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Abstract: 5G technology aims to satisfy several service requirements, leading to high data-rate
connections and lower latency times than current ones. 5G systems use different frequency bands
of the radio wave spectrum, taking advantage of higher frequencies than previous mobile radio
generations. To guarantee capillary radio coverage, it will be necessary to install a huge number of
repeaters since electromagnetic waves at higher frequencies, and especially microwaves at higher
bands, exhibit lower capacity to propagate in free space. Since the introduction of this new technology,
there has been growing concern about possible harmful effects on human health. The aim of this
study was to investigate the possible short-term effects induced by 5G-millimeter waves on the
embryonic development of zebrafish (Danio rerio). Fertilized eggs were exposed to 27 GHz using a
non-commercial high-gain pyramidal horn antenna, and several endpoints were monitored every
24 h. As a result, exposure to electromagnetic fields at 27 GHz caused no significant impacts on
mortality or on morphology since the exposed larvae showed normal detachment of the tail, the
presence of a heartbeat, and well-organized somites. Exposure to 27 GHz caused an increase in
the heart rate in exposed embryos compared to that in the control group at 48 h. However, this
increase was not observed at 72 and 96 h. Finally, very weak positivity regarding exposed larvae was
highlighted by immunohistochemical analysis.

Keywords: millimeter waves; zebrafish; DanioScope™; biomarkers of exposure; SAR

1. Introduction

Nowadays, telecommunication systems are truly widespread in our society. The
increasing demand for pervasive connectivity, low latency, and high-data rate transfers
have given rise to the new fifth generation (5G) technology, which promises to have a deep
impact on economy and society by improving wireless communications and transforming
existing market sectors and industries [1]. Moreover, the 5G system will drive future
economic resiliency by untethering more workers from physical workstations, by triggering
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the growth of new digital industries, and by increasing efficiency and productivity across a
variety of other industries [2].

Electromagnetic waves are an integral part of the environment where we live and
work, and their origin is partly artificial (radio waves, radar and telecommunications,
etc.) and partly natural (visible light, UV, X-rays, gamma rays, etc.). Therefore, everybody
is constantly surrounded by electromagnetic fields of various natures. The biological
effects of electromagnetic waves essentially depend on their intensity and frequency. More
specifically, the electromagnetic spectrum can be divided in two parts: ionizing radiation
(i.e., UV, X and gamma rays) and non-ionizing radiation, such as radio waves, microwaves,
and millimeter waves [3]. These two portions of the spectrum differ from each other due
to their different abilities to interact with atoms and molecules. In particular, the main
effect that non-ionizing radiation produces on molecules is field-driven oscillation, in
turn producing friction and heat dissipation; thus, heating is precisely the main effect of
non-ionizing radiation, but its biological effect strongly depends on its intensity [4,5].

However, regarding the effects of electromagnetic fields (EMFs), it is possible to
distinguish between thermal and non-thermal effects [6]. The thermal effects of high-
frequency fields are related to energy absorption by irradiated tissues and, consequently,
to their temperature increase. Thermal effects are usually caused by short and intense
exposures. To measure the radiative power absorbed by the human body per kilogram of
body mass (W /kg), the specific absorption rate (SAR) has been introduced. The value of
the SAR has a direct correspondence with the biological effects of electromagnetic exposure.
In the presence of high absorption rates, small, particularly vascularized organs are at risk,
i.e., those with poor blood circulation and therefore slower decongestion time, such as the
eyes or testicles. In general, they heat up faster; hence, they are more exposed to risk than
other areas of the body. In addition to thermal effects, electromagnetic radiation can cause
biological effects on humans at lower SAR values (<0.01 W/kg), which cannot be explained
by heating models alone, which is why they are usually referred to as non-thermal effects.
Usually, these effects are related to long-term, low-intensity exposures [6]. There have
been few studies in the literature shedding light on possible real consequences induced by
non-thermal effects on human health; moreover, results have appeared often contradictory.
In particular, studies of bioeffects related to frequency bands at 25-39 GHz are particularly
scarce [4,5,7-9].

