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Abstract: The research is devoted to comparison of the blood vessel structure and the oxygen
state of three xenografts: SN-12C, HCT-116 and Colo320. Differences in the vessel formation
and the level of oxygenation are revealed by optoacoustic (OA) microscopy and diffuse optical
spectroscopy (DOS) respectively. The Colo320 tumor is characterized by the highest values
of vessel size and fraction. DOS showed increased content of deoxyhemoglobin that led to
reduction of saturation level for Colo320 as compared to other tumors. Immunohistochemical
(IHC) analysis for CD31 demonstrates the higher number of vessels in Colo320. The IHC for
hypoxia was consistent with DOS results and revealed higher values of the relative hypoxic
fraction in Colo320.
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1. Introduction

Features of tumor vascular bed directly determine the metabolism and oxygen supply. Oxygenation
is one of the most important parameters of biological tissue. A lack of oxygen in the tumor
provokes hyperexpression of angiogenic factors, prevents the normal development of blood
vessels in the neoplasm, which leads to increased hypoxia and tissue necrosis [1].

Immature vessels of the newly formed bloodstream are characterized by a number of structural
and functional anomalies. These vessels are highly tortuous and saccular. The vascular walls are
highly permeable due to irregular coverage of the basement membrane, pericytes and tumor cells
[2]. Such abnormal features of the tumor vascular network lead to impaired blood circulation in
the tumor, reducing its supply of oxygen and nutrients, causing the induction of hypoxia and as a
consequence prevent the accessibility of drugs to the tumor tissue and increase its resistance to
therapy [3].

Neoangiogenesis and oxygen state of the tumor become two inseparably incorporated char-
acteristics of the malignant process, which require simultaneous comprehensive study both for
diagnostic purposes and for choosing the optimal path of treatment and evaluating its effectiveness.
Each type of neoplasm is characterized by pathological features that determine the prognosis of
the disease and different approaches to its therapy. Microvessel density as well as the level of
expression of angiogenic factors were suggested to be a significant prognostic indicator [4–6]. To
decide on the most appropriate tactics for clinical treatment and predict tumor development, it is
necessary to study the structure of the vascular component of various neoplasms [4].
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Traditionally immunohistochemical (IHC) analysis is used to study tumor vascularization ex
vivo [7]. IHC allows counting microvascular density by specific markers of endothelial cells,
but it is limited in assessing the vascular pattern of the entire tumor volume and unsuitable
for real-time monitoring. Traditional non-invasive methods for in vivo study of the vascular
bed such as angiography, dopplerography, magnetic resonance imaging, positron emission
tomography, optical coherence tomography also have a number of limitations [8]. Diffuse optical
spectroscopy (DOS) is based on detection of the multiply scattered diffuse component of light
that has passed through a layer of biological tissue and reconstruction of the scattering and
absorption coefficients of the tissue based on the results of these measurements. Since absorption
spectra (µa) of the main tissue chromophores (oxy- (HbO2) and deoxyhemoglobin (HHb)) are
known, it is possible to determine their concentrations and indirectly calculate total hemoglobin
(tHb) concentration and the level of tissue oxygen saturation (StO2) [9,10]. DOS has found its
applications both in experimental [11,12] and clinical oncology [13–15] primarily for assessment
of tumor oxygenation and hemoglobin content.

Optoacoustic (OA) angiography is based on the registration of broadband ultrasound resulted
from absorption of a pulsed light by molecules of hemoglobin contained in blood-filled areas. At
the depth of the DOS study (in the visible wavelengths range - a few millimeters), the resolution
of OA angiography reaches several tens of micrometers.

Multispectral OA scanning allows to highlight the contrast of various tissue chromophores,
such as melanin or oxy/deoxy hemoglobin. Hybrid OA method is therefore suitable for solving
the problems of clinical and experimental oncology both for the diagnosis of superficially located
tumors [16–18] and for the studies of tumor models vascular pattern during growth and after the
treatment [19,20].

In this work a comparison of the characteristics of the vascular network of experimental tumors
of different morphogenesis was made using complementary OA and DOS methods. DOS was
used to monitor changes in oxygenation and blood filling of neoplasms, and bright-field OA
microscopy was used to assess changes in the structure of the bloodstream. Both OA and DOS
experimental setups have been created by the group of authors previously and adapted for this
study. The results of in vivo studies were confirmed using IHC analysis of tumor tissue samples
for CD31 and hypoxia. The combination of methods made it possible to identify the features of
blood vessel structure and their influence on oxygenation of various tumor models for the first
time.

