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Abstract

Adenosine triphosphate (ATP) is an important molecule in biology because it stores chemical energy and releases it to the biochemical
processes occurring in the cell. In this study we analysed the biochemical behaviour of ATP after irradiating it with 635 and 830 nm
diode lasers. We analysed the luminescence peak, the reaction rate and the area under the luminescencexclOv@rablll of ATP
in the luciferine—luciferase luminescence reaction before and after irradiating the molecule at several irradiances and radiant exposures.
The absorption spectrum of ATP at310~3 mol/l concentration was measured between 650 and 900 nm after laser irradiation at 635 nm
(Argon-Dye) and 830 nm (diode laser). We found significant differences in the measured parameters when ATP was irradiated with both
wavelengths. The absorption spectra of non-irradiated and irradiated ATP show a physical-chemical difference in the ATP molecule after
irradiation with both lasers. We can conclude that visible and near-IR laser light with the parameters that were used in this study changed
the biochemical behaviour of ATP molecules.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Adenosine 5-triphosphate (ATP); 630 and 830 nm diode laser; Firefly luciferine—luciferase photoluminescent reaction; Reaction kinetics;
Spectroscopy

1. Introduction Ribonucleoside strisphosphate acts as a donor of phos-
phate groups in the cell's energy cycle, transporting chem-
All cells obtain their energy from nutritional compounds ical energy from one metabolic cycle to another and acting
(principally glucose) through biochemical reactions that as a shared intermediary that couples endergonic reac-
have negative free energy changes (at the end of the prolions to exergonic reactions. The hydrolysis of each of the
cess, the free energy of the system decreases because thid@gh-energy phosphate anhydric bonds of ATP produces a
energy is stored in energetic molecules such as ATP, whichnotable change in free energy 1.3 kcal/mol).
are used in most biochemical reactions). Vegetal cells ob- The resulting diphosphate of adenosine (ADP) is recycled
tain their energy from solar light through photosynthesis. (phosphoriled) to ATP by two different mechanisms: chem-
In both of these cases, almost all the free energy is storedical energy (during oxidation of nutritional compounds) or
in chemical bonds that are to be used in the cell processeslight energy (in photosynthetic cell§)].
In all organisms, the most important molecule in stor-  One-way laser light is used in medicine by inducing the
ing and transferring that energy is adenosine triphosphatephotochemical effect at low irradiance. A photochemical ef-
(ATP). fect is produced when a chromophore is excited by absorb-
ing a photon and this supplementary energy is transferred for
the onset of a biochemical reactif®]. Karu [3] described
Abbreviations: ATP, adenosine 5-triphosphate, peak voltage of the  the absorption of various wavelengths at the mitochondrial

'”m";esfe?tt;igl'.‘az(g' eXp°?te”“1a' f.ur_“;t/i%;’rgOflthe/ ":ﬁmingscf”t sigial;  respiratory chain level and defined several unspecific chro-

et ot fhe g decay alier = min, Jarotesiemadiant exposti®  mophores that change their redox potential to increase the
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signal pathway. Other authors described biochemical and bi-plus each of the three ATP solutions. The ATP samples were
ological responses to irradiation with laser light that are in- made by mixing 10@.l of non-irradiated or irradiated ATP
dependent of mitochondrial activity and in which no known (at different radiant exposures) with 1@0of non-irradiated
chromophore is identifieb—10]. However, for all these pro-  assay solution. The ATP samples were heated taC3and
cesses to occur, ATP is needed. then irradiated at 1, 4 and 6 J/8madiant exposure.

The aim of this study is to analyse the biochemical be-  The light emission of the reaction measured by the lumi-
haviour of ATP after irradiation with visible and near-IR nometer began immediately after all the reagents were in-
laser light using the luciferine—luciferase reaction. serted. A peak in the intensity, expressed as peak volfage

of the luminometer, occurred about 1 s later. As the reaction

progressed and the ATP content in the sample decreased,
2. Materials and methods the luminometer voltagey(t), decayed from thé&/y peak

voltage to zero. For the analysis we assumed an exponential

Reagents, concentrations and handling: ATP and the fire- decay of the luminescence signal:
fly luciferine—luciferase complex with Mg as cofactor
(Sigma FL-AA ATP bioluminescent assay kit). The assay
mix is a lyophilised powder containing luciferase, lucifer-
ine, MgSQ, DTT, EDTS, bovine serum albumin and tricine
buffer salts. It is stable indefinitely if stored desiccated be-
low 0°C and protected from light. The ATP standard is a
pre-weighed lyophilised powder. Each bottle contains ap- , Vo
proximately 1 mg (D x 10-8mol) of ATP. It is stable des- =n [V(l min)}
iccated below OC.

