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Abstract

Optical clearing of the lung tissue aims to make it more transparent to light by minimizing light scattering, thus allowing
reconstruction of the three-dimensional structure of the tissue with a much better resolution. This is of great importance
for monitoring of viral infection impact on the alveolar structure of the tissue and oxygen transport. Optical clearing agents
(OCAs) can provide not only lesser light scattering of tissue components but also may influence the molecular transport func-
tion of the alveolar membrane. Air-filled lungs present significant challenges for optical imaging including optical coherence
tomography (OCT), confocal and two-photon microscopy, and Raman spectroscopy, because of the large refractive-index
mismatch between alveoli walls and the enclosed air-filled region. During OCT imaging, the light is strongly backscattered
at each air—tissue interface, such that image reconstruction is typically limited to a single alveolus. At the same time, the
filling of these cavities with an OCA, to which water (physiological solution) can also be attributed since its refractive index
is much higher than that of air will lead to much better tissue optical transmittance. This review presents general principles
and advances in the field of tissue optical clearing (TOC) technology, OCA delivery mechanisms in lung tissue, studies of
the impact of microbial and viral infections on tissue response, and antimicrobial and antiviral photodynamic therapies using
methylene blue (MB) and indocyanine green (ICG) dyes as photosensitizers.

Keywords Optical clearing - Lung tissue - Optical coherence tomography - Optical clearing agents - Antimicrobial/antiviral
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The respiratory system consists of airways and lung paren-
chyma. The airways are represented by the bronchus, which
bifurcates off the trachea and divides into bronchioles and
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have a spongy texture and they are anatomically described
as having an apex, three borders, and three surfaces. Further,
they subdivide into lobes and segments (Tucker et al. 2021;
Burlew et al. 2021; Donley et al. 2021).

The trachea divides into the left and right primary bron-
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chus, which then enters the left and right lung respectively.
Once inside the lungs, the bronchi divide into narrower tubes
called bronchioles, while this again branch into terminal
bronchioles, the smallest respiratory tubes in human lungs.
This intricate structure in each lung is called the bronchial
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tree. Both bronchi and bronchioles are encircled with hyaline
cartilage rings to help them maintain their shape (https://
www.innerbody.com/anatomy/respiratory/lungs).

Tiny air-filled sacs, alveoli are the primary functioning units
of the lungs, the actual site of gas exchange. A healthy person
has 300 to 700 million alveoli (480 million in average), meaning
there are around 150 to 350 million alveoli in each lung (Ochs
et al. 2004). The inner walls of the alveoli are lined with a thin
layer of water and surfactant, known as the pulmonary surfactant,
a protein-lipid mixture secreted by type II alveolar cells (Veld-
huizen and Haagsman 2000; Knudsen and Ochs 2018). It plays
a crucial role in reducing the surface tension of the alveoli to
prevent them from collapsing during gas exchange. This, in turn,
helps the lungs to maintain their shape (Seadler et al. 2022).

Optical clearing of the lung tissue aims to make it more
transparent to light by minimizing light scattering, thus
allowing reconstruction of the three-dimensional structure
of the tissue with a much better resolution (Quirk et al. 2014;
Tuchin 2015; Bashkatov et al. 2018; Oliveira and Tuchin
2019; Yu et al. 2021; Tuchina et al. 2021).

This is of great importance for monitoring of viral infec-
tion impact on the alveolar structure of the tissue and oxygen
transport. Optical clearing agents (OCAs) can provide not
only lesser light scattering of tissue components but also
may influence the molecular transport function of the alveo-
lar membrane (see Fig. 1).

The lung’s internal structure within the respiratory paren-
chyma shows a gas exchange surface that is divided into a
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large number of small subunits (alveoli) connected to a
branched conducting airway system. The mean alveolar num-
ber in humans is 274—790 million with the mean size of a
single alveolus of 4.2 x 10° pm? or approximately 200 pm in
diameter (Ochs et al. 2004). Air-filled lungs present significant
challenges for optical imaging including optical coherence
tomography (OCT) (Quirk et al. 2014; Ding et al. 2021), con-
focal and two-photon microscopy, and Raman spectroscopy,
because of the large refractive-index mismatch between alve-
oli walls and the enclosed air-filled region, major challenges
are associated with the improvement of imaging resolution
even further to the subcellular level (Yu et al. 2021; Lin et al.
2020; Yanina et al. 2020; Jaafar et al. 2021; Genina 2022).
Air-filled lungs represent a serious problem in obtain-
ing optical images, including for optical coherence tomog-
raphy (OCT), due to strong light scattering at tissue—air
interfaces due to a significant difference between the refrac-
tive indices of the walls of the alveoli and the air filling
them (Quirk et al. 2014; Yuan et al. 2022). When an OCT
image is acquired, the light scatters strongly back at each tis-
sue—air interface, so image reconstruction is usually limited
to observing a single alveolus. Temporary and local filling of
the alveoli with an OCA, which in this case can also include
saline, since its refractive index is much higher than that of
air, contributes to a much better optical transmission and the
quality of the optical image of the lung tissue, which was
first shown on freshly dissected intact sheep lungs using an
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Fig.1 Schematics of gas diffusion through a complex structure of the alveolar membrane. Reprinted from (Yartsev 2020) under the terms of the
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optofluidic needle OCT probe during saline perfusion (Quirk
et al. 2014; Listewnik et al. 2021).

