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ABSTRACT KEYWORDS
There is growing interest of ergogenic aids that deliver supplemental Competitive cycling;
oxygen during exercise and recovery, however, breathing supplemen- performance

enhancement;

sports nutrition;
supplemental oxygen;
wingates

tal oxygen via specialist facemasks is often not feasible. Therefore,
this study investigated the effect of an oxygen-nanobubble beverage
during submaximal and repeated sprint cycling. In a double-blind,
randomized, placebo-controlled study, 10 male cyclists (peak aerobic
capacity, 56.9+6.1 mL-kg~"-min~"; maximal aerobic power, 385+25W)
completed submaximal or maximal exercise after consuming an
oxygen-nanobubble (O,) or placebo (PLA) beverage. Submaximal
trials comprised 30-min of steady-state cycling at 60% peak aerobic
capacity and 16.1-km time-trial (TT). Maximal trials involved 4x30s
Wingate tests interspersed by 4-min recovery. Time-to-completion
during the 16.1-km TT was 2.4% faster after O, compared with PLA
(95% Cl=0.7-4.0%, p=0.010, d=0.41). Average power for the 16.1-km
TT was 4.1% higher for O, vs. PLA (95% Cl=2.1-7.3%, p=0.006,
d=0.28). Average peak power during the repeated Wingate tests
increased by 7.1% for O, compared with PLA (p=0.002, d=0.58). An
oxygen-nanobubble beverage improves performance during submax-
imal and repeated sprint cycling, therefore may provide a practical
and effective ergogenic aid for competitive cyclists.

Introduction

Whilst the lung is recognized as the primary organ of gas exchange, there is emerging
evidence to suggest that the gastrointestinal (GI) tract may provide a gas exchange
surface for oxygen uptake (Forth and Adam 2001). Indeed, oxygen-enriched beverages
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have been shown to be capable of diffusion through the mucosa of the colon, peri-
toneum and stomach in animals (Klug et al. 1988; Cooper 1995; Barr et al. 1996;
Forth and Adam 2001) as well as the oral cavity and stomach in humans (Nestle et al.
2004). Resulting increases in oxygen tension in the splanchnic circulation and portal
venous system have led to the marketing of commercially available oxygen-enriched
drinks as ergogenic aids for athletic performance. This is despite a lack of evidence-base,
within peer-reviewed literature, for their efficacy (Hampson et al. 2003; Piantadosi
2006). Indeed, to date, there are no peer-reviewed studies reporting an ergogenic effect
of oxygen-enriched water on neither submaximal (Mielke et al. 2005; McNaughton
et al. 2007), maximal (Mielke et al. 2005; Wilmert et al. 2002) or time-trial (TT)
related outcomes (Wing-Gaia et al. 2005; McNaughton et al. 2007; Fleming et al. 2017).

The investigations on submaximal and maximal performance have predominantly relied
on measures of oxygen uptake (VO,) using breath by breath calorimetry. This method relies
on the Haldane transformation, which is based on the assumption that, in steady state, the
mass of nitrogen inspired over time is exactly the same as that expired (Haldane 1912).
However, ingested oxygen is not accounted for through this equation so it is not known
how much oxygen has been utilized, although volumes of oxygen encapsulated in a beverage
are trivial in comparison to respiration (Piantadosi 2006). In addition, any changes in arterial
oxygen content are likely to be met by proportional changes in muscle blood flow to control
oxygen delivery (Saltin et al. 1998). The lack of a performance outcome from TT investi-
gations may be due to inadequate oxygen delivered to the working muscles to provide any
detectable benefit. Such studies provided only small volumes of an oxygen-enriched solution
(15-160mL) (Wing-Gaia et al. 2005; McNaughton et al. 2007; Fleming et al. 2017) that
deliver very small quantities of oxygen to the GI tract (Piantadosi 2006).

