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THE MULTI-DIMENSIONAL WORLD OF TCSPC FLIM

W. Becker

Becker & Hickl GmbH, Berlin, Germany
E-mail: becker@becker-hickl.com

Abstract. TCSPC FLIM delivers a photon distribution over the image coordinates and the time after the
excitation pulses. The technique not only reaches an extraordinary time resolution and photon efficiency, it also
records the decay data in the individual pixels into a large number of time channels. Such data can be
characterised in a multi-parameter data space, yielding complex information on the systems investigated. A new
level of multi-dimensionality is reached by extending the photon distribution of TCSPC FLIM with additional
parameters of the photons. The technique then opens the way to entirely new experiments, such as recording of
fast physiological processes or dynamic protein interaction experiments.

TCSPC FLIM is based on scanning the sample by a high-repetition rate pulsed laser beam and the
detection of single photons of the fluorescence signal returning from the sample. Each photon is
characterised by its time in the laser pulse period and the coordinates of the laser spot in the scanning
area in the moment its detection. The recording process builds up a photon distribution over these
parameters [1]. TCSPC FLIM in combination with laser scanning delivers excellent time resolution
and near-ideal photon efficiency, and suppresses out-of focus fluorescence and crosstalk by lateral and
longitudinal scattering. The result can be interpreted as an array of pixels, each containing a full
fluorescence decay curve in a large number of time channels.

Often the decay functions in the pixels are simply characterised by a single ‘decay time’. However,
this misses the most important point of TCSPC FLIM. TCSPC data are inherently multi-dimensional
in a multi-dimensional parameter space. The decay functions in the individual pixels usually contain
several exponential components, and are characterised by several independent decay times and
amplitude factors. Biological information is often directly related to these parameters. Examples are
FRET experiments, where the decay functions represent an interacting and a non-interacting donor
fraction, and metabolic imaging, where the components represent bound and unbound NADH.

An entirely new level of complexity is achieved by extending the photon distribution of TCSPC
FLIM itself by additional parameters. Examples of such parameters are the wavelength of the photons,
the depth of the focus in the sample, the time after a stimulation of the sample, or the time within the
period of an additional modulation of the laser. The corresponding photon distributions can be four- or
five-dimensional, the data representing multi-spectral FLIM, FLIM Z stacks and lateral FLIM
mosaics, time-series FLIM, and simultaneous FLIM-PLIM, or even combinations of these. Possible
applications are the investigation of fast physiological effects in live system, such as Ca’" transients or
chlorophyll transients [2], dynamics of protein interaction, and metabolic imaging in combination with
pO, measurement [3]. There may be more which have not even been considered yet. This paper is an
attempt to spread knowledge about advanced TCSPC techniques to potential users and start a
discussion about future applications.
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OPTICAL IMAGING OF OXYGEN DELIVERY AND CONSUMPTION:
NOVEL PHYSIOLOGICAL INSIGHTS
AND GUIDING INTERPRETATION OF BOLD FMRI

D. Boas

Neurophotonics Center, Boston University, Martinos Center
Massachusetts General Hospital, Harvard Medical School, USA

BOLD fMRI is used extensively to map out brain activity patterns elicited by varied stimuli.
BOLD fMRI measures the vascular response to neuronal activity and is thus not a direct measure of
the underlying neuronal response to stimulus. A detailed understanding of neurovascular coupling is
required to understand this relationship. Further, BOLD fMRI is an uncalibrated measure of the
changes in deoxygenated hemoglobin during brain activation. BOLD is usually calibrated with a
hypercapnic procedure and a model of the BOLD signal that itself is not well validated. I will review
our efforts to understand the vascular response to neuronal activity at a macroscopic level and our
procedures to cross-validate the BOLD calibration procedure. To gain a more microscopic validation
of the BOLD signal model, we have performed numerous microscopic studies of the microvascular
blood flow and oxygenation response to neuronal activity. I will review these microscopic methods
and our validated bottom up model of the BOLD signal and the predictions it made that we have
subsequently verified. Along the way, these microscopic studies have provided insight into novel
mechanisms of increasing the efficiency of oxygen delivery to the brain in times of increased oxygen
demand.
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LASER PRINTING OF STEM AND IPS CELLS

B.N. Chichkov

Laser Zentrum Hannover e.V., Hollerithallee 8, 30419 Hannover, Germany

For arranging living cells in 3D patterns, we use laser-assisted bioprinting based on the laser-
induced forward transfer. Printing of different cell types, including primary cells, stem cells, and iPS
cells embedded in hydrogels as extra-cellular matrix, have been investigated. Laser printing technique
is capable of advancing 3D cell culture towards CAD defined and precisely arranged 3D cell models
and “organ-on-chip” systems. Printed tissue, for example skin, can be used for analyzing the effect of
agents like pharmaceuticals or cosmetics ex vivo and, by applying human primary cells it might be
applied instead of animal tests. We have proven skin tissue formation by visualizing intercellular
junctions and verifying their functionality. We also have observed basal lamina formation. Implanted
in mice, the printed skin constructs show an ingrowth of blood vessels and differentiation of the
epidermal keratinocytes. Compared to nozzle-based printing techniques such as extrusion or ink-jet
printing, laser printing of cells provides the higher resolution and cell densities required for tissue
formation.
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OPTOGENETIC STIMULATION USING NONLINEAR OPTICS —
PACING HEARTS WITH LIGHT AND OTHER APPLICATIONS

A. Heisterkamp"**", S. Johannsmeier’>, P. Heeger1’3, L.M. Torres’,
D. Heinemann’, and T. Ripken’

!Institute of Quantum Optics, Leibniz Universitaet Hannover, Germany, Heisterkamp@iqo.uni-hannover.de
?Laser Zentrum Hannover, Hannover, Germany
3 Cluster of Excellence REBIRTH, Hannover, Germany

Abstract. Optogenetics is a powerful technique using light sensitive molecules within living cells to control
cell behavior by light. Dominating field in optogenetics is currently neurobiology in which molecules like
Channelrhodopsin-2 (ChR2) are expressed in neuronal cells to induce action potentials upon blue light
irradiation. Here we demonstrate the use of laser light to pace cardiomyocytes (heartm muscle cells) expressing
ChR2. In order to increase the penetration depth of light, nonlinear excitation like two-photon absorption and
other nonlinear techniques using nanoparticles were studied. As an outlook optogenetics allows even more
general optical control of cells like gene expression, growth or other cellular functions.

Introduction. Optogenetics is a technique based on the genetic modification of cells to allow a
light switching or control of cellular processes using light. This switching is achieved by a
conformational change of photoactuators like Channelrhodopsin (ChR2) [1], Phytochrome B [2], LOV
[3] or other molecules. Widely used is the molecule ChR2 to achieve contraction of muscles [4] or the
stimulation of neurons, even in living mice [5]. Further neuronal applications are for the example the
stimulation of the auditory pathway at the cochlea [6]. To achieve an optimal control or effect within
the target tissue, high penetration depth of the light would be desirable. Therefore, the use of near-
infrared wavelength in combination with nonlinear effects for frequency conversion might be a useful
to reach higher penetration depth.

Methods and results. In our study, we used an optical setup to excite heart muscle cells derived
from induced pluripotent stem cells transfected with ChR2 to allow blue light stimulation and light
controlled contraction of these tissue constructs. The contraction was studied using a camera with an
microscopic imaging setup, the stimulation light was guided over a spatial light modulator to allow
spatial and temporal holographic shaping of the excitation pattern.
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Fig. 1. a) 8-spot stimulation pattern for optical excitation of the heart muscle construct. b) Heart
muscle construct from iPS derived stem cells. ¢) Spontaneous and light induced beating of the
construct (blue spots — timing of the light application

As shown in Fig. 1 we were able to successfully stimulate heart muscle constructs and observe
contraction correlated to both temporal and spatial power distribution of the light incident on the cell
clusters using linear excitation at 488 nm as well as using light at 960 nm for two photon excitation.
This work can be extended to other fields of optogenetics like spatially or temporally controlled gene
expression using constructs like LOV or Phytochrome B.

Acknowledgements. This research was funded by the German Research Foundation DFG within
the cluster REBIRTH and the Federal Ministry of Education and Research BMBF (FKZ 13N14085) in
the BioPACE consortium.
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LASER DRIVEN INJECTOR FOR A NEW GENERATION
HEAVY ION CANCER THERAPY MACHINE IN JAPAN

K. Kondo', M. Kando', H. Sakaki', M. Nishiuchi', H. Kiriyama', K. Mizushima?,
E. Noda?, Y. Iwata®, and T. Shirai’

! Kansai Photon Science Institute, Quantum Beam Science Directorate,
National Institutes for Quantum and Radiological Science and Technology, Kyoto, Japan
kondo.kiminori@qst.go.jp
% National Institute of Radiological Sciences, National Institutes
for Quantum and Radiological Science and Technology, Chiba, Japan

Abstract. In National Institutes for Quantum and Radiological Science and Technology (QST), the project
for developing a new generation heavy ion cancer therapy machine, which is called “Quantum Scalpel”, has
been started. Quantum Scalpel is a very compact and cheap heavy ion cancer therapy machine based on not only
the superconducting magnet technology, but also the laser driven ion acceleration technology. The recent Peta-
Watt-class power laser technology will make it possible to produce enough number of carbon ions for the
compact ion injector to the main synchrotron accelerator in Quantum Scalpel.

Ten years later now, although for metastasis, the molecular target treatment and/or the target
isotope therapy will replace the chemical treatment, the surgical operation will still be a very important
scheme to treat a primary tumor. Dr. Hirano, who is an immunologist and the first president of
National Institutes for Quantum and Radiological Science and Technology (QST), explains the future
status of cancer therapy. Not only for giving high QoL (Quality of Life) treatment to patients, but for
preserving immune function, the particle cancer therapy, especially the heavy ion cancer therapy has a
much higher potential than the surgical operation, although it is hard to put many places because of a
very high cost and a gigantic size. If a compact and cheap heavy ion cancer therapy machine is
developed, this situation will be drastically improved. Moreover, a high QoL cancer treatment will be
received at anytime, at anywhere, and by anyone. Then the project for developing a new generation
heavy ion cancer therapy machine, which is called “Quantum Scalpel”, has been started in Japan.
Quantum Scalpel is the Sth generation heavy ion cancer therapy machine, which could be very
compact and cheap. The schematic of Quantum Scalpel is shown in Fig. 1. Actually this new machine
is based on not only the superconducting magnet technology for the main synchrotron accelerator ring
and the gantry, but also the laser driven ion acceleration technology for the injector. By using a laser
driven ion acceleration phenomena, the injector to the main synchrotron accelerator will be placed in
the synchrotron ring, while it should
be placed outside with a conventional
accelerator technology. From our es-

Laser

timation, the required number of carbon 10m/

ions as the injector is ~ 10° at 4 MeV in ‘

+1% b.w. within 2 seconds. This =

number is not so serious to develop it Superconducting Magnet

during ten years. In this talk, the
possibility of the laser driven injector
will be discussed with showing not 20m
only our recent study in QST, but also

some progresses in high power laser Fig. 1. Schematic of a new generation heavy ion cancer therapy
science. machine called Quantum Scalpel
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THE FRONTIERS IN ALA-PDT

Z. Malik

The Mina and Everard Goodman Faculty of Life Sciences
Bar-Ilan University, Ramat-Gan 5290002, Israel
Zvi.Malik@biu.ac.il

Topical ALA-PDT has gained remarkable success after decades of research, but its medical impact
is limited and not the treatment of choice in oncology. It is well documented that topical ALA-PDT
enables the treatment of multiple lesions simultaneously with excellent cosmetic results; no acquired
multidrug resistance was reported, and the treatment can be repeated with the same efficacy each time
in the event of tumor recurrence. Most important, fluorescence-guided resection during surgery is a
practical and simple tool that provides straightforward visualization of intraoperative procedures with
mm accuracy. The future objectives are to amplify critical, evidence-based results of PDT safety and
efficacy, and to validate its unique advantages over other technologies. Strong statistical PDT
documentation and the positive predictive values of PpIX-guided surgery can persuade the medical
community to implement ALA-based therapeutics into routine oncological treatment and surgery.
Research indicates that no multidrug resistance develops as a consequence of PDT; this is of major
significance in oncology. A feasible goal should be improving ALA-administration protocols based on
recent knowledge that the pre-activation of the Pplx synthesis pathway to promote efficient and
selective destruction of tumor tissues. Moreover, the recent introduction of combinatory concepts of
multifunctional ALA prodrugs that maximize sensitizer biosynthesis and affect multiple subcellular
targets might open new modalities in PDT. In conclusion, well-documented clinical results, new ALA-
delivery protocols, and novel multifunctional ALA prodrugs, may render ALA-PDT into a frontline
cancer therapy.
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LIGHT AND SOUND: INTEGRATING PHOTONICS WITH ULTRASONICS
FOR BIOMEDICAL APPLICATIONS
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Abstract. In this talk, the history of integrated photonic-ultrasonic systems will be presented, focusing on
examples where light generates sound, light detects sound, and sound “tickles” light. Specific applications of
integrated photonic-ultrasonic techniques will be presented, including photoacoustics for molecular imaging,
non-contact laser ultrasound systems, and optical coherence elastography (OCE) in which air-coupled ultrasound
stimulates propagating shear waves in the eye and skin tracked with real-time, 3-D optical coherence
tomography. The talk will conclude by discussing current barriers to clinical translation of these systems and
possible ways to overcome the obstacles.

Coherent light and sound have become essential tools in modern medicine. Lasers are routinely
used for both therapeutic and diagnostic applications, and real-time ultrasound scanning has become
the dominant biomedical imaging modality in the world. Starting over thirty years ago, scientists and
engineers have combined these modalities for applications ranging from non-contact sensing to novel
molecular imaging techniques. Most applications of integrated photonic-ultrasonic systems use light to
generate and/or detect sound, and use ultrasound to modulate or “tickle” light in some way.

A classic example of a system using light to create sound is photoacoustic imaging, in which a
temporally modulated light source, usually a pulsed laser, propagates into a biological medium of
interest and local light absorption creates acoustic sources within the medium that can be imaged using
real-time ultrasound technologies [1]. One of the primary motivations for PA imaging is to bring the
molecular sensitivity of optical interactions into ultrasonic measurements within the body. A wide
range of nanoscale contrast agents, including both tuned optical absorbers and phase-change
nanoemulsions, have been developed to provide both high sensitivity and specificity molecular images
using real-time ultrasonic systems integrated with wavelength tunable pulsed lasers. Examples of such
agents and imaging systems will be presented [2-3].

Light can be used to detect ultrasound at a surface using interferometric techniques. For nearly
thirty years, laser ultrasonic systems have been developed for non-destructive testing using a wide
range of different types of interferometers. The recent availability of high repetition-rate pulsed lasers
and high intensity broadband light sources such as superluminescent diodes, as well as a wide range of
integrated optics devices, has resulted in markedly improved sensitivity and stability of these systems
[4]. Examples of how modern laser ultrasound systems can be used for non-contact ultrasound
measurements in biomedicine will be presented.

Finally, ultrasound can be used to modulate light in a number of different systems. Recently, air-
coupled ultrasound has been used to launch broadband shear waves in soft tissue such as the cornea
and skin. These waves can be tracked using real-time, phase-sensitive optical coherence tomography
to probe the elastic properties of the medium at high spatial resolution and sensitivity [5]. Recent
results on porcine cornea will be presented to demonstrate the capabilities of the system.
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Abstract. Modern optics and spectroscopy are offering promising non-invasive solutions to potentially
improve diagnostic capability on tissues, as demonstrated by the extensive use of non-linear laser scanning
microscopy for tissue imaging in the past decade.

The recent development and integration of multiple non-linear microscopy techniques in a single
instrument has provided new opportunities for integrating morphological and functional information
and for correlating the observed molecular and cellular changes with disease behaviour. In particular,
multimodal non-linear/linear imaging is able to perform a morpho-chemical quantitative analysis in
tumour cells and tissue specimens, providing a high-resolution label-free alternative to both
histological and immune-histochemical examination of tissues. Although up to now limited to optical
research labs, multimodal non-linear imaging is becoming increasingly popular among medical
doctors and has the potential to find a stable place in a clinical setting in the near future.

In this talk, a brief overview on the non linear and linear laser brain imaging techniques will be
displayed both for label free and specific labeling detection.

Morpho-functional characterization of tissue will be displayed as an interesting tool for early
diagnosis of pathologies: different kind of approaches will be shown for in vivo imaging assisted
surgery operation or as tools to support anatomo-pathologists decision.

For example, several techniques, useful to create a new 3D histological analysis also on cleared
tissue will be shown, and a fiber sensors based on multidimensional spectral will be described with
particular applications to tumor detection.
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Abstract. Many cancer patients do not respond to first line therapies, and therefore suffer toxicities from
ineffective treatments. We have developed single-cell optical metabolic imaging technologies, and applied them
to novel 3D tumor macro-suspensions (“organoids”) derived from the patient’s tumor. This platform allows for
high-sensitivity tests of multiple candidate therapies for each patient, and could provide a personalized predictive
screen of optimal therapies for each patient. We have validated this approach in animal models and begun pilot
tests in patients with breast, pancreas, and colon cancers. Ongoing work will validate this approach for accuracy
in the clinical setting.

Abnormal cellular metabolism is a hallmark of many diseases, yet there is an absence of
quantitative methods to dynamically image metabolism with cellular-level resolution. Optical
metabolic imaging (OMI) quantifies the fluorescence intensities and lifetimes of the metabolic co-
enzymes NAD(P)H and FAD using two-photon microscopy [1-8]. OMI is a label-free, high-
resolution, quantitative tool for monitoring cellular metabolism within intact samples. In vivo OMI is
sensitive to heterogeneous changes in cellular metabolism induced by clinically relevant anti-cancer
therapies in mouse models of cancer. The ability to monitor these treatment-resistant sub-populations
of cells in vivo is important for identifying and eliminating the particularly lethal cells that cause tumor
recurrence and metastases.

