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Abstract

Fine bubbles (FBs) have attracted significant attention in several research fields. Although

some reports have argued that FB dispersion is useful as an oxygen (gas) carrier, only a few

reports have examined its properties as an oxygen carrier using experimental data. As one

of the reasons for this, there are no standard methods for measuring the oxygen content in

FB dispersions. Conventional oxygen measurement methods have certain drawbacks in

accuracy or speed; thus, it is difficult to use oxygen content as the primary outcome. In this

study, we introduce a Clark-type polarographic oxygen electrode device (OXYG1-PLUS) for

oxygen measurement, allowing the dilution of FB dispersion without the influence of ambient

air and the adhesion of FBs on the electrode surface due to its special shape. First, the accu-

racy of our dilution method was evaluated using pure water as a sample, and it was con-

firmed that our method could measure with an accuracy of ±0.5 mg/L from the results with

conventional dissolved oxygen meters. Second, the oxygen content in FB dispersion was

evaluated with our method and a chemical titration method (Winkler’s method), and it was

found that our method could measure the oxygen content in FB dispersions quantitively.

This method satisfies the easiness (4 steps) and quickness (within 8 min) for a wide range of

oxygen contents (0 to 332 mg/L, theoretical range) with low coefficient variation (< 4.7%)

and requires a small sample volume (50–500 μL); thus, it is a useful method for measuring

the oxygen in FB dispersions.

Introduction

Fine bubbles (FBs) are tiny floating bubbles that were internationally standardized in 2013

(ISO/TC 281) and consist of microbubbles (MBs) with diameters ranging from 1 to 100 μm

and ultrafine bubbles (UFBs, also known as bulk nanobubbles) with diameters of less than

1 μm [1]. FBs have unique properties owing to their small size, such as a long retention time

[2, 3], negative surface charge [4, 5], high internal pressure [6, 7], and large specific surface
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area [6, 8]. In particular, stability of UFBs (100 to 200 nm) in liquid was reported from several

researchers, and they claimed that UFBs exist in saturated water for over one month [9–11].

However, the mechanism of the stability is still ongoing issue although some hypotheses have

been reported [12–15]. Based on these features, FBs have been used as a gas carrier, particu-

larly as an oxygen carrier, and have been applied in the fishing industry [16, 17], water treat-

ments [18, 19], chemical reactions [20–22], biological applications [17], and medicine [23–25].

Because FB dispersions can be prepared in a large scale and within a short time at a low cost,

they are expected to be further developed for various applications. However, few studies have

examined the fundamental properties of FBs as oxygen carriers because conventional methods

for measuring the oxygen content in FB dispersions have drawbacks in terms of accuracy or

quickness. Therefore, a novel method that satisfies the required accuracy, ease, and speed is

needed in this field.

In recent studies, dissolved oxygen (DO) meters [2, 9], a blood gas analyzer [24], and a titra-

tion method (Winkler’s method) [17, 26] have been used to measure the oxygen content in FB

dispersions under the temperature region from 20˚C to 30˚C. Although the two former meth-

ods can provide data quickly and easily, the accuracy is concerned when FBs attach to the sur-

face of their electrodes [27], and it should be noted that the oxygen content in the gas phase of

the FBs is not included in the outcome. Moreover, conventional DO meters cannot measure

dissolved oxygen concentrations of above 50 mg/L. By contrast, Winkler’s method is known to

achieve precise measurement and has a wide measurement range. However, it requires com-

plicated procedures and a time-consuming preparation of the reagent.

Dilution methods were used for measuring the oxygen in stabilized MB dispersions [8, 28].

Lipid-coated MBs were developed to deliver a copious amount of oxygen (50–90 vol%) [28]

and can therefore be administered to animals intravenously or intraperitoneally for temporal

systemic oxygen delivery [29, 30]. Since conventional DO meters cannot be used for measur-

ing the oxygen content in the oxygen carrier dispersion due to its low concentration range

(< 50 mg/L), the oxygen content was evaluated by injecting the specific amount of the sample

dispersion into deoxygenated water and assessing the level of oxygen in the mixed water (dilu-

tion method). The authors developed a complicated flow system incorporating micro-oxygen

electrodes to mix a sample dispersion and deoxygenated water in a closed system [28]. Fur-

thermore, since the sample dispersion was introduced into the system with a syringe pump,

the stability for several minutes was required for samples, that is hard for non-coated MBs.

