
Published: May 19, 2011

r 2011 American Chemical Society 7693 dx.doi.org/10.1021/jp2023154 | J. Phys. Chem. B 2011, 115, 7693–7698

ARTICLE

pubs.acs.org/JPCB

Oxygen-Dependent Auto-Oscillations of Water Luminescence
Triggered by the 1264 nm Radiation
Sergey V. Gudkov,†,‡ Vadim I. Bruskov,*,†,‡ Maksim E. Astashev,‡,§ Anatoly V. Chernikov,†

Lev S. Yaguzhinsky,|| and Stanislav D. Zakharov^

†Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences, Pushchino, Moscow Region, 142290 Russia
‡Pushchino State University, Pushchino, Moscow Region, 142290 Russia
§Institute of Cell Biophysics, Russian Academy of Sciences, Pushchino, Moscow Region, 142290 Russia

)Lomonosov Moscow State University, Vorob’evy Gory, Moscow, 119899 Russia
^Lebedev Physical Institute, Russian Academy of Sciences, Moscow, 119991 Russia

’ INTRODUCTION

The key role of oxygen inmaintaining life is determined by the
unique electron structure of its molecule, which is a triplet in the
ground state (X 3∑g

�) (electronic spin 1) and a singlet (spin 0) in
electron excited states. The lowest of the excited states, 1Δg

(energy 0.98 eV), usually called singlet oxygen (1O2),
1,2 is a

highly reactive species with a lifetime in water of about 4 μs.3

Conventionally, singlet oxygen is generated by photosensitizers
and is used as an active agent in cancer phototherapy.4 The direct
photoexcitation of 1O2 in suspensions of living cells and protein
solutions results in various biological effects, from activation to
inhibition, depending on the exposure dose.5�7 The light�oxygen
effect also takes place in physicochemical systems, in particular, in
photobleaching of dyes acting as singlet oxygen traps in aqueous
solutions,8 andmanifests itself as changes in the acetone spectrum.9

The spectrum of molecular oxygen has several relatively narrow
absorption bands in the visual and near-infrared (IR) regions.
1O2 can be generated by excitation at each band, but the strongest
excitation is achieved at a maximum near 1264 nm.10 Light sources
such as cw diode lasers are particularly suitable for generating singlet
oxygen since their low intensity enables one to eliminate thermal
effects.

It has been shown previously that short-term irradiation of
water with a He�Ne laser results in persistent auto-oscillations
of luminescence after a long latent period.11 The 632.8 nm
wavelength of the laser falls within an O2 absorption band
(3∑g

� þ 3∑g
� f 1Δg þ 1Δg, 0�0 transition);8 therefore, we

assumed that the phenomenon is initiated by singlet oxygen.

Here, we present experimental evidence in favor of this hypoth-
esis. The transition of dissolved oxygen to the singlet state in
water samples exposed to 1264 nm radiation was used because
the energy of the photons at this wavelength, unlike the energy of
He�Ne photons, is insufficient for excitation of possible organic
contaminants.8,9 As in the case of a He�Ne laser,11 exposure of
water to 1264 nm radiation resulted in luminescence oscillations,
which occurred after a long latent period. The luminescence
takes place in the blue�green region of the visible spectrum. A
mathematical analysis of hidden periodicities of the process
revealed 300 and 1150 s rhythms, the last of which agrees well
with the previously found oscillation period (18 min) of the ratio
of ortho to para nuclear spin isomers and redox potential in pure
water.12

