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ffects of acoustic levitation to
simulate the microgravity environment on the
development of early zebrafish embryos†

Li Li,a Ning Gu,a Huijuan Dong, *b Bingsheng Li*cd and Kenneth T. V. G.e

In this work, an acoustic standingwave field (ASWF) is used to simulate the space environment, which shows

characteristics such as microgravity and the absence of containment and contact. Zebrafish embryos, used

as the species under study in this work, were raised within the acoustic field by the authors, allowing the

biological effects on such early zebrafish embryos, at each developmental stage and within the ASWF

creating the acoustic levitation (AL) technology used, to be studied. In this way, the biological safety of

thee specimens, simulating the space environment, could be carefully evaluated. Some important

indexes of the process of zebrafish development, such as mortality, malformation rate, hatching rate,

voluntary movement and heart rate were detected and analyzed. It has been found that the ASWF

exerted considerable influence on the zebrafish embryos at the early development stage, influencing

features such as the cleavage, blastula and gastrul stage, over the period 0–8 hour post fertilization (hpf).

The zebrafish appear to show some features of teratogenesis, as well as lethal effects and a significant

decrease of the hatching rate, after being treated by using the AL that was applied. Furthermore, it was

observed that voluntary movements and the embryo heart rates apparently increased under these

conditions. However, as the development of the embryo progressed into the bursa pharyngea stage (at

24–32 hpf), the influence of the ASWF creating the AL on zebrafish seemed almost to be insignificant, as

there was no obvious difference between the characteristics of the experimental group and the control

group. The experiment carried out has provided a scientific reference for the application of AL in this

field, allowing the biological safety aspects of such zebrafish embryo development within a space

environment to be evaluated.
Introduction

In recent years, the development of space technology has
promoted consideration of the potential wider benets of the
utilization of the advantages of the space environment while, at
the same time, the demand for undertaking a variety of scien-
tic experiments within such a space environment is also
increasing. However, it is well known that experiments carried
out within the space environment are not only limited in scope,
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but also expensive to execute. Therefore, nding an experi-
mental environment within which to simulate microgravity and
create a containerless and non-contact space environment is an
urgent problem to be tackled. Acoustic Standing Wave Field
(ASWF) Levitation offers one such solution:1–4 however, there
are few reports on the evaluation of key issues surrounding
biological safety in that space environment, when using such an
ASWF to create the levitation needed.

Given its successes seen in other elds such as materials
preparation, acoustic levitation (AL) technology has shown
a considerable potential for applications in life sciences and
biology.5 Utilizing its characteristics of being contactless and
allowing materials transportation,6–13 this technology can
provide a wall-less, non-contact platform to allow the assembly
of small parts, without negative effects from the container wall
or sample holder to be experienced. Practical applications of
this approach, such as in drug-loading, diagnosis and articial
insemination have been performed successfully.14–16 AL tech-
nology has also been employed to manipulate living cells,
including murine embryonic stem cells, blood cells and small
animals, including the ladybug, ant and adult sh, in biological
studies reported. However, to date there are few reports on the
RSC Adv., 2020, 10, 44593–44600 | 44593
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evaluation of the actual safety of the AL technique on biological
samples where, compared to other contactless levitation tech-
nologies, AL technology is usually considered to have negligible
adverse biological effects on biological samples. Numerical
analysis has been used to estimate that most of the energy of the
acoustic wave is reected away from the surface of such samples
and it has been found that the organisms can still retain a high
biological activity aer being treated using AL,17 but try to
escape from the trap of the acoustic standing wave eld (ASWF).
The zebrash is important to study as its genome has 87%
homology with the human genome and zebrash are small in
size, fast in development and transparent in the development
stage, making them an ideal biological model in which to study
embryonic developmental toxicity.18 In recent work, Sundvik
et al. have reported on the biological effects of ASWF used in AL
on zebrashes,5 where they found that the development of both
the otolith and trunk in zebrash were not affected by the
presence of the ASWF. However, in their work they did mention
that the death rate increases for early zebrash embryos aer
being treated for periods of 1000 or 2000 seconds by using AL.
To date, to our knowledge, there are no other reports on the
biological effects of AL on zebrashes, a subject which to date
has thus not been well studied and which is important.
Fig. 1 Acoustic levitation device (a). Principle model pattern of ultraso
standing wave suspension device (c).

