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Abstract

:

Photodynamic therapy (PDT) is an effective technique for cancer treatment based on photoactivation of photosensitizer accumulated in pathological tissues resulting in singlet oxygen production. Employment of red (660 nm) or blue (405 nm) light differing in typical penetration depth within the tissue for PDT performance provides wide opportunities for improving PDT protocols. Oxygenation dynamics in the treated area can be monitored using diffuse optical spectroscopy (DOS) which allows evaluating tumor response to treatment. In this study, we report on monitoring oxygenation dynamics in experimental tumors after PDT treatment with chlorin-based photosensitizers using red or blue light. The untreated and red light PDT groups demonstrate a gradual decrease in tumor oxygen saturation during the 7-day observation period, however, the reason is different: in the untreated group, the effect is explained by the excessive tumor growth, while in the PDT group, the effect is caused by the blood flow arrest preventing delivery of oxygenated blood to the tumor. The blue light PDT procedure, on the contrary, demonstrates the preservation of the blood oxygen saturation in the tumor during the entire observation period due to superficial action of the blue-light PDT and weaker tumor growth inhibition. Irradiation-only regimes show a primarily insignificant decrease in tumor oxygen saturation owing to partial inhibition of tumor growth. The DOS observations are interpreted based on histology analysis.
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1. Introduction


Photodynamic therapy (PDT) is one of the promising methods for cancer treatment consisting in the use of photoactive drugs—photosensitizers (PS)—that are accumulated in tumor tissue and after light irradiation induce photochemical reactions with the formation of reactive oxygen species destructing the cells [1]. The main mechanisms for the implementation of PDT therapeutic action are direct toxic effects on cancer cells, damage to the tumor-supplying vascular system and initiation of immune responses [2].



The effectiveness of PDT treatment largely depends on the initial oxygen content in a tumor, and alterations of tumor oxygenation are considered as one of the key indicators of PDT efficacy. First of all, in the case of successful PDT performance, oxygen is rapidly consumed during the PDT procedure in order to supply photodynamic reactions progress [3,4]. Later changes in oxygen concentration may occur due to vascular reactions to PDT since the vascular collapse and blood flow stasis caused by the destruction of the endothelial cells of vessel walls [5] result in a local drop of tissue oxygenation. It has been reported that prolonged hypoxia and blood flow arrest occurring as a result of PDT may be considered as markers of effective treatment [6,7,8]. Complete tumor response to PDT treatment was demonstrated to be accompanied by a decrease or even a full interruption in the tumor blood flow and an oxygenation drop that persist for several days after irradiation. In tumors with partial response to treatment, only a temporary blood flow arrest together with a decrease in oxygenation was observed [9].



Measurement of the tumor oxygenation level after PDT has potential as a predictive criterion for tumor response to different PDT regimens. In particular, this approach can serve as an additional monitoring modality in comparative analysis of PDT regimens with different PS administration and irradiation schemes, including different activation wavelengths in the case of more than one absorption band [8]. Chlorin e6 is a modern, widely employed photosensitizer with several absorption bands and high singlet oxygen quantum yield ranging from 0.61 to 0.75 measured by different groups at wavelengths from 347 to 660 nm [10]. The absorption spectrum of chlorin e6 in the visible region of the spectrum is characterized by the presence of a high-intensity Soret band at a wavelength of 403 nm, the presence of a plateau in the wavelength range of 450–615 nm, as well as a pronounced peak at a wavelength of 653 nm (Figure 1) [11,12].



Different techniques for tissue oxygenation monitoring are employed to investigate the effect of PDT on the tumor. The most common in vivo techniques include polarography, electron paramagnetic resonance imaging, optoacoustic imaging, and diffuse optical spectroscopy [9,13,14,15].



Diffuse optical spectroscopy (DOS) allows estimating the concentrations of main tissue chromophores (oxyhemoglobin (HbO2), deoxyhemoglobin (HHb), lipids, and water) in vivo [16,17,18]. The difference in oxy- and deoxyhemoglobin absorption in visible and near-infrared bands allow us to evaluate their partial contribution based on DOS measurements. With the known oxyhemoglobin/deoxyhemoglobin ratio, one can calculate the blood oxygen tissue saturation (StO2), which is an indirect oxygenation indicator [19]. Moreover, direct calculation of the concentration of each hemoglobin form which reflects either the delivery of oxygen to tissues (oxyhemoglobin) or its consumption or outflow (deoxyhemoglobin) allows revealing the mechanisms of changes in tissue oxygenation [20,21]. Total hemoglobin (tHb) concentration is generally considered as a measure of tissue blood content: tHb = HbO2 + HHb.