Tissue optical clearing is performed by immersing tissues
in optical clearing agents to reduce scattering and makes the
tissues transparent. Existing methods of tissue optical clear-
ing (TOC) can be divided into two categories, namely ex vivo
and in vivo methods of TOC. The different principles of TOC
are used: hydrophobic clearing methods, hydrophilic clearing
methods, and hydrogel-based clearing methods (Ueda et al.
2020a). In combination with efficient fluorescence labeling
and advanced optical tomography, TOC allows one to achieve
high-throughput acquisition of biological structures within
intact tissues/organs and even whole organisms; thus, it is
widely used in many biomedical studies (Ueda et al. 2020b).

In this review, we present several optical technologies
that are effective in the application of TOC technologies
and allow the testing of lung tissue using inhaled aerosols
in the context of monitoring the effects of viral infections.
During the past decade, there has been an explosive growth
in the development of new optical techniques in biomedi-
cal research and clinical applications. Enormous progress
has been made in optical imaging and detection to provide
essential biological information for disease diagnosis and in-
depth understanding of biological processes (Xi et al. 2022).

OCT as a noninvasive imaging technology shows high
cross-sectional image resolution similar to morphological
examination. The TOC helps to minimize light scattering
during imaging, which makes it possible to study lung tis-
sues of larger volumes. TOC can be achieved by using phys-
icochemical methods based on tissue reversible transforma-
tion protocols at application solutions providing refractive
index matching and/or changing scatterer size. Studies on
inhalation of propylene glycol (PG) and glycerol (Gly)-based
e-cigarette liquids as OCAs and potential diagnostic tests to
examine pathological changes in lung tissue in vivo are of
great importance and will be discussed.

Experimental data on Raman spectroscopy, high-resolu-
tion optical microscopy, and integrating sphere spectrometry
used to study the properties of lung tissue and whole blood in
rats after OCA exposure in the form of inhalation aerosols of
PG/Gly mixture. It was found that an increase in the Raman
spectroscopy signals of PG/Gly in blood and a change in the
size of red blood cells indicated the accumulation of compo-
nents of e-liquid in the blood (Dyachenko et al. 2021).

Prospects of combined PDT and TOC, which is beneficial
due to enhancement of absorption properties of the mono-
meric form of dyes (MB and ICG) in OCA solutions con-
taining polyatomic alcohol, like Gly and PG, and decrease in
tissue scattering within the target area, providing better light
delivery to the deep tissue layers colonized by pathogens,
are overviewed (Tuchina et al. 2021). For such OCA as Gly,
its antimicrobial properties allow for getting a synergetic
effect when applied in combination with UV light (Carneiro

et al. 2021), or in combination with PDT photosensitizers
and light with appropriate wavelength and power density.

For in vivo application of TOC, impact of OCAs on the
mucosa of respiratory system organs that are involved in
breathing, the nose, throat, larynx, trachea, bronchi, and
lungs, is of specific interest because of toxicity and testing
of viral-induced lesion issues, thus studies of OCA diffusiv-
ity and impact on tissue components (temporal dehydration,
rehydration, interactions of proteins and lipids with OCAs),
as well as diffusivity and staining efficiency by MB and ICG
of lung tissues and phantoms are presented.

Prospects of multimodality and multifunctionality
provided by TOC and advanced image data analysis like
machine learning for a combination of optical imaging tech-
nologies (OCT, photoacoustic, Raman, FLIM, SHG, two-
photon fluorescence) with the US, CT, and MRI techniques
on the basis of unique properties of US coupling gel ((Novo-
selova et al. 2020), CT and MRI contrast agents (Tuchina
et al. 2020, 2021) used as OCAs are demonstrated.

Optical clearing methods for lung tissue
imaging

In vitro TOC of lungs

Understanding the architecture of a lung as a whole, using
cellular resolution, and the study of changes in tissue and
nerve structure during lung diseases are important problems
in biology and medicine. The enhancement of lung transpar-
ency allows combination the benefits of maintaining organ
integrity with the advantages of fluorescence microscopy,
label-free multiphoton microscopy (MPM), second har-
monic generation (SHG) microscopy, and other techniques
of optical diagnostics to visualize fine cellular/subcellular
structures. These TOC techniques are achieved by the reduc-
tion of light scattering of fixed organs due to the diluting/
removing substances that induce light scattering (such as
membrane lipids), swelling or shrinkage of tissues to alter
the structure extracellular matrix, or by reducing the RI dif-
ferences between scatterers and extracellular matrix. Immer-
sion of lung into solvents during from few hours to few days
allowed imaging lung structures by confocal, MPM, SHG
microscopy or 3D Fourier domain optical coherence tomog-
raphy (3-D FDOCT) imaging in several studies.

Meissner et al. (2009) developed a method to perform 3D
imaging of whole enclosed alveoli by using TOC after per-
fusion fixation with glutaraldehyde (GA) in isolated rabbit
lungs. Authors filled the fixed lungs with ethanol by perfus-
ing with gradually increasing concentrations. Thus, no air
bubbles remained in the alveolar structures, and therefore,
the resolution and penetration depth of 3-D FDOCT imaging
was drastically improved (Meissner et al. 2009).
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Scott et al. (2014) fist demonstrated TOC-assisted whole
lung nerve imaging and 3D structure of the mouse lung (air-
way, pleura, vascular, and airway branch generations). For
TOC, authors used dehydration of lung tissue in methanol
and refraction index (RI) matching in a 1:2 vol/vol mixture
of benzyl alcohol and benzyl benzoate (BABB) (Scott et al.
2014). Monitoring of lung fibrosis using optimized BABB
was presented in work of Ochoa et al. (2018) where com-
bined TOC with MPM and SHG microscopies were used to
reveal the complete network of fibrillar collagen in whole
murine lungs (Ochoa et al. 2018). In Ref (Mzinza et al.
2018), full lung fluorescence light sheet microscopy imag-
ing with immersion in tetrahydrofuran and dibenzyl ether
(DBE) was demonstrated.

