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We developed a capability of a monolayer of bioluminescent (BL) bacteria for spatiotemporally visualizing
the heterogeneous distribution and dynamic evolution of interfacial oxygen concentration, resulting in the
discovery of spontaneous and stochastic oxygen waves at the interface between the substrate and an
undisturbed, apparently still solution. Wild type bacteria, P. phosphoreum, spontaneously emit light
during the native metabolism processes, i.e., bioluminescence. The emission intensity is sensitively
regulated by oxygen concentration. By taking the electrolysis of water as a model, it was demonstrated
that time-lapsed BL imaging of a bacterial monolayer allowed for visualizing the dynamic distribution of
oxygen. The results were quantitatively understood with a physical model involving the diffusion

equation and Michaelis—Menten equation. Unexpectedly, further study uncovered a spontaneous and
Received 18th June 2021 tochasti in a standard well of a microtiter plate, which b tly attributed to th
Accepted 12th August 2021 stochastic oxygen wave in a standard well of a microtiter plate, which was subsequently attributed to the

inevitable micro-convections induced by inhomogeneous evaporation and thermal fluctuation. Because

DOI: 10.1035/d1sc03310g of the wide application of microtiter plates, this study sheds new light to better understand the apparent
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Introduction

Oxygen is an essential substance to support aerobic respiration
and related physiological functions for cells and a significant
portion of bacteria." Given the essential roles of oxygen in life
processes, numerous efforts have been made to determine the
average concentration of oxygen in bulk samples such as solu-
tion and atmosphere. They utilize versatile signal transduction
mechanisms (titration,* electrochemical,>” optical,®® etc.) to
report the oxygen concentration quantitatively. Although
powerful, these single-point devices (oxygen sensors) reported
the average concentration of oxygen molecules and lacked
spatial resolution. Meanwhile, different types of oxygen-
sensitive optical probes have been proposed to image the
distribution of oxygen within cells,”™* tissues*>** and even living
beings.***® For example, transition metal complex compounds
have been popular choices for oxygen imaging by monitoring
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heterogeneity in cell-culture and bio-assays.

the reduced phosphorescence intensity and lifetime in the
presence of oxygen due to the oxygen triplet state quenching."”**
Hypoxia-sensing fluorescent probes, whose fluorescence is
turned on by bio-reductive reaction in hypoxic cells or tissues,
are often based on the irreversible process and depend on
reductases activity.”** Chromogenic indicators are another
option in which the absorption (i.e., color) is changed in the
presence of oxygen. Because it involves chemical reactions, this
strategy often suffers from slow reaction kinetics and the lack of
reversibility.>?

Bioluminescent (BL) bacteria are living micro-organisms
that spontaneously emit light during their metabolism
processes. These bacteria endogenously express luciferase to
catalyze the reaction between oxygen and certain substrate
compounds to generate product molecules in the excited state.*
Subsequent radiative decay to the ground state results in the
emission of light with a characteristic wavelength depending on
the type of bacteria. BL has been considered as one of the most
sensitive techniques because it does not require excitation light
and thus reduces the optical background as much as possible in
both detection and imaging applications.”*?® For example,
when expressing the luciferase system in E. coli*’and mamma-
lian cells,?® these previously dark species were able to emit light
as a result of BL processes. In a recent study, BL intensity was
used to report the metabolic dynamics of individual spores
during sporulation and germination processes. The spores were
engineered to express bacterial luciferase upon germination.*
Such capability makes luciferase a promising alternative to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fluorescent proteins for acting as reporters of gene expression
and protein function. While different bacteria species rely on
different organic substrates, oxygen is required in nearly all the
BL bacteria. Early studies have shown that BL bacteria can be
used to determine the sub-uM oxygen concentration, owing to
the very low enzymatic reaction constant.*>** In addition,
because the light emission intensity of BL bacteria is also an
indicator of the metabolic activity, they have been routinely
used in cytotoxicity assays for decades.*>** The addition of
polluted water into a suspension of BL bacteria immediately
decreased the emission intensity. This change can be captured
by a portable photo-detector or the naked eye, very suitable for
rapid field pollution assessment in emergency events.**>®
Although powerful, these studies relied on the overall light
emission intensity from a bulk suspension of BL bacteria, and
lacked sufficient spatial resolution to image and to monitor the
spatial distribution as well as dynamic evolution of oxygen.

