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Abstract: Non-thermal dielectric barrier discharge (DBD) plasma is an innovative and emerging
field combining plasma physics, life science and clinical medicine for a wide-range of biological
applications. Plasma techniques are applied in treating surfaces, materials or devices to realize
specific qualities for subsequent special medical applications, plant seeds to improve the production
and quality of crops, and living cells or tissues to realize therapeutic effects. Several studies that are
summarized within this review show that non-thermal DBD plasma technique has potential biological
applications in soybean sprout growth, chicken embryonic development and postnatal growth rate,
and even male chicken reproductive capacity. The current developments in the non-thermal DBD
plasma technique may be beneficial to improve plant and poultry productivity.

Keywords: non-thermal DBD plasma; soybean sprouts; chicken embryo; chicken growth;
male fertility

1. Introduction

Physical plasmas are excited ionized gases, which consist of charged particles, excited radicals,
reactive atoms and molecules, emit electromagnetic radiation including infrared, visible and ultraviolet
photons, and radiate transient electric fields [1]. The synergistic action with transient electric fields,
charged species or ultraviolet photons may evoke unique feature for some of the plasma-based
biomedical applications [2—4]. The type of energy input, input power, gas component, gas pressure,
and radiation type of the electric field determine the exact composition and property of non-thermal
plasmas [5]. In most cases, non-thermal plasmas for technical applications are generated by applying
an electrical field to a neutral gas or gas mixture [6]. Recently, non-thermal plasmas are becoming of
great interest for biological and biomedical applications because of the adjustable composition and
temperature which allow the plasma to react with bio-objects safely.

A number of sources of non-thermal plasma (less than 40 °C) at atmospheric pressure are being
optimized and stabilized to ensure their effective and safe biological applications. In recent years,
mainly three basic types of non-thermal atmospheric plasma devices, including plasma jet, surface
and volume dielectric barrier discharges (DBDs), have been partially applied in cells or tissues [7-10].
In a plasma jet, the electrode (pin, ring, or plate type) is located in a capillary or tube inside a pen-like
device. The plasma is generated inside the device. The effluent is blown out along the gas flow through
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the tube and can directly contact the target. In a surface DBD, the plasma is generated around a circular
or grid-like electrode which is isolated from a counter electrode. Both electrodes can serve as either
high voltage or ground electrodes. In a volume DBD, the plasma is generated in the gap between
an isolated high voltage electrode and target. These three types of non-thermal atmospheric plasma,
which are generated inside small discharge gaps, consist of transient micro discharges or filaments
with non-uniform and constricted property [10]. In recent years, non-thermal plasma-induced changes
in the liquid environment of cells and reactive species generated in or transferred into liquid phases by
plasma treatment are identified as the two main basic mechanisms of biological plasma action [10].
The detailed analysis of gas and liquid phase chemistries, the generation of energetic photons, and the
parameters of the electric field are required for the mode of plasma action and the development of
plasma sources for specific applications.

Although there are a great number of biomedical applications based on plasma-direct interaction
with cells or tissues, the measurements of the electric field delivered in plasma jets or DBDs are
limited. The axial electric field distribution in a helium plasma jet is inferred from the optical emission
spectroscopic data and from the calibrated dielectric probe measurements [11], and the peak electric
field amplitudes as high as 100 kV/cm suggest same order of magnitude as those measured for
volume DBD in air [12]. The electric field value in surface DBD plasma as high as 700-1100 Td is
calculated on the basis of experimental measurements of emission spectra of molecular nitrogen [13].
Therefore, the method of emission spectroscopy based on polarization-dependent Stark splitting
and shifting of atomic lines is a powerful and practical tool to investigate the macroscopic field
in the presence of a relatively strong electric discharge. For the measurement of low electric field
strengths at atmospheric pressure, the method based on line intensity ratio is applied in cases where
the Stark method cannot be used [14]. Robert et al. [15] performed the measurement and analysis of
a transient electric field associated with helium and neon atmospheric pressure plasma propagation
inside a long dielectric tube using a bi-component electro-optic probe (EOP) Kapteos probe and
intensified charge-coupled device imaging. All these experimental measurements in the study of
Robert et al. [15] are in excellent agreement with previous model calculations. His study shows that
plasma jet propagation occurs in a region where longitudinal electric field exists ahead the ionization
front position, which induces an increase of radial electric field component with a constant amplitude
of several kV/cm [15]. In addition, Bourdon et al. [16] analyzed the detailed propagation mechanisms
of plasma gun discharge with helium and nitrogen that the two- and three-body Penning reactions
occurring in the plasma column behind the ionization front play a significant role on the discharge
dynamics. A non-intrusive electro-optic probe set outside the tube is used to measure the magnitude
of electric field, showing peak electric fields of the order of 45 kV/cm [16], which can be important for
interactions of the plasma plume with surfaces in biomedical applications.

