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Changes in Absorbance of Monolayer of Living Cells
Induced by Laser Radiation at 633, 670, and 820 nm

Tiina I. Karu, Natalya |. Afanasyeva, Sergey F. Kolyakov, Ljudmila V. Pyatibrat, and Leslie Welser

Invited Paper

Abstract—Redox absorbance changes in living cells (monolayer to suggest that the primary photoacceptor for red-near IR re-
of HeLa cells) under laser irradiation at 633, 670, and 820 nm have gion is a mixed valence form of Cytochrome c oxidase ([5], re-
been studied by the method of multichannel recording in spectral view [2]). The analysis in the work [5] was made by analogy

range 530-890 nm. It has been found that the irradiation causes ith th tal-li d t b i A h teristi
changes in the absorption spectrum of the cells in two regions, near wi € metal-igand system absorption spectra characteristic

754-795 nm (maxima at 757, 775, and 795 nm) and near 812-87J0r this spectral range. It was suggested that the peaks at 620
nm (maxima at 819, 837, 858, and 873 nm). Changes occur in bandand 820 nm in all action spectra are in most part connected with

parameters (peak positions, width, and integral intensity). Virtu- - Cu, in reduced and oxidized states respectively and the peaks

ally no changes occur in the red spectral region and a few changes ; ; i
are recorded in the green region near 556-565 nm. The results at 680 and 760 nm belong to Guespectively in oxidized and
reduced states [2], [5].

obtained evidence that cytochrome ¢ oxidase becomes more ox- . o o
idized (which means that the oxidative metabolism is increased) One important step in identifying the photoacceptor mole-

due to irradiation at all wavelengths used. The results of present cule is a comparison of absorption and action spectra. As a rule,
experiment support the suggestion (Karu, Lasers Life Sci., 2:53, e action spectrum has the shape of the absorption spectrum of

1988) that the mechanism of low-power laser therapyt the cel- . N
lular level is based on the electronic excitation of chromophores in the photoacceptor molecule [6]. The absorption spectra of indi-

cytochrome c oxidase which modulatea redox status of the mole- Vidual cells up to 650 nm were recorded years ago with the aim
cule and enhances its functional activity. to identify respiratory chain enzymes. The absorption spectrum

Index Terms—Cytochrome c oxidase, low power laser therapy, O,f Who!e ,Ce”S in the vi.sible regio.n was fognd to_be quantita-
redox-absorbance changes in living cells. tively similar to that of isolated mitochondria (review [7]). An
extension of optical measurements from visible spectral range
to far-red and near IR (650-1000 nm) was undertaken at the end
of seventies for monitoring the redox behavior of cytochrome c

T IS well known beginning with the work of Arwanitaki andoxidasein vivg[8]. These studies led to the discovery of near

Chalazonitis [1] that mitochondria of mammalian cells havi® window into the body and to development of near IR spec-
photosensitivity. A large body of experimental data confirmgoscopy for noninvasive monitoring of tissue oxygenation [9],
this finding (reviews [2], [3]). [10].

It was suggested in 1988 [4] that the mechanism of low-power Optical measurements of individual cells or cell monolayers
laser therapy at the cellular level is based on the absorptionifar-red and near IR spectral range are still limited due to ex-
monochromatic visible and near IR radiation by componeritemely week absorption of cytochrome ¢ oxidase in this region
of the mitochondrial respiratory chain which causes changas well as due to limited sensitivity of commercial spectropho-
in their redox properties and acceleration of electron transt@meters. First measurements using a multichannel recording
(primary reactions). Primary reactions are followed by a modgetup specially developed for irradiation experiments with cel-
lation of intracellular redox state (secondary reactions, celluliar monolayer, showed a possibility to measure optical densi-
signaling) [4]. The question of the photoacceptor remained opé@s 0.005 and less ([11], review [2]). In the present work, we
until 1995 when the analysis of five action spectra allowed wigport the results of cell monolayer absorbance measurements

in wide spectral range from 530 to 890 nm. Cells were grown

. . . in closed cuvettes. The cuvette was not open during the irradi-
Manuscript received January 29, 2001; revised September 12, 2001. Ths

work was supported by the Ministry of Science and Technology of Russian Fé#—'on_ measurements to avoid changes In oxygen Co_ncer?tr?t'on
eration and the Ministry of Science and Technology of Moscow Region.  and intracellular pH. The wavelengths used for the irradiation

T. I. Karu and L. V. Pyatibrat are with the Institute of the Problems of Lasng?32.8 670. and 820 nm) were chosen in accordance with the
and Information Technologies, Russian Academy of Sciences, 142190 Troit ’ .