Recent advancements in cancer therapy have identified a novel oxygen delivery
method for combating the hypoxic nature of many solid tumors (Nakazawa et al.
2016). One such strategy has been the administration of oxygen filled micro and
nanobubbles (Kwan et al. 2012; McEwan et al. 2015; Eisenbrey et al. 2015; Mahjour
et al. 2019). For instance, Owen et al. (2016) demonstrate comparable effects upon
tumor oxygen levels achieved through either intravenous and oral administration of
oxygen-loaded nanobubbles, superior to that of oxygen saturated water. The precise
mechanism of action is still under investigation, but it is possible that a greater quan-
tity of oxygen may be delivered to the tissue than initially encapsulated in the con-
sumed dose if the lecithin coated bubbles contained in the drink act as oxygen carriers
(Owen et al. 2022), much like how perfluorocarbon nanodroplets are reported to
function as blood substitutes (Riess 2005). This novel nanobubble delivery method
may also offer an alternative means of increasing oxygen availability for exercising
skeletal muscle. Therefore, the aim of this study was to investigate the physiological
responses to submaximal and maximal effort cycling following the ingestion of an
oxygen-loaded nanobubble drink when compared to an inactive placebo.

Materials and methods
Study design

A randomized, across subjects, double-blind, placebo-controlled, crossover experimental
design was implemented for this study. Trial order was allocated by the principal
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investigator using an online randomized number generator. Each participant attended
six separate laboratory visits. On the first two visits, participants completed baseline
health measurements, quantification of lactate threshold (4 mmol-L™') and peak aerobic
capacity (VO,,,,), followed by familiarization to testing procedures. Each participant
returned to the laboratory on four separate occasions (visit 3-6) to complete four
experimental trials consisting of either i) 30 min steady-state (SS) cycling at 60% VO,
followed by a 16.1-km TT or ii) 4x30s Wingate tests interspersed by 4-min recovery.
Each trial was performed at a similar time of day (+2h) to control for effects of cir-
cadian rhythms on exercise performance (Reilly 1990) and separated by a 48-96h
wash-out period. Laboratory ambient temperature was maintained at 20°C, and the
relative humidity was 41.7+3.1%. Nutritional intake was recorded via self-report food
diaries for 24h before the first experimental trial and replicated prior to subsequent
sessions.

Participants

Ethical approval was provided by the University of Surrey institutional ethics committee
(REF: CRC379). All participants provided written informed consent prior to commenc-
ing the study, and research procedures were conducted in accordance with the Revised
Declaration of Helsinki (2013). Given the crossover study design, our sample size
calculation (G*Power, HHU, Germany) determined that 9 participants were required
to reject the null hypothesis that population means for TT power output are equal
with a probability of 0.80 and associated type I error of 0.05, based on the assumption
of a moderate effect size. To account for potential dropout rates, 11 healthy, compet-
itive male cyclists (age, 27 £ 10 years; height, 1.80+0.07 m; body mass, 72.7 +6.2kg; and
VO, e 56.9 6.1 ml/kg/min; maximal aerobic power, 385+25W) were enrolled accord-
ing to the CONSORT 2010 guidelines. Participants performed ~10h cycling training
per week, had UK Category 3 race status and were classified as trained, competitive
cyclists in accordance with previously defined criteria with regards to physiological
response and training history (De Pauw et al. 2013; Priego Quesada et al. 2018).
Participants were identified as healthy by the completion of a medical questionnaire
alongside assessment of lung function (forced expiratory capacity [FVC], forced expi-
ratory volume in 1s [FEV1), blood pressure, and pulse oximetry (SpO,). Participants
were excluded if: i) FEVI:FVC < 70%, ii) FVC or FEV1<80% predicted, iii) blood
pressure > 140/90 mmHg, and iv) SpO, <95%. All participants were declared as non-
smokers taking no medication or dietary supplements and were asked not to consume
caffeine, tobacco and alcohol or perform strenuous exercise for 24h before labora-
tory visits.