Thus, although it was an excellent system it included some limitation in versatility and avail-

able samples. Although similar dilution methods with conventional DO meters was reported

to measure the oxygen content in polysaccharide-coated FB dispersions, they require a large

amount of deoxygenated water (20–120 mL) and samples (3–12 mL) in each measurement [8,

31]. Furthermore, it is difficult for these methods to eliminate the influence of ambient air

because they used general beakers and stirring system under a condition that was not

completely closed, and they did not conduct quantitative evaluation of oxygen content.

We have tried to improve the dilution methods in terms of the influence of oxygen in ambi-

ent air and bubble attachment on the electrode surface with a simple device. Moreover, we

believe that the measuring time can be shortened by reducing the amount of deoxygenated

water required for a single measurement because deoxygenation from bubbling nitrogen (N2)

is time consuming. We found that a Clark-type polarographic oxygen electrode device (OXY-

G1-PLUS; Hansatech Instruments Ltd, Norfolk, UK), which is a simple system used for mea-

suring the liquid-phase photosynthesis and respiration of plants [32], had a suitable structure

to achieve the above aims. The purpose of this study is to develop a novel dilution method

using this device to quantify the oxygen content in FB dispersions more quickly and easily. To

achieve the purpose, the accuracy of our dilution method was evaluated using pure water as a
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sample by comparing with the results measured with conventional DO meters, and the oxygen

content in the FB dispersion was evaluated by comparing the results with those obtained by

the Winkler’s method.

Materials and methods

Novel method for quantitative oxygen content measurement

OXYG1-PLUS has a screw lid that can control the contact of the gas–liquid interface in the

sample chamber (Fig 1A). Since an electrode disk is placed at the bottom of the device (S1 Pro-

tocol and S1 Fig), and a stirring bar rotates on the electrode surface, FBs are hard to adhere to

the electrode. The novel method applied in this study consisted of four steps, as shown in Fig

1B. I) Pure water (2 mL) was introduced into the sample chamber and stirred at 80 rpm at

room temperature. II) The water was then deoxygenated by bubbling N2 (100 mL/min) for 2

to 3 min using a 70-mm needle (22G Cathelin needle; Terumo Corporation, Tokyo, Japan).

III) A sample FB dispersion (50 to 500 μL) was injected using a microsyringe with a 70-mm

needle after confirming that the oxygen concentration in the pure water was less than 1.0

Fig 1. Novel oxygen content measurement for fine bubble dispersions. (A) A Clark-type oxygen electrode. (B) Schematic illustration of measurement

procedures, which consist of four steps: air saturation (phase I), deoxygenation (phase II), sample injection (phase III), and lowering a lid (phase IV). (C)

Change in the air-liquid interface using a screw lid. Black lines, the bottom of the screw lid; discontinuous red line, surface of pure water. Scale bar, 10 mm. (D)

Change in oxygen content during a measurement. A two-way arrow indicates the level of oxygen increment (IO2) with a sample injection.

https://doi.org/10.1371/journal.pone.0264083.g001
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nmol/mL (O2 deoxy). In this method, MBs do not float and disappear in the microsyringe from

the sampling to the measurement. IV) Immediately after a sample injection, the screw lid was

lowered just at the position of the pure water surface to minimize contact with ambient air

(Fig 1C). In addition, N2 gas was flowed over the small water surface in the 1-mm hole of the

screw lid to eliminate the contamination of oxygen from ambient air, and it was confirmed

that the N2 gas did not affect the oxygen level in the chamber due to the slight gap at the gas-

liquid interface (Fig 1D). This screw lid is important for accurate measurement without effect

of ambient gas (S2 Fig). All procedures were performed at room temperature (20–25˚C). The

temperature of the measurement environment and deoxygenated water has little effect if cali-

bration is performed under the temperature. The oxygen level in the pure water after sample

injection (sample diluent) increased only because of the addition of oxygen originated from

the injected sample, and it became stable within 60 sec (Phase IV in Fig 1D). Changes in the

oxygen content of the sample diluent were monitored and recorded using a software (Oxy-

Trace+; Hansatech Instruments Ltd, Norfolk, UK), as shown in Fig 1D. The measurement was

deemed complete when the oxygen level became constant (O2 stable). The oxygen content in

the sample was calculated from the level of oxygen increment (IO2, nmol/mL) and sample vol-

ume (Vs, mL), as shown in Eq (1). To compare the results of the DO meters, the unit of oxygen

content in the sample was converted into milligrams per liter from nanomoles per milliliter:

oxygen content mg=L½ � ¼
IO2 � ð2þ VSÞ

VS
�

32

1000
ð1Þ

IO2 ½nmol=mL� ¼ O2 stable � O2 deoxy

where IO2 is the level of oxygen increment (nmol/mL), and 2+VS is the total liquid volume in a

chamber: deoxygenated pure (2 mL) water and sample volume (VS).