We have further developed a “tumor-in-a-dish” organoid platform to rapidly test multi-drug
response using OMI. This platform has been validated in mouse models of breast and pancreas cancer,
and feasibility has been tested in human tumors with chemotherapies, targeted therapies, and
experimental drugs. Importantly, the cellular-level assessment of OMI allows for sub-populations of
cells with varying response to drug treatment to be tracked over time, to achieve therapeutic effect in
all cell populations. This attractive suite of metabolic imaging tools has significant implications for
rapid cellular-level assessment of metabolic response to drug treatment (1) in vivo, (2) in high-
throughput drug efficacy studies, and (3) as a clinical tool to plan individualized treatment regimens.
Therefore, these technologies could greatly accelerate cures for cancer patients.

Fig. 1. Optical metabolic imaging of breast cancer organoid. Left — redox image,
middle — NAD(P)H fluorescence lifetime image, right — FAD fluorescence lifetime image
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P. Stiihli, J. Ricka, M. Frenz, and H.G. Akarcay"

Institute of Applied Physics, University of Bern, Switzerland
“hidayet.akarcay@iap.unibe.ch

Optical extinction measurements can be challenging to perform on strongly scattering media: this is
attributable to the difficulty in distinguishing the scattered light from the illumination beam, which is
attenuated upon transmission through said media. We present here a novel approach, where a compact
and inexpensive imaging system is used to unambiguously filter out forward-scattered light, without
having to recourse to sophisticated calculations. The applicability thereof has been ascertained with
experiments on non-interacting, colloidal suspensions, whose optical extinction coefficient can be cal-
culated by means of Mie theory. The scattering cross-section of the suspensions can be determined
with < 0.3% error for line number densities of particles up to 0.25 spheres/micron.
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Abstract. Ultrasound optical tomography has a potential to provide molecular contrast information at many
centimeters in tissue with tenths of micrometers resolution. The presentation will include a review of the UOT
field. It will also include simulation results. The signal contrast-to-noise ratio (CNR) was modeled using Monte
Carlo simulations both in reflection and transmission geometries. The target volume contrast in absorption was
50%. In the reflection geometry (using a source-detector distance of 4 cm) the CNR was >1 for depths down to
4.75 cm, while all depths showed a CNR >1 for a 10 cm thick tissue slab.

Optical imaging of biological tissue has good molecular contrast but poor penetration depth and
beyond the very superficial tissue also poor spatial resolution. This is the case even using near infrared
light under optimal conditions. Ultrasound optical tomography (UOT) has the feature to combine the
spatial resolution of ultrasound imaging with the contrast of optical imaging. How deeply it can meas-
ure is not fully understood, and will be investigated in this work. In UOT one sends light through an
ultrasound focus in a medium, where photons become frequency shifted or “tagged” through a process
described by the acousto-optic effect.

In this study, a single Monte Carlo (MC) simulation was run using a CUDAMCML code assuming
a semi-infinite medium. Beam convolution was performed in a custom made program in MatLab using
the procedures developed by Wang et. al. for the conventionally used MCML code The parameters
used in the MC simulation were 10° photon packets launched into a medium. The optical properties of
the medium was p,= 0.2 cem™, ps =50 em’, g=0.9, and n = 1.37; for the absorption, scattering, anisot-
ropy and refractive index, respectively. The MC simulation yielded a map of the light fluence rate in
the semi-infinite medium modeled. This map was used for all convolutions and calculations needed to
calculate the final CNR. For these calculations an energy of 0.5 J was considered during a 250 ms light
pulse, meeting the laser safety limits. The CNR was found to be in excess of 1 for any depth smaller
than 4.75 cm using the reflectance geometry. The performance of the technique was also in the trans-
mission geometry for medium lengths of 4 cm, 6 cm, 8 cm, and 10 cm. For each of these lengths, the
CNR decreases close to the front and rear surfaces of the medium, while it remains more or less con-
stant at all depths further from the surface. As the length of the medium increases the CNR decreased.
Furthermore, the 8 cm slab had a CNR >10 at all imaging depth for objects with p, = 0.3 cm™. Also, a
CNR of above 1 was found for all depths of the 10 cm slab medium.

In summary, the results suggest UOT will be able to study tissue deeply located inhomogeneities in
tissue. They indicate it is possible to image an inclusion down to about 5 cm in a reflection geometry
and within a 10 cm slab in the transmission geometry.
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Abstract. We present a full-field optical coherence microscopy (FF-OCM) using a single broadband LED to
investigate the microstructural changes in senescing maple leaves. Due to senescence/aging, the leaf color
changes from green to red. The 2D-interferograms at different depths of the green and red leaves were obtained
using CMOS camera and subsequently reconstructed via a fast and efficient 4-step derivative algorithm. The
axial and lateral resolutions of the present system were 0.9 and 1.4 pm respectively. Our results showed the mi-
crostructure of epicuticular wax and upper epidermis layer in red leaves has a significant deterioration as com-
pared to green leaves.

During autumn, the leaf color changes from green to red (senescence, or aging) in maple plants.
Senescence is a developmental process accompanied by several metabolic and morphological/micro-
structural changes at the subcellular level [1]. These microstructural changes are related to the epider-
mal wax layer (that protects leaves from any entering pathogens and other environmental factors) and
stoma of the leaf [2]. Optical coherence microscopy (OCM) has the potential to provide three-
dimensional visualization of the microstructural features of the leaves at organ level by collecting the
back-scattered light using coherence gating principle [3].

In this study, we used a full-field OCM (FF-OCM) to study the microstructural changes of the
green and red Acer palmatum ‘Hogyoku’ leaves without any staining and pretreatment. In the present
system, a single broadband LED (470-850 nm,
A= 630 nm) as illumination source and 2D CMOS
detector were used. To reconstruct the en-face sec-
tional images, a 4-step derivative-based algorithm was
used, which is relatively faster and easier in computa-
tion compared to existing approaches in FF-OCM [4].

Figure 1(a)—(b) shows the en-face images of the
epicuticular wax layer at 8 and 20 pm depths of the
green leaves respectively. Similar images for the red
leaves are shown in Fig. 1(c)—~(d). These results show
the intact and well-formed boundaries of the epicuticu-
lar wax layer of the green leaf as compared to the red
leaf as indicated by arrows in Fig. 1. A diffuse micro-
structural pattern in red leaves indicates the disintegra-
tion of this layer, resulting in the degradation of its
function in the leaf protection mechanism. Hence,
studying the miqrostrqctural changes of the leaves can and (d) 20um, for red Hogyoku leaf. Scale
provide new insights in leaf developmental stage/ au- .. 125um. Pseudo color is used for green
tumn phenology using a fast and cost effective FF- 5,4 red leaves
OCM.

Fig. 1. FF-OCM en-face sectional images at
(a) 8um, (b) 20 pm, for green and (c) Sum,

Acknowledgements

This work has been supported by the Ministry of Science and Technology, Taiwan, ROC (Project
No. NSC 102-2112-M-010-002-MY 3).

References

1. H.R. Woo, H.J. Kim, H.G. Nam, and P.O. Lim, J. Cell Sci., 2013, 126(pt21), 4823-4833.
2. J.Cao, Y. Song, Hua-Wu, L. Qin, L. Hu, and R. Hao, Scanning, 2013, 35, 336-343.

3. J.W. Hettinger et al., Plant Physiology, 2000, 123(1), 3—16.

4. S. Chang, X. Cai, and C. Fluerau, Opt. & Las. Eng., 2007, 45 (12), 1170-1176.

28



Poster

FIBER SPECTROSCOPY METHODS FOR CANCER DIAGNOSTICS EX-VIVO

0. Bibikova'*** U.J. Zabarylos, A. Melenteva®, V. Belikova®, I. Usenov'’, T. Sakharova',
G. Danielyan', A. Bogomolov®®, O. Minet’, H.J. Eichler’, and V. Artyushenko'

! Art photonics GmbH, Berlin, Germany, ob@artphotonics.de

2 Optoelectronics and Measurement Techniques Research Unit, University of Oulu, Oulu, Finland
3 Institute of Analytical and Bioanalytical Chemistry, Ulm University, Ulm, Germany
* Research-Educational Institute of Optics and Biophotonics,
Saratov National Research State University, Saratov, Russia
> Center for Radiology C6, Medical Physics and Optical Diagnostics, CBF,
Charité-Universitdtsmedizin, Berlin Germany
® Samara State Technical University, Samara, Russia
"Technical University of Berlin, Institute for Optics & Atomic Physics (IOAP), Berlin, Germany
¥ global modelling, Aalen, Germany

Abstract. In this study we developed and applied various single and combined fiber probes for four key
spectroscopy methods used in the 0.2-16 um range: Raman scattering, Mid IR-absorption, Diffuse NIR-
reflection, and fluorescence — to compare them and select the best one (or their combination) for an ex-vivo de-
tection of malignant tissue for cancer surgeries. The most promising fiber spectroscopy methods were defined
for selected organs after their tests in laboratory and clinical environment.

According to the World Health Organization (WOH), cancer is one of the leading causes of mor-
bidity and mortality worldwide. However, the current procedure for cancer diagnostics consisting of
clinical examination of the suspicious lesion, followed by biopsy and histopathology is invasive,
costly, and time-consuming. Non-invasive spectroscopic investigation or "spectral histopathology" is a
novel alternative for rapid cancer diagnostics and label-free cancer specification.

Our development of unique Multi-Spectral Fiber (MSF-) systems enables testing various single and
combined fiber probes for four key spectroscopy methods: Raman scattering, Mid IR-absorption, Dif-
fuse NIR-reflection, and fluorescence — to select the best method (or their best combination) for a de-
tection of malignant tissue as it’s needed for cancer surgeries. Our recent research in ex-vivo analysis
of resected tissues with cancers is presented to demonstrate selection of the best method specific for
each organ and cancer type.

Moreover, spectral methods have been applied to analyse not only biopsies of healthy and malig-
nant tissues, but bioliquids, such as blood and urine, of patients before and after surgery. Further mul-
tivariate data analysis of spectroscopic data, both individual techniques and their combinations, pro-
vided reliable cancer recognition with the strict demand to reach "No false negatives" in oncology di-
agnostics. Analysis of experimental results by the developed chemometric models of cancer recogni-
tion provides a good platform to develop portable Spectral Fiber Tumor Sensors. These new loT-type
Sensors will be customized for specific organs with data exchange via iCloud for a fast and accurate
real-time tissue analysis — to guide minimal invasive, but complete tumour removal in oncology, in-
cluding surgery operations which can be realized in telemedicine mode, in remote robotic mode, etc.
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Abstract. Two-photon fluorescence lifetime imaging microscopy (2P-FLIM) was used to monitor the fluo-
rescence life-time of Acer palmatum ‘Hogyoku’ leaves. The Hogyoku plant leaves change color from green to
red (leaf senescence or aging) due to autumn phenology. With 760 nm excitation of the blue fluorescence, the
average fluorescence lifetime of the red leaves was ~1.442 ns, which is 22% longer (P < 0.05) than the corre-
sponding value (1.12 ns) of the green leaves. The source of blue fluorescence may be attributed to hydroxycin-
namic acids, NADPH etc. Hence, blue fluorescence lifetime may be used as a signature of ageing in senescing
leaves.

Leave is the principal nutrient source of plants. The lifespan and the structure of leaves are influ-
enced by several biotic and abiotic factors. In autumn phenology, the leaves of deciduous plants turn
from green to yellow, orange, and to red. Following these, a full programmed cell death occurs and
this whole process is termed as leaf senescence [1]. Leaf senescence is a programmed development
and can serve as an ideal model to understand aging.

In this work, we have applied two-photon fluorescence lifetime imaging microscopy (2P-FLIM)
[2] to determine the blue fluorescence lifetime from the top surface of the green and the red Acer pal-
matum ‘Hogyoku’ leaves. Hogyoku is a Japanese maple tree variety and shows remarkable autumn
phenology. Here, the 2P-FLIM images were obtained using a time-domain technique viz. time-
correlated single photon counting (TCSPC). Red Leaf
760 nm was used to excite the blue fluorescence P

Green Leaf

1470
and a single band pass filter, 447/60 nm was _
used to detect the same from the green and the Intensity Z
red leaves. Images £

Figure 1 shows the intensity and average
fluorescence lifetime images of the top surface
of the green and the red Acer palmatum
‘Hogyoku’ leaves. Our preliminary results show
that for the red leaves the average blue fluores-
cence lifetime (1.442 ns) is 22% longer (with
P < 0.05) than the corresponding value (1.12 ns)
for the green leaves. The origin of blue fluores-
cence is generally attributed to hydroxycinnamic
acids attached to the cell walls and NADPH as
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Fig. 1. The blue fluorescence intensity and lifetime

well. The change in fluorescence property of
hydroxycinnamic acids and NADPH is highly
correlated with aging/senescing [3]. Hence, blue
fluorescence lifetime may serve as a signature to
study aging in leaves.

Acknowledgements

images of senescing Acer palmatum ‘Hogyoku’
leaves. The Upper panel shows the intensity images
while lower panel shows the average fluorescence
lifetime images. Scale bar =20 um

This work has been supported by the Ministry of Science and Technology, Taiwan, ROC (Project
No. NSC102-2218-E-010-003) and the Top University Project from Taiwan Ministry of Education,

ROC.

References

1. P.O.Lim, H.J. Kim, and H.G. Nam, Annu. Rev. Plant Biol., 2007, 58, 115-136.
2. S. Chakraborty, F. Nian, J-W. Tsai, A. Karmenyan, and A. Chiou, Sci. Rep., 2016, 6, 19145.
3. S. Meyer, A. Cartelat, I. Moya, and Z.G. Cerovic, J. Expt. Bot., 2003, 54, 757-769.

30



DEEP-BIOTISSUE IMAGING BY TEMPORAL FOCUSING WIDEFIELD MUL-
TIPHOTON MICROSCOPY

Chia-Yuan Chang', Yong-Da Sie’, and Shean-Jen Chen®

! Advanced Optoelectronic Technology Center, National Cheng Kung University, 701 Tainan, Taiwan
? Department of Engineering Science, National Cheng Kung University, 701 Tainan, Taiwan
3 College of Photonics, National Chiao Tung University, 711 Tainan, Taiwan, sheanjen@nctu.edu.tw

Abstract. A developed temporal focusing-based multiphoton excitation microscope (TFMPEM) has a digital
micromirror device (DMD) which is adopted not only as a blazed grating for light spatial dispersion but also for
patterned illumination simultaneously. The TFMPEM has been extended to implement spatially modulated and
digital holographic illumination to increase the beam coverage at the back-focal aperture of the objective lens.
The axial excitation confinement (AEC) of TFMPEM can be condensed from 3.0 pm to 1.5 um. By using the
TFMPEM with HiLo technique, reconstructed deep-biotissue images according to the condensed AEC structured
illumination are shown to be obviously superior in contrast and better scattering suppression.

Temporal focusing-based multiphoton excitation microscopy (TFMPEM) provides direct widefield
two-photon excited fluorescence (TPEF) imaging [1], in which the diffraction element (e.g., a blazed
grating) separates different spectral components of ultrashort laser pulses into different angles accord-
ing to the diffraction equation and induces spatial dispersion that broadens the laser pulse width. The
constructive interference condition of temporal focusing provides an axial excitation confinement
(AEC) of few microns according to the following system parameters, namely the laser pulse width,
initial beam size, system magnification, and the NA of the objective [2]. Herein, the TFMPEM has
been extended to implement spatially modulated and digital holographic illumination to increase the
beam coverage at the back-focal aperture of the objective lens. Furthermore, the TFMPEM with HiLo
technique for biotissue has shown that the reconstructed images with the condensed AEC structured
illumination are obviously superior in contrast and better scattering distortion suppression.

Figure 1(a) shows the original TPEF image of the eosin-stained mouse cerebellar cortex via the
TFMPEM. The images via HiLo technique are presented in Figs. 1(b) and 1(c), with the low-
frequency components retrieved from the 1.09 um™ spatial frequency pattern images at 90° and 0° ori-
entations, respectively. Although both images have the same high-frequency components from
Fig. 1(a), differences can still be seen in Figs. 1(b) and 1(c) since the 0°-orientation pattern has a supe-
rior AEC such that the scattering is reasonably reduced and the modulated information is less dis-
torted. Therefore, the low-frequency component could be retrieved with less noise from the patterned
image with the higher pattern contrast and less scattering distortion from the out-of-focus excitation
region.

The COS-7 cell line was stained with secondary antibody Alexa Fluor 488 fluorescein, after which
the cytoskeleton’s a-tubulin was imaged by temporal focusing (TF) alone and TF with the two com-
plementary computer-generated Fourier hologram (CGFH) excitation and mergence approach. The
filtered images, after the iterative deconvolution process, are respectively shown in Figs. 2(a) and 2(b).
This TF method with DMD-based CGFH diffraction targets AEC improvement; consequently, a por-
tion of the background noise in TFMPEM is rejected. Therefore, the image contrast of Fig. 2(b) re-
spectively compared to that of Fig. 2(a) is superior. From the TPEF image of Fig. 2(b), and with the
support of rapid pulse width modulation switching, a near-uniform TPEF image can be achieved even
with the binary CGFH pattern excitation.

Fig. 1. (a) The original TPEF image of the eosin-stained Fig. 2. TPEF images of a-tubulin of the
mouse cerebellar cortex. The TFMPEM images with HiLo COS-7 cell line stained with Alexa Fluor
technique as the low-frequency component analyzed with 488 by TF only (a), and TF with the two
the 1.09 um™ spatial frequency pattern images at (b) 90° complementary CGFH excitation (b)

and (c) 0° orientations

References
1. D.Oron, E. Tal, and Y. Silberberg, Opt. Express, 2005, 13(5), 1468—1476.
2. H.Dana and S. Shoham, Opt. Express, 2011, 19(6), 4937—4948.