44594 | RSC Adv., 2020, 10, 44593–44600
In this paper, a study has been undertaken systematically to
evaluate the biological safety aspects under these circum-
stances, by using zebrash as model. The zebrash embryo, at
different development stages (that is critical time-points for
embryo development) has been studied under treatment with
AL. In order to understand more fully the effects of AL on the
embryos studied, data were collected on key aspects: their death
rate, hatchability, malformation rate, voluntary movement and
heart rate. Further, their biological safety has also been evalu-
ated, based on the effects of AL on the development of the
nervous system, circulatory system, the brain and balance
system within the zebrash. Work undertaken has found that
the biological effects of AL on the zebrash embryo studied are
closely related to the developmental stages of the embryo itself.
The use of AL has had an apparent inuence on the early
embryonic development of the zebrash (at 0 to 8 hours post
fertilization (hpf)), which has resulted in the appearance of
malformations, an increase of death rates and a noticeable
decrease in the hatching rate. Additionally, voluntary move-
ment and the heart rate of the embryos show an increasing
trend, with the developments of brain and otolith being
delayed. However, the inuence of AL on the zebrash is seen
gradually to reduce in the later stages of embryo development,
nic standing wave suspension device (b). Object graph of ultrasonic

This journal is © The Royal Society of Chemistry 2020
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where there are no obvious differences seen between the
experimental groups and the control group, aer a 24 hpf
development.
Materials and methods
AL technology

The AL technology used in this experiment is described below.
The specic experimental setup here uses a monopodium type
suspension device, illustrated in Fig. 1, in which the emitter was
an ultrasonic transducer of 30 mm diameter and 35 mm ball
radius, which was excited at a frequency of 21 061 Hz, with
electrical characteristics of 17.3 V and 0.21 A. The reector uses
stainless steel as the material, being 35 mm in diameter and
with a 33 mm ball cell radius. The distance between the emitter
and the reector was set to be 17.4 mm. Water droplets of 4 mm
diameter, as well as eggs, can be levitated together in the air
when the system is working. The AL technology used allows the
formation of an acoustic eld in the medium, using the ultra-
sonic transducer to generate a high frequency vibration, placing
a reector in the propagation path of the sound wave and
adjusting the distance between the emitter and the reector to
an approximately integral multiple of ultrasonic half-
wavelengths. As a result, a high-intensity standing wave is
formed between the emitter and the reector, which then can
be used to levitate the object at the acoustic pressure node. The
standing wave eld also is applied along its radial direction,
creating a restoring force on the levitated object, so that when
this levitated object is disturbed slightly, it does not easily fall
down. The acoustic levitation principle is shown diagrammati-
cally in Fig. 1.

Live subject statement. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Harbin Institute of Technology and
approved by the Animal Ethics Committee of Harbin Institute of
Technology.
Zebrash

The zebrash is a kind of spinal creature with 87% homology to
the human genome. It is an ideal model in which to study
Fig. 2 Treatment time point of ultrasonic standing wave suspended.

This journal is © The Royal Society of Chemistry 2020
embryonic developmental toxicity, owing to their small volume,
fast development and embryonic transparency in the develop-
mental stage. In the experiments planned, the AB zebrash
strain used was purchased from the Wuhan Institute of Aquatic
Organisms of China. Zebrash were bred in an automatic
optical circulating water system (AAE-022-AA-A, Taiwan), at
a room temperature of 28 �C, with a controlled circadian
rhythm for 14 h/10 h, and fed brine shrimp eggs twice every day.
In the aernoon, the female and male shes (in a ratio 1 : 2) are
put in a mating box with a transparent panel in the middle of
the box to separate them. The next morning (at 9:00 am) and
aer removing the middle plate, the male and female sh began
to mate. The fertilized eggs produced were collected and put in
an E3 medium (comprising 5 mM NaCl, 0.17 mM KCl, 0.17 mM
CaCl2$2H2O, 0.33 mM MgSO4$7H2O in ultrapure water). The
healthy eggs of normal shape and the same developmental
period were selected using a vertical microscope (type SMZ-168,
Motic, China). This housing facility is an ordinary housing
facility, and it has in keeping with national standard Laboratory
Animal—Requirements of Environment and Housing Facilities (GB
14925-2001). The care of laboratory animal and the animal
experimental operation have conforming to Beijing Administra-
tion Rule of Laboratory Animal, etc.
Treatment method

