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Nanobubbles activate anaerobic 
growth and metabolism 
of Pseudomonas aeruginosa
Miu Ito1 & Yuichi Sugai2*

The effect of nanobubbles on anaerobic growth and metabolism of Pseudomonas aeruginosa was 
investigated. P. aeruginosa grew earlier in the culture medium containing nanobubbles and the 
bacterial cell concentration in that culture medium was increased a few times higher compared 
to the medium without nanobubbles under anaerobic condition. Both gas and protein, which are 
the metabolites of P. aeruginosa, were remarkably produced in the culture medium containing 
nanobubbles whereas those metabolites were little detected in the medium without nanobubbles, 
indicating nanobubbles activated anaerobic growth and metabolism of P. aeruginosa. The carbon 
dioxide nanobubbles came to be positively charged by adsorbing cations and delivered ferrous ions, 
one of the trace essential elements for bacterial growth, to the microbial cells, which activated the 
growth and metabolism of P. aeruginosa. The oxygen nanobubbles activated the activities of P. 
aeruginosa as an oxygen source.

Pseudomonas aeruginosa is widely distributed in the natural environment, and they can grow under aerobic 
conditions by respiration with oxygen, while they can also grow under anaerobic conditions by denitrification1,2.

Meanwhile, P. aeruginosa has been found to be capable of producing rhamnolipids, a type of biosurfactant3–6, 
or degrading petroleum hydrocarbons7–10. Therefore, a number of studies have reported the use of P. aeruginosa 
for bioremediation of soils and water contaminated by petroleum hydrocarbons and heavy metals.

Also, P. aeruginosa has received attention in the field of petroleum development, which is research area of 
the authors of this paper. In general, more than half of the crude oil present in underground oil reservoir can-
not be recovered by the existing techniques, and the enhanced oil recovery techniques are being studied as new 
technologies to recover the crude oil remaining in oil reservoir. Microbial enhanced oil recovery technique uti-
lizing effective microorganisms is one of the enhanced oil recovery techniques. The effective microorganism(s) 
is injected into oil reservoir with their nutrients and cultivated in oil reservoir in the microbial enhanced oil 
recovery technique. The microbial metabolites such as surfactant, polymer, gases and acids improve the mobil-
ity of crude oil in porous system of oil reservoir and bring enhancement of oil recovery. Since the biosurfactant 
metabolized by P. aeruginosa is helpful in improving oil recovery, studies on microbial enhanced oil recovery 
techniques using P. aeruginosa have been reported11–16.

When P. aeruginosa is used for bioremediation and enhanced oil recovery, it will not be always applied to the 
aerobic environment. In the enhanced oil recovery, the microorganisms must be exposed to anaerobic environ-
ment because depth of oil reservoir is generally more than 1000 m below the surface. In the bioremediation of 
soil and water, the microorganisms may be exposed to microaerobic or anaerobic environment depending on 
the depth from the soil or water surface. Bioproduction of rhamnolipid and microbial hydrocarbon degradation, 
which are useful for bioremediation and enhanced oil recovery, can be more easily proceeded under aerobic 
conditions17–19, so that the growth and metabolic activity of P. aeruginosa must be activated even under anaero-
bic conditions to increase the efficacy of the objective in these microbial utilization processes. For this purpose, 
chemical nutrients that activate the growth and metabolism of the microorganism may be applied to the target 
field. The environmental impact of those chemical nutrients should be however taken into account because those 
microbial processes are applied to natural environment. It is also important to minimize the use of those chemical 
nutrients because target field is usually huge and large amount of nutrients must be prepared for the microbial 
processes. Therefore, we focused on the potential of nanobubbles for the growth and metabolic activation of P. 
aeruginosa under anaerobic conditions in this study. Because nanobubbles can be generated from gas, both the 
environmental impact and cost are smaller than the chemical nutrients.
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Nanobubbles have received attention in various fields in recent years. In the biology field, nanobubbles 
have been reported to be effective in promoting the growth of plants20–23 and shellfish24,25. It is suggested that 
nanobubbles play a role as an oxygen source for those lives by several papers26–31. Some papers suggest that the 
hydroxyl radicals which are generated when the oxygen nanobubbles collapse improve the seed germination 
percentage20,32–34. On the other hand, in the microbiology field, though many studies on the bactericidal effect 
using nanobubbles such as ozone nanobubbles35–38, free radicals generated from nanobubbles39, and shock waves 
emitted by implosion of nanobubbles irradiated with laser light40 have been reported, there are only a few exam-
ples of examinations for the purpose of promoting the growth of microorganisms41,42. Guo et al. investigated the 
effects of nanobubbles on the growth of Lactobacillus acidophilus and its lactic acid production42, although the 
bacterial species was different from our target species. Their studies indicated that the presence of nanobubbles 
in culture medium of L. acidophilus, albeit not very large, activated its growth and lactate production during the 
lag phase and logarithmic phase of L. acidophilus. They also suggested that nanobubbles altered the zeta potential 
and concentration of the medium, which in turn activated the growth of L. acidophilus. They also proposed that 
a hypothetically negatively charged nanobubbles might be responsible for adsorbing cations in the medium and 
transporting them to microbial cells.

Even nanobubbles composed of gases other than ozone may inactivate microorganisms due to the generation 
of free radicals and shock waves generated during the burst of nanobubbles, as mentioned above. However, Yasui 
et al. reported that those free radicals are generated when physical stimulation is applied to the nanobubbles43,44. 
Also, the shock waves are generated only when the nanobubbles are irradiated with laser light. That is, in situa-
tions where no physical stimulation is applied to the nanobubbles, such as in static culture, there is little possibility 
that the microorganisms will be inactivated by the free radicals, but rather they may be activated.

Therefore, this study investigated the potential of nanobubbles as an activator of the growth and metabolisms 
of P. aeruginosa. The gas identity in the nanobubbles was assumed to be an influential factor for the potential of 
nanobubbles, therefore, this study selected two types of gases such as oxygen and carbon dioxide and investigated 
the potential of nanobubbles comprising them. As described above, the oxygen nanobubbles can be expected to 
be an oxygen source for lives. The culture medium with oxygen nanobubbles was used for the culture experiments 
because of our hypothesis that the oxygen nanobubbles could be oxygen source for P. aeruginosa, which can grow 
better under aerobic condition. The carbon dioxide nanobubbles medium was used as the control experiments 
that didn’t contain oxygen in order to test the hypothesis. It was important to remove solved oxygen completely 
from the culture medium of the control experiment, carbon dioxide whose solubility was quite higher than that 
of oxygen was selected in this study. Also, the carbon dioxide nanobubble medium could be used for determining 
the effect of nanobubble itself for the anaerobic growth and metabolism of P. aeruginosa. Because the objective 
of this study is to determine the effect of nanobubble for the anaerobic growth and metabolism of P. aeruginosa, 
both culture media with and without nanobubble were prepared. The nanobubbles-free medium was also used as 
the control experiments that didn’t contain nanobubbles in order to examine the effect of nanobubbles themselves 
in this study. This study also tried to clarify the mechanisms of activation for the growth and metabolisms of P. 
aeruginosa in both nanobubbles media.