The primary scope of this research is to assess whether exposure to electromagnetic
fields at 27 GHz (belonging to 5G “millimeter-wave bands”) is associated with develop-
mental perturbations during zebrafish embryogenesis. This choice is motivated by 5G
higher frequency bands being increasingly used in short/medium-range communications;
thus, it is reasonable to expect higher exposure in next future [1]. To decrease the impact
of experimental assays on living animals, the European Guidelines suggest using the ze-
brafish embryo toxicity test (ZFET) as a useful tool, instead of testing with adult fish [10,11].
Through this test, it has been possible to evaluate the effects induced by 5G-millimeter
waves on the embryonic stages of zebrafish.

It is known that all freshwater and saltwater animals are under the constant influence
of the earth’s geomagnetic field [12]. This geomagnetic field allows several animals (e.g., tur-
tles, fish) to derive positional information during migration [13-15]. However, the level
of the geomagnetic field can be disturbed by the presence of anthropogenic constructions,
such as underwater cables that connect wind farms or marine and freshwater renewable
energy devices and transport electric currents, usually over long distances [16,17].

Currently, little is known about whether EMF modifies biological systems. To date, a
causal relationship and biological mechanisms for the potential effects of EMF on living
animals have not yet been clearly identified.

By a multimarker approach, the following have been analyzed: hatching failure,
four endpoints for ZFET (embryo coagulation, lack of somite formation, lack of de-
tachment of the tail-bud from the yolk sac, and absence/presence of heartbeat), the
heart rate by DanioScope™ software, intracellular reactive oxygen species (ROS) by 2,7-
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dichlorodihydrofluorescein diacetate (DCFH 2-DA) and heat shock protein 70 (HSP70) and
P540 aromatase (Cyp-19b) expression by immunohistochemical assay. The cytochrome
P450 (CYP) enzymes are a group of heme monooxygenases that have been studied in
relation to their crucial roles in the metabolism of drugs and xenobiotics, as well as in the
biosynthesis of sterols, fatty acids, eicosanoids, etc. [18]. Heat-shock proteins (HSPs), which
are an evolutionally well-conserved protein family, are induced in response to a variety of
stress conditions and metabolic insults [19]. HSP70 is widely distributed protein of the HSP
family found in different organisms, and its expression is markedly induced in response
to environmental stresses (e.g., heat shock, UV and y-irradiation, chemical exposure) [20].
The amino acid sequences of zebrafish HSP70 are highly homologous to heat-inducible-
type HSP70 proteins in other vertebrates, such as human HSP70-1 [21,22]. Supposing that
vertebrate development may be impacted by EME, this multimarker approach has been
useful in understanding the aforementioned developmental effects.

2. Materials and Methods
2.1. Exposure Setup Description for Numerical Dosimetry

Experiments at 27 GHz were conducted using a non-commercial high-gain pyramidal
horn antenna. The dimensions of the antenna aperture are were 2 x 6.02 cm, and the
maximum gain was 24.9 dBi. Moreover, the antenna was fed by a RF signal generation
(R&S SMB100A) with +23 dBm (200 mW) of output power through a coaxial cable that
introduced an attenuation of 3 dB. The distance between the antenna aperture and the six
well microplate sample holder was set to 15 cm, assuming normal incidence of the antenna’s
main beam (Figure 1a), to ensure an incident power density level comparable with the
exposure limits imposed by international guidelines [23]. A numerical simulation of the
experimental setup was performed using the electromagnetic simulator CST Microwave
Studio. The simulation was performed by considering a highly accurate model of the
six-well microplate, of the antenna, and of the water bath used to control the temperature of
the samples during the long-time exposure protocol, as well as to avoid also daily thermal
excursion. The table used in the experimental setup as a rigid plane for the water bowl
and the sample holder was not considered in the overall simulation since the water bath
exponentially attenuates the electromagnetic field inside it; hence, no reflections from the
table plane were expected to affect the field distribution inside the aqueous samples.

The electric parameters of the materials adopted for the simulation at the working
frequency of 27 GHz are reported in Table 1.

Table 1. Dielectric parameters adopted for the numerical dosimetry.

