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ABSTRACT: Nanobubbles (NBs) have been reported to be eﬀective at accelerating the
metabolism of living organisms, but the mechanism is not yet well understood. In this study,
the production of reactive oxygen species (ROS) by NBs and its eﬀect on seed germinations
were investigated. The ﬂuorescence response of APF to NB water was measured. It changed
depending on the NB number density which decreased with storage time. This indicated
that NBs could produce ROS and the amount of ROS had positive correlation with the NB
number density. The ﬂuorescence intensity of APF increases linearly with the concentration
of H2O2 in the range of 0−1 mM. Just after the NB generation, the oxidative capacities
represented by amount of ROS of oxygen NB water and gas-mixture (air + nitrogen) NB
water were estimated to be equivalent to 0.5 and 0.3 mM H2O2 respectively. The seed
germination tests were performed in the NB water, distilled water and H2O2 solutions. The
germination rate at each observation times of seeds submerged in gas-mixture NB water and
0.3 mM H2O2 solutions were both higher than those submerged in distilled water. The
amounts of superoxide radicals in the seeds were detected using NBT staining. The results
of absorbance data proved that the amounts of O2•− in seeds submerged in gas-mixture NB water and in 0.3 mM H2O2 solution
were similar and signiﬁcantly higher than those in the distilled water. These results indicated that moderate level of exogenous
ROS produced by NB water played an important role in seed germination.
KEYWORDS: Reactive oxygen species, Bubble number density, Microscope spectrophotometer, Hydrogen peroxide,
Fluorescence intensity
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of plants, shellﬁsh, and yeast.6−10 On the other hand, MNBs are
widely used to improve the oxidation eﬀect.11−16 For example,
ozone MNBs are eﬀectively used to remove residual pesticides
in vegetables,11,12 to inactivate microorganisms,13 and to reduce
the organic material in wastewater.14−16 MNBs’ oxidative
promotion eﬀects were not only due to the reason that MNBs
can enhance the mass transfer of ozone but also that the
exogenous reactive oxygen species (ROS) are generated by
MNBs in the presence of dynamic stimuli such as ozone, strong
acid, copper, and short-wavelength UV irradiation.17−20
The physiological promotion and oxidation eﬀects of MNB
water described above may seem contradictory to each other.
However, the generation of reactive oxygen species (ROS)
caused by NBs may oﬀer a reasonable explanation for these two