Our laboratory has already developed a non-thermal DBD plasma treatment system at an
atmospheric pressure to generate electrically safe plasma [17-22]. In brief, the DBD plasma reactor
consists of upper and lower disk-shaped electrodes with a diameter of 140 mm and a dielectric barrier
with a thickness of 5 mm. The upper electrode has 19 needles with a thickness of 2 mm and a length
of 5 mm. The plasma reactor is electrified by a high-voltage alternating current with an operating
frequency of 60 Hz and pure argon flow rate of 11/min. A high voltage probe (1000 x, P6015, Tektronix,
Beaverton, OR, USA) and a current monitor (2100, Pearson current monitor, CA, USA) are used to
measure the voltage and current. A digital oscilloscope (TB51064, Tektronix) is used to record the
electrical data. The discharge powers dissipated in the plasma reactor at different applied voltages
are calculated using a voltage-charge Lissajous plot, and the charge is recorded by measuring the
voltage across the 1.0 puF capacitor connected to the plasma reactor in series. An emission spectrometer
(Maya 2000 Pro, Ocean Optics) is employed to obtain the emission spectrum for plasma discharge
in argon. The detailed physical properties of non-thermal DBD plasma are shown in the study of
Zhang et al. [20]. The detailed experimental procedures of the DBD plasma technique applied on
soybean seeds [17], chicken embryos [18-20], chicken spermatozoa [21], and chicken Sertoli cells [22]
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have already been described in detail. DBD plasma technique without substantial gas heating has a
variety of advantages in the promotion of plant growth [23], biomedical applications in the treatment
of bacteria sterilization, wound-healing, blood coagulation, dental treatment, and cancer treatment,
and enhancements in the cell transfection efficiency, cell proliferation and differentiation, and tissue
regeneration [24]. Significant progress in the applications of the DBD plasma technique has promoted
the development of a new research field termed plasma agriculture, which aims at improving the
plant and animal productivity. This review summarizes the application of non-thermal DBD plasma
technique on the growth regulation of soybean sprouts and the development of chickens.

2. Effect of Plasma on the Growth of Soybean Sprouts

Application of non-thermal plasma technology in the seed treatment is being a modern
eco-agricultural high-tech technique which can stimulate seed germination and plant growth for
promoting grain yields [23,25-30]. Recently, the hot spots in the research of plasma biological
engineering are to cultivate plasma treating seeds by modifying the material surface and activating
seeds to improve the quality and production of various crops [23,28,29,31,32]. The plasma treating
seeds technology imitates the space ionosphere state to expose seed to gas ions, magnetic fields, rays,
vacuum, etc., whose joint action activates the seed physiological activity and their potential anti-stress
gene expression including drought, cold, and other stress resistance [23,26,31,33,34]. However,
multi-generation experiments of plasma treating seeds suggest that long-term memory of plasma
irradiation is engraved in seeds of the next generation with little gene mutation [35].

Atmospheric DBD plasma irradiation enhances the growth of radish sprouts [29], the seed
germination rate and seedling growth of spinach by elevating gibberellin hormone and amylolytic
enzyme-related gene expression [36], and the seed germination, growth parameters and yields of
tomato because active particles and ultraviolet can penetrate into the capsule of seeds, resulting in
the reduction of relative penetrability of cell velum and the improvement of root activities [37]. The
appropriate non-thermal plasma exposure can increase seed germination, seedling growth, length of
sprouts, activation of photosynthesis, and resistance to adversity, resulting in significant improvements
in the quality and yield of crops [23,26,28,29,31-33]. However, different input power and duration of
plasma exposure determine different influences on the plant growth properties. Low doses of plasma
treatment significantly increase the seed germination, seedling growth, and the length and weight of
sprouts, whereas high doses inhibit these growth parameters [23,38,39]. Therefore, the non-thermal
plasma treatment condition for promoting plant growth should be optimized.