Results and discussion
Investigation of sterilization methods for nanobubbles water.  The method sterilizing the water 
containing oxygen nanobubbles was examined first of all. The sterilized oxygen nanobubbles water was used for 
preparing the culture medium in which P. aeruginosa was purely cultivated.

First, oxygen nanobubbles water that was prepared as described in the Methods section was used to prepare 
the Cooper’s medium45 that is also described in the Methods section. The oxygen nanobubbles medium was 
autoclaved at 121 °C for 20 min, resulting in the precipitation was observed in that medium while the precipita-
tion was not observed in the nanobubbles-free medium which was autoclaved at the same conditions. These 
results suggested that some chemical reactions might be occurred in the oxygen nanobubbles medium at high 
temperature and pressure conditions. The autoclave sterilization was therefore evaluated to be inappropriate 
method for sterilizing the Cooper’s medium containing nanobubbles in this study. Then, the filtration steriliza-
tion was tested as an alternative method sterilizing the nanobubbles medium.

In general, the pore size of the membrane filter used in the filtration sterilization of the medium is 0.22 μm. 
However, the diameter of the nanobubbles generated by the nanobubble generator used in this study ranged 
from 50 to 300 nm, suggesting that many nanobubbles cannot pass through the filter and be removed when 
sterilized the nanobubbles medium using the membrane filter with a pore size of 0.22 μm. On the other hand, 
when the pore size of the membrane filter is large, the culture medium cannot be completely sterilized because 
bacteria inhabiting the medium cannot be filtered and removed completely. The pore size suitable for passing 
the nanobubbles and removing the bacteria was therefore examined in this study.

The photographs of carbon dioxide nanobubbles medium that was filtered with 0.22 μm, 0.45 μm and 0.8 μm 
membrane filters, respectively, and irradiated with green laser in the filtrate are shown in Fig. 1a,b. Since nano-
bubbles scatter light due to refraction and reflection of light at the gas–liquid interface, scattered light is observed 
when short-wavelength laser light such as green laser is irradiated on the nanobubbles water, and some of the 
approximate nanobubbles can be evaluated from the intensity46. According to the Fig. 1a,b, the lightest scattered 
light was observed in the nanobubbles water filtered by a membrane filter with a pore size of 0.8 μm, and the 
brightness tended to weaken as the pore size decreased. This result suggested that the nanobubbles were filtered 
and removed from the filtrate by the membrane filter with a small pore size.

Figure 1c shows the nutrient broth medium used for pre-cultivation of P. aeruginosa described in the “Meth-
ods” section after 10 days of cultivation at 30 °C on the medium filtered through the three membrane filters 
described above. The turbidity of the culture medium was observed in the culture medium filtered by a membrane 
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filter with a pore size of 0.8 μm, and a large number of microorganisms were also observed in the culture medium 
by the phase contrast microscope observation. On the other hand, no turbidity of the culture medium was 
observed even after a lapse of 10 days for the medium filtered by a membrane filter with a pore size of 0.45 μm 
or less as shown in the Fig. 1c, and the microorganisms were not found even by the observation using a phase 
contrast microscope. It was shown that the successful sterilization in the culture medium was properly sterilized 
by using those membrane filters.

The nanobubble number density in the oxygen nanobubbles water and the carbon dioxide nanobubbles 
water which were filtered with the membrane filter with a pore size of 0.45 μm was 4.0 × 106/mL and 1.0 × 107/
mL respectively. It was assumed that more nanobubbles were generated in the carbon dioxide dissolved water 
because the solubility of carbon dioxide is higher than that of oxygen47. The median diameter of the oxygen 
nanobubble and carbon dioxide nanobubble was 119.6 nm and 128.6 nm respectively. It should be noted that the 
nanoparticles were also detected in the nanobubbles-free water which was filtered with the same membrane filter 
with the density of 2.2 × 107/mL. The above nanobubble number density was therefore calculated by deducting 
the nanoparticle number density in the nanobubbles-free water from that in the nanobubbles water.

From the above results, it was shown that a sterile medium containing nanobubbles was produced by using 
a membrane filter with a pore size of 0.45 μm. The culture medium therefore prepared by this method was to be 
used in the following experiments. It should be noted that no microorganisms were detected in the non-inocu-
lated culture media in all the experiments and the repeatability of the result that the successful sterilization in the 
culture medium was properly sterilized by using the membrane filter with pore size of 0.45 μm was supported.

Cultivation experiments of P. aeruginosa with nanobubbles‑containing culture medium.  Fig-
ure 2 shows the growth curves of P. aeruginosa in the nanobubbles-free medium, oxygen nanobubbles medium 
and carbon dioxide nanobubbles medium. In all culture media, the lag phase was observed in which no growth 
of P. aeruginosa was observed for 24 h from the start of the cultivation, followed by a logarithmic phase of rapid 
growth. The transition of the growth phase to the logarithmic phase was found in the oxygen nanobubbles 
medium after 24 h from the start of the cultivation. The bacterial cell concentration reached 1.2 × 109 cells/mL 
at 60 h from the start of the cultivation in the oxygen nanobubbles medium. On the other hand, the bacterial 
cell concentration in the carbon dioxide nanobubbles medium remained similar to that in the nanobubbles-free 
medium until 36 h after the start of the cultivation. The logarithmic growth was observed afterwards, and the 
bacterial cell concentration reached 1.7 × 109 cells/mL at 84 h in the carbon dioxide nanobubbles medium. The 

