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1 Introduction

Laser techniques development have initiated their wide medical
applications.! Nowadays lasers are successfully applied for cos-
metics.> Due to the narrow band of laser radiation, it interacts
with biological tissue selectively. Additional selectivity can be
achieved at tissue staining by dyes or sensitizing by inserting of
nanoparticles. One of the promising laser applications is treat-
ment of obesity and cellulites.>* Therefore, studies of fat tissue
morphology and its changes under laser/LED induced heat/
photodynamic effects are of great importance for the develop-
ment of novel noninvasive or least-invasive fat reduction
technologies.

Obesity is a disease characterized by weight gain due
to adipose tissue and is defined by a value of body mass
index >30 kg/m? (ratio of human mass to squared height).
Designing and introduction of new approaches of harmless
fat cell reduction will allow one to avoid serious complications
in diabetic patients and to make esthetic-aimed procedures more
safe and pleasant. It is necessary to maintain adipose cell
controllable lipolysis or least invasively destruct them in situ.
Adipose tissue is formed by the aggregation of fat cells (adipo-
cytes), containing stored fat (lipids) in the form of single
droplets of triglycerides. The nucleus, cytoplasm, and other
organelles are at the periphery of the cell and the rest is occupied
by lipid droplets. The narrow layer of fat cell cytoplasm contains
a significant amount of organelles, which determine the meta-
bolic activity of cells.> At body temperature, the lipids in adi-
pocytes are in a liquid state. At changing temperatures from 24°
C to 45°C, lipid components of adipose tissue undergo several
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phase transitions.® The temperature range from the physiology,
36°C and above, is important for the enhancement of fat cell
lipolysis.”

There are many methods suited for the noninvasive or least-
invasive removal of unwanted body fat. The most simple and
effective techniques are based on hyperthermia®~'2 and selective
photothermolysis.'*™'> Near-infrared (NIR) laser radiation has a
selective thermal effect on fat tissue via absorption bands of
lipids at 915, 1210, and 1720 nm.>*!*

Recently, we have shown that photodynamic/photothermal
effects induced in adipose tissue, stained with brilliant green
(BG) or indocyanine green (ICG), at irradiation by diode
light sources (LED lamp and NIR laser) can lead to lipolysis
of fat cells and their gradual destruction following the scenario
of apoptosis.'>!¢ The final products of cell lipolysis contributed
to optical clearing of the upper cell layers of photodynamically/
photothermally modified fat tissue samples. It was proved that
due to light-induced cell membrane porosity, the intercellular
content of the cell percolates through the arising temporal
pores into the interstitial space.!” As a consequence, the refrac-
tive index of the interstitial fluid (initially equal to n; = 1.36)
becomes closer to the refractive index of matter inside the
adipocytes (refractive index of lipids, n, = 1.44), and due to
the refractive index matching effect, the tissue sample becomes
optically more homogeneous and more transparent to light.!”~'°

The aim of this work is to study the time variations in the
morphology of adipose tissue in the course of photodynamic
treatment using two different dyes in combination with visible
and NIR radiation from laser and diode lamp sources. Selection
of the wavelength, power density, and light exposure as well as
the dye concentration was done on the basis of our early obser-
vations.'?? In particular, the motivation for use of BG dye is
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due to its availability and wide use in medical practice. It is also
important that it has an absorption spectrum which is well fit to
the irradiation spectrum of commercially available medical LED
irradiators (442 and 597 nm) used in dental practice. The ICG as
a dye provides selective absorption in the NIR (around 800 nm)
that gives the possibility to use NIR light from powerful diode
lasers with radiation deeply penetrating into tissue.?! At the
preliminary stage, a series of experiments on the choice of
dye concentrations was carried out.”? The concentrations of
dye solutions used in this article were chosen on the basis
of our preliminary studies*” to be optimal to provide a noticeable
cell damage at the minimal concentration in correspondence
with used light power densities and exposures. The emission
maxima of the diode lamp (442 and 597 nm) lie within the
half-width of the BG absorption bands (440 and 650 nm), and
the emission maximum of the diode laser (808 nm) lies within
the half-width of the absorption band of ICG bound with tissue
proteins (805 nm).?