Kim et al. (2018) developed active clarity technique
(ACT) for TOC including lungs. ACT process was divided
into 5 steps: 1) fixation and polymerization, 2) RI-matching,
3) electrophoretic lipid-extraction, 4) washing, and 5) final
RI-matching. Final lung transparency after 24-h procedure
reached 90%.

The TOC technique named CLARITY combines electro-
phoretic removal of lipids with immersion in OCAs. It was
used to render the lung transparency in Refs. (Oren et al.
2018; Lee et al. 2014). This procedure took 13—17 days and
led to tissue swelling with considerable expansion of organ
volume (Lee et al. 2014).

Ex vivo and in vivo TOC of lungs

In study by Selifonov et al. (2022), ex vivo clearing
effect of vape mixture for the porcine gingival mucosa
was assessed by combining the immersion technique with
UV-spectroscopy, it was noted that the optical clearing
efficiency is much higher in the deep-UV than in the vis-
ible-NIR range, the specific features of tissue optics with
the formation of three dynamic optical windows in the UV
were revealed. These results prove that RI mismatch in tis-
sues is strong in the UV wavelength range, which causes a
strong light scattering. Authors concluded that suppression

Fig.2 Illustration of meas-
urement of rat lung optical
parameters

Rat Lungs
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of light scattering of the oral mucosa at the application of
smoking liquid can be included in clinical protocols for
personalized treatment of dental diseases using photother-
mal and photodynamic therapy, UV laser treatments, and
optical diagnostics.

TOC in vitro and in vivo has significant differences.
Firstly, in vivo TOC should be reversible with no tissue
damage, therefore immersion should be provided with bio-
compatible OCAs. Secondly, the homeostatic reaction of a
living organism does not allow achieving a high degree of
TOC as permitted OCA concentrations and exposure times
are limited. OCA diffuse from the treated area into the sur-
rounding tissues, and their local concentration is constantly
decreasing. Therefore, IR-matching cannot provide complete
tissue transparency as in in vitro and ex vivo investigations.

However, in vivo TOC is a very important problem. For
example, morphological changes in lung tissue of rats after
ex vivo and in vivo exposure to PG/Gly-based e-cigarette
liquid for potential use as a diagnostic test were studied by
Bucharskaya et al. (2022). At ex vivo exposure lungs of
intact male Wistar rats were placed for 1 h in vape liquid
containing 60% PG and 40% Gly. At in vivo exposure the
rats of experimental group were placed in aerosol adminis-
tration chamber and exposed to an aerosol of nicotine-free
liquid for electronic cigarettes during several sessions of pas-
sive “smoking”—>5 times in an hour for 10 min, interrupted
by 2 min of free breathing outside the chamber (hood). For
each session, 1.5 L of vapor from the vape is fed through an
additional hose under the hood from a syringe, for a total
of 7.5 L of vapor per hour. After the end of “smoking” ses-
sions, the rat is removed from the experiment and lung tis-
sue samples are taken for optical (Fig. 2) and histological
examination (Bucharskaya et al. 2022).

Lung tissues were examined ex vivo and in vivo by
OCT using the THORLABS Spectral Radar OCT system
(930+ 5 nm, depth resolution in air is 6.2 um, and the optical
scanning depth in air is 1.6 mm). Lung tissue optical proper-
ties were studied in the spectral range of 300-2500 nm using
a Shimadzu UV-3600 spectrophotometer (Japan) with an
integrating sphere. Inverse Monte Carlo method was used to
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vapingfor2
weeks
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process experimental results and determine optical param-
eters (Bucharskaya et al. 2022).

After exposure ex vivo lung tissue samples to e-cigarette
fluid, they were observed as OCT B-scans, as alveoli were
filled with solution scattering was reduced. The structure of
the tissue differs from that of the control samples (Fig. 3A,
B). For in vivo exposure of rat lungs, sufficiently large and
highly contrast voids were observed on the B-scans of lung
tissue (Fig. 3C).

According to spectroscopy data: the absorption spectrum
of ex vivo healthy lung tissue (Fig. 4A) is formed by deoxy-
hemoglobin (absorption bands with maxima at 420 nm and
550 nm), lipids (absorption bands with maxima at 930, 1730,
and 1760 nm) and water (absorption bands with maxima at
1185, 1450, and 1930 nm). In the spectrum of the transport
scattering coefficient (Fig. 4B) a dip in the region of the
absorption band maxima is visible (Bucharskaya et al. 2022).

The difference from typical scattering spectra of other
tissues is explained by the fact that while collagen fibers
are the main type of scatterers for them, for lung tissue the
main type of scatterers are air inhomogeneities, which sig-
nificantly changes the light scattering pattern, which is also

confirmed by spectral dependence of scattering anisotropy
factor (Fig. 5a, b).

Figure 6 shows the optical parameters of lung tissue sam-
ples before and after ex vivo exposure to e-cigarette fluid,
averaged over 10 samples. The tissue absorption spectrum
before exposure (see Fig. 6al) is also formed by deoxy-
hemoglobin (absorption bands with maxima at 430 and
555 nm) and water (absorption bands with maxima at 1450
and 1921 nm). After keeping the samples in the OCA, the
absorption bands of deoxyhemoglobin and water were shifted
(from 550 to 554 nm, from 1922 to 1930 nm), probably due
to tissue dehydration (see Fig. 6a2). The shift of the water
absorption band maxima from 1922 to 1930 nm can be
explained by changes in the electronic-vibrational structure
of water molecules with interstitial matrix proteins and struc-
tural components of cell membranes (Bashkatov et al. 2005).