Figure 1.   Photo images of scattered light observed by irradiating green laser in the carbon dioxide nanobubbles 
medium which had been filtered with membrane filters and the culture media which were filtered with 
membrane filters and anaerobically cultured at 30 °C for 10 days. (a,b) The carbon dioxide nanobubbles 
medium was filtered with membrane filters whose pore size was 0.22 μm, 0.45 μm and 0.80 μm respectively. 
The green laser light irradiated the carbon dioxide nanobubbles medium from right to left, while the alignment 
of the samples was opposite each other in (a,b). It was clearly observed that the intensity of scattered light 
became lower as the pore size of filter which had been used for the filtration of the carbon dioxide nanobubbles 
medium became smaller, suggesting that more nanobubbles had been caught with the filter whose pore size 
was smaller. (c) Each two culture medium on the left, center and right had been filtered with 0.22 μm, 0.45 μm 
and 0.80 μm respectively. Every culture medium did not contain P. aeruginosa and the nanobubbles. The head 
space in the vial bottles were replaced with pure nitrogen. After 10 days cultivation, the culture media which had 
been filtered with 0.80 μm membrane filters were cloudy with bacteria whereas the culture media filtered with 
0.22 μm and 0.45 μm were still remain clear, suggesting the indigenous bacteria had been completely sterilized 
with membrane filters whose pore size was less than 0.45 μm.
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bacterial cell concentration in the nanobubbles-free medium remained at 5.5 × 108 cells/mL, which was less than 
half of the bacterial cell concentration at the 84-h time point in the medium with nanobubbles mentioned above. 
These results obviously suggest that the growth of P. aeruginosa is activated under the presence of nanobub-
bles. The growth of P. aeruginosa in the carbon dioxide nanobubbles medium was a little later than that in the 
oxygen nanobubbles medium, however, the final bacterial cell concentration in the carbon dioxide nanobubbles 
medium was higher than that in the oxygen nanobubbles medium. Because initial pH of the carbon dioxide 
nanobubbles medium was 6.6 which was a little lower than the initial pH of the oxygen nanobubbles medium, 
which was 6.8, the growth of P. aeruginosa was affected in its early culture stage in the carbon dioxide nanobub-
bles medium.

The gas production by P. aeruginosa was observed in the cultivation experiments of this study. According to 
our gas analysis, P. aeruginosa produced both nitrogen and carbon dioxide which were metabolites related to 
denitrification and anaerobic fermentation of glucose respectively. Figure 3 shows production of nitrogen and 
carbon dioxide in the experiments cultivating P. aeruginosa in each culture medium. Both nitrogen and carbon 
dioxide began to be generated from just after starting the cultivation in the carbon dioxide nanobubbles medium. 
The gas generation in the oxygen nanobubbles medium was observed a little later than that in the carbon dioxide 
nanobubbles medium. Nitrogen production amount in the nanobubbles-free medium was one-third and of that 
in both nanobubbles media. Carbon dioxide was little generated in the nanobubbles-free medium. These results 
suggest that the nanobubbles activates gas generation of P. aeruginosa. It should be noted that the volume of 
carbon dioxide produced from the carbon dioxide nanobubbles medium into which P. aeruginosa had not been 
inoculated was less than 0.01 mL/mL-culture medium. More than 90% of carbon dioxide detected in this study 
can be therefore assumed to be produced by the fermentation.
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Figure 2.   Growth curve of P. aeruginosa cultured in Cooper’s medium. Bacterial cell number of P. aeruginosa 
cultured in the carbon dioxide nanobubbles medium (red closed circles), oxygen nanobubbles medium (blue 
closed circle) and nanobubbles-free medium (black closed circle).
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Figure 3.   Amount of gas generated by the cultivation of P. aeruginosa in the Cooper’s medium. (a) Nitrogen 
production amount in the carbon dioxide nanobubbles medium (red closed circle), oxygen nanobubbles 
medium (blue closed circle) and nanobubbles-free medium (black closed circle). (b) Carbon dioxide production 
amount in the carbon dioxide nanobubbles medium (red closed circle), oxygen nanobubbles medium (blue 
closed circle) and nanobubbles-free medium (black closed circle).
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Pseudomonas aeruginosa has been reported to metabolize heme iron acquisition protein (HasA) as one of the 
mechanisms of iron acquisition essential for its growth48–52. This led us to investigate the production of proteins 
to evaluate the metabolic activity of P. aeruginosa in each culture medium in this study. The total protein con-
centration was determined by the method described in the “Methods” section in this study. Figure 4 shows the 
time course of the total protein concentration in the culture. The protein production was observed only in the 
oxygen nanobubbles media and carbon dioxide nanobubbles media 36 h after the start of the cultivation. The 
proteins were produced most actively between 36 and 60 h after the start of the cultivation, and proteins were 
continuously produced thereafter until the 84 h elapsed. The highest total protein concentration was detected, 
especially in the carbon dioxide nanobubbles medium, which was about 1.3 times the concentration of total 
protein in the oxygen nanobubbles medium at 84 h after the start of the cultivation.

Finally, photographs of the culture solution of P. aeruginosa at each elapsed time from the start of the cultiva-
tion are shown in Fig. 5. The amount of foam produced on the surface of the culture solution was overwhelmingly 
high in the culture media containing nanobubbles, indicating active growth and metabolism of P. aeruginosa. 
The time of bubble formation was generally consistent with the time of increased protein levels described above, 
suggesting that bubbles were produced by the proteins and gases produced by P. aeruginosa.

Investigation of the effect of nanobubble number density on the growth and metabolism of 
P. aeruginosa.  The cultivation experiments of P. aeruginosa were carried out using culture media contain-
ing nanobubbles with different density in order to confirm the potential of nanobubbles for the growth and 
metabolic activation of P. aeruginosa under anaerobic conditions. The nanobubble number density in the Coop-
er’s medium was adjusted by diluting the original nanobubbles water with tap water which was bubbled with 
each gas. Figure 6 shows the bacterial cell concentration and protein concentration in the oxygen nanobubbles 
medium and the carbon dioxide nanobubbles medium which were cultivated for 84 h. The number density of 
both oxygen nanobubbles and carbon dioxide nanobubbles caused differences in both bacterial cell concentra-
tion and protein production, and the higher the nanobubble number density, the higher those values as shown in 
the figure. The experimental results that the degree of microbial activation depended on the nanobubble number 
density strongly support the microbial activation effect of nanobubbles.

Investigation of the role of nanobubbles activating the growth and metabolism of P. aerugi-
nosa.  It was clearly shown that both oxygen nanobubbles and the carbon dioxide nanobubbles activated the 
growth and metabolism of P. aeruginosa. Rather, a trend toward more activation of the growth and metabolism 
of P. aeruginosa was observed when nanobubbles containing carbon dioxide as a major gas, suggesting that 
nanobubbles played not only a role as a source of oxygen to P. aeruginosa but also other roles. Guo et al. inves-
tigated the effects of nanobubbles on the growth of Lactobacillus acidophilus and its lactate production activity. 
Their study built a hypothesis that the transfer of negatively charged nanobubbles to microbial cells by adsorb-
ing cations in the medium leads to more efficient delivery of cations to microbial cells than simply by diffusing 
cations to microbial cells, thus enhancing L. acidophilus growth and lactate production activity. Because we also 
hypothesized that the similar mechanism might be applied to the case of P. aeruginosa, the zeta potential of both 
oxygen nanobubbles and carbon dioxide nanobubbles in tap water and the Cooper’s medium were measured to 
understand the surface charge of those nanobubbles in this study.

