytogenetic analysis
Analysis of gene expression
Immunocytochemical staining 
for calculation of the mitotic 
index and analysis of histone 
H2AX modifications

2.3 THz (0.14 W/cm2),
τ = 1 h

+/–
Change in the expression

of 73 genes (<1% of the ana-
lyzed genes)

–
absence of double-stranded 

DNA breaks, changes in mor-
phology, mitotic index,

or structural chromosomal 
aberrations

 [34]

Mouse mesenchymal
stem cells

Light microscopy for morpho-
logical analysis
qRT-PCR to analyze
the expression of genes

0–20 THz
(~1 mW/cm2

at τ = 2 and 9 h),
2.52 THz (~3 mW/cm2

at τ = 2 and 9 h)

+
Activation of the expression 

of certain (nonhyperthermic) 
genes

Presence of certain morpho-
logical changes

 [19, 20, 
60]
small size of the used statistical sample (especially for
experiments at a frequency of 0.13 THz), which does
not allow us to make an unambiguous conclusion
about the total absence of terahertz radiation effects at
these parameters.

Similar studies were performed in [31] with periph-
eral blood leukocytes (samples of whole blood were
studied, not samples divided into blood fractions) after
their irradiation with radiation at frequencies of 0.12
and 0.13 THz. At the same time, neither damage to
chromosomes nor changes in cell proliferation were
recorded. The DNA comet assay, which provides
information on primary DNA damage (which could
not be detected with a micronucleus test in the case of
DNA repair), also revealed no statistically significant
differences between cells exposed to irradiation and
control cells.

In contrast to the aforementioned studies, the exis-
tence of genomic instability as a result of exposure to
continuous radiation with a frequency of 0.1 THz and
a power density of 0.031 mW/cm2 is suggested in [26].
An increase in levels of aneuploidy (changes in the set
of chromosomes) and asynchronous replication of the
centromeres of certain chromosomes as a function of
the time of irradiation was revealed.

The radiation of a gas laser at 81 μm (3.7 THz) was
used in [62] to affect human erythrocytes and lympho-
cytes of human peripheral blood (the irradiation time
was 30, 60, and 90 min). Unfortunately, the authors
gave only the value of the radiation power (20 mW) in
the paper without specifying the spot size, which
makes it impossible to calculate the average radiation
power density. It was shown that irradiation for 60 min
did not affect spontaneous hemolysis of erythrocytes,
but it reduced the stability of their cell membrane to
hypo-osmotic stress and promoted the release of
hemoglobin from erythrocytes. A decrease in the via-
bility of some lymphocytes as a result of the exposure
was noted (exact statistics are not given in percent-
ages), and the enhancement of both spontaneous and
stimulated cell division of the remaining lymphocytes
was more pronounced, with longer exposure times
(90 min). The authors also suggested that monocytes
can have a significant effect on the lymphocyte
response to submillimeter radiation and, based on the
obtained data, it was possible to create diagnostic tests
to identify the deficiency of the immune system and
the presymptomatic stage of various diseases.

A study of the genotoxicity of terahertz radiation on
peripheral blood leukocytes (taken from eight donors)
but in a much wider frequency range (0.1–6.5 THz)
was performed in [55]. The DNA-comet assay was
used to assess the damage to and change in cellular
DNA. Broadband pulsed terahertz radiation was gen-
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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Table 5. Effect of terahertz radiation on animal cells and hybrid cell lines

Cells Analysis Parameters of terahertz 
exposure

Presence/absence
of bioeffect

Refe-
rences

Isolated Neurons
of Lymnaea stagnalis

Measurement of mem-
brane potential
Staining with Trypan Blue 
and BCECF-AM

2 THz, 2.3 THz
(0.5–20 mW/cm2),
τ = 10 s

+
Radiation with a frequency

of 2.3 THz can cause
reversible disruption

of the barrier properties
of the neuronal membrane

[36]

Rat glioma cell line С6 Flow cytometry for evalua-
tion of the mitochondrial 
membrane potential

0.12–0.18 THz
(3.2 mW/cm2)
τ =1, 2, 3, 4, and 5 min

+
Dose-dependent cytotoxic 

effect (increase in the number 
of dead cells with increasing 

irradiation time)

[29]

Human–hamster hybrid 
cell line AL

Assay for spindle
disturbances

0.106 THz (0.043, 0.43, 
and 4.3 mW/cm2),
τ =30 min

+
Spindle disturbances

at the anaphase and telophase 
of cell divisions (functional
disturbances of the spindle 
apparatus, not structural
alterations of the DNA)

[28]

Neurites of sensory
ganglia from 10–12 day
old chicken embroys

Morphometric method 
(calculation of area index)

0.05–2 THz
(0.5, 5, 11,
and 50 μW/cm2)
60 μW/cm2,
τ = 3 min

+
Effect of stimulating

the neurite growth under
the action of low-intensity

terahertz radiation

[47, 49]

Thymocytes and spleno-
cytes of CBA mice

Viability evaluation
Evaluation of cell distribu-
tion over the phases
of the cell cycle

0.05–1.2 THz
0.03, 0.63,
and 9.55 μW/cm2

τ = 1 min

–
No changes in cell viability

or distribution over the phases 
of the cell cycle

[48]
erated by laser optical breakdown in the air (pulse rep-
etition frequency of 1 kHz, duration of ~1 ps, and
average power density of 0.008 mW/cm2). In addition,
two other sources of terahertz radiation were used:
photoconductive antennas generating radiation in the
frequency range of 0.1–2 THz (75 MHz, duration 1 ps,
average power density 0.125 mW/cm2) and 0.1–1 THz
(82 MHz, duration 2 ps, average power density
0.2 mW/cm2), respectively. Irradiation of the cells for
20 min did not lead to direct DNA damage in any of
the three experiments. It should nevertheless be
understood that the terahertz radiation in these exper-
iments was characterized by a low power rate, and the
effect of radiation with higher intensity can potentially
lead to entirely different results.

Data on the effect of radiation with a frequency of
2.52 THz on the cells of the Jurkat line (the line of
human leukemic T-lymphocytes) are presented in [18,
21, 23]. In [18], the radiation of a gas laser at a frequency
of 2.52 THz with a power density of 227 mW/cm2 was
used to irradiate Jurkat cells for a predetermined time
(5, 10, 20, 30, and 40 min). Evaluation of the viability
HIGH TEMPERATURE  Vol. 56  No. 5  2018
of cells by the MTT test (colorimetric test to assess the
metabolic activity of cells) 24 h after irradiation
showed that, at exposure times of more than 20 min,
the number of dead cells exponentially increased with
exposure time. Thus, when the cells are irradiated for
approximately 30 min, about 40% of the cells die, and
irradiation for 40 min causes the death of almost 80%
of the cells. Flow cytometry data also confirmed that
cell death (by both apoptosis and necrosis) is observed
at irradiation times of 30 and 40 min. The quantifica-
tion was slightly different from the MTT test, and the
number of dead cells was 62% for an irradiation time
of 40 min (32% of the cells showed signs of early apop-
tosis and 30% showed signs of necrosis).