Figure 7 shows the optical parameters of lung tissue
samples under in vivo exposure to e-cigarette fluid, aver-
aged over 6 samples. The tissue absorption spectrum after
exposure (see Fig. 7a) is also formed by deoxyhemoglobin
(absorption band 556 nm) and water (absorption bands with
maxima at 1450 and 1920 nm).

Fig.3 OCT B-scans of lung tissue: A) intact animal; B) after ex vivo exposure to e-cigarette fluid; C) after in vivo exposure to e-cigarette fluid.
Reprinted from (Bucharskaya et al. 2022) under the terms of the CC BY license

Fig.4 Absorption (A) and
transport scattering coefficient 5 q
(B) spectra of ex vivo healthy
lung tissue. Reprinted from
(Bucharskaya et al. 2022) under
the terms of the CC BY license
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Fig. 8 Histological micrograph
of lung tissue: A) intact ani-
mals; B) after ex vivo exposure
of e-cigarette liquid. Magnifi-
cation 246.4. Reprinted from
(Bucharskaya et al. 2022) under
the terms of the CC BY license

At histological examination of ex vivo specimens,
plasma permeation and thickening of the interalveo-
lar septa (Fig. 8B) due to infiltration with cellular ele-
ments were observed in the lungs. In the ex vivo sam-
ples, pronounced atelectasis was observed. Histological
examination of specimens received from animals with
in vivo aerosol administration showed areas of emphy-
sematous enlargement of the alveoli, thickening of the

Fig.9 Histological micrograph
of lung tissue after in vivo expo-
sure to vape: A) Magnification
64.6; B) Magnification 246.4
Reprinted from (Bucharskaya

et al. 2022) under the terms of
the CC BY license

alveolar septa and the phenomenon of plasma permeation
(Fig. 9A,B).

According to morphometric data for in vivo and
ex vivo studies: the average thickness of the septum was
0.05+0.02 mm and 0.03 +0.01 mm, respectively.

Although it is difficult to talk about true morphological
changes in lung tissues in ex vivo experiments, since changes
occur in tissues and cells even after they are removed from a
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living organism, both without exposure and under the influ-
ence of e-liquid, but the general trends in morphological
changes in tissues coincide with ex vivo and in vivo expo-
sure of e-cigarette liquid. Thus, under ex vivo and in vivo
conditions, liquid under the influence of osmotic pressure is
able to leave the bloodstream and impregnate tissue, which
manifests itself in lung tissue in the form of plasma impreg-
nation. Since the process of physiological respiration is
absent in the lungs removed from the body, it is possible to
develop the processes of decay and compaction of the lung
tissue—atelectasis under ex vivo conditions. A decrease in
the volume of air in the lung tissue and compaction of its
structure can lead to a change in OCT signals, in contrast to
intact lung tissue. Also in both cases, we observed a thick-
ening of the interalveolar septa, due to the phenomenon of
plasma impregnation in ex vivo conditions and infiltration
by cellular elements in vivo conditions. Thus, ex vivo and
in vivo exposure to e-liquid consisting of PG/Gly was found
to result in optical clearing of lung tissue. During the his-
tological examination of ex vivo and in vivo received sam-
ples, the observed morphological changes in the structure of
the lung tissue corresponded to the changes recorded using
OCT (Bucharskaya et al. 2022). The development of in vivo
TOC technology requires additional studies on the safety of
exposure to OCAs. Nevertheless, many of the substances
that are potential OCAs are widely used in in vivo medical
technologies (Becker et al. 2019), as well as for the storage
of implantable organs (Oliveira & Tuchin 2019). For exam-
ple, a low potassium dextran glucose (LPDG) solution was
developed and is currently used as the gold standard for lung
preservation (Jing et al. 2018).

Prolonged in vivo vaping

Measurements of optical parameters were carried out on
ex vivo lung samples taken from rats of control group and
vaping group with rats exposed to an aerosol of nicotine-
free liquid for electronic cigarettes for 2 weeks in vivo. The

animals were taken out of the experiment on the 14th day.
Excretion was carried out by decapitation, with the pre-
liminary introduction of a dissociative injectable anesthetic
Zoletil100 (Valderham, France). During autopsy, lung tis-
sue was taken. Using surgical scissors, the lung tissue of
left lobe was cut into several parts, then the resulting lung
samples were washed with saline to remove excess blood
from the samples. Samples with an area of approximately
10x 15 mm? were used.

From the obtained tissue samples, optical parameters
were measured using an optical coherence tomograph Spec-
tral Radar OCT System OCP930SR 022 (Thorlabs Inc.,
USA) at a wavelength of 930 nm. The spectral band width
of the instrument is 100 nm, the output power is 2 mW,
the optical scanning depth in air is 1.6 mm, and the depth
resolution of the system is 6.2 pm (https://www.thorlabs.
com/catalogpages/595.pdf). The recorded tomograms were
used to calculate the change in the light attenuation coef-
ficient in the lung tissues of control and vaping groups of
rats. The attenuation coefficient was calculated from three
areas from each lung tissue sample, then the obtained val-
ues were averaged. The light attenuation coefficient y, in
the samples at time t is determined by approximating the
dependence of the intensity of reflected light I(z) on the
depth of the studied area z of the A-scan recorded at time t
by the equation:/(z) = Ap, exp(—u,z) + y,. The light attenu-
ation coefficient g, in the lung tissues of control rats was
154.62 +30.26 cm™!, while in rats after two weeks in vivo
exposure to e-cigarette fluid, the light attenuation coefficient
u, was lower and amounted to 85.14 +17.35 cm™".