Accuracy of the oxygen content measurement

First, the coefficients of variation (CV, %) for the novel method were examined for all combi-

nations of five sample volumes (50, 100, 300, 450, and 500 μL), and four different temperatures

(10˚C, 20˚C, 30˚C, and 40˚C) of pure water as sample, with 20 conditions in total. CV is a

parameter of the relative standard deviation and is calculated using Eq (2):

CV %½ � ¼
s

m
� 100 ð2Þ

where σ is the standard deviation, and μ is the mean.

Air-saturated pure water (3 L) was prepared by bubbling air with stirring (300 rpm) for

more than 30 min. The temperature was controlled using a thermostat (ZS-211; ZENSUI Co.,

Ltd., Osaka, Japan) connected to a heater (NISSO protect PRO heater; Marukan Co., Ltd.,

Osaka, Japan) and a magnetic pump (MD-6K-N; IWAKI Co., Ltd., Tokyo, Japan) for circulat-

ing cold water in a cooling coil. The system can control the temperature of the water within a

target temperature of ± 1˚C. As a control experiment of the novel method, a DO meter (DO

meter 1; OM-71, HORIBA, Ltd., Kyoto, Japan) was immersed in air-saturated water and the

oxygen content was measured just before the sampling.

Second, the measurement accuracy was evaluated with pure water at four temperatures

(10˚C, 20˚C, 30˚C, and 40˚C) as sample by comparing the results obtained through measure-

ments with three different DO meters (DO meter 1; DO meter 2; HI9146, HANNA Instru-

ments, Inc., Rhode Island, USA, and DO meter 3; Seven2Go Pro, Mettler Toledo, Ohio, USA)

and a standard oxygen level in an air-saturated water (JIS0120: Japanese industry standard).
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Air-saturated pure water was used as the sample and prepared in the same way as described

above. DO meters 1 and 2 are immersion probe-type DO sensors and adopt electrochemical

determinations, i.e., galvanometric and polarographic methods, respectively. These DO meters

detect current that varies according to the oxygen molecules that permeate a diaphragm

attached to the tip of the probe. DO meter 3 is also an immersion probe-type DO sensor that

adopts fluorometric determination. The determination uses a phenomenon in which a fluores-

cence excited by the light of a blue light-emitting diode (LED) is quenched by oxygen mole-

cules. The DO was calculated from the degree of fluorescence quenching by oxygen molecules

that permeated the diaphragm attached to the tip of the probe.

Oxygen content in oxygen fine bubble dispersions

The oxygen contents in the FB dispersions at four temperatures (15˚C, 20˚C, 30˚C, and 40˚C)

were measured using the novel method and three DO meters (DO meter 1, 2 and 3). Since FB

dispersions are expected to be used in various applications, samples were prepared in a wide

range of temperatures. The lowest temperature was set at 15˚C because it is difficult to control

the temperature below 15˚C due to the heat generated by the FB generator, and the highest

temperature was set at 40˚C in consideration of the use in biological and medical research

(36–38˚C). The sample volumes of the FB dispersions were within 100 to 300 μL; hence the

dilution rate ranged from 7 to 21-time dilution (detail in S1 Dataset). The FB dispersions were

generated in 5 L of pure water in an 8 L of plastic container using a FB generator (Ultrafine

GALF FZ1N-02; IDEC Corporation, Osaka, Japan), which adopts a pressurized dissolution

method, for more than 15 min under the following conditions: oxygen supply of 0.5 L/min,

dissolution pressure of 270–320 kPa, and pump pressure of 1390–1420 kPa. The temperature

of the liquid was controlled using the same system as the experiment described in previous

subsection (Accuracy of the oxygen content measurement). For the FB dispersion at 15˚C,

20˚C, and 30˚C, to examine the accuracy of the novel method, the oxygen content was mea-

sured using Winkler’s method (S2 Protocol). Next, the oxygen content in the FB dispersion

was compared to a theoretical DO in oxygen-saturated water calculated from the standard DO

in air-saturated water, corrected based on the oxygen ratio of 21% to 100%.