Currently, DOS is applied in clinical oncology for diagnosing neoplasms of various localizations, monitoring tumor reactions to therapy, and predicting its efficacy [22,23,24,25,26,27]. In experimental oncology, this technique is promising for studies of tumor models' oxygenation levels during growth and after various therapeutic treatments [28,29,30,31].



DOS has previously demonstrated its feasibility in studying tumor response to photodynamic treatment [32,33]. The dynamics of experimental tumor oxygenation have been studied using DOS after red light PDT with chlorin–e6 PS [9,34]. However, this method has not been used to date to compare the tumor reaction on different PDT regimens. In this work for the first time, we compared experimental tumor oxygenation dynamics registered with DOS as a response to PDT treatment with chlorin-based photosensitizers performed with red (660 nm) and blue (405 nm) light.




2. Materials and Methods


2.1. PDT Protocols in Animal Study


The animal studies were approved by the Ethics Committee of Privolzhsky Research Medical University (Protocol #7, 03.07.2017). The experiments were carried out on a model of murine colon carcinoma CT26 (ATCC No CRL-2638) in 2-months-old female Balb/c mice weighing 20–25 g (n 18). Cells were injected subcutaneously in the amount of 5 × 105 in 100 μL of PBS into the outer side of the left shin of an experimental animal. Experiments were started from the 7th day after tumor inoculation when its linear size reached 3–5 mm. Irradiation of tumors was applied only once, on day 0 while measurements of the tumor size and DOS measurements were performed also on days 1, 3, and 7 after PDT. Prior to the PDT procedure, irradiation and measurements the mice were anesthetized with the intramuscular injection of the mixture of 40 mg/kg Zoletil (Valdepharm, France) and 10 mg/kg XylaVet (Alpha-Vet Veterinary Ltd., Hungary) and the tumor region was depilated.



The animals were divided into five groups: untreated animals (n 5), PDT at the wavelength of 660 nm (n 3), PDT at the wavelength of 405 nm (n 3), irradiation only at 660 nm (n 3), irradiation only at 405 nm (n 3). For PDT the chlorin e6-based photosensitizer Photolon (Vetagrand, Russia) was used. The drug was injected into the tail vein at a dose of 5 mg/kg, irradiation was performed 2 hours after drug administration. Untreated animals received saline instead of the Photolon solution. For irradiation, the PDT device “Harmonia” (Laser MedCenter Ltd., Russia) equipped with LED arrays at the wavelengths of 405 and 660 nm was used. Irradiation was carried out at doses of 250 and 200 J/cm2 for red and blue light, respectively.




2.2. DOS Measurements


DOS measurements were performed with a setup (Figure 2a) equipped with a fiber-optic contact probe (Figure 2b) in reflectance mode (IAP RAS, Russia) [35]. This method is also known as Diffuse Reflectance Spectroscopy. The setup employs a broadband 430–675 nm (at the level of 0.1 from the maximum) LED MCWHF2 (Thorlabs Inc., Newton, NJ, USA) with fiber output as a source of optical radiation, and a cooled QE65000 spectrometer (Ocean Optics Inc., Largo, FL, USA) as a detector. The probe includes three optical fibers of 400 μm in diameter (Polironik LLC, Moscow, Russia) located in a line at a fixed distance of d = 1.75 mm from each other. The central and the neighboring fibers served for delivery of probing radiation, while the last fiber was used for detection of radiation backscattered by a tissue, resulting in the two source-detector separation distances of 1.75 and 3.5 mm. A fiber-optic switch F-104-03 (Piezosystem Jena, Jena, Germany) allows to switch the illumination channels. The backscattered light is collected within 1 s (10 averaged spectrometer acquisitions, each has 100 ms integration time) for each source position. The background light caused by ambient illumination is collected with the same acquisition parameters when the LED source is switched off and subtracted from the backscattered measured spectrum. The switching time between the two illumination channels is rather low and takes about 100 ms. The data acquisition process is fully automated, and a single DOS measurement takes about 3 s.



The position of the DOS probe on the animal’s skin surface was selected avoiding areas with PDT-induced scabs. The registration of DOS intensity spectra from tumor tissue was performed prior to treatment (day 0), and on days 1, 3, and 7 after PDT. For each tumor, 3–5 spectral measurements with varying positions of a probe were performed and all spectra without artifacts were averaged.



Before each DOS measurement, the linear dimensions of the tumor were measured with a caliper in three mutually perpendicular directions. The tumor volume was calculated using the formula:


V = (4/3) × π × (a/2) × (b/2) × (c/2)



(1)




where a, b, and c are tumor length, width, and height, respectively.