2. Method and materials

2.1. Animals and tumor models

The study was performed on Balb/s-nu/nu female mice, obtained from “Pushchino” animal farm
(Moscow, Russia). Three tumor models based on cell lines of renal cell carcinoma SN-12C
(n= 4) and colon cancer carcinoma cells HCT-116 (n= 4) and Colo320 (n= 4) were selected.

The animal studies were approved by the Ethics Committee of N.N. Blokhin National Medical
Research Center of Oncology (Protocol No 04P, 29.07.2021). Tumor cells were injected
subcutaneously into the thigh area at a concentration of 2× 107 cells/ml with Matrigel (Corning,
USA) in a ratio of 2:1.

The experiment was started on the 7th day after cells inoculation, when the tumor size reached
at least 35 mm3 and continued until the volume of 700 mm3. Tumor node volume was calculated
as V= a*b2/2, where V is the volume, a – length value, b – width value of the node. Tumor
volume doubling time was determined as (t2-t1)*log2 (V2/V1) from 7 till 29 days of growth,
where t1,2 are the days after tumor inoculation, V1,2 are tumor volumes on the corresponding
days [21]. OA and DOS study was carried out every 7 days until the 29th day of growth for
SN-12C, HCT-116, Colo320 and then with an interval of 12, 35, 49 days for SN-12C. OA and
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DOS investigation of mouse normal tissues (skin and underlying muscle) were performed on the
first day of experiment.

During OA and DOS investigation, animals were immobilized using an anesthesia and
respiratory machine (Zoomed, Russia). Inhaling gas containing 1.5% Isoflurane (Laboratorios
Karizoo, Spain) in 100% O2 (gas flow rate 0.1 L/min) was supplied through the custom-made
tubing (Fig. 1). The combination of gases used in our work changes tumor StO2 insignificantly
[22].

Fig. 1. Experimental design (a); anesthesia and positioning of the animal for OA and DOS
studies: supporting plate with bright-field OA probe (b), Balb/s-nu/nu mouse during OA
scanning (b), Balb/s-nu/nu mouse during DOS measurements (c)

2.2. OA setup

Scanning OA angiography system was based on [23] and consisted of two scanning stages
(15× 15 mm2; 15 µm) triggering pulsed laser (532 nm; 1 ns; 2 kHz) and digitizer (16 bit;
200 MHz). A new bright-field probe (Fig. 1(b)) based on 400 µm multimode optical fiber and
custom-made [24] wideband [25] polyvinylidene difluoride (PVDF) detector providing less than
50 µm lateral spatial resolution [26]. The scanning was performed inside immersion chamber
(Fig. 1(c)) integrated with removable supporting plate (Fig. 1(d)) containing custom-made mask
for gas anesthesia.

Each 3D dataset was processed by Matlab-based GUI interface implementing reconstruction
sequence [27] consisting in ∼1-80 MHz band-pass filtration [28] followed by delay-and-sum
reconstruction in XZ and YZ planes [29]. No vessel-enhancement techniques were applied to
OA data.

The reconstructed 3D OA datasets were plotted as maximum intensity projection (MIP) 2D
images, which were then binarized and analyzed using ImageJ toolbox (NIH, USA) and the
Particle Analysis toolbox. For the vessel analysis tumor zones were manually selected, at the
outer boundary of the peripheral tumor vessel area. Threshold parameter was chosen to reduce
the amount of background noise in binarized OA images. Vascular fraction was determined as a
percentage of tumor area occupied by vessels in the OA images. The characteristic size of vessel
segments was calculated by averaging individual vessel areas [20].
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2.3. DOS setup