31



Invited
ADVANCES IN OPTICAL COHERENCE ELASTOGRAPHY

Zhongping Chen

Beckman Laser Institute, Dept. of Biomedical Engineering,
Univ. of California Irvine, Irvine, CA 92617, USA

We report on the development of an acoustic radiation force optical coherence elastography (ARF-
OCE) technology to image and characterize tissues biomechanical properties. We have applied the
ARF-OCE to image post-mortem human coronary artery with atherosclerosis. The result demonstrates
the potential of the ARF-OCE as a non-invasive method for imaging and characterizing vulnerable
plaques. The ARF-OCE technology have a broad range of clinical applications, including imaging and
characterizing cardiovascular atherosclerotic lesions, imaging and diagnosing of early stage cancer,
imaging and evaluating ophthalmic diseases such as keratoconus and age-related macular degenera-
tion, and imaging and assessing blood coagulation.
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Non-invasive observation of fast spatiotemporal activity patterns of large neural populations is a
longstanding goal of neuroscience. We demonstrate a novel optoacoustic imaging platform for direct
imaging of fast neural activity across entire light-scattering brains using genetically-encoded calcium
indicators. By virtue of combining the contrast abilities of both microscopic and macroscopic func-
tional neuroimaging methods with its unprecedented spatio-temporal resolution performance, our
functional optoacoustic neuro-tomography (FONT) method fills an important performance gap in the
current neuroimaging technology and opens new prospects for large-scale observations of neural net-
works.
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Abstract. We propose a combined use of coherence and energy parameters for complex quantitative analysis
of SHG signal of a collagen structure both in models and tissue samples. It minimizes potential disadvantages of
using a single method, and provides ideal information profile for clinical and research applications. For studying
collagen formation on a model structure we used collagen gels constructed by combining dermal fibroblasts or
dermal papilla cells and identified the increase in the values of coherence and energy in 3,10,12, and 14 days in
collagen gels with fibroblast in comparison with dermal papilla. These parameters were also used for human
intraoperative bladder diagnostics and allowed differentiating normal bladder with mild inflammation, severe
inflammation, low-grade cancer and cancer on the scar.

Collagen is a main component of the extracellular protein and its characteristics reveal important
information related to tissue condition. Second harmonic generation (SHG or 2HG) microscopy in
combination with image analysis is a powerful tool for understanding and quantifying collagen or-
ganization and has a potential to distinguish different collagen states. Quantitative analysis provides
objective metrics for SHG images when accounting for experimental conditions, such as excitation
power, detection gain, magnification and resolution.

There is a most relevant approach for each collagen state in density stacking, anisotropy degree,
swelling or thinning of fibers, appearance of a preferred direction or organization and disorganization
of collagen fiber bundles, The principal methods for quantitative assessment of the state of collagen
are the first order statistics (FOS), the second order statistics or GLCM (correlation lengths of gray-
level co-occurrence matrix), fast Fourier transform (FFT), curvelet transform (CT), different special
coefficients like SHG-to-autofluorescence aging index of dermis (SAAID) and their combination [1].

We propose a combined use of coherence and energy parameters for complex quantitative analysis of
SHG signal of collagen structure both in models and tissue samples. Coherence and energy coefficients
are based on evaluation of the structure tensor (second-moment matrix) in a local neighborhood [2].

For studying structural collagen formation on a model structure we used special collagen gels con-
structed by combining dermal fibroblasts (FB) or dermal papilla (DP) cells with type I rat tail colla-
gen. Statistically significant increase of coherence was detected only after 10, 12, 14 days and 12, 14
days for energy. Higher coherence and energy values correspond to less isotropic and more oriented
structures. It should be noted that the decrease of energy values after 14 days was probably due to the
behavioral changes of DP cells on achieving contraction maximum.

By quantitative evaluation of collagen condition in a tissue model we also used scoring of coherence
and energy parameters of SHG signal to human intraoperative bladder diagnostics. We analyzed normal
bladder with mild inflammation, severe inflammation, low-grade cancer and cancer on the scar. A high
value of coherence in the case of normal bladder submucosa with mild inflammation indicates preserva-
tion of collagen orientation and a statistically significant difference from severe inflammation, low-grade
cancer and cancer on the scar. The lowest values of coherence and energy are in the case of inflamma-
tion and low-grade urothelial cancer that correlate with disorganized structure of collagen fibers. The
main result is the possibility to differentiate between inflammation and low-grade cancer. All the diag-
nostics were confirmed by routine H&E and Van Gieson histology.
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Abstract. We present a two photon microscopy setup using a sub-nanosecond pulsed fiber laser synchro-
nized to a high analog bandwidth signal detection for two-photon-excited fluorescence (TPEF) and single shot
fluorescence lifetime imaging (SP-FLIM). Compared to typically used femtosecond excitation, both configura-
tions should yield the same number of fluorescence photons on average when used for TPEF imaging if the same
duty cycle and cw-power is applied. However, due to our longer pulse length, more fluorescence photons are
generated per shot. In this presentation, we show that this higher number of fluorescence photons together with a
high analog bandwidth detection makes it possible to not only use a single pulse per pixel for TPEF imaging but
also to acquire FLIM images with pixel rates of 1 MHz.

Two-photon-excited fluorescence lifetime (FLIM) imaging is a powerful 3-D and chemically spe-
cific imaging modality in bio-medical research [1-3]. However, the need for a sophisticated ultra-short
pulse laser sources and speed limitations of FLIM detection systems hinder a more widespread appli-
cation. To overcome this limitations, we combined a robust sub-nanosecond fiber laser with a high
analog bandwidth detection. The detection concept is similar to the one presented in [4] however we
use nanosecond class pulses instead of standard femtosecond pulses. Due to the longer pulse length,
more fluorescence photons are generated per pulse in our configuration. This allows us to derive the
lifetime with only a single pulse excitation [5] and detect many photons at once, which makes it much
faster than the current gold standard time-correlated single photon counting (TCSPC).
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Fig. 1. a) Basic setup. b) FLIM image of a plant stem with a pixel rate of 1 MHz (scale bar 100 pm)

Figure 1a shows the basic concept of our single pulse FLIM setup. An actively modulated self-built
fiber laser with typically 100 ps long pulses at a repetition rate of 1 MHz is used as excitation laser.
The high-speed detection consists of a fast photomultiplier tube (PMT, Hamamatsu, H12056-20) and a
high speed analog-to-digital converter (ADC, Alazartech, ATS9373). This combination makes fluo-
rescence lifetime measurements with sub-nanosecond resolution possible. A SP-FLIM image with a
pixel rate of 1 MHz is shown in figure 1b). The total acquisition time of the 512x512 pixels sized im-
age was 670 ms (including fly back of galvanometric mirrors, pure measurement time 260 ms).

With the presented results, we show that longer pulses in the many-10ps to nanosecond regime are
not only suitable for TPEF imaging but also allow for fast FLIM imaging. SP-FLIM with the all fiber
based excitation source and accurate decay time determination is a promising technology to bring
FLIM imaging to the workbench of biomedical researchers or into clinics for medical diagnosis.
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Classical fluorescence microscopy is limited in resolution by the wavelength of light (diffraction
limit) restricting lateral resolution to ca. 200 nm, and axial resolution to ca. 500 nm (at typical excita-
tion and emission wavelengths around 500 nm). However, recent years have seen a tremendous devel-
opment in high- and super-resolution techniques of fluorescence microscopy, pushing spatial resolu-
tion to its diffraction-dictated limits and much beyond. However, for nearly all of the superresolution
methods (STED, PALM, STORM etc.), achieving axial superresolution is typically much more diffi-
cult than lateral superresolution. A simple approach aiming at nanometer resolution along the optical
axis is Metal Induced Energy Transfer or MIET [1]. When placing a fluorescent molecule close to a
metal, its fluorescence properties change dramatically. In particular, one observes a strongly modified
lifetime of its excited state (Purcell effect). This is due to the efficient electromagnetic coupling of the
excited state to surface plasmons in the metal, which is similar to Forster Resonance Energy Transfer
(FRET), where the energy of an excited donor molecule transfers into the excited state of an acceptor
molecule. We call this effect metal-induced energy transfer or MIET. The MIET-coupling between an
excited emitter and a metal film is strongly dependent on the emitter’s distance from the metal. We
have used this effect for mapping the basal membrane of live cells with an axial accuracy of ~3 nm
[1]. We present data of MIET imaging for various biological systems: (i) MIET imaging of the spatio-
temporal reorganization of the actin skeleton during stem-to-epithelial cell proliferation, and during
the transformation of epithelial to mesenchymal cells; (ii) dual-color MIET imaging of the architecture
of focal adhesion complexes; and (iii) dual-color MIET imaging of the protein distribution in the inner
and outer membrane of the nuclear envelope.

The method is easy to implement and does not require any change to a conventional fluorescence
lifetime microscope. It can be applied to any biological system of interest, and is compatible with most
other super-resolution microscopy techniques that enhance the lateral resolution of imaging. More-
over, it is even applicable to localizing individual molecules [2], thus offering the prospect of using
single-molecule localization microscopy for structural studies of biomolecules and biomolecular com-
plexes. For that purpose, we have built a dedicated measurement system which does not only allow for
single-molecule fluorescence lifetime measurements, but also for recording of defocused images of
single molecules for determining the lateral position and three-dimensional orientation [3].
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Abstract. Different types of atherosclerotic plaques were visualized ex vivo using cross-polarization OCT
(CP OCT). The developed approach to numerical processing of images allows for automatic detection and classi-
fication of vulnerable plaques. A weighted linear combination of average brightness and depolarization factor
derived from OCT images is found to be an accurate predictor of plaque vulnerability, better than each of these
parameters alone. This finding could be a step towards in vivo detection of vulnerable plaques using OCT.

Introduction. Acute coronary syndrome is most often caused by a "vulnerable" plaque rupture.
Such plaques are characterized histologically by presence of a necrotic, lipid-rich core at the bottom,
and a thin (< 65 um) fibrous cap [1]. The automatic approach for the OCT detection of "vulnerable"
plaque in real time is the most important direction at present. The majority of automated methods are
aimed at developing reliable OCT signs, reflecting such microstructural features of "vulnerability"
plaques as the degradation of collagen fibers [2], detecting necrotic core lesions [3], accumulation of
foam cells and inflammatory cells in the thin fibrous capsule [4].

In particular, the study purpose is to develop an approach for quantitative evaluation of the back-
scattering and polarization properties changes in the intima/fibrous cap, to characterize and differenti-
ate the atherosclerotic plaques development stages, and to assess their instability.

Materials and Methods. This study was performed on 30 post mortem samples of coronary artery
walls evaluated in parallel by CP OCT and histology. All arterial vessels were excised no later than
24 hours after death.

This study used a CP OCT system with a central wavelength of 1310 nm, radiation power of
20 mW, and a spectral width of 100 nm, resulting in the axial resolution of 15 um, scanning depth of
1.7 mm, and the OCT images were constructed in two virtual channels, one of which was co-polarized
with the incident polarization and the other one was orthogonal (cross-polarized) to the incident po-
larization, respectively [5]. CP OCT imaging was performed from the intimal side of the samples.

Two quantitative parameters extracted from CP OCT included OCT brightness (Pythagorean sum
of both polarizations) and depolarization factor (DF). For the measure of average brightness we chose
the maximum probability value from pixel brightness histogram, rather than traditional averaging.
Then a linear weighted combination of the brightness and DF with variable weight was optimized to
serve as a best predictor of plaque vulnerability.

Results. The optimized weighted linear combination of brightness and DF factor can improve reli-
ability of the vulnerable plaques identification, in comparison with using any of these parameters
alone. Such combination therefore is called "vulnerability parameter". Based on the ROC curve analy-
sis, it is possible to obtain combination of sensitivity (94-96%) and specificity (91-93%) for plaque
vulnerability. Diagnostic accuracy is 95%.
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Abstract. With the foundation of our seminal near-infrared spectroscopy (NIRS) and diffuse correlation
spectroscopy (DCS) work on infants, we have developed a novel integrated system, which simultaneously ac-
quires cerebral oximetry and blood flow measurements. We have deployed the device in Africa to assess the
feasibility of NIRS studies in low resource settings. Results will be presented.

Frequency domain near infrared spectroscopy (FDNIRS) and diffuse correlation spectroscopy
(DCS) have emerged as synergistic techniques for the non-invasive assessment of brain health. Com-
bining FDNIRS cerebral oximetry (hemoglobin concentration (HbT) and oxygenation (SO2)) with
DCS measures of cerebral blood flow (CBFi), an index of cerebral metabolic rate of oxygen
(CMRO2i) can be quantified. CMRO?2 is a parameter more closely linked to underlying physiology
and pathology than either NIRS or DCS hemodynamic estimates alone. Here we describe the first
commercially available integrated instrument, called the “MetaOx”, designed to enable simultaneous
FDNIRS and DCS measurements at rates of 10+ Hz, and offering real-time data evaluation. In tissue-
like phantoms, we have demonstrated that simultaneous operation of the FDNIRS and DCS compo-
nents is possible, with performance improvement vs. standalone systems. In the last two years, we
have used the Metaox in two studies in African children

For the first study, we have partnered with the CURE Childrens Hospital of Uganda to test initial
clinical utility of the FDNIRS-DCS measures to assess the extent of hydrocephalus (HI) and to predict
treatment outcomes. We measured 35 HI patients one day pre- and post-treatment and correlated our
measures with pre-surgical and 6 months follow up computed tomography (CT) scans. CT pre-surgical
scans revealed primary injuries from neonatal infection and severe hydrocephalus resulted in high
compression and thinning of the cortical mantle. FDNIRS-DCS pre-surgical measurements on 4 brain
locations demonstrated high accuracy in detecting these brain structural damages by quantifying the
distortions of the light propagation through the tissue (ROC AUC = 0.93). Differences in tissue scat-
tering one day post-surgery showed a high predictive value (ROC AUC = 0.93) in treatment failure
within 6 months. We also found that brain regions with higher CMRO?2i tend to recover better than
regions with low CMRO2i in agreement with the 6 month follow up CT scans.

For the second study, we are partnering with the Tufts University USDA Human Nutrition Re-
search Center, and participating in an ongoing study aiming to develop a new nutritional supplement
formulation focused on enhancing cognitive performance in undernourished children in rural Guinea-
Bissau. A 20-week randomized trial (3 groups) is being conducted in 1000 children of age 1.5 — to
7 years old. Preliminary results show correlation of the optical measures with anthropometric or cogni-
tive measure.

These studies show feasibility of FDNIRS-DCS in developing countries and very low resource set-
tings. The results also suggest FDNIRS-DCS can have a direct and immediate impact in predicting
therapy success and brain outcomes.
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Abstract. Quantitative optoacoustic (OA) imaging exploits the wavelength-dependent absorption of for ex-
ample hemoglobin, to determine spatially resolved the local blood oxygen saturation, due to the distinct optical
absorption spectra of oxy- and deoxygenated hemoglobin. Wavelength-dependent optical attenuation in the bulk
tissue, however, distorts the spectral OA signal of the blood and thus renders absolute oxygenation measure-
ments challenging. We show that correction of the spectral distortion is possible without requiring a-priori
knowledge of the tissue optical properties. Two different techniques will be presented and compared: (i) Multi-
ple-irradiation sensing and (ii) Near-infrared optical tomography. The experimental results demonstrate that both
techniques are promising for quantitative OA imaging combined with handheld clinical ultrasound.

Periventricular diffuse white matter injury (WMI) has become the dominant brain pathology and is
the major reason for persisting spastic motor deficits and cognitive abnormalities in preterm infants
[1]. Cerebral ischemia is a key initiating factor for WMI. Such brain lesions are localized events and
are characterized by drops in oxygen saturation levels (StO2). A safe bedside imaging method that can
detect low local StO2 levels and monitor the effects of preventive and neuroprotective interventions
and brain development is urgently needed. One promising approach is quantitative OA imaging, which
exploits the wavelength-dependent optical absorption properties of oxy- and deoxyhemoglobin in the
near-infrared range, to provide quantitative estimates of their spatially varying concentration allowing
to image local StO2 levels. This modality, however, faces important challenges, as well-described by
[2], among them is the spectral distortion due to wavelength-dependent fluence attenuation. The re-
trieval of accurate local StO2 values will only be possible if this wavelength-dependency of the optical
attenuation in the tissue is taken into account [3]. In this contribution, we propose calculating the flu-
ence distribution by means of multiple-irradiation sensing which employs multiple irradiation posi-
tions to estimate optical properties of highly scattering media, a concept similar to optical tomography.
However, as opposed to superficial optical detection, it employs optically absorbing structures inside
the tissue as intrinsic fluence detectors. The results demonstrate that the multiple optical irradiation
approach allows a successful correction of the measured OA spectrum of the inclusions, which was
initially distorted by the spectral attenuation of the surrounding medium. A second technique for cal-
culating the local fluence distribution presented is near-infrared optical tomography (NIROT), which
provides 3D reconstructions of the probed tissue volume’s optical properties [4]. To solve the NIROT
inverse problem we used NIRFAST, a software package developed at Dartmouth University [5], that
we have modified and optimized for our needs. This Matlab-based code solves the light diffusion
equation on a tetrahedral mesh by the finite element (FEM) approach, and relies on Tikhonov regulari-
zation to constrain the space of solutions. NIRFAST was also used to calculate the fluence distribu-
tion, based on the reconstructed optical properties. Our results indicate that the presented methods of
combining OA imaging with multiple irradiation sensing or NIROT is of benefit for achieving spectral
correction in highly scattering non-homogeneous media.
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Abstract. A common path OCT setup capable of controlling probe wave polarization state was developed to
obtain co- and cross-polarized OCT images. The dependence of the coefficient of cross-polarization coherent
backscattering on probe wave polarization state was investigated in experiment. For circularly polarized probe
light, this coefficient was shown to be independent of the reciprocal orientation of the probe and object and was
50% higher than for linearly polarized probe light.