2.3. Evaluation of Blood Oxygenation Characteristics from DOS Measurements


DOS measurements are generally aimed at the evaluation of the biotissue absorption spectrum from the measured spectrum of backscattered intensity with further extraction of blood oxygenation characteristics [35]. According to the diffusion approximation of radiative transfer equation (RTE) [36], the ratio between spectral intensities I1(λ) and I2(λ) of the backscattered light detected at two source-detector separations    r 1  = d   and    r 2  = 2 d  , correspondingly, is related to a combination of tissue optical properties at a given wavelength:


      I 1   λ     I 2   λ    =    A 1   λ     A 2   λ       r 2     r 1    e x p     3  μ a   λ     μ a   λ  + μ  ′ s   λ         r 2  −  r 1      = 2    A 1   λ     A 2   λ    e x p     3  μ a   λ     μ a   λ  + μ  ′ s   λ      d     



(2)




where    A 1   λ    and    A 2   λ    are the transient characteristics of the first and the second channels, correspondingly,    μ a   λ    and   μ  ′ s   λ    are the spectra of biotissue absorption coefficient and reduced scattering, respectively. As one can see from Equation (2), both source spectral intensity and detector spectral sensitivity are compensated in the ratiometric approach provided that the illumination intensities are equal.



To estimate the ratio between transient characteristics    A 1  /  A 2    of the DOS setup, we applied the calibration procedure by measuring the intensities    I  1 , c    λ    and    I  2 , c    λ    from a tissue-like silicone phantom with known spectra of absorption (   μ  a , c    λ   ) and reduced scattering (  μ  ′  s , c    λ   ). These spectra were evaluated from the spectrophotometry measurements using spectrophotometer Specord 250 Plus (Analytik Jena, Germany) equipped with an integrating sphere. By using Equation(2), the ratio    A 1  /  A 2    can be evaluated as:


     A 1   λ     A 2   λ    =  1 2     I  1 , c    λ     I  2 , c    λ    e x p   −   3  μ  a , c    λ     μ  a , c    λ  + μ  ′  s , c    λ      d    



(3)







Since the separate reconstruction of    μ a   λ    and   μ  ′ s   λ    from Equation (2) solely is not possible, one should decrease the dimension of the problem by employing particular assumptions. Typically, a standard approximation by a power function of the wavelength λ is assumed for the reduced scattering coefficient    μ  ′ s   , while the absorption coefficient    μ a    is presented as the weighted sum of spectra of all the tissue chromophores [35]:


      μ  ′ s   λ  = β        λ 0   λ     α  ,        μ a   λ  =   1 − tHb    μ a  oth    λ  + tHb     StO  2   μ a    HBO  2     λ  +   1 −   StO  2     μ a  HHb    λ         



(4)




where α and β are the fitting parameters,    λ 0  = 450   nm   StO2 is tissue oxygenation, tHb is a total hemoglobin concentration, and    μ a    HBO  2     ,    μ a  HHb    , and    μ a  oth     are, respectively, the table normalized absorption spectra of oxy-, deoxyhemoglobin and other chromophores (water, lipids, melanin) taken from [37]. The abovementioned unknown values   tHb ,   StO  2  , α , β   can be determined by the numerical solution of the following optimization problem


    ∑  λ       1 2     A 2   λ   I 1  e x p    λ     A 1   λ   I 2  e x p    λ    −  e    3  μ a   λ     μ a   λ  + μ  ′ s   λ      d      2   →  tHb ,   StO  2  , α , β   m i n  



(5)




using the measured spectral ratio    I 1  e x p    λ  /  I 2  e x p    λ   , calibration result on    A 1   λ  /  A 2   λ   , and the analytical model (4) for    μ a   λ    and   μ  ′ s   λ   . The problem (5) was solved by the pretrained artificial neural network described in [38], which provides better accuracy in comparison to standard optimization methods. The values of tHb and StO2 are used for subsequent calculations of oxy- and deoxyhemoglobin concentrations as     HbO  2  =   StO  2  · tHb   and   HHb = ( 1 −   StO  2  ) · tHb   correspondingly, and the absorption spectra    μ a    using the Equation (4).



It should be noted that the optimization problem (4) is solved using a narrower wavelength range of 520–590 nm compared to the detection range of the DOS setup (430–675 nm). The range of 520–590 nm is wide enough to take into account the oscillations in    μ a    HBO  2     λ    and    μ a  HHb    λ    spectral shapes (Figure 1), while it is narrow enough for the consistency of the analytical approximation for the tissue chromophores absorption    μ a  oth    λ    and the reduced scattering coefficient in Equation (4), which are responsible for the accuracy in the assessment of StO2 and tHb values. Besides, the absorption of chlorin–e6 in this spectral range is rather weak and the spectral shape is flat (Figure 1), thus it should not affect the DOS measurements results.