Nutritional interventions

During experimental trials, participants consumed either an oxygen-nanobubble (O,)
or placebo (PLA) beverage. These were supplied by Avrox Technologies in 500 mL
individually sealed bottles and consisted of the same solution containing water, glycerol,
glycyrrhizin, lecithin and citric acid. Both beverages have similar organoleptic prop-
erties, including taste, aroma, and texture. Previous investigations have indicated that
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the oxygen nanobubble drink consists of a suspension of lecithin vesicles with a modal
diameter of ~100nm and concentration 7x 1012 particles/ml (Owen et al. 2022). We
propose that these vesicles act as oxygen carriers increasing the capacity of the blood
to transport oxygen by ~0.1 mg/L. Beverages were prepared by a member of the research
team not responsible for data collection immediately prior to consumption to minimize
the loss of oxygen saturation. Medical grade oxygen (CD Oxygen, BOC International,
UK) was released into the solution for 2min through a 5mm inner diameter tube, at
a pressure of 2bar. The size distribution and concentration of the nanobubbles were
measured using a nanoparticle tracking analyzer (Nanosight NS300, Malvern, PA).
Their oxygen content was measured using an OXY MINI Minisensor Oxygen Meter
(PreSens Precision Sensing GmbH, Regensburg, Germany). The results are shown in
Supplemental Figures 1 and 2. Verification of the oxygen concentration was also made
immediately prior to ingestion using an oxygen meter with a dip probe (Oakton DO6+,
UK). Participants ingested a series of 75-200mL volumes at fixed time points, before
(5min prior), during and/or after exercise. The dose is in-line with American College
of Sports Medicine recommendations for appropriate fluid replacement in individuals
performing physical activity (Sawka et al. 2007).

Blood sampling

Finger prick capillary blood samples were taken in agreement with World Health
Organization guidelines (WHO 2010) to determine blood lactate and blood gas (pH,
[HCO;], TCO,, PO, and PCO,). To measure blood lactate, 20 pL samples were col-
lected into end-to-end sodium-heparised capillary tubes and analyzed using a Biosen
C-line (EKF Diagnostic GmbH, Germany; coefficient of variation = < 1.5%, at a value
of 12mmol-L™"). To measure blood gas, 95uL samples were collected into blood gas
capillary tubes (Vitrex, Herlev, Denmark) and transferred into single-use i-STAT G3+
cartridges (Abbott, Illinois, USA). Samples were analyzed using an i-STAT 1 (Abbott,
Ilinois, USA). This analyzer has demonstrated excellent accuracy and precision for
pH and [HCO,] (intraclass correlation coefficients, r=0.88, 0.86) (Dascombe et al. 2007).

Screening, baseline measures, and familiarization

Two weeks prior to the experimental trials, participants attended a screening visit to
perform a spirometry assessment using a metabolic cart (Geratherm Respiratory
GmbH, Lovemedical Ltd, UK) to measure FVC, FEV1 and FEV1:FVC. Participants
also completed a submaximal incremental exercise test on an electronically braked
SRM cycle ergometer (Schoberer Rad Mefitechnik, Germany) to determine lactate
threshold. Power output commenced at 115W, with increments of 35W applied every
4min. At the end of each incremental stage, blood lactate was measured until a
concentration of > 4mmol-L™! was obtained. After 30 min rest, participants performed
an incremental cycling test to exhaustion for the determination of VO, and max-
imal aerobic power. The protocol began with a 5min warm up at 100 W, after which
workload was automatically increased to 170 + 10 W, with increments of 20 W applied
every min until voluntary exhaustion. Breath-by-breath pulmonary gas exchange (VO,,
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VCO,, RER) was collected via a metabolic cart (Geratherm Respiratory GmbH,
Lovemedical Ltd, UK) and HR (H10, Polar, UK) was recorded continuously during
exercise. VO, and maximal aerobic power were taken as the highest 30s average
value obtained before voluntary exhaustion. Four days prior to the experimental trials,
participants were familiarized with the SS cycle protocol and the 16.1-km TT, as
described below.

