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FLUORESCENCE OF A PHOTOSENSITIZER BASED
ON AN INDOTRICARBOCYANINE DYE IN PHOTOCHEMOTHERAPY
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We present the results for studies of the spectral luminescence properties of a symmetric indotricarbocyanine
dye (PD1) in HeLa tumor cells and animal tissues in vivo during a photochemotherapy session and after the
end of the session. We have established that when the dye is exposed to light in tumor tissues, changes occur
in the position and half-width of the dye fluorescence spectra, while in a culture of HeLa cells its spectral
characteristics are constant. Based on analysis of the effect of overlap between the absorption spectra of en-
dogenous biomolecules and the fluorescence spectra of the dye plus comparison of the experimental data with
numerical modeling results, we have concluded that the observed changes in the fluorescence spectra of PDI
in vivo are due to a change in the ratio of the different forms of hemoglobin in the tumor tissue. We have
shown that the spectral characteristics of PDI1, fluorescing in the near IR range, correlate with the depth of
tumor tissue necrosis achieved on exposure to light. We have established that tumor tissue necrosis occurs
down to a depth of 2 cm in the case of all strains studied: S-45, SM-1, and W-256, where as a result of ex-
posure to light, we observe an increase in the half-width and a short-wavelength shift of the fluorescence
spectrum of the dye PDI1, and also the intensity of its fluorescence does not recover.

Keywords: indotricarbocyanine dye, spectral properties, in vivo, hemoglobin, tissue oxygenation, photo-
chemotherapy.

Introduction. Cancer photochemotherapy (PCT) is based on photochemical reactions with efficacy determined
by the photosensitizer and depending on the light flux parameters and other light exposure conditions [1, 2]. Thus for
photosensitizers for which the photoactivity mechanism is due to generation of singlet oxygen, when using light with
high power density the efficiency of damage may be reduced due to decreased oxygenation of the tumor tissue [2—4].
Identification of the optimal conditions and optical radiation dose during PCT sessions is a timely problem having
considerable practical importance. The possibility of on-the-fly correction of the light exposure parameters when moni-
toring the details of the response to light exposure may improve the treatment efficacy. A change in the optical prop-
erties of the biological tissues or the photosensitizer as a result of PCT seems likely, which can be detected by
spectral methods. In connection with the fact that in the near IR there is a transparency window for biological tissue
[5] and the penetration depth of light into tissues is greatest, this spectral range is the most promising for obtaining
such information.

In this paper, we present the results of studies to identify any correlations between the spectral characteristics
of the dye (fluorescing in the near IR range) localized in tumor cells and the efficiency of damage to tumor tissues
during PCT. We have analyzed data for a culture of HeLa cells and animal tumor tissues in vivo.

Objects of Investigation and Study Procedures. As the object of investigation, we used the symmetric in-
dotricarbocyanine dye PD1: 2-{7-[3-methyl-3-ethyl-1-trimethylenecarbo-(6-O-D-glucosyl)-2(1H)-indolenylidene]-4-chloro-
3,5-(O-phenyleno)-1,3,5-hexatrien-1-yl }-3-methyl-3-ethyl- 1 -trimethylenecarbo-(6-O-D-glucosyl)indolenylium bromide,
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Fig. 1. Fluorescence spectra of the dye PD1 in vivo in a rat tumor before ir-
radiation (1, 17); after exposure to light with power density 200 mW/cm?® and
exposure energy dose 280 Jem? (2, 2%); in the unirradiated part of the tumor
(3, 3.

which was synthesized in the spectroscopy laboratory of the A. N. Sevchenko Scientific Research Institute of Applied
Physical Problems [6].

In vivo experiments were conducted on mongrel white rats with tumors of the following strains grafted in the
thigh region: sarcoma 45 (S-45), sarcoma M1 (SM-1), Walker carcinosarcoma (W-256). For the investigations, groups
of 6-8 animals were selected. The drug was injected intravenously (1-5 mg per kg weight of the animal). Exposure
to light was carried out using the emission from a semiconductor laser with A = 740 nm; the area of the section of
irradiated tumor was ~1 cm”. The depth and extent of tumor necrosis resulting from the PCT session were determined
based on the vital staining method. The spectral properties of the dye in vitro were studied in a culture of HeLa
tumor cells.

The fluorescence spectra of the dye in vivo were recorded using a spectrometer developed at the A. N.
Sevchenko Scientific Research Institute of Applied Physical Problems [7]. A semiconductor laser with A = 683 nm
was used in the spectrometer as the excitation source. The exciting radiation was delivered to the sample and the light
emitted as fluorescence was collected by means of an optical fiber.