In this study, we demonstrate the capability of BL imaging of
a monolayer of wild type bacteria, P. phosphoreum, for real-time
mapping the dynamic and heterogeneous distribution of
oxygen molecules at the interface in a standard well of
a microtiter plate, leading to the discovery of stochastic and
dynamic oxygen waves (nonlinear oxygen pattern) for the first
time. We developed a surface functionalization method to
immobilize BL bacteria on glass coverslips to form a sub-
monolayer. Without the need for any excitation light,
a camera was used to capture the spontaneous BL emission
from the bacterial monolayer with a suitable microscope
objective. In order to demonstrate the superior spatial and
temporal resolutions of the BL bacteria layer to report the
distribution of oxygen molecules, an artificial oxygen wave was
firstly created by applying an oxidative potential to a part of the
interface to produce an intensive amount of oxygen molecules
via water electrolysis. The entire generation and diffusion
process of the oxygen molecules was clearly monitored by
recording the time-lapsed BL images of the bacterial monolayer.
The spatial and temporal features of BL images were quantita-
tively explained by a theoretical model according to the diffu-
sion equation and Michaelis-Menten equation. Finally, when
recording a series of time-lapsed BL images of a resting solu-
tion, a stochastic and dynamic oxygen wave was observed
without disturbing the solution, uncovering a heterogeneous
and dynamic distribution of oxygen molecules even in a resting
and apparently still solution.

Results and discussion
Dependence of BL intensity on oxygen

We first demonstrate that the BL intensity of P. phosphoreum
bacteria is sensitively and reversibly regulated by the concen-
tration of oxygen. P. phosphoreum is one kind of facultative
anaerobic bacteria that endogenously expresses luciferase and
catalyzes the oxidation of fatty aldehyde (RCHO) and the
reduced flavin mononucleotide (FMNH,), as described in eqn
(1). The detailed mechanism involves two steps.*” First, FMNH,
binds to oxygen to form the peroxyflavin intermediate. Then,
this intermediate reacts with aldehyde luciferin to form the
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flavin peroxyhemiacetal intermediate that decomposes to
produce RCOOH and the excited state FMN*. The radiative
decay of FMN* to the ground state is accompanied by the
emission of light (~490 nm).

luciferase

FMNH, + RCHO + O, FMN + RCOOH + H,O + hv.

(1)

As can be seen from eqn (1), the BL intensity directly indi-
cated the enzymatic reaction rate, which is sensitively regulated
by the concentration of oxygen. This point was validated by two
experiments herein. In the first experiment, after rigorously
vortexing a suspension of bacteria to enable the efficient and
homogeneous supply of oxygen, bright and uniform light
emission was observed from the tube, as shown in Fig. 1a(I).
After several seconds of resting, only a small portion of the
bacteria at the air-liquid interface remained bright (Fig. 1a(II)),
because the interface still enabled an efficient supply of oxygen
from the atmosphere, while the oxygen molecules inside the
bulk suspension were nearly exhausted as a result of aerobic
respiration. When the tube was shaken again to re-supply
oxygen, uniform BL emission from the entire suspension with
similar brightness appeared again (Fig. 1a(IIl)). This process
was repeated three times and the BL intensity curve is shown in
Fig. 1b. A video is provided in the ESI (Movie S17) to display the
processes. Note that the bacteria concentration (number
density) was rather high in this demo experiment for the ease of
naked-eye observations. Therefore, it took only several seconds
to exhaust the oxygen within the bulk suspension.