2.4. Histology Studies


Seven days after PDT, tumors with underlying muscle tissues were taken for histopathological analysis. Histological images were acquired using a Panoramic MIDI scanning microscope (3DHISTECH, Hungary) after standard H&E staining of tissue samples. Since the microcirculatory system supplying a tumor with oxygen is located in the surrounding normal tissues, we analyzed their morphology based on the alterations typical for local hypoxia. The state of the vessels located in the peripheral tissues and the state of myocytes were assessed. The morphological characteristics of the vessels, such as the atrophy or destruction of vessels endothelium, presence of stasis, sludge, or thrombosis are direct indicators of microcirculatory disorders. Fragmentation of myocytes occurring as a result of the systemic shortage of oxygen supply in the peripheral tissue may serve as an additional indicator of prolonged local tissue hypoxia. The study included quantification of peripheral tissues microcirculatory system disorders and myocyte fragmentation. A qualified histologist has evaluated each alteration in accordance with a 5–grade score (Table 1) in the frames of the blind recognition test.




2.5. Statistical Analysis


Data on tumor growth are presented as normalized to the baseline mean values (M) of tumor volume prior to treatment and standard deviations (SD). Data on levels of HHb, HbO2, tHb, StO2 are presented as averaged values and standard errors of means (SEM).



Scores for myocyte fragmentation and microcirculatory system disorders are presented as averaged values and standard deviations.



One-way ANOVA with Duncan’s test for multiple comparisons was used to determine the statistical significance of differences between treatment groups. The differences were considered statistically significant at p < 0.05. The statistical data were processed in MS Excel 2010 and STATISTICA.10 (StatSoft Inc., Tulsa, OK, USA).





3. Results


3.1. Tumor Growth Dynamics


Figure 3 shows the dynamics of CT26-tumor growth after PDT treatment with chlorin e6-based photosensitizer Photolon. During the monitoring period, the average normalized volume of the untreated tumors increased approximately ten times. Irradiation of tumors without a photosensitizer with red light (λ = 660 nm) did not cause inhibition of tumor growth at the end of the experiment. For blue light irradiation (λ = 405 nm), the average tumor volume in 7 days after treatment was only about 30% smaller compared to the untreated group, which indicated insufficient tumor growth inhibition. Both PDT groups show high treatment efficacy: blue-light PDT induced reduction of the average tumor volume of more than 60% compared to the untreated group, however, the difference in volume values with the untreated group is not statistically significant. Statistically significant difference in tumor volumes was found on day 7 between groups subjected to PDT at λ = 660 nm and both untreated (p = 0.02) and red-light irradiated (p = 0.03) groups. For the red-light PDT group on day 7 after treatment tumor nodes were not palpated.




3.2. Tumor Oxygenation Dynamics Evaluated from DOS Measurements


Figure 4 shows the examples of the reconstructed absorption spectra obtained for tumor tissue before the PDT procedure and on day 3 and day 7 after it. Before treatment, the tumor absorption spectra shapes were similar for all animal groups, suggesting similar relative content of chromophores in the tumors. The spectra demonstrate a relatively high level of blood oxygen saturation prior to the experiment represented by two pronounced maxima around 540 and 570 nm with a subsequent oxygen saturation decrease in the untreated and red-light PDT groups on days 3 and 7 manifested by the absorption spectrum shape with a single-maximum at 550 nm corresponding to the local peak of HHb absorption. At the end of monitoring the predominance of oxyhemoglobin by the two-peaked spectrum shape is observed for blue-light PDT group only.



The averaged values of StO2, HHb, HbO2, tHb calculated from the absorption spectra are shown in Figure 5. At the beginning of the monitoring period, the StO2 values of CT26 tissue were in the range of 20–30%. These values are in agreement with the results of other researchers obtained by diffuse reflectance spectroscopy using a probe with 2–4 mm source-detector separation [39]. In the untreated group, the level of StO2 gradually decreased with the tumor growth from 27.5 ± 3.6% to 3.4 ± 1.5% on day 7. A similar decrease was observed for the PDT group with red light; however, this group demonstrates a more rapid decrease in the oxygen saturation level in 1 day after the procedure. Tumors irradiated at 660 nm and 405 nm without photosensitizer showed the highest StO2 level on day 3 after the treatment (26.0 ± 7.1% and 32.8 ± 8.4% respectively) with statistically significant differences from the untreated and the red-light PDT treated groups (p < 0.05), although in 1 day after the treatment both irradiation only groups demonstrated an insignificant decrease in StO2. The level of StO2 in the blue-light (405 nm) PDT group remained elevated throughout the whole observation period (Figure 5a) (statistically significant differences from the untreated group on day 3 and day 7) indicating improved oxygenation in the tumor tissue.