The radiation of a gas laser with a frequency of
2.52 THz but with a much higher power density than
in [18] (636 mW/cm2), was also used to affect the Jur-
kat cells [17, 21, 23, 25]. The exposure time varied
from 30 to 50 min in different works. According to
experimental measurements and computer simula-
tions, such an irradiation regime resulted in an
increase in temperature on average by 6°C. After cel-
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Table 6. Effect of terahertz radiation on microorganisms and animals

Object Analysis Parameters
of terahertz exposure

Presence/absence
of bioeffect

Refe-
rences

Fruit f lies
Drosophila Melanogaster
(line Oregon R)

Assessment
of the development
dynamics of the offspring F1

0.1–2.2 THz
(0.82 μW/cm2),
τ = 30 min

+/–
Sensitivity of mature oocytes 
and insensitivity of immature 
oocytes to terahertz radiation

[50]

Assessment of the dynamics 
of mortality and viability
Assessment of the develop-
ment dynamics
of offspring

+
Increase in female survival rate 

dirung the second half
of the life of imago after

terahertz exposure–
No dependence of the viability 
of males on terahertz radiation

No effect of radiation
on the dynamics of maturation 

of males and females
in the first offspring

[51, 52]

Bacteria
Escherichia coli (JM103) 
with genosensory con-
structs (pKatG-GPF)

Fluorescence microscopy
Fluorimeter for evaluation 
of the f luorescence intensity 
of GFP
Counting the number
of cells in the colony

1.5, 2, and 2.3 THz
(1.4 W/cm2),
τ = 5, 10, and 15 min

+
Stable expression

of the reporter gene
for a long time [37]

Bacteria Escherichia coli 
PQ37and Salmonella
typhimurium (lines TA98 
and TA102)

Ames test
SOS-chromotest

2.3 THz (1.4 W/cm2),
τ = 5, 10, and 15 min

–
Absence of genotoxic
and mutagenic effects

+/–
Possible effect on cellular 

metabolism
+

Exposure to terahertz radiation 
reduces the genotoxicity of the 

4-NQO mutagen

[35]

Extremophilic archaea 
Halorubrum
saccharovorum (strain Н3)

Proteomic analysis (two-
dimensional electrophoresis 
and MALDI-TOF mass 
spectrometry)

2.3 THz (0.8 W/cm2),
τ = 5 min

+
Change in the expression

of genes that control the regu-
lation of the translation system

[38]

Male mice of lines 
C57BL/6J and BALB/c 
nude

Analysis using mRNA 
microarrays and bioinfor-
mation analysis
Real-time polymerase chain 
reaction (RT-PCR)
Immunohistochemistry
Measurement
of the TGF-β level

до 2.5 THz
(0.32 μW/cm2),
τ = 1 h

+
Change in the expression

of 149 genes, THz radiation
produces cellular responses 

against wound-like stimulation [43]
lular irradiation, the expression of mRNA and
microRNA expression was analyzed. The obtained
data were compared with the data on mRNA and
microRNA expression in control cells stored under
hyperthermia conditions (control cells in the plate
were placed in a water bath at 44°C for 40 min). It was
shown that exposure to terahertz radiation results in a
change in the expression of 532 mRNA (672 in the
control sample) and 66 microRNA (53 in the control
sample). The expression of some genes increased lin-
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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early with increasing irradiation time [17, 25]. The
authors analyzed the signaling pathways that are acti-
vated in response to terahertz radiation and hyperther-
mia; an exhaustive list of data on the analysis of the total
transcriptional response of mRNA and microRNA is
presented in [23]. It was found that 18 key signal path-
ways associated with exposure to radiation were spe-
cific (unique) and differed from the 13 signaling path-
ways associated with cell hyperthermia, resulting in
the assumption that terahertz radiation could cause
biochemical and cellular lapses different from the
response stimulated standard hyperthermia. It is con-
cluded that terahertz radiation can potentially be a
convenient, noncontact tool for selective control of
particular genes and cellular processes.

2.2. Human Epithelial Cells
In studies of the effect of terahertz radiation, kera-

tinocytes (cells of the outer layer of the skin (epider-
mis)) [15] and fibroblasts (cells of the middle layer of
the skin (dermis)) [15, 16, 18] were selected as model
epithelial cells. In addition, the study of terahertz radi-
ation bioeffects was carried out on corneal epithelial
cells (HCE-T) [39, 58] and retinal pigment epithelial
cells (ARPE-19) [39] of the human eye. In [44] the
authors studied the effect on a 3D sample of artificial
human skin that recreated a typical tissue structure
and consisted of epidermal keratinocytes and dermal
fibroblasts rather than the effect on a cell line in a
monolayer.

Studies of the effects of terahertz radiation on epi-
thelial cells were carried out even within the THz-
BRIDGE project. In particular, primary keratinocytes
were exposed to radiation in the frequency range of
0.1–3 THz for 10–30 min from two different sources:
one with a repetition rate of 80 MHz (pulse duration
20–30 ps, 0.2–3 THz) and an average output power of
~1 μW and another with a repetition rate of 250 kHz
(0.1–2.7 THz) and an average output power of ~1 mW
[63]. Due to the wide range of focal spot diameters of
terahertz radiation (from 130 μm to 3.7 mm) and the
insufficient description of the parameters of the effect,
it is difficult to calculate the value of the average power
density unambiguously. In review works the following
values are reported: 10 [7] and 2.5 [9] mW/cm2. The
activity or viability of cells and their ability for subse-
quent differentiation were assessed for 8 days after the
terahertz effect. The resazurin reduction assay, which
was used to assess cell viability, did not reveal any dif-
ferences between irradiated and nonirradiated cells.
Their ability to differentiate also remained normal
throughout the observation period.