Steady state and 16.1-km time trial cycling

Participants consumed a 200 mL bolus of either the O, or PLA beverage 5min prior
to commencing 30 min of SS cycling on the SRM cycle ergometer. The workload for
the SS cycling was set at 60% of the participants’ VO, and calculated from the
linear relationship between VO, and power output obtained from the submaximal
incremental test. Measures of VO,, VCO,, HR, rating of perceived exertion (RPE),
SpO,, blood lactate and blood gases were collected at baseline prior to exercise and
throughout SS cycling at 5, 10, 20 and 30min. After 10 min rest, participants consumed
a further 200mL bolus of either beverage 5min prior to commencing a 16.1-km cycling
TT followed by a series of 75mL volumes at 4, 8, 12 and 16-km during the TT.
Capillary blood sampling was repeated pre-exercise and at 2, 5, 10, 15, 20, 25, and
30min post-exercise to determine blood lactate and blood gases. Participants were
given no indication of completion time and received no feedback on performance
during or after the TT. Reproducibility testing of the 16.1-km TT from our laboratory
returned a coefficient of variation (CV) of 1.40% for average power.

Repeated sprint cycling

Participants consumed a 200 mL bolus of the O, or PLA beverage and immediately
commenced a 5min warm-up on a Monark peak bike (Ergomedic 894E, Monark Sports
and Medical, Sweden) with a resistance of 2.0 W-kg™! body mass at 60-90 rev-min'.
Participants rested for 3min prior to performing 4 x30s Wingate tests against a con-
stant braking force (7.5% BW) with 4min recovery between efforts. Participants con-
sumed a series of 75mL volumes immediately after the 1%, 27, 34 and 4" sprints.
Capillary blood sampling was performed prior to the consumption of the 200 mL
bolus, 2min after each 30s sprint to determine blood lactate and blood gases, and at
5, 10, 15, 20, 25, and 30min post-exercise for lactate only. RPE was obtained imme-
diately after each Wingate test, whereas HR and SpO, were recorded throughout. Peak
and average power were calculated for each Wingate test. Reproducibility testing of
the 4x30s Wingate test protocol from our laboratory returned a CV of 1.47% and
2.93% for average and peak power, respectively.

Gastrointestinal discomfort questionnaires

At 30min and 24h post experimental trials, participants completed Likert scales to
quantify severity of gastrointestinal discomfort symptoms (such as nausea, vomiting,
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bloating, cramping, flatulence, diarrhoea). Symptoms were graded on a 0-5 scale
(‘0 = none, ‘5" = unbearable), which has been validated in other areas of pain/dis-
comfort research (Bijur et al. 2003). Aggregate gastrointestinal discomfort was calculated

from the sum of each symptom.

Data analysis

All statistical tests were performed using SAS® version 9.4. Performance was quantified
by the time-to-completion of the 16.1-km TT and from power indices in the TT and
repeated sprints. Lactate clearance kinetics were quantified during recovery from the
TT and repeated sprints by measuring the area under the curve (AUC) and lactate
half-life. The latter was determined from the elimination rate constant (x), calculated
from the 7 blood lactate concentrations taken post exercise (5, 10, 15, 20, 25, and
30min post-exercise) k = In2/t,,. Where t,, is the half-life of the drug. All data were
initially tested for normal distribution using Shapiro Wilks test. Each response variable,
separately for each condition (submaximal, TT, and repeated sprints), was statistically
contrasted in a general linear mixed model, with treatment, period, treatment by period
and treatment by time interactions as fixed effects, subject as random effects, and
baseline as a covariate and time as repeated measure with an unstructured variance
covariance matrix. The effect of treatment over the time course, was also determined
by statistically contrasting the treatment by time interaction and examining their paired
differences. Paired t-tests were performed to determine differences in TT performance
(time, power output), lactate clearance kinetics (AUC, half-life) and gastrointestinal
discomfort between O, and PLA trials. Between treatment effects sizes (d) for improve-
ments in performance were calculated by dividing mean difference by pooled SD and
were interpreted as trivial (<0.20), small (0.20-0.49), moderate (0.50-0.79) or large
(=0.80) (Cohen, 1988). The statistical significance was evaluated at 5% level. Data are
reported as mean+ SD.