The concentration of oxyhemoglobin in the CT26 tumor (Figure 5c) prior to treatment was in the range of 5–10 μM across all considered groups. A gradual decrease in the concentration of HbO2 was observed for the untreated (to 2.2 ± 0.7 μM on day 7) and the red-light PDT treated (to 2.6 ± 0.6 μM on day 7) groups of animals indicating that the variations in StO2 are primarily governed by variations in HbO2. A temporary insignificant decrease was observed for the red-light irradiation group, which is in line with StO2 observations. Both the blue-light (405 nm) PDT and the irradiation only groups demonstrated a high level of HbO2 during all the monitoring periods, except day 7 for the blue-light irradiation group. On day 3 after the treatment statistically significant differences were detected between the red-light PDT and both the red-light (p = 0.03) and the blue-light (p = 0.01) irradiation groups. This may indicate the differences in the delivery of oxygen to tumor tissue as a response to different PDT regimens in different groups.



The average total hemoglobin concentration in CT26 tumors (Figure 5b) on the initial day of monitoring amounted to 20–35 μM. For deoxyhemoglobin (Figure 5d) it was in the range of 17–25 μM on average. No statistically significant differences in the content of tHb and HHb were detected between tumors of different groups after treatment. After the red light, PDT concentrations of HHb and tHb exceeded that with blue light only slightly. This may reflect the absence of significant changes in blood content and oxygen consumption/outflow in CT26 tumors in response to both PDT and irradiation without photosensitizer at any wavelength.



In the contralateral zone of healthy muscle tissue of animals, the StO2 level measured by DOS remained unchanged and ranged within 30 ± 8% during the entire period of the experiment (data not shown).



Note that we did not encounter any significant effect of the PS on the registered spectra – neither chlorin e6 absorption with a spectral peak at 660 nm nor PS fluorescence with an emission peak at 670 nm. It follows from the ratio of the spectra taken before and after PS injection at the maximum source-detector separation of 3.5 mm (Appendix A, Figure A1). This ratio shows no visible peaks in the range of 600–700 nm. Both peaks on the ratio around 535 and 570 nm are reflecting HbO2 concentration changes.




3.3. Histological Analysis of Hypoxia Associated Alterations


The histological analysis allows for additional assessment of tumor hypoxia associated with either its natural growth or treatment. Figure 6 shows typical histology images of the peripheral tissue vessels for all the considered treatment regimes. The untreated group demonstrates moderate alterations in the microcirculatory system of peripheral tissues manifested by atrophy and destruction of vessel wall endothelium (Figure 6a,b), presence of stasis and/or sludges in the vessels. These alterations are presumably associated with excessive tumor growth resulting in oxygen shortage. Insufficient oxygen supply of tumor is additionally confirmed by a formation of necrotic core observed in the tumors from the untreated group.



The red light irradiation only group demonstrates primarily unaltered vessels (Figure 6c) indicating no disorders in tumor oxygen supply. Due to an inhibition of tumor growth by the treatment, the tumor does not reach the excessive growth stage by day 7, revealing no signs of tissue hypoxia. The blue light irradiation only group (Figure 6d) shows moderate changes in the microcirculatory system of peripheral tissues comparable to those observed for the control group: stasis and sludges are detected together with atrophy and destruction of vessel wall endothelium. This is presumably associated with the stronger impact of the treatment confirmed by stronger tumor growth inhibition compared to the red light irradiation group.



The red light PDT group shows the entire spectrum of microcirculatory disorders including stasis, sludged and formation of thrombosis (Figure 6e,f). A stronger response could be explained by PDT action which has an additional vascular mechanism owing to the accumulation of PS in vessels endothelium followed by vessel wall destruction as a result of a PDT procedure. The blue light PDT group (Figure 6g,h) shows similar features of the microcirculatory system response to treatment with, however, weaker manifestation. In particular, the number of detected thromboses is lower. This is owing to a lower penetration depth of blue light as compared to red light resulting in a smaller impact to the peripheral tissues located under the tumor. It is worth noting that in the blue light PDT group the myocytes are revealed within the tumor tissue (Figure 6h), which is not observed for other groups.