As a measuring instrument, a commercially available 930-
nm-spectral-radar THORLABS optical coherence tomography
(OCT) system was used due to its rather high spatial resolution
allowing for quantifying cell morphology within rather than
thick tissue slices. The OCT imaging and monitoring of photo-
dynamic therapy effects on tissues were described in many
papers (see, e.g., Refs. 23-25), however, none of them provided
studies on the cellular level. As far as we know, in this article, we
demonstrate for the first time application of OCT technique to
quantifying fat cell morphology within tissues at photodynamic
action.

2 Materials and Methods

2.1 Experimental Setup

The experiments were carried out using a portable OCT system
(THORLABS, Newton, New Jersey, Thorlabs Liibeck AG and
the Medical Laser Center Liibeck Spectral Radar OCT System)
(Fig. 1). In this system, the light source is a low-coherence
broadband superluminescent diode with the central wavelength
930 + 5 nm and the spectral bandwidth of 100 nm. The coher-
ence length that determines the axial resolution of the system is
6.5 ym and transverse resolution is 9 um in the air, and the out-
put power is 2 mW. Transverse resolution of the OCT system
was examined by a special microscopic scale. The light from
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the source is guided into a handheld Michelson interferometer
probe, which splits the light into two separate optical paths. In
our experiments, the handheld probe was mounted in an adjust-
able holder. The reference arm path is terminated with a mirror,
whereas the other path contains an imaging lens that focuses the
light into the sample. This imaging lens is also used to collect
the light that is backscattered or reflected from the sample. The
light returning from both paths is recombined and directed into a
spectrometer, which spatially separates the light to form the
interference pattern that is then analyzed to yield the spectral
OCT images. The whole OCT process was controlled by a per-
sonal computer. As a result of OCT imaging, one gets a two-
dimensional array of the digitized OCT signal with rows corre-
sponding to lateral scanning and columns to axial scanning.’®

2.2 Tissue Samples Preparation, Dyes, and Light
Sources

The samples of adipose tissue were obtained as waste products
of planned surgery in volunteers treated for diseases not related
to fat cell condition. Before measurements, the fat tissue was
stored in a refrigerator at the temperature of —28°C for 3
days. When frozen, the sample slices of fat tissue were cut
and then slowly warmed up to room temperature. The thickness
of a tissue slice thus prepared was measured using a mechanical
micrometer and ranged from 200 to 600 ym. Then the slice was
placed into the temperature-stabilizing system (heated specimen
holder with glass windows, connected to the thermostat TJ-TC-
01). The controllable range of the temperature was from +30°C
to +60°C, with an accuracy of +0.1°C. After the moment when
the selected temperature of a sample was reached, usually was
about 15 min, the OCT imaging of the sample was started. The
first OCT image was obtained with the intact sample. Then each
slice having an area of 0.5 X 0.5 cm? was separated by spacers
into four zones. The first zone was used as a control and this fat
site has not been under any treatment (no stain and no radiation).
The second zone was treated with dye. Water—ethanol solutions
of ICG and BG with the concentration 1 and 6 mg/mL, respec-
tively, were used for fat tissue staining. The third zone was irra-
diated by light. The continuous wave (CW) laser diode (VD-VII
DPSS, 808 nm) and the dental diode lamp (Ultra Lume Led 5,
442 and 597 nm) were used for irradiation of tissue slices. The
exposure time was 5 min with the laser and 15 min with the