We designed another experiment to further support the
dependence of BL intensity on oxygen concentration. After
a classical culture on an agarose plate, separated colonies with
representative blue-green emission can be easily observed with
the naked eye in a dark room (Fig. 1c). When blowing nitrogen
gas on the surface of the agarose plate and monitoring the time-
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Fig. 1 (a) Representative BL snapshots and (b) the corresponding BL
intensity curve during shaking—standing—reshaking of a suspension of
BL bacteria. (c) Typical BL image of bacterial colonies cultured in the
agarose plate. (d) BL intensity of a colony selected in the white box
rapidly decreased when blowing nitrogen, and gradually recovered
when re-supplying air.
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lapsed BL images, it was found that the BL intensity of the
colony marked with the white box significantly decreased by
80% within 20 seconds (Fig. 1d and Movie S21). Stopping the
nitrogen flow resulted in the gradual recovery of BL intensity in
another 600 seconds. The slow recovery was due to the limited
diffusion of oxygen within the dense colony (~1 mm diameter).
Because the bacteria colony itself significantly consumed
oxygen during the gas exchange processes, it took a longer time
for oxygen to completely recover the bioluminescence intensity.
These results clearly indicated that the BL emission was regu-
lated by the oxygen concentration in rapid and reversible
manners.

BL imaging of the diffusion of oxygen produced by electrolysis

We next designed an artificially triggered oxygen wave to
demonstrate the capability of BL imaging for visualizing the
dynamic diffusion of oxygen molecules. A PDMS (poly-
dimethylsiloxane) chamber was placed on a glass coverslip to
fabricate a container for bacteria immobilization and BL imaging.
The chamber has a diameter of 5 mm, and a height of 8 mm, with
a maximum volume of 280 pL, which is the same as a well in
a standard 96-well plate. 100 pL of BL bacterial suspension (ODgg
nm = 1.5) was dropped into the chamber and we waited for 30
minutes to enable the formation of a monolayer of bacteria on the
surface of the coverslip. The coverslip was pre-functionalized with
poly-p-lysine to enhance the adhesion due to the electrostatic
interaction.®® After the formation of the monolayer, the sus-
pending bacteria in the solution were removed by gently rinsing
the chamber with a clean culture medium several times. The
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chamber was then filled with 200 pL of culture medium for BL
imaging experiments. The formation of a monolayer of BL
bacteria was validated by the correlative bright-field (BF) and BL
images as shown in Fig. 2a and b, respectively. All the individual
bacteria exhibited sufficient light emission, indicating the effec-
tive adhesion and good activity of bacterial luciferase.

The coverslip underneath the bacterial monolayer was
specially fabricated so that the left half of the coverslip was
covered by a 30 nm-thick semi-transparent and conductive
platinum (Pt) layer to enable oxygen generation through the
electrolysis of water, while the right half was original glass. By
introducing counter and reference electrodes into the solution
and applying an appropriate potential of 1.5 V to the Pt layer,
rapid electrochemical oxidation of water occurred on the Pt side
to immediately generate 3.0 x 10~° mol oxygen molecules in
the first second, which subsequently crossed the borderline and
diffused towards the right side. The dynamic generation and
diffusion of oxygen molecules were visualized by monitoring the
time-lapsed BL images as shown in Fig. 2c-f.

Before the electrolysis, BL emission was observed from both
sides (Fig. 2c). The Pt side was slightly darker because of the
relatively lower transparency, allowing for identifying the
borderline as indicated by the white dashed line. At the 20
second, +1.5 V potential was applied to the Pt layer, accompanied
by the immediate increase of BL intensity on the left side (Fig. 2d)
because of the significantly increased concentration of oxygen
and thus the enhanced BL reaction rate. Other potentials have
been applied to the Pt layer (Fig. S1t), such as 0.5 Vand 1.0 V. The
potential of 1.5 V was chosen because of the sufficient signal
intensity for quantitative analysis. A narrow BL emission band
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Fig.2 Correlative BF (a) and BL (b) images of individual BL bacteria. (c)—(f) Time-lapsed BL images reveal the generation and diffusion of oxygen
waves in an artificially triggered water electrolysis process (exposure time: 0.63 s.) (g) BL intensity curves of seven ROlIs as indicated in (e). (h)
Linear dependence of the square of the distance between each ROl and the boundary (%) with the time required to reach half-maximal intensity