Soybean sprout is a common and basic culinary vegetable rich in nutrients and with simple
culturing method in the Eastern Asian countries. The quality and yield of soybean sprouts are
dependent on seed germination and vigour. The decrease of growth period and the increase of
the quality and yield of soybean sprouts are crucial issues with considerable economic benefits for
farmers. Ling et al. [28] found cold plasma treatments had stimulatory effects on soybean seed
germination and seedling growth through improving seed’s water uptake and decreasing apparent
contact angle. Our laboratory also has found that the seed germination and growth features of soybean
sprouts were ameliorated by non-thermal DBD plasma exposure at an optimized condition. The
result showed that exposure at 22.1 kV of plasma for 12 s exhibited the highest seed germination and
production rates (significant increases of 0.15- and 0.67-fold, respectively, compared to the control)
and the maximum growth of soybean sprouts (including the weight, stem and root lengths, with
significant increases of 0.39-, 0.79-, and 0.88-fold, respectively, compared to the control) [17]. Figure 1a—c
showed a representative 6-day-old soybean sprout appearance treated with different conditions of
plasma. The statistically validity and significance between plasma-treated groups and control group
were reported in detail in the study of Zhang et al. [17]. The sprout growth-promoting effect of
plasma-treated soybean seeds was found to be mediated by increases in the soluble protein level
which improves water retention capacity and imbibition [28,31], antioxidant enzyme activity which
markedly improves active oxygen metabolism level for the acceleration of seed germination [40],
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seeds were claimed in this study, which need further investigations on mutagenicity and genotoxic

expression of adenosine triphosphate (ATP) which promotes the germination and growth of
sprouts [40,41], target of rapamycin which increases root and shoot growth, cell size, and seed yield
without visibly affecting plant morphology [42], and growth-regulating factor which plays important
roles in regulating plant growth and development [43] in the stems and roots [17]. The technique of
non-thermal DBD plasma-treated seeds adds an additional value and serves as an efficient approach
omote the growth of soybean sprouts. However, no genetic mutations in plasma-treated soybean

effects on the next generation.
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Figure 1. Effects of non-thermal dielectric barrier discharge (DBD) plasma treatment on soybean sprout

growth and chicken development. (a) Representative 6-day-old soybean sprout appearance treated with
plasma at different voltages for 1 min. Scale bar: 5.0 cm. (b) Representative 6-day-old soybean sprout
appearance treated with plasma at different voltages for 2 min. Scale bar: 5.0 cm. (c) Representative
6-day-old soybean sprout appearance treated with plasma at 22.1 kV for different durations. Scale
bar: 5.0 cm. Twenty soybean seeds in each group were treated, and each experiment was performed
three times. The statistical validity was shown in the study of Zhang et al. [17]. (d) Representative
chicken embryos from stage HH 20 were treated with plasma at different voltages for 4 min. Scale bar:
1.0 cm. The death day was estimated according to the Hamburger-Hamilton stages. E represents the
embryonic day. Eight fertilized eggs in each group were treated, and this experiment was performed
three times. The statistical validity was shown in the study of Zhang et al. [18]. (e) Representative
growth status of female and male chickens on day 30 after plasma treatment on fertilized eggs at a
voltage of 11.7 kV for 2 min. Scale bar: 5.0 cm. C-F represents female chicken in the control group; C-M
represents male chicken in the control group; P-M represents male chicken in the plasma treatment
group. P-F represents female chicken in the plasma treatment group. Twenty plasma-treated females
and 20 plasma-treated males in each group were analyzed, and this experiment was performed three
times. The statistical validity was shown in the study of Zhang et al. [19].

3. Plasma Application in Chicken Growth

After the observation of plasma positive effects on soybean sprout growth, the influence of
non-thermal DBD plasma on the development of animals’ embryo, postnatal growth, and even the
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reproductive capacity was investigated. Chicken has unique embryonic development characteristics
due to the oviparity; this allows the easy treatment of chicken embryos without influences from
the matrix and external environment. Different development stages of chicken embryos exhibit
a different resistibility to some adverse external factors [44]. Exposing the chicken embryos at
Hamburger-Hamilton (HH) stage 20, when they have established major and identifiable organs
to sustain life after hatching, to non-thermal DBD plasma at a voltage range of 11.7-27.6 kV for
4 min resulted in embryonic death in a dose-dependent manner; on average, they died at stages
embryonic day 17 (E17), E16, E15, and E13, respectively, compared to the control (no plasma treatment;
0 kV) [18]. Figure 1d showed a representative chicken embryo appearance treated with different
voltages of plasma, indicating that exposure to plasma at higher voltages for 4 min increased the rate
of embryo death. However, plasma exposure at a lower voltage and shorter duration improved
the embryonic development [18]. In vitro experiments reveals that low-dose plasma treatment
increases the proliferation of cells [45,46] and the growth of limbs [47], whereas a high dose shows
anti-proliferative effects [48,49]. Furthermore, longer durations of plasma exposure decreases cell
viability and proliferation [50], induces cell toxicity [46], and increases cell apoptosis [51]. These
findings indicated that 4 min of plasma treatment at a voltage range of 11.7-27.6 kV would be lethal
to the chicken embryonic development. Therefore, the intensity and exposure time of non-thermal
plasma should be sufficiently appropriate for potential growth-promoting effects in chickens when
this plasma technique is employed on the fertilized eggs.