INTRODUCTION
Microbubbles (MBs) are bubbles with a diameter ranging from
several micrometers to about 100 μm. Nanobubbles (NBs) are
bubbles with a diameter of submicrometer order.1 Since the
1990s, many types of commercial micro- and nanobubble
(MNB) generators have been invented in Japan, such as swirl
ﬂow, ejector, cavitation, pore, mechanical agitation, and
sonication.2 These MNB generators can produce the water
containing high number concentration of MNBs ranging from
106 to 108 particles/mL. MNBs show various characteristics
such as the increased solubility of gases in liquids, reduced
friction, either negative or positive ζ-potentials and the
generation of free radicals.3−5 Because of their unique
properties, the MNBs application technology has widely been
used in many ﬁelds.
Recently, MNB physiological promotion eﬀect and oxidation
eﬀect have both been reported. A series of investigations have
reported that water containing MNBs can accelerate the growth
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concentration in the range from 0.04 to 12 mg L−1. During the MNB
production, the water had a milky appearance. This appearance was
observed just a few seconds after we started the MNB generation and
it was maintained during the whole bubble generation period. When
the MNB generation stopped, the milky appearance gradually
vanished. In about 10 min, the water in the 2 L Erlenmeyer ﬂask
became transparent. Most of the MBs can exist in the water for only
about 10 min, whereas NBs are relatively stable and can exist in the
pure water for days.29,30 Therefore, the expression of “gas-mixture NB
water” is used in this paper. NB number densities were measured using
the nanoparticle tracking analysis method (NanoSight-LM10,
Quantum Design Inc., Japan). Using a laser-illuminated optical
microscope, we observed NBs as light-scattering centers moving
under Brownian motion. Bubble-size distributions were measured
using the nanoparticle tracking analysis method, a kind of dynamic
light scattering (NanoSight-LM10, Quantum Design Inc., Japan),
which has been widely used to determine the sizes of nanoparticles in
liquids.31
Production of ROS by NBs. APF (5 mM, Sekisui Medical Co.,
Ltd., Japan), a ﬂuorescent reagent that is highly resistant to
autoxidation, was used for detecting generation of ROS (mainly
hydroxyl radicals, OH) by NBs.32 APF itself has almost no
ﬂuorescence intensity. After APF reacts with ROS, ﬂuorescein (with
strong ﬂuorescence intensity) is generated. Other chemicals were
purchased from Kanto Chemical Co., Inc. and were of the highest
obtainable purity. H2O2 solutions were prepared prior to each use. To
obtain ﬂuorescence excitation−emission matrixes (EEMs), excitation
wavelengths were incrementally increased from 450 to 550 nm at 1 nm
steps; for each excitation wavelength, the emission at longer
wavelengths was also detected at 1 nm steps using a ﬂuorescence
spectrophotometer (F-7000, Hitachi High-Tech Co. Ltd., Japan). The
ﬂuorescein caused by ROS has an EEM peak located at excitation
wavelength 490 nm and emission wavelength 515 nm. The slit width
was 5 nm for both excitation and emission. The photomultiplier
voltage was set at 800 V. The ﬂuorescent intensity was given as a
relative value corresponding to a combination of parameters’ setting
such as slit width, location of lamp, voltage, etc.
NBs were generated in 2 L of phosphate buﬀer (0.1 M, pH 7.4)
without APF for 60 min at a constant temperature of 20 °C. NBs were
formed with pure oxygen (purity 99.999 95%, Taiyo Nippon Sanso
Co. Ltd., Japan) or gas-mixture (described in Generation of NB
Water). Then the NBs solution was stored in the sealed biochemical
oxygen demand (BOD) bottles. After a certain NB water storage time,
10 mL of buﬀer containing NBs was quantitatively taken out for each
sample. Then 2 μL of APF was added for each sample, and the samples
were measured for ﬂuorescence intensities. The ﬁnal concentration of
APF was 1 μM. The control water is the phosphate buﬀer aerated with
pure oxygen gas through a tube with an inner diameter of 4 mm. The
DO concentration of this control water was around 40 mg L−1, and
few bubbles were observed using a laser-scattering image system
(Zeecom, Microtech Co. Ltd., Japan).
To increase the disappearing speed of NBs number in the sample, a
low intensity ultrasonic wave (150 W, 38 kHz) was applied to the
control water and NBs water for 60 s. After the samples were taken out
from the ultrasonic device, APF was added into each sample. Then the
ﬂuorescence intensities of the samples were measured.
Seed Material. Seeds of barley (Hordeum vulgare L.), which were
harvested in 2012 and stored under controlled conditions (room
temperature), were obtained from the University of Ehime, Japan.
These seeds were screened with a magnifying lens, and only large
seeds without visible defects were selected.
Germination Test. Germination tests were repeatedly performed
with ﬁve seed groups. Each of them was composed of 100 barley seeds.
Then every group was sealed in plastic net bags; one group was
submerged in a 1 L beaker ﬁlled with water containing MNBs (the
mixture of nitrogen and air was used to adjust the DO of MNB water
to be the same as the distilled water), one in a beaker ﬁlled with
distilled water and the others in beakers ﬁlled with diﬀerent
concentrations (0.1, 0.3, and 0.5 mM) of H2O2 solutions. During
the germination experiments, to avoid the lack of oxygen and to