I. INTRODUCTION

Moscow Region, Russia (e-mail: tkaru@isan.troitsk.ru). Mmaxima in the action spectra recorded earlle_r (reviews [2], [3]).
S. F. Kolyakov is with the Institute of Spectroscopy, Russian Academy #s a result of present measurements we will demonstrate that

Sciences, 142190 Troitsk, Moscow Region, Russia. the irradiation causes redox absorbance changes in living cells
N. I. Afanasyeva and L. Welser are with the University of Nevada, Reno, NV | . . . . .

89507 USA. which can be interpreted as changes in functional activity of cy-
Publisher Item Identifier S 1077-260X(01)11192-5. tochrome c oxidase.
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Fig. 1. Cell culture chamber for irradiation of monolayers: (a) position during irradiation and (b) position during cultivation.
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Fig. 2. Schematic representation of experimental setup used for absorbance measurements.

Il. MATERIAL AND METHODS For the irradiation, the Biotherapy 3ML semiconductor laser
(Omega, London, U.K.) or He—Ne laser (LG-30, Lvov, Ukraine)
were used. The parameters of the “Omega” device were 670 or

special Teflon chambers with quartz windows allowing irrad|€-;20 nm, 15 mW, 700 Hz (duty cycle 80%), the dose used was

ation of the monolayer in the closed cuvette without removarS X ég; ‘;/ . ng p%:/arg\e/z\';e:js of tg}leoeg—\l]\}eolasTehr redlatlon
of the nutrient medium (Fig. 1). A sample ofx 10° cells were -6 nm, m , 40se . 'he ira-

in 2 ml medium 199 supplemented with 10% bovine serurﬁiation time was 10 s and the reeording_time of the spectrum
100 units/ml penicillin, and 100 units/ml streptomycin Wa§530_890 nm) was 600 ms. The irradiation and measurement

inoculated into each cuvette. The cells were assayed 72 h aft C}cedures were performed nonstop after each other. The height

the inoculation, when a uniform monolayer covered the entif the; TOS]OI?/ er rs]?grfnﬁlnt ?xposeo:]t(; tZe tmotnltorlng i)he am_\évtz;\]s
surface of the cuvette window. equal fo the height of the finear pnotodetector, and the wi

dthe segment was equal to the spectrophotometer slit width

The absorption spectra of the cell monolayer were measm:rr?é .
using the following setup (Fig. 2). A parallel light beam fro -2x 0.2 mm). The total area of the segment centalneq about
a small incandescent lamp with a radiant power of 28 1x 10_3 ceIIs.T_he cuvette was fixed as shown in Fig. 2 during all
was applied to a spectrophotometer with a linear dispersigﬁpen_ment_to_|rrad|ate (with all wavelengths) and measure after
of 120 A/mm. Absorption spectra were detected with gvery |rred|at|on exactly the same area of the monolayer. All
multichannel optical analyzer equipped with a Toshiba (\]apa‘?{)e : .
model TCD1301D charge-coupled linear photodetector. T ent were performed at room temperature in the dark. During
total number of sensitive elements was 3648 per eacl280 the measurements, the chamberwnh cells was at room temper-
um. The spectrophotometer and the optical analyzer weiiiire not more than 10 min.
constructed by Dr. E. Silkis, Institute of Spectroscopy, Troitsk,
Russia. The analyzer was connected to a computer, which
implemented signal averaging and data processing. Spectrdfig. 3 presents the absorption spectrum of the control cel-
data were processed (transmission-to-absorption conversiokgr monolayer. This spectrum is typical for the cells grown in
smoothing, baseline correction, deconvolution of spectra withese particular conditions (cells were grown and the measure-
Lorentzian fitting) using the ORIGIN (Microcal) softwarements were made without opening the cuvette to avoid changes
program. in oxygen concentration and pH).

Hela cells, initially obtained from the Institute of Virology,
Moscow, Russia, were cultivated at °®7 and irradiated in

Ill. RESULTS
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spectrum of cells irradiated at 820 nm (spectrum 2, Table I). At
the same time, the peak at 558 nm changes its position to 561 nm
and the peak at 757 nm shifts to 754 nm (Table I). New peaks ap-
pear at 799 and 820 nm (Table 1). Areas (integral intensities) of
the peaks at 754, 837, and 858 nm increase (spectrum 3, Table I)
as compared to those in the previous spectra (1, 2, Table I). The
area of the peak at 873 nm is the same as that in the spectrum of
820 nm-irradiated cells (spectra 2 and 3, Table I).