Results and Discussion. We studied the spectral luminescence properties of PD1 in vivo in normal and tumor
tissues in rats during a PCT session. In order to determine the time over which the dye concentration in the tumor
tissue is unchanged, we studied the kinetics of accumulation of the dye in the tissues after the dye was intravenously
injected into the animal. The dye content in the tumor tissue in vivo was determined from the intensity of fluorescence
of PD1. Based on the pharmacokinetics data in vivo for each tumor strain, we chose the optimal time for beginning
exposure to light. During the selected time interval, the intensity, shape, and position of the dye fluorescence spectra
did not change in the healthy and tumor tissues.

In the PCT experiments, the dye PD1 was injected in a concentration of 5 mg per kg weight of the animals.
Light exposure was carried out using the emission from a semiconductor laser with A = 740 nm for power densities
of the incident radiation equal to 200, 300, and 600 mW/cm” and the same exposure energy dose of 280 J/em®. Such
a combination of optical radiation parameters was selected to ensure the same number of incident photons from the
laser radiation for each sample.

We found that at the end of the light exposure using radiation with power density 200 mW/cm?, appreciable
changes are observed in the fluorescence spectrum of the dye in the tumor tissues: the half-width increased by 4-7
nm and the maximum was shifted by 3—4 nm toward shorter wavelengths (Fig. 1, curve 2). In this case, in the irra-
diated part of the tumor, there was a significant decrease in the intensity of fluorescence from the photosensitizer
(curve 2). Observation for 2 hours after the end of light exposure showed that for the irradiated section of the tumor,
the intensity and shape of the dye fluorescence spectrum remained unchanged (curve 2°). For sections of the tumor
which were not exposed to light, the fluorescence spectra of the dye remained the same as before beginning exposure
to light (curves 1’ and 3').
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Fig. 2. Time dependence of the relative intensity of luminescence for the dye
in the tumor during and after exposure to light with exposure energy dose 280
J/em? for power density 200 (1, 2) and 300 (3, 4) mW/cm?. Dashed line: time
at which the exposure to light stopped.

With an increase in the power density of the light exposure up to 300 mW/cm® with the same exposure en-
ergy dose of 280 J/em?, in the irradiated section of the tumor we also detected a decrease in fluorescence intensity,
an increase in the half-width of the dye spectrum by 1-3 nm, and a short-wavelength shift of the maximum by 1 nm.
For 2 hours after the end of light exposure, the signal and shape of the fluorescence spectrum in the irradiated section
of the tumor in most cases remained unchanged, but for some samples recovery of the intensity and shape of the fluo-
rescence spectrum occurred (Fig. 2, curve 4).

Increasing the power density up to 600 mW/cm’ for a light dose of 280 J/em® in the irradiated section of the
tumor still led to a long-wavelength shift of the maximum in the fluorescence spectrum by 1-2 nm. After the end of
light exposure, we observed a rather fast (within ~20 minutes) recovery of the intensity and shape of the dye fluores-
cence spectrum until the original parameters were reached. In this case, the intensity of fluorescence and accordingly
also the PD1 concentration undergo more significant changes at a lower power density for the light exposure
(200 mW/cmz) (Fig. 2). During exposure to light with power density 200 mW/cm2, the dye concentration in the tumor
decreased by 65%; for a power density of 300 mW/cm®, by 45%; and for a power density of 600 mW/cm®, the con-
centration decreased by no more than 20-30%.

We analyzed the correlation between the extent of damage to tumor tissues observed as a result of light ex-
posure and the spectral changes. We found that tumor necrosis down to a depth of 2 cm is accompanied by a short-
wavelength shift of the fluorescence spectrum of PD1 and an increase in its half-width after the end of light exposure;
the intensity of fluorescence of PD1 in the samples is not recovered to the original level. Light exposure using radia-
tion with power density 200 mW/cm® led to tumor tissue necrosis down to a depth of 2 cm in each PCT session. On
exposure to radiation with power density 300 mW/cm’, the same depth of tumor tissue necrosis was detected for sam-
ples in which, after the end of light exposure, the signal and shape of the fluorescence spectrum in the irradiated sec-
tion of the tumor remained unchanged, while at 600 mW/cm” the depth of tissue necrosis was no greater than 5 mm.

A decrease in therapeutic efficiency of photo-induced damage with an increase in the power density of the
light was noted in [8, 9] and interpreted as a consequence of a decline in the tissue oxygen concentration (induced
tissue hypoxia). We saw this type of effect for PD1 in the HeLa cell culture. Thus increasing the power density from
10 to 25 mW/cm® while leaving unchanged the exposure energy dose of 10 J/em® led to an increase by a factor of
1.4 in the fraction of living HeLa tumor cells.