Size distribution and concentration of FBs at 20, 30, and 40˚C were evaluated by an NTA

instrument (NanoSight LM10, Malvern Panalytical, Malvern, U.K.) for UFBs and a particle

size analyzer (PartAn SI, Microtrac-bel Corp., Osaka, Japan) for MBs.

Results and discussion

Accuracy of oxygen content measurement

Fig 2 shows the relationship between the DO and sample volume at four temperatures. The

DO values and standard deviations (SDs) tended to become higher and larger, respectively, for

smaller sample volumes. Since the result for IO2, i.e., a parameter prior to the correction,

showed a strong correlation with the sample volume (S1 Fig, r> 0.99) and no large variations

were confirmed at small sample volumes (S1 Table), the correction based on the sample vol-

ume in the calculation process of the oxygen content (Eq (1)) induced this tendency. Table 1A

shows the CV for each sample volume under all temperature conditions and shows that rela-

tively large CVs are shown in small sample volumes (50 and 100 μL). Because the SDs of IO2

were not large in the small sample volumes, the large CV was induced by small values of IO2

(S1 Table). This means that sufficient IO2 is necessary to ensure a high accuracy. When the

sample volume ranged from 450 to 500 μL, the CVs were almost the same as those of DO

meter 1; thus, more than 36 nmol/mL of IO2 is preferable to measure with a low CV (S1 Table:

450 μL at 40˚C). Table 1B shows the CVs at different temperatures for all sample volumes. This
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indicates that the influence of temperature on the CV was smaller than that of the sample vol-

ume; a sample at 10 to 40˚C could be measured with a CV of 4% or less. Moreover, if the results

obtained with a 50-μL sample volume were excluded, the average CV improved from 2.8% to

3.2% (S2 Table).

In summary, sufficient IO2 (> 36 nmol/mL) is important for reducing the variation of out-

comes when using the novel method, and the effect of temperature on CV is small. With this

device, a calibration of the electrode is applied by adjusting the oxygen level in air-saturated

water, which is 253.4 nmol/mL (8.11 mg/L, 25˚C). Hence, an accurate measurement can be

achieved by adjusting the sample volume such that IO2 is placed between 36 and 253 nmol/

mL; the optimal sample volume is determined by the amount of oxygen in the sample.

Fig 2. Relationship between oxygen content and sample volume at different temperatures. DO in air-saturated

water at 10˚C (blue, n = 5), 20˚C (light blue, n = 5), 30˚C (orange, n = 5), and 40˚C (red, n = 5). Data are presented as

the mean ± standard deviation.

https://doi.org/10.1371/journal.pone.0264083.g002

Table 1. Coefficient of variation in a novel oxygen content measurement.

A B

Coefficient of variation [%] Coefficient of variation [%]

Volume Novel method DO meter 1 Temp. Novel method DO meter 1

50 μL 4.7±2.1 2.3±0.6 10˚C 3.6±1.4 2.5±0.4

100 μL 3.6±0.7 2.1±0.7 20˚C 3.0±1.9 2.5±0.6

300 μL 3.0±1.8 2.2±0.6 30˚C 2.2±1.0 1.9±0.5

450 μL 2.2±0.9 2.1±0.2 40˚C 3.9±1.5 2.2±0.3

500 μL 2.5±0.7 2.6±0.3 Ave. 3.2±0.6 2.3±0.3

Ave. 3.2±0.9 2.3±0.2

Coefficient of variation for different (A) sample volumes (n = 4 in each volume) and (B) sample temperatures (n = 5 at each temperature). Data are presented as the

mean ± standard deviation. DO, dissolve oxygen; Temp., temperature; Ave., average.

https://doi.org/10.1371/journal.pone.0264083.t001
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Next, we discuss the accuracy of the measured values by comparing the results obtained

using conventional DO meters. Fig 3 shows the oxygen content in air-saturated water at four

temperatures measured using the novel method, three different DO meters, and the standard

values (JIS0120). Oxygen content in pure water decreased with increasing temperature in all

measurement method; it is a well know phenomenon of dissolved oxygen [33]. All values at

10˚C were lower than the standard. It is possible that water at 10˚C did not reach an air-satu-

rated state of 10˚C with contacting room temperature atmosphere. However, the values of the

novel method were within those of the DO meters, that is, they were within a difference of 0.5

mg/L from the those of the DO meters, except at 40˚C for DO meters 1 and 2, which were far

from the standard value. DO meter 1 and 2 tended to show higher and lower values than the

other methods, respectively, and this tendency was clearly confirmed at 40˚C.

The results in Fig 2 suggest that the value of 50 μL was larger than those of 100–500 μL.