The third irradiation procedure was performed at 632.8 nm.
Comparison of the spectrum of the control cells (Fig. 3) and that
of the cells irradiated at 632.8 nm evidences disappearance of
the peaks at 572, 739, 795, 812, 831, and 873 nm (Table I). The
S0 s s e s s sw w0 oo peaks at 572 and 873 nm were present in all previous spectra

Wavelength, nm recorded so far (spectra 1-3, Table I). The peak at 739 was
) present only in the control spectrum (Table I). It was not de-
tectable in the previous spectra 2 and 3 (Table I). A new peak,
which was not present in the control spectrum 1, Table 1), ap-
pears at 863 nm (spectrum 4, Table ). The spectrum 4 (Table I)
is also characterized by a broad peak at 754 nm. The integral
intensity (area) of the peak at 820 nm (which appeared only in
the spectrum 3, Table 1) is increased approximately eight times
as compared with the previous spectrum (compare spectra 3 and
4 in Table I).
The last irradiation withh = 670 nm causes two alterations
in the greenregion. The peak at 580 nm disappears. Also, of new
peaks at 715, 738, and 794 nm appear (spectrum 5, Table ). The
N peak at 715 nm is characteristic only for this particular spec-

0,000 | fiovv i Veneiiy trum, the peak at 795 nm is present in the control spectrum as
oo e 7w 7w s s w0 Well (spectrum 1, Table I). The integral intensity (area) of the

Wavelength, nm peak at 819 nm is decreased and that of the peak at 863 nm is

) increased in comparison with the previous spectrum (spectra 4

Fig. 3. (a)and (b) Absorption spectrum of non irradiated cell monolayer. Tand 5 Table ). Fig. 4 presents_the _ab_sorption spectrum of the
dagJéhéd lines mark the res’zllts of‘lj_orentzian fit (data in Table I, spectru)rln i).lﬁ%n?:glzrl?ﬁer the last (fourth) irradiation procedure (spectrum
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The spectrum of the control cells is characterized by six peaks
in the green region at 545, 551, 558, 567, 572, and 581 nm IV. DiscussION

[Fig. 3(a)] and by four peaks in the red-near IR region (739, optical measurements performed with cells, mitochondria,
757,775, and 795 nm) [Fig. 3(b)]. There are also four peaks Wipmitochondrial particles or purified enzymes of the respira-
low absorbance at 630, 812, 831, and 873 nm) in this Spectrygly chain are based on the circumstance that optical density as
Table | presents the data of Lorentzian fitting of the spectra. \yq| as positions of the peaks in the absorption spectrum depend
After recording the initial absorption spectrum (Fig. 3(a) angn the redox level of respiratory chain components. Previous ex-
(b), the same cells were irradiated at 820, 670, 632.8, and §¥éliments show that irradiation with different wavelengths can
nm (dose 6« 10° J/nt’). The absorption spectrum was recordefhduce redox absorbance changes in mitochondria as well as in
after every irradiation procedure. The results of Lorentzian figurified cytochrome ¢ oxidase. Purified cytochrome ¢ oxidase
ting of these spectra are presented in Table I. Irradiation wigihd the enzyme in isolated mitochondria was photoreduced by
A = 820 nm (first irradiation procedure) causes changes in theeen light [12] as well as by UV radiatidi, < 300 nm [13].
peak positions, as it can be seen by comparison the spectfaylsed laser light at 532 nm caused redox absorbance changes
and 2 in Table |. The peaks at 630, 739, 775, and 795 nm disapd electrogenetic events in partly reduced cytochrome ¢ oxi-
pear and a new peak at 858 nm appears. The peak at 831 shifise, indicating increased electron transfer from @uFe’s
to 837 nm. Irradiation also causes alterations in the peak argag). In experiments [14] fully oxidized cytochrome ¢ oxidase
Most significant increases in the peak area (integral intensitd not display any measurable absorbance changes. It has been
occur at 757 nm (from 0.838 to 2.537, Table I) and at 812 nfgund recently that He—Ne laser radiation causesmarkable
(from 0.049 to 0.836, Table I). Virtually no changes can be dghcrease in electron transfer in purified cytochrome ¢ oxidase as
tected in the green spectral region. well as of that in isolated mitochondria. At the same time, ac-
Irradiation of the cells at 670 nm (second irradiation proceivities of cytochrome: and cytochroméc; complex were not
dure) causes appearance of a new peak at 556 nm which atiscted by the irradiation [15]. Measurements of light-induced
not present neither in the control spectrum (Fig. 3(a)), nor in tieéectronic events and absorbance indicate that irradiation can
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TABLE |
PARAMETERS OF THEPEAKS IN ABSORPTIONSPECTRA OFCELL MONOLAYERS
Before the irradiation After the irradiation at
(spectrum 1) 820 nm (spectrum 2) 670 nm (spectrum 3) 632.8 nm (spectrum 4) 670 nm (spectrum 5)