The physical properties of non-thermal DBD plasma developed in our laboratory showed that
plasma discharge inevitably did not occur uniformly at all positions because of the oval shape of eggs
and current pulses were generated randomly rather than periodically because of the non-uniform
plasma discharge [20]. Plasma discharge characteristics depend on the applied voltage, electrode
geometry, dielectric type, dielectric thickness, and discharge gap. Furthermore, our non-thermal
DBD plasma system showed that the current was basically sinewave, but there were many current
pulses superimposed on the sinewave. The current waveform which looked like sinewave was
the displacement current with no active role in the plasma discharge. Only the current pulses
superimposed over the sinewave represented a conduction current which was associated with the
discharge filaments [20]. In addition, the emission spectrum of argon plasma showed there were
several strong or weak ultraviolet A and B wavelengths, and the optical emission spectrum was found
with a range of 200-650 nm. Plasma-emitted ultraviolet photons at various wavelengths transmission
across the egg was limited due to the presence of an egg shell. Although argon plasma also emits
various visible photons in the range of 700~850 nm due to Ar (I) [52], it is believed that visible photons
of larger wavelengths having low energies cannot affect the inside of eggs. Therefore, it is reasonable
to exclude the effect of ultraviolet/visible light emission on the chicken embryos.

Numerous small and spherical pores in the palisades region of eggshell permit the diffusion
of metabolic gases [53] and potential diffusion of active charged and neutral particles in plasma,
which notably produces reactive oxygen species (ROS) when they react on the surface of cells or
tissues [54-56]. Although it is unclear how the ROS are delivered into the real biological targets and
the exact interaction with various components of a tissue when considering the lifetime, diffusion
rate, and major physical barriers to traverse [24], the diffusion and delivery of plasma-generated
ROS or stimulation of intracellular ROS generating mechanisms as a result of non-thermal DBD
plasma treatment [57,58] has been suggested to regulate cell proliferation and differentiation [46,59]
in low-doses and cell death [57,60,61] in high-doses. Non-thermal DBD plasma-generated appropriate
extracellular ROS increases skeletal cell differentiation and limb development of mice through the
activation and amplification of intracellular ROS-sensitive signaling pathways [47]. However, excessive
accumulation of intracellular ROS induces cell apoptosis [22,60,62]. In addition, inappropriate
non-thermal DBD plasma treatment generated excessive ROS, elevated mRNA expression of NOX4
which catalyzes the reduction of molecular oxygen to generate ROS [63-65], and decreased NRF2 level
which directly affects ROS level by regulating the antioxidant defense system [66-68] in the skeletal
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muscle of dead embryos [18]. Therefore, inappropriate plasma-induced chicken embryonic death
is resulted from the excessive accumulation of intracellular ROS and the disruption of antioxidant
signaling pathways.

Furthermore, Zhang et al. [18] found that inappropriate plasma exposure reduced ATP production
and growth factor level by regulating their gene expression in the skeletal muscle tissue of the dead
chicken embryos. Several studies have attempted to characterize DNA damage and the associated
cellular responses induced by atmospheric pressure plasma in a dose-dependent manner, indicating a
critical role of reactive species in plasma-induced damage to DNA [45,61,69-75]. Work by The Leibniz
Institute for Plasma Science and Technology (INP Greifswald), investigated atmospheric pressure
plasma which was generated with different feed gas conditions corresponding to distinct reactive
species patterns for their genotoxic potential, showing that no increase of micronuclei formation was
found in plasma-treated cells by a high-throughput micronucleus assay indicative for mutagenicity [76].
Detailed investigations using well-established experimental procedures demonstrate that detrimental
plasma effects on DNA result in cellular repair processes and induction of cell apoptosis [77,78], but
no increased risk for genotoxic effect and no mutagenic potential are induced by the non-thermal
atmospheric plasma to ensure safe biomedical applications [78,79]. However, no genetic mutations in
plasma-treated chicken embryos were revealed in the study of Zhang et al. [18]. Therefore, further
detections of mutagenic effect and potential genotoxicity on chicken embryonic development are
necessary to evaluate the safe application of non-thermal DBD plasma in poultry.

