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Hydrogen and Oxygen Nanobubbles Modulate Oxidative
Stress and Inflammation in Breast Cancer Cells

Helena H.W.B. Hansen, Yuao Wu, Lingxi Ouyang, Hang Thu Ta, Nam-Trung Nguyen,*
and Hongjie An*

Nanobubbles are an emerging and promising tool in biomedical
applications, ranging from ultrasound imaging to tumor treatment.
However, their physiological influences on cell health remain poorly
understood. This study investigates MDA-MB-231 breast cancer cell response
to varying concentrations of hydrogen and oxygen nanobubbles in relation
to proliferation, intracellular reactive oxygen species (ROS) production,
and inflammation. The results show that cell proliferation increases with
nanobubble concentration for both hydrogen and oxygen. Hydrogen nanobub-
bles exhibited a stronger dose-dependent effect, whereas oxygen nanobubbles
are more effective overall. Intracellular ROS production decreased with
increasing nanobubble concentration for both gas types, with higher efficacy
for oxygen nanobubbles. With respect to the expression of key inflammatory
proteins, both nanobubble types decreased the protein expression
at the highest nanobubble concentration tested, suggesting that they may
suppress chronic inflammation. Finally, the wound healing assay suggested
that hydrogen nanobubbles may perform better than oxygen nanobubbles
with respect to cell migration. These findings suggest that nanobubble-based
therapies can modulate oxidative stress and inflammation in breast
cancer cells. Understanding these mechanisms will be crucial for optimizing
nanobubble applications in cancer treatment and other medical fields.

1. Introduction

Nanobubbles have emerged as a versatile tool and are applied in
many aspects of science, ranging from water purification[1–3] to
medical imaging.[4,5] Theorists are still sceptical regarding the ex-
istence of nanobubbles due to the Epstein-Plesset calculations,
which state that when a bubble decreases to the nanoscale, the
external pressure is larger than the internal pressure forcing the
bubble to collapse.[6] Contrary to this, experiments have shown
that nanobubbles can persist for several weeks.[7] This stability
is, in part, due to the presence of a surface charge, as well as
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their ability to stay in bulk solution as a
result of their kinetic energy being greater
than the effects of buoyancy.[7] Larger bub-
bles, i.e., microbubbles and above, are
rapidly removed from the solution as their
movements are governed by buoyancy. An
important factor of nanobubbles is their
high surface-area-to-volume ratio which
making them ideal for water purification[1]

and surface cleaning.[8,9] In addition, the
possibility of surface modifications, along
with the flexibility of the type of gas in
the core, has helped nanobubbles gain trac-
tion in medical research.[10] Their surface
can be engineered with stability, stealth,
and targeting molecules, as well as drugs
such as doxorubicin,[11] dasatinib,[12] and
ibrutinib.[13] Care must be taken however,
as surface modifications can make the
nanobubbles easily discoverable by the im-
mune system. In the past, polyethylene gly-
col (PEG) has been a prominent stealth
surface modification, but recent studies
have found that antidrug antibodies rec-
ognize PEG, suggesting this modification
is no longer a viable option.[14,15] There-
fore, using “naked” nanobubbles would be

ideal as it not only removes any human-made materials that
would be recognized by the immune system, but also cuts down
significantly on the generation time and material costs. The gas
core itself can be utilized as an imaging agent, a targeting agent
or as the drug agent itself. For imaging and release of the active
agent, both ultrasound and laser ablation can be used.[16] This
natural multifunctionality provides an extreme amount of con-
trol over how and where the nanobubbles exhibit their function
in vivo.
In medical applications, naked nanobubbles have shown

promise in ultrasound imaging, as they provide a much bet-
ter signal to noise ratio compared to microbubbles.[17] They are
also used in the delivery of oxygen to counteract the hypoxic
environment found in tumors,[18] and hydrogen nanobubbles
have been applied for the removal of reactive oxygen species
(ROS).[19] Another important aspect is their small size, which al-
lows them to access areas outside the vascular system by taking
advantage of the enhanced permeability and retention (EPR) ef-
fect observed in tumors.[20] Despite their current usage and ever-
broadening research potential, there are still many unknowns re-
garding their function in vivo. Many studies tend to focus on one
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aspect of nanobubbles, such as cancer treatment, without fully
understanding the passive effect of nanobubbles on overall cell
health. This lack of understanding is a major bottleneck within
the proper usage of nanobubbles, where elucidating these reac-
tions can assist in furthering the knowledge of how best to use
them for treatment.
Nanobubbles have been studied in response to reactive oxy-

gen scavenging. For example, hydrogen nanobubbles have been
shown to function well with respect to the antioxidant defense
system in a single cell system,[19] and oxygen nanobubbles have
been shown to reduce hypoxia in relation to promoting topical
wound healing.[21] However, it is important to note that even
though these studies focus on the role of nanobubbles and ROS,
these studies do not specifically look at simple cell systems. In
this case, we would state that there is a critical gap in under-
standing how nanobubbles affect cellular processes, particularly
in terms of ROS production, and by extension, inflammation
regulation. A major aspect of any reaction is dependent on the
concentration with too much being toxic and too little eliciting
a natural build-up of immunity. The gas type is also vital as a
cell’s natural processes uses different gas types for different sig-
naling pathways. Oxygen is a necessity for cell survival, and hy-
drogen radicals play a huge role in many important cell func-
tions including, but not limited to, turning NAPD into NAPDH,
which is essential for cell metabolism.[22] Any change in this
process can be a sign of stress or disease, which can trigger an
immune response or cell death. In turn, an important compo-
nent of ROS is its regulation of inflammation.[23] Inadvertently
triggering these responses, or preventing them, with the addi-
tion of nanobubbles for treatment of unrelated aspects could
severely influence the intended treatment outcomes. In addi-
tion, triggering an unwanted inflammation response can lead
to severe complications, leading to the body attacking otherwise
healthy cells or preventing cell growth, causing more harm than
good.[24] Gaining a better understanding of the normal reactions
of nanobubbles in vitro would assist in understanding any side
effects observed or why the treatment is not performing as ex-
pected, as well as finding out if off-target nanobubbles pose a
threat.
This study aims to address these gaps by exploring the broader

effects of nanobubbles on cell health, with a focus on ROS pro-
duction, cell proliferation, and inflammation in vitro. Hydrogen
and oxygen nanobubbles were generated using a mini extruder
with gases produced from electrolysis. The method has been
successfully used to generate nanobubbles in previous research,
which offers greater control over bubble size and production vol-
ume compared to alternative methods.[25] In addition, this can be
performed in a sterilized environment, protecting the cell culture
from contamination.
We treated breast cancer cells with the nanobubble containing

cell culture media and observed their response by assessing the
cell’s proliferation, intracellular ROS production, and the expres-
sion levels of vital proteins involved in the inflammatory path-
way, namely I𝜅B𝛼 and NF𝜅B. We also performed a more visual
test of cell migration/metastasis by performing a wound healing
assay. A major component of oxygen nanobubble usage has been
in wound healing, where it has been shown that increasing the
oxygen concentration at the affected site speeds up the healing
process.[21] As nanobubbles are used in other therapies related to