After OCT measurements, these samples were prepared
for spectral measurements. Each sample was placed between
two glass slides, the thickness of each sample was measured
at several points of the detected area, and the values were
averaged. The average thickness of control and vaped sam-
ples was 0.46+0.12 and 0.59 +0.13 mm, respectively.

The diffuse reflectance and total transmission spec-
tra of the samples were recorded using a UV-3600
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Table 1 Refractive index of

R Wavelength, nm RI Notes Ref

lung tissues
630 1.38 Fiber optic cladding method, dog tissue Bolin et al. 1989
589 1.342+0.002 Pig tissue Pawley 2006
480 1.3730+0.0080 Multi-wavelength Abbe refractometer, This work
486 1.3728 +0.0080 t=23 °C, ex vivo rat tissue
546 1.3697 £0.0082
589 1.3685+0.0080
644 1.3667 £ 0.0080
656 1.3664 +0.0081
680 1.3656 +0.0081
800 1.3636+0.0080
930 1.3609 £ 0.0080
1100 1.3583+0.0080
1300 1.3539+0.0080
1550 1.3495+£0.0079

Spectrophotometer (Shimadzu, Japan) with an integrat-
ing sphere in the spectral range of 350-2500 nm with a
step width of 2 nm. To ensure maximum sensitivity over
the entire spectral range, the spectrophotometer uses three
detectors: a PMT (in the UV and visible region), an InGaAs
photodiode, and a cooled PbS (in the near IR region).

The measured total transmission and diffuse reflectance
spectra of samples were used to calculate the spectral
dependences of the reduced scattering and absorption coef-
ficients of samples using the algorithm (https://omlc.org/
software/iad/index.html) described in (Prahl 1995, 2011),
which took into account the contribution to the spectra of
glass slides, the values of the refractive index of the samples.

Figure 10 shows obtained spectra of the reduced scattering
and absorption coefficients of ex vivo lung samples taken from
control and vaping groups of rats. Obtained spectra show the
contribution of deoxyhemoglobin at 420 and 550 nm, lipids at
1730 nm, water at 1450 and 1930 nm.

Decrease of lung reduced scattering coefficient after
14 days in vivo exposure to e-cigarette aerosol was obtained

1.39
m  This work
e Bolin et al.(1989)
1.38 A Pawley (2006)
zj 1.37
ko)
£
o 1.36F \ \\%
= —
‘.5 T~
@© ~—
£ 1.35F ~
0]
n: A
1.34
133 1 n 1 1 " 1 L 1 " 1 " 1 3
400 600 800 1000 1200 1400 1600

Wavelength, nm

Fig. 11 Dispersion dependence of the RI of rat lung tissue
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from 600 to 2500 nm. Such reduction should be associ-
ated with PG/Gly action on tissue. Decrease of absorption
coefficient of lung samples after 14 days in vivo exposure
to e-cigarette aerosol at 1450 and 1930 nm demonstrates
lung dehydration compare to control group. Absorption and
reduced scattering coefficients of in vivo human lung tissue
was presented in Ref. (Spliethoff et al. 2016).

Optical properties of in vitro and ex vivo lung tissue were
previously summarized in Ref. (Bashkatov et al. 2011) taken
from Ref. (Beek et al. 1997; Qu et al. 1994). Absorption
spectra has the similar values to those presented in the cur-
rent study except less absorption of hemoglobin and stronger
water absorption.

Refractive index measurements of rat lung ex vivo

RI is one of the key optical properties of tissues, which var-
ies approx. from 1.34 to 1.7 (Tuchin 2015; Lazareva et al.
2022). However, despite an extensive RI database, informa-
tion for many tissues is still unavailable and little studied
especially in a wide spectral range. Lung tissues are also
poorly studied. All available data (Bolin et al. 1989; Pawley
2006) are summarized in Table 1 and Fig. 11. Due to lack
of data, we were able to measured RI of lung tissue samples
taken from rats of control and vaped animal groups using a
multi-wavelength Abbe DR-M2/1550 refractometer (Atago,
Japan) in the wavelength range from 480 to 1550 nm at room
temperature 23 °C. The accuracy of the refractometer is
0.0002. These data also presented in Table 1.

Basing on the experimental data obtained for the spectral
range 480—-1550 nm, the Sellmeier dispersion formula was
received:

1.00808: A2
12— 6.27383 % 107

PR PRI~
ratlung )’2 —7937.71459

The results obtained are more or less in agreement with the
data available in the literature for the lung tissue of the other
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animals (see Table 1). The differences in RI may be associated
with used measurement method and tissue conditions.

Table 2 and Fig. 12 show results of a change in the refrac-
tion properties of the rat lung ex vivo tissue exposed in vivo
to prolonged action of vape.

Basing on the experimental data obtained for the spectral
range 480—1550 nm, the Sellmeier dispersion formulas were
received for control samples and after in vivo vaping:

1.00808x A2
12— 6.27383 * 107

2
n, o ()=1/1+ 0.8581 = A +
A2 —7937.71459

0.01474% A*
A2 — 4.08602 * 10°

2
Pagersaping) = 1/ 1 + 0.83812 * A
pins A2 —18519.74313

It can be noted that in Fig. 12 there is a noticeable
increase in RI for the visible region of 480—680 nm. A sig-
nificant contribution to RI in this region is made by blood
components, in particular by hemoglobin which strong
anomalous dispersion corresponds to the Soret band at
420 nm (Lazareva and Tuchin 2018). The increase in the RI
after prolonged vaping can possibly be explained by changes
associated with the additional blood supply to lung tissue
and hemoglobin and other proteins binding with PG/Gly.