Because the resolution of the Clark-type polarographic oxygen electrode is 0.0596 mg/L, a

50 μL volume with a 20-fold correction could induce an error of up to 1.2 mg/L. Although the

error has an impact on the oxygen content in pure water, it has a small effect on samples with

a high oxygen content (Fig 4).

Oxygen contents in oxygen fine bubble dispersions

We confirmed that the prepared FB dispersion contained UFBs and MBs (S3 Fig). Since the

FB dispersion was injected into sample chamber within 10 sec after sampling, the disappear-

ance of MBs due to floating was negligible in the novel method. Fig 4A shows the oxygen con-

tents in oxygen FB dispersions at different temperatures using the novel method or two DO

meters (DO meter 2 and DO meter 3). The oxygen content in the FB dispersions decreased

with increasing temperature regardless of the measurement device. It is because that solubility

of oxygen in water is inversely proportional to the temperature in liquid [33]. DO meter 1 was

Fig 3. Comparison of accuracy of a novel oxygen content measurement using conventional dissolved oxygen

meters. DO in air-saturated water measured using the novel method (black bars, n = 5), DO meter 1 (white bars,

n = 5), DO meter 2 (gray bars, n = 5), and DO meter 3 (dot bars, n = 5). Red bars represent standard values (Japanese

industry standard 0120). Data are presented as the mean ± standard deviation.

https://doi.org/10.1371/journal.pone.0264083.g003
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unable to measure the oxygen contents of all samples owing to its small range of oxygen con-

tent (0–20 mg/L). Black bars represent the values obtained using the novel method, and as

indicated in the figure, only this method can measure the oxygen content in all samples. The

gray bars represent the values obtained using DO meter 2, which did not provide a value at

15˚C owing to out of its measurement range. Moreover, the other values at 20˚C to 40˚C were

clearly different from those obtained using the other two methods. It is thought that FBs

attached to the electrode surface and induced the incorrect values. The value was altered by

shaking or tapping the electrode to remove the FBs. Dotted bars represent the values obtained

using DO meter 3, which adopts a fluorescence method, and the values are almost the same as

those obtained from the novel method. However, DO meter 3 could not measure the oxygen

content at 15˚C and 20˚C because the oxygen content was beyond the measurement range (0

to 50 mg/L). The values given by DO meters 2 and 3 were unstable during the measurement;

thus, we needed to read the displayed values instantaneously. Furthermore, in the case of DO

meter 3, it was also confirmed that the value tended to decrease when the bubbles adhered to

the sensor surface. Fig 4A shows that DO meter 3 could measure the oxygen content in the FB

dispersions; however, it was necessary to pay attention to the position and orientation of the

sensor for avoiding the bubble adhesion to the sensor surface [27]. Therefore, it is difficult to

directly measure the oxygen content in FB dispersions with conventional DO meters, particu-

larly in areas where MBs and macro bubbles are continuously generated. Although conven-

tional DO meters can be used for the dilution method, the novel method is preferable for a

quantitative measurement of the oxygen content in FB dispersions in terms of 1) an adjustable

lid removing the influence of ambient air, 2) an electrode placed at the bottom of the chamber,

i.e., FBs do not attach to its surface, and 3) a low required sample volume (100–200 μL). Fur-

thermore, the CV of the results of FB dispersions measured by the novel method was 2.6±0.9%

(S3 Table), which is almost the same as the CVs of conventional DO meters for pure water.

To obtain the most accurate values, we applied Winkler’s method to the FB dispersions at

15˚C, 20˚C, and 30˚C. Fig 4B shows a comparison of the oxygen contents in FB dispersions

measured using Winkler’s method, the novel method, and DO meter 3. There were no signifi-

cant differences in the obtained values. Although the approach is reliable, it took more than 30

Fig 4. Oxygen content in fine bubble dispersions. (A) Oxygen content in fine bubble dispersion at several temperatures measured using the novel method

(black bars, n = 5), DO meter 2 (gray bars, n = 5), and DO meter 3 (dotted bars, n = 5). (B) Oxygen content in fine bubble dispersion measured using Winkler’s

method (orange bars, n = 5), the novel method (black bars, n = 5), and DO meter 3 (dotted bars, n = 5). Data are presented as the mean ± standard deviation.