Figure 1. Nanoparticle tracking analysis of nanobubble generation using
an extruder. The samples were generated in Milli-Q water. Blue: hydrogen
nanobubbles, red: oxygen nanobubbles, and black: control sample (MilliQ
water).

cancer, it is of interest to understand if these nanobubbles may
have an unwanted positive effect on cancer cell regeneration and
metastasis.
By examining the impact of nanobubble concentration and

type on these key processes, this study aims to provide a
deeper understanding of the potential therapeutic benefits and
limitations of nanobubbles in a simple cancer cell culture
system.

2. Results

2.1. Nanobubble Characterization

The generation of nanobubbles in cell culture media was
achieved using amini extruder, and their presencewas proved us-
ingNTA.However, due to substantial amounts of noise caused by
the presence of othermaterials, direct measurement of nanobub-
ble size and concentration in the cell culture media was not pos-
sible. Instead, nanobubbles were generated in Milli-Q water. The
size and concentration of the resulting nanobubbles were mea-
sured using NTA, Figure 1. From this figure, we observe that the
control sample (black curve) has particles with an average size
of 180 nm and a total particle concentration of 7.28 × 106 parti-
cles mL−1. The peak value was negligible in comparison to the
hydrogen and oxygen samples, as observed at 107.5 nm with a
concentration of 1.81 × 105 particles mL−1.
After ten cycles through the extruder with either hydrogen or

oxygen gas, we observed an increase in particle concentration as
well as a well-defined peak. Hydrogen nanobubbles were gener-
ated with a mean size of 114 nm and a total concentration of
3.4 × 108 particles mL−1, and oxygen nanobubbles had a mean
size of 97.3 nm and a total concentration of 1.03 × 108 parti-
cles mL−1. The peak concentration for the hydrogen sample was
8.22 × 106 particles mL−1 at 91.5 nm, and for the oxygen sample,
the peak concentration was 2.97 × 106 particles mL−1 at 83.5 nm.
We noticed that, even though we used 200 nm filters, the largest
peak for both samples is observed around the 100 nmmark. This
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Figure 2. Cell proliferation and reactive oxygen species production in MDA-MB-231 breast cancer cells following either hydrogen or oxygen nanobubble
treatment. Data was normalized with respect to the control sample, i.e., cells treated with cell culture media without nanobubbles. a) Cell proliferation of
MDA-MB-231 breast cancer cells treated with cell culture media containing either oxygen (red) or hydrogen (blue) nanobubbles at different concentra-
tions. The cell proliferation of the control sample is designated by the black dashed line in both figures. b) Intracellular ROS production in cells treated
with either hydrogen nanobubbles (blue) or oxygen nanobubbles (red). Intracellular ROS production of the control sample is designated by the black
dashed line. Red and blue dashed lines are a linear fit. Values are mean ± standard deviation. Representative images of the ROS fluorescence in the cell
culture can be seen in Figure S1 (Supporting Information).

may be explained by the Milli-Q water being pushed through the
filter at the same time as the gas, therefore not allowing the gas
to expand to the edges of the pores in the filter. All the gas is not
pushed through the filter at each passage due to pressure buildup
in the system. The particle concentration for the control sample
is negligible compared to the nanobubble samples. As the ratio of
the peak and total nanobubble concentration is similar for both
samples, we can assume that the gases are treated similarly by the
system. Therefore, the lower concentration of oxygen nanobub-
bles may be due to a higher solubility of oxygen in water than
hydrogen.

2.2. Effect of Nanobubbles on Cell Proliferation

The use of hydrogen and oxygen nanobubbles in cell culture is
widely known, but, to our knowledge, concentration-dependent
studies have not been specifically performed.With any treatment,
concentration specificity is vital, which prompted us to evaluate
if the cell response to nanobubbles is concentration dependent.
The first step was to gleam information regarding cell pro-

liferation by treating MDA-MB-231 breast cancer cells with
varying concentrations of nanobubbles containing cell culture
media. In Figure 2a we show the results of the cell prolif-
eration for a range of nanobubble concentrations. The data
was normalized with respect to the control sample, cell cul-
ture media without nanobubbles, represented by the black
dashed line in the figure. The concentrations were based on
the original nanobubble concentrations as measured using NTA
(Figure 1).
Oxygen nanobubble treatment resulted in increased cell pro-

liferation across all concentrations. The two lowest nanobubble
concentrations gave a proliferation of≈1.23, decreasing to≈1.07,
and increasing to ≈1.35, with a cell proliferation of ≈1.29 at
the highest oxygen nanobubble concentration. Our data suggests
that there is a slight upward trend in cell proliferation as the oxy-
gen nanobubble concentration increases. That the proliferation
for the lowest and highest nanobubble concentrations is similar

at ≈1.2 is an interesting observation, as it tells us that a lower
concentration has just as much of an effect. Being able to admin-
ister lower concentrations of a drug is optimal inmedicine as this
lowers the chance of adverse reactions.
When treated with hydrogen nanobubbles, the cell pro-

liferation was relative to the control samples for the four
lowest concentrations of hydrogen nanobubbles with ≈0.96,
≈0.84, ≈1.02, and ≈0.95. At the two highest concentrations,
the proliferation increased to ≈1.27 with a further increase
to ≈1.39. The slight decrease in cell proliferation observed at
the lower hydrogen nanobubble concentrations is an interest-
ing find. This, together with the observable difference in pro-
liferation for the oxygen samples, further cements the need for
more in-depth knowledge on nanobubble concentration depen-
dency in treatment. This is however, beyond the scope of this
paper.
From the trend line, we observe that as the nanobubble con-