Component

Material Dielectric Constant Loss Tangent Mass Density

Perfect electric conductor

Horn antenna (good metal) - 00 -
Aqueous sample and - 3
water bath Distilled water 28.47 1.25 1000 [Kg/m"~]
Six-well microplates Polystyrene 2.5 0 -

To evaluate the exposure condition, three complementary metrics were considered
since the commonly used SAR indicator is mainly suggested for lower operating frequencies
(less than 6 GHz) [23]:

- electric field density power [W/ m?];

2
- local specific absorption rate, defined as SAR = %@ [W/Kg]; and

- power loss density (PLD) into exposed aqueous samples [W/ m3].
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Figure 1. Experimental setup for numerical dosimetry. (A) CAD model (six-well microplates num-
bered for understanding the following figures); (B) Incident power density at the water sample-air
interface; (C) Average point SAR for each aqueous sample in the well; (D) Average PLD for each
aqueous sample in the wells.

2.2. Experimental Procedure

The zebrafish embryo toxicity (ZFET) test was performed according to the OECD
(2013) guidelines for testing chemicals [24]. Fertilized eggs, derived from the Centre for
Experimental Fish Pathology of Sicily (CISS) in the Department of Veterinary Sciences (Uni-
versity of Messina, Italy), were used for ecotoxicological assay. CISS is accredited for the
production of aquatic animals to employ in experimental research (DM N°39/Marzo/2006).
Adult zebrafish were kept in a stand-alone facility (ZebTec, Tecniplast) in controlled con-
ditions (14-h light/10-h dark regimen, temperature of 27-28 °C, pH 7.2, conductivity of
600 uS/cm). Moreover, adult animals were fed twice per day with Artemia sp. nauplii
(JBL ArtemioPur®, BL GmbH & Co., KG, Germany). No authorization is required for
experiments with larvae before yolk sac resorption. Following mating, the fertilized eggs
were collected by Pasteur pipettes under a stereomicroscope, while unfertilized eggs were
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not selected. The exposure was performed by a water bath used to control the temper-
ature of the samples during the 96 h to maintain a daily constant temperature. Healthy
embryos were placed in six-well microplates (five embryos/well) with 5 mL of embryo
medium/well inside the water bath on a special plane adapted for this purpose. A group
of embryos called “exposed” were placed under the antenna to receive the electromagnetic
field. Another group of embryos incubated only with embryo medium and placed far from
the antenna were considered the “control” (negative control). A third group, considered
the “positive control,” were exposed to 3,4-dichloroaniline (3,4-DCA). A total of 90 eggs
were used for each group (three replicates, with 30 larvae for each group). Moreover, a
controlled lab-room temperature was also maintained (27 £ 1 °C).

2.3. Observation of Endpoints

During the exposure period, which started within 180 min from fertilization of the
eggs and was stopped at 96 h, as suggested by European guidelines, four endpoints were
analyzed every 24 h by stereomicroscope: embryo coagulation, lack of somite formation,
lack of detachment of the tail-bud from the yolk sac, and lack of heartbeat. Hatching
failure and post-hatching death were also recorded, which is why a failure in hatching is
considered an important sub-lethal effect.

2.4. Cardiology Measurements

Cardiac measurements were recorded using DanioScope™ (Noldus) software. This
software is able to analyze videos to provide quantitative data about the investigated
endpoint, such as heart rate and intervals between beats. Daily, after the observation of
acute endpoints, the embryos were immobilized on a small dish of agarose and acclimated
for a few minutes before recording videos. The videos were recorded with the E200 MV-
R LED microscope (Nikon) equipped with CMOS camera (Nikon). After selecting the
heart area, the cardiac activity was automatically detected by DanioScope™ software. The
software applies an algorithm that detects changes in pixel density during ventricular
contractions, and these changes are directly correlated with cardiac muscle contraction.
DanioScope™ (Noldus) software provides the number of beats per second (BPS) and beats
per minute (BPM). Only beats per minute (BPM) values of the control group and embryos
exposed to 27 GHz obtained by DanioScope™ software are shown.