Results
Participant disposition, drop out, and randomization

Eleven participants were enrolled to ensure 9 participants completed the study as
planned. One participant withdrew from the study after the familiarization visit due
to time constraints. Ten participants completed each experimental trial separated by
4 +1days. In total, 3 participants were unable to complete the 4" Wingate test due to
gastrointestinal discomfort induced by the preceding maximal efforts (n=1, O,; n=2,
PLA). All other variables are complete data sets (n=10). No significant differences
were observed for baseline measures and no period effect observed (p>0.05), con-
firming the effectiveness of order randomization.

Steady state exercise responses

Exported SRM data files indicate that SS cycling was performed at 59.7+0.9% of

VO, VO, and VCO, increased and remained elevated above baseline after 5min
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Table 1. Blood lactate, HR and RPE (mean=+SD) at baseline and during 30min SS cycling after
consuming the placebo (PLA) and oxygen-encapsulated (O,) beverages.

Lactate (mmol-L") HR (bpm) RPE (6-20)
Time PLA o, PLA o, PLA 0,
Baseline 1.29+0.34 1.15+£0.24 71+13 72+12
5min 1.79+0.83* 1.67+0.67* 136+ 14* 136+ 15* 11£1 11+2
10 min 1.62+0.83* 1.63+0.85* 141 +16* 141 +13% 12+1 11£1
20 min 1.63+1.09* 1.62+1.06" 147 +18* 147 £15* 12+2 12+1
30min 1.51+1.03* 1.71£1.17% 148 +17% 151+17% 13+£2 12+1

HR, heart rate; RPE, rate of perceived exertion. # denotes a significant change from baseline (p <0.05).

Figure 1. A-B Mean time-to-completion (A) and power output (B) during the 16.1-km time trial
(O, — white box; PLA - grey box) (n=10). data presented as mean bar and individual responses to
experimental beverages. * denotes a difference between O, and PLA (p <0.05).

of SS cycling (p=0.04, p=0.002, respectively), but no treatment effects were observed
(p>0.05). Time-course responses of blood lactate, HR and RPE and blood gases are
shown in Table 1 and Supplemental Table 1, respectively. No treatment or interaction
effects were observed for any of these physiological variables during SS cycling
(p>0.05).

16.1-km time trial performance

Mean and individual 16.1-km TT completion times are displayed in Figure 1(A),
whereas the accompanying power output profiles are shown in Figure 1(B). There was
no difference in time-to-completion for the 16.1-km TT between familiarization and
PLA (p>0.05). Time-to-completion was 2.4% faster after O, compared with PLA
(26.1£1.6min vs. 26.8+1.8min, 95% CI=0.7-4.0%, p=0.01, d=0.41). Average power
output during the 16.1-km TT was also 4.1% greater for O, compared with PLA
(252+34W vs. 242+38W, 95% CI=2.1-7.3%, p=0.006, d=0.28). In total, 9 of the 10
participants reported improvements in average power output greater than the CV
(1.40%) for O, vs. PLA.

Final blood lactate concentration at the end of the 16.1-km TT was 7.5+2.7 mmol-L™*
vs. 6.4+2.8 mmol-L™! for O, and PLA, respectively (p>0.05). Blood lactate concentration
returned toward baseline during the 30 min recovery period (p<0.001, Figure 2), but
no treatment effect (p=0.38) or interaction effect (p=0.56) was observed. There was
no differences in lactate AUC (122 +50 mmol-min~' vs. 108 +52 mmol-min~!, p=0.33)
or half-life (17.1+2.9min vs. 18.4+6.0min, p=0.32) between O, and PLA.
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Figure 2. A-F Time-course changes in blood lactate (a), pH (B), PO, (C), [HCO,7] (D), PCO, (E), and
TCO, (F) following 16.1-km time trial (O, — white circles; PLA — black squares) (n=10). data presented
as mean=SD.