Reflection-mode DOS setup was based on the broadband LED source of probing radiation and
the spectrometer [30]. The DOS fiber-optic probe consisting of three 400 micron fibers located
in a line at a fixed distance of d= 1.75 mm from each other. One collection fiber and two source
fibers provide two source-detector separations of 1.75 and 3.5 mm to perform calibration free
measurements of optical attenuation spectrum by applying ratiometric approach. The optical
probe was brought into direct contact with the biological tissue. Using the setup, the initial spectra
of diffusely scattered radiation cross over through the tissues are obtained. Absorption coefficient,
as well as concentrations of oxy-, deoxy-, total hemoglobin and blood oxygen saturation were
reconstructed from the ratio of raw spectra obtained at different source-detector separations in
the wavelength range of 520–590 nm [31]. The reconstruction procedure is based on a deep
direct neural network, which consists of 6 layers and has 141987 parameters. To train the neural
network 214220 spectra simulated from diffusion approximation of Radiative Transfer Equation
for various component compositions were used. These spectra obtained under the assumption
that all tissue chromophores except hemoglobin’s have constant absorption in the spectral range
520-590 nm and the reduced scattering spectra has a power dependence on the wavelength. It
was shown that such approach has less reconstruction error compared to traditional optimization
applied in DOS [32].

2.4. Morphological study

IHC analysis was performed on the 29th day after inoculation of HCT-116, Colo320 cells and on
the 125th day after inoculation of SN-12C cells. The hypoxia marker Pimonidazole hydrochloride
(HPI, Inc., USA) was administered intraperitoneally at 60 mg/kg 45 min before sacrifice of mice.
Excided tumors were cut into two parts. One half of tumors was then frozen in O.C.T. Compound
(Sakura Finetek U.S.A., Inc., USA) and used for ICH hypoxia assay.

Detection of zones with a low oxygen state (< 10 mm Hg) was carried out using the marker
pimonidazole and monoclonal antibodies with a Fluorescein isothiocyanate (FITC) fluorescent
label (Hypoxyprobe, Inc., USA) on 7 µm thickness sections. FITC fluorescence zones of the
whole tumor section were visualized using a Carl Zeiss LSM 710 laser scanning microscope
(LSM) (Carl Zeiss GmbH, Jena, Germany) at 10x magnification. FITC fluorescence was excited
at a wavelength of 488 nm and registered in the range of 500-735 nm. The relative hypoxic
fraction (RHF) was calculated as the percentage of pimonidazole-positive zones from the total
area of the sample [33] using a Matlab. The threshold value of the FITC fluorescence intensity was
chosen based on the signal from stained tumor sections without pre-accumulated pimonidazole.
Areas of necrosis were excluded from the analysis [34].

The other half of the tumor was fixed in 10% formalin (Biovitrum, Russia) for 48 hours, then
embedded in paraffin and cut into 4-5 µm thick sections. After dewaxing and antigen retrieving,
the sections were incubated with Peroxidase blocking solution (Abcam, UK). After 10 minutes
they were washed in PBS and incubated with Protein blocking solution (Abcam, UK) for 15
minutes. Subsequently, the sections were incubated with antibodies to the mouse endothelial
cell marker CD31 (Abcam, UK) in 1/50 dilution for 18-20 hours at 4°C, then washed twice in
PBS and incubated with Biotinylated Goat Anti-Polyvalent Mouse and Rabbit (Abcam, UK)
and streptavidin-HRP conjugate (Abcam, UK). After washing the samples twice with PBS,
DAB Substrate Kit solution (Abcam, UK) was applied for 10 min; sections were washed in
PBS and stained with Mayer’s hematoxylin (Sigma, USA). Finally, the samples were washed
in running water, dehydrated by sequentially passing through a series of xylene and ethanol
solutions and were placed under a coverslip using a Thermo Shandon Mount (Thermo Fisher
Scientific, USA). Microvessels stained for CD31+were counted in 8 microscope fields per tumor
at 200× magnification using Nikon Eclipse 80i microscope with Ds-Fi1 (Nikon, Japan); the
values of their number were normalized to area.
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2.5. Statistical analysis

All measurement data obtained for tumor volume were plotted as means±SD. For statistical
analysis, the IBM SPSS Statistics software and BioStat Professional were used. One-way ANOVA
with Bonferroni correction was performed to estimate the significance of the differences between
tumor models in each time point and t-test for dependent samples - between the current and initial
values. Statistically significant value was taken as p< 0.05.

For comparison of StO2 values obtained by DOS and vascular fraction values obtained by OA
with RHF and amounts of CD31 values obtained by IHC the Spearman correlation coefficient
was calculated.