2.5. Immunohistochemical Analysis and Evaluation of Intracellular Reactive Oxygen Species (ROS)

The immunofluorescence protocol was performed according to Pecoraro et al. (2017) [11]
on larvae exposed to 5G-millimeter waves, including negative controls, to detect positiv-
ity of HSP70 and P540 biomarkers. Three larvae from each group were incubated with
anti-rabbit-HSP70 (GeneTex®, 1:1000) and anti-rabbit-P540 aromatase polyclonal (Creative
Diagnostics®, 1:1000) primary antibodies; the secondary antibodies was goat anti-rabbit IgG
antibody pre-adsorbed (thodamine) (GeneTex®, 1:1000). Samples were mounted with DAPI
(Bioptica) and sealed with rubber cement. A fluorescence microscope (NIKON ECLIPSE
Ci) was used to observe the larvae, and images were captured by a NIKON DS-Qi2 cam-
era. Intracellular ROS content in zebrafish larvae after exposure to electromagnetic fields
was detected by the fluorescent probe 2,7-dichlorodihydrofluorescein diacetate (DCFH
2-DA), which is useful for measuring reactive oxygen species (ROS). DCFH 2-DA is able
to pass through the cell membrane, and it changes into DCFH-2 by action of intracellu-
lar esterase. DCFH-2 reacts with intracellular ROS, yielding the fluorescent compound
DCE, which measured by fluorescent microscopy [25]. At 96 hpf, larvae exposed and not
exposed to electromagnetic fields were stained with ROS-detection solution as described
by Mugoni et al. [26]. The embryos were washed twice with Hank’s Balanced Salt Solution
(HBSS) (ThermoFisher Scientific) for 2 min each in small tubes. ROS-detection solution
(5 uM DCFH 2-DA in HBSS) was added to each tube and then incubated in the dark for
15 min at 28 °C. At the end of the incubation period, the ROS-detection solution was
removed, and the larvae washed twice for 2 min with HBSS. Finally, they were placed on
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a glass slide. The fluorescence was observed using a fluorescence microscope (NIKON
ECLIPSE Ci) equipped with a NIKON DS-Qi2 camera.

2.6. Statistical Analyses

Regarding on the cardiac activity acquired by the DanioScope™ (Noldus) software,
the mean values were compared with GraphPad Software by two-way ANOVA to de-
tect significant differences between the control and exposed groups at different times of
exposure (p < 0.05). To process the images obtained by fluorescence microscopy, Image J
software [27] was used. This software calculates the mean value (the sum of the values at
all pixels divided by the number of pixels) of a specified area. In each photo, for control
and exposed larvae, the same area (macro) was set to obtain density histograms. The mean
values were compared with GraphPad Software using Student’s t-test to detect signifi-
cant differences between the photos of exposed larvae and the photos of control groups
(p <0.05).

3. Results
3.1. Numerical Dosimetry Analyses

The resulting density power flow is reported in Figure 1b; as can be seen, although
the power density was not uniform above the six-well microplates since the far-field
condition was not satisfied [23], it reached maximum values (around 60 W/m?) in a
small area between the two central wells. However, the power density decreased very
fast in correspondence with the outermost wells and was comparable to 10 mW /cm?
(i.e., 100 W/m?), which was set by the international guidelines as the exposure limit
greater than 6 GHz; see Table 2 in [23]. As far as SAR calculation is concerned, it is
worth underlining that the specific absorption rate (SAR) averaged over a 10-g cubic
volume, considered by international guidelines for frequencies less than 6 GHz, cannot
be considered here since the total mass of the samples (5 g) was smaller than the average
mass considered by ICNIRP guidelines [23]. For this reason, we report the local SAR as
numerically evaluated in each cell of the grid used to discretize the samples in the wells
(point SAR). The computed SAR level averaged in each layer of the aqueous samples is
shown in Figure 1c. The SAR distribution was nonhomogeneous in the different aqueous
samples since the largest values were reached in the central wells (2 and 5) due to the
near-field condition exposure. Moreover, as expected, the bottom and top layers of the
aqueous samples showed the largest SAR values due to a strong electromagnetic material
discontinuity and small penetration depth in water at 27 GHz. Finally, the PLD also showed
that the power deposition into the central samples is about four times larger than that in the
peripheral samples. However, as fish moved randomly inside the sample, they experienced
an average PLD value of about 2 mW/ cm? in the outermost samples (well numbers 1, 3,
4, and 6) and of about 8 mW /cm? in the innermost ones (wells 2 and 5); see Figure 1d.
Finally, it is worth noting that only numerical dosimetry was performed because continuous
thermal monitoring during the exposure protocol was not viable due to the invasiveness
of most common temperature probes (thermocouple or optical fiber) at these frequencies.
However, temperature measurements of the aqueous sample during the water refilling
increased by only 0.2 °C with respect to sham samples because of the thermally controlled
water bath. This very low temperature increase cannot be the result of any thermal effect
in the study at hand. Therefore, the overall dosimetric analysis suggests that no relevant
thermal energy was delivered to the system by the radiation at millimeter waves.