eﬀects because excess concentration of ROS has oxidation
eﬀect and moderate concentration of ROS can show
physiological promotion eﬀect. As we know, ROS have long
been regarded as damaging compounds. ROS can cause
oxidative damage to macromolecules, thus leading to lipid
peroxidation, DNA damage, and DNA breaks.22,23 Owing to
these principles, ROS are widely used in sterilization and
oxidation processes. However, as has reported in recent year,
ROS play a dual role in seed physiology behaving.21
Appropriate amount of ROS does not act as harmful
compounds but instead, it plays an important role as cell wall
loosening factor and essential signaling molecules in the
growing process of plant.24,25 It has been accepted that
exogenously supplied H2O2, a kind of ROS, can promote the
germination of cereal plants such as barley, wheat, rice, and
Zinnia elegans seeds.26−28
In our latest research on NBs, we reported that the
germination rates of barley seeds submerged in NB water
were 15−25% greater than those of seeds submerged in
distilled water with the same concentration of DO.29 According
to this result and the dual roles of ROS described above, we
hypothesize that without dynamic stimuli, NBs can also supply
a small amount of exogenous ROS in the water. With this idea
in mind we have studied the production of ROS by NB water
using a ﬂuorescent probes, 3′-p-(aminophenyl) ﬂuorescein
(APF). As the ﬂuorescence response of APF to NB water
changed with storage time, it is important to grasp the
relationship between the amount of ROS and the NB number
density in water. The ﬂuorescence intensity of APF increases
linearly with the concentration of H2O2 in the range of 0−1
mM. Therefore, the oxidative capacity of NB water was
estimated using the correlation equation between the
ﬂuorescence intensities of APF and the concentrations of
H2O2 solutions.
A second aim of this work was to study the role of exogenous
ROS produced by NB water in the seed germination process.
The germination tests were performed among the barley seeds
submerged in the NB water, distilled water and diﬀerent
concentrations of H2O2 solutions under the similar DO
concentrations. The amounts of superoxide radicals in the
seeds submerged in the NB water, distilled water, and diﬀerent
concentrations of H2O2 solutions were detected using nitro
blue tetrazolium (NBT) staining. We suppose that as signaling
molecules, the exogenous ROS produced by NBs can play an
important role in seed germination.

■

EXPERIMENTAL SECTION

Generation of NB Water. 2 L of distilled water was placed in an
Erlenmeyer ﬂask. The distilled water was produced in a distillation unit
(Autostill WA-53, Yamato Scientiﬁc Co., Ltd., Japan), which is
equipped with a water storage tank of 40 L capacity. The gas was
introduced into the distilled water and circulated through a micro and
nanobubble generator (OM4-GP-040, Aura Tec Co. Ltd., Japan) for 1
h at a constant temperature of 20 °C to obtain “water containing
MNBs”. The DO concentration of distilled water was about 8 mg L−1.
The DO concentrations of oxygen MNB water, air MNB water, and
nitrogen MNB water were about 40, 12, and 0.04 mg L−1, respectively.
To adjust the DO concentration of MNB water to be the same as the
distilled water, the gas-mixture of nitrogen (purity 99.999 95%, Taiyo
Nippon Sanso Co. Ltd., Japan) and air (CO2 < 1 ppm, THC < 1 ppm,
Taiyo Nippon Sanso Co. Ltd., Japan) was used. The ratio of nitrogen
and air was adjusted through a mixed-gas ﬂow regulator (Log MIXD100A-0050 and Log MIX-D100A-0052, FRONTO Co. Ltd., Japan).
In this way, we can obtain the MNB water with a certain DO
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maintain a certain amount of NBs in the water, NB water, distilled
water, and H2O2 solutions were changed every 12 h. The MBs can
only exist in water for about 10 min and then will disappear, so in
germination experiments it is only NBs left in the water that are
eﬀective. Germination tests were performed at 20 °C in the dark.
Germination rates obtained from three independent replicates are
shown as mean ± standard deviation (SD).
Amount of Superoxide Radical in Seeds. Superoxide radicals
(ROS, O2•−) were detected and quantiﬁed by staining with
nitrobluetetrazolium (NBT, Tokyo Chemical Industry Co., Ltd.
Japan). After 17 and 37 h of submerging time, ﬁve germinated seeds
in each group were incubated in a mixture of 1 mM NBT and 10 mM
Tris−HCl buﬀer (pH 7.34) at room temperature for 30 min. Each
seed was horizontally placed in a stainless steel cube container (15 ×
15 × 15 mm). The sample containers were ﬁlled with super cryoembedding medium (SCEM-L1, Section-lab Co. Ltd., Japan). The
samples were rapidly frozen in an isopentane solution (Kanto chemical
Co. Inc., Japan) at −105 °C for approximately 3 min. The prepared
cube samples were ﬁxed on the sample holder and stabilizedon the
cryostat platform (Leica CM1950, Leica Biosystems Co. Ltd., Japan)
for about 10 min. After the frozen samples were stabilized, they were
attached to the cryostat stage one at a time. The working temperature
for the cutting process was −20 °C. The longitudinal axis of each seed
was vertical to the cutting knife direction (Surigipath DB80LS,
Section-lab Co. Ltd., Japan). The cutting process was as follows. A 15
mm wide transparent adhesive ﬁlm (Cryoﬁlm type II C (9); Sectionlab Co. Ltd., Japan) was laid on the sample surface and was ﬁrmly
pressed to adhere to the cutting surface of the sample. The sample was
then slowly cut into 100 μm slices continuously from the tip of the
sprout. The ﬁlm with the cut sample was placed on a glass slide with
both the ends of the ﬁlm section fastened with double sided adhesive
tape. The measurement processes for superoxide radicals in seeds are
shown in Figure S1.
Subsequently, the samples were measured spectrophotometrically.
Superoxide radicals were visualized as deposits of dark blue insoluble
formazan using a microscope spectrophotometer (MSV-5000, JASCO
Co. Ltd., Japan). The microscope spectrophotometer uses UV−visible
spectra, and the spectral analyses were conducted on each preset circle
of 30 μm in diameter. The measured absorbance value is the average of
the absorbance in each cycle area. The distribution of ROS inside the
barley seed cells was determined using ﬁxed wavelength measurements
(absorbance diﬀerence between 560 and 700 nm), with absorbance at
560 nm representing the amount of dark-blue colored formazan. The
diﬀerence in absorbance values at these wavelengths represents the
amount of ROS at each location and also reduces the spectral
background caused by impurities or radiation scattering.
After the maximum concentration of ROS in the sample was located
by ﬁxed wavelength measurements, spectrum measurements were
conducted at the locations with the maximum concentration of O2•−
in the samples from 450 to 700 nm with intervals of 1 nm. For each
sample, we selected 5−12 measurement circles of 10 μm in diameter.
The spectrum measurements were conducted at 450−700 nm at
locations that showed a maximum amount of ROS.