centration increases, so does the cell proliferation. The trend is
less clear with respect to oxygen nanobubble treatment, where
a similar reaction is observed over all the tested concentrations.
In comparison, the observed trend was proportional in relation
to hydrogen nanobubble concentration and cell proliferation. At
lower concentrations, hydrogen treatment appears to have amin-
imal effect on the cell culture, and it is not until the concentra-
tion resembles that of the highest oxygen nanobubble concen-
tration that the hydrogen nanobubbles start to have a positive
impact on cell proliferation. We observe that even though the
oxygen nanobubble concentration is lower than that of hydro-
gen, they result in similar cell proliferation at the largest tested
concentration.
When comparing the hydrogen and oxygen treatment, there

was no significant difference in the overall cell proliferation (p-
value > 0.05). For the four lowest concentrations, apart from the
third lowest, there was a significant difference between hydro-
gen and oxygen nanobubble treatment (p-value < 0.01), with the
oxygen nanobubbles showing greater improvement. At the two
highest concentrations, the proliferation of the cells was similar
(p-value > 0.05) for both nanobubble types.
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Together, this data suggests that oxygen treatment greatly
increases cell proliferation, as supported by its use in pro-
moting wound healing,[26] in comparison to hydrogen treat-
ment. In addition, when considering individual nanobubble
concentrations, the gas type makes a significant difference in
cell proliferation. That there is no significant difference be-
tween the gases at higher concentrations may, in part, be due
to oversaturation. In addition, we see that to attain a similar
cell proliferation, hydrogen nanobubbles are needed at greater
concentrations.

2.3. Effect of Nanobubbles on Reactive Oxygen Species

A major effect of nanobubbles in cell culture is their relation to
ROS. With direct supply of hydrogen or oxygen to the cell cul-
ture, the gasmay be broken down into radicals and affect the cells
natural production.[27,28] We hypothesize that as the nanobubble
concentration increases, the level of available gas, the intracel-
lular ROS production would decrease as the cells can use the
gas in the nanobubbles as ROS rather than generate it them-
selves. Figure 2b shows the level of ROS production in cell cul-
tures at different nanobubble concentrations. When treated with
hydrogen nanobubbles, the intracellular ROS production de-
creased with an increase in nanobubble concentration going
from ≈0.93 at the lowest nanobubble concentration to ≈0.78 at
the highest nanobubble concentration. In comparison, the level
of ROS production when treated with oxygen nanobubbles did
not shift greatly with respect to sample concentration and fluctu-
ated between 0.68 and 0.82. A p-value < 0.01 was obtained when
comparing intracellular ROS production using either hydrogen
or oxygen nanobubbles over all concentrations, suggesting that
gas type has a very significant effect on the level of ROS produc-
tion in the cell cultures.
As with cell proliferation, we observed a greater trend in intra-

cellular ROS production with respect to hydrogen nanobubble
treatment than with oxygen nanobubble treatment. Both sam-
ples presented with an inverse proportional trend in intracellu-
lar ROS production with respect to nanobubble concentration.
However, the trend is minimal, suggesting that nanobubble con-
centration does not have a markable effect. Gas type appears to
be the deciding factor. As with cell proliferation, the largest tested
nanobubble concentrations for both samples resulted in similar
intracellular ROS production.
The level of cellular ROS production reflects cellular activity

and the response to external stimuli and environment changes.
Variations in ROS level – whether upregulation or downregula-
tion – can give a picture of how the cells react to the presence
of the nanobubbles. The observed decrease in ROS production
with the increasing nanobubble concentration indicates the cells
may downregulate their own ROS generation in response to the
increased gas content in the cell culture media, as hypothesized.
Future studies would benefit from directly measuring the level
of ROS in the cell culture medium. This test would provide in-
formation on whether the gas within the nanobubbles is con-
verted to ROS before or after uptake. Together, our cell prolif-
eration and ROS data suggest that choosing an appropriate gas
type and nanobubble concentration for treatment is crucial and
non-trivial.

2.4. Western Blot for Analyzing Protein Expression

In the previous sections, we have shown that, when taking
nanobubble concentration into consideration, both concen-
tration and gas type have an impact on cell proliferation and
intracellular ROS production. For this study, we chose to assess
the following nanobubble concentrations: 2.58 × 107 and 1.29 ×
107 particles mL−1 for oxygen nanobubbles, and 8.50 × 107 and
4.25 × 107 particles mL−1 for hydrogen nanobubbles. At the high-
est concentrations, the cell proliferation and intracellular ROS
production were trending to be similar, so these were ignored,
along with the lowest concentrations, as there was an uncer-
tainty of the actual nanobubble concentration. At the chosen
nanobubble concentrations, cell proliferation and intracellular
ROS production between hydrogen and oxygen nanobubble
treatment are dissimilar, which prompts us to expect distinct
reactions within the cell culture. If specific reactions are reached,
we will be able to observe if the hydrogen and oxygen nanobub-
bles initiate inflammation or anti-inflammation through similar
pathways.
At an oxygen nanobubble concentration of 1.29 × 107 parti-

cles mL−1 and a hydrogen nanobubble concentration of 4.25 ×
107 particles mL−1 the proliferation matched the control sam-
ples and was statistically similar across both nanobubble types
(p-value > 0.05). The oxygen and hydrogen nanobubble concen-
trations of 2.58 × 107 and 8.50 × 107 particles mL−1 respectively,
were chosen due to the significant difference in proliferation be-
tween the two nanobubble types (p-value < 0.01). A similar dif-
ference was observed at an oxygen nanobubble concentration of
6.44 × 106 particles mL−1 and a hydrogen nanobubble concentra-
tion of 2.13 × 107 particles mL−1, but this was deemed a severe
dilution of the original nanobubble sample, which could poten-
tially give a large disparity in the western blot data. In addition,
when looking at the level of intracellular ROS production these
two samples presented with a large shift when going from an
oxygen nanobubble concentration of 1.29 × 107– 2.58 × 107 par-
ticles mL−1, and a hydrogen nanobubble concentration of 4.25 ×
107– 8.50× 107 particlesmL−1. The hydrogen nanobubble sample
decreased ≈0.65 where the oxygen nanobubble sample increased
≈0.6.
ROS plays a key role in the signals related to inflammation,