3.2. Endpoints and Biomarkers Analysis

The evaluation of the endpoints set by the ZFET test was useful for investigating
the effect of 27 GHz on embryonic development. Exposure to 27 GHz did not cause the
coagulation of eggs. Both exposed and unexposed embryos had complete embryonic
development; in fact, normal development of the head, notochord, fin, pigmentation, heart,
and eyes was observed (Figure 2) [28].
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Figure 2. Phenotypes of larvae unexposed (a,c,e) and exposed (b,d,f) to 27 GHz at 48 hpf (a,b); 72 hpf
(c,d), and 96 hpf (e,f). No morphological defects were found.

Regarding the hatching of the larvae, there was no statistically significant difference
(p > 0.05) between the controls and the exposed larvae (Figure 3).

% Hatching
150
= Ctrl
B Exposed
100+ = Positive Ctrl
50
o_
48h 72h 96h
Time Exposure

Figure 3. Hatching rates of controls, embryos exposed to 27 GHz, and positive control exposed to
3,4-DCA. There are no values at 24 h since no hatching occurred physiologically at this stage.

Instead, a statistically significant difference was observed for heart rate. Thanks to the
DanioScope™ (Noldus) software, it was highlighted that the exposure to 27 GHz caused
an increase in heart rate of the exposed embryos at 48 h compared to the control group,
but this increase was no longer seen at 72 h and 96 h (shown in Figure 4), as supported by
statistical analysis that was not significant. Heart rate variability is the most significant
parameter for the study of cardiac function; in zebrafish, the heart rate is physiologically
around 120-180 bpm, but its alteration is associated with cardiotoxicity [28,29].



J. Mar. Sci. Eng. 2023, 11, 693

8 of 13

CARDIOLOGY
250
200 1
150 .
s
-
-]
100
50
0
48 hpf 72 hpf 96 hpf
mCTRL 145.31 153.32 204.79
EXP 173.63 145.7 205.08

Figure 4. Beats per minute (BPM) values of the control group and embryos exposed to 27 GHz
obtained by DanioScope™ software. Under the histograms, the number of BPM found at each stage
(expressed as a mean) is shown.

Nevertheless, post-hatching death was not observed. All embryos were vital until the
end of ZFET.

By immunohistochemical investigation, we observed higher expression of P540 biomarker
in the exposed larvae compared to the controls, but concerning HSP70, the expression was
not increased in exposed larvae compared to the controls (Figures 5 and 6).

b)

Figure 5. Inmunohistochemical investigation of P540 biomarker in larvae unexposed (a) (CTRL) and
exposed (b) (EXP) to 27 GHz at the end of exposure.
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b)

Figure 6. Inmunohistochemical investigation of HSP70 biomarker in larvae unexposed (a) (CTRL)
and exposed (b) (EXP) to 27 GHz at the end of exposure.

The analysis did not confirm a statistically significant difference (p < 0.05) for P540
biomarker between the control group and the exposed larvae response (Figure 7). Relating
to HSP70 biomarkers, a statistically significant difference was not obtained (p > 0.05)
(Figure 8). Regarding ROS production, no statistically significant difference among the
control group, larvae exposed to 27 GHz, and the positive control group was found (images
not shown).

P540

-
(=]
(]

= Cid
= Exposed

o
1

o
1

mean value pixels
-
1

L
L

0 T T
Ctrl Exposed

Figure 7. Statistical analysis for P540 biomarker between the control group and larvae exposed to
27 GHz (no statistically significant difference was found for p < 0.05).