Figure 1. Bubble size distribution in the gas mixture NBs with
diﬀerent generation times (black error bars indicate standard error of
the mean (n = 3)).

Production of Exogenous ROS by NBs. In the following
experiments, the ﬂuorescence response of APF to oxygen NB
water was further studied to verify whether NBs can produce
ROS in water. The ﬂuorescent intensity of APF is
corresponding to the amount of ROS in the water. As can be
seen in Figure 2A, the ﬂuorescence intensities of water

Figure 2. (A) Fluorescence response of 1 μM APF to oxygen NB
water with water storage time. Fluorescence intensities were acquired
in 0.1 M phosphate buﬀer at pH 7.4 (λex 490 nm, λem 515 nm).
Phosphate buﬀer was aerated with pure oxygen as the control whose
DO concentration was above 40 mg L−1. To obtain suﬃcient bubble
number density, oxygen NBs generated for 1 h and then was stored in
several biochemical oxygen demand (BOD) bottles. The error bars
show the standard errors of 8 parallel samples. (B) Time course
measurement for total bubble number concentrations and DO
concentrations of oxygen NB water. The error bars show the standard
errors of 3 measurements.

containing oxygen NBs were statistically higher than those of
control water. With diﬀerent NB water storage time, the
ﬂuorescence response of APF to oxygen NB water was
measured. We found that the higher value of ﬂuorescent
intensities of oxygen NB water remained within the 2 day
storage time, indicating that oxygen NBs can continuously
produce a small amount of ROS. Furthermore, we found that
the total NB number densities in the water were decreasing
with storage time. After 2 day storage, the total NB number
density was only 1/5 of the value just after the NB generation
(Figure 2B). The DO concentration of oxygen NB water
decreased from 40 to about 13 mg L−1 (Figure 2B). At the
same time, the statistical diﬀerences between the ﬂuorescence
intensities of oxygen NB water and the control water gradually
decreased from 60 to approximately 20. These results meant
that the amount of ROS produced by NB water has positive
correlation with the NB number density in the water. The
nanoparticle tracking analysis cannot distinguish between NBs

■

RESULTS
NB Number Density. As can be seen in Figure 1, bubblenumber densities increased with the MNB generation time.
The geometric mean bubble size observed was around 108,
112, and 105 nm after 10, 30, and 60 min bubble generation,
respectively. The total bubble-number densities of gas-mixture
NBs were 0.41, 0.75, and 0.83 × 108 particles/mL after 10, 30,
and 60 min bubble generation, respectively. These results
showed that the mean bubble sizes will not change with the
bubble generation time. But the bubble number density will
increase with bubble generation time, and then get stable 30
min later. The following experiments were conducted with the
60 min generation NB water.
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Table 1. Germination of Barley Seeds at 20 °C in the Darka