’EXPERIMENTAL METHODS

Irradiation. A sample of bidistilled water (10 mL; electrical
conductivity 120 μS/m, pH 5.6) in a 20-mL polypropylene vial
for liquid scintillation counting (Beckman, United States) was
irradiated in the dark at room temperature with a 5 mW diode
laser through the open surface by a quartz light guide. The
distance from the light guide end to the water surface was about
10mm, and themean density of the light flux on the water surface
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was 1 mW/cm2. A laser beam cross section was visualized using
an IRDC-AS-22 card. In several experiments, the laser was
replaced by a 50 mW IR light diode, which emits in the region
of 960�985 nm with a maximum at 975 nm.
Measurement of Luminescence. A vial with an irradiated

sample was placed in a high-sensitivity chemiluminometer
Biotoks-7AM (Ekon, Russia) operating in the regime of a photon
counter with a sensitivity band at 380�710 nm.11 The time of
signal accumulation and the periodicity of recording the data was
1 s. The efficiency of photon counting was about 10%, as determined
by calibration against Cherenkov radiation from isotope 32P. The
region of the luminescence spectrum was estimated using blue or
red optical filters with 99% transmission of light flow at 380�520
and 590�800 nm, respectively.
Measurement of Hydrogen Peroxide. The concentration of

hydrogen peroxide was determined by the method of enhanced
chemiluminescence in a system luminol�4-iodophenol�
peroxidase.13 Chemiluminescence intensity was measured using
a Beta-1 liquid scintillation counter (Medapparatura, Russia) in
the photon-counting operationmode; calibration was carried out
using hydrogen peroxide samples of known concentration.
Removal of Oxygen from Water. The concentration of

dissolved oxygen was measured on an Ekspert-001 device
(Ekoniks, Russia) using a DKTP 02.4 oxymetric electrode. The
initial oxygen concentration was about 270 μM. Degassing was
carried out by different methods. After evacuation of water followed
by freezing and thawing, the oxygen content decreased to 160 μM.
The saturation of water with argon by bubbling for 20 min as
described in ref 16 led to a decrease in oxygen concentration to
130 μM. Upon heating water to boiling temperature followed by
cooling, the oxygen concentration decreased to 50 μM. Because
the degassing by heating was most effective, this method was
further used.
Wavelet Transform. The wavelet transform of the time series

of luminescence values makes it possible to reveal the amplitude�
frequency and phase�frequency characteristics of signals locally
with time. The result of the wavelet transform represents the
decomposition of the time series in the basis of soliton-like
functions by changes of the scale and transfers.14 The Morlet
basis of the complex wavelet transform of the form15

ψðrÞ ¼ eik0re�r2=2

was used, where k0 is the coefficient of angular selectivity of the
wavelet. We took k0 = 2π; thus, with r = 1, the harmonic
component of the wavelet has a unit wavelength. The scale
translations were carried out by the equation

ψjðaÞ ¼ jaj�1=2ψ
j
a

� �

where a is the scale coefficient equal to the wavelength of the
harmonic component of the wavelet and j is the number of the
element. With allowance for the discrete character of the time
series and limitation of the integration range, the equation for
calculation of wavelet coefficients takes the form

Wða, bÞ ¼ ∑
L=2

j¼ � L=2

XjþbψjðaÞ

where b is the parameter of temporal shift, Xj is the jth element of
the initial monomeric signal, L is the length of the filter, which
was determined from the relation L = 5a. Transforming a

monomeric signal by the complex basis function yields dimeric
arrays of values of the module and phase of coefficients of the
form

Wða, bÞ ¼ jWða, bÞjeiΦða, bÞ

Further, the module of the wavelet transform coefficients was
analyzed.
Method of Detrended Fluctuation Analysis. A search for

latent correlations in the series was performed by the method of
detrended fluctuation analysis (DFA)16 with a modification.17 In
this method, the fluctuation function F2(l) is related to the time
window l (length of splitting) by an equation

F2ðlÞ � lH

where H is the Hurst exponent, which is determined from the
slope of function F2(l) built in double-logarithmic coordinates.
The reliability of the conclusions obtained by DFA and the
wavelet transform was controlled by randomly mixing the initial
series of data. The procedure of mixing consists of the
following steps
1 Choosing the experimentally obtained time series of values
{Xi}, where i = 1 ÷ N and N is the length of the series.