Dermal fibroblasts (HDFs) were exposed to short-
term exposure (irradiation time 15 s, 1 and 2 min) to
radiation with a frequency of 2.52 THz at a power den-
sity of 227 mW/cm2 [18]. Cellular analysis with a con-
focal scanning microscope revealed the presence of a
positive signal (i.e., the staining of dead cells with f lu-
HIGH TEMPERATURE  Vol. 56  No. 5  2018
orescent dyes with propidium iodide (PI) and annexin
(FITC-AV)) when the cells were irradiated with tera-
hertz radiation for more than 12 s. At shorter times,
there was no f luorescence, which indicated cell viabil-
ity. However, the authors assumed that the studied
samples were in a small layer of the medium and that
the drying of the medium under exposure to terahertz
radiation could provoke cell death. The expression of
genes that are activated by six primary cellular path-
ways for response to stress was tested 4 h after the cell
irradiation. A slight increase in the expression of several
genes for the irradiation time of both 1 min and 2 min was
observed. Presumably, the main genes that respond to
radiation are proinflammatory cytokines.

In [16, 24], dermal fibroblasts were exposed to ter-
ahertz radiation of the same frequency (2.52 THz) but
a smaller power density (84.8 mW/cm2) and for a lon-
ger time (5–80 min). Cell viability after irradiation was
assessed by the MTT test. In addition, the quantitative
method of polymerase chain reaction (PCR) was used
to analyze possible protein damage (the expression of
heat shock proteins (HSPs), the CCNE2 gene, and
other genes associated with DNA repair was esti-
mated). The obtained data were compared with the
cellular response to elevated temperature (hyperther-
mia) and ultraviolet radiation. For a given irradiation
regime with terahertz radiation, the temperature
increase was on average 3°C. The percentage of viable
cells (>90%) and the level of expression of heat shock
proteins (a 2.5- to 3.2-fold increase in expression) are
similar in the experimental group subjected to irradia-
tion and the group kept under higher temperature
(40°C). In these two groups, there was no increased
expression of genes associated with DNA repair (in
contrast to the experimental group of cells exposed to
ultraviolet radiation, where there was a 40-fold
increase in the expression of cyclin CCNE2). In con-
clusion, the authors assumed that radiation with a fre-
quency of 2.52 THz under the selected regimes and
parameters of irradiation has mainly thermal effects
on human dermal fibroblasts, comparable to the cellu-
lar and molecular effects that arise under conditions of
hyperthermic stress. The possibility of direct damage
to intracellular proteins exposed to terahertz radiation
has not been confirmed.

The effect of long-term exposure (2–24 h) of radi-
ation with a frequency of 0.106 THz on dermal fibro-
blasts and keratinocytes (HaCaT) was studied in [64].
DNA migration (the DNA-comet assay) was evalu-
ated to detect single- and double-stranded DNA
breaks as a result of cell irradiation. DNA damage at
the chromosome level was assessed by a micronucleus
test. For both fibroblasts and keratinocytes, the comet
assay and the micronucleus test did not reveal statisti-
cally significant changes corresponding to DNA chain
breaks or chromosome damage in cells irradiated for
both 2 and 8 h by terahertz radiation with mean power
densities of 0.04, 0.39, or 0.88 mW/cm2. Similarly,



802 IL’INA et al.
there was no evidence of a change in proliferation of
irradiated cells as compared to control cells. An increase
in the average power density up to 2 mW/cm2 and the
irradiation time up to 24 h also did not lead to a change
in the micronucleus frequency and proliferation indi-
ces in cells of these types.

In order to assess the genotoxicity of terahertz radi-
ation at frequencies of 0.38 and 2.52 THz (with a
power density of up to 0.88 mW/cm2 when HDF and
HaCaT are irradiated for 2 or 8 h), similar methods
were used in [15]: DNA-comet assay, calculation of
the proliferation index, and the micronuclear test. No
DNA damage (strand rupture or chromosome dam-
age) or changes in proliferation were detected in any of
the numerous experimental groups.

The effect of continuous terahertz radiation (at fre-
quencies 1.4, 2.52, and 3.11 THz) on human keratino-
cytes of the HEK001 line upon irradiation for 20 min
was examined in [22]. Calculation of the radiation
power density according to the parameters specified
in the article (the power of the source is 20 mW, the
size of the focusing spot is 3.5 mm) gives a value of
~207 mW/cm2, which does not correspond to the
power density values declared by the authors of 44.2
and 52 mW/cm2. Cell viability was evaluated by the
MTT test 4 h after irradiation and did not reveal any
changes in comparison with control cells not exposed
to terahertz radiation. At the same time, analysis of the
mRNA expression revealed a significant number of
over- and under expressed genes: 451, 448, and 583
when exposed to terahertz radiation at 1.4, 2.52, and
3.11 THz, respectively. No changes in the expression
of the so-called hyperthermal genes were observed in
any of the experimental groups. Most of the over- and
under expressed genes were unique for each particular
frequency regime of exposure, as well as the key signal-
ing pathways. Thus, the authors suggested that the
biochemical and cellular responses may differ when
exposed to terahertz radiation of different frequencies.

A study of cell morphology and the proliferation of
corneal epithelial cells (HCE-T) and retinal pigment
epithelium (ARPE-19) of the human eye after expo-
sure to potent terahertz radiation was carried out in
[39]. A linear accelerator ALICE (United Kingdom)
served as the source of broadband coherent terahertz
radiation (with frequency up to ~0.5 THz). The radia-
tion was characterized by a high peak and low average
power, which accordingly increased the probability of
its “delivery” through a highly absorbing aquatic envi-
ronment to the studied biological objects while mini-
mizing the possible thermal effects. Analysis of the
morphology and proliferation of ARPE-19 cells after 3
and 6 h of irradiation with terahertz radiation with an
average power density of 0.14–0.18 mW/cm2 revealed
no differences from the control cells. Similarly, the
absence of cytotoxicity and changes in morphology
and proliferation were obtained for HCE-T cells irra-
diated for 4 h and 5 h 20 min with terahertz radiation
with an average power density of 0.32–0.37 mW/cm2.
The longer exposure (for 24 h) of radiation with a fre-
quency of 0.12 THz and a power density of 5 mW/cm2

on human corneal epithelial cells (HCE-T) also did
not cause changes in the morphology or frequency of
micronucleus formation, nor did it lead to an increase
in expression of heat shock proteins (Hsp27, Hsp70,
Hsp90α) [58].