and foreign matters. However, the decrease of total particle
number density proved that most of the particles that exist in
the water are actually NBs rather than solid nanoparticles.
Compared to the oxygen NBs, the amount of ROS produced
from the gas-mixture NBs which was used in the germination
tests was relatively fewer. The ﬂuorescent increase caused by
gas-mixture NB water was about half of the oxygen NB water
(Figure S1).
Oxidative Capacity of NBs in the Water. H2O2 is a weak
ROS. Low concentration of H2O2 is mainly used as a cell
signaling molecule but not an oxidizing substance.33 The
physiological promotion eﬀects of NB water were similar to
moderate concentrations of H2O2 solutions. Thus, we estimate
the oxidative ability of NB water using H2O2 solutions. Under
the same measuring conditions, the ﬂuorescence response of
APF to NB water and diﬀerent concentrations of H2O2 were
studied. In this way, we estimated the oxidative ability of water
containing NBs by using the correlation equation between the
ﬂuorescence intensities of APF and the concentrations of H2O2
solutions. Diﬀerent concentrations of H2O2 were added to the
phosphate buﬀer solution, following which 1 μM APF was
added. Figure 3A−D shows the contours of EEM spectrum of

germination rate (%)
water type
distilled water
0.1 mM H2O2
0.3 mM H2O2
0.5 mM H2O2
NBs

17 h
28
48
58
54
58

±
±
±
±
±

0.9
4.0
4.0
4.0
3.8

37 h
98
98
100
100
100

±
±
±
±
±

0.4
0.4
0
0
0

a

The DO concentrations of NBs water were adjusted to be the same
as those of the distilled water. Data are means of three replicates ± SD.
P < 0.05.

seen in Table 1, when the H2O2 concentrations were higher
than 0.3 mM, they had a similar promotional eﬀect on the
germination speed of barley seeds as that of gas-mixture NB
water. After 37 h of submerging time, although nearly 100% of
the seeds in ﬁve groups (NB water, distilled water, H2O2
solutions of 0.1, 0.3, 0.5 mM) had germinated, the sprouting
parts of barley seeds submerged in NB water were considerably
larger than those in the other four groups (data not shown).
Superoxide radical in seeds. Various forms of ROS (e.g.,
superoxide radical, hydrogen peroxide, and hydroxyl radicals)
exist in the seeds.21 Among these, the production of superoxide
radicals (O 2 •− ) is an important component for seed
germination, seeding growth, and development.34 The amount
of superoxide radicals generated inside barley seeds was studied
to explain the faster germination process caused by NBs and
H2O2. The superoxide radical was detected and quantiﬁed using
nitro blue tetrazolium (NBT) chloride. O2•− was visualized in
the seeds using NBT, which produced formazan within the seed
at the sites of O2•− formation.
Quantiﬁcation of O2•− inside the seeds was achieved with the
spectra from microscopic samples. Superoxide radical O2•−
oxidized the yellow dye (NBT) to a blue colored formazan,
which was measured spectrophotometrically at 560 nm.24 The
sprouts of barley seeds started to break the seed coat after 15−
16 h submerging in the water, whereas after 37 h submerging
time, nearly all the seeds germinated. Thus, we measured the
O2•− inside barley seeds after 17 and 37 h submerging times,
respectively. The concentrations of O2•− in the sprouting parts
of seeds in the ﬁve groups were compared.
Figure 4 shows the superoxide radical distribution in barley
seeds. According to the results of Figure 4, Figure 5 displays the
spectra of formazan produced at the locations of a maximum
amount of superoxide radical. The average level of endogenous
ROS in the sprouting part of barley seeds germinated in
diﬀerent solutions were also calculated (Figure S3). It can be
clearly observed that the concentrations of endogenous ROS in
seeds after 17 h submerging time were much higher than those
after 37 h, which means ROS were mainly produced just after
the sprouts broke the seed coat (Figure 4, Figure S4, and Figure
5). The relative absorbance values at around 560 nm for the
seeds which germinated in H2O2 solutions were signiﬁcantly
higher than those of distilled water after submerging for 17 and
37 h (Figure 5). The results above showed that the exogenous
ROS (such as H2O2) in the water could stimulate the
endogenous ROS production of barley seeds.
After 17 h of submerging, the concentrations of endogenous
ROS of seeds that germinated in NB water were higher than all
those that were submerged in the H2O2 solutions (Figure 5A).
After 37 h of submerging, the concentrations of O2•− of seeds
submerged in the gas-mixture NB water and H2O2 solutions

Figure 3. (A−D) Fluorescence response of 1 μM APF to H2O2
solution. EEM spectra were acquired in 0.1 M phosphate buﬀer at pH
7.4 (the ﬂuorescence intensities were determined at 515 nm with
excitation at 490 nm, slit width 5 nm). (E) Linear correlation between
ﬂuorescence increase and concentrations of H2O2 solution. The error
bars show the standard errors of 3 parallel samples.