Raman spectroscopy

Raman spectroscopy (Tuchina et al. 2020) is one of the
main methods for quantitative analysis of tissues, which
makes it possible to determine the chemical composition
and the presence of intermolecular bonds. In Fig. 12 the
average Raman spectra of ex vivo rat lung tissue samples
are shown. Table 3 demonstrates the main bands of the
Raman spectra of the lungs from the available literature
and this work for ex vivo rat lung tissue samples without

Table2 RI of rat lung ex vivo tissue without vaping (control) and
after 14 days of in vivo vaping

Wavelength, nm n n

control vape
480 1.3730+0.0080 1.3833+0.0053
486 1.3728 +0.0080 1.3817+0.0053
546 1.3697 +0.0082 1.3750+0.0052
589 1.3685 +0.0080 1.3722+0.0048
644 1.3667 +0.0080 1.3691 +0.0052
656 1.3664 +0.0081 1.3677 +0.0052
680 1.3656 +0.0081 1.3670+0.0052
800 1.3636 +0.0080 1.3647 +0.0050
930 1.3609 +0.0080 1.3627 +0.0052
1100 1.3583 +0.0080 1.3598 +0.0052
1300 1.3539+0.0080 1.3536 +0.0053
1550 1.3495+0.0079 1.3506 +0.0052
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Fig. 12 Dispersion dependence of RI of rat lung ex vivo tissues with-
out vaping (control) and after 14 days of in vivo vaping

and with prolonged in vivo rat vaping. The spectrum of
lung tissue is characterized by the presence of strong
frequency bands corresponding to nucleic acids (asym-
metric stretching PO, 1217 cm™! and wagging CH,;CH,
1356 cm™), tryptophan (616, 758, 959, and 1605 cm™),
and phenylalanine (1016 and 1605 cm™).

For TOC studies, Fig. 13 presents average Raman spec-
trum and Table 3 shows the main Raman bands of rat lung
ex vivo tissue samples after 14 days of in vivo rat vaping.

Prolonged exposure to OCA aerosol in rats leads to
an increase in the intensity of the signal of the Raman
spectrum of lung tissues. The greatest increase in inten-
sity is observed in the Raman bands of tryptophan and
phenylalanine at 959, 1016, and 1605 cm™' and amounts
to 8.5, 8.6, and 8.8%, respectively. These results suggest
that exposure to the OCA mixture causes irreversible
metabolic processes in the animal body, in particular,
affects the fundamental biochemical properties of lung
tissue and its components.

Phototherapy and composition
of the respiratory tract microbiome

The respiratory system, including the nasopharynx, trachea,
bronchi and lungs, is normally characterized by a low density
of symbiotic and transient microorganisms. The normal bal-
ance of bacteria, fungi and viruses is shifted in pathological
conditions (asthma, chronic obstructive pulmonary disease,
infectious processes). The respiratory tract is highly exposed
to inhaled antigens and pollutants, which also contributes to
the composition of the local microbiome (Sahin-Yilmaz and
Naclerio 2011; Dickson et al. 2017; Faner et al. 2017).

In the nasopharynx, actively aerated by oxygen, represent-
atives of the genera Corynebacterium and Propionibacterium
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Table 3 The main bands of the Raman spectra of the lung tissues

Data of this work

Data from literature

Band Intensity Intensity [-I1oc)/11*¥100 Band Component/ Vibrational mode Reference, comments

frequency  without TOC  with TOC (%) frequency

(eM™h) (a.u.) (a.u.) (em™h

556 1831 1983 7.7 560 Amino acids Mert et al. 2015, human lungs,
ex vivo

616 2100 2252 6.7 633 Tryptophan Oshima et al. 2010, human lung cell
lines, ex vivo

643 1774 1898 6.5 666 C—S bond of cysteine Mert et al. 2015, human lungs,
ex vivo

758 908 987 7.9 752 Tryptophan Oshima et al. 2010, human lung cell
lines, ex vivo

836 924 996 7.2 830 Nucleic acids Oshima et al. 2010, human lung cell
lines, ex vivo

937 867 942 8.0 936 Stretching C—C Oshima et al. 2010, human lung cell
lines, ex vivo

959 866 946 8.5 975.8 Tryptophan Oshima et al. 2010, human lung cell
lines, ex vivo

1016 1001 1095 8.6 1004 Phenylalanine Huang et al. 2003, bronchial tissue,

1049 1075 1172 8.3 human, ex vivo

1059 1083 1181 8.2 1086 Nucleic acids Oshima et al. 2010, human lung cell
lines, ex vivo

1081 1012 1097 7.8 -

1099 1066 1153 7.5 1100 CC and CO in glucose Roy et al. 2019, human serum,

1115 1061 1146 7.4 ex vivo

1154 1115 1203 73 1168 v (C-N) adenin Roy et al. 2019, human serum,

1169 1142 1228 7.0 ex vivo

1217 885 959 7.7 1223 PO, —asymmetric stretching ~ Huang et al. 2003, bronchial tissue,
human, ex vivo

1356 502 531 54 1335 DNA/proteins (collagen)/ Huang et al. 2003, bronchial tissue,

CH;CH, wagging human, ex vivo
1605 934 1024 8.8 1602 Phenylalanine Huang et al. 2003, bronchial tissue,

human, ex vivo

persist, Streptococcus predominates in children, replaced in
adults by representatives of the genus Staphylococcus, Bac-
teroidetes and Gammaproteobacteria are found in smaller
quantities. The coexistence of dominant species can be
maintained by the production of Propionibacterium spp.
coproporphyrin III, which promotes the formation of Staphy-
lococcus aureus biofilm (Kumpitsch et al. 2019; Santacroce
et al. 2020; Pérez-Cobas et al. 2022).