and as we systematically managed to decrease the level of intra-
cellular ROS production with nanobubble treatment, we decided
to evaluate if this change affected the regulation of key proteins.
NF𝜅B and I𝜅B𝛼 are important proteins in the cells response to in-
flammation, where NF𝜅B activation results in direct interaction
with DNA. In addition, reactive oxygen intermediates have been
observed to be a common factor in NF𝜅B signaling.[29] As NF𝜅B
forms a complexwith I𝜅B𝛼, we chose to test these two proteins to-
gether. There are several pathways that can activate the immune
response, which all include NF𝜅B activation but do not necessar-
ily depend on I𝜅B𝛼. One pathway involves the phosphorylation of
I𝜅B𝛼, which requires oxygen, whereas the other common path-
ways activate NF𝜅B in a non I𝜅B𝛼 dependent manner. If there
is an immune response, as we predict due to the introduction of
ROS, we would expect the oxygen nanobubbles to use the I𝜅B𝛼
dependent pathway, i.e., the classical pathway, whereas the hydro-
gen nanobubbles would use the I𝜅B𝛼 independent pathway, i.e.,
the alternative pathway. The mechanisms of these two pathways
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Figure 3. Protein expression of I𝜅B𝛼 and NF𝜅B in hydrogen or oxygen nanobubble treated MDA-MB-231 breast cancer cells. a) Quantitative data from
the western blot bands. Blue: Hydrogen nanobubble treated cells, red: oxygen nanobubble treated cells, full color bars: I𝜅B𝛼, and shaded bars: NF𝜅B. The
graph shows representative protein levels normalized to the housekeeping protein 𝛽-actin. Experiments were performed in triplicate. Values are means
± standard deviation. b) Western blot gels. Top row (i – iii) containing two controls, the hydrogen samples at 4.25 × 107 and 8.50 × 107 particles mL−1.
Bottom row (iv – vi) containing one control, and the oxygen samples at 1.29 × 107 and 2.58 × 107 particles mL−1. i and iv are for I𝜅B𝛼, ii and v are for
NF𝜅B, and iii and vi are for 𝛽-actin.

will be described further in the discussion. By assessing these
two proteins, we will not only observe if the nanobubbles induce
an immune response, but we will also gain insight into whether
they activate similar pathways.
The antibodies used in the western blot assay are designed

to bind specifically to the domain where the two proteins bind
each other. Briefly, the NF𝜅B antibody binds to the p65 domain
of the protein, and the antibody for I𝜅B𝛼 binds to the N-terminal
serine region. These antibodies can therefore only bind to their
respective proteins when the two are not in a complex with
each other. It is noted that the I𝜅B𝛼 antibody does not discrim-
inate between non-phosphorylated and phosphorylated I𝜅B𝛼,
and, as a result, the measured protein expression includes both
active I𝜅B𝛼 and I𝜅B𝛼 that has been designated for degradation,
respectively.
Figure 3 shows the data from the western blot analysis, which

provides us with the expression level of NF𝜅B and I𝜅B𝛼 in cells
treated with either hydrogen or oxygen nanobubbles. The band
intensities (Figure 3b) were normalized with respect to 𝛽-actin
(housekeeping protein), and the standard protein expression in
control samples is represented by the horizontal dotted line in
Figure 3a.

2.5. Hydrogen Nanobubble Treatment

At a concentration of 4.25 × 107 particles mL−1, hydrogen
nanobubble treated cell cultures had a protein expression of 0.83
± 0.07 for I𝜅B𝛼 and 1.05 ± 0.04 for NF𝜅B, and at a nanobubble
concentration of 8.50 × 107 particles mL−1, the protein expres-
sion for I𝜅B𝛼 and NF𝜅B in the hydrogen-treated samples were
0.83 ± 0.09 and 0.94 ± 0.10, respectively. This data suggests an
anti-inflammatory effect at the larger nanobubble concentration.
For both concentrations tested, the expression of I𝜅B𝛼 decreased,
whereas NF𝜅B expression was relatively unaffected compared to
the control sample. This difference in NF𝜅B expression, even
though I𝜅B𝛼 expression remained similar, suggests that hydro-
gen nanobubbles may specifically affect the former. It is possible
that an inflammatory response could be initiated via the alterna-
tive pathway.

2.6. Oxygen Nanobubble Treatment

At a nanobubble concentration of 1.29 × 107 particles mL−1

the oxygen-treated cells had a protein expression of 1.13 ± 0.20

Part. Part. Syst. Charact. 2026, 43, e00141 © 2025 Wiley-VCH GmbHe00141 (5 of 11)

 15214117, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppsc.202500141 by H

ang T
a - Scholarly R

esource Services , W
iley O

nline L
ibrary on [24/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.particle-journal.com


www.advancedsciencenews.com www.particle-journal.com

Figure 4. Wound healing assay. MDA-MB-231 cells were treated with the original solution generated for hydrogen and oxygen nanobubbles with a
concentration of 3.40 × 108 particles mL−1, and 1.03 × 108 particles mL−1, respectively. 100% concentration of either hydrogen or oxygen nanobubbles
for 24 h following a scratch made in the well plates. a) Representative images from the 10 h test are shown for each sample. The red line indicates the
propagation line of the scratch edge. b) The size of the scratch was area normalized with respect to the scratch area at T0, in addition to the nanobubble
sample. As all wells were fully confluent at 24 h this data is not shown. The scale bar is 100 μm.

for I𝜅B𝛼 and 1.19 ± 0.26 for NF𝜅B, and 0.82 ± 0.052 for
I𝜅B𝛼 and 0.91 ± 0.05 for NF𝜅B at a concentration of 2.58 ×
107 particles mL−1. By increasing the nanobubble concentra-
tion, we were able to flip the expression of both proteins, with
them being under-expressed at the lower concentration, an anti-
inflammatory response, and overexpressed at the higher concen-
tration, an inflammatory response, compared to the control. This
data suggests a certain level of control over cancer cells simply by
controlling the amount of applied oxygen nanobubbles.

2.7. Wound Healing Assay

Cancer cells are well known for their ability to metastasize and to
quickly regenerate due to their increased proliferation rate. The
use of nanobubbles for cancer treatment may make treatment
easier and more effective, but if a side reaction is an increase in
growth, then more thought is needed regarding their usage. To
study the effects of our nanobubbles on cancer cell regeneration,
we performed a wound healing assay. As the cell proliferation
and intracellular ROS production (Figure 2) showed comparable
results with respect highest particle concentrations, we treated
the cells with the highest obtainable nanobubble concentration,
3.40 × 108 particles mL−1 for the hydrogen nanobubble sample,
and 1.03 × 108 particles mL−1 for the oxygen nanobubble sam-
ple. Using these conditions, we assessed whether hydrogen or
oxygen nanobubbles more effectively promoted wound healing.
Figure 4a shows representative images of the cell cultures over
time, and Figure 4b depicts the scratch closure rate, where 100%
means full closure. The scratch size was normalized to the initial
size at T0, when the nanobubble solution was added. The scratch
was considered fully closed when no distinct wound margin
remained.
Figure 4a shows representative images of the gradual heal-

