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Kinetics of laser-induced photodissociation of oxyhemoglobin and its biomedical
applications
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In this study we investigate the kinetics of oxygen tension (pOz) in skin tissue under the influence of the
transcutaneous laser irradiation. The results of in vivo experimental measurements of pO, by a method of
transcutaneous oxygen monitoring (TcOM) are presented. The results show that under laser irradiation the value of
tissue oxygenation increases and after approximately 10 minutes of exposure exceeds its initial level up to 1.6 times.
The observed increase in pO; indicates the process of photodissociation of oxyhemoglobin (HbO,) in skin blood
vessels, which results in local O; increase in the tissue. Such laser-induced enrichment of tissue oxygenation can be
used in phototherapy of pathologies, where the elimination of local tissue hypoxia is critical.
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INTRODUCTION

Tissue oxygenation plays a key role in the cell
metabolism, energy supply and life activity of an
organism. Many diseases such as diabetes, burns,
bedsores and wounds are accompanied with an
insufficient supply of oxygen to the tissues [1,2].
Also, the deficit of oxygen in cancer tissue is a
major problem limiting the efficiency of
photodynamic therapy [3,4]. The wound healing
process directly depends on the oxygen pressure in
skin tissue (TcPO,). For example, the additional
supply of oxygen leads to an increase in the rate of
collagen synthesis and an improvement of the
protective functions of the skin. It is currently
accepted that the adequate tissue oxygen
concentration for normal cell metabolism should
exceed 40 mmHg. Injuries, infections, and diseases
can reduce this vital tissue oxygen level down to
almost zero, which indicates tissue hypoxia.
Optimal tissue healing occurs when the pO rises to
between 50 and 80 mmHg. Consequently, the value
of pO: is an objective indicator for evaluating the
local state of the tissue and the efficiency of cell
metabolism. Controlling this mechanism provides
the possibility for biological stimulation with a
therapeutic effect.

In clinical practice the commonly used method
for elimination of tissue hypoxia is ventilation of
the lungs by pure O, at normal and hyperbaric
pressure. Sustained periods at such pO; levels can
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only be realized through the use of hyperbaric
oxygen therapy [5], but it leads to the risk of
oxygen intoxication. Moreover, this approach has
not had a broad clinic application for local
treatment due to technical difficulties. Thus the
problem of local hypoxia elimination in biological
tissues remains significant and the methods of
influencing the delivery of oxygen to the tissue are
of considerable interest. One of these methods is
the light radiation in the optical spectral range.

A new approach for the optically induced
increase in the local oxygen concentration due to
photodissociation of oxyhemoglobin in cutaneous
blood vessels has been proposed in [6]. The
absorption of light by blood HbO; is connected
with  the  following  photochemical  and
photophysical processes. It is known [7] that
absorption of a photon with the activation energy
leads to the dissociation of a part of the molecules,
resulting in the release of molecular oxygen and the
formation of deoxyhemoglobin. Photodissociation
is one of the simplest chemical reactions when a
compound dissociates under the action of radiation.

HbO, + hv — Hb + O,

The quantum efficiency of the photodissociation
of oxyhemoglobin is high and reaches 10 % in a
wide visible spectral range [7].

The photophysical process is connected with the
non-radiative dissipation of the absorbed excitation
energy, as the heat generated in this process is
transferred to the blood capillaries with a
characteristic thermal relaxation time of ~ 0.05-1.2
msec. Estimates show that in the typical case a
local increase in temperature of only 0.1 - 0.5 °C
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may be expected [8]. Such a small rise in the local
temperature may produce little improvement in the
capillary microcirculation of the blood and can
hardly stimulate the cell metabolism [9].

We suppose that in the case of low energy
irradiation the most important process is the
photodissociation of HbO,. Experimental proof of
the suggested concept has been demonstrated in
[10,11]. The observed local decrease in the level of
arterial blood saturation during laser irradiation
clearly proves the induced photodissociation of
HbO; in blood capillary vessels. The efficiency of
this process depends on the wavelength and the
output power of the laser radiation, the blood
vessels density in the irradiation area, the optical
properties of the skin and the depth of the blood
vessels in the tissue.

It is interesting but still unclear what fraction of
O, molecules released by photodissociation can
escape from the heme pocket and diffuse through
the cell membranes and capillary walls, thereby
increasing the tissue oxygen pressure. However,
relevant studies mainly refer to in vitro experiments
or studies of individual cases [12-15]. No
investigations have been carried out as yet into
whether an immediate improvement in the oxygen
saturation occurs in vivo, which would be a key to
wound healing.