Blood pH, PCO,, [HCO, ], and TCO, increased during the 30 min recovery period
following the 16.1-km TT (p<0.05, Figure 2), but no treatment effects were observed
(p>0.05). PO, and O, saturation decreased during the 30 min recovery period (p<0.001,
Figure 2), but no treatment effects were observed (p>0.05).

Repeated sprint performance

Peak and average power output declined over the 4 x30s Wingates (p<0.001, Figure
3A), but no condition (p=0.19, p=0.61) or interaction (p=0.87, p=0.57) effects were
observed. Since some participants were unable to complete the 4" sprint, post-hoc
analysis conducted on Wingates 1, 2 and 3 (n=10) revealed that the O, beverage
increased average peak power by 7.1% compared with PLA (945+110W vs. 882+108 W,
p=0.002, d=0.58; Figure 3B). Average power during these 3 Wingates also increased
by 2.3% for O, compared with PLA (639+50W vs. 624+50W, p=0.014; d=0.30).
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Figure 3. A-B Average peak power over all repeated sprints (A) (O, — white box; PLA - black box)
and average peak power over the first three sprints (B) (O, — white box; PLA - black box) (n=10).
data presented as mean bar and individual responses to experimental beverages. * denotes a dif-
ference between O, and PLA (p <0.05).

Time-course responses of blood gases and lactate are shown in Supplemental
Table 2. Blood lactate concentration increased after each 30s Wingate (p<0.05), but
no treatment effects were observed (p>0.05). Peak blood lactate concentration after
the 4x30s Wingates was not different between O, and PLA (17.7 £2.8 mmol-L™! vs.
17.4+2.3mmol-L™!, p>0.05). Lactate returned toward baseline during the 30 min recov-
ery period (p<0.001), but there was no difference between O, and PLA (p>0.05).
Blood pH, PCO,, HCO,, and TCO, decreased during the 4 x30s Wingates (p <0.001),
however no treatment effects were reported (p>0.05). PO, increased during the 4x30s
Wingates (p <0.001), but there was no difference between O, and PLA (p>0.05). There
was no change in SpO, across the 4x30s Wingates (p>0.05).

Gastrointestinal distress symptoms

After completing the 16.1-km cycling TT, no differences in gastrointestinal discomfort
severity were reported between O, and PLA at 30min (0.6+0.5 vs. 1.0+1.2) and 24h
(0.4£0.5 vs. 0.7+ 1.5) post-exercise (p>0.05). Similarly, following the 4 x30s Wingate
tests, no differences in gastrointestinal discomfort severity were observed between O,
and PLA at 30min (4.2+2.2 vs. 3.8+5.1) and 24h (0.9+1.9 vs. 0.9+ 1.9) post-exercise
(p>0.05).

Discussion

Performance in competitive cycling events is largely determined by the potential for
oxidative energy provision in active muscles, but also the ability to generate a relatively
high-power output during decisive stages of the race (Baron et al. 1999). Consequently,
the present study not only investigated the effects of an oxygen-nanobubble beverage
on performance during SS and 16.1-km TT cycling, but also repeated sprint perfor-
mance which has been overlooked in prior studies. This is the first study to have
demonstrated improved performance with the consumption of an oxygen-nanobubble
beverage by enhancing 16.1-km TT and repeated sprint performance. The magnitude
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of this ergogenic benefit on time-to-completion (2.4%) and average power output
(4.1%) during the TT were greater than the smallest worthwhile change in performance
for road time-trial cyclists (~0.6% and 1.0%, respectively) (Paton and Hopkins 2006;
Paton and Hopkins 2001). Furthermore, 9 of 10 participants reported an improvement
in average power output higher than the day-to-day variations of our reproducibility
investigations (1.4%). Since we also observed no differences in gastrointestinal dis-
comfort between treatments, our results suggest that the oxygen-nanobubble beverage
may provide a practical and effective ergogenic aid for competitive cyclists.