(t).
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was also observed penetrating into the glass side by 100 pm,
indicating the diffusion of oxygen from the Pt side. In the
subsequent several seconds, the BL emission on the Pt side
rapidly decreased to nearly zero, which was attributed to the
death of bacteria induced by the electroporation and the elec-
trochemical oxidation of important biomolecules under such
a high potential. This point was supported by the fact that
another electrochemical pulse was not able to recover the BL
emission from the Pt side any longer. At the same time, the BL
emission band on the glass side continuously expanded towards
the right side, which appeared like a migrating BL wave (Fig. 2d—
f, and Movie S3t). When selecting seven adjacent regions of
interest (ROIs) on the glass side (color rectangles in Fig. 2e) and
plotting the local intensity as a function of time, the migration
feature is clearly demonstrated in Fig. 2g. At each ROI, the
diffusion of oxygen increased the BL emission by roughly four
fold to reach a plateau at ~14 000, resulting in an interesting
sigmoidal curve. As shown in Fig. 2h, further analysis indicated
that there was a linear dependence of the square of the distance
between each ROI and the borderline (1*) with the time required
to reach half-maximal intensity (f). According to the three-
dimensional diffusion model (7> = 6Dt),* the diffusion coeffi-
cient (D) was determined to be ~2.0 x 10~° m* s~ !, which was
consistent with the literature reports.*>** It is clear now that the
time-lapsed BL images of a bacterial monolayer provide an effi-
cient way to visualize the dynamic distribution of oxygen.

Note that autoinducers were known to enhance the bacteria
bioluminescence through the quorum sensing mechanism.*>**
However, because this mechanism involved the regulation and
expression of proteins, it took effect in a typical time scale of
tens of minutes (Fig. S2). Therefore, autoinducers should not
interfere with the detection of oxygen in this experiment.

A similar diffusion feature was also validated at a single
bacterium level by using a 100x objective to zoom in an 80 x 80
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Fig. 3 (a) BL image of a surface-adhered single bacterium. (Exposure
time: 1 s.) (b) Representative BL intensity curves of three individuals
marked by color squares in (a). (c) The to map of 648 individual
bacteria. (d) It demonstrates that it takes a longer time for oxygen to
reach the bacteria on the right side, which is consistent with the
direction of diffusion.
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um? region (Fig. 3a). We repeated the electrolysis experiment
under 100x magnification with the same experimental condi-
tions and recorded the BL intensity of each single bacterium as
a function of time with a temporal resolution of 1 second. A
movie consisting of the time-lapsed BL images is provided in
Movie S4.f Three representative curves of three individuals
(marked by color squares in Fig. 3a) are displayed in Fig. 3b.
Similar sigmoidal curves were also observed at a single bacte-
rium level, confirming that the increased BL intensity indeed
came from the enhanced enzymatic reaction at higher oxygen
concentration. The time required to reach half-maximal BL
intensity (¢,) is displayed for each individual bacterium in
Fig. 3c. A positive relationship between the position of indi-
vidual bacteria (x) and ¢, is plotted in Fig. 3d. It further indi-
cated that, as expected, it took a longer time for the oxygen
molecules to reach the individual with farther distance.

Physical model

We next built a physical model to explain the sigmoidal curve by
using the diffusion equation and Michaelis-Menten equation.
When assuming a source with constant oxygen concentration,
Co, to supply oxygen to the surrounding environment via
diffusion, the centration of local oxygen, C(r, ), as a function of
distance () and time (¢), can be described by the following
diffusion equation:**

C(r.1) = G {1 —erf (2%@)} @)