Temperature measurement: The bath temperature of dis-

V(1) = Vpexp(—kt)

wherek is the rate constant of the light decay (in 1/min) and
t the time (in min) after the initial peaks. We measured
V(t) atr = 1 min and derivedk from:

To assess the absorption spectra, we used ATP samples that
tilled water and ATP samples at all ATP concentrations were either irradiated or non-irradiated. The area under the

were monitored during laser irradiation to determine whether lUminescence curve was determined by the integral of the
laser irradiation produced a change in the temperature of M€asuredv(t) curve and is equal W/ divided byk (the

the preparation. During the experiment, the thermistor probe Unit i V min). _

(YSI Reusable Temperature Probe—YSI Incorporated 402; . Statistical study and dat_a analysis: We took 314 record-
resolution+ 0.2°C) was placed in contact with the sam- ings: one each for the first and second control groups, 48

ple and attached to a centralised data logger (Letica—TMp fr the third control group and 44 for each of the six irra-
812). diated groups (635 and 830 nm at the three different radiant

exposures). Statistical analyses were made with GraphPad
Prisma software, using the ANOVA test complemented with
the Bonferroni test. The level of significance was 959
0.05). The data from absorption spectra were processed with
Excel software.

Light sources: Two AsGaAl diode lasers were used, one
at 635nm with 16 mW output power, and one at 830 nm
with 32 mW output power. The spot area in both lasers was
0.25cnt. For the absorption spectrum experiments, we ex-
cited ATP by light from an Argon-Dye laser tuned at 635 nm
and set for 80 mW output power and 12 Jfcradiant expo-
sure, and at 830 nm by a diode laser with the same parame-

ters. 3. Results
The power was measured with a Melles Griot 13 PEM
001 power/energy meter. 3.1. Temperature measurement

Luminescence detection: We used a LKB Wallac 1250
luminometer measuring at 562 nm and LKB Bromma 2210  Temperature recordings were taken for Smin peri-
two-channel recorder to obtain the graph of the luminescence?ds. There were no significant differences between the
signal. With this system, we could measure luminescenceSample temperatures of the control preparation and the
from small ATP concentrations in the order of attomol/l.  laser-irradiated preparations with the different parameters
Spectroscopy to measure ATP absorption: We used a Jasco between 1 and 5 min after irradiation. The room temperature
FP-750 spectrofluorometer and varied the wavelengths fromduring these experiments was.2% 0.1°C.
650 to 900 nm in 1 nm steps.
Technical procedure: The assay solution was the assay 3.2. Exponential behaviour of V(t)
mix diluted in 5ml of sterile aqua distillate at pH 7.8 and
stored at 0C. We made three different ATP solutionsx2 Six graphs were measured and an exponential decay was
107°, 2 x 1071 and 2x 10~ mol/l and stored them at  observed in all of them. We therefore assumed that all the
0°C for 1 h before use. The five control groups were as fol- others were also exponential (S€ig. 1).
lows. First, the assay solution alone; second, the three ATP Controls: In the first and second control groups, we found
solutions alone; third, fourth and fifth, the assay solution no luminescence emission. The third control group gave the
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Fig. 1. Example of a graphical recording of the outcoming signal of the luminometer in a control measuké&r(ertial luminescence peak) and min
(luminescence after 1 min) are shown. The scale is 5mm:1rjiard 10mm:0.1 VY. In this curve we can see an exponential decay in luminescence.

luminescence signals that were used as the baséirend 0.96 significantly increased with both wavelengths at 6 3/cm
k were measured and the results were normalised to 100.(635nm 1036 + 1.16 and 830 nm 1039+ 0.64) and with
The standard deviation was 14 fdg and normalised to 2.  the 830 nm laser also at 4 J/&rfl0396 + 1.21) (Fig. 5).

The standard deviation was 0.06 for The behaviour of/g andk at 2x 10~1% and 2x 101 mol/I
ATP concentration showed no significant differences with
3.3. ATP luminescence the control group.
We measured the luminescence of the luciferine—luciferase 03
reaction with non-irradiated ATP and irradiated ATP at the > A
three ATP concentrations. We found significant differences @
only at 2x 10-° mol/l (Fig. 2). £ o2 Q\
3.4. Luminescence peak (Vo) § =
o © 01
o>
Figs. 3 and 4show luminescence peakfg normalised to g
the control value of 100% SEM 11.98. Ak20~° ATP mol/l 'E 0
concentration, we found significant differences in the lu- =
minescence pea¥y between the control and the irradiated %
groups at 6 J/cfm(13804+ 19.42) with the 635 nm laser and -0.1 ST T ST

at1J/cm (1307+6.26), 4 J/cmd (1346+8.36) and 6 J/crh
(1532 £ 3.47) with the 830 nm laser.