3. Results

Tumor models appeared to have different growth characteristics (Fig. 2). The growth rate of
HCT116 and Colo320 significantly exceed that of SN-12C (Fig. 2(a)). The tumor volume
doubling time was 5.1± 0.7 days and 4.9± 0.5 days respectively, while the same indicator for
SN-12C was 13.6± 4.8 days (Fig. 2(b)). Statistically significant differences in the values of this
parameter for SN-12C were found both for Colo320 (p< 0.01) and HCT116 (p< 0.01).

Fig. 2. Growth dynamics (a) and tumor doubling time (b) of SN-12C, Colo320, HCT116
tumors. M±SD, * - statistically significant differences between tumor models (p< 0.05,
one-way ANOVA with Bonferroni correction)

The examples of OA images of normal and tumor vasculature are shown in Figs. 3–4. As
compared to normal tissue, which is characterized by a regular arrangement of vessels (Fig. 3(a)),
all investigated tumor xenografts were visualized as areas with a large number of tortuous,
unevenly distributed vessels, which form areas of high and low vascularization (Fig. 4(a)). Due
to the limited depth of the field of OA probe, vessels of normal tissues surrounding the tumors
were visible until the tumor height exceeded 2 mm. The gradual increase of vascularization of
the tumors was revealed with the tumor growth, however the features of the rate of the vascular
network formation for different models were found (Fig. 4).

At the 7-th day after tumor inoculation the vascular fraction values of all tumor xenografts
(Fig. 4(b)) were lower than those of normal tissues more than three times (Table 1). As the tumor
volumes reached 700 mm3 Colo320 showed changes of vascular fraction from 2.8± 0.6% to
31.9± 13.8% by 29th day of growth, SN-12C - from 3.9± 3.0% to 29.1± 4.7% by 125th day
of growth. The vascular fraction changed slightly in HCT116 from 3.0± 2.2% to 8.4± 4.1%.
It is worth noting the appearance of extensive hemoglobin-containing zones in Colo320 inside
the tumor: the size increased by 16 times by the last day of tumor node growth and reached
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Fig. 3. Examples of OA image of vasculature (a) and DOS absorption spectra (b) of mouse
normal tissues. The color scale codes the depth of the vessels.

9.6× 104± 6.8× 104 µm2. The same changes were less significant for HCT116 and SN-12C, 3
and 6 times respectively (Fig. 4(c)).

Table 1. Vascular fraction and vessels size
obtained by OA, hemoglobin concentration and
blood oxygen saturation level obtained by DOS

for mouse normal tissue.

Optoacoustic imaging

Vascular fraction (%) Vessels size (µm2)

14.3± 3.9 7.5× 103 ± 3.6× 103

Diffuse Optical Spectroscopy

tHb (µM) HHb (µM) HbO2 (µM) StO2 (%)

22.8± 3.9 13.8± 3.5 8.7± 1.6 40.2± 6.5

Vessels size of tumors exceeded those for normal tissue (Table 1) by the 7th day for Colo320
growth, 22nd day for HCT116 growth, 29th day for SN-12C growth. Statistically significant
differences with normal tissue were revealed for Colo320 (p< 0.01). Examples of the optical
absorption coefficient spectra of normal tissue and tumors obtained by DOS are shown in Figs. 3
and 5. At the beginning of the monitoring tumor absorption spectra were similar for all the
investigated models (Fig. 5(a)) and did not differ significantly from absorption spectra of normal
tissue (Fig. 3(b)), suggesting similar chromophore content. When tumors reached the volume of
700 mm3 (last day of experiment), the shape of the Colo320 spectrum differed from the shape
of the spectra of SN-12C and HCT116 demonstrated predominant deoxyhemoglobin content
(Fig. 5(b)). For SN-12C and HCT116 tumors, the shape of the optical absorption spectrum
changed insignificantly. According to DOS data, the drop in the level of blood oxygen saturation
occurred in all tumor models (Fig. 5(c)).