The normal development, fertilized eggs at different periods were
randomly placed into culture plates, which have six holes lled
with 4 mL of E3 medium. Each hole was lled with 15 eggs, kept
in an incubator at a constant temperature of 28 �C. As shown in
Fig. 1(b), the embryos of the experimental groups at develop-
mental stages of 1, 4, 5, 6, 7, 8, 24, 27, 28, 29, 30, 32 hpf,
respectively, are kept in a droplet of E3 medium and levitated for
30 minutes by use of AL. Aer that, they were moved back again
into the incubator, and Fig. 2 shows in detail the time points in
the experimental procedure for the AL treatments carried out. In
order to eliminate the any accidental inuences, these experi-
ments were repeated three times. Every 24 hours, the nutrient
solution was renewed and the dead embryos were picked out and
discarded. The statistics on their voluntary movements were
determined within 1 minute and the condition of the otolith and
RSC Adv., 2020, 10, 44593–44600 | 44595
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the brain beam development were checked, for the 24-phf
zebrash embryos. The statistics on the heartbeat frequencies in
15 s and any malformations were recorded, aer the embryo
developed for 48 hours. From 48 phf and beyond, their hatch-
ability was checked every hour, until the control group hatched
completely, at 54 hpf. Finally, the mortalities and malformations
of the zebrash embryos were recorded, at 96 hpf. The mortality
rate, the hatching rate, voluntary movements and the heart rate
data were obtained within the time stated and all data collected
were analyzed by using the one-WayANOVA method with
GraphPad Prism5 (GraphPad Soware, San Diego, USA).
Results
Toxic effects of ASWF for AL on early zebrash embryos

In order to study the potential for toxicity effects arising from
the use of ASWF to create AL on each development period of the
early zebrash embryos studied, their mortalities rst were
studied. Fig. 3 shows data collected on the dependences of the
mortality and the hatching rate on the developmental time for
Fig. 3 Influence of ultrasonic standing wave suspended processing on
zebrafish embryo treated with ultrasonic standing wave suspension in
embryo treated with ultrasonic standing wave suspension in each devel

Fig. 4 Teratogenic effect of ultrasonic standing wave suspended field o
processed by ultrasonic standing wave suspended field). (b) Bending and

44596 | RSC Adv., 2020, 10, 44593–44600
the zebrash embryos exposed to AL. As shown in Fig. 3(A), the
use of the AL treatment has led to an apparently signicant
lethality rate of the early zebrash embryos, but fortunately with
development progresses of embryos, the death rate decreased.
For 1 phf embryos, the mortality was 82.3% and this reduced to
34.2% in the 4 hpf group. Aer that, their mortality rates fell
rapidly until there was no difference between them and the
control group. Fig. 3(B) shows the statistical results obtained for
embryo hatchability in their different development stages.
Compared with the data from the control group, the hatching
rate of the zebrash embryos decreased. Aer being treated
with AL, at different times in the zebrash embryo develop-
ment, the incubation period has been seen to be signicantly
extended with respect to the control group. As indicated in
Fig. 3(B), the control group had already fully hatched (100%) by
54 hpf, but for the experimental groups exposed to AL, these
values were decreased to 50%, 37.5%, 46.7% and 53.3%,
respectively.
mortality and hatching rate of zebrafish. (A) The 96 hpf mortality of
each developmental period. (B) The 54 hpf hatchability of zebrafish
opmental period.

n zebrafish embryo. (a) The control group (the group that without be
accompanied by cardiac edema. (c) Bending and aplasia. (d) Bending.