The zeta potentials of oxygen nanobubbles in the tap water and the Cooper’s medium were not so much dif-
ferent such as − 14.66 mV and − 18.16 mV respectively. On the other hand, the zeta potentials of carbon dioxide 
nanobubbles in the tap water and the Cooper’s medium were quite different such as − 18.07 mV and 2.98 mV 
respectively. Based on those results, we discussed the activation mechanisms caused by the carbon dioxide 
nanobubbles and the oxygen nanobubbles as follows.
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The carbon dioxide nanobubbles, which had negative zeta potential value in tap water, came to have positive 
zeta potential value in the Cooper’s medium. That is, cations in Cooper’s medium were attracted on the negatively 
charged carbon dioxide nanobubbles and changed to positive charges. It seems that the carbon dioxide nano-
bubbles which became positively charged by attracting the cations became accessible to the negatively charged 
microbial cells, and the supply of cations to P. aeruginosa was promoted, and the growth and metabolism of P. 
aeruginosa were activated. The Cooper’s medium contains sodium ion, potassium ion, ammonium ion, magne-
sium ion, calcium ion, ferrous ion and manganese ion as cations as indicated in the Methods section. Of these, 
ferrous ion and manganese ion are generally classified as trace essential elements to microorganisms. Because 
concentration of those cations was quite lower than that of other cations in the Cooper’s medium, microorgan-
isms may be sensitive to the fractional change in concentration of those trace essential elements. We therefore 

Figure 5.   Photo images of culture solution of P. aeruginosa in the Cooper’s medium. Every photo image shows 
culture solution of P. aeruginosa cultured in from the left, nanobubbles-free medium, oxygen nanobubbles 
medium and carbon dioxide nanobubbles medium. (a) Culture solution just after the start of cultivation. (b) 
Culture solution after 24 h cultivation. (c) Culture solution after 36 h cultivation. (d) Culture solution after 48 h 
cultivation. (e) Culture solution after 60 h cultivation. (f) Culture solution after 72 h cultivation. (g) Culture 
solution after 84 h cultivation.
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Figure 6.   Bacterial cell number and protein concentration after 84 h cultivation of P. aeruginosa in the 
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focused on those trace essential elements and investigated the influences of those elements on the growth and 
metabolism of P. aeruginosa with and without the carbon dioxide nanobubbles.

First, in order to clarify the effect of ferrous ion and manganese ion on the growth of P. aeruginosa, each of the 
amounts added was 5 times that of Cooper’s medium, and culture experiments of P. aeruginosa were performed 
using a medium containing both cations and a medium containing only one of them. The nanobubbles were not 
contained in every medium in order to evaluate only the effect of those cations on the growth of P. aeruginosa in 
this experiment. Consequently, the growth of P. aeruginosa without or with manganese ion was observed in the 
medium in which ferrous ion was added 5 times the ferrous ion concentration in Cooper’s medium as shown in 
Fig. 7. On the other hand, in the medium in which manganese ion was added in 5 times of the manganese ion 
concentration in Cooper’s medium, a difference in the growth of P. aeruginosa was observed depending on the 
presence or absence of ferrous ion. These results indicate that ferrous ion is a trace element which governs the 
growth of the P. aeruginosa.

Next, we prepared the nanobubbles-free medium, the oxygen nanobubbles medium and the carbon dioxide 
nanobubbles medium without adding ferrous ion, and inoculated P. aeruginosa into those mediums to conduct 
the cultivation experiments validating the above hypothesis. The results are shown in Fig. 8. The foam which 
was generated by P. aeruginosa was obviously observed on the surface of the culture medium containing the 
nanobubbles after 3 days cultivation, whereas the foam was not observed in the nanobubbles-free medium. This 
result suggests that the metabolism of P. aeruginosa was more active in the medium containing the nanobubbles 
than that in the nanobubbles-free medium. Because the concentration of ferrous ion in tap water of Japan is 
very low such as less than 50 μg/L53, P. aeruginosa had been assumed not to be so active in the nanobubbles-free 
medium. The foam generation by P. aeruginosa was the most obviously found in the culture medium containing 
the carbon dioxide nanobubbles.

This experimental result supports the hypothesis proposed by Guo et al. That is, the nanobubbles adsorbed 
the ferrous ions and deliver them to the microbial cells in the nanobubbles-medium as shown in Fig. 9. If the 
concentration of ferrous ion is low in the nanobubbles-free medium, ferrous ions cannot be enough delivered 
to the microbial cells by only natural diffusion. Even if the concentration of ferrous ion is low in the nanobub-
bles medium, ferrous ions can be enough delivered to the microbial cell by the nanobubbles and P. aeruginosa 
can actively grow in the nanobubbles medium. In addition, it is expected that the higher nanobubble number 
density, the greater amount of ferrous ions transported, which adequately explains the experimental results that 
the degree of microbial activation depends on the nanobubble number density.

On the other hand, the zeta potential of the oxygen nanobubbles was negative in both tap water and Cooper’s 
medium. Therefore, it cannot reasonably be assumed that the negatively charged oxygen nanobubbles became 

Figure 7.   Photo image of the culture solution of P. aeruginosa cultured in the Cooper’s medium for 2 days. P. 
aeruginosa was cultured in the Cooper’s medium containing both ferrous sulfate and manganese sulfate (left), 
without ferrous sulfate (center) and without manganese sulfate (right). Both turbidity in the culture solution 
and foam, which were derived by the growth and metabolism of P. aeruginosa were observed in only culture 
solution containing ferrous sulfate, suggesting ferrous ion is a trace element which governs the growth of the P. 
aeruginosa.
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accessible to the negatively charged microbial cells. Since oxygen was bubbled into water when the oxygen 
nanobubbles water was prepared, the initial DO concentration of the oxygen nanobubbles medium was the 
highest in the three kind of media as 9.0 mg/L. The initial DO concentration of culture medium might affect the 
growth of P. aeruginosa which grows better under aerobic condition than anaerobic condition. Moreover, the 
oxygen nanobubbles themselves also served as oxygen sources to P. aeruginosa, therefore, oxygen condition in 
the oxygen nanobubbles medium was the most favorable for P. aeruginosa among in the three media. P. aerugi-
nosa therefore might have been more vigorous in growth and metabolism in the oxygen nanobubbles medium 
than nanobubbles-free medium whose oxygen condition was worse. In addition, it is expected that the higher 
nanobubble number density, the greater amount of oxygen supplied, which adequately explains the experimental 
results that the degree of microbial activation depends on the nanobubble number density.