Pesiion. | Area | Width, | Height J[ Poson 1" Arca | Width, | Height || Pesitn. T "Areq | Width, | Height || Fostin, T Areq | Width, | Height |[ Poston T Area | Width, | Height
nm nm nm nm nm

545 [ 0253 | 71 [0023 |4 545 | 0354 | 78 [ 0.029] 545 | 0305 | 81 | 0024 544 | 0321 | 83 |0.025}] 545 | 0228 | 83 | 0.022
551 | 0161 | 76 |0013|} 550 | 0374 ] 97 | 0025] 551 [ 0221 | 82 | 0017 550 [0.198 | 7.9 | 0.016}]] 551 | 0.157 | 7.2 | 0.014
- - - - - - - 556 [ 0154 | 66 | 0.015|| 556 | 0.237 | 87 | 0017} 556 | 0.185 | 74 | 0.016
558 | 0492 | 118 | 0.027)§ 558 | 0.527 | 113 | 0.030 |} 561 | 0335 | 9.6 | 0.022|] 561 | 0.350 | 10.9 | 0.020]] 561 | 0272 | 9.1 | 0.019
565 10328 ] 11.9 | 0018 565 | 0300 | 103 | 0.018 )} 567 | 0.172 | 69 | 0.016 || 568 | 0.369 | 11.4 | 0.020 | 568 | 0.135 | 7.0 | 0.012
572 10056 | 46 | 0008f 571 |0.194 | 7.6 | 0016} 572 | 0.075 | 4.4 | 0.011 - - - - 573 | 0355 | 152 | 0.015
581 10072} 82 | 0006} 581 | 0.051 ] 5.1 0.006]| 580 | 00621] 63 | 00061 580 | 0.303 [ 17.7 | 0.011 - - - -
630 | 0.654 | 133 | 0.003 - - - - - - - - -
- - - - - - - - - - - - - - - - 715 ] 0.108 | 11.3 | 0.006
739 10430 | 195 | 0.014 - - - - - - - - - - - 738 | 0571 | 23.8 | 0.015
757 | 0838 | 247 | 0022 |] 757 | 2537 | 438 | 0.037} 754 | 2665 | 447 | 0.038]] 754 ] 2589 | 558 [ 0.030f 759 | 1.040 | 32.0 | 0.021
775 10654 | 249 | 0.017 - - -
795 10299 | 27.5 | 0.007 - - - -
812 {0049 | 83 | 000401 811 | 0.836 | 49.2 | 0.010

799 10941 | 47.2 | 0.013 - - - - 794 1 0.808 | 389 | 0.013

- - - - - - - - 820 | 0.251 | 20.0 | 0.008 || 819 | 2.093 | 62.5 | 0.021 || 819 | 1.650 | 50.2 | 0.021
831 | 0228 | 333 | 0.004 ){ 837 | 0.295 | 30.0 | 0.006 || 837 | 0.407 | 25.2 | 0.010 - - - - - - - -

- - - 858 1 0.170 | 199 | 0.005]) 858 | 0.366 | 24.7 | 0.009 J} 863 | 0420 | 282 | 0.009§] 863 | 0.708 | 39.5 | 0.011
873 | 0.134 | 21.9 | 0.004 |} 872 | 0.174 | 193 | 0.006 || 873 | 0.174 | 15.4 | 0.007 - - - - - - -