Fig. 1T THORLABS Spectral Radar optical coherence tomography (OCT) with a Handheld Probe: schematic diagram of OCT imaging (left) and general
view (right), where 1, PC; 2, THORLABS Spectral Radar OCT; 3, heated table, connected to the liquid thermostat T)-TC-01 (Ref. 4).
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diode lamp. Zone 4 was stained with a dye first and then irra-
diated with a light source. The observations were conducted for
four zones simultaneously, immediately after the irradiation and
then repeatedly every 15 min during a sufficiently long obser-
vation time period (up to 300 min). The selected temperature
was kept constant during the whole procedure. To carry out stat-
istical processing of the result, the identical procedure was
repeated with 10 different slices. For other temperature values
or for staining with other dyes, new samples were taken and the
whole procedure was repeated with 10 slices again for each
combination of dye and temperature.

3 Experimental Results and Discussion

The control tissue samples (zone 1), which were not stained and
exposed to light, demonstrated good stability against environ-
mental conditions without noticeable changes in structure dur-
ing the characteristic time of any experiments. Figure 2 shows a
series of OCT images of fat tissue slices, stained with BG, before
(a) and after (b—d) the lamp irradiation during 15 min (temper-
ature of the sample, 25°C). Figure 2(b) shows the fat tissue
immediately after the irradiation, whereas Figs. 2(c) and 2(d)
display the OCT images of the tissue slices after relatively
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Fig. 2 OCT images of fat tissue slices, stained by blue green (BG), before irradiation (a); immediately after irradiation during 15 min (b); after 120-min
observation (c); after 300-min observation (d). The light source was dental diode lamp (Ultra Lume Led 5, 442 and 597 nm, 75.5 mW/cm?). The
concentration of BG in ethanol-water (2:3) solution was 6 mg/mL. Temperature of sample, 25°C. The upper histograms are cell area distributions,
calculated for OCT images (algorithm is presented in Fig. 6), and down curves are A-scan averaged for whole B-scan area.
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long observation time intervals of 120 and 300 min, respec-
tively. We used the diode lamp Ultra Lume Led 5 emitting
at the wavelengths 442 and 597 nm, with power density
75.5 mW /cm?. The efficiency of photochemical action was pro-
vided by the overlapping of light source emission spectrum and
the absorption spectrum of the photosensitizer, BG. The concen-
tration of BG dissolved in the ethanol-water (2:3) solution was
6 mg/mL. The initial thickness of the adipose tissue samples
was measured using a micrometer. The measurement was
repeated several times with subsequent averaging of the results.
In this case, this thickness was found to be 533 +41 um.

Figure 3 shows a series of OCT images of fat tissue slices,
stained with BG (6 mg/mL), before (a) and after (b—d) the Ultra
Lume Led 5 lamp irradiation (75.5 mW/cm?) during 15 min
(temperature of the sample, 37°C). Figure 3(b) shows the fat
tissue OCT image immediately after the irradiation, whereas
Fig. 3(c) and 3(d) display the OCT images of the tissue after
relatively long observation time intervals of 60 and 120 min,
respectively. The initial thickness of the adipose tissue sample
was 237 + 10 um.

The same features were observed in experiments with
ICG-stained fat tissue and NIR diode laser as a light source
(temperature of the sample, 25°C) (see Fig. 4). The irradiation
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time was shorter (5 min) for the laser source and the observation
times were the same 120 and 300 min, as in Fig. 2. We used
the CW laser diode VD-VII DPSS having a wavelength
808 nm and power density of 250 mW /cm?. The concentration
of ICG was 1 mg/mL and the initial thickness of the adipose
tissue sample was 520 £ 13 pm.

Figure 5 displays the results obtained with ICG as a staining
agent and NIR diode laser (250 mW /cm?) as a light source
(temperature of the sample, 37°C). The irradiation time was
5 min for the laser source and the observation times were 60
and 120 min. The concentration of ICG was 1 mg/mL and
the initial thickness of the tissue sample was 281 £+ 18 pm.