This journal is © The Royal Society of Chemistry 2020
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Teratogenic effects of AL on early zebrash embryo

Fig. 4 shows the data on the deformities seen in the zebrash,
which are in development from the group of embryos treated by
using AL. It was also found that the use of the AL technique had
resulted in the slower development of zebrash embryos and
the deformities seen as a result mainly included spinal curva-
ture, pericardial edema, yolk sac edema and atrophy of swim
bladder. These malformations mainly occurred in the experi-
mental group treated with AL, at the 4 hpf time point. The
statistics on these malformations of the zebrash studied are
listed in Table 1. It should be noted that the mortality rate was
82.3% for 1 hpf experimental group, but there were no mal-
formations in the sh which survived.
Inuence of AL on the circulatory system of the early zebrash
embryos

The circulatory system is one of the most sensitive systems to
external physical stimulation. Zebrash embryos began to
hatch at 48 hpf. Within this stage, the development of cartilage
became active and melanin began to accumulate and the
development of circulation system has basically been
completed.19 Fig. 5 shows the statistical results on the heart
rates and degree of malformation of heart development for the
zebrash treated with AL, at these different development stages.
As indicated in Fig. 5(A), the data have shown that the heart
Table 1 The teratogenic effect of ultrasonic standing wave treatment o

Developmental time of zebra sh
Processing time
point in ultrasonic eld

Zygophase 0 hpf 1 hpfT
Blastula stage 2.25 hpf 4 hpfT
Gastrul stage 5.25 hpf 8 hpfT
Bursa pharyngea stage 24 hpfT
24 hpf 32 hpfT

Fig. 5 The effect of standing wave suspension processing in ultrasonic fie
zebrafish treated with standing wave suspension in ultrasonic field in 48 h
edema of zebrafish embryo be treated with standing wave suspension in

This journal is © The Royal Society of Chemistry 2020
rates increased to 26.4%, 39.2%, 48.3% and 31.2%, respectively
for the zebrash treated by AL, at the following timepoints: 1, 8,
24 and 32 hpf. There are signicant differences (P < 0.001) in
what was observed between the experimental groups and the
control group. Additionally, as shown in Fig. 5(B), the heart
deformity of the pericardial edema in the 4 phf experimental
group of zebrashes was observed, where this kind of deformity
accounted for 11.1% of all treated zebrashes and for 50.0% of
all abnormal sh in the experimental groups.
Inuence of AL on brain and balance system of the early
zebrash embryos

Fig. 6 shows the dependence of the development of zebrash
systema nervosum on the AL treatments used. The le-hand
side of Fig. 6 shows the images of the brain beam and otolith
development of the embryos treated with AL, at different hpf
time points. It has been found that the development of the
otolith and the brain beam of the embryo was delayed aer
being treated at 1, 4 and 8 hpf time points, when using AL. The
brain beam prole under normal development is clear, and the
morphology was completed in the control group at 24 hpf.
However, the abnormal brain beam prole is vague and
morphology is not completed. The otolith volume is larger and
the edge is clear in the normal development, but it is smaller
and even shows no development in the groups that have had the
n zebrafish embryo

Death rate of ultrasonic
processing

Malformation rate
of ultrasonic processing

Death/totality Malformation/survival

23/28 (82.14%) 0/5 (0%)
9/27 (33.33%) 4/18 (22.22%)
3/23 (13.04%) 1/20 (5.00%)
4/29 (13.79%) 3/25 (12.00%)
0/30 (0%) 0/30 (0%)

ld on the heart development of zebrafish embryos. (A) The heart rate of
pf, with 15 second in different development period. (B) The pericardium
ultrasonic field in 4 hpf.