The changes in the fluorescence spectra of the dye in tissues observed as a result of exposure to light may
be due to a change in the optical properties of the biological tissues, the effects of a decrease in the dye concentration
(re-absorption or the presence of associates) or luminescence of accumulated photoproducts. By varying the concentra-
tion of the dye injected into the rats within the range 1-5 mg/kg, we checked for a possible effect from an internal
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Fig. 3. Absorption spectrum of dye PDI1 in HeLa cells (5), fluorescence spec-
tra (2, 4) and fluorescence excitation spectra (1, 3) for PD1 in HeLa cells
after exposure to light (10 J/cm2, A = 740 nm, 10 mW/cmZ); Aex = 540 nm
(2), 700 nm (4); Ager = 663 nm (1), 810 nm (3).

filter or the presence of dye associates in the tumor. The intensity of the detected fluorescence signal for PD in vivo
was proportional to the increase in the concentration, while the shape of the fluorescence spectra matched for all dye
concentrations. These data suggest the absence of any concentration effects for the dye concentrations used.

The decrease in the fluorescence intensity of PD1 during exposure to light, which corresponds to a decrease
in the dye concentration in the tumor tissue, is due to its photodegradation. With the aim of establishing the possible
effect on the fluorescence spectrum of PD1 in the tissue from luminescence of photoproducts accumulated when
treated with laser radiation, we studied the spectral properties of the dye in a model system: HeLa tumor cells. On
illumination in the long-wavelength absorption band of the dye in HeLa with light from a semiconductor laser (A =
740 nm), we observed an irreversible decrease in its concentration, which was apparent in the decrease in the fluores-
cence intensity of PD1 for A, = 683 nm. At the same time, for excitation by light with A = 500-550 nm, the inten-
sity of the luminescence band with maximum at 663 nm increased symbatically with the light exposure time (Fig. 3,
curve 2). In the fluorescence excitation spectra of samples exposed to light with Ay, = 663 nm, there is a band with
maximum at 545 nm, while this band does not appear in the spectra of freshly prepared samples of the dye in HeLa.
Consequently, the appearance of the band in the region of minimal absorption of the dye and fluorescence at A =
663 nm is due to accumulation of its photoproducts in the cells. Similar patterns for the change in spectral properties
of polymethine dyes are observed on exposure to light in organic solvents [10]. For excitation of fluorescence with
A = 683 nm, luminescence of photoproducts did not appear in the light-exposed samples. The shape and position of
the fluorescence spectra of the dye in vitro (for excitation at A = 683 nm before exposure to light and in its early
stages for different power densities of the light) remained unchanged. The shape of the fluorescence excitation spectra
for PD1 in HeLa cells after exposure to light for Ag; = 810 nm matched its absorption spectrum in unirradiated sam-
ples. Based on these data, we can conclude that the observed changes in the fluorescence spectrum of the dye in the
model system upon exposure to light, and consequently also in vivo, are not due to the appearance of luminescence
from photoproducts of PDI1. In establishing the reasons for the changes in the shape and position of the spectrum, we
must take into account the fact that the fluorescence of the dye PDI in tissues in vivo can be affected by endogenous
biomolecules that may have appreciable absorption in the same spectral region [11]. The fluorescence spectra of the
studied PD1 overlap with absorption bands of hemoglobin, melanin, and water [12]. A change in the absorption spec-
tra of water and melanin on exposure to light seems unlikely, but the ratio of the different forms of hemoglobin (oxy-
hemoglobin, deoxyhemoglobin, and methemoglobin) may change. We should take into account the fact that during the
PCT session, due to the decrease in oxygen in the tumor tissue, the ratio of the different forms of hemoglobin
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changes: the oxyhemoglobin fraction decreases [13, 14]. The absorption spectra for oxyhemoglobin, deoxyhemoglobin,
and methemoglobin in the fluorescence band of PD1 (710-875 nm) have significant differences [12, 15, 16], so a
change in the ratio of the concentrations of the different forms of hemoglobin can have an effect on the shape of the
fluorescence band of the dye. Accordingly, we carried out a numerical calculation of the PD1 spectra, taking into ac-
count absorption of some of the fluorescence radiation by different forms of hemoglobin.

In the spectrometric system used, fluorescence of the dye molecules in the tissues is excited and detected at
a depth of ~1.5 cm from the surface [17]. Therefore in the general case, for the fluorescence spectrum of PD1 in vivo,
due to emission by the dye molecules for a biological tissue depth down to / = 1.5 cm, taking into account absorption
by different forms of hemoglobin according to the Bouguer-Lambert-Beer law, we can write:

1.5
I\ = A n) J 1Ol(Cl-{bOZSHbO20\’)+CHbSHbo\’)JrCMe‘HbSMele(}\’)) dl, (1)
0

where Io(A) is the fluorescence spectrum emitted by the dye molecules from a depth /; Crpo,, Crps Cymemn are the con-
centrations of oxyhemoglobin, deoxyhemoglobin, and methemoglobin respectively; eHboz(K): €M), Ememn(A) are the
molar absorption coefficients of oxyhemoglobin, deoxyhemoglobin, and methemoglobin, which are taken from [12, 13,
15, 16].