By assuming a diffusion coefficient of 2.0 x 107" m* s™*, the
relative concentration distribution C(r, t) in a range of 0-1.2 mm
within a time window of 40 seconds is shown in Fig. 4a. On the
other hand, the dependence of BL intensity with oxygen concen-
tration is described by the Michaelis-Menten equation (eqn (3)). It
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Fig. 4 Physical model allows for calculating the time-dependent
distribution of (a) oxygen concentration Cl(r, t), and (b) BL intensity /(r, t),
which is well consistent with the experimental results displayed in (c)
and (d). (e) Dependence of BL intensity of a single BL bacterium on the
oxygen concentration allows for determining the bacteria K, by using
the Michaelis—Menten equation. (f) The K, histogram of 202 individual
bacteria reveals an average value of 12 uM.
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suggests that the BL intensity tends to saturate when the oxygen
concentration is significantly larger than the K, of luciferase.

C(r,t)

I(r, 1) :Imaxm

(3)

Because the BL intensity is a direct and quantitative indi-
cator of enzymatic reaction rate, the combination of both
equations allows to calculate the relative BL intensity I(7, ¢). In
eqn (3), K, in the physical model was experimentally deter-
mined by measuring the BL intensity of a single bacterium in
solutions with different oxygen concentrations. Dissolved
oxygen concentrations were regulated by adding different mass
proportions of Na,SO; (10%, 5%, 3%, 1%, 0.3%, 0.1%) to the
culture medium for consuming oxygen, a popular method for
culturing anaerobic bacteria. Then, the oxygen concentration of
each solution was quantified by an oxygen reduction reaction
with the rotating disk electrode method.** A perfusion system*
was used to rapidly switch culture solution with different oxygen
concentrations surrounding the bacteria of interest. Individual
bacteria K;, values were obtained by fitting the oxygen
concentration-dependent BL intensity with the Michaelis—
Menten equation (Fig. 4e). The histogram of K,,, values of 202
individual bacteria is shown in Fig. 4f, revealing an average K,
of 12 pM. This value was subsequently adopted in the physical
model (eqn (3)) to calculate the relative BL intensity (Fig. 4b).
The calculated result was nicely consistent with the results from
the electrolysis experiment (Fig. 4c). Experimental oxygen
concentration could be calculated based on the Michaelis—
Menten equation, since the I(r, t), Iyax, and K, were known. The
result is shown in Fig. 4d. The total amount of oxygen was also
estimated by integrating the chronoamperometric curve (i-t
curve, Fig. S31), which gave a value of 4.9 x 10~ ® mol in an
electrolysis time of 40 seconds (20 to 60" second in Fig. 2).
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These results demonstrated an impressive sensitivity of
bacteria bioluminescence for the detection of oxygen with a Ky,
of 12 uM. Because the bioluminescence of the bacterial lucif-
erase system does not require the addition of external
substrates, successful expression of the luciferase system (lux
gene) has been achieved in prokaryotic cells,** mammal
cells,*®*® and plant cells.*” A major challenge at the present stage
is the relatively weak bioluminescence intensity. Wild type BL
bacteria in our work exhibit sufficient BL intensity for indi-
vidual bacteria imaging with an exposure time less than 1
second. If BL bacterial luciferase as a reporter could be
expressed in different single cells with similar BL intensity,
many dynamic processes in the biological system, such as
tumor hypoxia and oxidative stress, could be monitored in vivo
with improved exposure time and sensitivity, with implications
for their biomedical and translational applications.

Spontaneous and stochastic oxygen wave

In the electrolysis experiments, an unexpected phenomenon
came to our attention. When recording the baseline BL images
of the bacterial monolayer without applying the potential and
any disturbance, a spontaneous and stochastic BL wave was
frequently observed. Movie S51 shows a typical BL wave video
and the representative BL image snapshots are provided in
Fig. 5a. It was observed that BL emission exhibited both
significant spatial heterogeneity (on a scale of hundreds of
microns) and temporal dynamics (on a scale of hundreds of
seconds). Representative BL curves of three ROIs (marked by
color squares) are shown in Fig. 5b, revealing significant
intensity fluctuation by as large as 50%. The rapid increase and
decrease of BL intensity also demonstrated excellent revers-
ibility to report the oxygen concentration. The dynamic and
heterogeneous BL intensity is also demonstrated in Fig. 5c,
which displays the time-dependent intensity profile along
a dashed line (shown in Fig. 5a) in a recording period of 2600
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(a) Representative BL images illustrate the spontaneous and stochastic features of BL waves (exposure time: 10 s). (b) The fluctuation of BL
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Fig. 6 (a) BL image of adhered bacteria within a ROl of 40 x 40 pm?
(exposure time: 10 s). (b) Synchronized BL intensity curves of three
adjacent individuals (mark with color arrows).