A comprehensive study of the possible bioeffects of
terahertz radiation on human fetal fibroblasts
(HFFF2) using a full arsenal of modern methods of
analysis was carried out in [33]. The source of radi-
ation in the frequency range 0.1–0.15 THz was a
compact free-electron laser. The exposure was car-
ried out for 20 min with radiation at a power density
of 0.40 mW/cm2. It should be noted that most of the
used methods did not reveal any changes in the
exposed cells as compared to the control cells. The
comet assay applied 2 and 24 h after the exposure
revealed no DNA damage as compared to the control
cells, just as Western blotting did not reveal changes in
the expression of specific proteins (heat shock pro-
teins, cytoskeleton proteins, proteins involved in
apoptosis, etc.). Similarly, analysis of the phosphory-
lated form of histone H2AX, conducted 30 min, 2 h,
and 24 h after exposure, revealed no difference
between irradiated cells and control cells. In the anal-
ysis of cell morphology1 h after exposure, some differ-
ences were detected from the control cells, which
turned out to be temporary and were not detected in
reexamination after 48 h. At the same time, the micro-
nuclear test showed a significant increase in micronu-
clei in the experimental groups as compared to the
control ones. It was found that terahertz radiation
could cause chromosome loss, i.e., induce aneuploidy.
Increased polymerization of actin (which is involved
in the morphogenesis and orientation of the fission
spindle), as shown by ultrastructural analysis on an
electron microscope, is considered by the authors to
be a possible cause of the observed loss of chromo-
somes.

The fetal fibroblasts examined by the authors [33]
are a convenient model, because these cells are more
sensitive to genotoxic factors than the fibroblasts
obtained from an adult organism. Nevertheless, the
probability of terahertz radiation exposure to fetal cells
is incredibly small, because the depth of radiation pen-
etration in tissues, as a rule, does not exceed several
millimeters. At the same time, the probability of expo-
sure of adult skin (dermal fibroblasts, in particular) to
terahertz radiation is quite high due to the vast spread
of terahertz technologies (e.g., among the military,
security control personnel, patients undergoing tera-
hertz treatment). Therefore, a logical continuation of
the work [33] was a recently published study [65], in
which dermal fibroblasts of an adult human were
selected as the object of terahertz effect. The radia-
tion source, irradiation regime (frequency range 0.1–
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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0.15 THz, irradiation time 20 min, average power den-
sity 0.40 mW/cm2), and methods for diagnostics of
terahertz radiation bioeffects were exactly similar to
those described in [33]. The analysis did not reveal the
induction of DNA damage as a result of radiation.
However, a significant increase in the frequency of
centromere-positive micronuclei and cases of nondis-
junction of chromosomes was detected, which indi-
cated the induction of aneuploidy. Thus, it was
demonstrated that exposure to terahertz radiation can
affect the integrity of the genome by means of aneu-
genic effects (chromosome lag in anaphase), rather
than by direct rupture of DNA strands.

Significant results were obtained in [44–46] under
the action of intense pulses of terahertz radiation of
picosecond duration on samples of artificial skin. Data
for immunochemical analysis of histone H2AX, the
phosphorylation of which is one of the most charac-
teristic cellular responses to DNA double-strand
break, confirmed the presence of DNA damage due to
terahertz radiation. Irradiation of the samples was car-
ried out for 10 min at two different values of the energy
of terahertz pulses: 1 and 0.1 μJ. This corresponds to
an average power density of 57 mW/cm2 in the former
case and 5.7 mW/cm2 in the latter case. Significant
induction of H2AX phosphorylation was detected in
both cases. To determine the possible effectiveness of
the repair of DNA damaged by terahertz effect, an
analysis of the expression level of specific proteins was
performed with Western blotting. An increase in the
expression of tumor suppressor proteins and DNA
repair (p53, p21, p16, p27, and KU70) was found,
which indicates simultaneous activation of repair
mechanisms for injuries under the terahertz effect. In
general, the effect of terahertz pulses with an energy of
1 μJ and 0.1 μJ for 10 min on artificial skin samples led to
a change in the expression of 442 genes and 397 genes,
respectively, as noted in [46], and 622 and 345 genes
respectively according to data [45]. Most of the genes
having a change in expression observed in both the
former and latter modes of irradiation belong to the
epidermal differentiation complex in the chromo-
somal region 1q21. Increased expression of these genes
is often observed in diseases such as psoriasis and skin
cancer. Under exposure to terahertz radiation, the lev-
els of expression of these genes, conversely, decreased,
which allowed the authors to presume the potential
use of terahertz radiation for therapeutic purposes for
the directed regulation of the expression of a multitude
of genes responsible for inflammatory and oncological
skin diseases.

Research on the effect of terahertz radiation on
human skin fibroblasts is still being carried out today.
In addition to a recently published work [65], [56]
studies the nonthermal effects of terahertz radiation
on human skin fibroblasts. A distinctive feature of the
study was the use of low-power continuous radiation
(~10 μW at 0.1 THz, 3 μW at 0.3 THz) for long-term
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cell irradiation (for 3, 70, and 94 h). A uni-traveling-
carrier photodiode (UTC-PD) was used as the source
of terahertz radiation, generating radiation in the
range of 0.07–0.3 THz with the possibility of wide fre-
quency tuning with a step of 1 GHz. An evaluation of
cell proliferation by a method based on the measure-
ment of electrical impedance did not reveal differ-
ences between cells exposed to radiation for 94 h and
control cells. A colorimetric method based on new
tetrazolium compounds also showed neither change in
cell activity as compared to the control nor cytotoxic-
ity of the radiation when exposed, respectively, for 70
and 3 h.

2.3. Stem Cells
To date, there are only a few studies that have

examined the effects of terahertz radiation on stem
cells, with both human [34, 39] and mice [19, 20] stem
cells selected as model cells.

It is known that embryonic stem cells are suscepti-
ble to various physical and chemical stimuli. In this
case, the most likely response to such effects may be a
change in cell differentiation. Thus, the differentiation
of embryonic stem cells hES07 was estimated (by mor-
phology and staining with Oct4 and Nanog markers)
after exposure to broadband coherent terahertz radia-
tion (frequency up to 0.5 THz, average power density
0.14 mW/cm2) for 3 h [39]. No differences between the
cells of the experimental and control groups were
revealed. There were also no changes in the cellular adhe-
sion and cytoskeleton structure of cells attached to the
substrate after their irradiation with terahertz radiation
(with an average power density of 0.02–0.04 mW/cm2)
for 2 or 4 h as compared to the control group. Cell pro-
liferation (estimated by staining with bromodeoxyuri-
dine (BrdU)) after 2 h of exposure to radiation with a
similar power density also did not differ from the non-
irradiated control cells.

An elaborate study of the effect of narrowband ter-
ahertz radiation (2.3 THz) on hESM01 human
embryonic stem cells was carried out [34]. The expo-
sure time was 1 h, and the average radiation power
density was 0.14 W/cm2. Morphological analysis (after
16 and 20 h after exposure to radiation) and cytoge-
netic analysis of structural chromosome aberrations
revealed no deviations from the control cells, nor was
there any spontaneous cell differentiation or cell cycle
arrest. The presence of phosphorylated histone H2AX
was analyzed 2 h after terahertz exposure and did not
confirm the formation of double-stranded DNA
breaks. At the same time, data were obtained on the
change in the expression of 73 genes as a result of irra-
diation of cells compared to nonirradiated cells. How-
ever, in percentage terms, the change in expression was
observed in less than 1% of the total number of ana-
lyzed genes.