2 Two integer random numbers (a and b) in the range 1÷N
were generated.

3 The values of the series Xa and Xb were interchanged.
4 Steps 2 and 3 were repeated 1000 � N times, which
provided a complete mixing of the initial series.

’RESULTS

Description of the Phenomenon. The effect induced by
1264 nm laser irradiation of an aqueous sample did not manifest
itself within 1.5�2.5 h after exposure: the intensity of luminescence
of the sample did not exceed the background level (10( 5 counts
per second, cps). Then the luminescence began to increase and
reached 42( 3 cps (n = 16) over a period of 20�40 min with the
subsequent transition to the auto-oscillation mode (Figure 1,
insets 1 and 2). The process continued for 16�22 h. Exposure of
the same sample to laser radiation after cessation of auto-
oscillations did not lead to their repeated trigger. Thus, after
irradiation of water at 1264 nm, three successive stages of the
process were observed: (1) a latent period, (2) origination and
increase of luminescence, and (3) quasiperiodic auto-oscillations.
The exposure of water samples to 975 nm radiation resulted
neither in a distinct luminescence increase nor in auto-oscilla-
tions despite a 10-fold increase in treatment intensity. The
luminescence of control samples not exposed to laser radiation
did not substantially change over a period of six and more hours
(n = 10) and remained at the background level. A typical record
for control samples is given in Figure 1 to the right of the arrow.
Analysis of Time Series by DFA. The data obtained in

experiments with the laser (1264 nm) after the increase in the
luminescence (both the entire record and its separate parts)
were analyzed by the DFA method. In addition, the randomly
mixed data of all variants of the experiment were considered.
The results of the analysis of the region with quasiperiodic
changes in luminescence (time interval from 4 to 7 h in
Figure 1) are shown in Figure 2. The Hurst exponent H =
0.82 indicates a persistent dynamics of changes in water
luminescence. The time series corresponding to the region
of the quasiperiodic mode contained from 8973 to 21 614
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events in each of 16 experiments with 1264 nm laser radiation.
TheH value was 0.82( 0.06 (the standard error is given). For
control records (n = 10), H was 0.51 ( 0.01; this value is
characteristic for a random process. The Hurst exponent for
water luminescence after treatment with a light diode at
975 nm was also close to the value typical of a random process.
To confirm that the high value of the Hurst exponent is related
to a regular sequence of fluctuations rather than the distribu-
tion of signal amplitudes, the standard test of random mixing
of signals was performed. It was found that the Hurst exponent
for randomly mixed time series is equal to 0.50 ( 0.01,
confirming the reliability of the analysis. The scatter of values
for mixed sequences (2%) indicates the accuracy of the DFA
method.

Analysis of Time Series by the Wavelet Transform. The
method of complex wavelet transform is most adequate for
detecting the particular frequencies in time series. The adequacy
of applying the wavelet analysis was verified by using a model

Figure 2. Dependence of the fluctuation function Fd on the time
window length l on double-logarithmic scale as determined by DFA:
(1) for a time series in experiments with laser; (2) for the same samples
of time series mixed in a random manner.

Figure 3. Maps of wavelet coefficients that reveal harmonics in the time
series. The ordinate axis corresponds to the scale coefficient, which
characterizes the wavelengths identified during the analysis, and the
abscissa axis corresponds to the parameter of a shift, which determines
the temporal localization of the harmonic. The gray scale characterizes
the value of the modulus of the wavelet coefficient: (1) a random signal
(mixed data and the data of control experiments); (2) a model signal
(y = sin(2πx/l1) þ sin(2πx/l2), where l1 = 250; l2 = 1250); (3, 4)
patterns typical for luminescence at the stage of auto-oscillations.