In this paper, we present an experimental study
in vivo of the pO; rate in skin under the influence of
local transcutaneous He-Ne laser (628 nm)
irradiation.

METHODS

The transcutaneous oximeter method, based on
the principle of measuring the oxygen tension pO;
in arterial blood, is a method for direct registration
of gases that dissolve in the blood plasma. The
choice of this method is determined by the fact that
the TcOM allows the direct determination of the
oxygen pressure in the skin tissue, in units of
mmHg. Measurements were carried out using a
transcutaneous oxygen monitor “Radiometer”
TCM-4 with a Clark-type polarographic sensor with
a diameter of 25 mm (TcPO; electrode) that
consists of a platinum cathode and silver anode,
electrolyte and an oxygen permeable membrane; a
heating section and an electronic system for
measuring and controlling the sensor temperature.
(Fig.1 a).

The measurements were carried out on three
volunteers, in the conditions of an absence of
physical and emotional stress, in a seated position
and at room temperature. All the procedures
performed in the study were in accordance with the
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ethical standards. Human studies in the article were
approved by the relevant Institutional Review
Board. During an individual measurement, all
conditions were identical for all the subjects and
remained constant throughout the measurement.

Fig. 1. Model of oxygen diffusion in tissue (a) and
measurement (b) of tissue oxygen tensions: 1 - Clark
sensor, 2 - electrolytic cell, 3 - irradiating zone, 4 -
monitor TCM, 5 - He- Ne laser.

The measurement procedure is as follows. The
sensor is placed on the skin of the forearm, an area
with high capillary pressure then it is heated to 43°C
(Fig. 1 b). Under the influence of temperature,
oxygen diffuses from the capillaries into the
epidermis and then into the electrolytic cell, where it
is measured. The value of oxygen tension, measured
transcutaneously (TcPOy), corresponds to the value
of pO, measured in the arterial blood plasma. The
errors in the determination of TcPO, come from the
skin thickness, the subcutaneous blood flow and the
physiological factors influencing O, delivery to the
skin surface (decrease in the blood flow, the arterial
blood pressure, the vasoconstriction occurrence).
Since oxygenation depends on a number of factors,
the laser radiation was only used once and the
measurements were carried out immediately, in
order to obtain direct observation of the effect of
radiation.

RESULTS

For local irradiation of cutaneous blood vessels,
a He-Ne (632,8 nm) laser was chosen. As shown in
the model calculations of the absorption spectra at
the tissue depth [6], this wavelength lies in the
effective absorption band of HbO; and penetrates
deep into the skin issue. The laser output is 1 m\W,
and the beam diameter — 2,5 mm, providing a laser
power density of ~20mW/cm? First, after
thermostabilization, the initial oxygen pressure in
the tissue is measured, then the laser radiation is
applied. In Fig.2 the measured values of pO; in
dependence on the irradiation time are presented.
The obtained results are normalized to the initial
oxygen pressure value.

As can Dbe seen, the tissue oxygen tension
increases for all three patients (although with
different rates) and reaches saturation levels after
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approximately 10 minutes of exposure. The value
of TcPO; in the irradiation zone depends on the
time of exposure and the properties of the tissue
that differ considerably for all three cases. It is
significant to note that this growth of TcPO. is due
to the additional O, in the tissue as a result of the
laser-induced photodissociation of HbO,. The
oxygen released from HbO; first increases the pO>
in the blood plasma and then diffuses into the
surrounding tissue. The value of the TcPO;
measured transcutaneously increases about 1.6
times compared with its initial value. Generally, the
diffusion occurs in three directions: toward the skin
surface, inward to the muscle tissues and some is
carried away by the blood flow. If we assume that
the same amount of oxygen is carried away in all
these directions, we should expect an increase in
pO; in the arterial blood plasma by about a factor of
4.8.
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Fig. 2. Kinetics of laser-induced tissue oxygenation.

It is interesting to note that the obtained value of
pO, realized by laser-induced photodissociation of
HbO, is comparable with the one typically
reachable by the conventional method of hyperbaric
oxygen therapy [5].

DISCUSSION

In contrast to other (in vitro) studies, this study
was carried out under in vivo conditions, so it is
possible to make statements about the feasibility of
the measurement effect.