HSPT0
10+
= Ctrd

.}': 8- _]_ = Exposed
*®
a
[ 6
2
[l
> 4-
&
@
E 24

T T
Ctrl Exposed

Figure 8. Statistical analysis for HSP70 biomarker between the control group and larvae exposed to
27 GHz (no statistically significant difference was found at p < 0.05).
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4. Discussion

The new fifth-generation technology (5G) should promote high data speed connections
and latency times shorter than current ones since it is able to work at different frequency
bands of the radio wave spectrum (700 MHz, 3.6-3.8 GHz and 26.5-27.5 GHz), thus also
exploiting higher frequencies than previous generations of mobile radios (1G4G). On
the other hand, the higher frequency waves have less ability to propagate in free space;
therefore, to ensure adequate radio coverage for high reliability applications, it will be
necessary to install a large number of repeaters.

The introduction of this new technology gave rise to growing concerns about possible
adverse effects on human health. Generally, exposure to electromagnetic fields (EMFs)
has been linked to the production of reactive oxygen species (ROS) [30,31]. Some in vitro
studies have shown that the production of ROS leads to cellular or systemic oxidative
stress [32,33]; similarly, oxidative stress has been revealed in laboratory animal brains after
EMF exposure [34].

In another study [35], the authors evaluated electromagnetic wave shielding perfor-
mances of nonwoven textile surfaces of zebrafish embryos exposed to electromagnetic
waves at frequencies between 15 and 3000 MHz. Their results showed that electromagnetic
shielding fabrics produced as a conductive nonwoven fabric-influenced oxidant-antioxidant
system (increased lipid peroxidation and nitric oxide levels, decreased superoxide dismu-
tase activity, and increased glutathione S-transferase activity) in electromagnetic-wave-
exposed zebrafish embryos. Additionally, {p53 expression was impaired in electromagnetic-
wave-exposed zebrafish embryos, and electromagnetic shielding fabrics decreased apoptosis-
related gene casp3a expression, while it increased in electromagnetic wave-exposed ze-
brafish embryos. These authors concluded that, thanks to the development of textile
materials produced using conductive fibers and yarns, it is possible to shield a large part
of impinging electromagnetic waves to protect the health of living organisms against the
effects of electromagnetic radiation.

In our study, no production of ROS was detected by DCFH 2-DA assay in embryos
after 96 h of exposure to electromagnetic fields at 27 GHz (data not shown). This outcome
is in contrast with some of the data in the literature since this indicator is an important tool
for highlighting the toxicity of many pollutants, as demonstrated by studies of neurons
or neural cells in which ROS formation and the impairment of antioxidative protection
measures occurred after exposure to electromagnetic fields (EMFs) [31-33].

In addition to oxidative stress, other radiofrequency exposure endpoints can help
to assess biological effects. In this context, the best animal model is the zebrafish (Danio
rerio). Commonly, D. rerio is the gold standard for evaluating the harmful effects of many
xenobiotics, such as chemical compounds or engineered nanomaterials [36], but recently, it
has also served as a reliable model to investigate the biological effects of radiofrequency
waves. For example, Kim et al. [37] investigated the pro-pigmentation effect of pulsed
electromagnetic fields (PEMFs) in a zebrafish model. Their results suggested that PEMFs, at
an optimal intensity and frequency, promote pigmentation and are a useful tool for treating
gray hair with reduced melanin synthesis in the hair shaft or hypopigmentation-related
skin disorders.

The biological effects of extremely low-frequency magnetic fields (ELF-MF) (<300 Hz)
on the development of zebrafish embryos were investigated by Li et al. [38]. Embryos in
experimental groups were continuously exposed to 50-Hz sinusoidal MF with intensities
of 30, 100, 200, 400 and 800 puT for 96 h. The results showed that ELF-MF exposure caused
delayed hatching (the hatching rate was measured at 48, 54, 60, 72 and 96 h post-fertilization)
in the groups exposed to high intensity of ELF-MF (200, 400, 800 uT) compared to that
of the controls at 48, 54 and 60 h post-fertilization. Furthermore, they investigated the
influence of ELF-MF exposure on the heart rate of zebrafish embryos (with the heart rate
expressed as beats/15 s checked at 36, 48, 60 and 72 h post-fertilization). The results showed
no significant differences between the embryos in the groups treated with low intensity of
ELF-MF (30 and 100 uT) and the controls; however, significant bradycardia (low heart rate)
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was observed in embryos in the groups exposed to the relatively high intensity of ELF-MF
(200, 400 and 800 uT) at 36, 48 and 60 h post-fertilization. Finally, no significant differences
in embryo mortality were observed.