To date, only a small number of studies have looked at the effect of oxygen-enriched
beverages on cycling or running TT performance with no significant improvements
reported (Wing-Gaia et al. 2005; McNaughton et al. 2007; Fleming et al. 2017). Contrary
to these findings, the present study reports significant improvements in time-to-comple-
tion and average power output during the 16.1-km TT for O, compared with PLA. This
may be a consequence of the oxygen-encapsulation method used in the current study,
resulting in greater oxygen solubility than previously tested drinks (Owen et al. 2016,
2022). However, we did not observe an increase in PO, in the O, trials, which would
be expected to support this hypothesis. This could be due to the insensitivity of our
measures, given the recognized error in predicting arterial PO, from capillary blood
samples. Even so, a distinct elevation in PO, does not necessary lead to a significant
increase in arterial oxygen carrying capacity given that hemoglobin saturation is high (>
96%) at sea level and the amount of oxygen dissolved in plasma is relatively low (~1.5%).

Previous research has also involved the consumption of smaller volumes of
oxygen-enriched drinks when compared to the current investigation (a total of 500 mL
over ~30min). For instance, Wing-Gaia et al. (2005) provided 160 mL over ~30min
of exercise, Fleming et al. (2017) provided only 35mL across ~30min, whereas
McNaughton et al. (2007) administered 15mL of oxygen-enriched water. However, the
difference in dose is unlikely to fully account for our results, as participants still
ingested a very small amount of oxygen in the beverage (~15mL, Supplemental Figures
1 and 2) compared to the volume of oxygen consumed during the 16.1-km TT (esti-
mated in the region of ~80L). It is possible that a greater quantity of oxygen may be
delivered to the tissue than initially encapsulated in the consumed dose if the lecithin
coated bubbles contained in the beverage act as oxygen carriers (Owen et al. 2022),
much like how perfluorocarbon nanodroplets are reported to function as blood sub-
stitutes (Riess 2005). Further research should investigate the bioavailability of these
oxygen-loaded nanobubbles before it is possible to confirm this hypothesis and better
understand potential mechanism of actions.

This is the first study to demonstrate that the ingestion of an oxygen-nanobubble
beverage can improve maximal-intensity repeated sprint performance. We observed
significant increases in peak power (~7.1%) and average power (2.3%) during 3x30s
Wingate tests interspersed with 4min of recovery. Given the greater power output, we
would expect to see higher blood lactate concentration (and metabolic acidosis),
reflecting increased glycolytic activity and anaerobic metabolism (Mendez-Villanueva
et al. 2012). Therefore, it was surprising that no differences between trials for blood
gas and lactate were observed. Fleming et al. (2017) reported significantly lower blood
lactate half-life and AUC data during recovery when participants consumed an
oxygen-enriched solution immediately after, and 15min after, exercise cessation.
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However, in the present study, lactate concentrations and AUC response were similar
between trials when O, beverages were consumed immediately after completion of the
16.1-km TT and 4x30s Wingate tests. The effect of timing and dosage of oxygen-enriched
water in relation to post-exercise recovery should be investigated in future research.