Figure 1. Effect of laser radiation on water luminescence. The data of a
representative experiment are shown. Water was exposed to an infrared
laser (λ = 1264 nm, power 5 mW) for 5 min. The time of exposure is
shown by a vertical arrow. To the left of the arrow is a record of the
background water luminescence before the onset of laser irradiation.
The white line on the basic plot presents the macrostructure of a signal
obtained using the smoothing option of the program SigmaPlot. Inset 1
shows the microstructure of changes in water luminescence. In inset 2,
the integral intensity of water luminescence corresponding to that in
inset 1 is given.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2023154&iName=master.img-001.png&w=231&h=160
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signal containing two harmonics with frequencies that differed
more than two times. Figure 3 (2) shows a wavelet map for the
function y = sin(2πx/l1) þ sin(2πx/l2), where l1 = 250;
l2 = 1250, i.e., the two frequencies differ five times. Two solid
stable lines are seen on the wavelet map. By analyzing themixed
data (including the model signal) and the data of control
experiments, it is impossible to detect the isolated frequencies,
which confirms the reliability of subsequent treatment of the data
(Figure 3, 1). In 7 out of 16 experiments with the 1264 nm laser
(44%), persistent auto-oscillations were observed throughout
the registration period (Figure 3, 4). In 3 out of these 7 cases,
harmonics with periods of about 300 and 1150 s were observed
simultaneously, whereas in the remaining cases one of these
harmonics dominated. In 9 experiments (56%), a nonstationary
oscillatory mode was registered; in this case, in about 50% of the
cases, only one of these periods was clearly defined. In addition,
the period of the oscillatory mode tended to change. Thus, the
period of one oscillatory mode of about 1150 s somewhat
increased during the experiment, whereas the other period
(about 500 s at the beginning of the experiment) decreased to
300 s (Figure 3, 3).
Dependence of the Effect on the Oxygen Content in

Water. Two approaches were used to verify whether the
triggering of auto-oscillations is related to excitation of oxygen
dissolved in water. The oxygen concentration in samples was
lowered to about 50 μM (see the Experimental Methods)
compared with the equilibrium value of 270 μM. After exposure
of such degassed water to 1264 nm radiation, the luminescence
intensity remains at the level of background values over a period
of 6 h and more. After saturation of degassed water with
atmospheric air, irradiation with the laser led again to three
characteristic phases of luminescence shown in Figure 1.
Estimation of the Spectral Region of Water Lumines-

cence. The region of the spectrum of water luminescence
induced by the IR laser was estimated using blue and red optical
light filters. With the use of the red optical filter, luminescence
phases 2 and 3 were absent and the luminescence corresponded
to the background level. With a blue light filter, the situation was
similar to that observed in the absence of the filter (Figure 4),
i.e., the luminescence occurred in the blue�green region of the
visible spectrum.

Generation of Hydrogen Peroxide. In a sample exposed to
1264 nm radiation, formation of hydrogen peroxide occurs
(Figure 5). The concentration of H2O2 at 5 min after laser
treatment increases by 2 nM. Within an hour, the concentration
of hydrogen peroxide increases insignificantly to about 8 nM.
Then, the average concentration of hydrogen peroxide increases
to about 15 nM over a period from 1 to 3 h and to about 18 nM
over a period from 5 to 6 h.
We examined whether the concentration of dissolved oxy-

gen, the presence of scavengers of singlet oxygen, and addition
of D2O affect the photoinduced generation of H2O2. The data
obtained are presented in Table 1. In a water sample with a
2.6-fold higher oxygen content, the concentration of H2O2 after
irradiation with an IR laser increased 2.7 times (Table 1). On
saturation of water with argon, when the oxygen concentration
in water decreased approximately 2-fold, the rate of H2O2

generation decreased, correspondingly, two times. Addition
of 25% D2O, which increases the lifetime of singlet oxygen,
led to an increase in the H2O2 generation, as it occurred by the
action of heat.18,19 Sodium azide, a scavenger of singlet oxygen,
and tiron (4,5-dihydroxy-1,3-benzenedisulfonate), a scavenger
of superoxide radicals,18,19 partially prevented the H2O2 gen-
eration by laser radiation (Table 1). Sodium azide inhibited
H2O2 generation by 60% (Table 1). The effect of tiron and
superoxide dismutase (SOD) on the light-induced generation
of H2O2 in water indicates the involvement of superoxide anion
radicals in this process. Tiron at a concentration of 100 nM
induced a 2-fold decrease in the content of hydrogen peroxide
(Table 1). Addition of SOD led to a more than 2-fold increase
in H2O2 formation, due to dismutation of superoxide radicals
by the action of this enzyme (Table 1).