The appropriate application of non-thermal DBD plasma technique on fertilized eggs before
hatching was found to improve the postnatal growth rate in chickens [19,20]. Plasma-treated chicken
embryos from stage HH 20 (at a voltage of 11.7 kV for 2 min) exhibited the maximum growth rate
(including the average daily gain and tibia length, with significant increases of 0.10- and 0.14-fold in
females, 0.34- and 0.16-fold in males, respectively, compared to females and males in the control group)
on day 30, and particularly a significant improvement was observed in the growth of male chickens [19].
Figure le showed a representative 30-day-old chicken appearance after the optimal condition of
non-thermal DBD plasma treatment. Serum growth hormone and insulin-like growth factor 1 which
contribute to improve the energy metabolism and protein synthesis for muscle and bone growth
in poultry [80,81], thyroid hormones which play an important role skeletal muscle differentiation
and growth [82], testosterone which increases the synthesis of myofibril and sarcoplasmic proteins
and stimulates skeletal muscle ATP concentration and energy metabolism [83], and ATP levels were
significantly increased in plasma-treated chickens; these metabolic improvements were found to be
mediated by the regulation of demethylation levels in the skeletal muscle and thyroid gland [19].
However, next-generation chickens which were obtained from plasma direct-treated parents had no
significant differences in the hatching rate, average daily gain, length of tibia, and concentrations of
serum hormones (including growth hormone, thyroid hormones, insulin-like growth factor 1, and
testosterone) and ATP, because their mothers had no significant changes in the female reproductive
capacity (including the serum estradiol and progesterone levels which regulate egg production
and quality [84-86], egg-laying rate, and egg weight) following the plasma treatment [20]. Hens
primarily determine the development of offspring embryos and the postnatal growth [87]. At the
same time, the weight of a fertilized chicken egg affects the hatch and growth of their offspring, and
this maternal environment can influence the growth characteristics of their progeny lastingly [88].
Although offspring of plasma-treated parents fail to inherit excellent growth properties, non-thermal
DBD plasma direct-treated generation suggests a potentially viable and valuable strategy to improve
the chicken growth rate in the poultry industry.

4. Plasma Improves Male Chicken Fertility

Fertility is a trait of major interest in the poultry industry because it determines the profitability
of production. Chicken sperm quality influences the male fertility and the hatchability of fertilized
eggs [89], which are the ultimate objective of poultry breeder management. Spermatozoa are highly
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specialized cells which require high ATP level for providing the energy to ensure motility and
fertilization potential [90]. The numerous mitochondria in the intermediate piece of chicken sperm
provide the energy for flagellum movement to reach the fertilization site in the infundibulum [91].
Sperm quality and fertility also require ROS homeostasis between generation and scavenging
activity [92]. Low and physiological concentrations of ROS stimulate sperm capacitation and acrosome
reaction to ensure fertilization [89,93], but high concentrations of ROS lead to sperm DNA damage,
impaired acrosome integrity, and decreased muotility, viability, and fertilization capacity [92,94,95].
Zhang et al. [21] reported that the appropriate treatment condition of non-thermal DBD plasma
increased the chicken sperm motility in vitro by controlling the ROS balance and increasing the
ATP level and respiratory enzyme activity in the mitochondria; this resulted from the regulation of
the demethylation levels of genes involved in antioxidant defense and energetic metabolism [21].
Sperm DNA methylation levels are associated with sperm motility, but not with sperm viability
or morphology [96]. However, hypermethylation results in impaired sperm morphology [97], low
sperm motility [98,99], infertility [100], and even sperm apoptosis [101]. In addition, the reproductive
performance in 40-week-old male chickens which were hatched from non-thermal DBD plasma-treated
fertilized eggs was investigated and the results showed that plasma treatment significantly increased
serum testosterone level, sperm count, motility, and total fertility in male chickens [20]. Therefore, the
plasma technique might be applied to elevate male fertility in poultry breeding.

5. Conclusions

Taken together, this review suggests an applicative technique that an optimal non-thermal
DBD plasma technique could be applied on soybean seeds and chicken embryos as a safe and
valuable approach for promoting soybean sprout growth, chicken embryonic development and
postnatal growth, and even male chicken fertility, which are beneficial to improving plant and
poultry productivity.
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