Since the OCT image resolves individual cells well enough,
it is possible to study the effect of light exposure on the size
distribution of the cells. The image processing steps operate
on the obtained OCT images to calculate the area and to
count the number of distinguishable cells. Before the analysis
can be applied, the image must be preprocessed by converting
the gray scale image of 256 grades to an image with only two
grades, zero and unit. The area of a cell having round or close
to round form can be found by counting the pixels with the
unity grade. Zero-graded pixels present image background.'®
Calculated cell areas were transferred from pixel? to ym?.
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Fig. 3 OCT images of fat tissue slices, stained by BG, before irradiation (a); immediately after irradiation during 15 min (b); after 60-min observation (c);
after 120-min observation (d). The light source was dental diode lamp (Ultra Lume Led 5, 442 and 597 nm, 75.5 mW/cm?). The concentration of BG in
ethanol-water (2:3) solution was 6 mg/mL. Temperature of sample, 37°C. The upper histograms are cell area distributions, calculated for OCT images
(algorithm is presented in Fig. 6), and down curves are A-scan averaged for whole B-scan area.
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Fig. 4 OCT images of fat tissue stained by ICG before irradiation (a); immediately after laser irradiation during 5 min (b); after 120-min observation (c);
after 300-min observation (d). The light source was continuous wave (CW) laser diode (VD-VII DPSS, 808 nm, 250 mW/cm?). The concentration of
indocyanine green (ICG) was 1 mg/mL. Temperature of the sample, 25°C. The upper histograms are cell area distributions, calculated for OCT images
(algorithm is presented in Fig. 6), and down curves are A-scan averaged for selected area of B-scan area (between two thin vertical lines).

The algorithm for cell area calculating includes the following
steps [Fig. 6(a)-6(g)]'®: (1) opening the folder with the images
of the specified format, reading files, and creating an array of
paths to images; (2) improving image quality by using special
filters built into the LabVeiw (enhancement of the cell edge
contrast by conversion to negative image); (3) thresholding pro-
cedure providing image segmentation into cell and background
regions by setting 1 to all pixels that belong to a gray-level
interval and O to all other pixels in the image (background);
(4) smoothing procedure (filling up the holes in each cell

image); (5) eliminating cells that touch the border of an
image and cells with irregular form which could not be approxi-
mated by circular or elliptic form; (6) cell approximating as cir-
cular or elliptically shaped objects; and (7) counting the number
and area of each cell in squared microns.

Figure 7(a) and 7(b) and 8(a) and 8(b) show results of stat-
istical analysis for cell areas observed in Figs. 2-5. Origin stan-
dard software was used to calculate these histograms with width
of bars showing the standard deviation of cell area. The histo-
grams show that over time, the distribution becomes more
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Fig. 5 OCT images of fat tissue slices, stained by ICG, before irradiation (a); immediately after laser irradiation during 5 min (b); after 60-min obser-
vation (c); after 120-min observation (d). The light source was CW laser diode (VD-VII DPSS, 808 nm, 250 mW/cm?). The concentration of ICG was
1 mg/mL. Temperature of the sample, 37°C. The upper histograms are cell area distributions, calculated for OCT images (algorithm is presented in
Fig. 6), and down curves are A-scan averaged for selected area of B-scan area (between two thin vertical lines).