More pronounced effects were revealed in a series
of works [19, 20, 60] under the action of terahertz radi-
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ation on the mesenchymal stem mouse cells. Two
sources of radiation were used: pulsed broadband radi-
ation (0.1–20 THz with a maximum intensity of 10 THz)
and continuous radiation (2.52 THz). Morphological
analysis with the help of light microscopy showed the
presence of inclusions similar to lipid bodies after cell
irradiation with broadband terahertz radiation with a
power density of the order of 1 mW/cm2. Upon irradi-
ation for 9 h, there were much more such inclusions
than during the 2 h of cell exposure of terahertz radia-
tion. Thus, it was shown that the appearance of mor-
phological changes depends on the frequency of radi-
ation and the time of exposure. Analysis of the gene
expression revealed the activation and suppression of
some genes as a result of terahertz radiation. Activa-
tion of heat shock proteins (Hsp90, Hsp105, and
CRP) under the effect of broadband radiation for 9 h
was not detected; this was confirmed by nonthermal
mechanisms of terahertz radiation effect, which
caused a change in gene expression.

2.4. Animal Cells and Hybrid Cell Lines

An experimental analysis of the effect of terahertz
radiation on the transmembrane transport in cellular
systems on the example of isolated neurons of the
mollusk Lymnaea Stagnalis cultivated outside of the
body was carried out in [36]. The cells were exposed
to the terahertz radiation of a free-electron laser with
wavelengths of 130 μm (2.3 THz) and 150 μm (2 THz).
The average power density varied in the range of 0.5–
20 mW/cm2; the irradiation time was 10 s. The func-
tional state of the cells after exposure was assessed by
the membrane potential of the neurons, while the via-
bility and integrity of the membrane were determined
with Trypan Blue and a BCECF-AM fluorescent dye.
It was found that radiation with a frequency of 2.3 THz
(in contrast to radiation with a frequency of 2 THz)
can cause reversible violations of the barrier properties
of the neuron membrane. The authors suggested that
radiation in the terahertz range can cause a disconti-
nuity of the phospholipid bilayer (the basis of cell
membranes) with the formation of structural defects
similar to through hydrophilic pores.

The cytotoxic effect with relatively short-term
exposure (1–3 min) to continuous terahertz radiation
(0.12–0.18 THz) with a power density of 3.2 mW/cm2

on rat glioma cells was detected in [29]. The authors
evaluated the change in the membrane potential of
mitochondria by f low cytometry. For this purpose,
two fluorescent dyes were used: TMRM, accumulat-
ing mainly on the inner mitochondrial membrane,
and a DNA-binding dye DRAQ7. It was shown that,
as a result of cell exposure to terahertz radiation for
1 min, the number of apoptotic cells increases by
1.5 times as compared with the initial value; under
irradiation for 5 min, this index increases by 2.4 times.
Thus, the work demonstrated a dose-dependent cyto-
toxic effect.
Hintzsche et al. [28] used the AL cell line to study
effects under the action of radiation with a frequency
of 0.106 THz, because this line was previously widely
used in studying fission spindle disturbances upon
exposure to ionizing radiation. The cells of this line
essentially contain a standard set of chromosomes of
Chinese hamster ovary-K1 cells and one 11th human
chromosome. After analyzing 6365 mitotic cells, the
authors concluded that the exposure of AL cells to ter-
ahertz radiation with a power density of 0.043–
4.3 mW/cm2 leads to statistically significant violations
of the fission spindle in anaphase and telophase. At
the same time, in contrast to the detected functional
changes in chromosomes in irradiated cells, no
changes in the structural organization of chromo-
somes were detected.

In contrast to the studies evaluating the potential
adverse effect of terahertz radiation on living biosys-
tems, the effect of stimulated cell growth of the sensory
ganglion neurites of chick embryos under the action of
broadband pulsed terahertz radiation (0.05–2 THz,
pulse duration 2.5 ps, irradiation time 3 min) was
observed. The radiation power density varied in the
range of 0.5–60 μW/cm2. It is shown that the stimulat-
ing effect is maximally manifested at a relatively low
power density and is dose-dependent. However, the
power density values at which this effect was observed
differed in [47] and [49] and amounted to 0.5 and
5 μW/cm2, respectively.

The experimental setup described in [47] and [49]
was also used in [48] to study the effect of terahertz
radiation on thymocytes and splenocytes of the CBA
mouse. The cell viability after irradiation was esti-
mated by the f luorescence intensity of special dyes that
bind to DNA. In addition, comparative analysis of the
cell (irradiated and unirradiated) distribution on the
phases of the cell cycle was carried out. With the
selected parameters of terahertz radiation exposure
(power density up to 10 μW/cm2, irradiation time 1 min),
cell viability and cell phase distribution did not differ
in control cells and cells exposed to terahertz radia-
tion. Similarly, no changes were observed in A-549
(human lung carcinoma cells), BT-20 (mammary
adenocarcinoma cells), or COLO 320 HSR (sigmoid
colon carcinoma cells) cell lines or in cell suspension
cultures HMC-1, U937, and HL-60.

3. EFFECT OF TERAHERTZ RADIATION 
ON COMPLEX BIOLOGICAL SYSTEMS: 

MICROORGANISMS AND ANIMALS

In most studies, cells of different cell lines were
used as model objects to study the effect of terahertz
radiation. Nevertheless, there are a number of studies
in which the work was carried out directly on living
organisms. The studies on this topic carried out before
2010 are described in [9] (in particular, the effect of
radiation with a frequency of 3.6 THz at a power den-
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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sity of ~5 mW/cm2 and irradiation time of τ = 5 and
30 min on the behavioral characteristics of male
C57Bl/6J mice [66], the effect of radiation with a fre-
quency of 0.15 THz on changes in the functional activ-
ity of platelets in white rats [67], and the intensity of
lipid peroxidation processes and antioxidant proper-
ties of blood in white rats under stress [68]); therefore,
the results published after 2011 are presented in this
section.