Comparisons between the results of novel method at each temperature were examined with the student t test. O/R indicates over the range. N.S. means not

significant.

https://doi.org/10.1371/journal.pone.0264083.g004
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min for Winkler’s method to measure the oxygen content of one sample [34]. Because this

method uses chemical fixation, the entire oxygen content in the FB dispersion is measured. By

contrast, the novel method measures the oxygen content by diluting the sample. Because the

sample volume (100–200 μL) is remarkably less than the 2 mL of deoxygenated water (less

than 1/10), most of the oxygen in the sample is expected to dissolve into the deoxygenated

water. Therefore, this novel method can be used to accurately measure the oxygen content in

FB dispersions. Furthermore, the novel method is preferable to Winkler’s method in terms of

ease, speed, and required sample volume.

Fig 5 shows the oxygen content in FB dispersions and the theoretical DO in oxygen-satu-

rated water. The FB dispersion had 21±2.4% higher oxygen content than that of oxygen-satu-

rated water, regardless of temperature (S4 Table). There have been a few reports which

mentioned the level of oxygen super-saturation in oxygen FB dispersions quantitively,

although it was reported on air-saturated FB dispersions which evaluated using DO meters

[35, 36]. We have currently been evaluating the relationship between oxygen FB concentration

and oxygen content using this method to discuss the effects of FBs on the 21% increment and

will report in the next paper. Since this method is applied by taking a 150- to 200-μL sample

with a micro-syringe, multiple evaluations can be carried out without any influence on the

FBs. Furthermore, it is possible to collect a sample solution from a closed flow channel or cell

culture dish if a syringe needle can be inserted [37], and this performance is considered to be

difficult to conduct using a conventional DO meter [13]. In this research, shape of the elec-

trode system is important; thus, it is possible to develop a similar system with fluorescence oxy-

gen sensor, not polarographic oxygen electrode, and it is expected to show advantages from

the viewpoint of measurement range, applicable solution types, and no stirring is required.

Regarding the measurement range, we experimentally confirmed the novel method could

measure the range of 6 to 57 mg/L. However, considering the measurement range of the elec-

trode device itself (OXYG1-PLUS, 0 to 100% oxygen), the theoretical range is expected wider.

The oxygen content in air-saturated water at 25˚C was 253.4 nmol/mL (8.11 ppm, 21% O2),

Fig 5. Comparison of oxygen content between FB dispersion and oxygen-saturated water. Oxygen content in fine

bubble dispersion at several temperatures measured using the novel method (black bars, n = 5), and theoretical DO in

oxygen-saturated water calculated form standard DO in air-saturated water (red bars).

https://doi.org/10.1371/journal.pone.0264083.g005
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and if a 50-μL sample increases the oxygen level of 2-mL deoxygenated water from 0 to 253.4

nmol/mL, the sample will contain 332 mg/L of oxygen. Thus, a measurement of 332 mg/L is

possible, which is 6.6-times higher than the limitation of conventional DO meters. Although

we have to conduct further examination to prove the actual measurement range, we could

measure higher oxygen content than that of the conventional probe-type oxygen electrode.

There is a limitation on the experiment. If a sampled dispersion contains macro bubbles

(mm scale) with FBs, the accurate value may not be obtained because the macro bubbles rise

and disappears while adsorbing FBs. Under conditions where macro bubbles are present, tak-

ing care will be required when sampling.

Conclusion

This novel method can be used to quantitatively measure the oxygen content in FB disper-

sions. The proposed method is easy (requiring four steps) and rapid (taking <8 min). The

measurement range is also wide (0–332 mg/L, theoretical range), and very low sample volumes

(50–500 μL) are required. Moreover, the measurement can be conducted using one commer-

cially available device (OXYG1-PLUS); thus, it can be easily introduced in any studies. There-

fore, this method is superior to conventional methods for measuring the oxygen content in FB

dispersions.
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of event: N2 bubbling, sample injection and lowering a lid, and lifting a lid. (C and F) Enlarged

view of changes in oxygen content before and after the lifting a lid.
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S3 Fig. Properties of fine bubble dispersion. Size distribution and concentration of UFBs at
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same as a manufacturer’s specifications. Size distribution and concentration of MBs at D)

20˚C, E) 30˚C, F) 40˚C (n = 3 at 30˚C and 40˚C, n = 2 at 20˚C).

(PDF)

S4 Fig. Relationship between level of oxygen increment and sample volume. Oxygen con-

tent in deoxygenated pure water increased with an increase in the sample volume. There was a

strong correlation between the two factors under each temperature condition: r = 0.9994 at

10˚C, r = 0.9989 at 20˚C, r = 0.9988 at 30˚C, and r = 0.9960 at 40˚C. Data are presented as the
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