’DISCUSSION

Earlier it was reported that purified water luminesces in the
UV and blue�green regions of the spectrum under ionizing
radiation20 and UV light,21�23 but if the source of radiation is
switched off, luminescence terminates. The distinguishing fea-
ture of the luminescence observed in the present work is that it
arises after a prolonged period of time following irradiation and
has an auto-oscillatory mode. Besides, it is initiated by infrared
photons whose energy (0.98 eV) is insufficient for ionization of
watermolecules or generation of free radicals. The energy dose of

Figure 4. Estimation of the spectral region of water luminescence. The
intensity of luminescence, as estimated using light filters: (1) blue light
filter; (2) red light filter. The smoothed signal is obtained using the
smoothing option of the SigmaPlot software package (white line).

Figure 5. Kinetics of hydrogen peroxide formation after a 5-min exposure
of a water sample to laser radiation at 1264 nm.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2023154&iName=master.img-004.png&w=223&h=165
http://pubs.acs.org/action/showImage?doi=10.1021/jp2023154&iName=master.img-005.png&w=226&h=161
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0.15 J/mL released within 5min is too small to produce a marked
thermal influence. The absorption coefficient of water at 1260 nm
is ∼1 cm�1;24 therefore, incident radiation (1.5 J) is almost
completely absorbed in aqueous samples. The absorbed energy is
mainly transformed to rotovibrational excitations ofH2Omolecules,
which results in an insignificant (by less than 0.03 K) heating of
the sample.25 Only a small part of energy (∼10�6 J) is absorbed
by dissolved oxygenmolecules to transform them into the singlet
state as it is estimated in ref 10. The total energy radiated by
photons of the sample in the blue�green region during the auto-
oscillation (∼20 h) with allowance for the quantum yield of the
photodetector and the spatial angle of recording was estimated to
be ∼10�9 J.

The 975-nm radiation, which lies beyond the oxygen absorp-
tion bands, induces no auto-oscillations, although the energy
released in the sample is two times higher than the energy
adsorbed at 1264 nm. If the dissolved oxygen concentration
decreases from 270 to 50 μM, auto-oscillations do not arise in a
sample exposed to 1264 nm radiation. However, after the
equilibrium with atmosphere is established again, the repeat
irradiation of the sample at 1264 nm results in renewal of auto-
oscillations. This indicates that the process is triggered by the
photoinduced generation of singlet oxygen. Moreover, it is
probable that the photoinduced generation of singlet oxygen
leads to the accumulation of some portion of adsorbed energy in
water in the form of a particular long-lived state. The superslow
relaxation to the original state is accompanied by the release of
this additional energy and manifests itself partially in the
physicochemical processes observed.

The data obtained indicate that the generation and accumula-
tion of hydrogen peroxide play an important role in this process.
It can be assumed that in water a successive reduction of oxygen
is initiated: oxygen�singlet oxygen�superoxide (hydroperoxide
radical)�hydrogen peroxide, similar to what happens by the
action of heat.18,19,26,27 The luminescence of water in the blue�
green region may also be due to recombination of radicals arising
from cavitation of nanoscale air bubbles28 during their collapse as

in the case of sonoluminescence.29,30 It is likely that this process
may be initiated by the transition from the triplet to the singlet
state. The results of this study allow one to consider water as an
active excitable medium. Water sonoluminescence is character-
ized by a broad spectrum in the region of 300�500 nm.31,32

During sonoluminescence, a water molecule is decomposed into
the radicals of atomic hydrogen and hydroxyl: H2OfH•þOH•,
which then recombine to form hydrogen peroxide and hydrogen
molecules.Other explanations are not ruled out. Therefore, further
studies are needed to elucidate the nature of luminescence auto-
oscillations.