The polarization state of the probe wave is the key parameter for the cross-polarization modality of
polarization sensitive OCT (CP OCT). Diagnostically significant information in the CP OCT method
is contained in two images. The first one (co-polarized image) is a conventional OCT image formed as
a result of the interference between the reference wave and the probe wave preserving the initial po-
larization state during backscattering. The second image (cross-polarized image) is obtained from the
probe wave backscattered component in orthogonal polarization state relative to the incident probe
wave. Earlier investigations showed that the value of the cross-polarized image strongly depends on
both probe wave polarization state and sample orientation relative to the probe. This dependence is
unwanted in a clinical diagnostic device [1], because it disturbs uniformity of the obtained results and
decreases their repeatability.

The change of the polarization state during backscattering may be described by the ratio of the cor-
relation functions obtained for Cross- and co-polarized images:

8 =15,/ s =(EEa?™ )| /[(BsEse)
respectively. The optimal condition for the CP OCT images uniformity is to use circular polarization
state of the probe light. The experimental investigation shows that

, where the C, L indexes denote circular and linear states,

for biological tissues, the SCIR (z) / SUN (z) = A(z) ratio exceeds 20]

1 for every depth more than 0.1 mm. This coefficient achieves its

maximum at the depth of about several mean free paths (0.6 mm §

in our setup). Minimal values of A(z) correspond to the sample 10l

surface (where there is a small number of backscattered photons)

and to highest depths, where the number of ballistic photons tends %5 o5 70 7
to zero and the signal uncertainty increases due to noise limita- z,mm

tions. This behavior of 4(z) can be explained by the appearance of

A(z) for chicken skin fragment

backscattering anisotropy inherent in linearly polarized light de-
scribed in [2, 3].

So, the uniformity of measurements in cross-polarized light may be achieved by using circularly
polarized probe light for measuring the local coefficient of cross-polarized backscattering. This coeffi-
cient is independent of the reciprocal orientation of probe and object and is 50% higher than for line-
arly polarized probe light.
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DRUG DELIVERY BY NATURAL ZEOLITE PARTICLES
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Abstract. Using multiphoton microscopy (MPM), we demonstrated that clinoptilolite type of zeolite (CZ)
produced two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) signals by femtosec-
ond laser excitation. In addition, adsorption of PDT active dyes (hypericin, methylene blue, etc) and they release
from CZ pores in the presence of biomolecules have been shown. Furthermore, magnetic CZ particles were
tested as an effective material for drug delivery and controlled release in biological systems. The results may
open new perspectives in application of CZ in biomedical imaging, and introducing optical approaches into the
clinical environment.

Natural zeolites are porous alumino-silicates that widely used in agriculture, industry, environ-
mental protection, and biomedicine for several decades [1]. Clinoptilolite type of zeolite (CZ) contains
micropores of 0.3 to 1.2 nm sizes and meso- and macro-pores of 2 nm to 100 mm sizes, and it is a
promising material for biomedicine and pharmaceutics due to its non-toxicity, thermal stability, ex-
panded surface area, and exceptional ability to adsorb various atoms and organic molecules into the
pores. CZ is safe for human and widely used in health industry as a food supplement against many
diseases, including cancer, and as adsorbent of free radicals, toxic metals and radioactive elements. In
addition, CZ is utilized as effective light harvesting system in solar cells and as dietary supplements in
animal diets.

Hypericin (Hyp), a natural pigment found in plants of the Hypericum genus, has recently received
increasing attention due to its high photo-toxicity against viruses and anti-tumor photoreactivity.
Moreover, it was demonstrated that Hyp was an effective mediator for light-controlled selective modi-
fication of collagen in connective tissues, and might be used in biomedical engineering and therapy of
collagen-related disorders [2]. However, Hyp in water and PBS tends to aggregate and form non-
soluble and non-fluorescent aggregates thereby losing its photoreactive properties.

We showed that CZ particles adsorbed Hyp, methylene blue, chlorin es and other PDT molecules,
but did not adsorb fluorescein molecules (see Fig. 1). In addition, Hyp molecules were released from
the CZ pores in the presence of collagen, hemoglobin and albumin. Hyp release rate was higher in the
presence of EtOH, or similar solvents, so it could be controlled by changing of concentration of the
solvent [3]. The behavior of Hyp was attributed to its hydrophobic character that served as driving
force of release and redistribution of the dye.

Fig. 1. (a) SEM image of microsize CZ particles; (b) CZ in solution of fluorescein, which is not
adsorbed by CZ; (c) Droplet of methylene blue (which is adsorbed by CZ), after filling by CZ particles;
Green is TPEF from dyes, red is SHG from CZ particles

Furthermore, it was demonstrated that zeolite particles revealed magnetic properties that allowed to
manipulate them, separate from other materials and apply for delivery and controlled release of differ-
ent drugs. Thus, CZ can be considered as a promising multimodal probe for multiphoton optical imag-
ing, as a container for controlled drug delivery and a sensor for photo- and thermo-therapy.
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Abstract. Photodynamic therapy (PDT) is a modern treatment technique efficient for many medical applica-
tions, in particular, for tumor treatment. Chlorine series photosensitizers (PSs), such as Fotoditazin, have two
absorption peaks, corresponding to 405 nm and 660 nm providing an opportunity to employ multispectral excita-
tion of PS during PDT. For correct choice of the treatment protocol knowledge of depth of tumor invasion into
the tissue is required. We present analytical and numerical investigations of the possibility to determine tumor
depth by multispectral excitation of PS.

PDT is a modern photochemistry-based approach to the treatment of different pathologies, includ-
ing cancer [1]. The PDT uses light radiation of specific wavelength and PS. Light radiation imparts
cytotoxicity and photochemical reactions inducing singlet oxygen release followed by necrosis and
apoptosis of cancer cells.

For a proper choice of PDT treatment protocol it is important to know the depth of a superficial
tumor invasion into healthy tissue. We study the possibility to estimate tumor depth based on multis-
pectral excitation of chlorine series PSs, namely, Fotoditazin. Chlorine series PSs have two excitation
peaks corresponding to blue and red light allowing for excitation at different probing radiation wave-
lengths. The difference in biotissue optical properties values at these wavelengths provides additional
diagnostic advantages for optical diagnostics.

We developed an analytical model for calculating fluorescence response to multispectral excitation
of PS based on diffuse approximation of the Radiative Transfer Equation (RTE). For a cylindrical me-
dium of depth d illuminated with a planar wave we obtained an analytical expression for measured
fluorescence which was found to be proportional to S, ~ (1—-exp(—(u*+n)d), where p(A) is apparent
attenuation coefficient, and p* is the effective attenuation coefficient corresponding to emission wave-
length [2]. We chose rat brain as a model tissue with known spectral characteristics [3] and varied PS
concentration from 0.005 mg/ml to 0.5 mg/ml and tumor invasion depth from 0.25 to 5 mm. Numeri-
cal simulations were performed for PS distributed uniformly within the tissue with the excitation at
405 nm and 660 nm applying the developed model and the Monte-Carlo method [4]. The analytical
model is consistent with the Monte-Carlo method. It allows differentiating tumor invasion depths up to
1.5-2 mm even for unknown accumulated PS concentration. For larger depths such differentiation be-
comes impossible due to the limited light penetration in tissue.
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Fig. 1. (a) Rat brain spectra. The dependence of fluorescence signals calculated in analytical model (b)
and their ratio (c) on tumor invasion depth for 0.05 mg/ml PS concentration
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Abstract. Optical coherence tomography (OCT) is a modern imaging modality providing structure visualiza-
tion with spatial resolution down to units of microns. However, efficient clinical applications of OCT often re-
quire additional diagnostic image processing or quantification. In this paper we overview different approaches to
OCT image numerical processing that allow enhancing applications of OCT in gynecology, otolaryngology, and
aesthetic medicine.

Optical coherence tomography (OCT) is a modern imaging modality based on principles of low-
coherence interferometry providing structure visualization with spatial resolution down to units of mi-
crons. Currently it is actively introduced into clinical practice, however, visual evaluation of a diag-
nostic OCT image in some cases is not sufficient for correct interpretation and pathology grading. In
this situation numerical techniques are employed for image processing including segmentation and
scoring. Additionally, OCT combined with numerical processing can be efficiently employed for
treatment monitoring and tracing tissue response to treatment both intra course to correct and personal-
ize the treatment procedure and in the follow-up to evaluate long-term effect and timely reveal pathol-
ogy recurrence.

In this paper clinical applications of OCT in gynecology, otolaryngology, and aesthetic medicine
enhanced by numerical processing are overviewed. Diagnostics was performed both with traditional
and cross-polarization OCT modalities employing devices at 1300 nm developed at the JAR RAS
(Russia) equipped with an endoscopic fiber optics probe [1]. The study was approved by the Ethical
Committee (#45 30/06/2008) for scientific studies with human subjects.

In gynecology OCT was employed for diagnostics of endometritis which is one of the frequent
causes of miscarriage and unsuccessful in vitro fertilization in females. OCT demonstrated high poten-
tial in detecting signs of edema and sclerosis in the course of standard hysteroscopy procedure. Nu-
merical processing of OCT images based on histogram analysis allowed quantifying the level of scle-
rosis of endometrium. The results are in good agreement with blind recognition test. In diagnostics of
otorhinolaryngology pathologies the potential of OCT in differentiation of different types of rhinitis
and pharyngitis was demonstrated.

In otolaryngology OCT was employed for differential diagnostics of rhinitis. Typical features of
diagnostic OCT images of relative norm, vasomotor and allergic rhinitis were determined. Application
of histogram analysis revealed high potential of image quantification for differentiation of allergic and
vasomotor rhinitis which is an important clinical problem.

A promising application of PDT in cosmetology is anti-ageing therapy due to collagen reconstruc-
tion induced by PDT. CP OCT modality highly sensitive to collagen presence and ordering allows
monitoring this procedure and correcting the treatment protocol based on the registered tissue re-
sponse. CP OCT was employed in combination with calculation of integral depolarization factor [2]
that allowed quantifying the achieved effect of skin rejuvenation.
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Abstract. Development of the OCT microangiography (OCT MA) allows new potential clinical applications,
in particular, studying the human oral mucosa response to different therapies. Such new applications are more
sensitive to tissue motion and compression artifacts. Therefore, correction of the previously developed method-
ology and study of protocols may be required to improve mechanical stabilization of the probe relative to the
patient. Also, better tissue compression compensation is needed in case of contact OCT scanning. The objective
of this work was to characterize human cheek mucosa using real-time multimodal (MM: cross-polarization and
MA) OCT. Some original devices were constructed and several conditions were revealed to be controlled to
achieve the goal and optimize in vivo MM OCT study of human cheek mucosa.

Introduction. Human oral mucosa is a common and fairly well studied object for OCT applica-
tions, from malignancy detection to chemo- (radiation) induced oral mucositis [1]. However, devel-
opment of the OCT system multimodality, in particular OCT microangiography (MA) [2] requires re-
evaluation of the same tissues and conditions to understand and characterize new features. The objec-
tive of this work was to characterize human cheek mucosa using real-time cross-polarization
(CP)OCT/ OCT MA.

Materials and Methods. Twelve volunteers aged from 30 to 65 years were studied with MM OCT
[3, 4]. The central wavelength of the device was 1310 nm, radiation power 2 mW. The axial resolution
was 10 pm, and lateral resolution 15 um. At least six MM OCT 3D volumetric data sets were acquired
from left and right cheeks (3 from each) in one session to verify consistency. The probe was placed on
the oral mucosa surface and stayed in contact during 26 sec — the time needed for 3x3x1 mm® image
acquisition. An advantage of the used MM OCT device is real-time image construction. Structural
(images in co- and cross-polarizations) and MA images are displayed on the personal computer moni-
tor in the process of scanning, facilitating image quality assessment.

Results. Two issues were taken into account for obtaining good quality, informative MM OCT im-
ages. For OCT MA images, relative stability of OCT scanning head and of the patient is critical, thus
systems of mechanical stabilization of both patients head and the probe were utilized. For acquisition
of CP OCT images suitable for comparison, the effect of probe pressure on the mucous membrane
must be considered. It was found that a change in the tissue compression impacts greatly layers con-
trast and epithelial thickness. Also, for monitoring the mucous membrane of the volunteer’s cheeks,
repeatability of structural and angiographic images was confirmed. Therefore, strict adherence to the
developed protocol of MM OCT study is recommended.

Conclusions. To optimize in vivo MM OCT study of human cheek mucosa, tissue motion and
compression should be accurately controlled. MM OCT technology can become important in clinical
studies, for example, to predict severity of mucositi in various types of antitumor therapies (chemo-,
radiotherapy) by assessing cheek mucosa reaction, as well as identification of various pathological
conditions of oral mucosa.
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Abstract. The presentation is focused on content analysis of 2D spectroscopic images of bio-tissues using
Machine Learning methods. The analysis includes evaluation of the hierarchy of informative features of initial
image and classification. The examples of this approach to malignant tumor tissues classification and other ap-
plications will be presented.

In this study, we consider the problem of content analysis of 2D spectroscopic images of human
tissues.

The experimental base includes time-domain THz spectrometer "T-Spec" (EXPLA) with tuning
range 0.3-3 THz and ability of regular position in the XY space and MPTflex Multiphoton Laser To-
mograph (JenLab) with FLIM module.

The used Data Mining methods include Canonical Correlation Analysis, Principal Component
Analysis for selection of most informative features and reduction of the dimension of initial feature
space, a number of methods of classification of the results, such as Support Vector Machine, SIMCA,
Neural Networks.

The examples of diagnostics using Data Mining analysis of 2D spectroscopic images of human tis-
sues will be presented.

We will consider the problem of diagnostics of malignant tumors biotissues in the THz range.

The second example is connected with visualization of lymphatic vessels in patients with lymphe-
dema, components of lymphatic fluid, including leukocytes (Fig. 1a) and lymphocytes (Fig. 1b).

a) b)
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Abstract. The objective of our study was quantitative evaluation of the dose-time dependences of changes
occurring in the extracellular matrix of bladder and rectum after gamma-irradiation by laser scanning micros-
copy. LSM microscopy with the detection of second-harmonic generation (SHG) signal allows evaluating radia-
tion-induced changes of normal tissues in addition to standard and special histological staining. Numerical calcu-
lation of SHG signal intensity provides additional information about the processes of collagen degradation and
subsequent remodeling.

Introduction

Radiotherapy, like all other cancer treatment modalities, not only results in beneficial effects with
regard to tumor control, but is also associated with side effects in disease-free normal tissues [1]. One
of the crucial mechanisms of the development of radiation complications is the reaction of the ex-
tracellular matrix (ECM) [2]. However, the detailed study of the dynamics of collagen damage and
remodeling has not been performed until now.

Materials and methods

Rat’s bladder and rectum were exposed in vivo using a Co external beam unit (Terabalt, UJP,
Czech Republic) in single doses equivalent to 2 Gy, 10 Gy and 40 Gy by a local field. Internal organs
samples were studied a day, a week and a month after irradiation by LSM Axiovert 510 Meta (Carl
Zeiss, Germany) with the following settings: excitation by femtosecond Ti:Sapphire laser at the wave-
length of 800 nm and frequency repetition rate of 80 MHz, registration at 362—415 nm (SHG signal of
collagen). The same material was prepared using van Gieson staining.

For numerical evaluation of the collagen state regions of interest on the images of 2D distribution
of SHG signal intensity of collagen were chosen in the submucosa. The mean signal intensity of SHG
signal and its standard deviation were calculated in ImageJ 1.39p (NIH, USA).

Results

A day after bladder irradiation in the doses of 10 Gy and 40 Gy, a decrease of mean signal intensity
was observed. After 40 Gy irradiation, the signal intensity decreased from 140.31 a.u. (intact sample)
to 0.424£0.04 a.u., after 10 Gy irradiation — to 0.52+0.12 a.u. A week after bladder irradiation,
a decrease of signal intensity after 10 Gy and 40 Gy exposure remained. A month after 10 Gy irradia-
tion, the intensity of SHG signal returned to the initial level, but not after 40 Gy irradiation. The dose
of 2 Gy did not influence the SHG signal intensity.

A day after rectum irradiation in all doses, a decrease of mean signal intensity was observed. The
maximum signal intensity decrease was from 1+0.12 a.u. (intact sample) to 0.48+0.02 a.u. after 40 Gy
irradiation. A week after 2 Gy, 10 Gy and 40 Gy exposure, the signal intensity decreased still more.
A month after rectum irradiation in the dosesof 2 Gy and 10 Gy, the tendency to return of the signal
intensity to the initial level was observed, but after 40 Gy irradiation the intensity decreased again to
0.29+£0.011 a.u.

Conclusions

Numerical calculation of SHG signal intensity provides additional information about the processes
of collagen degradation and subsequent remodeling.
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Abstract. Optical coherence elastography (OCE) is a relatively new emerging method allowing to assess
biomechanical properties of tissues in situ and in vivo in 3D. In this talk I will overview recent progress made in
the quantitative assessment of viscoelasticity of ocular and cardiac tissues.