According to the data in [11], the scattering coefficient for biological tissues varies insignificantly in the spec-
tral range corresponding to the fluorescence band of PDI, and cannot have a substantial effect on the position and
shape of its spectrum. Accordingly, scattering was not considered in this model. In order to calculate the hemoglobin
concentration in the rat tumor tissue, we took into account the total blood volume, the weight and size of the animal.
The hemoglobin concentration in animal blood is 110-120 g/L [18]. Because the signal was averaged over the volume
of the samples by using light beams of diameter ~5 mm on the surface, in the model we assumed that the blood was
uniformly distributed over the considered volume. In this case, we took into account a correction for the weight and
volume of bone tissue, which does not contain a large amount of blood.

Due to the change in the ratio of the different forms of hemoglobin after the end of the PCT session, the
expression for the detected fluorescence spectrum of PD1 based on Eq. (1) can be rewritten as follows:

1.5
I (7\’) I (7\’) .[ 10 HbO HbO (x)+CHb8Hb(x)+CMcle Mqu(M) dl (2)

where I'(A) is the calculated fluorescence spectrum of PD1 in vivo; C, are the concentrations of the different forms of
hemoglobin after exposure to light.

By varying the ratio of the Hb, HbO,, and MetHb concentrations according to formula (2), we did a numeri-
cal calculation of the fluorescence spectrum of the dye in vivo after the exposure to light, taking into account absorp-
tion by the blood components. In this case, the parameters characterizing the changes in the concentration of the
different forms of hemoglobin as a result of exposure to light, AC = C — C,, and specifically ACyetrins AChb
AChpo,, were determined by minimizing the function E(ACwetys ACHp, AChpo,):

§ (ACy0 , ACyy, ACyey) = DT MN=1,, Iy W)’ 3)
A

The function E(ACyiemn, ACkHb, ACHbOZ) represents the square of the difference between the experimental fluo-
rescence spectrum of PD1 in vivo after exposure to light and the spectrum calculated from formula (2). We estab-
lished that the best agreement between the experimental and calculated fluorescence spectra of the dye in the
irradiated section of the tumor is observed for exposure to light with power density 200-300 mW/cm’, due to the sig-
nificant increase in the methemoglobin concentration in the tumor tissue (Fig. 4). In this case, after irradiation, the
methemoglobin concentration in the tumor tissue increased to up to 50% of the total hemoglobin concentration in the
blood; the oxyhemoglobin fraction was ~30% and the deoxyhemoglobin fraction was ~20%. According to [13], under
normal conditions, the methemoglobin concentration in tissue can lie within the range of 1-5% of the total hemoglo-
bin concentration in the blood, while a content of more than 60% methemoglobin in animal or human blood is a criti-
cal threshold [14]. According to the data obtained, a local increase in the methemoglobin concentration is observed

114



1.0}
12.5

0.8}
12.0

0.6
11.5

0.4}
11.0

02}
al {05

700 750 800 850 A, nm

Fig. 4. Absorption spectra of deoxyhemoglobin (1), oxyhemoglobin (2), and
methemoglobin (3); fluorescence spectra of dye PDI1 in vivo after irradiation
(4), before irradiation (5), and the calculated fluorescence spectrum of
PD1 (6).

only in the irradiated section of the tumor tissue, which is damaged as a result of photochemical reactions. We should
bear in mind that, according to the data in [19, 20], when blood components are exposed to laser radiation even in
the absence of a photosensitizer, changes may occur in the hemoglobin structure: some of the oxyhemoglobin and de-
oxyhemoglobin are converted to methemoglobin.

For sections of the tumor exposed to light with power density 600 mW/cm®, the best agreement between the
experimental fluorescence spectrum of the dye and the calculated spectrum corresponds to a deoxyhemoglobin concen-
tration of ~60% of the total amount of hemoglobin. The results obtained (owing to the significant differences between
the absorption spectra of the different forms of hemoglobin in the spectral region of emission of PD1) allow us to es-
timate the level of tissue oxygenation and the efficacy of the photochemotherapy from the changes in the detected
fluorescence spectra.

Conclusion. Based on analysis of the spectral data for the dye PD1 in the near IR range, we can predict the
depth and extent of tumor tissue necrosis achieved on exposure to light. We can assume that the main reason for the
change in the fluorescence spectrum of PDI1 as a result of photochemotherapy is a change in the ratio of the concen-
trations of the different forms of hemoglobin in the blood. By analysis of the spectral data in different stages of ex-
posure to light, we can make changes in the protocol of the photochemotherapy session and improve its efficacy.
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