The phenomenon of auto-oscillations in pure water is of
interest in terms of their possible effect on the kinetics of
biochemical reactions. The wavelet analysis revealed two char-
acteristic frequencies during the auto-oscillations of water
luminescence, which differ 2�4 times. Pulsations with a “long”
period of about 1150 s are most steady. This period
of oscillations agrees well with a period of oscillations (about
18 min) in the relative content of ortho and para nuclear spin
isomers in vapors over the surface of pure water and oscillations
in the redox potential of water.12 It is noteworthy that Cherni-
kov observed oscillations of the light scattering in water and
aqueous protein solutions with periods in the regions of 1�6
and 15�20 min, which is close to the values recorded in this
work.33

’CONCLUSIONS

Auto-oscillatory phenomena such as the Belousov�Zhabo-
tinsky reaction and oscillations of the concentrations of inter-
mediate products in the system of biochemical reactions during
glycolysis have been known for a long time. The results presented
above show that a similar phenomenon is triggered in pure water
by direct photogeneration of singlet oxygen. Measurement of
intrinsic luminescence reveals some details of the temporal
response of water. Following a long-term delay, the radiation
intensity rises above the background level and undergoes many-
hour quasiperiodic oscillations. The hydrogen peroxide concen-
tration begins to increase already at the latent stage, suggesting a
chain or avalanche character of physicochemical reactions occur-
ring in water. An immediate cause of the oscillating luminescence
is likely the recombination of free radicals.

Dissolved oxygen is a photon target providing the start of a
chain process leading to the generation of H2O2. However, this
is not its single role. Oxygen can be a participant of radical
reactions. The energy generated during the reduction of O2 to
H2O2 can be used for the maintenance of auto-oscillations. The
wavelet analysis of time series obtained in luminescence mea-
surements discovers two characteristic rhythms of about 300 and
1150 s, the latter of which is close to the rhythm of fluctuations of
the redox potential and the ortho to para ratio of nuclear spin
isomers of water found earlier.12 Though the mechanism of the
phenomenon is not clear, its possible linkage to the degree of
freedom of water spin represents a promising direction in water
dynamics studies. The results obtained also indicate that molec-
ular oxygen present in cells and biological fluids may be one of
photoacceptors during the action of laser radiation on biological
objects in the region of absorption of molecular oxygen. Forma-
tion of H2O2, which fulfils the signaling and regulatory roles in
biological processes, may serve as a mechanism of the therapeutic
effect of this laser radiation.34,35

Table 1. Effect of Various Compounds on Hydrogen
Peroxide Formation in Bidistilled Water Exposed to Laser
Radiation (1264 nm) for 5 min

test sample

change in hydrogen

peroxide concentration,

nMa kb

H2O, equilibrated with air (control) 2.0( 0.2 1

H2O, saturated with Ar
c 0.2( 0.1d 0.1

H2O, saturated with O2
c 5.4( 0.7d 2.7

D2O, 25% (v/v) 4.2( 0.8d 2.1

sodium azide, 0.1 mMe 0.8( 0.2d 0.4

SOD, 10�3 U/mL 4.4 ( 0.8d 2.2

tiron, 100 nM 1.0( 0.4d 0.5
aThe initial values of the hydrogen peroxide concentration in water were
subtracted from the values obtained after exposure. The data are the
means( standard error of means of at least three separate experiments.
b k, relative change in H2O2 concentration by the action of the agent
examined. cWater was saturated for 15 min by bubbling with gas prior to
the laser treatment. d Significantly different from control (P < 0.05,
Student’s unpaired t test). e Sodium azide at this concentration did not
markedly inhibit the activity of peroxidase.
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