induce structural changes in cytochrome ¢ oxidase ([12]-[15].With irradiation, the most remarkable changes in the absorp-
These experiments were performed with the purified enzynt@n spectra occur with the peaks at 739—799 nm and with those
First experiments with irradiation of living cells evidence thaat 812—873 nm (Table I). There are practically no changes in
light can induce redox absorbance changes is this case as wab#orption in the red region (600-700 nm) and a few changes
([11], reviews [2], [3]. occur in the green region (peaks at 545-581 nm). Comparison
However, respiratory chain enzymes, especially cytochroroéthe spectra in Figs. 3-5 suggests that the spectrum in Fig. 5
c oxidase, react differentip vivothanin vitro experiments with belongs to cytochrome c oxidase in a more oxidized state than
isolated mitochondria [9], [10],[16]. Primary difference is thehat in Fig. 3. In other words, cytochrome c is more oxidized
steady redox state of cytochrome c oxidase. It appeared todfeer four irradiation procedures. When cytochrome ¢ oxidase
more reducedn vivo at any state of metabolism [14]. For ex-becomes more oxidizeid vivo, it indicates that the oxidative
ample, hemes a ang are 40 or even 50% reduced and beconmaetabolism is increased [9].
more oxidized when oxidative metabolism is increased. This isElectronic excitation of absorbing chromophores in cy-
the opposite of what observed in vitro experiments [9]. Alsatochrome ¢ oxidase alters their redox status [17]. Based on
the control of respiration vivo by cytochrome c oxidase isthe earlier identification of peaks in the action spectra [5],
much tighter than it was assumed on the basis of experiments supposedly excite Gux;q by the irradiation at 820 nm
carried out on isolated mitochondria [16]. One reason why tligpectrum 2), then Gig.q (670 nm, spectrum 3), then Gy
absorption spectra recordéd vivo andin vitro are different, (632.8 nm, spectrum 4), and finally once moregGuy (670
is probably a disturbed (and damaged in purification process), spectrum 5). One has to take into account that the peaks in
molecular environment of copper atoms Cand Cuy; [10]. cytochrome c oxidase spectrum are caused by absorption not
Respiratory chains of cells grown in closed vials with limitednly by one chromophore. The exact contribution of different
amount of oxygen (our experimental conditions) are evidentthromophores in absorption bands is not clear. For example, it
more reduced than the respiratory chains of isolated mitochasknown thatin situ only 85% of the absorption at 820-840
dria. Also, the vicinity of copper atoms of cytochrome c oxidasem is due to Cyxiq [18].
is intact and not disturbed in case of whole cells. The absorptionThe analysis of the action spectra performed earlier ([5], re-
spectrum of an air-dried monolayer (in this case cytochromeview [2]) allowed us to suggest that the peak at 760 nm is char-
oxidase is fully oxidized) is presented in Fig. 5. This spectruacteristics to Cy in a reduced state. How does irradiation ef-
has bands with maxima at 620, 680 (with a shoulder at 665 nrfgct this peak? The peak at 757 nm in the absorption spectrum
810, and 870 nm and bands with week absorption near 715, 7i80ncreased by all parameters (height, width, area) after the first
and 765 nm. The spectrum recorded in the closed vial has stramgdiation (spectrum 2 in Table I). After the second irradiation,
absorption peaks at 739, 757, and 775 nm and weak maximaved peaks appear at 754 and 799 nm instead of one (spectrum 3,
795, 812, 831, 873 as well as at 630 nm (Fig. 3, Table I). Corable I). After the third irradiation, only one large peak at 754
parison of two spectra in Figs. 3 and 5 allows us to make a rougi is recorded (spectrum 4, Table 1). After the fourth irradia-
estimation that the peaks in red (620—-680 nm) and near IR t@n (spectrum 5, Table I) two peaks (759 794 nm) are recorded
gion (812—870 nm) of spectrum in Fig. 3 are characteristic smain similar to the result of the previous irradiation at the same
the absorption spectra of more oxidized cytochrome c oxidasavelength (670 nm, compare spectra 3 and 5 in Table I). In
and the peaks in the region 730-775 nm are characteristic to spectrum 5 (Table 1), the peaks at 759 nm and 819 nm have al-
spectra of more reduced cytochrome c oxidase. most equal optical density.
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Fig. 4. (a) and (b) Absorption spectrum of the same cell monolayer as in Fig. 3 after the last (fourth) irradiation procedure. The dashed linegsodtsk the r
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appears only after the first irradiation at 670 nm (spectrum 3,
Table 1) and grows significantly after irradiation at 632.8 nm
(spectrum 4, Table I). Another peak (858-863 nm) in this spec-
tral region is not present in the initial spectrum (spectrum 1,
Table 1) but appears and grows after irradiation (spectra 2-5,
Table ).