Concentration (mol/litre)

‘—0—CDHIFU| —a— B35nm 830nm ‘

3.5. Reaction rate (K
() Fig. 2. Luminescence measurement of ATP at 20~9, 2 x 10-10 and

) 2x 10~ mol/l in the control groups and with 635 and 830 nm irradiation at
We measured the reaction rate constdntat 2 x 4 J/cnt. We can see significant changes only at the first ATP concentration.
10-°ATP mol/l. Thek values normalised to 100% mih + For this reason we used this concentration in all subsequent experiments.
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Fig. 3. Normalised luminescence pe# with 635nm laser irradiation. We achieved statistical significance at J(¢MP < 0.0005). Statistical
significance was not reached at the other radiant exposures.

3.6. Area under the luminescence curve and 11366 4+ 13.68, respectively. With 830 nm, the values
were 12308+ 5.11, 1269 £+ 7.52 and 1401+ 2.8. Fig. 6
In the control groups, the area under the luminescenceshows the normalised valuég/k. Significant differences
curve is normalised at 100% SEM 3.62. With 635nm, the were observed at 4 and 6 J/&mith 635 nm and at 1, 4 and
values for 1, 4 and 6 J/chwere 118714+11.04, 1299+7.48 6 J/cn? with 830 nm. With 1 J/crh for both wavelengths,

Normalized luminescence peak values 830 nm
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Fig. 4. Normalised luminescence pe¥k with 830 nm laser irradiation. All irradiated samples were compared with the control. We achieved significance
at the <0.001 level with 1 and 4 J/cfn and <0.0005 at 6 J/ch (* P < 0.005; ** P < 0.001; *** P < 0.0005).
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Fig. 5. Normalisedk values of the reaction with 635 and 830 nm laser irradiation at 62)/Buth lasers at this dose increased khaf this ATP-dependent
reaction { P < 0.005; ** P < 0.0005).

the difference was 20% greater than with the control. At 3.7. Absorption of ATP

4J/cnt, the difference was 25%. At 6J/énthe 635nm

had the same value and the 830nm increased to 32% When irradiating ATP with 12 J/cfrat 635 nm laser light,
(Fig. 6). we observed a significant increase in absorption compared

Mormalized area under Vit) curve

Normalized values

830 m G35im g0 m

1Jfem2 tliomz Gdfem2

Fig. 6. Normalised areas under th§t) curve, proportional to the number of ATP molecules that reacted. We achieved statistical significance at 4 and
6 J/cn? with 635 nm laser irradiation, and at 1, 4 and 6 Howith 830 nm.
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Fig. 7. Irradiated and non-irradiated ATP absorption spectra. In the visible and near-IR wavelengths for ATP irradiation, the absorptionespgdra ch
significantly: 635 nm irradiation changed the band from 790 to 840 nm, and 830 nm irradiation changed the band from 740 to 770 nm.

to non-irradiated ATP from 790 to 840 nm (with values the total number of molecules that react or by physical and
from 0.004 to 0.048). The near-IR laser at 830 nm changed chemical changes in the ATP molecule. We found that more
significantly the 740 to 770 nm band and the irradiated ATP ATP molecules were involved in the reaction after they
absorbed fewer photons than the control non-irradiated ATP were irradiated because the area under the luminescence
(P between 0.004 and 0.0445i¢. 7). curve was greater. Physical and chemical changes in the

molecule are corroborated by the different spectra of irradi-

ated and non-irradiated ATP from 740 to 840 nm. Another
4. Discussion interesting observation is that the increas&/gnandk was

not proportional to the radiant exposure. We hypothesise

The firefly reaction is a standard model for quantifying that some form of saturation of ATP molecules may have

ATP concentration based on the reaction: occurred. _ _ _ _
_ These results can provide new information about primary
luciferine+ ATP + O, '“c'ﬂieoxnuciferineJr AMP + PPi mechanisms in photobiology and photomedicine, such as the

, effects observed in low level laser therapy (LLLT).
+ CO, + luminescence

In our experiments we irradiated ATP ax210~° mol/l be-
cause we did not obtain a good signal with our equipmen
at lower concentrations. The initial luminescence peak was o .

proportional to the number of ATP molecules that reacted at  OUr results show there were significant differences be-
the beginning of the process. The larger peak observed aftefWeen the non-irradiated ATP controls and the irradiated
ATP irradiation implies that irradiated ATP has more affinity ATP groups. The initial luminescence peaks andkdivalues

for the other reagents of the reaction than non-irradiated ATP, Were greater in the irradiated groups. Also, the area under
The rate constark measures the rate of decrease in ATP the luminescence curve and the absorption spectra confirm a
concentration. A& was significantly larger in the irradiated ~ Physical and chemical change in irradiated ATP molecules.

groups, the system reacted faster that normal. We hypoth-

esise that the ATP molecule is electronically excited by the

visible light and vibrationally excited by the near-infrared Acknowledgements

light, and that an excited ATP molecule needs less activation
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