During monitoring, the changes of StO2 were revealed for HCT116 (from 52.0± 11.3%
to 42.8± 15.4%), for SN-12C (from 58.9± 6.3% to 33.2± 12.0%), and for Colo320 (from
38.9± 12.0% to 17.7± 7.8%). The most rapid and significant decrease in saturation was observed
for Colo320. On the last day of the experiment significant differences in total hemoglobin levels
(Fig. 5(e)) were found for Colo320 and SN-12C (30.7± 8.1 µM and 18.4± 2.3 µM respectively).
The decrease of HbO2 concentration was observed in all tumor models to varying degrees
(Fig. 5(f)). The decrease of HbO2 was negligible for HCT116, while for Colo320 and SN-12C
it was reduced by half. Colo320 was characterized by the largest change in the HHb (from
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Fig. 4. OA images of vasculature (a), dynamics of vascular fraction (b) and vessels size (c)
of SN-12C, Colo320, HCT116 tumors at different time points of their growth. The color scale
codes the depth of the vessels. Z= 0 mm corresponds to the animal’s surface. Bar - 3 mm.
M±SD, * - statistically significant differences between tumor models (p< 0.05, one-way
ANOVA with Bonferroni correction). # - statistically significant differences between current
and baseline values (p< 0.05, t-test for dependent samples)

17.1± 4.5 µM to 25.7± 8.8 µM) (Fig. 5(d)). As compared to normal tissues (Table 1), decisive
increase of tHb and HHb concentration was reached only for Colo320 (p= 0.03 and p= 0.04
respectively).

Figure 6 shows the examples of microimages of sections tumors after IHC staining (Fig. 6(a))
and the number of CD31+microvessels per mm2 (Fig. 6(b)) of SN-12C, Colo320, HCT116.

IHC study with antibodies to mouse endothelial cell marker CD31 revealed the following
values for SN12S – 71.3± 11.9, Colo320 – 90.4± 5.2, HCT116 – 43.2± 7.3. When comparing
the vascular fraction values obtained by OA with the amounts of CD31 values obtained by IHC
(Fig. 8(a)), a strong positive correlation r= 0.7 (p< 0.05) was revealed.

Immunofluorescent staining for hypoxia with pimonidazole revealed a difference in the hypoxia
areas between the models (Fig. 7) with brightened pimonidazole-positive zones (Fig. 7(a)). In
Colo320 the areas of hypoxic regions were larger as compared to other investigated models; RHF
averaged value for Colo320 was 42.6± 12.8% and exceeded those for HCT116 and SN-12C by
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Fig. 5. DOS monitoring of SN-12C, Colo320, HCT116 tumors: typical reconstructed
spectra of absorption coefficient at the 7th (a) and 29/125th days of tumor growth then
the tumors reached 700 mm3 in average (b); blood oxygen saturation level (StO2, c),
deoxyhemoglobin (HHb, b), total hemoglobin (tHb, d), oxyhemoglobin (HbO2, c) of tumors
on different days of growth. M±SD, * - statistically significant differences between tumor
models (p< 0.05, one-way ANOVA with Bonferroni correction). # - statistically significant
differences between current and baseline values (p< 0.05, t-test for dependent samples)

Fig. 6. Examples of microimages of sections (a) and the number of CD31+microvessels
(b) of SN-12C, Colo320, HCT116 tumors after immunohistochemical staining. M± SD. * -
statistically significant differences between tumor models (p< 0.05, one-way ANOVA with
Bonferroni correction).
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1.7 and 1.4 times, respectively. When comparing the StO2 values obtained by DOS with the
RHF values obtained by IHC with pimonidazole (Fig. 8(b)), a moderate negative correlation was
revealed r=−0.6 (p< 0.05). Comparison of the values of vascular fraction and RHF shows only
insignificant positive correlation (Fig. 8(c)).

Fig. 7. Examples of LSM images of sections (a) and relative hypoxic fraction (RHF, b)
of SN-12C, Colo320, HCT116 tumors after immunofluorescent staining for hypoxia with
pimonidazole. N - necrosis zone. Bar - 2 mm. M± SD. * - statistically significant differences
between tumor models (p= 0.05, one-way ANOVA with Bonferroni correction

Fig. 8. Values of CD31+microvessels versus vascular fraction (a), RHF versus StO2 (b),
vascular fraction versus RFP (c) for all mice (r is the Spearman correlation coefficient)

4. Discussion

The study of changes of vascularization and oxygenation is necessary both for understanding
the mechanisms of formation of tumor hypoxia and for development of a new diagnostic and
prognostic criteria for oncological diseases, as well as for substantiation of new therapeutic
approaches that affect the vascular component of the tumor.