Figure 7 demonstrates typical histological images of myocytes in peripheral normal tissues for different treatment regimes. The fragmentation of myocytes is manifested by the interruption of the myocyte fibrils structure in the direction perpendicular to their orientation. The analysis revealed that the control tumors are characterized by moderately fragmented myocytes (Figure 7a). Those changes presumably originate from the excessive tumor growth resulting in the insufficient oxygen supply accompanied by hypoxia of the peripheral tissues. The irradiation only regimes (Figure 7b,c for 405 and 660 nm, respectively) demonstrate unaltered or slightly altered myocytes, which is in line with the observed tumor growth dynamics for these groups and confirms slower tumor development compared to the control group. Owing to the tumor growth inhibition, the tumor does not reach the excessive growth stage in 7 days after the treatment for the irradiation only regimes, and the myocytes do not suffer from systemic hypoxia. The blue light PDT group (Figure 7d) demonstrates the presence of moderately altered myocytes as a result of the PDT procedure. The red light PDT group (Figure 7e) demonstrates primarily fragmented myocytes indicating strong tissue hypoxia. A pronounced difference in myocytes fragmentation between the red and the blue light PDT groups is governed by the fact that deeper penetration of red light compared to blue one provides stronger PDT action to the peripheral tissues underlying tumor thus resulting in stronger alterations. This is confirmed by stronger inhibition of tumor growth in the case of red light PDT (Figure 3).



The results of quantitative evaluation of myocytes fragmentation and microcirculatory system disorders are shown in Figure 8. The scores are in good agreement with the qualitative analysis performed above and show that the untreated group is characterized by moderate values for both myocytes fragmentation and microcirculation disorders which could be explained by the excessive tumor growth. This is in line with DOS measurements showing a low level of blood oxygen saturation in the untreated group. Red light irradiation only regime demonstrates low values for both scores, while blue light irradiation only regime shows a pronounces level of microcirculation interruption, although myocytes fragmentation is at a lower level since the process of myocyte fragmentation requires prolonged local tissue hypoxia. Both PDT regimes show higher scores in both considered parameters compared to irradiation-only regimes indicating the high role of PDT in oxygen shortage. However, it is worth mentioning that for both scores blue light PDT shows a lower level of response. This is in agreement with DOS observations showing higher oxygen saturation levels in the blue light PDT group compared to the red light PDT group.





4. Discussion


The study of the effect of different irradiation regimens on the tumor blood flow parameters after PDT allows understanding the mechanisms of neoplasm response to treatment. In this work, the difference in the tumor oxygenation level change was revealed between animals subjected to PDT with chlorin e6-based PS using red and blue light. The red light PDT procedure resulted in a decrease in StO2, while the blue light treatment demonstrated long-term preservation of oxygenation at the initial level.



A drop in the tumor oxygenation level caused by blood flow arrest upon red-light PDT is a typical response to PDT and can serve as a criterion of response to the treatment [6,9]. It originates, in particular, due to vessel endothelium destruction preventing the normal blood supply of a tumor. The influence of blue-light PDT on blood flow parameters has not been studied previously. The revealed differences may be associated with the difference in penetration depths of radiation at different wavelengths and, accordingly, the difference in tissue damage, including, probably, vessels at different depths of the tumor node [40,41]. This conclusion is in line with the tumor growth inhibition results revealing weaker effect for the blue light PDT procedures: thrombosis occurrences were detected in the red-light PDT group only. It is worth noting that histology analysis revealed significant alterations in the microcirculatory system of peripheral tissues for the blue-light PDT, however, the damage to tumor cells was partial, and no complete response was observed for this group. Moreover, myocytes were revealed within the tumor for all the animals from the blue light PDT group, which may serve as an additional reason for the increased level of StO2 and HbO2 observed in this group.



In the groups of animals irradiated with blue and red light in the absence of PS, a DOS parameters dynamics similar to the case of blue-light PDT was observed: a prolonged increase in the StO2 level as compared to the control group with, however, smaller values as compared to the blue-light PDT on day 1 after the treatment. There is evidence that visible and infrared light promotes the enhancement of blood flow and, accordingly, oxygen delivery [42]. This is in agreement with an increase in StO2 in the discussed groups on day 3 after the treatment allowing to suggest activation of tumor development followed by a partial inhibition due to the treatment. In addition, normalization of the vascular bed of experimental tumors induced by laser radiation of the red spectral range was reported to be manifested by regularization of its structure and a decrease in vascular permeability [43] which may improve tissue oxygenation.



Note that the effect of tissue hyperthermia on the oxygenation of tumors in the course of laser irradiation should be taken into account. To date, it has been proven that tissue heating to 42– 43 °C causes an increase in the oxygen content in tissues for a period of up to several days [44,45,46]. In [40] it was shown that in normal tissues, irradiation with red light in presence of PS causes a less pronounced increase in tissue temperature as compared to blue light. When exposed to blue light, an increase in tissue temperature was a characteristic for both regimens with the use of PS and without it. In [8] it was shown that in tumor tissues blue light treatment induced a 5 °C higher increase of temperature as compared to red light resulting in reaching a temperature of 42 °C. This is due to the presence of various endogenous chromophores in tissues that absorb radiation in the blue region of the spectrum [47].