seconds. As demonstrated above, the BL intensity directly
indicated the concentration distribution of oxygen molecules.
The stochastic BL waves thus suggested that, although the
solution in the chamber was undisturbed, the oxygen concen-
tration at the liquid-substrate interface was inhomogeneous
and underwent dynamic fluctuation.

Based on two experimental results, the BL wave was attrib-
uted to the micro-convection of liquid induced by evaporation,
which resulted in the heterogeneous and dynamic distribution
of oxygen. First, under some circumstances, the BL wave was
accompanied by the directed movements of remaining indi-
vidual suspending bacteria. Their trajectories were consistent
with the BL wave, indicating the existence of micro-convection
(Fig. S47). Second, in order to examine the influence of local
evaporation, a coverslip was placed on top of the chamber and
was in contact with the culture medium to get rid of the gas-
liquid interface (top interface) to minimize evaporation. It was
found that the introduction of the glass coverslip largely
inhibited the BL wave, in terms of not only the fluctuation ratio
but also the time scale (Fig. S5T). However, even in the absence
of solution evaporation, the heterogeneous distribution of
oxygen was only inhibited, but not removed, indicating the
remaining contributions from inevitable thermal fluctuations.
To demonstrate the influence of thermal fluctuations, we
introduced a local heating system to heat up the coverslip by
taking the conductive indium tin oxide (ITO, 15-30 Q) film as
a resistor. When increasing the temperature of the coverslip
underneath the solution, significant bioluminescent waves were
observed as a result of the enhanced thermal fluctuations
(Fig. S67). The BL wave was further validated by single bacterial
BL imaging as shown in Fig. 6 and Movie S6.Tf When plotting the
BL intensity of individual bacteria as a function of time, all the
curves were spontaneously fluctuating. This result validated
that the fluctuating BL intensity was indeed due to the emission
from individual bacteria as a result of heterogeneous distribu-
tion of oxygen, rather than the random movement and enrich-
ment of suspending BL bacteria in the bulk solution.*

Because the distance between adjacent bacteria is only a few
tens of microns in this case, it only takes less than 1 second for
oxygen to diffuse 40 pm. As a result, temporal evolutions from
different individuals were largely synchronized with a limited
temporal resolution of 10 seconds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, by using an artificially generated oxygen wave
induced by electrochemical oxidation of water as a model
system, we have demonstrated the capability of the BL bacteria
monolayer for visualizing the distribution of oxygen molecules
in sensitive, real time and reversible manners. The in situ
production of oxygen at the Pt surface resulted in oxygen
diffusion towards the BL bacteria monolayer. The entire
temporal-spatial feature was quantitatively explained by
a physical model based on the diffusion equation and
Michaelis-Menten equation. After the validation of method-
ology, BL imaging of the bacterial monolayer unexpectedly
revealed a stochastic and spontaneous oxygen wave at the
liquid-substrate interface in a well of a standard 96-well plate,
which was attributed to the solution micro-convection induced
by environmental factors including evaporation and intrinsic
thermal fluctuation. Because the microtiter plate is routinely
adopted in cell culture and bio-assays which relies on the
homogeneous interactions with the molecules in the solution,
these results shed new light to understand the apparent
heterogeneity in relevant studies. The present study not only
provides a powerful method to detect and visualize oxygen
molecules by using BL bacteria, but also uncovers an unprece-
dented oxygen wave for studying the non-linear dynamics of
reaction-diffusion systems, in addition to the famous calcium
wave and Belousov-Zhabotinsky reactions.
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