The possibilities of various imaging methods for comparing the qualitative and quantitative
signs of the vascular bed of experimental neoplasms have already been studied in a number of
works. In particular, the X-ray micro-computed tomography method revealed differences in
such parameters as relative blood volume in vivo as well as vessel diameters and percentage
of branches ex vivo between xenografts A431, Calu-6, MLS, and A549 [35]. Using dynamic
contrast-enhanced ultrasonography, quantitative data on the vascularity of rat hepatomas based
on three different cell lines are provided [36]. The method of optoacoustic imaging compared the
vascularization of models of colon cancer [37,38].

Various non-invasive methods for determining the oxygenation level have also been used to
assess the ability to determine the individual features of experimental neoplasms in comparative
studies. The distribution of the novel tracer 18F-labeled pimonidazole was used to compare
C3H and SCCVII hypoxia sites by PET in vivo [39]. The DOS method in the transillumination
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configuration made it possible to reveal differences in the hemoglobin content and blood oxygen
saturation of rat tumors [40].

Both methods independently have been already validated by several standard approaches. Our
previous works had verified the DOS results using direct pO2 measurements [41] and IHC analysis
with pimonidazole, where a high percentage of hypoxia-positive zones confirmed the low content
of oxyhemoglobin in tissues [40]. Tomaszewski et al. found a strong inverse correlation between
optical tomography (OT) data and the level of hypoxia with Carbonic anhydrase IX. Moreover, the
group used pimonidazole to determine the extent of tumor necrosis, which also demonstrated a
strong inverse correlation with OT [42]. Optoacoustic angiography was independently compared
to hematoxylin-eosin staining and IHC for endothelial marker CD31 [43], and α-smooth muscle
actin [44], which allow assessing both the structure of the tumor tissue and the formation of the
vasculature.

It should be noted that acoustic resolution OA can be used for the averaged assessment of
blood oxygen saturation as an independent method. Using this approach, numerous studies have
investigated changes in the oxygenation of tumor models during growth and under treatment
[45–48] and performed the comparison of oxygen state of different tumor models [49]. For
high-precision OA measurements of saturation at pre-diffuse depths, OA microscopes of the
so-called optical resolution have proven well [50].

We used the experience of other groups for structural diagnostics (angiography), where we
supplemented an acoustic resolution OA scanning system that performs diffuse laser illumination
of vessels at 532 nm with the DOS system in a diffuse mode. The similar optical wavelengths
and illumination geometry we used in the technical implementation of the DOS application cause
and detect complementary saturation measurements in a volume measurement similar to OA.
This combination of methods worked well in our previous research [20].

In our study we compared several tumor models and revealed both similar features for all
neoplasms that distinguish them from normal tissues, as well as individual features of the
development of the vascular network of each type of tumor. In comparison with normal tissues
the loss of regular distribution and increased tortuosity of the vessels were the unite features
according to the data of OA. However, each model studied had its own individual differences,
which increased with the growth of the neoplasm. The rapidly growing HCT116 tumor during
the monitoring period did not show a significant increase in the fraction of vessels and changes
in their size; according to OA angiography, these parameters remained comparable to the normal
tissues (Fig. 4). For this model, the smallest decrease in blood oxygen saturation compared to the
initial level was shown among all the studied ones (Fig. 5).

Another rapidly growing tumor, Colo320, on the contrary, was characterized by a very rapid
increase in the vascular fraction and a significant expansion of hemoglobin-containing zones
(16-fold). These changes were accompanied by a rapid accumulation of hemoglobin and the
most significant decrease in oxygenation of all models.

The slowly growing SN-12C tumor by the end of the experiment showed a significant increase
in the values of the vascular fraction, while the size of hemoglobin-containing structures increased
slightly, which indicates the absence of extensive hemorrhages and the formation of a large
number of vascular structures. The blood supply of this model did not undergo significant changes,
and blood oxygen saturation decreased significantly compared to the initial level, nevertheless
remaining higher than that of Colo320.

An IHC study with antibodies to the endothelial cell marker CD31 demonstrated more CD31
in Colo320 and SN-12C compared to HCT116, at the same time, some areas with hemorrhages
in the tumor tissue do not have a vascular lining and represent destroyed vessels. Good
correspondence was revealed between values of vascular fraction obtained by OA and values
of CD31+microvessels obtained by IHC (Fig. 4, 6, 8). The results of IHC analysis of tissue
samples with a marker of hypoxia correlate well with the results of the DOS study, demonstrating
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the highest values of the relative hypoxic fraction for the Colo320 model and the lowest level of
StO2 compared to other models (Fig. 5, 7, 8).