Thus, we demonstrate that after prolonged
irradiation (several minutes), a certain fraction of
oxygen molecules released due to photodissociation
of HbO, diffuses in the surrounding tissue and
increases the oxygen partial pressure. Since the
values of oxygenation depend on a number of
factors, the results of this study cannot identify any
immediate effect of the radiation on the
oxygenation in tissue in vivo. Thus, it would be
reasonable if further studies on the immediate

effects on oxygen saturation would take into
account additional parameters, such as a variation
in the wavelength radiation. The results obtained
should correlate with the characteristics of light
propagation in blood-filled tissues. The visible light
in the blue and green spectral range has a small
penetration depth into skin tissue, because of their
proximity to the absorption bands of some basic
skin chromophores such as HbO> and melanin. Red
and especially near infrared radiation penetrates
much deeper into the soft tissues and plays a
dominant role in the absorption of laser radiation by
oxyhemoglobin in the deeper layers of tissue blood
vessels. Such possibility to increase the free oxygen
content in tissues can be applied in clinical practice
for treatment of a number of diseases related to
problems with the microcirculation and oxygen
supply and therefore requires further investigations.

It is very important to note that
photodissociation of HbO; produces only
molecular oxygen as a by-product and not singlet
oxygen. Lepeshkevich in [16] uses time-resolved
luminescence spectroscopy in the near-infrared
region and does not measure detectable quantities
of singlet oxygen during the photodissociation of
O, from myoglobin and hemoglobin.

CONCLUSION

The obtained results demonstrate that the laser-
induced photodissociation of oxyhemoglobin,
whose main biological function is the transport of
molecular oxygen, gives the possibility for an
additional oxygen supply and allows the
development of optical methods for tissue hypoxia
elimination. Monitoring the Kinetics of tissue
oxygenation gives the possibility to control the
normal aerobic cell metabolism.

It is shown that the efficiency of laser-induced
oxygenation is comparable with the method of
hyperbaric oxygenation, at the same time providing
advantages by the local action. Advances in
technology can lead to further improvement in the
management of patients with wounds.
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KMHETHUKA HA JIABEPHO-UHAYIIMPAHATA ®OTOAMCOLIMALINA HA
OKCUXEMOTIJIOBMHA B KPBBTA 3A BUOMEJIMIMHCKU ITPUJTOXEHUA
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B Tasm cratus HHe H3clienBaMe KUHETHKaTa Ha HampekeHHe Ha kuciopoma (POz) B KOXKHATa ThKaH MOA
BB3/CHCTBUETO Ha TPAHCKYTAaHHO Ja3epHO OOJbYBaHE. EKCIEpUMEHTANHM H3MEpBaHWS Ha OKCHI'CHAIMATa ca
HalpaBeHH C MOMOINA HA METOAa Ha MOJAPOrpacku MPe3KOXKeH MOHHTOPUHT Ha kuciopona (TCOM). Pesynratute
mokasBaT, 4ye mpu oOmpuBaHe ¢ He-Ne maszep (632 HM) cTemeHTa Ha TbKaHHATa OKCHUICHAIMs CE yBEIHYaBa B
3aBUCHMOCT OT HIPOIBIDKUTEIHOCTTA HAa OOJBYBAHETO M ciliell 0Kojo 10 MHHYTH NOCTHra CTal[lOHapHO HHUBO, KaTO
MaKCHMaJTHOTO U3MepeHo yBennueHue € 1,6 mbru. TpsOBa na otOenexxnum, 4e KHHETHKaTa Ha pactexxa Ha PO; e npsko
0o0yclIoBeHa OT JOIBIHUTEIHOTO OCBoOoxAaBaHe Ha Oz B TbKaHTa KaTo pe3ylaTaT Ha Ja3epHO-UHIYLHpaHATa
¢doroauconuanust Ha HbO2 B KpbBOHOCHUTE CHJIOBE HA KOXAaTa, KOETO BOJH JI0 JIOKAJIHO yBenndyaBaHe Ha O2 B ThKaHTA.
ToBa na3zepHO-UHAYLUPAHO 00OTaTABAHE HA ThKAHUTE C KUCIOPOJ MOXKE J]a Ce M3M0I3Ba B (POTOTEepanus Ha IIaTOJIOTHY,
B 30HH C HapyIIeHa MUKPOIMPKYJIAI¥s Ha KPBB ¥ ThKaHU B ChCTOSIHUE Ha XUIIOKCHS, HAIPUMEP B TyMOPH, U3TApsHHUSA,
paHU U A3BU.
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