uniform because of the increased number of cells with smaller The size distributions of cells in the course of treatment were
areas (due to lipolysis) and larger areas (most likely due to calculated (see Figs. 2-5 for individual distributions and Figs. 7
their merge). and 8, where all distributions were summarized separately for
The OCT images presented in Figs. 2-5 clearly show two types of used photosensitizers). The technology for calcu-
changes of fat tissue cell morphology with time after photo- lation of cell size distribution is shown in Fig. 6. In spite of the
dynamic treatment using two different photosensitizers and relatively small number of cells used for calculations (30 to 35
irradiation conditions at two temperatures 25°C and 37°C. cells), all cell size distributions demonstrate a pretty good gen-
This characteristic time is of 60 and 300 min, depending eral behavior of cell structure morphology changes under PDT
on staining and irradiation conditions, is generally fit to treatment, i.e., more uniform distribution with an approximately
expected biological response to photodynamic therapy (PDT) equal number of smaller, bigger, and mean sized cells, which is
treatment.?” The major changes after irradiation are seen for not dramatically changed at treatment. Such deformation of size
the upper layer of the cell structure. The depth of cell damage distribution function can be explained as transformation of some
for BG-mediated diode lamp treatment at room temperature amount of the normal cells to smaller size due to cell lipolysis
(25°C) was 20 and 60 ym [Fig. 2(b)-2(d)], and at physiologi- and to bigger size due to cell swelling and fusion. Figure 9
cal temperature (37°C), it was 80 to 90 ym [Fig. 3(b)-3(d)]. showing results of statistical analysis for 10 specimens at control
ICG-mediated 808-nm laser diode treatment was stronger zone (zone 1) and at zone 4 (ICG/diode laser action) illustrates
at room temperature (25°C) and the cell damage depth was this statement well.
approximately similar to 30 to 70 um [Fig. 4(b)-4(d)], but Therefore, we understand the observed changes in the OCT
at physiological temperature (37°C), it was up to 230 um image as resulting from lipolysis and destruction of cells due to
[Fig. 5(b)-5(d)]. The average size of adipocytes was 60 to the photodynamic effect. The final products of cell lipolysis are
70 um (vertical size in optical length units). glycerol and water,”® thus they cause the optical clearing due to
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(e ®

Fig. 6 Algorithm for calculating cell area: (a) initial OCT image of the adipose tissue slice; (b) enhancement of the cell edge contrast by conversion to
negative image; (c) thresholding procedure; (d) image smoothing; (e) removing cells crossing the image border and with irregular form; (f) approximating
cells by circular- or elliptical-shaped objects; (g) calculating of cell number and areas.
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(1 mg/mL) and irradiated by CW laser diode (VD-VII DPSS, 808 nm,
250 mW/cm?)] at 37°C. Evolution with time of fat cell area (not
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matching of the refractive indices of cells and intercellular
medium. Cell destruction (less thickness of tissue layer) is
also helpful in better light penetration inside tissue for further
interaction with other cells. Optical clearing is seen as an
increase of reflectance from the down tissue—glass interface
(Figs. 2-5).2%3%

It was also shown that keeping samples at physiological
temperature leads to deeper and faster alterations of tissue mor-
phology at PDT treatment.

4 Conclusion

The photodynamic and thermal effects in adipose tissue
were investigated. In this study, we have provided prolonged
(a few hours) observations of fat tissue sample morphology
alterations at precisely fixed room (25°C) or physiological
temperature (37°C) followed up after PDT treatment. Such
experimental technology allowed for PDT-induced controlled
cell lipolysis and targeted changes in the morphology (cell
destruction and size distribution) of adipose tissue in conditions
close to physiological. Local temperature increases above 37°C,
up to 40°C — 45°C, can provide a reduction of adipose tissue at
greater depths and in lesser time.3!? In practice, this heating,
which is additional to PDT treatment, can be done by the
same laser and photosensitizer that is used for PDT. Indeed,
laser (LED) energetic properties and dye concentration should
be optimized.

Note, that commercially available moderate spatial resolu-
tion OCT is suitable to quantify fat cell morphology alterations
at photodynamic or photothermal treatment and provides valu-
able information about the mechanisms of therapy at the cellular
level. Because of relatively large size of adipose tissue cells,
OCT technique allows for direct control of lipolytic activity
and cell destruction ability caused by optical and any other treat-
ment modalities, including chemicals®® and ultrasound.’!

Experimental data received in this study support the hypoth-
esis that PDT treatment induces fat cell lipolysis from minutes to
hours in time scale after treatment, which is well fit to general
biological response to PDT treatment.?’
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