Tissue oxygenation is the balance between oxygen consumption and supply. Monitoring of concentration of oxy- and deoxy- forms of hemoglobin allows revealing the mechanisms governing changes of tissues oxygenation status [48]. In our present work, DOS revealed that in untreated tumors the drop in oxygen saturation is primarily determined by a drop in oxyhemoglobin content rather than an increase in deoxyhemoglobin, which leads to the decrease in oxygen supply to the tumor as it grows. After blue-light PDT there were no significant changes in the concentration of both oxy- and deoxyhemoglobin, which determines the absence of changes in blood oxygen saturation throughout the monitoring period. Therefore, an increased level of StO2 in the case of blue-light PDT is determined by the long-term maintenance of high oxygen supply in the tumor, and by the prevention of an increase in oxygen consumption typical for a growing tumor as a result of PDT. Conversely, red light causes a decrease in the flow of oxygen-rich blood, which causes a rapid decrease in tumor oxygen saturation. The absence of pronounced changes in blood content in the case of red-light PDT may also be associated with impaired blood flow and inhibition of both blood supply and outflow. This observation is in good agreement with several works demonstrating red-light PDT-induced stasis and blood flow arrest [6,7,8].



The results of the morphological study are in good agreement with the results of DOS. The absence of pathological changes in the peripheral tissues for the red-light irradiation only group agrees with the observed relatively high oxygenation, while untreated and red-light PDT groups showing pronounced hypoxia reveal pathological alterations in both myocytes and microcirculatory system of peripheral tissues. The differences are explained by the unequal degree of vascular disorders: high one for the untreated and the red-light PDT groups and a low one for the red-light irradiation group. In the groups exposed to blue light, more complex relationships were discovered. Although both PDT and irradiation-only groups revealed strong vascular damage, the score was higher for the PDT group, which also demonstrated significant myocyte fragmentation indicating a more prolonged effect. However, the grade of the observed changes is smaller than that for the red light PDT, since the latter demonstrated full tumor response to treatment (Figure 3). Partial response to the treatment by blue light PDT together with observed myocytes within tumor corresponds to higher oxygenation of the tumor detected by DOS.



The observed difference in the tumor reaction to red and blue light PDT presumably originates from the difference of light penetration depth at these wavelengths. Blue light provides primarily superficial action, while red light acts deeper. OCT angiography provides the mapping of blood circulation at relatively small depths (below 0.5 mm), demonstrating the arrest of blood circulation for both considered PDT regimes [8], while diffusion-based DOS technique reveals difference consisting in higher content of oxygenated blood for blue-light PDT regime in deeper tissue layers in 1 day after the treatment indicating that this technique can non-invasively provide additional information on tumor response to treatment. Moreover, this observation is in line with the fact that red light PDT provides higher tumor growth inhibition as compared to blue light. A decrease in blood oxygen saturation level observed in both irradiation only modes 1 day after the treatment followed by its increase in 3 days after the treatment indicates that DOS measurements provide reliable information on tumor response in the days following the procedure. On the other hand, evaluation of blood oxygen saturation level with higher temporal resolution allows for more accurate evaluations of tumor metabolism as a result of a response to the treatment.



Although a relatively small number of animals were included in each group, the main conclusions of the study were based on statistically significant differences of StO2 values measured by DOS between different groups (p < 0.05) additionally supported by the histological data findings. The reported results can be treated as a pilot study, while further investigations on tumors with a slower growth rate could be beneficial allowing to fully separate the treatment effects from the natural growth changes.



Thus, the results of the in vivo experiment showed that the most pronounced effect on tumor growth was caused by photodynamic therapy using a wavelength of 660 nm which induces the complete inhibition of tumor growth by the 7th day after treatment. After red-light PDT, a rapid decrease in blood oxygen saturation is observed, while after PDT at a wavelength of 405 nm, its long-term preservation at the initial level is shown. The main reason for the increase in the level of oxygenation during PDT at a wavelength of 405 nm is an increase in the concentration of oxyhemoglobin reflecting the flow of oxygen to the tissues, while the decrease in the level of oxygenation during PDT at a wavelength of 660 nm is caused by both a decrease in the content of oxyhemoglobin and a slight increase in its deoxy-form.