This overview will focus on techniques and methods of dynamic optical coherence elastography
(OCE). For example, low-amplitude elastic deformations in mice and rabbit ocular tissues and mice
hearts (both ex vivo and in vivo) were measured by the OCE system consisting of a phase-sensitive
optical coherence tomography (OCT) combined with focused ultrasound (lens excitation) or air-puff
(cornea and heart muscle excitation) systems used to produce a transient force on the tissue surface.
The amplitude, temporal profile, and the speed of the deformations were used to reconstruct tissue
biomechanical properties using novel analytical models. The results of these studies demonstrate that
the OCE system can be used for noninvasive analysis and quantification of tissue biomechanical prop-
erties in 2D and 3D in normal and pathological tissues and as a function of tissue aging or therapy
(e.g. CLX procedures). At the end, I’ll introduce our recent advances in ultra-high speed imaging and
assessment of the elastic waves using several configurations such as MHz laser swept source and op-
timizing scanning/imaging methods (such line-field low-coherence holography).
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Abstract. Precise measurement of refractive index (RI) of biological materials is of great interest in many ar-
eas of biomedical science and engineering, including design and development of optical measurement instru-
ments for biology and medicine, i.e., optical tomography and biopsy. This study is focused on measuring the RI
of hemoglobin at different temperatures for visible and near infrared regions. Measurements were carried out
using the multi-wavelength Abbe refractometer (Atago, Japan). The RI specific increments for concentration and
temperature variations and coefficients for Sellmeier dispersion formula were estimated.

The measurement of optical properties of biological tissues and liquids is one of the topical prob-
lems of biophotonics. The refractive index correlates well with density, composition, and temperature
of biological materials and wavelength of the probing light [1, 2]. While the RI data of most transpar-
ent and semi-transparent materials can be found in handbooks, the RIs of biological materials are not
fully available especially for a number of important wavelengths and temperatures. The RI data pre-
sented in the literature also varies greatly across publications.

In this study, the RI of hemoglobin was measured at different temperatures for visible and near in-
frared regions. Measurements were carried out using the multi-wavelength Abbe refractometer (Atago,
Japan). Samples of hemoglobin solutions of 80, 120 and 160 g/l were investigated at the wavelengths
of 480, 486, 546, 589, 644, 656, 680, 930, 1100, 1300 and 1550 nm. The temperature was varied from
room temperature, often used in vitro studies, up to physiological and above that may appear at differ-
ent electromagnetic wave treatments, i.e., from 25 to 50 °C with the step of 1 °C.

Based on the measurements, the RI specific increments for concentration and temperature varia-
tions and coefficients for Sellmeier dispersion formula were evaluated. The specific increments of he-
moglobin RI on concentration for temperature T = 25 °C were 0.199+0.005 ml/g for A = 480 nm,
0.195+0.004 ml/g for A = 589 nm, 0.182+0.003 ml/g for A = 930 nm. The temperature dependence of
RI was analyzed for the presence of critical temperatures. For example, the temperature 41 °C was de-
termined as critical for hemoglobin solution of 120 g/l. The temperature specific increments of RI for
hemoglobin solution of 120 g/l were —1.85+0.07-10* °C™" for A = 480 nm, —1.85+0.04-10* °C™" for A =
589 nm, -1.79+0.05-10* °C”" for » = 930 nm below 41 °C, and —0.568+0.017-10" °C™" for
A =480 nm, —0.624+0.010-10" °C"" for A = 589 nm, —0.676+0.011-10" °C"" for A = 930 nm above
41°C. The coefficients for Sellmeier dispersion formula Al = 0.89731, A2 = 1.03737,
Bl = 9562.87827 nm>, B2 = 6.61725-10" nm* for 25 °C, Al = 0.89055, A2 = 1.53725,
Bl = 9705.77346 nm> B2 = 9.88751-10" nm* for 37 °C, and Al = 0.88678, A2 = 1.22253,
Bl = 9828.33162 nm 2, B2 = 7.90714-10" nm* for 50 °C were evaluated for hemoglobin solution of
120 g/l.
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Abstract. Optical nanoscopy based on the RESOLFT concept has recently been parallelized to image larger
fields of view more rapidly. This advance relies on using light patterns with arrays of intensity minima for dis-
cerning objects by switching their fluorophores between fluorescent and non-emissive states. We demonstrate
highly parallelized, multicolor RESOLFT nanoscopy in living cells at 80—100 nm resolution and discuss novel
image reconstruction algorithms that incorporate background rejection and image formation models.

Fluorescence microscopy is rapidly turning into optical nanoscopy. Among the various nanoscopy
methods, the STED (stimulated emission depletion) and RESOLFT (reversible saturable/switchable
optical linear fluorescence transitions) super-resolution family has recently been expanded to image
larger fields of view within a few seconds. STED/RESOLFT directly discerns sample features located
within subdiffraction length scales by transiently preparing their fluorescent labels in two distinct
states (fluorescence ‘on’ and ‘off”) using patterns of light featuring one or more intensity minima.

Switching of reversibly photo-switchable fluorescent proteins at low light intensities has rendered
the implementation of parallelized RESOLFT with ~100,000 simultaneous intensity minima possible
[1]. Parallelized RESOLFT demands for coaligned switching and read-out patterns of equal periodic-
ity at different wavelengths. We have split the light with a grating and recombine it in the focal plane
of the objective lens to render arrays of minima with wavelength-independent periodicity [2]. Apply-
ing up to three such periodic patterns on the switchable fluorescent proteins Dreiklang and rsCher-
ryRevl.4, we demonstrate highly parallelized, multicolor RESOLFT nanoscopy in living cells at ~80—
100 nm resolution in up to 100x100 pm? fields of view.

Parallelized RESOLFT implementations to date suffer from the blurry background stemming from
out-of-focus features, as is well-known in wide-field microscopy. We addressed this issue by novel
image reconstruction methods based on either a spatial bandpass filtering or a maximum likelihood
fitting of the acquired images [2]. This analysis features background rejection and greatly improved
the contrast of the RESOLFT images without sacrificing spatial resolution (see figure 1).

4 max

Fig. 1. Parallelized RESOLFT nanoscopy of living HeLa cells expressing proteins fused to Dreiklang.
RESOLFT image reconstructed with local pinholes [1] (b) and by incorporating an image formation model
(a, ¢). Scale bars: 5 um (a), 1 um (b, ¢). Displayed fields of view: 78x61 pum? (a), 11x11 pm? (b, ¢)
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Abstract. We study the optical properties of silicon nanoparticle suspensions and demonstrate their effi-
ciency as contrasting agents in different optical bioimaging techniques in experiment and in Monte Carlo simula-
tions. Upon administration, the silicon nanoparticles locally change biotissue optical properties thus affecting
images acquired by optical techniques.

Nowadays biocompatible nanoparticles are widely used in biomedical applications. In particular,
gold nanoparticles were earlier demonstrated as efficient contrasting agents in optical tomography
modalities [1], however, their toxicity is still a point of discussion. Recent studies demonstrated silicon
nanostructures as anon-toxic, biocompatible and biodegradable nanoparticle class [2]. A high refrac-
tive index and optical properties controlled through manufacturing technologies promise silicon
nanoparticles a great potential as contrasting agents in bioimaging problems.

In this work, silicon nanoparticle ensembles fabricated through electrochemical etching (porous
silicon) followed by picosecond laser ablation (1064 nm, 34 ps, 10 mJ, 10 Hz) in water were studied.
Nanoparticles size varied in the range between 30 and 300 nm in accordance with scanning electron
microscopy and dynamic light scattering data. The optical properties of nanoparticle suspensions in
the range of 400-1100 nm were reconstructed from spectrophotometry measurements employing an
analytical model [3]. The scattering coefficient varied in the 0.09-0.14 mm ' range. The absorption
coefficient slightly declined from 0.22 mm " to 0.001 mm ' with wavelength increase.

The potential of silicon nanoparticles for contrasting structural elements in bioimaging applications
was studied in ex vivo experiment on controlling optical properties of murine biotissues with nanopar-
ticle administration. The experiments were performed with brain and hind limb muscle tissue samples
extracted from 4 laboratory mice and subsequently homogenized. Two samples were prepared for each
tissue types: i) composition of homogenized tissue and phosphate buffered saline; ii) composition of
homogenized tissue and silicon nanoparticle suspensions. The ratio of concentrations was considered
to be 1:1 for both samples. Comparison of scattering coefficient spectra demonstrated the increase in
their values on the average by 30% for both tissue samples in the presence of silicon nanoparticles.
The increase in absorption coefficient amounted to 30% for brain tissue and 5% for muscle tissue.
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Abstract. We report on Monte Carlo study of the probing volume in diffuse optical spectroscopy and its
modification employing structured illumination. Different configurations of probing illumination including col-
limated point source, one-dimension sinusoidal and rectangular patterns with various spatial characteristics are
considered. Simulation has been performed for a turbid medium with optical properties corresponding to cutane-
ous tissues at 600 nm and their variations in the range of £60%.

Diffuse optical spectroscopy (DOS) is a widely used technique in biotissue monitoring. However,
for its efficient applications it is important to know the exact probing volume that cannot be measured
experimentally. The Monte Carlo technique implying modeling of a large number of random photon
trajectories in turbid media with following statistical processing of the results, allows simulating flu-
ence distribution generated by probing illumination and at the same time analyzing an individual pho-
ton trajectory. Tracing of maximal depth reached in a turbid medium (photon probing depth) provides
information about probing volume.

Employment of structured illumination is a recent DOS modification based on projection of the il-
lumination pattern on the studied object surface and registration of backward scattering signal. The
advantage of the technique consists in controlling probing volume through variation of spatial charac-
teristics of illumination patterns.

In this work we performed a series of Monte Carlo numerical experiments on illumination of a
biotissue sample by sources with different spatial configuration, including a point source and one-
dimensional modulated illumination pattern, and studied the dependence of probing depth on source
geometry, source-detector separation (SR), and tissue optical properties.

Materials and methods

Simulation was performed for a uniform slab sized 10x10 mm in transversal directions and 5 mm
in-depth with optical properties corresponding to human skin at the wavelength of 600 nm and their
variation in the range of £60%. The refractive index was set to 1.4. Monte Carlo simulations were per-
formed for a collimated point source located at the medium surface. To model structured illumination,
the results obtained for point-source illumination were convolved with the distribution functions of
probing patterns. In this study we considered two pattern types: one-dimensional sinusoidal patterns
with spatial frequency in the range of 0.3-2.5 mm ' and one-dimensional rectangular patterns with 0.1
mm stripe width and duty cycles varying in the 0.03—0.25 range.

A custom developed MATLAB-based implementation of Monte Carlo algorithm was employed
simultaneously processing 10’ photon trajectories with recording of the maximal depth reached in the
medium by each photon. As a result of Monte Carlo simulation, photon distribution maps over maxi-
mum were derived for different source configurations and tissue optical properties.

Results and discussion

For a collimated point source, the photon fraction diffusively reflected from the medium decreases
with probing depth for SR = 0 and has maximum at a definite depth for SR different from zero. The
position of this maximum shifts to higher probing depths with p, decrease.

For structured illumination, the photon distributions over probing depth have different trends for
detector location corresponding to the centers of bright and dark stripes of the probing pattern. The
distribution peak remains close to the surface for the bright stripe center and, on the contrary, shifts
towards higher depths for the dark stripe center with decreasing spatial frequency and duty cycle of the
considered sinusoidal and rectangular patterns, respectively. The distributions demonstrate stronger
dependence on spatial configuration in case of rectangular patterns.
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Abstract.We investigate how the spin-orbit interaction leads to the mutual influence of the polarization and
the trajectories of twisted photons (or vector beams) propagating in turbid tissue-like scattering media, and how
sensitive are the vector light beams to subtle alterations in biological tissue morphology. An overall aim of the
study is to explore the potential applicability of vector light beams for non-invasive tissue diagnosis (optical bi-
opsy) and provide the proof of concept by developing the operating prototype of the instrument for the character-
ization of complex scattering anisotropic and/or chiral media with vector light beams.

Polarization is the fundamental property of light that has been attracting great attention in various
practical applications from space to modern biology and medicine. When the polarized light interacts
with the matter its state of polarization is changed. The state of polarization of linearly, elliptically or
circularly polarized light (“simple” light) has long been used to characterize material surfaces, thin
films and transparent media. In fact, the structure of light can be more “complex”, i.e. the light beams
can be radially or azimuthally polarized and carry orbital angular momentum. The light with orbital
momentum, Laguerre-Gaussian (LG) beams, plays an emerging role in both classical and quantum
science, and offers fascinating opportunities for exploring new fundamental ideas, as well as for being
used as a tool for practical applications.

We investigate (i) how the spin-orbit interaction leads to the mutual influence of the polarization
and the trajectories of twisted photons propagating in turbid tissue-like scattering media, and (ii) how
sensitive are the vector light beams to subtle alterations in the scattering medium. Thus, an overall aim
is to investigate the potential applicability of LG laser beams for non- invasive tissue diagnosis (opti-
cal biopsy).

The results of propagation of LG laser beams in the scattering medium obtained by using specially
developed Monte Carlo model are presented in comparison with the results of experimental studies

(Fig. 1).

Fig. 1. (2) Schematic presentation of the experimen-
tal system used to the studies of LG beams propaga-
tion through the turbid tissue-like scattering medi-
um. (b) The results of Monte Carlo modeling of LG
beam (1 = +3, o = —1) transmitted through the scat-
tering medium (g = 0.9, us = 100 mm ™). (¢) The
experimental results of LG10 propagation through
scattering medium.
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Abstract. Acoustic resolution photoacoustic microscopy (AR-PAM) is a raster-scan imaging technique
based on focused ultrasonic detection of wideband optoacoustic (OA) transients thermoelastically induced by
nanosecond laser pulses in light-absorbing tissue chromophores. However, a spatial low-pass filter provided by
frequency-dependent ultrasonic attenuation of the tissue limits the effective bandwidth of the detected OA pulses
reducing spatial resolution. Our poster presentation will be devoted to one-dimensional Tikhonov deconvolution
filtration allowing 2-fold improvement in spatial resolution for both phantom and in vivo objects.

Acoustical-resolution photoacoustic microscopy (AR-PAM) is a raster-scan imaging technique
based on focused ultrasonic detection of wideband optoacoustic (OA) transients thermoelastically in-
duced by nanosecond laser pulses in light-absorbing tissue chromophores. For the given numerical
aperture (NA) of a spherically focused ultrasonic detector, theoretical spatial resolution of AR-PAM
technique is determined by the detector bandwidth Af. However, frequency-dependent ultrasonic at-
tenuation acts like a low-pass filter for a broad spectrum of OA pulses Af ~ 100 MHz provided by the
smallest blood vessels. As a result, the capillaries can be hardly resolved at raw AR-PAM angiography
images [1].

To recover ultra-wideband spectral content of OA transients and therefore improve the spatial reso-
lution, one needs to use post-acquisition software algorithms.This manuscript is devoted to the Tik-
honov L-2 norm regularized matrix inversion method, which demonstrated better performance for OA
imaging as compared to Fourier division technique and the Wiener deconvolution filtration [2].We
applied Tikhonov deconvolution filtration to raw A-scans acquired by AR-PAM system [1] based on
spherically focused polyvinylidene fluoride detector (Af'=30 MHz, NA = 0.5 corresponding to lateral
resolution LR ~ 50 pm and axial resolution AR ~38 pum).To optimize two parameters of Tikhonov
deconvolution filter (regularization parameter § and the rank of convolution matrix L),we introduced
contrast enhancement parameter (CEP) for AR-PAM B-scan of the wire phantom:

CEP(B, L) = SOA(x", 2 )/S[OA(x "+ LR/3, z + AR/2))/SDN(z )], (1)

with x" and z" — lateral and axial coordinates of local maxima at OA B-scan corresponding to different
wires and SDN — standard deviation of noise. After applying the optimized deconvolution filter corre-
sponding to maximum of CEP (L =4, = 0.3) the signal-to-noise ratio (SNR) of OA signals at wire
positions did not change significantly, while ~2-fold improvement in spatial resolution was achieved.
The effect of AR-PAM image enhancement by means of the optimized deconvolution filter was also
tested for a raw AR-PAM image of rabbit ear in vivo. After Tikhnonov deconvolution filtration,
smaller blood vessels corresponding to higher acoustic frequencies could be visualized.
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Abstract. Photoacoustic imaging with a scanning, focused detector yields images with high resolution and
signal to noise ratio. However, there is a trade-off between the lateral resolution and the depth of field, similar to
optical microscopy techniques. Several methods to overcome this trade-off are presented, including reconstruc-
tion of out-of-focus structures from scanning data and hardware solutions, where the focusing element has an
extended focal region. The latter include annular arrays of flat or inclined piezoelectric elements.

Photoacoustic (or optoacoustic) imaging reveals structures with optical absorption contrast in
strongly scattering biological tissue. Several ways to reconstruct the distribution of absorbed optical
energy from the recorded photoacoustic signals are known, such as tomographic algorithms that em-
ploy large datasets recorded at multiple detector positions in an ultrasound array. A less complex but
very sensitive approach is the scanning of a single, focused sensor across the tissue surface. Particu-
larly in an acoustic resolution mode, where the lateral resolution is given by the acoustic focusing,
there exists the known trade-off between resolution and depth of field: If a large numerical aperture
lens is used, high resolution in the focus can be achieved but structures located outside the focus will
quickly become blurred. On the other hand, large depth of field can be achieved at the expense of lat-
eral resolution. In this work, several approaches to address this trade-off will be discussed, involving
both reconstruction (software) and special focusing (hardware) techniques.

Since the axial resolution is given by the temporal resolution of the sensor, it is decoupled from the
lateral resolution. Moreover, structures lying before or behind the focus can be discriminated via the
time of flight of the corresponding acoustic signals. This allows the application of reconstruction
methods for recovering structures lying out of focus with improved lateral resolution [1, 2]. The full
lateral resolution given by the numerical aperture of the acoustic lens can be achieved, but only if the
sensor is scanned a distance that is larger than the size of the resolved structure.