Thus, the mechanisms by which P. aeruginosa was activated in the carbon dioxide nanobubbles medium and 
the oxygen nanobubbles medium are different.

Figure 8.   Photo image of the culture solution of P. aeruginosa cultured in the Cooper’s medium without 
addition of ferrous sulfate for 3 days. After 3 days cultivation, the foam generation by P. aeruginosa was 
observed on the surface of the culture solution which contained the oxygen nanobubbles and the carbon 
dioxide nanobubbles whereas it was not observed on the surface of the culture solution which did not contain 
the nanobubbles. The foam was the most obviously generated in the carbon dioxide nanobubbles medium, 
suggesting the carbon dioxide nanobubbles has action for activating P. aeruginosa even under low ferrous ion 
concentration condition.

Bacterial cell of P. aeruginosa
(Negative charge)

Nanobubble (Negative charge)

Ferrous ion

Natural diffusion of ferrous ions

Adsorption of ferrous ions 
on to the nanobubbles

Figure 9.   Schematic image of mechanism of ferrous ions delivery to microbial cells by the carbon dioxide 
nanobubbles. Because the carbon dioxide nanobubbles (red spheres) are negatively charged, cations including 
ferrous ions (green spheres) are adsorbed on to the surface of the carbon dioxide nanobubbles and change 
to positive charges. Because bacterial cells (purple rod) are also negatively charged, the carbon dioxide 
nanobubbles on which ferrous ions are adsorbed are accessible to the bacterial cells and ferrous ions are 
delivered to the bacteria. Ferrous ions are also delivered to bacterial cells due to natural diffusion, however, 
the number of ferrous ions delivered to bacterial cells by the carbon dioxide nanobubbles is larger than that 
delivered due to natural diffusion.
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Conclusions
The effect of nanobubbles on the growth and metabolic activity of P. aeruginosa was investigated in this study. 
The results showed that the growth and metabolic activities of P. aeruginosa were activated by the presence of 
nanobubbles in the culture medium. This effect was dependent on the gas identity in the nanobubbles, and the 
carbon dioxide nanobubbles were more effective than the oxygen nanobubbles medium.

The carbon dioxide nanobubbles came to have positive zeta potential value in the Cooper’s medium. That is, 
cations in Cooper’s medium were attracted on the negatively charged carbon dioxide nanobubbles and changed 
to positive charges. The carbon dioxide nanobubbles which became positively charged by attracting the cations 
became accessible to the negatively charged microbial cells, and the supply of cations especially ferrous ions to P. 
aeruginosa was promoted, and the growth and metabolism of P. aeruginosa were activated. On the other hand, P. 
aeruginosa was more vigorous in growth and metabolism in the oxygen nanobubbles medium than nanobubbles-
free medium because P. aeruginosa was supplied with oxygen as dissolved oxygen and oxygen nanobubbles.

Methods
Preparation of nanobubbles water.  Water containing nanobubbles (hereinafter called “nanobubbles 
water”) was prepared using a commercially available nanobubbles generator (Art Verre Internation Co., Ltd., 
Minoh, Japan). The nanobubbles generator is tubular, and a polyvinyl chloride cylinder is placed in the tube. 
A number of small rhombic columnar projections made of silicone rubber are installed in a staggered grid on 
the surface of the cylinder. When water flows in the nanobubbles generator, water flows while impinging on 
the protruding surface, and turbulent flow due to the flip-flop phenomenon occurs. This turbulent flow results 
in the generation of minute vortices in the water that generate bubbles by cavitation. Further bubbles are col-
lapsed and refined by the Coanda effect. The nanoscale bubbles, nanobubbles can be generated in water by that 
effect54,55. The manufacturer has shown that the nanobubbles with bubble diameters ranging from 50 to 200 nm 
are generated in more than 100 million/mL in the water56. In addition, Jadhav et al. and Yang et al. reported that 
the amount of nanobubbles produced increased when water containing ethanol was used57,58, and this study also 
prepared nanobubbles water using water supplemented with 1% ethanol to increase the nanobubble number 
density in the nanobubbles water.

Tap water added to a bucket to provide tap water supplemented with 1.1% ethanol was introduced to the 
nanobubbles generator using a submersible pump. The nanobubbles water discharged through the nanobubbles 
generator was recovered in a glass beaker, which was used for the preparation of the culture medium. Since the 
source of the bubbles produced by cavitation described above is the gas dissolved in water, it was considered 
that the nanobubble number density was also increased by increasing the dissolved amount of gas. The tap water 
which had been cooled to 14 °C was therefore used as the source water of the nanobubbles water in order to 
increase the dissolved amount of gas in the source water. Moreover, the source water was bubbled with oxygen 
or carbon dioxide in order to increase the dissolved amount of each gas in the source water.

Consequently, saturated solubility of oxygen in the normal tap water was 25.2 mg/L at 14 °C and 1 atm, 
whereas that in the source water which had been bubbled with oxygen at the same temperature was 27.5 mg/L. 
Also, the saturated solubility of carbon dioxide in the normal tap water was 2.1 g/L at 14 °C and 1 atm, whereas 
the concentration of dissolved carbon dioxide in the source water which had been bubbled with carbon dioxide 
was 1.4 g/L at the same temperature. The concentration of oxygen and carbon dioxide dissolved in the source 
water was equal to or close to the saturated dissolved amount of each gas at that temperature.

The brightness of scattered light observed by irradiating the nanobubbles water with green laser was evaluated 
using ImageJ, which was an image analysis software. The brightness of scattered light observed in the nanobub-
bles water which had been bubbled with oxygen at 14 °C and supplemented with 1.1% ethanol was more than 
three times higher than that observed in the nanobubbles water prepared using the tap water without ethanol 
and oxygen bubbling. This result suggests that the nanobubble number density was increased by adding ethanol 
into the source water and bubbling the source water with gas.

In addition, those nanobubbles water was preserved in a sealed condition at 30 °C for 20 days. The brightness 
of the scattered light was observed similarly after the preservation term. The results showed that the nanobub-
bles water prepared with the source water supplemented with ethanol and bubbled with oxygen at 14 °C had 
comparable brightness to that immediately after preparation, suggesting that nanobubbles were stably present 
in the sample even after 20 days from sample preparation. All of the microbial culture experiments in this study 
were completed within 20 days, therefore, the microbial culture experiments were conducted in the presence of 
stable nanobubbles at all times.