Our observations that the O, beverage did not affect the physiological response
to a constant submaximal workload are in agreement with previous findings for
oxygen-enriched water (Mielke et al. 2005; McNaughton et al. 2007). Consumption
of the O, beverage did not reduce the VO, cost of submaximal exercise at 60%
VO,peu0 Which suggests no change in skeletal muscle contractile efficiency (adenosine
triphosphate cost of muscle contraction) and/or mitochondrial respiration (adenosine
triphosphate produced per mole of O, used). It is likely that any changes in arterial
oxygen content (although undetected in this study) were met by proportional changes
in muscle blood flow to control oxygen delivery (Saltin et al. 1998). However, there
was no detectable change in HR and likewise ventilatory volume were similar between
treatments, suggesting no alternations in cardiorespiratory cost of oxygen transport.
Furthermore, there were no differences in measures of capillary blood gases and
lactate, which is somewhat surprising considering participants were able to sustain
greater average power output during the 16.1-km TT after the O, beverage. No
physiological measurements were collected during the TT to limit distractions and
ensure ecological validity, so we are unable to quantify the VO, cost of the work
completed. However, using calculations from baseline cardiopulmonary exercise testing
we estimate that participants were cycling at ~73% VO,,,,, during the TT. Peak
blood lactate concentration at the end of the TT confirms that cyclists were exer-
cising at a higher intensity relative to the SS protocol (where physiological measures
were obtained) and potentially at the boundary of the heavy-severe intensity exercise
domain (Jones et al. 2019). Vascular control differs at intensities above critical power
(Poole et al. 2016). Severe intensity exercise tolerance is improved by hyperoxia
(Amann et al. 2006), likely due to enhanced blood-myocyte oxygen diffusion and
raised intramyocyte PO,. Although the latter is unconfirmed in the present study,
previous research has demonstrated that tumor tissue oxygen levels can be increased
following oral administration of the same stabilized oxygen nanobubbles in mice
(Owen et al. 2016). Neuronal nitric-oxide synthase (nNOS) derived nitric oxide (NO)
plays a commanding role in regulating blood flow to type II muscle fibers, which
are preferentially recruited at work rates above critical power (Copp et al. 2013;
Poole et al. 2016). Given that enzymatic production of NO requires oxygen as a
co-substrate (Babu et al. 1999) and the K,, for nNOS is high (~350 uM O,), increas-
ing intramyocyte PO, may increase the production of NO (Hickok et al. 2013) and
help to elevate blood flow and oxygen delivery to these muscles. This may explain,
in part, why we have observed improved exercise performance in the severe inten-
sity domain.

Limitations and future research suggestions

There are methodological limitations from this study that need to be considered when
interpreting results and should be addressed in the future. Firstly, we did not evaluate
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the success of our double-blind design, therefore, changes in performance might be
somewhat attributed to participants’ expectancy of positive outcomes from their belief
that they successfully identified the O, beverage (Hurst et al. 2020). Whilst there were
no notable differences in taste, texture or appearance of the O, and PLA beverages,
we should have assessed blinding via treatment allocation questionnaires to determine
whether participant biases influenced results (Schulz and Grimes 2002). Secondly, we
were unable to measure skeletal muscle oxygenation and blood flow. This can be
estimated through near-infrared spectroscopy with venous occlusion (Tran et al. 1999;
Boushel and Piantadosi 2000). Further research is warranted using such methods to
determine if ingesting an oxygen-nanobubble beverage affects the physiological control
during more sustained vigorous exercise intensities (~75% VO,,,) exercise. Lastly,
whilst participants were classified as competitive cyclists based on physiological response
and training history (De Pauw et al. 2013; Priego Quesada et al. 2018), it was noted
that they were heterogenous in their true cycling performance. More specific perfor-
mance indicators such as weight-relative power at peak workload and lactate threshold
may be better suited for classifying participants than VO, and training history.

Conclusion

This study investigated the acute performance and physiological responses to submaximal
and repeated sprint cycling following ingestion of an oxygen-nanobubble beverage. Our
findings demonstrate significant and practically meaningful improvements in 16.1-km TT
completion time and repeated sprint performance in competitive cyclists. Consumption of
the oxygen-nanobubble beverage may elicit small performance benefits for athletes perform-
ing sustained vigorous efforts, as well as repeated bouts of high intensity exercise, but further
research is required to clarify physiological mechanisms underlying these ergogenic effects.
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