The peak at 873 nm which was weak in the control spec-
trum (spectrum 1, Table 1), enlarges after the irradiation both
at 820 nm (spectrum 2 in Table I) and 670 nm (spectrum 3 in
Table I) but disappears completely following irradiation at 632.8
nm (spectrum 4, Table I) and 670 nm (spectrum 5, Table I). The
peak near 870 nm was also recordedivo alongside with the
maximum at 820 nm [10]. The identity of the components giving

The following occurs with the peaks at 812—-873 nm: the peaise to two bands is not yet determined but it has been hypothe-
at 819 nm is not present in the initial spectrum 1 (Table 1). #ized [10] that these two bands in the near IR region (near 820
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and 870 nm) are contributed separately by the Gnd Cy; are irradiated with different wavelengths, a cumulative effect
and that they are in some redox communication outside of tban appear. Our results support the suggestion made earlier [4]
heme a— hemeus redox pathway. Many attempts with isolatedhat the mechanism of low power laser therapy on cellular level
mitochondria were unsuccessful in eliminating one or the othisrbased on increase of oxidative metabolism in mitochondria
of the two bands or in reducing or oxidizing them differentiallaused by electronic excitation of components of the respira-
with inhibitors [10]. tory chain. Our results also evidence that various wavelengths
Our data is not ambiguous for exact identification of670, 632.8, 820 nm) can be used for an increase of oxidative
absorption peaks in the spectra recorded. Remarkable redustabolism in mitochondria. Recall that the peaks at 620, 680,
absorbance changes near 750-760 and 820—-870 nm sugges¥@tand 820 nm were recorded earlier in various action spectra
the irradiation induces structural (and respectively functiontdr HeLa cells in red-near IR spectral region (reviews [2], [3]).
[19]) changes near Guand Cy chromophores. The alterationThe wavelengths used in the present study for the irradiation
of peak parameters (width, height, area) after the irradiatigvere chosen in accordance of these previous results on the one
(peaks at 750-760 nm, Table 1) indicates that the structwsiele and in accordance of the most popular wavelengths used in
of a3-Cug site (probably ligand—metal interactions) changethe laser therapy (He—Ne laser at 632,8 nm and semiconductor
Changes in absorption at 754-759 nm are accompanied wéker or LED at 820 nm) on the other.
changes in circular dichroism spectra in this spectral region
[22]. This finding confirms that conformational changes occur ACKNOWLEDGMENT

as well due to the irradiation. It is known that even small The authors would like to thank Dr. E. Silkis, Institute of

structural changes in the binuclear site may control both rate ectroscopy of Russian Acadamy of Science, for providing the
in the dioxygen reduction and rates of internal electron ary ectrophotometer and optical analyzer '

proton transfer reactions [19]. The illumination of partially
reduced cytochrome c oxidase at= 532 nm resulted in an
increase of electron transfer from guto F€; as a response o - _ ' ' .
to structural changes [19]. It was also shown in the work [l A-Arvanitaki and N. Chalazonitis, "Reactiones bioelectriques & [a pho-

. . . toactivation des cytochromesitch. Sci. Physio).vol. 1, pp. 385-405,
[19] that the light-induced events in one-electron-reduced 1947
cytochrome ¢ oxidase reveal structural changes inith€ug [2] T. Karu, “Primary and secondary mechanisms of action of vis-
site with characteristic time constants of catalytic events in 'Vt:)'f"g”ssr Elr;"dgt'g%“ on cellsJ. Photochem. Photobiol. B: Bigl.
dioxygen reduction by reduced cytochrome c oxidase. [38] ——, The Science of Low Power Laser Therapyondon, U.K.:

The green spectral region is specific for absorption peaks of  Gordon and Breach Sci. Publ., 1998.
ot ; ; 4] T.I. Karu, “Molecular mechanism of the therapeutic effect of low-inten-

Cyt.OChromeS b ".de ¢ [17]. Irrgd|at_|on In.our experimental Con_[ : sity laser radiation,Lasers Life Scj.vol. 2 pp.%3—74 1988.
ditions causes little changes in this region (Table I). However, s} T.|.Karuand N. I. Afanasyeva, “Cytochrome ¢ oxidase as primary pho-
some changes can be seenin spectra 3, 4, 5 (Table I): appearance toacceptor for cultured cells in visible and near IR region” (in Doklady
of new peaks at 556 and 561 nm, disappearance of that at 55 " WYeRTRl A ORS00 PR B e e
nm and a shift of the peak at 565 nm to 567-568 nm. Maxima" ~ . Lohmann, H. Marke, and H. Ziegler, Eds. Heidelberg, Germany:

at 565 and 558 nm are considered to be specific for cytochrome_ Springer-Verlag, 1983, pp. 115-144.
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