The number density and size distribution of nanoparticle in the nanobubbles-free water, oxygen nanobub-
bles water and carbon dioxide nanobubbles water which were filtered with a membrane filter was determined 
using Zeta View PMX100 (MicrotracBEL Corp., Osaka, Japan). The zeta potential of the oxygen nanobubbles 
and the carbon dioxide nanobubbles in tap water and the Cooper’s medium were also measured using the same 
equipment.

In this paper, we refer to the nanobubbles water prepared by oxygen bubbling and carbon dioxide bubbling 
as the oxygen nanobubbles water and the carbon dioxide nanobubbles water respectively.

Bacterial species and culture medium.  Pseudomonas aeruginosa ATCC10145 was used as the test 
microorganism for this study. First, that strain was inoculated into a medium containing 4 g/L of Nutrient Broth 
(Becton, Dickinson and Company, FranklinLakes, NJ, USA) sterilized at 121  °C for 20 min, and the culture 
solution aerobically cultured at 30 °C for 3 days was used as a preculture solution as an inoculation source in the 
experiment.
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Cooper’s medium was used for the culture experiment in this study. The culture medium was prepared by 
adding 40 g of glucose, 5.7 g of disodium hydrogen phosphate, 4.0 g of potassium dihydrogen phosphate, 4.0 g of 
ammonium nitrate, 0.1 g of magnesium sulfate, 8.0 mg of calcium chloride, 1.0 mg of ethylenediamine tetraacetic 
acid, 0.6 mg of ferrous sulfate, and 0.2 mg of manganese sulfate, respectively, to 1 L of tap water. The culture 
medium containing nanobubbles was prepared by the following procedure.

First, among the components described above, a concentrate prepared so as to have a concentration of 10 
times that of components other than glucose, ferrous sulfate, and manganese sulfate was prepared. 5 mL of the 
concentrate was poured into 126 mL vials and autoclaved at 121 °C for 20 min. On the other hand, a solution in 
which glucose, ferrous sulfate and manganese sulfate were added to tap water or nanobubbles water containing 
1.1% of ethanol by 1.1 times the amount described above was subjected to filtration sterilization using a gamma 
sterilized membrane filter having a pore size of 0.45 μm. 45 mL of this filter sterilized solution was added into 
the vial containing 5 mL of sterile concentrate as previously described.

Culture experiment.  The bacterial cell concentration in the preculture solution was counted by the direct 
counting method using phase contrast microscopy. Then, the preculture solution was inoculated into Cooper’s 
medium so that the initial bacterial cell concentration was 5.0 × 104 cells/mL. Thereafter, the vial bottle was 
sealed with a sterilized butyl rubber cap and an aluminum seal. The gas phase in the vial bottle was completely 
replaced with pure nitrogen to be an anaerobic condition. The bacteria were cultured at 30 °C.

In this study, 14 vial bottles with the same culture medium were prepared for an experiment. Two vial bot-
tles were randomly sampled after 0 h, 24 h, 36 h, 48 h, 60 h, 72 h and 84 h elapsed from the start of cultivation. 
Experiments investigating the effects of nanobubbles on the growth and metabolism of the P. aeruginosa used 
the nanobubbles-free medium and nanobubbles medium which had been prepared using oxygen nanobubbles 
water (hereinafter called “oxygen nanobubbles medium”) or carbon dioxide nanobubbles water (hereinafter called 
“carbon dioxide nanobubbles medium”). In the experiment which examined the mechanisms of the effect of 
nanobubbles, the culture medium prepared using tap water without nanobubbles or carbon dioxide nanobubbles 
water with Cooper’s medium without addition of ferrous sulfate and manganese sulfate was used. All culture 
experiments consistently used non-inoculated culture medium as a negative control and cultured it under the 
same conditions as the culture medium inoculated with P. aeruginosa.

The culture solution sampled at each elapsed time was subjected into various measurements such as bacterial 
cell concentration, gas production amount, gas component, pH of the culture solution and protein concentration 
of the culture solution.

Measurements.  Fast of all, the gas production amount was measured by the water displacement method. A 
vial bottle containing the culture solution was placed in water, and a needle was pierced into the butyl rubber cap 
in the water to collect gas into a graduated cylinder. After the gas volume in the cylinder had been measured, the 
gas was transferred into a 10 mL vial bottle in water and stored sealed with a butyl rubber cap and screw cap. The 
components of the gas were measured using a gas chromatograph. A gas chromatograph GC-14B (Shimadzu 
Corporation, Kyoto, Japan) equipped with both thermal conductivity detector and flame ionization detector and 
a stainless column filled with Porapak Q (80–100 mesh) was used in this study. The column temperature was 
100 °C and the flow rate of helium carrier gas was 30 mL/min. The pH was measured using a pH meter, LAQUA 
twin pH-22B (HORIBA, Ltd., Kyoto, Japan). Protein concentration of the culture solution was measured using 
TaKaRa Bradford Protein Assay Kit (Takara Bio Inc., Shiga, Japan) and a spectrophotometer UV-2450 (Shi-
madzu Corporation, Kyoto, Japan) in accordance with the instruction manual.

Received: 15 April 2021; Accepted: 9 August 2021

References
	 1.	 Toyofuku, M., Uchiyama, H. & Nomura, N. Social behaviours under anaerobic conditions in Pseudomonas aeruginosa. Int. J. 

Microbiol. 2012, 405191 (2012).
	 2.	 Arai, H. Regulation and function of versatile aerobic and anaerobic respiratory metabolism in Pseudomonas aeruginosa. Front. 

Microbiol. 2, 103 (2011).
	 3.	 Müller, M. M., Hörmann, B., Syldatk, C. & Hausmann, R. Pseudomonas aeruginosa PAO1 as a model for rhamnolipid production 

in bioreactor systems. Appl. Microbiol. Biotechnol. 87, 167–174 (2010).
	 4.	 Sánchez, M. et al. Aggregation behaviour of a dirhamnolipid biosurfactant secreted by Pseudomonas aeruginosa in aqueous media. 

J. Colloid Interface Sci. 307, 246–253 (2007).
	 5.	 Chávez, S. G., Lépine, F. & Déziel, E. Production of rhamnolipids by Pseudomonas aeruginosa. Appl. Microbiol. Biotechnol. 68, 

718–725 (2005).
	 6.	 Maier, R. M. & Chávez, S. G. Pseudomonas aeruginosa rhamnolipids: Biosynthesis and potential applications. Appl. Microbiol. 