APF with diﬀerent concentrations of H2O2 recorded from 450
to 550 nm in the emission wavelength and from 450 to 550 nm
in the excitation wavelength. As indicated in Figure 3E, the
ﬂuorescence intensity of APF (λex = 490 nm, λem = 515 nm)
increased gradually upon the increase of H2O2 concentration.
We observed a linear correlation between the ﬂuorescence
intensity and the concentration of H2O2. Just after NB
generation, the ﬂuorescence increase of APF solution caused
by oxygen NB water was approximately 60. According to the
formula, just after the NB generation, the oxidative capacity of
oxygen NBs water is equivalent to 0.5 mM H2O2. Similarly, the
oxidative capacity of gas-mixture NBs water is equivalent to 0.3
mM H2O2 (Figure S1).
Germination Tests. Then, we studied the role of exogenous
ROS produced by NBs in the water in seed germination
process. Table 1 shows the germination rates of barley seeds in
response to diﬀerent treatments at 20 °C. After 17 h
submerging in the water, the average germination rate of
barley seeds immersed in the gas-mixture NB water was 58%,
which was 2 times higher than that in the distilled water. These
results indicated that NBs eﬀectively promoted the germination
speed of barley seeds. In our experiments, low concentrations
of H2O2 solutions were used as positive controls. As can be
1350
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Figure 4. Superoxide radicals (ROS) distribution in barley seeds after 17 h of submerging time: the sprouting region of representative seeds
germinated in three groups (distilled water, NB water, 0.3 mM H2O2) after the nitro blue tetrazolium staining process. (A) Microscopic images of
the sectioned surfaces of seeds germinated in three diﬀerent kinds of water. Spectra were conducted on each preset circle. The diameter of each circle
is 30 μm. (B) Superoxide radical distribution in samples. The x- and y-axes show the locations of the measurement cycles. The measured values are
the diﬀerences between absorbance values at 560 and 700 nm in each cycle area.

were similar (Figure 5B). According to our results, we conclude
that gas-mixture NBs have similar or even higher eﬀects on the
endogenous ROS production compared with the H 2O 2
solutions used in this experiment.

■

DISCUSSION
Reactive oxygen species are often blamed as damaging
compounds for the development of cancer and other diseases.
However, in recent years scientists found that a moderate level
of ROS may have beneﬁcial eﬀects. For example, in plant
biological ﬁeld, it is accepted that ROS plays a dual role in seed
physiology behaving. Bailly et al.21 raised a concept of the
“oxidative window for germination”, which restricts the
occurrence of the cellular events associated with germination
to a critical range of ROS level, enclosed by lower and higher
limits. Below this window, the amount of ROS during
imbibitions is too low for allowing germination. Above this
window, ROS became deleterious and caused cellular oxidative
damage. Owusu-Ansah and Banerjee35,36 discovered that

Figure 5. Spectra of formazan produced as a result of superoxide
radical production in the sprouting region of germinated barley seeds
immersed in distilled water, NB water, and 0.3 mM hydrogen peroxide
solution. The measurements were conducted at locations with a
maximum amount of ROS according to the ﬁxed wavelength
measurements described in Figure 4. For each group we measured
ﬁve seeds. Each curve represents the mean value of more than 120
microscopic sample dots (dot diameter = 10 μm). (A) 17 h of
submerging time. (B) 37 h of submerging time.