ing of the scratch over the course of the first 10 h for all sam-
ples, including the control. During the initial 4 h, the closure

rates for all three samples were similar. After that point, the hy-
drogen nanobubble treated cells sped up. Given that the me-
dia is constantly cycled through the cells, we hypothesize that
there may be a concentration dependency, with the optimal con-
centration for the hydrogen treated samples being reached af-
ter ≈4 h. Welch’s t-test analysis shows a p-value of 0.03 be-
tween the control group and the hydrogen nanobubble group,
and a p-value of 0.37 between the control group and the oxy-
gen group. The difference in nanobubble concentration might
explain why a concentration-dependent effect for the oxygen-
treated samples could require a longer time to manifest. How-
ever, over the 10-h measurement period, the oxygen-treated sam-
ple closely followed the control sample with no abrupt devia-
tion in closure rate as observed for the hydrogen nanobubble
treated sample. The scratch was fully healed in all samples at
24 h, supporting the data in Figure 2a that nanobubbles have
no inherent negative effect on cell proliferation. Despite simi-
lar viability and ROS production data between the nanobubble
gas types, this experiment suggests that nanobubbles may in-
fluence wound healing through different mechanisms. More re-
search is needed to better understand the underlying effects of
both nanobubble concentration and gas type in simple cancer cell
systems.

3. Discussion

In this study, we treated breast cancer cells with hydrogen and
oxygen nanobubbles generated using an extruder in combination
with electrolysis. MDA-MB-231 breast cancer cells were treated
with different concentrations of hydrogen and oxygen nanobub-
bles, whereafter cell proliferation and intracellular ROS produc-
tion were measured, Figure 2a,b. With respect to cell prolifer-
ation, oxygen nanobubbles presented a positive effect that in-
creased with applied concentration. This tracks with the use of
oxygen nanobubbles as a wound healing treatment.[26] Hydro-
gen nanobubbles displayed a similar effect but to a lesser extent,
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especially at lower concentrations. At the lowest concentrations
tested, we even observed an adverse effect on cell proliferation.
For both nanobubble types, and at all nanobubble concentrations,
the intracellular ROS production decreased compared to the con-
trol, as well as presenting with a downward trend as the nanobub-
ble concentration increased. Overall, the oxygen nanobubbles
were more effective at lower concentrations.
At sufficiently high hydrogen nanobubble concentrations, the

effect of both cell proliferation and intracellular ROS produc-
tion became comparable. It is known that hydrogen can act as
a selective antioxidant against hydroxyl radicals and neutralize
ROS within the cells.[30,31] The reduction in ROS levels may re-
sult from hydrogen directly scavenging free radicals or activat-
ing intracellular antioxidant systems, thereby mitigating oxida-
tive stress. This low oxidative stress environment may favor cell
survival and proliferation. In the future, we would need to elu-
cidate whether this observed decrease in intracellular ROS pro-
duction is due to hydrogen itself antioxidant activity or if the gas
within the bubbles is used by the cells, negating the need for en-
dogenous ROS production.
The noticeable trend in cell proliferation increases in tan-

dem with a decrease in intracellular ROS production, suggests
a relationship between the two, where ROS has a negative
impact on the cells. With this knowledge, together with the
relationship between ROS and inflammation, we evaluated
whether the nanobubbles had an anti-inflammatory effect based
on the decrease in intracellular ROS production. Free radicals,
i.e., reactive oxygen species, have an impact on NF𝜅B,[32,33] and
as this protein forms a complex with I𝜅B𝛼, we decided to test the
expression levels of these two proteins.
Briefly, an inflammation response, and thereby NF𝜅B activa-

tion, can happen in several different ways: the classical pathway,
the alternate pathway, and the atypical pathway.[34] In the classi-
cal pathway, NF𝜅B is activated via IKK phosphorylation of I𝜅B𝛼,
whereas the alternate pathway generates the NF𝜅B p52 protein
independently of I𝜅B𝛼. The atypical pathway is related to UV
damage, which induces I𝜅B𝛼 degradation and is therefore inde-
pendent of IKK. As we do not use UV radiation, we disregard this
pathway in the following discussion. I𝜅B𝛼 is present in the cyto-
plasm and binds to NF𝜅B at its p65 domain, masking its nuclear
localization. When I𝜅B𝛼 is phosphorylated at serines 32 and 36,
which are in the N-terminal domain, the protein detaches from
NF𝜅B, allowing the latter to enter the nucleus and initiate DNA
transcription.[34]

Figure 3a showed that by increasing the oxygen nanobubble
concentration from1.29× 107 to 2.58× 107 particlesmL−1 the cell
culture went from having an increased level of themeasured pro-
teins to presenting with a decreased level compared to the con-
trol. At lower oxygen nanobubble concentration, the increase in
I𝜅B𝛼 and NF𝜅B expression may reflect an activation of the for-
mer via the classical pathway. The overexpression of both pro-
teins suggests the dissolution of the complex they form. That
I𝜅B𝛼 is present to a lesser extent may be due to the degradation
of the protein. With an oxygen concentration of 2.58 × 107 par-
ticles mL−1 the expression level of both proteins decreased com-
pared to the control, the opposite effect was observed for the lower
oxygen nanobubble concentration. This suggests that at this con-
centration, the I𝜅B𝛼–NF𝜅B complex remains intact. Together,
these data present the idea that oxygen nanobubbles can induce

both pro- and anti-inflammatory responses solely based on the
nanobubble concentration.
The phosphorylation, and subsequent release of I𝜅B𝛼, re-

quires oxygen, so we would have expected that an increase in the
oxygen nanobubble concentration would have magnified the dis-
solution of the protein complex. Instead, we observed the oppo-
site. This anti-inflammatory effect may be a result of the increase
in cell proliferation observed in Figure 2a. When going from 1.29
× 107 to 2.58 × 107 particles mL−1 the cell proliferation increased
from ≈1.07 to ≈1.36. The intracellular ROS production did in-
crease as well, but only by ≈0.07. Even with the increase in oxy-
gen nanobubble concentration and the potential for an increase
in available ROS, the presence of oxygen appears to circumvent
the possible phosphorylation of I𝜅B𝛼 and instead be focused on
cell growth. This concentration-dependent reaction is important
to consider regarding treatment. Previously, oxygen nanobubbles
have been used for wound healing, but no great care has been
taken with respect to the concentration applied. We show here
that, should the amount of oxygen nanobubbles that reach the
affected site not be sufficient, adverse reactions may occur where
the wound is exacerbated rather than treated.
Compared to oxygen nanobubbles, a change in hydrogen

nanobubbles did not present with a meaningful change in pro-
tein expression. When increasing the nanobubble concentration
from 4.25 × 107 to 8.50 × 107 particles mL−1 the concentration of
I𝜅B𝛼 stayed at ≈0.83, while the concentration of NF𝜅B slightly
decreased from ≈1.05 to ≈0.94. Our data suggests that, however
slight, hydrogen nanobubbles influence NF𝜅B expression but do
not directly affect I𝜅B𝛼 expression, indicating that at sufficiently
high hydrogen nanobubble concentrations an inflammatory re-
sponse may be induced via the alternate pathway. The results
suggest that higher concentrations of hydrogen nanobubble may
have a slight anti-inflammatory effect on the cell culture.
Overall, the decrease in unbound I𝜅B𝛼 compared to unbound