In [50–52], broadband (0.1–2.2 THz) pulsed
(duration ~1 ps) terahertz radiation was used for a
3-min exposure of females of the fruit f ly Drosophila
melanogaster that were preliminarily placed under
stress conditions (lack of food and limited space). The
purpose of the first work was to study the sensitivity of
mature and immatureoocytes to the effects of tera-
hertz radiation and the effect on the number and
dynamics of development of F1 progeny [50]. It was
found that only mature eggs are sensitive to radiation,
which is manifested by a change in the dynamics of
development of male individuals in the offspring in
comparison with the control and a decrease in the
number of males that reach the imago stage (adult
stage of insect development). The dynamics of the
development of female individuals in the offspring at
the same time was comparable to control. An absence
of changes in comparison with the control was also
observed for the offspring of both male and female
flies, which were affected when the eggs were imma-
ture. Later works [51, 52] studied the viability and life
expectancy of both male and female individuals that
underwent terahertz radiation exposure under stress
conditions. It was found that, under stressful condi-
tions, this effect significantly increased their viability
in the second half of the adult cycle. The period of
acute mortality characteristic for f lies of this species
came 9 days later than in f lies from the control group.
For males, a positive effect on viability was observed
from exposure to terahertz radiation during a monot-
onous decline in the number of individuals, and an
adverse effect was observed with a relatively stable
number of individuals. Thus, sex differences were
demonstrated in the response (sensitivity) to the
action of terahertz radiation. The authors proposed
the presence of indirect terahertz radiation exposure to
gene expression and signaling pathways responsible
for the viability and lifespan of f lies. The long-term
effects of terahertz radiation (in particular, on the
dynamics of maturation of individuals in the first gen-
eration), as well as the presence or absence of effects,
with respect to the degree of maturity of the f ly
oocytes were not detected at the time of irradiation .

In [37], bacteria Escherichia coli (E. coli) with bio-
sensor constructs (pKatG-gfp) were exposed to radia-
tion with a frequency of 1.5, 2, and 2.3 THz and a
power density of 1.4 W/cm2. It was found that expo-
sure to these wavelengths for 15 min induces a stress-
sensitive promoter of the catalase gene for a long time
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after irradiation (GFP expression was observed in
more than eight cell generations). When irradiated for
10 min, the expression is unstable, and it is completely
absent at an exposure time of 5 min. The E. coli/
pCopA-GFP and E. coli/pEmrR-GFP genosensors
were also later examined [69]. It was found that the
systems for controlling oxidative stress and maintain-
ing the homeostasis of transition metals were among
the first to respond to the nonthermal effect of tera-
hertz radiation, while the control system of the resis-
tance of E. coli cells to the presence of antibiotics did
not react to radiation. In this case, the induction of the
genosensor response has a threshold character accord-
ing to the absorbed dose and is weakly dependent on
the wavelength of terahertz radiation.

In studies of the same scientific group dating back
to 2016 [35] in which bacteria Escherichia coli and Sal-
monella typhimurium were selected as a model, there was
no mutagenic or genotoxic effect of radiation with a fre-
quency of 2.3 THz and a power density of 1.4 W/cm2 at
similar irradiation times, i.e., 5, 10, and 15 min. The
Ames test was used to evaluate the mutagenicity
potential of the radiation, the SOS chromotest was
used to estimate genotoxicity. The authors reported
cell growth (1.3 times higher than for the control) as a
result of exposure to radiation for 15 min and an
increase in the activity of two enzymes (Alkaline phos-
phatase and β-Galactosidase) [35]. Thus, despite the
absence of genotoxicity and mutagenicity, and even
the possible reduction of the effects of known muta-
gens (for example, 4-NQO) due to exposure, the effect
of terahertz radiation on cellular metabolism and
DNA–protein interactions is assumed.

Archaea Halorubrum saccharovorum was another
microorganism for the study of the effect terahertz
radiation with a frequency of 2.3 THz [38]; a free-
electron laser setup (Novosibirsk) was used, the same
as in [35, 37]. Unlike the previously discussed E. coli,
which is an obligate anaerobe that inhabits the intes-
tines of mammals, archaea H. saccharovorum is a free-
living extremophile. The authors identified the pro-
teins that altered the expression level as a result of non-
thermal exposure to terahertz radiation with a power
density of 0.8 W/cm2 for 5 h. Sixteen protein fractions
with a more than 1.5-fold difference in protein con-
centration were detected. Comparison of the results of
the proteome response analysis to the effect of radia-
tion showed that the reaction of archeal cells was due
to the regulation of protein synthesis and membrane
processes, while a systemic response is observed in
E. coli cells and was associated primarily with oxida-
tive stress. The authors attributed such different reac-
tions of the two microorganisms to the effect of tera-
hertz radiation by the difference in the ecological niches
they occupy and their means of adapting to them.

The results of experimental studies performed in
vivo by direct effect of terahertz radiation on the skin
of mice (male C57BL/6J and BALB/c nude lines) are
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Fig. 1. Distribution of thematic publications by year from
1960 to 2018.

Years
1960–1969
1970–1979
1980–1989
1990–1999
2000–2009
2010–2018

4% 3% 4% 1%

33% 55%
presented in [43]. Specific areas of the skin were
exposed to broadband (up to ~2.5 THz) terahertz radi-
ation of femtosecond duration (310 fs) with an average
power density of 0.32 μW/cm2 for 1 h. Complex bioin-
formation and functional analysis was carried out to
identify changes in gene expression. The expression of
149 genes (up-regulation was observed in 82 genes,
and down-regulation was seen in 67 genes) was differ-
ent from the expression of the control sample genes. It
was found that the body’s response to the nonthermal
action of terahertz radiation was not similar to
responses to burns or the effect of UV or neutron radi-
ation, but it was similar to the response to the wound
process: activation of the transforming growth factor
TGF-β was observed. It was shown that the regular
exposure of terahertz radiation to a wound model in
vivo for 10 days resulted in a slowing the healing pro-
cesses as compared to control samples that were not
exposed.

4. EFFECT OF LOW-INTENSITY RADIATION
IN THE MILLIMETER RANGE (0.129–0.150 THz) 

ON ANIMALS AND HUMANS

A separate line of research actively developed by
Russian scientists is associated with the use of low-
intensity radiation in the millimeter range, which
includes part of the terahertz range. The frequency
spectra of radiation and absorption of the most
important active cellular metabolites (in particular,
NO, O2, etc.) are mainly concentrated in the low-fre-
quency part of the terahertz range (~0.12–0.15 THz).
The control of reactivity with the help of radiation of
this frequency range enables regulation of the metabo-
lism in the biosphere. In studies on this subject, expo-
sure was applied to either animals (rats) or, for thera-
peutic purposes, directly to humans for the treatment
of various diseases.