The close connection of the oropharynx with the lower
respiratory tract and the gastrointestinal tract causes the
migration of a large number of exogenous microorganisms.
Infectious agents can move into the lower respiratory tract.
In healthy adults, the oropharynx is colonized by Strepto-
coccus, Neisseria, Haemophilus spp. And gram-negative
anaerobic species of Fusobacterium, Veillonella, Prevotella,
such opportunistic and pathogenic species as S. pneumoniae,
S. pyogenes, S. agalactiae are found here (Kumpitsch et al.
2019; Pérez-Cobas et al. 2022).

The local microbiome of the lungs depends on such
mechanical factors as aspiration, the work of the epithelium
of the bronchi and bronchioles, and cough. A decrease in the
protective properties of integumentary tissues and a viola-
tion of microbial elimination increases the risk of develop-
ing pulmonary infections. The lung microbiome of healthy
people consists of bacteria (Veillonella, Prevotella, Fuso-
bacteria, Streptococcus), viruses, bacteriophages and fungi
(Aspergillus, Cladosporium, Eurotium, Penicillum) (Faner
et al. 2017; Santacroce et al. 2020).

The causative agents of respiratory infections in 90% of
cases are viruses (rhinoviruses, adenoviruses, infectious
mononucleosis virus, coronaviruses), and 10% are caused
by bacteria (S. pyogenes, S. mutans, Staphylococcus aureus,
Moraxella catarrhalis, Haemophilus influenza) (Pérez-
Cobas et al. 2022).

The leading causes of mortality are infections of the lower
respiratory tract (bronchitis, bronchiolitis, pneumonia) of
predominantly bacterial origin, the most common causative
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Fig. 13 Average Raman spectra of rat lung ex vivo tissue samples
without vaping (control) and after 14 days of rat vaping in vivo

agent of which is Streptococcus pneumoniae, Haemophilus
influenza, Pseudomonas aeruginosa, while about 30% of
cases are co-infections with viruses (Santacroce et al. 2020).

Antimicrobial photodynamic therapy (APDT) is an
affordable alternative method for the treatment of diseases
of the respiratory tract, since it is a multipurpose method
that does not cause resistance in microorganisms. The
mechanism of the photodynamic action of light is based on
the excitation of endogenous or exogenous light acceptors,
called photosensitizers (PS). The photoexcitation chain
reaction leads to the formation of reactive oxygen species
(ROS) and peroxide radicals, which cause the oxidation
of intracellular contents (from cell membranes to nucleic
acids). Since ROS do not have a specific target molecule,
the method does not cause the formation of resistance and
can be used both against bacteria and fungi, and against
viruses that have a lipid shell or residues of certain amino
acids in their composition (Tuchin et al. 2022; Maisch
2015; Dias and Bagnato 2020; Wiehe et al. 2019; Blanco
et al. 2017; Cassidy et al. 2011; Kassab et al. 2019).

A separate group are studies on the use of indocya-
nine green (ICG) as PS in PDT of respiratory system
infections. Absorption of radiation in the IR region of
the spectrum makes this dye an optimal means for the
formation of a photodynamic reaction in the case when
it is necessary to use radiation that penetrates deeply into
tissues. Numerous data show that the most effective and
safe for macroorganism cells is the ICG concentration
of about 10 pM and the radiation dose of 120-200 J/cm?
(Topaloglu et al. 2013; Leite et al. 2018; Kassab et al.
2020). In our experiments on model microorganisms (S.
epidermidis, S. aureus, Cutibacterium acnes), which are
similar in physiology to the main bacteria that cause dis-
eases of the respiratory tract, it has been shown that ICG
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concentrations 4 times lower (2.5 pM) are effective at a
reported radiation dose of 140 J/cm? (Tuchina and Tuchin
2009; Tuchina et al. 2011).

Usually, researchers face the difficult task of delivering a
photosensitizer to a target organ or tissue. In the case of PDT
of respiratory tract infections, a convenient alternative to injec-
tions and applications is spraying the dye in the form of an
aerosol. A number of authors have shown the effectiveness of
this method of PS delivery, while about 10% of radiation with
wavelengths of 780-850 nm penetrates the lung parenchyma
(Cassidy et al. 2011; Kassab et al. 2019).

PDT is not only an antibacterial agent, but is quite effec-
tive against viral infections of the respiratory system. It
has been shown that PDT can be successfully used in such
diseases as recurrent respiratory papillomatosis and herpes
(Lieder et al. 2014; Zhang et al. 2014; Michutova et al.
2017). The COVID-19 pandemic dictated the importance
of developing a method for the rapid elimination of viral
particles from the respiratory system using a minimally
invasive method. To date, data have already been obtained
on the sensitivity of SARS-Cov-2 in vitro to PDT using
methylene blue and radachlorin, or botanical extracts (Svy-
atchenko et al. 2021; Duguay et al. 2022).