NF𝜅B may simply be due to the high turnover rate of the pro-
tein. However, it may also be affected by the interactions between
the protein and the nanobubbles due to the interfacial properties
of nanobubbles, e.g., surface charges and attractive hydropho-
bic forces.[9] A high concentration of nanobubbles may mediate
binding between unbound I𝜅B𝛼 and NF𝜅B. If this is the case,
nanobubbles could be useful for the suppression of chronic in-
flammation (e.g., rheumatoid arthritis, atherosclerosis).
At all observed concentrations, oxygen nanobubbles had a posi-

tive effect on cell proliferation, whereas a negative impact was ob-
served for the lowest hydrogen nanobubble concentrations. This
suggests that by controlling the hydrogen nanobubble concen-
tration, one would be able to tailor the response. Even though an
inflammatory response may not be possible (Figure 3), one could
potentially use hydrogen nanobubbles to decrease the prolifera-
tion of cancer cells. By not triggering an inflammatory response,
the cells would not initiate a protective mode and would not
fight the treatment. For oxygen nanobubbles, more care would be
needed when choosing a relevant concentration, as an inflamma-
tory effect can be initiated, potentially affecting the surrounding
healthy cells.
Figure 4 however presents an interesting observation with hy-

drogen nanobubbles having an increased wound healing capac-
ity. This effect, in combination with hydrogen’s role as a selective
antioxidant, brings into questionwhether hydrogen nanobubbles
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are a desirable choice for cancer treatment. The data presented in
this paper indicate that hydrogen nanobubbles have a pro-tumor
effect. Enhanced cell proliferation could potentially contribute
to increased tumor malignancy, while the antioxidant properties
may interfere with the main targeting of oxidative stress-based
therapeutic strategies used in tumor treatment. Together, these
findings suggest that the use of hydrogen nanobubbles may pose
a risk of treatment resistance.
For further experiments, it would be interesting to assess if

we reach gas oversaturation in the cell culture at 8.50 × 107 par-
ticles mL−1 and above. This oversaturation could have a signif-
icant effect on the behavior of the cell culture, where the cells
are better at equalizing with their environment compared to the
hydrogen nanobubble concentration of 4.25 × 107 particles mL−1

whichmay be at the point where the cells react as they would nor-
mally do for external stimuli. In this way, we would also be able
to search for an optimal concentration with respect to a desired
outcome.
As the intracellular ROS production shows no mark-

able change between the oxygen nanobubble concentrations
(Figure 3) we cannot definitively say that ROS plays a role in
the results observed for proliferation and the level of protein ex-
pression. A previous study by Zhang et al.[19] applied hydrogen
nanobubbles for enhanced ROS removal, which supports our
findings using nanobubbles. Reactive oxygen species have been
shown to play a role in inflammation via activation of a key pro-
teinNF𝜅B,[29] and a study byGarcia et al.[35] mentions that oxygen
nanobubbles may reduce the production of harmful ROS. These
studies help support our findings.
In the future we would want to decipher the reasoning behind

the constant decrease in I𝜅B𝛼 compared to NF𝜅B observed for all
tested samples, be it normal or caused by nanobubble presence.
As mentioned earlier, I𝜅B𝛼 has a fast turnover rate, and coupled
with phosphorylation, this may help explain why the protein is
not found at a similar concentration to NF𝜅B. A study by Mathes
et. al.[36] describes studying the different degradation pathways
of I𝜅B𝛼 and that any alteration in the I𝜅B𝛼 degradation pathway
severely dampens NF𝜅B activation. Applying this study to our
future work would give us more insight into what potential ef-
fects the different nanobubbles and their concentrations have on
the tested proteins – whether their presence affects one or both
proteins. Additionally, the decreased intracellular ROS produc-
tion after nanobubble application is a crucial factor. In the future,
testing ROS concentration in the cell culture media is necessary,
as an increase here would help explain the decrease in produc-
tion. Another important aspect is to study whether the down reg-
ulation of intracellular ROS production observed in this study
is aiding or hindering the inflammatory response. Although no
consensus has yet been reached on whether up- or downreg-
ulation is achieved with increased ROS, previous studies have
continuously shown considerable overlap between the intracellu-
lar concentration of ROS and the regulation of the I𝜅B𝛼–NF𝜅B
complex.
Not many studies exist with respect to specifically studying

wound healing or cell proliferation using nanobubbles, which
makes proper data comparison difficult. In addition, many stud-
ies utilize coated nanobubbles, which introduce extra variables
into the discussion. In a study by Bhavya et al.,[37] liposome en-
capsulated oxygen nanobubbles were applied in a similar wound

healing study using MDA-MB-231 breast cancer cells. Interest-
ingly, they showed that their nanobubble system could halt the
progression of cells in a hypoxic state. In our study, we did not
induce a specific state with our cells, but we showed that oxygen
nanobubbles did not have a negative effect on cell growth, which
indicates that there ismore at play. In addition, the fact that we do
not have a coating on our bubbles brings into question whether
the lipid capsules safeguard the oxygen nanobubbles too well and
prevent full function. Further research into the effects of naked
nanobubbles and their role in cancer treatment is therefore
necessary.