Figure 6. Eﬀect of ultrasonic wave (US) on the ﬂuorescent intensities of the buﬀer solutions with and without NBs ((A and B) EEM spectra of
buﬀer solution without NBs (control) before and after US was applied; (C and D) EEM spectra of buﬀer solution containing oxygen NBs before and
after US was applied; (E and F) EEM spectra of buﬀer solution containing oxygen NBs with 2 days storage before and after the application of US.
The values represent the ﬂuorescent intensities at 515 nm with excitation at 490 nm. (G) Error bars show the standard errors of 8 parallel samples.
DO concentrations of oxygen NBs water and the control water were above 41.17 and 40.03 mg/L, respectively. APF was added after the US was
applied. APF concentration was 1 μM).
1351

DOI: 10.1021/acssuschemeng.5b01368
ACS Sustainable Chem. Eng. 2016, 4, 1347−1353

Research Article

ACS Sustainable Chemistry & Engineering

intensity measurement can be a new method for the detection
of existence of NBs in the water.
The production of ROS by NBs is a continual process. The
stimulation on living organisms by NBs would last for a very
long time, as is preferable for the metabolism of living
organisms. Additionally, the number of NBs can be controlled
to meet our needs through the operation of NB generator.
When large amount of ROS are needed, diﬀerent kinds of NBs
like air NBs and oxygen NBs can also be used. Finally, the
applications of NBs should not be limited to germination
promotion. Because of their ability to produce ROS, it is
anticipated that the prospects of NBs will be immense;
however, much progress is still required. It is proposed that
our study will act as a basis not only for applying NB
technology to many areas of science and technology but also to
developing new technology.

moderately high ROS level in the progenitor population
sensitizes them to diﬀerentiation, and establishes a signaling
role for ROS in the regulation of hematopoietic cell fate. In our
research, the amount of ROS existed in the NB water was in the
range of “oxidative window”. Further investigation for ROS
existence in the NB water can help us deeply understand the
mechanism of NBs’ physiological promotion eﬀects.
Our results indicated that a small amount of ROS could be
constantly detected in NB water with storage time. ROS have
very short lifetimes, such as 1 × 10−9 s for ·OH,37 and in the
range from milliseconds to seconds at neutral pH values for
O2•−.38 Thus, we concluded that ROS can be continuously
produced in NB water. We also observed that both the DO
concentration and the bubble number density of NB water
decreases with storage time (Figure 2). These results indicate
that NBs gradually disappear with storage. We hypothesize that
the disappearance of NBs causes the constant production of
ROS in water.
This hypothesis could be supported by the experimental
results as following. As we know, the ultrasound could
accelerate the aggregation process of the bubbles in an aqueous
solution,39 we tried to increase the disappearing number of NBs
per unit time through the application of ultrasonic wave. First
of all, we made it sure that the ultrasonic wave used in this
study could only decrease but not increase the amount of NBs
in water. We applied the ultrasonic wave to ultrapure water for
60 s and no bubbles could be detected through the nanoparticle
tracking analysis method. For NB water, after the ultrasonic
wave was applied for 60 s, the bubble number density
signiﬁcantly decreased (Figure S5). As can be seen in Figure
6, after the ultrasonic wave was applied to oxygen NBs water
for 60 s, the ﬂuorescence intensities of the NB solutions
increased by 400, compared to those without ultrasonic wave
pretreatment. The ultrasonic wave pretreatment did not aﬀect
the ﬂuorescence intensity of control water. The above results
showed that ROS was produced during NBs’ disappearing
process.
We also found that after ultrasonic wave application, the state
of fast speed disappearance of NBs can last for a while. Having
taken out the samples from the ultrasonic device, we waited for
30 min and then added APF in the samples. And the
ﬂuorescent increase of NB solution was about 100 (Figure S6).
From Figure 6, after 2 days storage time, the statistical
diﬀerences between the ﬂuorescence intensities of oxygen NB
water and the control water decreased from 40 to
approximately 20. We applied the ultrasonic wave to the buﬀer
containing oxygen NBs after 2 days storage time. The
ﬂuorescence intensities of the NB solutions increased by
approximately 90, which is only one-ﬁfth of the value we
obtained just after generation of the oxygen NBs (Figure 6).
From our experiments, we can conclude that the amount of
ROS in NB water has positive correlation with the number of
NBs and the decreasing speed of NBs number.
In recent years, many researchers have conﬁrmed NBs’
existence in solution on the basis of the results of their
experiments, such as degassing,40 relaxation time measurements,1,29 transmission electron microscope observation,41
measurement by dynamic light scattering method,42 etc.
Apart from the explanation of physiological promotion eﬀect
of NBs on seed germination, our results could also be used to
prove the existence of NBs in the water. As disappearance of
NBs is correlated to the free radical generation, the ﬂuorescent
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