5. Conclusions


In this paper, we report on the results of monitoring the oxygen status of tumors treated by PDT with chlorin-based PS employing red and blue light. It was shown that the red light PDT procedure induced a gradual decrease in the tumor oxygen saturation during the 7-day observation period caused by a decrease in the amount of local oxyhemoglobin concentration, while deoxyhemoglobin concentration did not demonstrate any significant variation. This observation is explained by the blood flow arrest typical for PDT with red light preventing delivery of oxygenated blood to the tumor region. The untreated tumor group demonstrated similar dynamics; however, the mechanism is different: tumor oxygenation inhibition is explained by the excessive consumption of blood oxygen due to tumor growth and/or excessive tumor development resulting in a formation of a necrotic core. The blue light PDT procedure, on the contrary, demonstrated the preservation of the blood oxygen saturation in the tumor during the entire observation period, which is explained by superficial action of the blue-light PDT, weaker tumor growth inhibition and the effect of hyperthermia. Red and blue light irradiation only regimes with no PS injected also demonstrate weak alterations of tumor blood oxygen saturation. The observations are in good agreement with the results of the histological study analyzing the hypoxia-associated alterations in the peripheral tissues. The observed differences in the tumor oxygen status change as a response to different treatment regimens indicate the high potential of the DOS technique in the development of novel treatment protocols and in the prognosis of the tumor response to treatment in a non-invasive way.
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Figure A1. The ratio of the spectra taken before and after PS injection measured at the 3.5 mm source-detector separation. The graph shows no chlorin e6 absorption and emission peaks in the range 600–700 nm. 
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Figure 1. Typical absorption spectra of the chlorin e6 photosensitizer [11,12] and oxy- and deoxyhemoglobin. Blue and red arrows indicate wavelengths for PDT light irradiation corresponding to local peaks of absorption 403 and 653 nm. High absorption of hemoglobin in the vicinity of 400 nm compared to 660 nm provides lower light penetration depth. The wavelength range for DOS evaluation is marked with grey. It corresponds to strong relative variations in HbO2 and HHb spectra and rather low chlorine e6 absorption. 
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Figure 2. Schematic of the DOS setup (a) and a photo of DOS measurement procedure (b). 
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Figure 3. CT26 tumor volume dynamics after red- and blue-light PDT with Photolon and red- and blue-light irradiation only treatment. The data presented as M±SD, asterisk (*) shows statistically significant difference between the treatment groups (p < 0.05, one-way ANOVA with Duncan test). 
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Figure 4. Typical reconstructed absorption spectra of tumor tissue before the experiment on day 0 (a), and on day 3 (b) and day 7 (c) after the irradiation procedure. 
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Figure 5. Blood oxygen saturation level (a), total hemoglobin (b), oxyhemoglobin (c) and deoxyhemoglobin (d) content in CT26 tumor estimated by DOS after red- and blue-light PDT with Photolon and red- and blue-light irradiation only treatment. The data presented as M±SEM, asterisk (*) shows statistically significant differences between the treatment groups (p < 0.05, one-way ANOVA with Duncan test). 
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Figure 6. Histological images of blood vessels in peripheral tissues supplying tumor for different groups: (a,b) untreated, (c) irradiation only at 660 nm, (d) irradiation only at 405 nm, (e,f) PDT at 660 nm, (g,h) PDT at 405 nm. Numbers show: (1) normal vessels, (2) destruction of vessels endothelium, (3) stasis/sludges, (4) thrombosis, (5) myocytes within tumor tissue. The bar size is 100 μm. 
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Figure 7. Histological images of myocytes in peripheral tissues supplying tumor for different groups: (a) untreated, (b) irradiation only at 405 nm, (c) irradiation only at 660 nm, (d) PDT at 405 nm, (e) PDT at 660 nm. Arrows show fragmentation of myocytes. The bar size is 100 μm. 
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Figure 8. Scores for myocyte fragmentation (a) and microcirculatory system disorders (b) in peripheral normal tissues calculated from histology. The data presented as M±SD. 






Figure 8. Scores for myocyte fragmentation (a) and microcirculatory system disorders (b) in peripheral normal tissues calculated from histology. The data presented as M±SD.



[image: Photonics 09 00019 g008]







[image: Table] 





Table 1. Score system for evaluation of alterations in myocytes and microcirculatory system in peripheral tissues.
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	Grade
	Myocytes
	Microcirculatory System





	0
	No alterations
	No alterations



	1
	Single fragmentation within

several fields of view
	Single occurrences of endothelium alterations, endothelium atrophy, presence of plethora



	2
	Single fragmentation within

single field of view
	Several occurrences of endothelium atrophy,

endothelium destruction, plethora, stasis



	3
	Several fragmented myocytes within

single field of view
	Several occurrences of endothelium atrophy,

endothelium destruction, presence of stasis, sludges



	4
	Prevalence of fragmented myocytes

within single field of view
	Multiple occurrences of endothelium destruction, presence of stasis, sludges, single occurrences of thrombosis



	5
	Prevalence of fragmented myocytes

within several fields of view
	Multiple occurrences of endothelium destruction, presence of stasis, sludges, multiple occurrences of thrombosis
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