Kirichuk et al. [70, 71] obtained data on the effect
of terahertz radiation (on the frequencies of the
molecular spectrum of radiation and absorption of
nitric oxide ~0.15 THz) on the functional activity of
the thyroid gland and the parameters of gas and elec-
trolyte blood composition of white rats in a state of acute
immobilization stress. Under the effect of radiation (the
power density of radiation falling on a skin area of ani-
mals of approximately 3 cm2 in size was 0.2 mW/cm2) for
30 min applied under stress conditions, the functional
activity of the thyroid gland was fully normalized and
the parameters of gas and electrolyte composition of
blood were completely restored. Thirty minutes of
exposure to radiation at a frequency of 0.129 THz (the
frequency of the molecular spectrum of radiation and
absorption of atmospheric oxygen) with a power den-
sity of 0.1 mW/cm2 has a positive effect on the recov-
ery of disturbances in the state of immobilization
stress in the hemocoagulation and fibrinolytic activity
of blood [59]. It is not possible to cover all the works of
this research team within the framework of this review;
more detailed data can be found in [72].

The spectrum of diseases for which the methods of
terahertz therapy has been proposed for treatment and
prevention is quite broad and includes venous throm-
bosis in traumatological patients (with fractures of the
lower limb), deforming arthrosis, alcoholic polyneu-
ropathy, angina pectoris, various eye diseases, etc. For
example, the use of terahertz therapy (an Orbita med-
ical device) significantly increased visual acuity and
eliminated functional scotoma in pediatric patients
(3–9 years old) and increased visual acuity and elec-
trophysiology indicators (rhythm and overall ERG) in
patients with age-related macular degeneration [73,
74]. The exposure was focused on biologically active
points of the skin with radiation at a frequency of
0.129 THz (data on the radiation power of 100 μW are
given only in [73], the total irradiation time for biolog-
ically active points averaged 6–15 min), which corre-
sponds to the frequency of the molecular spectrum of
radiation and absorption of atmospheric oxygen.

5. DISCUSSION

In total, more than 50 papers on the effect of tera-
hertz radiation on biological objects are analyzed in
this review. Most of them were published between 2011
and 2018 and were not covered in reviews [7, 9]. Figure 1
shows the publication activity since the first works on
this subject appeared (in the 1960s) to the present. The
data on the number of publications for 1960–2009,
which are presented in [9], are supplemented with new
data on the works published in the period from 2010 to
early 2018. The emergence of new effective sources
and receivers of terahertz radiation and the subsequent
widespread use of terahertz technologies in a variety of
spheres of human activity stimulated interest in the
safety of this type of radiation. It is seen in the diagram
that the overwhelming majority of publications fall in
the last two decades, and, as compared to 2000–2009,
the number of publications in 2010–2018 has grown by
more than a half.

The arsenal of terahertz radiation sources used to
study its effect on biological objects is incredibly
broad: from gas lasers and BWOs to sources based on
laser radiation and free-electron lasers. Gas lasers and
free-electron lasers are widely used in the studies (Fig. 2a).
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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Fig. 2. Distribution of publications on (a) the types of ter-
ahertz radiation sources and (b) the ranges of operating
frequencies: (1) gas laser, (2) free-electron laser, (3) accel-
erator, (4) BWO, (5) optical rectification of laser radia-
tion, (6) photoconductive antenna/photomixer, (7) HF
generator, (8) optical breakdown in the gas medium, and
(9) Gunn diode.
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Fig. 3. Distribution of studies depending on (a) the range
of power density of terahertz radiation and (b) the irradia-
tion time of biological objects.
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Fig. 4. Distribution of publications with respect to the type
of objects exposed to terahertz radiation.
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Thus, the most considerable amount of research is based
on sources falling in the frequency range of 1–4 THz
(Fig. 2b).

This accounts for the most significant share of
sources operating in the frequency range of 1–4 THz
(Fig. 2b). It should be noted that the spectrum of
broadband sources of terahertz radiation (based on
optical rectification and optical breakdown) is much
broader and can reach tens of terahertz.

The ranges of 0.1–0.149, 0.15–0.999, and 1–4 THz
in Fig. 2b include data on narrowband sources, the
operating frequency of which falls into a given range,
while broadband radiation sources are allocated to a
separate, eponymous sector.

Figure 3 shows the data on the characteristic
parameters of the effect, in particular, the radiation
power density and the irradiation time. As a rule, the
average power density exceeds 100 mW/cm2 when
free-electron lasers are used in studies. Gas lasers also
make a significant contribution to the range of values of
both 2.1–200 and 201–2000 mW/cm2. A fifth (20%) of
studies with a value of I < 0.2 mW/cm2 account for
either sources based on the optical rectification
method (low pulse frequency) or photoconductive
antennas/photomixers. The distribution of publica-
tions on the values of the irradiation times of the stud-
ied biological objects by terahertz radiation is close to
uniform (Fig. 3b): in 28% of the studies, the impact
was relatively short-term (up to 9 min); in 40%, the
irradiation lasted 10–60 min; 28% of the objects were
exposed to prolonged exposure (1–24 h).

It should be noted that, as a result of the continu-
ous increase in the number of publications in the last
two decades, considerable experience has been accu-
mulated to date in the formulation of experiments on
the effect of terahertz radiation on living biological
systems that take into account the characteristics of
this type of radiation. According to [7], the absorption
coefficients of water and skin cells are commensura-
ble, and the depth of the penetration of terahertz radi-
ation into the tissue is several hundreds of micrometers
in the low-frequency range and decreases to ~50 μm
with increasing frequency. With this in mind, the
researchers were faced with the task of assuring the
reliable delivery of terahertz radiation to the studied
objects in aqueous media with strong absorption in the
terahertz range and accurate control of the radiation
dose. To solve this problem, special agarose substrates
with a minimum absorption in a given frequency range
[55] and flow cells [38] were proposed; they ensure a
laminar f low of a liquid layer several tens of microme-
ters thick perpendicular to the direction of radiation
propagation. In the study of the effects of long-term
exposure to terahertz radiation on cells (within a few
hours), specialized systems for delivering radiation
directly to the incubator were developed; the optimal
conditions for cell maintenance were set [15, 16, 18,
22, 26, 58]. In the discussed experimental studies, ter-
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ahertz radiation affected living objects located at dif-
ferent levels of organization: cellular, subcellular, tis-
sue, and even organismic. Figure 4 shows the distribu-
tion of works by the types of objects undergoing the
effect of terahertz radiation.