Biotechnol. 54, 625–633 (2000).
	 7.	 Varjani, J. S. & Upasani, N. V. Biodegradation of petroleum hydrocarbons by oleophilic strain of Pseudomonas aeruginosa NCIM 

5514. Bioresour. Technol. 222, 195–201 (2016).
	 8.	 Xia, W. et al. Biosurfactant produced by novel Pseudomonas sp. WJ6 with biodegradation of n-alkanes and polycyclic aromatic 

hydrocarbons. J. Hazard. Mater. 276, 489–498 (2014).
	 9.	 Das, K. & Mukherjee, K. A. Crude petroleum-oil biodegradation efficiency of Bacillus subtilis and Pseudomonas aeruginosa strains 

isolated from a petroleum-oil contaminated soil from North-East India. Bioresour. Technol. 98, 1339–1345 (2007).
	10.	 Zhang, L. G., Wu, Y., Qian, X. & Meng, Q. Biodegradation of crude oil by Pseudomonas aeruginosa in the presence of rhamnolipids. 

J. Zhejiang Univ. Sci. B 6, 725–730 (2005).
	11.	 Safdel, M., Anbaz, A. M., Daryasafar, A. & Jamialahmadi, M. Microbial enhanced oil recovery, a critical review on worldwide 

implemented field trials in different countries. Renew. Sustain. Energy Rev. 74, 159–172 (2017).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16858  | https://doi.org/10.1038/s41598-021-96503-4

www.nature.com/scientificreports/

	12.	 Varjani, J. S. & Upasani, N. V. Core flood study for enhanced oil recovery through ex-situ bioaugmentation with thermo- and 
halo-tolerant rhamnolipid produced by Pseudomonas aeruginosa NCIM 5514. Bioresour. Technol. 220, 175–182 (2016).

	13.	 Amani, H., Müller, M. M., Syldatk, C. & Hausmann, R. Production of microbial rhamnolipid by Pseudomonas aeruginosa mm1011 
for ex situ enhanced oil recovery. Appl. Biochem. Biotechnol. 170, 1080–1093 (2013).

	14.	 Lotfabad, B. T. et al. An efficient biosurfactant-producing bacterium Pseudomonas aeruginosa MR01, isolated from oil excavation 
areas in south of Iran. Colloid Surf. B. 69, 183–193 (2009).

	15.	 Bordoloi, K. N. & Konwar, K. B. Microbial surfactant-enhanced mineral oil recovery under laboratory conditions. Colloid Surf. B. 
63, 73–82 (2008).

	16.	 Pornsunthorntawee, O. et al. Isolation and comparison of biosurfactants produced by Bacillus subtilis PT2 and Pseudomonas 
aeruginosa SP4 for microbial surfactant-enhanced oil recovery. Biochem. Eng. J. 42, 172–179 (2008).

	17.	 Chayabutra, C., Wu, J. & Ju, L. K. Rhamnolipid production by Pseudomonas aeruginosa under denitrification: Effects of limiting 
nutrients and carbon substrates. Biotechnol. Bioeng. 72, 25–33 (2001).

	18.	 Zhao, F. et al. Biosurfactant production under diverse conditions by two kinds of biosurfactant-producing bacteria for microbial 
enhanced oil recovery. J. Petrol. Sci. Eng. 157, 124–130 (2017).

	19.	 Abbasian, F., Lockington, R., Mallavarapu, M. & Naidu, R. A comprehensive review of aliphatic hydrocarbon biodegradation by 
bacteria. Appl. Biochem. Biotechnol. 176, 670–699 (2015).

	20.	 Liu, S., Oshita, S., Kawabata, S. & Thuyet, D. Q. Nanobubble water’s promotion effect of barley (Hordeum vulgare L.) sprouts sup-
ported by RNA-Seq analysis. Langmuir 33, 12478–12486 (2017).

	21.	 Liu, S., Kawagoe, Y., Makino, Y. & Oshita, S. Effects of nanobubbles on the physicochemical properties of water: The basis for 
peculiar properties of water containing nanobubbles. Chem. Eng. Sci. 93, 250–256 (2013).

	22.	 Ebina, K. et al. Oxygen and air nanobubble water solution promote the growth of plants, fishes, and mice. PLoS ONE 8, 65339 
(2013).

	23.	 Park, J. S. & Kurata, K. Application of microbubbles to hydroponics solution promotes lettuce growth. HortTechnology 19, 212–215 
(2009).

	24.	 Mahasri, G. et al. Development of an aquaculture system using nanobubble technology for the optimation of dissolved oxygen in 
culture media for nile tilapia (Oreochromis niloticus). Earth. Environ. Sci. 137, 012046 (2018).

	25.	 Ohnari, H. Fisheries experiments of cultivated shells using micro-bubbles techniques. J. Heat. Transfer. Soc. Jpn. 40, 2–7 (2001).
	26.	 Zhou, Y., Li, Y., Liu, X., Wang, K. & Muhammad, T. Synergistic improvement in spring maize yield and quality with micro/nano-

bubbles water oxygation. Sci. Rep. 9, 5226 (2019).
	27.	 Song, R. et al. pH-Responsive oxygen nanobubbles for spontaneous oxygen delivery in hypoxic tumors. Langmuir 35, 10166–10172 

(2019).
	28.	 Khan, M. S. et al. Engineering oxygen nanobubbles for the effective reversal of hypoxia. Artif. Cells Nanomed. Biotechnol. 46, 

S318–S327 (2018).
	29.	 Bhandari, P. N. et al. Oxygen nanobubbles revert hypoxia by methylation programming. Sci. Rep. 7, 9268 (2017).
	30.	 Owen, J. et al. Reducing tumour hypoxia via oral administration of oxygen nanobubbles. PLoS ONE 11, 0168088 (2016).
	31.	 Matsuki, N. et al. Oxygen supersaturated fluid using fine micro/nanobubbles. Int. J. Nanomed. 23, 4495–4505 (2014).
	32.	 Ahmed, A. K. A. et al. Influences of air, oxygen, nitrogen, and carbon dioxide nanobubbles on seed germination and plant growth. 