RSC Adv., 2020, 10, 44593–44600 | 44597
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Fig. 6 Effect of standing wave suspension processing in ultrasonic field on the development of cranial never system of zebrafish embryos. The
effects of ultrasonic suspension on brain beam and otolith of zebrafish embryos in different developmental stage.
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AL treatment. The right-hand side of Fig. 6 shows the depen-
dence of voluntary movement, which is an index for the evalu-
ation of brain nerve system function on the different AL-treated
phf time points of the zebrash embryos. Compared with the
control group, the voluntary movements of zebrash embryos
have increased, aer treatment with AL for 30 minutes.
Discussion

For many reasons which include potential applications in
a wide variety of areas, the zebrash serves as an excellent
model organism and has become one of the most important
experimental systems that can be applied to in vivo studies, drug
toxicology, environmental monitoring, embryonic development
and disease treatment.20

Taking into account data on the inuence of AL on impor-
tant characteristics such as mortality rate, deformity ratio,
hatch rate, heart and brain developments, the biological safety
of AL on the zebrash was evaluated in this study. Mortality is
a main index used for the evaluation of acute toxicity which, as
was found in this study, is closely dependent on the develop-
ment stages of the zebrash embryos which were treated using
AL, at different time points. For the zebrash embryos experi-
encing AL, at the 1 phf time point, the death rates are high, and
rises to 80%. However, as time progresses and the embryo
develops (such as was seen with AL treatment at time 8, 24 and
32 hpf), the death rates were seen gradually to reduce. It is,
however, important to note that the mortality rate is zero for the
group of 32 hpf, meaning that the inuence of the AL exposure
on the embryo development disappeared at this later develop-
ment stage. The reason for that is that the early embryo is weak
and very sensitive to external environmental stimuli. As a result,
the development of early embryos showed an apparent inu-
ence from the use of AL and even has led to the termination of
embryonic development.

At 54 phf, data were collected and a statistical analysis
carried out into the hatching rates, as shown in Fig. 3(B), for
zebrash embryos treated with the use of AL at times 1, 8, 24
44598 | RSC Adv., 2020, 10, 44593–44600
and 32 hpf. The hatching rates were seen to decrease aer
treatment with AL. It is suggested that the use of AL has led to
dysplasia of the muscle tissue and motor nerves in the early
embryos. As a result, the embryo cannot create enough power to
break through the chorion.21 However, most of them will be
hatched in the embryo anaphase, and only a few samples
eventually died. Additionally, using the AL has postponed the
hatching processes and as the embryo could not get sufficient
oxygen from the environment, this has resulted in them not
hatching and ultimately, their death.

Monitoring the heart rate is an important index for evalu-
ating the function of the heart and thus the development of the
circulation system in the zebrash. In general, the heart rate
tends to be stable when the zebrash embryo has developed up
to 48 phf. It has been found that the heart rate of the zebrash
embryo at 48 phf increased when samples were treated by use of
AL, at 1, 8, 24 and 32 hpf, compared to the control groups. This
difference was noted as being statistically signicant (P < 0.001).
It showed that the early developmental embryos were more
sensitive to the effects of the AL treatment. From the toxicology
point of view, the decline of the heart rate can be used as the
evaluation index for the toxicological effects on the zebrash
embryos. The increase of the heart rate has resulted from an
irritability response to the AL stimulation. Although the AL has
no toxic effects on the zebrash embryos, the heart develop-
ment of the early embryos is more sensitive to the inuence of
the AL, resulting in heart cystica edema and an abnormal heart
rate.

Autonomous movement (AM) within 1 min is used as an
evaluation of the nervous system development of early zebrash
embryos at 24 hpf.22 Compared to the control group, the AM
frequency of the AL treated embryo has increased. Looking in
particular at the AL treated groups at times 4 and 8 hpf, the
embryos showed a statistically signicant difference (P < 0.05),
which could be attributed to sensitive irritability of the nervous
system to environmental stimuli, for the early zebrash
embryos.23 The frequency of the voluntary movement did not
obviously decline but indicated that the function of the
This journal is © The Royal Society of Chemistry 2020
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zebrash nervous system was not inuenced signicantly by
use of the AL treatment.