4. Conclusion

In this study, we treated MDA-MB-231 breast cancer cells with
oxygen and hydrogen nanobubbles. Results demonstrated a pos-
itive effect on cell proliferation in a dose-dependent manner for
both nanobubble types. Hydrogen nanobubbles went from hav-
ing a negative effect on cell proliferation to a positive effect as
the nanobubble concentration increased. In comparison, oxygen
nanobubbles had a positive effect at the tested concentrations.
Oxygen nanobubbles achieved better efficacy in promoting cell
growth than hydrogen nanobubbles. With respect to intracellu-
lar ROS production, oxygen nanobubbles reduced ROS levels to
a greater extent than hydrogen nanobubbles at all tested concen-
trations. Notably, with sufficiently high nanobubble concentra-
tions, both cell proliferation and intracellular ROS production
became comparable, with cell proliferation increasing as intra-
cellular ROS production decreased. Given that ROS is a key fac-
tor in inflammation, we assessed two immune activation pro-
teins: I𝜅B𝛼 and NF𝜅B. We observed that, when using oxygen
nanobubbles, the cell response varied with nanobubble concen-
tration, whereas hydrogen nanobubbles had similar reactions at
both concentrations. This difference in reaction to gas type, and
nanobubble concentration is an important finding necessitating
more defined research into the effects of both in simple cancer
cell systems.

5. Experimental Section
Chemicals and Instruments: Sodium sulphate (Chem-Supply) was

used for hydrogen and oxygen gas generation via electrolysis. All chem-
icals for cell culture were purchased from Thermo Fisher Scientific un-
less otherwise stated. These included DMEM/F12 without glutamine, fe-
tal bovine serum (FBS), penicillin-streptomycin, TrypLE express enzyme
with phenol red, and trypan blue. Proliferation and reactive oxygen species
were measured using resazurin sodium salt powder (Merck Life Science
Pty Ltd), and 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA,Merck
Life Science Pty Ltd) respectively. Stock solutions and dilutions of chemi-
cals were prepared in phosphate buffered saline (PBS), and negative con-
trols that required dead cells were treated with 70% methanol prior to
use.

Chemicals used for the western blot analysis included double-distilled
water (ddH2O), sodium chloride (NaCl, Chem-Supply), sodium dodecyl
sulfate (SDS, Bio-Rad), 30% Acrylamide/Bis (Bio-Rad), 10% APS, TEMED
(Bio-Rad), Tween 20 (Sigma), Trizma Base (Sigma), and Coles Fat Free
Instant Skim Milk Powder (Coles, Australia). Several stock solutions and
buffers used include: 10% SDS, 10x protease inhibitors (1 m 6-amino
caproic acid, 50 mm benzamidine hydrochloride, and dH2O. Stored at
4 °C.), running buffer (Trizma, glycine, and 10% SDS), and RIPA buffer (a
mixture of Triton X100, 5 m NaCl, 1 m Tris pH 7.5, 500 mm EDTA, 250 mm
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EGTA pH 9.0, 40 mm NP-40, and ddH2O). Precision Plus Protein Kalei-
doscope (Bio-Rad) was used as a weight marker for the gels, Immobilon
Forte Western HRP Substrate (Millipore) was used as the detection solu-
tion for imaging, andMicro BCA TM Protein Assay Kid (Thermo Scientific)
was used to measure the generation of a calibration curve to calculate the
protein concentration in my samples.

The stacking and separating gels for the SDS-PAGE consisted of Tris-
HCl (Trizma and HCl) buffer, 10% SDS, 30% Acrylamide/Bis, 10% APS,
and TEMED. The difference was in the concentration and pH of the Tris-
HCl where the stacking gel required a concentration of 0.5 m and a pH of
6.8, and the separating gel used a concentration of 1.5 m with a pH of 8.8.
The gel solutions were used immediately after mixing. The Tris-HCl buffer
was mixed prior to use.

The protein antibodies used for the western blot were purchased from
Abcam: anti-NF𝜅B p65 antibody, anti-I𝜅B𝛼 antibody [E130], anti-beta actin
antibody, and goat anti-rabbit IgG H&L (HRP).

Nanobubble Generation and Characterization: 0.1 m Na2SO4 was ap-
plied for the production of oxygen and hydrogen gas. Briefly, platinum
mesh electrodes 5mm × 5mm (Shanghai Ledon Industrial, Co., Ltd) were
placed in the solution and attached to a power source. The gas was col-
lected and used for nanobubble generation. The mini extruder (Avanti Po-
lar Lipid, Inc.), syringes, and filters were disinfected under UV light for 30
min prior to use. A 200 nm membrane filter (Isopore) was placed in the
extruder chamber, and both syringes were inserted; one syringe contained
complete cell culture media, and the other syringe contained either oxygen
or hydrogen gas collected from the electrolysis. The mixture was cycled
through the filter ten times, and great care was taken during the process
to avoid jetting. All solutions were stored at 4 °C overnight before use to
allow larger bubbles to dissipate. All nanobubble samples were used for
experimentation within 24 h of generation. For control samples, untreated
cell culture media was used, i.e., cell culture medium notmixed with a gas.

The size and concentration of the nanobubbles generated using
the extruder were evaluated using nanoparticle tracking analysis (NTA,
NanoSight NS300, Malvern Panalytical Ltd.). This method utilizes light
scattering techniques to acquire precise details of particles in a disperse
solution by analyzing the Brownian motion of the particles. All measure-
ments were performed at room temperature, and data was analyzed by the
NTA Analytical Software Suite. Due to the large amount of noise stemming
from the cell culture media, nanobubbles generated in MilliQ water were
measured instead. Double distilled water was not used as this was too
clean when compared with cell culture media. As the concentration data
for the NTA was given in particles/mL, the nanobubbles may be referred
to as particles when specifically discussing nanobubble concentration.

Cell Culture: MDA-MB-231 human breast cancer cells (ATCC) were
cultured for cell studies. The cells were treated with complete media con-
sisting of DMEM, 10% FBS, and 1%Pen/Strep and incubated at 37 °Cwith
5% CO2. For seeding in well plates, the cells were first treated with TrypLE,
centrifuged at 2000 RPM for 5min, and counted using Trypan Blue in com-
bination with a hemocytometer. For 6-well plates, the cells were seeded at
a concentration of 30 000 cells per well, and for 96-well plates, the concen-
tration was 5000 cells per well. At 80% confluency, the cells were used for
further experimentation.

The nanobubble concentration for the experiments was calculated
based on the NTA results. For hydrogen nanobubbles the following con-
centrations were tested: 3.40 × 108, 1.70 × 108, 8.50 × 107, 4.25 × 107,
2.13 × 107, and 1.06 × 107 particles mL−1. For oxygen nanobubbles the
following concentrations were tested: 1.03 × 108, 5.15 × 107, 2.58 × 107,
1.29 × 107, 6.44 × 106, and 3.11 × 106 particles mL−1.