Thus, it is possible to formulate the main tasks for optimiz-
ing PDT in infectious diseases of the respiratory system: i) the
use of optical radiation with parameters for effective penetra-
tion into tissues, ii) the selection of a PS and its concentration
sufficient for distribution along the respiratory tract, iii) the use
of a combination of “light+FS”, capable of destroying both
virions and regulating the number of conditionally pathogenic
microorganisms.

Optical imaging and machine/deep learning
for lung tissues studies

No doubt, artificial intelligence (AI) applications in medical
images recognition and classification are hot-topic in applied
medical science and partly in routine practice now. Numeri-
cal successful examples of X-ray, CT, MRI, US graphical
data analysis by machine and deep learning are presented
in the literature (Panayides et al. 2020). But conventional
medical imaging modalities mostly measure tissue morphol-
ogy. Oppositely, optical methods with few exceptions allow
measuring tissue morphology and chemical content. Tissue
optical imaging gives 3D high-volume spatial-spectral data
that require sophisticated methods of useful information
extracting and content analysis. Specific methods of machine
and deep learning allow to tackle both tasks.

For instance, CARS provides sub-cell spatial resolu-
tion combined with a label-free morphological-spectral
features’ extraction. But the latter requires involving
high-experience experts and high-computation cost image
processing. The machine learning based on molecular
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imaging data was used to identify cell types and state
(Gao et al. 2012). The CARS images segmentation were
implemented by 2D superpixels’ local clustering with fur-
ther 3-D supervoxels’ forming. An example of similar seg-
mentation approach implementation is shown in Fig. 14.
Sub-cell image details were shown for extracted structures
including cell nucleus positions and sizes that allowing
cells’ differentiation.

A deep learning algorithm for lung tissues’ CARS
images classification was developed (Weng et al. 2017).

Fig. 14 An example of CARS
image and its segmentation by
2D superpixels’ local clustering
approach. Reprinted from (Gao
et al. 2012) under the terms of
the CC BY license

Convolution
AvgPool
MaxPool
Concat

@ Dropout

@8 Fully connected

& Softmax

Transfer learning was used to reduce a training set volume
necessary for deep neural networks (DNNs) learning. The
authors replaced the final classification layer, which works
with necessary number of classes (healthy control and three
types of lung cancers) in the GoogleNet Inception v3 DNN
(see Fig. 15). The previous layers working with general
visual features, such as texture edges or shapes were kept
unchanged.

Considering Raman spectra as speech signals for their
identification was proposed (Qi et al. 2021). A short-time

Normal

Small-cell carcinoma

Squamous carcinoma

Adenocarcinoma

Fig. 15 Transfer learning application for the GoogleNet Inception v3 DNN Reprinted from (Gao et al. 2012; Shlens 2016) under the terms of the

CC BY license

(D Convolution @D BatchNorm () Relu @D Maxpool

Normal

LI_/ Cancer

X2 X2

@ Dropout Fully connection @D Softmax

Fig. 16 The 33-layered CNN model. Reprinted with permission from (Qi et al. 2021)
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Fourier transform (STFT) widely used for speech analysis
combined with a 33-layered convolutional neural network
(CNN) (see Fig. 16) was applied to distinguish Raman spec-
tra of pathological lung tissues. The 2D Raman spectrogram
was composed by the Raman spectra STFT to achieve more
accurate classification.

Mapping of tissue oxygenation using the spatial fre-
quency-domain imaging (SFDI) needs six images with 0,
2/3 =, and 4/3 & phase offsets at two spatial frequencies and
a pixel-wise lookup table (LUT) (see Fig. 17) (Chen et al.
2020; Vervandier and Gioux 2013). Generative adversarial
networks (GAN) using generator/discriminator blocks can
catch tissue optical properties of single structured-illumina-
tion images (see Fig. 16). But tissue oxygenation analysis by
this technique requires using several spectral-specific GAN
channels that is computer-consuming (Chen et al. 2020).

Conclusion

The review presents general principles and advances in
the field of tissue optical clearing (TOC) technology, OCA
delivery mechanisms in lung tissue, studies of the impact
of microbial and viral infections on tissue response, and
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antimicrobial and antiviral photodynamic phototherapies
using methylene blue (MB) and indocyanine green (ICG)
dyes as photosensitizers.

Studies on inhalation of PG/Gly-based e-cigarette
liquids as OCAs and potential diagnostic tests to exam-
ine pathological changes in lung tissue ex vivo and
in vivo were presented. Further research could focus on
the safety assessment and validation of the developed
diagnostic test in other animal models for biomedical
applications.

Experimental data on Raman spectroscopy, high-res-
olution optical microscopy, and integrating sphere spec-
trometry used to study the properties of lung tissue in rats
when exposed to OCA as a mixture of PG/Gly in the form
of inhalation aerosols demonstrated signal enhancement
and pathways for aerosols permeation into blood and other
organs. An increase in the Raman spectroscopy signals of
PG/Gly in blood and a change in the size of red blood cells
indicating the accumulation of components of e-liquid in
the blood stream will be also expected.

The use of the combined technology of PDT and TOC is a
promising direction for further research due to the enhancement
of the absorption properties of the monomeric form of dyes,
such as MB, ICG et al., in OCA solutions containing polyatomic
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alcohols, for example, PG/Gly, and a decrease in tissue scatter-
ing within the target area, which provides better light delivery to
the deep layers of tissues colonized by pathogens.

Advanced image analysis using machine learning meth-
ods is required to analyze the advantages of application a
combination of optical imaging technologies, such as diffu-
sion, OCT, photoacoustic, Raman, FLIM, SHG, two-photon
fluorescence, to ensure multimodality and versatility when
using the developed optical clearing methods.
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