A moderate negative correlation was found between the saturation values and the area of
pimonidazole-positive zones of the studied tumors. Our results on the degree of vascularization
of the studied tumors are consistent with data [51], demonstrating a fourfold excess of CD31
in Colo320 compared to HCT116, explained in the work by higher expression of PROK2. A
comparative study of metastatic and primary CRC series (including Colo320 and HCT116)
revealed no significant difference in VEGF expression in normoxia. No expression of VEGFR-2
was detected in CRC cell lines, and expression of sVEGFR-1 was independent of the cellular
origin of CRC [52].

Tissue oxygenation is determined by oxygen supply, outflow and consumption. Changes in the
concentration of oxy- and deoxyhemoglobin may indirectly reflect the mechanisms of changes in
blood oxygen saturation [53,54]. In our present work, DOS revealed that in Colo320 the StO2
decrease is determined by both accumulation of deoxyhemoglobin and drop of oxyhemoglobin
concentration. Considering the rapid growth and extensive hemorrhages found by OA in this
tumor model, high oxygen consumption with a low outflow rate of oxygen-depleted blood can be
assumed (Fig. 5(d)). At the same time, the newly formed tumor vascular system probably cannot
cope with the supply of oxygen to the neoplasm cells (Fig. 5(f)). In SN-12C and HCT116, the drop
in saturation is predominantly determined a decrease in oxyhemoglobin levels, demonstrating a
decrease in oxygen supply as the main cause of the decrease in oxygenation.

Comparison of IHC data with pimonidazole and OA data (Fig. 8(c)) showed that the relative
hypoxic fraction increases with increasing vascular fraction. Moreover, the highest values of both
parameters were found for Colo320, the lowest - for HCT116. It should be noted that vascular
fraction is considered as the area occupied by hemoglobin in OA images and consists of both
intact vessels and hemorrhages. Therefore, hemorrhage area has a greater contribution to the
values of vascular fraction than oxygen-carrying vessel area that may be considered as the reason
for the low level of oxygenation in Colo320 compared to other models.

It is known that the level of oxygenation of neoplasms is determined by the state of the vascular
bed, and the slower the vessels develop, the less they satisfy the oxygen needs of tumor cells
[55,56]. One of the main molecular mechanisms that are activated under conditions of reduced
tissue oxygenation is the stimulation of neoangiogenesis with an increase in the expression of
vascular endothelial growth factor [57]. Thus, hypoxia stimulates angiogenesis, that leads to
further tumor growth and requires the further formation of new tumor vessels. In SN-12C,
vascular growth doesn’t begin immediately, but only after 41 days of monitoring, while the
decrease in oxygenation begins as early as 15 days of tumor growth. The earlier changes in
oxygenation compared to vascular growth in this tumor model may be one of the indicators for
the involvement of hypoxia in the stimulation of vascular growth. However, for the Colo320
model, an increase in the vascular fraction occurred simultaneously with a decrease in saturation.
Apparently, the formation of defective and presumably fluid vessels could not cope with the
delivery of oxygen despite a significant increase in the blood supply of the neoplasm.

5. Conclusion

We compared structural and functional parameters of the vascular bed of experimental tumors
of various morphogenesis. The combination of non-invasive methods of DOS and OA allows
simultaneous assessment of changes in blood content, blood oxygen saturation, track changes in
the number and shape of vessels in pre-clinical models of cancer. During growth up to the similar
volume, the comparable increase of vascularity was revealed for Colo320 and SN12C, for HCT116
the changes were insignificant. Colo320 was found to form extensive hemoglobin-containing
structures as the tumor node grows. Such data may indicate the formation of hemorrhages. DOS
revealed a gradual decrease in oxygenation during the growth of all experimental tumors; however,
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Colo320 is characterized by the most rapid decline. The possibilities of combination of methods
of OA and DOS for monitoring of vessel growth, for identifying the features of blood vessel
structure and their influence on oxygenation of various tumor models have been demonstrated.
This approach may be useful for assessment of the tumor vascular response to different types of
treatment.
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