J. Agric. Food. Chem. 66, 5117–5124 (2018).
	33.	 Liu, S. et al. Oxidative capacity of nanobubbles and its effect on seed germination. ACS. Sustain. Chem. Eng. 4, 1347–1353 (2016).
	34.	 Liu, S., Oshita, S., Kawabata, S., Makino, Y. & Yoshimoto, T. Identification of ROS produced by nanobubbles and their positive and 

negative effects on vegetable seed germination. Langmuir 32, 11295–11302 (2016).
	35.	 Jhunkeaw, C. et al. Ozone nanobubble treatment in freshwater effectively reduced pathogenic fish bacteria and is safe for Nile 

tilapia (Oreochromis niloticus). Aquaculture 534, 736286 (2021).
	36.	 Seki, M., Ishikawa, T., Terada, H. & Nashimoto, M. Microbicidal effects of stored aqueous ozone solution generated by nano-bubble 

technology. In Vivo 31, 579–583 (2017).
	37.	 Hayakumo, S. et al. Effects of ozone nano-bubble water on periodontopathic bacteria and oral cells—In vitro studies. Sci. Technol. 

Adv. Mater. 15, 055003 (2014).
	38.	 Hayakumo, S., Arakawa, S., Mano, Y. & Izumi, Y. Clinical and microbiological effects of ozone nano-bubble water irrigation as an 

adjunct to mechanical subgingival debridement in periodontitis patients in a randomized controlled trial. Clin. Oral Investig. 17, 
379–388 (2013).

	39.	 Luu, T. Q., Hong Truong, P. N., Zitzmann, K. & Nguyen, K. T. Effects of ultrafine bubbles on gram-negative bacteria: Inhibition 
or selection? Langmuir 35, 13761–13768 (2019).

	40.	 Teirlinck, E. et al. Laser-induced vapour nanobubbles improve drug diffusion and efficiency in bacterial biofilms. Nat. Commun. 
9, 4518 (2018).

	41.	 Xiao, W., Xu, G. & Li, G. Effect of nanobubble application on performance and structural characteristics of microbial aggregates. 
Sci. Total. Environ. 765, 142725 (2021).

	42.	 Guo, Z. et al. Effects of nanobubble water on the growth of Lactobacillus acidophilus 1028 and its lactic acid production. RSC Adv. 
9, 30760–30767 (2019).

	43.	 Yasui, K., Tuziuti, T. & Kanematsu, W. Mysteries of bulk nanobubbles (ultrafine bubbles); stability and radical formation. Ultrason. 
Sonochem. 48, 259–266 (2018).

	44.	 Yasui, K., Tuziuti, T. & Kanematsu, W. Mechanism of OH radical production from ozone bubbles in water after stopping cavitation. 
Ultrason. Sonochem. 58, 104707 (2019).

	45.	 Cooper, G. D., Macdonald, R. C., Duff, B. J. S. & Kosaric, N. Enhanced production of surfactin from Bacillus subtilis by continuous 
product removal and metal cation additions. Appl. Environ. Microb. 42, 408–412 (1981).

	46.	 Murai, Y. Color-PIV innovation: How color informatics can be utilized? Nagare 36, 309–314 (2017).
	47.	 Nirmalkar, N., Pacek, A. W. & Barigou, M. On the existence and stability of bulk nanobubbles. Langmuir 34, 10964–10973 (2018).
	48.	 Reinhart, A. A. & Sherrouse, O. G. A. Regulation of Pseudomonas aeruginosa virulence by distinct iron sources. Genes 7, 126 

(2016).
	49.	 Smith, D. A. & Wilks, A. Differential contributions of the outer membrane receptors PhuR and HasR to Heme acquisition in 

Pseudomonas aeruginosa. J. Biol. Chem. 290, 7756–7766 (2015).
	50.	 Bleves, S. et al. Protein secretion systems in Pseudomonas aeruginosa: A wealth of pathogenic weapons. Microbiology 300, 534–543 

(2010).
	51.	 Yukl, T. E. et al. Kinetic and spectroscopic studies of hemin acquisition in the hemophore HasAp from Pseudomonas aeruginosa. 

Biochemistry 49, 6646–6654 (2010).
	52.	 Ferro, A. C. et al. Identification of quorum-sensing regulated proteins in the opportunistic pathogen Pseudomonas aeruginosa by 

proteomics. Environ. Microbiol. 5, 1350–1369 (2003).
	53.	 Shimadzu Corp. Analysis of tap water and drinking water by ICPMS-2030. Application News J117 (2016). https://​www.​shima​dzu.​

com/​an/​sites/​shima​dzu.​com.​an/​files/​pim/​pim_​docum​ent_​file/​appli​catio​ns/​appli​cation_​note/​10155/​jpb41​6004.​pdf. Accessed on 
March 25, 2021.

	54.	 Agarwal, A., Ng, J. W. & Liu, Y. Principle and applications of microbubble and nanobubble technology for water treatment. Che-
mosphere 84, 1175–1180 (2011).

https://www.shimadzu.com/an/sites/shimadzu.com.an/files/pim/pim_document_file/applications/application_note/10155/jpb416004.pdf
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/pim/pim_document_file/applications/application_note/10155/jpb416004.pdf


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16858  | https://doi.org/10.1038/s41598-021-96503-4

www.nature.com/scientificreports/

	55.	 Zimmerman, B. W., Tesař, V. & Bandulasena, H. C. H. Towards energy efficient nanobubble generation with fluidic oscillation. 
Curr. Opin. Colloid Interface Sci. 16, 350–356 (2011).

	56.	 Art Verre Internation Co., Ltd (Minoh, Japan). To Provide a Microbubble Generator, and a Microbubble Water Generating Apparatus 
Using the Same (2017).

	57.	 Jadhav, J. A. & Barigou, M. Bulk nanobubbles or not nanobubbles: That is the question. Langmuir 36, 1699–1708 (2020).
	58.	 Yang, S. et al. Characterization of nanobubbles on hydrophobic surfaces in water. Langmuir 23, 7072–7077 (2007).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Number 19K05352. We are grateful to Dr. K. Sasaki and Dr. 
R. Nguele for helpful discussions, comments on the manuscript and English proofreading.

Author contributions
M.I. and Y.S. designed the study and M.I. performed the experiments. Y.S. helped with measurement and analysis 
of the data, and provided valuable discussions. M.I. and Y.S. wrote the manuscript. All authors reviewed the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nanobubbles activate anaerobic growth and metabolism of Pseudomonas aeruginosa
	Results and discussion
	Investigation of sterilization methods for nanobubbles water. 
	Cultivation experiments of P. aeruginosa with nanobubbles-containing culture medium. 
	Investigation of the effect of nanobubble number density on the growth and metabolism of P. aeruginosa. 
	Investigation of the role of nanobubbles activating the growth and metabolism of P. aeruginosa. 

	Conclusions
	Methods
	Preparation of nanobubbles water. 
	Bacterial species and culture medium. 
	Culture experiment. 
	Measurements. 

	References
	Acknowledgements