The main types of cells exposed to terahertz radia-
tion are blood cells, epithelial cells, and stem cells.
Summarizing the available data, it can be said that, in
most of the early studies (mainly until 2008) con-
ducted on blood cells, no adverse effects were reported
from the action of terahertz radiation. Nevertheless,
later studies obtained data showing that the aneu-
ploidy level increased under certain parameters of
exposure to terahertz radiation [26], the cell viability
was reduced [18, 62], and the cell membrane became
less resistant to specific external factors [62]. At the
same time, the DNA comet assay used to assess dam-
age and change in cellular DNA confirmed that DNA
was damaged as a result of terahertz effect in only one
of three studies [31, 55]. An interesting result of [21,
23] was the conclusion that the response of the cells of
the Jurkat line to terahertz radiation differed from the
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response stimulated by standard hyperthermia. It was
also noted that terahertz radiation could potentially be
a convenient noncontact instrument for the selective
control of specific genes and cellular processes.

The study of the effect of terahertz radiation on
epithelial cells is also of great interest. Taking into
account the strong absorption of radiation by water,
the depth of its penetration of the tissues of the organ-
ism is limited mainly by the outer and middle layers of
the skin. Keratinocytes, dermal fibroblasts, corneal
epithelial cells, and retinal pigment epithelial cells
were examined as model cell lines. In some cases, ter-
ahertz radiation had only thermal effects on dermal
fibroblasts [16] that were comparable to the cellular
and molecular effects that occur under hyperthermic
stress conditions. In [39, 58, 63, 64], there were no
statistically significant changes in key indicators (mor-
phology, proliferation, etc.) in irradiated cells as com-
pared to nonirradiated cells; also, there was no direct
DNA damage [15, 33, 64]. The results of some studies
confirmed the presence of potentially dangerous
effects from terahertz radiation on epithelial cells; in
particular, a significant number of up- and downregu-
lated genes [22] and induction of aneuploidy [33, 65]
after irradiation were detected. After terahertz radia-
tion, intense induction of the picosecond duration of
the artificial skin samples [44] and significant induc-
tion of phosphorylation of H2AX were detected,
which indicated possible DNA damage. Simultaneous
activation of the mechanisms of damage repair was
also revealed.

Although embryonic stem cells are considered very
sensitive to various physical and chemical stimuli, the
effect of terahertz radiation does not lead to significant
changes in the proliferation, differentiation, cell adhe-
sion, or cytoskeleton structures in them as compared
to nonirradiated cells [34, 39]. Analysis of the gene
expression showed an expression change in less than
1% of the total number of analyzed genes. At the same
time, the morphological analysis performed after the
exposure of mesenchymal stem mouse cells to tera-
hertz radiation [19, 20, 60] revealed differences
between the irradiated (the presence of inclusions,
similar to the lipid bodies) and nonirradiated cells, the
appearance of which depended on the radiation fre-
quency and impact time. Analysis of the gene expres-
sion revealed the activation and suppression of certain
genes as a result of terahertz exposure, and it was
shown that the mechanism of this exposure, which
lead to a change in gene expression, was nonthermal.

In addition to the mesenchymal stem mouse cells,
the effect of terahertz radiation on other animal cells
was also studied. For example, it was found that radi-
ation with a frequency of 2.3 THz can cause reversible
disruption of the barrier properties of the neuron
membrane of mollusk Lymnaea stagnalis [36]. A cyto-
toxic effect with relatively short-term exposure (1–3 min)
to continuous terahertz radiation (0.12–0.18 THz) with a
power density of 3.2 mW/cm2 on rat glioma cells was
detected in [29]. The effect of radiation with a fre-
quency of 0.106 THz and a power density in the range
of 0.043–4.3 mW/cm2 on the hybrid cell line AL does
not cause structural changes in the organization of the
chromosome but leads to functional changes (they
caused a statistically significant breach in anaphase
spindle and telophase [28]).

There are some works that studied the effect of ter-
ahertz radiation directly on microorganisms and ani-
mals: from bacteria and archaea to fruit f lies and mice.
The sensitivity of mature oocytes of f lies Drosophila
melanogaster to broadband (0.1–2.2 THz) pulsed tera-
hertz radiation was observed [50], and sex differences
in response to radiation (increased viability in the later
adult half cycle was observed only in females after irra-
diation) were found [51]. The induction of the stress-
sensitive promoter of the catalase gene in response to
terahertz radiation in bacterium E. coli with genosen-
sory constructs (pKatG-gfp) was shown in [37]. The
systems that reacted first to terahertz exposure were
analyzed, and differences were shown in the responses
of the cells of archаea Halorubrum saccharovorum and
bacteria E. coli [69, 38]. There is a lack of genotoxicity
and mutagenicity for radiation with a frequency of
2.3 THz and a power density of 1.4 W/cm2 in the bac-
teria Escherichia coli and Salmonella typhimurium,
while terahertz radiation can affect the cell metabo-
lism and DNA–protein interactions [35]. A change in
the expression of 149 genes was detected as a result of
the direct action of broadband terahertz radiation on
mouse skin (in vivo), and it was shown that the
response of the organism to nonthermal effects was
similar to the response to the presence of a wound pro-
cess [43].

CONCLUSIONS
Information on the biological effects of terahertz

radiation is of the utmost importance for the assess-
ment of the potential harm to human health and the
development of modern safety standards. Although
the issue of terahertz radiation safety has been actively
studied for the last two decades, it is still not possible
to make an unambiguous conclusion as to whether this
type of radiation represents a hazard or to determine
the threshold dose at which negative effects appear.

Nevertheless, one can not detract from the fact
that, by now, the world scientific community has suc-
ceeded in obtaining a significant amount of data on
the possible effects of terahertz radiation. It is often
possible to identify not only the potential danger from
its impact but also to receive the opposite results, in
particular, to observe the stimulation of cell growth of
neurites of sensory ganglia or the therapeutic effect of
the radiation of the low-power, low-frequency region
(0.129–0.150 THz) in the terahertz range. The poten-
tial for the use of powerful pulses of terahertz radiation
to normalize the expression of genes associated with
HIGH TEMPERATURE  Vol. 56  No. 5  2018
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inflammatory and oncologic skin diseases is of partic-
ular interest.

Based on the results of the analysis of the research,
it is impossible to make an unambiguous conclusion
due to the wide range of exposure parameters. It
should also be noted that the share of studies in which
effects were observed as a result of exposure increased
as compared to the studies performed before 2011.
This is partly due to the use of more powerful sources
of terahertz radiation and, in part, to the integrated
application of more accurate and modern methods for
the diagnosis of the presence/absence of the effect of
exposure.

The development of technology and the emergence
of new powerful sources of terahertz radiation stimu-
late a new round of research on the effects of radiation
on biological objects of different levels. We believe that
studies involving sources with high peak power and
low average power are of particular interest, since this
ensures the delivery of radiation to the studied biolog-
ical objects through the aqueous medium and mini-
mizes the possible thermal effects of the impact.
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