Hardware solutions, which are the main focus of this study, use special detectors that have the pos-
sibility to focus to an extended depth range without suffering a degrading of the lateral resolution and
without requiring extended scanning. We have investigated conical sensors that work like optical axi-
con lenses and have an extended acoustic focus with a range given by the geometry of the sensor [3].
Since such detectors tend to create strong, “X”-shaped artifacts, a more flexible approach uses an an-
nular array detector [4]. Signals recorded at several flat rings can be combined to achieve dynamic
focusing into an extended depth of field. However, the outer rings in such an array receive waves at
a relatively large angle of incidence, limiting their sensitivity. Therefore, in a modified annular array
sensor, the ring elements are inclined towards the symmetry axis to achieve good sensitivity and high
resolution at the same time.
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Abstract. Spectral approach in optoacoustic (OA) imaging allows simultaneous mapping of the structure and
oxygenation status of the vasculature, which makes this approach well suited for different biomedical applica-
tions. We report on the novel OA system operating at the wavelengths of 658 and 1069 nm, which enabled in
vivo blood oxygen saturation mapping in rabbit ear at depths up to 1.5 mm.

Multispectral optoacoustic (OA) measurements in addition to structural imaging allow obtaining
important functional information about inspected biological tissue, such as blood oxygen saturation.
The ability to map the structure and oxygenation status of the vasculature makes OA imaging well
suited for different biomedical applications. Oxygen saturation of hemoglobin in biological tissues is
critical in assessment of tumor response to treatment, including chemotherapy, monitoring of brain
hemodynamics, wound healing and other processes characterized by local alterations in tissue oxy-
genation.

Since oxygenated and deoxygenated hemoglobin have different absorption spectra, blood oxygen
saturation can be extracted from OA measurements at two wavelengths with high accuracy and high
spatial resolution. However, quantitative OA measurements of optical absorption face significant chal-
lenges [1]. The OA signal from an elementary volume will depends both on local absorption spectrum
of this volume and on local spectral distribution of optical probing radiation fluence, which depends
on local absorption and scattering. Therefore, for precise multispectral OA measurements of blood
oxygen saturation both spatial and spectral dependencies of the optical fluence in the tissue should be
taken into account.

The goal of this study was to evaluate the capabilities of in vivo OA measurements of oxygen satu-
ration of hemoglobin (StO,) at previously determined optimal wavelengths of 658 nm and
1069 nm [2], taking into account fluence distribution in the tissue.

In vivo estimations of blood oxygen saturation distribution were performed in an ear of a rabbit,
fixed and anesthetized with an intramuscular injection of Zoletil 100 (15 mg/kg) and with Rometar
(5 mg/kg). All in vivo experiments were conducted using OA system [3], providing confocal laser il-
lumination and ultrasonic detection. A three-dimensional OA image of vasculature map was obtained
at the wavelength of 532 nm by mechanical scanning with 25 um step in the X and Y axis direction
(corresponding to the range of scanning 10 mm by 10 mm). Further, 10 B-scans corresponding to
scanning along the X axis for different Y positions with step 1 mm at the wavelengths of 658 nm and
1069 nm were recorded. Afterwards, blood oxygen saturation maps were reconstructed based both on
the recorded OA data and the results of Monte Carlo simulations of axial fluence distribution at two
wavelengths for ring-shaped geometry of the OA illumination system and optical properties typical for
biological tissues. The obtained saturation maps in different cross-sections featured arteries and veins
in rabbit ear that were consistent with the physiological structure of ear vasculature.
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Abstract. We report on combined application of the synthetic aperture focusing technique approach and flu-
ence compensation in acoustic resolution photoacoustic microscopy. Both software post-acquisition procedures
are performed in full-3D allowing significant enhancement of resultant image quality.

Optoacoustic (OA) imaging is based on wideband detection of ultrasonic waves generated in the stud-
ied biological tissue by chromophores absorbing optical nanosecond-pulsed radiation. One of the sim-
plest hardware implementations of 3D OA imaging is acoustic resolution photoacoustic microscopy
(AR-PAM) based on raster-scanning of an investigated object by a spherically focused ultrasonic detec-
tor with target bandwidth and numerical aperture defining the spatial resolution [1]. The drawback in
using focused ultrasonic transducers with high numerical aperture is limited depth of the focus. To im-
prove resolution of 3D AR-PAM imaging, the studied sample is often scanned in additional focal planes
[2], although software post-acquisition algorithms of acoustic inversion [3] are also very effective.

The synthetic aperture focusing technique (SAFT) based on the simple virtual-point-detector
(VPD) concept [1] was proposed to improve the lateral resolution outside the focus by means of axial
resolution of AR-PAM modality. Nevertheless, application of the original 2D SAFT technique [1] to
3D AR-PAM data set comes at a cost of artifacts provided by the signals along the third, unaccounted
for dimension. Although quasi-3D implementations of 2D SAFT technique in two perpendicular direc-
tions [4] further improve lateral spatial resolution of AR-PAM images, 3D directionality of spherically
focused detector can only be accounted for within accurate full-3D implementation of the SAFT tech-
nique, which has been done in [5].

Another limitation of AR-PAM 3D imaging is a rapid in-depth attenuation of probing laser radia-
tion due to strong scattering and absorption in biological tissues, which limits the diagnostics depth. In
order to cope with this limitation, the compensation of fluence distribution is needed. The optical illu-
mination system of AR-PAM usually employs conical laser-beam geometry aiming at confocal prob-
ing. Accurate calculation of fluence distribution with a sample produced by such beams can hardly be
achieved by analytical techniques, especially, if the sample is optically inhomogeneous. In this situa-
tion, Monte Carlo simulation of light transport accounting for complex geometry of laser illumination
seems to be an optimal tool.

In this paper we report on the novel approach combining the three-dimensional synthetic aperture
focusing technique with three-dimensional fluence compensation based on Monte Carlo simulation.
Monte Carlo code previously customized for accounting for the exact geometry of the probing beam is
employed to produce 3D distribution of optical fluence within a ample for optical properties typical
for the tissue under study [6]. Three-dimensional raw AR-PAM data is compensated for the produced
fluence map at the first stage of processing prior to the SAFT procedure. At the second stage, the
SAFT procedure is performed in full-3D [5] unlike the initially proposed approaches [1, 4].

AR-PAM with combined SAFT and fluence compensation techniques was employed for both
phantom objects and in vivo imaging demonstrating significant enhancement of image quality.
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Abstract. Several optical techniques were used to make a complex study of various parameters related to the
fundamental properties of erythrocytes, aggregation and deformation, by means of imaging and measurement.
Diffuse light scattering, laser diffractometry, and dual- and multiple channel laser tweezers were applied in the
experiments in vitro. Computerized capillaroscopy and laser two-photon lifetime imaging microscopy were used
for imaging the structure of the terminal capillaries and papillary dermis in the fingernail bed and the inner fore-
arm area in vivo.

The ability of the erythrocytes to perform their functions is mostly due to their two intrinsic proper-
ties: reversible erythrocyte aggregation (EA) and erythrocyte deformability (ED). The former one op-
timizes the interaction of the moving cells with the walls in the vessels of various sizes, while the lat-
ter one enables the erythrocytes to squeeze through the terminal capillaries, given that the diameters of
the capillaries are smaller than those of the cells in some parts of the body. The dynamic processes of
EA and ED are tightly connected with the structural changes of the cells and the terminal capillaries.
Both EA and ED were given a lot of attention especially during the last several decades. Many tech-
niques were designed and applied to assess the mechanisms of EA and ED and their dependences on
blood content and changes at various diseases. The same is true in relation to the terminal vessels and
the surrounding tissues where the gas and liquid exchange with blood takes place. However many im-
portant issues are still to be studied.

In this work, we combined several optical techniques to perform a complex study of various pa-
rameters related to EA and ED by means of imaging and measurement. We used: 1) diffuse light scat-
tering; 2) laser diffractometry; 3) dual- and multiple channel laser tweezers, also combined with mi-
crofluidics,. The above mentioned imaging and measurement experiments were performed in vitro.
Also we used: 4) computerized capillaroscopy and 5) laser fluorescence lifetime imaging microscopy
(FLIM) for imaging the terminal capillaries and papillary dermis in the fingernail bed and the inner
forearm area in vivo.

Imaging of a pair of individual erythrocytes trapped by laser tweezers in the process of their inter-
action allowed us to measure the range of the interaction forces in dependence of their interaction sur-
face area, velocity of relative movement and the proteins content in the suspending medium. We
showed that the aggregating and disaggregating forces are significantly different from each other. The
studies of the cells interaction kinetics in model solutions revealed a significant importance of the syn-
ergy of the contributions of different proteins or other blood components, especially for initiating the
spontaneous aggregation. The diffraction imaging of erythrocyte suspensions at different shear stresses
allowed to quantitatively estimate the first several moments of the erythrocyte deformability distribu-
tions characteristic of various diseases. Using FLIM of endogenous compounds allowed us to assess
the molecular structure of internal and external regions of skin capillaries. It was shown that the capil-
laries are characterized by a fast fluorescence decay, which is originated from the blood cells and
blood plasma. Using the SHG signal, FLIM segmentation was performed, which provided for spatial
localization and fluorescence decay parameters distribution of collagen I and elastin in the dermal pa-
pillae. It was demonstrated that the lifetime distribution was different for the inner area of dermal pa-
pillae around the capillary loop that was suggested to be due to collagen III.
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Abstract. A method for determining and correcting distortions in SD OCT images caused by medium disper-
sion was developed. The method is based on analysing the phase distribution of the interference signal recorded
by an OCT device using the iteration approach to find and compensate the influence of medium chromatic dis-
persion on PSF broadening in OCT. This allows compensating the impact of medium dispersion to an accuracy
of tens of fractions of radian (units of percent) avoiding additional measurements and solution of the optimiza-
tion problem. The robustness of the method was demonstrated experimentally on model and biological objects.

The proposed method operates with a number of separate fragments of an OCT image assuming
that the impact of medium dispersion is similar for a large number of scatterers in a highlighted area of
the image. The method is realized iterationally, each iteration consisting of two stages.

At the first stage a number of depth-localized complex-valued optical frequency combs are gener-
ated. At the first iteration, an inverse Fourier transformation is performed for each complex-valued
optical frequency comb F(k, x) from the set corresponding to an OCT B-scan yielding a complex-
valued image O(z, x). The next step is to automatically select a number of A-scans containing strong
local maxima in a certain range of depth z. Each selected A-scan is multiplied by a window function
centered at the A-scan maximum. The truncated A-scans are used to reconstruct localized spectra in a
quasi-harmonic representation.

At the second stage the dispersion-induced image distortions are found and eliminated. As the first
step, gradients of the argument of the localized spectra are obtained. The dispersion caused deposit
should be equal for every localized spectrum, so averaging of all obtained spectral gradients excluding
their constant part gives the value of dispersion gradient. After integration of the result, the approxi-
mated dispersion part is obtained and further used to reconstruct the improved complex-valued image.

The proposed method has
been verified using the com-
mon-path spectral-domain OCT
setup based on a light source
with 980 nm central wavelength
and about 200 nm bandwidth
(Superlum diodes Ltd). The dis-
persion-induced distortion re-

Fig. 1. The image improvement provided by the proposed method: the ~ Sults in dramatic broadening of

initial image (left) and the restored image (right) of the volunteer eye PSF, and some layers (including

obtained in ultrabroadband SD OCT setup the inner/outer segment junction

layer) are not visible in the left

image. The use of the proposed method results in appreciable decrease of the PSF width (the right im-
age) and appearance of layers that were indistinguishable before.
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Abstract. We have studied feasibility of multimodal OCT (MM OCT) that combines cross-polarization im-
aging and elastographic stiffness mapping to assess spatial structural organization and heterogeneity of breast
cancer (morphological and immuno-histochemical) in the tumor center in comparison with normal mammary
gland tissue.

Introduction. Breast cancer is the most widespread type of cancer among women all over the
world. Complexity of breast cancer is related to the fact that this carcinoma has a broad variability of
morphological features. Several morphological types and subtypes of breast cancer such as ductal (in-
filtrating, non-infiltrating), lobular (infiltrating, non-infiltrating), colloidal, and medullary carcinomas
are known [1]. Promising results of using a high-speed polarization-sensitive OCT system for ex vivo
visualization of human mammary glands was demonstrated in [2]. Mechanical properties of tissues are
known to be related to their function and structure that can be changed due to pathology development,
as well as in the course of treatment. Application of OCT-based elastography for characterization of
tissue mechanical properties was demonstrated in vivo [3] and proposed for soft tissues tumor visuali-
zation, including breast-cancer margin detection [4, 5].

Materials and Methods. The research was carried out using human breast tissue mastectomy sur-
gical samples including different histological types of breast cancer: invasive lobular and ductal carci-
noma, fibroadenoma, and normal tissue. All samples were imaged within 2 hours after surgical exci-
sion. In this study we used a common path spectral domain MM OCT system with a central wave-
length of 1310 nm and spectral width of 100 nm, resulting in axial resolution of 15 um, scanning
depth of 1.7 mm, scanning speed of 20 000 A-scans per second. The system was capable of cross-
polarization visualization [6] of connective tissue component, as well as compressional phase-sensitive
OCT-elastography [7, 8] was used to visualize inter-frame strains in the tissue. For quantification of
the tissue Young's modulus, a reference silicon layer with preliminary calibrated stiffness was used.

Results. MM OCT is capable of seeing the difference between microstructure or elastic properties
of lobular and ductal breast cancer, fibroadenoma and normal tissue. The obtained results were com-
pared with morphological data and immuno-histochemical status of patients. The lesions showed
structural features, as well as increased stiffness typical of tumor tissue. In the case of invasive ductal
carcinoma, the CP OCT image shows a more heterogeneous high level of OCT signal and higher stiff-
ness in comparison with lobular breast cancer or fibroadenoma. These results indicate that assessing
microstuctures and elasticity changes yields complementary information about the microstructural fea-
tures of breast cancer, which is important for selection of treatment tactics.
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STRUCTURAL ILLUMINATING MICROSCOPY
AND FLUORESCENT MARKERS IN THE IMAGING
OF LASER-INDUCED MODIFICATION OF CARTILAGE
AND SCLERA STRUCTURE
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Abstract. Recent results in laser modification of pore system structure of the tissues toward development of
new methods for healing of osteoarthritis and glaucoma are presented. The effect of 1.56 mem laser radiation on
porcine articular cartilage and eye sclera was studied using atomic force microscopy and super resolution struc-
tured irradiation microscopy with fluorescent markers. The stabilization of laser-assisted gas and pore systems in
the tissues can explain the long lasting healing effect in laser reconstruction of spine discs and in laser creation
the uveoscleral pathway for aqueous in glaucomatous eyes.

The paper presents recent results in laser modification of pore system structure of the tissues to-
ward development new methods for healing of osteoarthritis and glaucoma. Laser-induced pores play
important role in the process of cartilage regeneration [1]. Pores in eye sclera can be crucial for nor-
malization of intraocular pressure. Effect of 1.56 mcm laser radiation on porcine articular cartilage and
eye sclera was studied using atomic force microscopy and super resolution structured irradiation mi-
croscopy with fluorescent markers. It is shown that in cartilage the pores and gas bubbles arise pre-
dominately near chondrocytes that promotes nutrition and signaling molecules transfer that activates
regeneration of cartilage. The images demonstrated that laser-generated gas nanobubbles coated with
calcium ions stabilize the pores in sclera. The stabilization of laser-assisted gas and pore systems in
the tissues can explain the long lasting healing effect in laser reconstruction of spine discs and in laser
creation the uveoscleral pathway for aqueous in glaucomatous eyes.

Acknowledgements

The work was supposed by Russian Science Foundation, grant16-15-10274 and Russian Founda-
tion for Basic Research, grant 15-29-04810.

References
1. O.Baum, S. Wachsmann-Hogiu, T. Milner, and E. Sobol, Laser Physics Letters, 2017, 14(6), 065601.

61



Invited
TOWARDS SYNAPTOMICS

P.T.C. So"***, Y. Xue'?, K. Barry®, C.J. Rowlands™, Y. Takiguchi®, and E. Nedivi®’

" Department of Mechanical Engineering, MIT, Cambridge, USA, ptso@mit.edu
? Department of Biological Engineering, MIT, Cambridge, USA
3 Laser Biomedical Research Center, MIT, Cambridge, USA
* BioSym, Singapore-MIT Alliance Research and Technology Ctr., Singapore, Singapore
> Department of Brain and Cognitive Science, MIT, Cambridge, USA
® Hamamatsu Photonics, Hamamatsu, J apan
" Picower Institute, MIT, Cambridge, USA

Abstract. Synaptomics: we seek to study how a single neuron in the brain integrates, processes, and re-
sponses to all tis inputs. Toward this goal, we are developing a novel multiphoton holographic microscope that is
capable of monitoring up to hundreds of locations simultaneously in living brain offering functional studies with
unprecedented signal to noise ratio.

It is important to understand how neurons receive and integrate synaptic signals. A single neuron
has approximately ten thousand excitatory synapses; monitoring signal initiation and propagation re-
quire near simultaneous imaging of all these synaptic locations sites and other strategic locations along
the dendrite. We demonstrate the selective access multifoci multiphoton microscopy, which improves
imaging speed and signal-to-noise ratio. A spatial light modulator is used to generate multifoci excita-
tion in 3D. More importantly, a Gaussian-Laguerre phase plate is used to detect fluorescence from
these spots simultaneously throughout the volume. We illustrate the performance of this system by
recording calcium dynamics of cultured neurons simultaneous at 10Hz from 149 planer locations dis-
tributed across the field of view (Fig. 1). Simultaneously excitation and detection at multiple locations
in 3D is also demonstrated. This “3D imaging in a single shot” strategy allows strictly synchronized
dynamic recording, which is used for accurate determination of signal propagation speed across differ-
ent dendrites.
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Fig. 1. The comparison of Gaussian spots and Gaussian-Laguerre (GL) spots for 3D simultaneously
excitation and detection of neuronal calcium signals and the 3D reconstruction of a GL encoded image
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IMAGE ENHANCEMENT IN ACOUSTIC RESOLUTION
PHOTOACOUSTIC MICROSCOPY
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Abstract. Acoustic resolution photoacoustic microscopy (or raster-scan optoacoustic mesoscopy) is based on
mechanical scanning of a sample with a focused ultrasonic detector tuned to optimal frequency and geometry
defining the system spatial resolution. However, practical realization of an efficient AR-PAM system faces sev-
eral challenges related to the limited depth of focus, frequency-dependent ultrasonic attenuation, and inhomoge-
neous spatial distribution of optical fluence within sample. In this presentation we review the experience of our
group in AR-PAM image enhancement by means of Fourier reconstruction, Tikhonov deconvolution filtration,
and optical fluence compensation based on Monte Carlo simulations.