It was noted that deformities occurred in embryos when
treated with AL at their early development stages (1, 4, 8 hpf) in
the study carried out here. The malformations observed
occurred slowly, mainly including the otolith, brain beam
(epencephalon primordium), bending development and heart
cyst edema. In the experimental groups observed, which were
treated with AL in their later embryo stages, there is no apparent
teratogenicity (observing at 24, 32 hpf). Compared with typical
vertebrates, zebrash have no outer and middle ear, but have
a similar structure of the inner ear, which is comprised of three
semicircular canals and otolith organs. The otolith has the
function of being a sound sensor.24

It has been demonstrated that the sound exerts an apparent
inuence on the movement ability of the sh. Neo et al. found
recently (in 2015) that even sound at a moderate sound level
(112 dB re 1 mPa) can affect the swimming behavior of the sh
studied.25 In the experiments, it was found that using the AL
treatment at an early stage had a negative inuence on the
development of the otolith, resulting in a delay in the otolith
development. It should be noted that in addition to experi-
encing the sound, the otolith also experiences the effects of
gravity. It is noticeable that in the presence of the AL treatment,
not only is there a change due to the presence of the sound, but
also due to the gravity eld present, as the embryo experiences
a microgravity situation. The otolith is sensitive both to sound
and gravity elds in their developmental process and it has been
found that otolith fusion in zebrashes was induced through
the increase of the gravity eld.26 When the zebrash embryos
are in the sound eld provided by the AL, the otolith cannot feel
the normal sound coming from the environment. Simulta-
neously, because of their being in a suspended situation, the
embryos are in microgravity, which means that they do not
perceive the inuence of the Earth's gravity. As a result, the
otolith can neither develop the sense of hearing normally, nor
lose their ability to perceive the gravity eld – therefore, the
otolith development of these embryos appear slow or indeed
abnormal. Beside leading to the slowness of the otolith devel-
opment, the ASWF of the AL also postpones the development of
the cerebellar primordium in the early zebrash embryo. In the
control group, observed at 24 phf, the development of the
cerebellum primordium has been completed and the edge of
the tissue is clear and it is possible to distinguish between the
midbrain and hindbrain in the control group. However, aer
treatment at 1, 4 and 8 hpf, the edge of cerebellum primordium
appears as a blur, even showing no growth and the midbrain
and hindbrain did not separate completely. Thus, the develop-
ment of the nervous system is affected, which results in the
frequency of autonomous motion being abnormal and this has
indicated that the ASWF of the AL applied creates a certain
neurotoxin to early zebrash embryo.27,28 Additionally, the
ASWF of the AL leads to the bending of the zebrash bodies, as
the bone and articulate matter are sensitive to gravity, in the
normal processes of embryo development. What is seen here
can be associated with the absence of gravity in the processes
which are undertaken under the presence of the AL treatment.29
This journal is © The Royal Society of Chemistry 2020
The effects of ASWF of the AL approach on the development
of zebrash embryos can be understood according to an anal-
ysis of the naturally stages of the growth progress. Aer fertil-
ization, the zebrash eggs enter the blastula stage (t# 5.25 phf).
During this period, the development is much more sensitive to
any stimulation from the environment and any disturbance or
inuence from the outside world can affect the growth of
embryo considerably.30,31 The acute toxicity, caused by the use of
AL, is much greater in the experimental groups at 1 and 4 hpf
(compared to the control group), resulting in a high mortality.
With the progress of their development, zebrash embryos
enter the gastrula stage at 5.25–10 hpf. In this period, the
epiboly motions produce the original layer and the hypocotyl;
connection between the cells occurs and the interaction of the
cells appears; cell metabolism changes and the cells began to
move; eventually tissues and organs are formed. At this time,
the embryo is also sensitive to environmental stimuli. The
mortality of the embryos in the 8 hpf groups is reduced dras-
tically compared to that of the 1 and 4 hpf groups, while the
hatching rate is still low. When the time reaches 10–24 hpf, the
somite of the zebrash embryo appears and organ primordium,
tail bud, cerebellum primordial and brain beam are also
observed. Two otoliths have appeared clearly in the ear and the
development of the nervous system is essentially completed and
the random, voluntary movement arises.

Conclusions

In summary, utilizing zebrash as a model, the inuence of the
acoustic standing wave eld (ASWF) creating acoustic levitation
(AL), on each development stage of early zebrash embryos has
been studied successfully. The work has shown that the ASWF
creating the AL results in a slight toxicity which inuences the
development of the early period of the zebrash embryos, but
that this effect is reduced in the later development period. An
important observation is that the work has shown that this
technology has high level of biocompatibility.
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