In our study, we investigated changes in heart rate using DanioScope™ (Noldus)
software to measure the number of beats per minute (BPM) in the control group and
embryos exposed to 27 GHz at 48, 72, and 96 hpf. We found that exposure to 27 GHz caused
an increase in the heart rate of exposed embryos compared to that in the control group at
48 h, but this increase was not shown at 72 and 96 h (as shown by statistical analysis).

According to Piccinetti and colleagues [39], biological effects were no more visible at
hatching time because of the activation of specific detoxification biological pathways.

Dasgupta and colleagues [40] attempted to assess whether exposure to 3.5-GHz radio
frequency radiations (RFR) is associated with any developmental perturbations during
embryogenesis of zebrafish. Their results did not reveal any large-scale effects of RFR
exposure on embryonic survival or development but revealed a modest depression of
sensorimotor function.

In another study, Fey and colleagues [41] used eggs and larvae of rainbow trout
(Oncorhynchus mykiss) under experimental conditions to study the impact of a static mag-
netic field (MF) of 10 mT and a 50-Hz electromagnetic field (EMF) of 1 mT for a period
of 36 days. They found that neither MF nor EMF had significant effects on embryonic or
larval mortality, hatching time, larval growth, or the time of larvae swimming up from the
bottom. However, both MF and EMF enhanced the yolk-sac absorption rate. Although
it was not related directly to the magnetic field effect, it was also shown that larvae with
absorbed yolk-sacs by the time of swimming up were less efficient in taking advantage of
available food at first feeding, indicating the importance of processes affecting the yolk-sac
absorption rate.

Our results are aligned with some studies’ insights [39-41] since, even at the higher fre-
quency used for 96 h of exposure, no alterations were obtained in embryonic development
or in mortality after hatching.

Regarding biomarkers used in our research, we found by immunohistochemical
investigation a higher expression of P540 biomarker in the exposed larvae compared
to controls, but regarding HSP70, the expression was not increased in exposed larvae
compared to the controls. Electromagnetic field exposures have been shown to induce
heat shock proteins (HSPs) in chick embryos continuously exposed to EMFs (8 mT) for
4 days and to radio-frequency (RF, 3.5 mW incident power) repeated daily (20, 30, or 60 min
once or twice daily for 4 days) [42]. In a previous study, the same authors reported that
short-term exposure of chick embryos to extremely low frequency 60 Hz or radio-frequency
(915 MHz)-induced protection against hypoxia. In another study [43], a modulation of
kinetic parameters, such as CYP-450 and other enzymes, was demonstrated in response
to extremely low frequency (ELF)-EMEF, indicating an interaction between ELF-EMF and
enzyme systems. These results confirmed that the ELF-EMF can affect not only ROS
production but also the enzymatic activity influencing metabolism and ROS signaling.

Finally, it is reasonable to think that the resulting discrepancies between several ana-
lyzed studies may be explained by the different conditions of set-up exposure and by the
wide range of frequency bands adopted to study the impact of electromagnetic waves. In
light of these results and data from the literature, it will be needed and reasonable to inves-
tigate the EMF dose-response effects more to have a clearer overview of the electromagnetic
impact on living beings.

5. Conclusions

Using embryos and larvae of zebrafish as a model organism, we have shown that
exposure to the 27 GHz frequency does not interfere with embryonic development, although
an increase in heart rate was observed at 48 hpf (increase not shown at 72 and 96 h),
confirming that the first stages of development are always particularly sensitive. These
results demonstrate that the zebrafish is an efficient in vivo model animal for studying
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EMF effects on embryonic development. This study could be useful for investigating
the potential ecological impact of EMFs on aquatic animals, which currently are poorly
investigated. Further experimental studies should enrich our knowledge about EMF effects
and also reveal whether they can be hazardous to human health.
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