Acoustical-resolution photoacoustic microscopy (AR-PAM) is a raster-scan imaging technique
based on focused ultrasonic detection of wideband optoacoustic (OA) transients thermoelastically in-
duced by nanosecond laser pulses in light-absorbing tissue chromophores. The most cost-effective
modality for in vivo AR-PAM imaging is OA angiography with commercially available source at opti-
cal wavelength of 532 nm, which lies within the absorption band of hemoglobin. For the given pa-
rameters of optical excitation, theoretical lateral and axial resolutions of AR-PAM angiography are
determined by the numerical aperture NA and the bandwidth Af of the focused ultrasonic detector.
However, along with the development of ultrasonic detector with optimal frequency and geometry,
practical realization of an efficient AR-PAM system faces additional challenges.

The first problem is the trade-off between the lateral resolution (LR) and the depth of focus (DOF),
which are both dependent on the detector’s numerical aperture (NA). For example, a spherically fo-
cused ultrasonic detector with NA ~1 corresponds to low DOF/LRratio ~3. As a result, raw AR-PAM
angiography images cannot provide high lateral resolution for the out-of-focus region. To improve the
spatial resolution above and below the position of focus of high-NA detector one can use the virtual-
detector concept [1] along with some synthetic-aperture focusing technique, such as Fourier recon-
struction [2].

The second problem is frequency dependent ultrasonic attenuation that acts like a low-pass filter
for a broad spectrum of OA pulses Af' ~100 MHz provided by the smallest blood vessels, the capillar-
ies. As a result, the capillary bed fine structure can be hardly resolved in raw AR-PAM angiography
images. To maintain ultra-wideband spectral content one can use additional post-acquisition algo-
rithms, for example, Tikhonov deconvolution filtration [3].

Another challenge of AR-PAM angiography is an effective optical attenuation coefficient
e~ 1 mm™" typical for biological tissues at 532 nm wavelength. Without fluence compensation, raw
AR-PAM images are usually characterized by low OA contrast of blood vessels located at the milli-
meter diagnostic depths. To estimate effective in-depth fluence profiles for AR-PAM systems with
dark-field optical illumination, we use Monte Carlo simulation of light transport accounting for com-
plex geometry of laser illumination and acoustic detection [4].

In my talk I will review the experience of our group in AR-PAM image enhancement by means of
practical implementation of all these highlighted approaches [1-4].
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Abstract. Optical immersion clearing/contrasting technology is aimed to enhance imaging of living tissues
and cells. The method explores controllable and reversible modification of tissue/cell properties by their impreg-
nation with a biocompatible clearing/contrasting agent (CCA). The multimodal diagnostic medical technologies
with the targeting by a unified CCA (THz/optical, x-ray/optical, MRT/optical) is discussed. Water transport and
modification of tissue mechanical properties under CCA action is analyzed. The enhancement of probing depth
and image contrast for human and animal tissues is demonstrated using diffuse spectroscopy, OCT, photoacous-
tic, linear and nonlinear fluorescence, SHG and Raman microscopies, polarization and speckle imaging.

Optical immersion clearing/contrasting technology aiming at enhancement of living tissue and cell
imaging using different diagnostic modalities working in a broad range of the wavelengths from x-ray
to terahertz is presented. The method is based on controllable and reversible modification of tissue or
cell properties by their impregnation with a biocompatible clearing/contrasting agent (CCA). The mul-
timodal diagnostic medical technologies with the targeting by a unified CCA (THz/optical,
x-ray/optical, MRT/optical) are proposed and discussed. Water transport and modification of tissue
mechanical properties under CCA action such as reversible dehydration and shrinkage, balance of free
and bound water is analyzed. The enhancement of probing depth and image contrast for different hu-
man and animal tissues is demonstrated using diffuse spectroscopy, OCT, photoacoustic microscopy,
linear and nonlinear fluorescence, SHG and Raman microscopies, polarization and speckle imaging.

Perspectives of application of immersion optical clearing method to improve cell imaging mediated
by plasmonic nanoparticles and to detect weak luminescence from upconversion nanoparticles deeply
inserted into living tissue and Cherenkov’s fluorescence excited by free electrons or protons in tissue
depth are discussed.

Experimental data on diffusivity and permeability of glucose, glycerol, PEG, OmnipaqueTM (x-ray
contrast) and other CCAs applied to normal and pathological tissues are presented.
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FUNCTIONAL OPTICAL COHERENCE TOMOGRAPHY:
PRECLINICAL AND CLINICAL UPDATES
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Functional monitoring of treatment response could enable patient-specific treatment adjustments
thereby improving therapy effectiveness. In this Nizhny Novgorod + Toronto collaboration, optical
coherence tomography (OCT) is being extended to include structural, polarization-sensitive, an-
giographic, and elastographic regimes. The ability of these complimentary information channels to
detect treatment-induced changes is investigated in normal and tumour-bearing small animals (mice,
hamsters) undergoing chemo-, radio-, and photodynamic therapies. Representative project results,
including initial human studies, will be highlighted in this presentation. The multimodal OCT tech-
nologies and treatment response metrics thus developed may help usher in the era of “personalized
cancer treatments” of the 21st century.
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Abstract. The study objective was the evaluation of tissue distribution of boron-containing chlorin e6 deriva-
tive by detecting the fluorescence signal intensity in tumor and normal tissues ex vivo, and developing a descrip-
tive mathematical model for the accumulation and excretion of boron based on experimental data. The study was
performed on 20 tumor-bearing Balb/c mice. The solution of preparation was injected into a tail vein in a dose of
10 mg/kg of body weight. Animals were euthanized 1, 3, 6 and 24 hours after injection. Ex vivo microscopic
fluorescent imaging of tumor, liver and muscle was performed. Analysis of the content of boron in blood, tumor,
liver and muscle was performed by inductively coupled plasma mass spectrometry. A strong positive correlation
between the fluorescence value and the content of boron in tissues was shown.

An obligatory condition of the efficiency of boron-neutron capture therapy (BNCT) is the control
of the '°B isotope content in tumor and normal tissues. Since B is not a radioactive isotope and can-
not serve as a label for quantitative analysis, an important aspect of BNCT is the development of
methods for studying the biodistribution of boron-containing compounds in the patient's body [1]. In
case of fluorescent boron-containing compounds, this property can be used to quantify the content of
boron in biological tissues. A new promising class of compounds for BNCT are boron-containing por-
phyrin derivatives [2]. Recent in vivo studies have demonstrated their increased accumulation in the
tumor compared to normal tissues [3]. The question is to what extent the fluorescence level of the con-
jugate correctly reflects the boron content in the tissues.

The study objective was the evaluation of boron-containing chlorin e6 derivative distribution by
detecting the fluorescence signal intensity of the compound in tumor and normal tissues ex vivo, and
developing a descriptive mathematical model for boron accumulation and excretion.

The study was performed on 20 tumor-bearing (mice colon carcinoma CT-26) Balb/c mice. The so-
lution of boron containing chlorine es conjugate was injected into a tail vein in a dose of 10 mg/kg of
body weight. Animals were euthanized 1, 3, 6 and 24 hours after injection. Imaging of tumor, liver and
muscle was carried out by AxioObserver Z1 LSM 710 DUO RP NLO system (Carl Zeiss, Germany).
For microscopic imaging, excitation was implemented at 633 nm and emission of chlorin es derivate
was registered at 653—730 nm. The average fluorescence signal intensity was calculated in the regions
of interest (ROI) of each image of the examined tumor samples and normal tissues.

Analysis of boron content in blood, tumor, liver and muscle was performed by inductively coupled
plasma mass spectrometry (Ltd «Micronutrients», Moscow). The correlation between the fluorescence
intensity signal and boron content was studied by Spearmen’s method. To analyze the dynamics of the
boron compound, a simple multi-compartment model [4] was used, in which blood and the organs
(liver, muscles, tumor) were considered as different chambers.

The study demonstrated a strong positive correlation ( > 0.9, p < 0.01) between the fluorescent
signal intensity and boron content in the tissues. The comparison of the experimental data (fluores-
cence signal intensity) and the results obtained by solving the mathematical model demonstrated a
high level of compliance with experimental data, which is confirmed by the high value of the coeffi-
cient of determination (R*> 0.91), and means that the model adequately describes the kinetics of the
redistribution of the borated compound between the organs and tissues studied.
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Abstract. The quantitative assessment of system performances based on tissue-like phantoms plays an im-
portant role in the validation and quality assurance of diffuse optics instrumentation for clinical diagnostics and
monitoring. Several dedicated protocols and guidelines have been developed and applied for performance com-
parison of instrumentation in multilaboratory efforts, in particular the nEUROPt protocol. Two sets of tests will
be discussed in detail, (1) the quantification of the responsivity of the detection system in diffuse optics, (2) the
assessment of sensitivity, spatial resolution and quantification of localized absorption changes in the context of
time-domain functional brain imaging.

In the field of diffuse optical imaging and spectroscopy, the first systematic study of the perform-
ance of various instruments was undertaken on the basis of the MEDPHOT protocol [1]. It was fo-
cused on the capability of instruments to measure homogeneous optical properties. Two other proto-
cols were developed and applied as part of the European project nEUROPt that was focused on time-
domain optical brain imaging. The “Basic Instrumental Performance” (BIP) protocol [2] addresses the
key instrumental characteristics while the “nEUROPt” protocol [3] utilizes specific inhomogeneous
phantoms and a number of tests to quantify the capability of optical brain imaging systems to detect,
localize, and quantify absorption changes in the human brain.

To quantify the responsivity of the detection system as a measure of the overall efficiency to detect
light diffusely emerging from tissue, solid homogeneous phantoms were used. They had been charac-
terized in terms of their diffuse transmittance, to provide a source of known radiance. For the different
time-domain optical brain imagers investigated the responsivity was found to be of the order of 0.1
m’sr. Differences between the values for the various devices could be attributed to the spectral sensi-
tivity of the particular detectors or to the fiber bundles and optics used to transfer the light from tissue
to detector.

The tests of the nEUROPt protocol were implemented with two types of inhomogeneous liquid
phantoms that were based on Intralipid and India ink with well-defined optical properties [4]. First,
small black cylinders of varying size were used to mimic localized changes of the absorption coef-
ficient [5], to address, e.g., depth-dependent contrast and lateral spatial resolution. Second, two-
layered liquid phantoms with variable absorption coefficients were employed to study, in particular,
depth selectivity that compares the sensitivity of the measurement to absorption changes in a lower
and upper layer of the turbid medium representing, e.g., brain and extracerebral tissues. Depth-depen-
dent contrast and depth selectivity were studied for different instruments as well as methods to analyze
the measured time-of flight distributions of photons based on time-window and moments approaches.

Quantification of such characteristics is beneficial, e.g. during development of instrumentation and
algorithms for data analysis as well as for quality assurance during routine clinical use. The applica-
tion of the BIP and nEUROPt protocols is not restricted to time-domain techniques and brain imaging
but can be applied to other kinds of diffuse optical spectroscopy and imaging techniques. The proto-
cols could be a useful step toward performance tests for future standards in these fields.
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Abstract. In the context of the development of emerging laser-assisted thermo-mechanical technologies of
non-destructive reshaping of avascular collagenous tissues (cartilages and cornea), we demonstrate the applica-
tion of phase-sensitive optical coherence tomography (OCT) for visualizing transient strains involving supra-
wavelength inter-frame displacements of scatterers. The proposed approach allows direct estimation of elevated
strains ~107 (close to the onset of intense speckle blinking) obviating the necessity of averaging and phase un-
wrapping for supra-wavelength inter-frame displacements. We demonstrate a possibility of mapping aperiodic
thermally-induced transient strains with resultant large deformations >10%. Such strains are typical in laser tis-
sue reshaping, but are far beyond the range of conventionally discussed OCT-based strain mapping.

Introduction. Thermo-mechanical laser-induced reshaping of cartilages and eye cornea is an
emerging technology that opens unprecedented possibilities for biologically non-destructive modifica-
tion of collagenous-tissue shape for various applications, such as preparation of cartilaginous implants
in otolaryngology (e.g. forming annular-shape implants from planar pieces of rib cartilage) or non-
surgical correction of nasal-septum shape by moderate heating of the cartilage by irradiation of a IR
laser. A challenging problem is the transfer of the similar approach in ophthalmology, for non-surgical
reshaping of cornea in vision-correction problems. By the evident reasons in the latter application one
needs to ensure especially precise control of the heating regime, monitoring of current deformations of
the tissue during reshaping and certainly evaluation of the resultant shape of cornea. In this report we
present some preliminary results on application of OCT-based elastography for real-time monitoring
of thermomechanically-induced shape variations of avascular collagenous tissues.

Materials and Methods. The research was carried out using samples of porcine rib cartilage and
excised rabbit eyes. For tissue heating, we applied a fiber IR erbium laser operating at 1.56 pm with
variable power output in the range of 0.5—-1 W. The characteristic distance of the irradiation absorption
in the tissues was ~1 mm. For visualization, we used a common path spectral domain OCT system
with a central wavelength of 1310 nm and spectral width of 100 nm, resulting in axial resolution of
15 um, scanning depth of 2 mm in air, scanning speed of 80 000 spectral fringes per second. Due to
utilisation of /2 modulation of the reference arm the system was able to form complex-valued A-
scans at a rate of 40 kAscan/s. Typically, B-scans consisting of 1024 A-scans and covering 4 mm in
the lateral direction were obtained at a rate of 20 f/s, which made it possible to limit the data volumes
to ~4 Gb for 50-second records that was sufficient to reshape cornea (or similar in size cartilage sam-
ples) by applying pulse-periodic heating (with characteristic pulse/pause durations of 1-2 s). Elasto-
graphic processing of complex-valued OCT scans was used to estimate inter-frame phase gradients
and visualize strains [1, 2].

Results. The proposed OCT-based elastographic method is capable of visualizing thermo-
mechanically induced reversible and irreversible deformations in the tissue, including both transitional
inter-frame strains (below 1%) and cumulative ones (that can reach tens per cent). An exponential re-
lationship between the temporal and spatial profiles of measured cumulative strains and simulated
temperature variations (based on preliminary calibrations) was found. The ability of OCT to detect
threshold temperatures required for producing irreversible deformations has been confirmed. Micro-
pore formation in the treated regions via combined assessment of local deformations and Young
modulus reduction has been demonstrated for the first time.
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Abstract. In this presentation we point out some practical obstacles arising in realization of compressional
optical coherence elastography (OCE) that have not attracted sufficient attention before. Specifically, we discuss
(i) complications in quantification of the Young modulus of tissues related to partial adhesion between the OCE
probe and soft intervening reference layer-sensor, (ii) distorting influence of tissue surface curvature/corrugation
on the subsurface strain distribution mapping, (iii) ways of signal-to-noise ratio (SNR) enhancement in OCE
strain mapping when periodic averaging is not realized, and (iv) potentially significant influence of tissue elastic
nonlinearity on quantification of its stiffness. Potential practical approaches to mitigate the effects of these com-
plications are also described.

Introduction. Elastography (evaluation and visualization of spatial distribution of mechanical
shear modulus G of biological tissues) is a diagnostic imaging modality that complements conven-
tional structural bio-imaging. Specifically, we focus on the compressional variant of elastography ini-
tially proposed in medical ultrasound [1] and now actively developed in optical coherence
elastography. In this method, the rigid OCT-probe creates approximately uniaxial stress in the vicinity
of the probe and the resultant axial strain is evaluated by comparing consequent OCT scans. This
strain should be inversely proportional to the Young modulus £ . Since for soft biological tissues
E =3G to a high accuracy, the as-found strain map is equivalent to tissue stiffness (or rather inverse
stiffness) map. Placing between the probe and tissue an intervenient soft layer (e.g., translucent sili-
cone) with pre-calibrated stiffness opens a possibility to quantify the tissue stiffness. However, non-
planar form of the tissue surface, adhesion influence at the interface with the OCT probe, and nonline-
arity of the tissue elasticity may significantly distort the actual strain distribution.

Materials and Methods. The experimental demonstrations were made using a custom-made com-
mon path spectral domain OCT systems with a central wavelength of 1310 nm and spectral width of
100 nm, resulting in axial resolution of 15 pum, scanning depth of 2 mm in air, with scanning speed of
either 20 000 or 80 000 spectral fringes per second. Elastographic processing of complex-valued OCT
scans was used to estimate inter-frame phase gradients to visualize strains [2, 3].

Results. The proposed method visualizes local strains in the reference silicone layer and tissue in a
unified manner. This allows one to detect sticktion at the interface via artefactual stiffening of the ref-
erence layer near the OCT-probe and to reduce distorting sticktion influence, e.g., by adding lubrica-
tion. The use of sufficiently soft intervenient layer also helps to efficiently mitigate the influence of
non-planar shape of the tissue surface. Next, obviating the necessity of phase unwrapping in the pro-
posed method allows one to use fairly large interframe strains ~1%, which improves the effective SNR
in estimating phase gradients, which is favorable for hand-held operation. Finally, the use of linearly-
elastic layer revealed pronounced nonlinearity of some tissues even for strains ~ a few per cent. In
such cases, the current Young modulus may vary several times depending on the precompression, but
more complete stress-strain curve (up to ~10% strain) may be helpful for discriminating different tis-
sue states/types. The corresponding experimental examples are presented.
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Abstract. This report summarizes our novel concept of early disease diagnosis with ~1000-fold improved
sensitivity using in vivo noninvasive photoacoustic (PA) flow cytometry (PAFC) platform for detection of circu-
lating biomarkers with intrinsic PA contrasts (e.g., melanin in melanoma and hemozoin in malaria) or molecu-
larly targeted with the functionalized nanoparticles. The integration in real-time diagnosis and therapy (called
theranostics) can eradicate circulating abnormal cells, and thus can potentially prevent, or at least inhibit deadly
metastasis, sepsis or stroke. Recent advances of this theranostic platform are presented with focus on the pre-
clinical and clinical trials associated with cancer, malaria, thrombosis, and stroke.