Cell Proliferation: Cell proliferation was measured using Resazurin.
Briefly, MDA-MD-231 breast cancer cells were seeded in a 96-well plate.
The media was removed and replaced with different concentrations of
the nanobubble containing cell culture media, either oxygen or hydrogen
nanobubbles. Six different concentrations were tested for each nanobub-
ble type as described in the previous section. Controls were included,
which entailed treatment with plain cell culture media not containing any
nanobubbles. The cells were incubated with the nanobubble sample or
control solution overnight.

A 2.5 mg mL−1 stock solution of Resazurin in PBS was diluted a fur-
ther 1000 times in PBS. The supernatant was removed from the wells and
replaced with 100 μL Resazurin solution and incubated at 37 °C for 1 h.
Before the addition of Resazurin, a portion of the control cells was treated
with 70% methanol for background measurements. Methanol treatment
kills the cells, so no proliferation occurs. Any fluorescence measured in
these samples was background information and was subtracted from the
fluorescence measured in wells containing live cells. The fluorescence
was read using a plate reader with excitation at 535 nm and emission at
590 nm. All data were normalized with respect to the control sample.

Reactive Oxygen Species: The effect of the nanobubble solutions on the
level of ROS in the cell culture was measured using DCFH-DA. MDA-MB-
231 cells were seeded in 96-well plates, followed by overnight incubation
with the respective nanobubble solutions as described for the prolifera-
tion study. Control samples include cells incubated with cell culture media
without nanobubbles, and empty wells, i.e., no cells.

24 h after nanobubble treatment, the supernatant was removed and
replaced with 100 μL of 25 μm DCFH-DA in PBS. The fluorescence was
measured at an excitation of 485 and emission of 535 in a plate reader
after 30 min incubation time at 37 °C. The cells were then washed with
PBS and imaged using a fluorescent microscope for visual representation
of ROS presence in the cells. All data were normalized with respect to the
control sample.

Western Blot: MDA-MB-231 breast cancer cells were seeded in 6-well
plates. The cells were treated with either hydrogen or oxygen nanobub-
bles, or a control solution, for 24 h. Under cold conditions, the cells were
washed with PBS followed by treatment with a lysis buffer (RIPA buffer
and 10X protease inhibitors) for 5 min. Using a scraper, the cells were re-
moved from the well plates and collected in Eppendorf tubes. The samples
were centrifuged at 10,000 rpm at 4 °C for 10 min, whereafter the protein-
containing supernatant was collected and stored at −20 °C until further
use.

The protein concentration in each sample was determined using a BCA
protein assay kit. A dilution curve was generated using BSA with concen-
trations from 0.2 mg mL−1 down to 0.5 μg mL−1. The supernatant of each
sample collected from the cell lysis was mixed MilliQ water 1:100. The di-
lution curve and the protein samples were added to a 96-well plate, and all
were mixed with the BSA Protein Assay Reagent 1:1 and incubated at 37 °C
for 2 h. The absorbance was measured using a plate reader at 562 nm.
Electrophoresis of the protein samples was done using SDS-PAGE setup
from Bio-Rad. First, the gels were prepared using a separating gel with
12% acrylamide and a 4% stacking gel. The former was cast first using
isopropanol to level the surface, followed by washing and addition of the
latter. The gels were stored at 4 °C until use.

Using the results from the BSA protein assay in combination with the
calibration curve, the protein samples were diluted to equal concentra-
tion, ≈30 μg of protein, using ddH2O followed by the addition of the run-
ning buffer. The samples were heated to denature the proteins and subse-
quently loaded into the gel. A molecular weight marker was used for refer-
ence. The gels were run at 80 V followed by 120 V for 15 and 55min, respec-
tively. After the completed run, the protein bands were transferred from the
gel to amembrane using the Bio-Rad Trans-Blot Turbo system. The gel was
removed from the glass casing, placed on top of a PVDF membrane, and
sandwiched between filter paper. Prior to use, the PVDF membrane was
activated using ethanol, and both the membrane and filters were washed
with a transfer buffer.

The membrane was used for the detection of two proteins, NF𝜅B and
I𝜅B𝛼, and one housekeeping protein, 𝛽-actin. The secondary antibody was
IgG. For each primary antibody, themembrane was first washed with TBST
(Trizma, NaCl, and Tween 20), blocked for 1 h at room temperature using
5% skim milk powder in TBST, and then incubated with the primary anti-
body at a 1:1000 dilution in 5% skim milk overnight at 4 °C. The day after,
themembrane was washedwith TBST followed by a 1 h incubation at room
temperature with the secondary antibody (1:2500 in 5% skim milk). The
membrane was washed again with TBST, covered in a detection solution,
and imaged using a ChemiDoc imaging system. Between each primary
antibody, the membrane was stripped using a stripping buffer. Analysis of
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the images was done using Fiji (ImageJ), and the bands were normalized
to the housekeeping protein, 𝛽-actin.

WoundHealing Assay: MDA-MB-231 cells were seeded in 6-well plates.
At 80% confluency, a scratch was made in each well using a 200 μL pipette
tip. Afterward the media was removed, the cells washed with HBSS, and
media containing either hydrogen nanobubbles, oxygen nanobubbles, or
no nanobubbles (control) were added to the wells. The scratch was imaged
every hour from 0 h (addition of sample solution) to 10 h, and after 24 h.
To the best of the ability, the same position in each sample was imaged
every time.

Image analysis was performed with the help of Python coding. First, a
binary image was generated to distinguish between covered and uncov-
ered areas, i.e., cells and scratch area.[38] This binary image was further
applied for scratch area calculations and scratch-edge detection to gener-
ate the images shown in the results. The area of the scratch over time
was normalized with respect to the initial scratch area at 0 h for each
sample.

Statistical Analysis: Data is represented as the mean ± the stan-
dard deviation of three independent experiments. One-way ANOVA was
applied for statistical testing at a 0.05 level for cell proliferation and
ROS. For the wound healing assay, Welch’s t-test (built in Excel analy-
sis tool, t-test Two-Sample Assuming Unequal Variances) was used to
analyze differences between these independent groups (33 samples for
each group: control group, oxygen nanobubble group, and hydrogen
nanobubble.
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Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Representative images of the ROS fluorescence for a) hydrogen and oxygen 
nanobubbles, and b) positive (control cells, i.e. plain cell culture media) and negative (no cells) 
control. The numbers in a) represent the nanobubble concentration in each sample as a function 
of 107 particles/mL corresponding to the ROS data shown in Figure 2. 
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