Cardiovascular diseases, cancer, and infections remain the main causes of death in the worldwide. The
diagnosis of these and other diseases begins with a common medical procedure: the examination of blood
samples. The sensitivity of current blood tests is limited by the small volume of blood collected, in which
no less than one disease-specific biomarker (e.g., tumor cell, clot, or pathogen) can be detected. This can
miss many thousands of abnormal cells and biomarkers in the whole blood volume (~5 liter in adults),
which can be sufficient for disease progression to difficult-to-treat if not already incurable complications
(e.g., metastasis, stroke, or sepsis). This report summarizes our novel concept of early disease diagnosis
with ~1000-fold improved sensitivity using in vivo noninvasive photoacoustic (PA) flow cytometry
(PAFC) platform for identification and enumeration of rare circulating biomarkers with intrinsic PA con-
trasts (e.g., melanin in melanoma and hemozoin in malaria) or molecularly targeted with the functional-
ized gold nanoparticles [1-5]. The principle of PAFC is based on the irradiation of the superficial blood
vessels with near-infrared laser pulses followed by detection of laser-induced acoustic waves from single
biomarkers with small ultrasound transducer attached to skin. In addition, the integration in real-time
diagnosis and therapy (called theranostics) can eradicate circulating abnormal cells, and thus can potentially pre-
vent, or at least inhibit deadly metastasis, sepsis or stroke. Recent advances of this label-free theranostic
platform are presented with focus on its pre-clinical and clinical trials associated with cancer, malaria,
venous thrombosis, lung embolism, and stroke.

Most cancer deaths are related to metastases to distant organs due to disease dissemination by cir-
culating tumor cells (CTCs) shed from the primary tumor. For many years oncologists believed that
some medical procedures may provoke metastasis; however no convincing data were reported. Re-
cently we obtained direct evidence using PAFC platform that typical medical procedures such as pal-
pation, biopsy, tumor resection, or laser surgery might enhance the penetration of cancer cells from the
primary tumor into the circulatory system, and thus increase the risk of metastases.

We also introduce an advanced in vivo PAFC-based test for the earliest presymptomatic diagnosis
of malaria through ultrasensitive detection of circulating malaria markers directly in the bloodstream,
without the drawing of blood. By quick examination of almost the entire volume of blood, this tech-
nology provides up to a 10°-fold improvement in diagnostic sensitivity that enables determining an
unprecedented low level of parasitemia of 0.00000001%, which is equivalent to ~50 parasites in 1 liter
of blood [4, 5]. In addition to high sensitivity and spectral specificity to Plasmodium subspecies, the
PAFC test is noninvasive (needle-free), label-free (no contrast agents), and safe (e.g., no pain, skin
damage, or contamination concerns) and is not influenced by environment noise, hand movement, or
skin pigmentation. Gentle contact of the PA probe with the intact skin can identify malaria-positive
asymptomatic individuals in just 5—-10 seconds.
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Abstract. The aim of this study was to create effective porphyrin-containing photosensitizing systems based
on chitosan and amphiphilic polymer (AP) Pluronic F127. The photosensitizing activity of porphyrin—AP—
chitosan systems was estimated in the reaction of tryptophan oxidation in solution. The photosensitizing systems
based on chitosan are effective for use in the photodynamic therapy (PDT) of various skin injuries (purulent
wounds, tumors).

The creation of chlorine (CPS) or porphyrin photosensitizers (PPS) — polymer systems is of great
interest owing to possible applications of such formulations in photodynamic therapy, an effective
method of treatment of oncological diseases. In recent years, this method has been used throughout the
world for the treatment of wounds, burns, trophic ulcers, and other skin injuries, with the photosensi-
tizers being used in the immobilized state. The mechanism of photodynamic therapy is based on the
ability of CPS or PPS localized on the membranes of organelles to generate, when illuminated with
light, a highly reactive singlet oxygen 'O,, which oxidizes the cell components and initiates tissue cell
death. The effects of Fotoditazin, an e6 chlorine derivative, and its complexes with AP were analyzed
at the early stage of wound healing in a rat model by the PDT method [1]. A skin excision wound
model with prevented contraction was developed in male albino rats divided into eight groups accord-
ing to the treatment mode. All animals received injections of one of the studied compositions into their
wound beds and underwent low-intensity laser irradiation or stayed un-irradiated. The clinical moni-
toring and histological examination of the wounds were performed. It has been found that all the Foto-
ditazin formulations have significant effects on the early stage of wound healing. The superposition of
the inflammation and regeneration was the main difference between the groups. The aqueous solution
of CPS alone induced a significant capillary hemorrhage, while its combinations with amphiphilic
polymers did not. The best clinical and morphological results were obtained for the Fotoditazin—
Pluronic F127 composition. Compositions of CPS and AP, especially Pluronic F127, probably, have a
great potential for therapy of wounds. Their effects can be attributed to the increased regeneration and
suppressed reactions changes at the early stages of repair. It is known that the polymers used in medi-
cine must be nontoxic and biocompatible. In this context, the natural polysaccharide chitosan is of
special interest as a carrier for porphyrin immobilization. Chitosan has bactericidal properties that
make it versatile for applications in medicine, for example, in burns and wounds healing. However, as
was shown previously, owing to the processes of CPS and PPS aggregation, the activity of photosensi-
tizers in the reaction of tryptophan oxidation in water decreases in the presence of water soluble poly-
mers containing amino groups. The aggregation is initiated by formation of ionic complexes between
amino groups of chitosan and carboxylate ions of water soluble porphyrins or chlorins. Thus, in chito-
san-based chlorine- or porphyrin-containing photosystems, AP should be added, for example, Pluronic
or polyvinylpirrolidone. In this work the photosensitizing properties of such triple systems in model
reaction of tryptophane oxidation have been considered. The features of wound healing in a rat model
by the PDT method have also been addressed.
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Abstract. Our main goal is to integrate basic cell biology with methodological advances in imaging technol-
ogy to develop novel approaches to visualize, quantitate and optimize receptor-mediated targeted delivery into
tumor cells. By integrating our knowledge on the endocytic trafficking of receptor-ligand complexes with our
expertise on Forster Resonance Energy Transfer (FRET) and fluorescence lifetime (FLIM) imaging, we have
developed novel in vivo and in vitro imaging approaches to measure target engagement in tumors, a crucial pa-
rameter to accelerate the prioritization of the most efficient targeted anti-cancer therapy.

Introduction: To guide the development of targeted therapies with improved

efficacy and accelerated clinical acceptance, novel imaging methodologies need DTQ}E _ %:; ejw
to be established. Current in vivo non-invasive imaging techniques are limited to ®wT T
monitoring only the pooling of the labeled drug at the pathologic site and cannot ) ‘eRer ¢
distinguish between co-localization and actual ligand-receptor engagement. Our |/ - 43 N\
goal is to develop non-invasive in vivo optical imaging assays for optimization 1 @9 JC E“%/}

of anti-cancer drug targeted therapy by achieving the direct visualization of re- X
ceptor engagement, dimerization and internalization into tumor cells. Whole- ]l€TfR
body near-infrared (NIR) in vivo Macroscopy Fluorescence Lifetime Forster Fig. 1. TfR-TF
Resonance Energy Transfer (MFLI-FRET) has been performed to quantitate the or | prpT assay.
receptor-mediated uptake of NIR-labeled ligands into tumor xenografts in live
animals [1, 2]. Since transferrin receptor (TfR) level is significantly elevated in
cancer cells compared to non-cancerous cells, transferrin (Tf) has been successfully used in molecular
imaging and targeted anti-cancer drug delivery. The homodimeric nature of TfR allows for the quanti-
fication of Tf binding and internalization into cancer cells by measuring FRET between receptor-
bound NIR-labeled donor-Tf and acceptor-Tf, based on the reduction of donor fluorophore lifetime in
live mice (Figure 1) [1, 2].

Results: MFLI-FRET imaging in vivo has been used to measure the internalization of tail-vein in-
jected NIR-labeled Tf at different acceptor:donor a  ooner FRETdonor B
(A:D) ratios into human breast T47D tumor xenografts ey | Tl OO
in live nude mice. Quantification of FRET donor frac-
tion (FD%) indicates a relative higher FD% for holo-
Tf (iron-loaded) compared to that of apo-Tf (iron-
depleted). Since apo-Tf shows reduced uptake into
cancer cells in vitro, these results showing a similar
behavior in vivo, demonstrate specific TfR-mediated
uptake of holo-Tf into T47D tumor xenografts (Figu-
re 2). Thus, MFLI-FRET can dis.cril.ninaFe between pppt imaging at 2h post-injection. (B) In-
TfR-Tf engagement and internalization into tumor creasing FD% values are shown upon injection
cells from receptor-independent accumulation of Tf at  of Holo-Tf at A:D 2:1. Error bars indicate
the tumor region. standard deviation

Conclusion: We have successfully demonstrated
the quantitative receptor-mediated uptake of Tf into human breast tumors in vivo using a novel non-
invasive NIR MFLI-FRET imaging assay. This novel approach can be extended to other receptors,
currently targeted in oncology. Hence, MFLI-FRET ability to measure target engagement in vivo can
find numerous applications in pre-clinical drug delivery and targeted therapy assessment and optimiza-
tion.
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4000
Fig. 2. (A) Tumor-carrying mice were injected
with apo-Tf or holo-Tf and subjected to MFLI-
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Abstract. Cisplatin is a chemotherapeutic drug which causes not only DNA damage, but also induces pro-
duction of reactive oxygen species (ROS) that can initiate tumor cell death. Using genetically encoded fluores-
cent sensor, apoptosis marker and vital dye, dose-dependent increase of hydrogen peroxide level was demon-
strated by flow cytometry under cisplatin action in viable and apoptotic tumor cells separately. In parallel, a de-
crease of total ROS amount was demonstrated using DCFH-DA.

Hydrogen peroxide (H,0,) is assumed to be the key component of the tumor cell reaction to che-
motherapy. There is an assumption that cancer cells produce an increased amount of ROS than normal
cells and a direct increase of intracellular H,O, may lead to a selective and effective cancer cells death

[1].
Materials and methods

For investigation of total ROS under cisplatin treatment human cervical carcinoma HeLa Kyoto
cell line was used. The intracellular ROS level was measured using a fluorescent dye, 2', 7' dichloro-
fluorescein diacetate (DCFH-DA). Cells were treated with cisplatin at the doses of 0.0 pg/ml (control
probe), 5.0 pg/ml, 10.0 pg/ml for 24 hours. For studying the ways of cell death under cisplatin action
PE-Annexin V apoptosis detection kit I (BD Biosciences, USA) comprising PE Annexin V and
7-amino-actinomycin D (7-AAD) was used. All fluorescence dyes were registered using the flow cy-
tometer FACSCalibur (Becton Dickinson, USA). For measurement of changes in the level of hydro-
gen peroxide, human cervical carcinoma HelLa Kyoto cell line stably expressing HyPer2 was em-
ployed [2].

Results and discussion

Analysis of the data have shown that the addition of cisplatin at a concentration of 5.00 pg/ml re-
sults in the "migration" of cells from the population of viable cells to the population of cells undergo-
ing early apoptosis.

Histogram of DCFH-DA staining shows separation of cells in the control sample and in the sample
after exposure to cisplatin in a concentration of 5.00 ug/ml into 2 fractions: weakly fluorescent and
strongly fluorescent cells; the latter fraction demonstrates increased fluorescence intensity after cis-
platin exposure with respect to the control group. Administration of high concentrations of the drug
led to the formation of a fraction with weak fluorescence of the DCF. HyPer2 fluorescence histogram
shows the increase in fluorescence intensity in fractions of viable cells and cells in early stages of
apoptosis after drug treatment as compared to control (unlike DCF fluorescence).

Conclusions

In this study we show that most of the viable cells are characterized by high DCFH-DA fluores-
cence indicating active oxidative processes and high levels of ROS, while for the cells at early stages
of apoptosis levels of ROS in cells treated with cisplatin is lower than in control cells. Experiments
with HyPer2 show the increase in the level of hydrogen peroxide in viable cells and in cells in early
stages of apoptosis. We can conclude that an increase in the amount of H,O, induced by cisplatin in
viable and apoptotic cells occurs in parallel with a decrease of total ROS amount.

Acknowledgements
The reported study was funded by the RFBR under to the research project No. 16-34-01112 moxn_a.
References

1. M. Lopez-Lazaro, Cancer Lett, 2007, 252(1), 1-8.
2. K.N. Markvicheva, D.S. Bilan, N.M. Mishina, A.Y. Gorokhovatsky, L.M. Vinokurov, S. Lukyanov,
and V.V. Belousov, Bioorganic & Medicinal Chemistry, 2011, 19(3), 1079—1084.

74



Invited

ANALYSIS OF STROMAL ALTERATIONS IN OVARIAN CANCERS
VIA SECOND HARMONIC GENERATION MICROSCOPY

P.J. Campagnola
University of Wisconsin Madison, Madison, WI, USA, pcampagnola@wisc.edu

Abstract. Ovarian cancer is the most deadly gynecological cancer with a poor aggregate survival rate. To
improve upon this situation, we utilized collagen-specific Second Harmonic Generation (SHG) imaging micros-
copy to probe structural differences in the extracellular matrix of normal stroma, benign tumors, endometrioid
tumors, and low and high-grade serous (LGS and HGS) tumors. We extract quantitative differences at all levels
of assembly using texture analysis for fiber pattern classification, SHG creation physics for fibril size and pack-
ing, and polarization resolved SHG for changes in macromolecular structure across this spectrum of disease type
and grade.

Introduction

Ovarian cancer remains the most deadly gynecological cancer with a poor aggregate survival rate.
To improve upon this situation, we utilized collagen-specific Second Harmonic Generation (SHG)
imaging microscopy to probe structural differences in the extracellular matrix of normal stroma, be-
nign tumors, endometrioid tumors, and low and high-grade serous (LGS and HGS) tumors. We per-
form specific analyses that probe collagen alterations across all size scales, namely fiber, fibril, and
macromolecular.

Methods and Results

For analysis of fiber patterns, we implemented a form of 3D texture analysis method to delineate the
fibrillar morphology. Here we developed a tailored set of 3D filters which extract textural features in the
3D image sets to build (or learn) statistical models of each tissue class. By applying k-nearest neighbor
classification using these learned models, we achieved 83—91% accuracies for the six classes [1]. The 3D
method outperformed the analogous 2D classification on the same tissues, where we suggest this is due
the increased information content. For the fibril level, we utilized SHG signatures of the emission direc-
tionality and conversion efficiency as well as the optical scattering are related to the organization of col-
lagen on the sub-micron size. The wavelength dependence of these readouts adds additional characteriza-
tion of the size and distribution of collagen fibrils/fibers relative to the interrogating wavelengths. We
found strong wavelength dependent dependencies of these metrics that were different between the differ-
ent tumors that are related to respective structural attributes in the collagen organization. The SHG met-
rics and optical scattering measurements were then used to form a linear discriminant model to classify
the tissues, and we obtained high accuracy (~90%) between the tissue types [2]. This delineation is supe-
rior to current clinical performance and has potential applicability in supplementing histological analysis
and provide better understanding the etiology. To examine molecular changes, we employed three SHG
polarization metrics to probe ECM remodeling in human ovarian cancer which determine i) the helical
pitch angle via the single axis molecular model, ii) dipole alignment via anisotropy, and iii) chirality via
SHG circular dichroism. These methods differentiate Col I and Col III in fibrillar gel models and also
human ovarian tissues due to differences in the a-helix angle of the isoforms and are consistent with im-
munofluorescence and gene expression measurements.

Conclusions
Collectively, these SHG probes interrogate collagen changes over all levels of organization and can
serve as label-free biomarkers for ovarian cancer as well as provide insight into disease etiology. Ad-

ditionally, the methods are quite general applicable to other cancers, as well as other diseases with col-
lagen alterations such as fibroses and connective tissue disorders.
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Apoptotic cell death machinery is defective in cancer leading to the development of resistance to
current therapy. Thus cancer cells develop resistance to multiple types of anticancer agents, however,
whether they adopt similar or differential mechanisms to evade cell death in response to a broad spec-
trum of cancer therapeutics is not fully defined. We recently demonstrated that DNA-damaging agents
(etoposide and doxorubicin), endoplasmic reticulum stressor (thapsigargin), and histone deacetylase
inhibitor (apicidin) target oxidative phosphorylation (OXPHOS) for apoptosis induction, whereas
other anticancer agents including staurosporine, taxol, and sorafenib induced apoptosis in an
OXPHOS-independent manner. Thapsigargin-induced caspase activation was reduced upon abroga-
tion of complex-I or gross-complexes, whereas a reverse trend was observed with apicidin.

Cytokines and inflammation regulate mitochondrial complexes, cell survival, and cellular apop-
tosis. Our findings suggest that apicidin and thapsigargin target different OXPHOS complexes, we
further investigated the effect of thapsigargin or apicidin on functional significance of cytokines in
mitochondrial function and apoptotic cell death. We first screened modulation of various cytokines in
response to anticancer agents. Then we further investigated the cytokines in cell survival and apoptotic
cell death. Altered release of various cytokines were observed in the medium of colon and prostate
cancer cells treated with anticancer drugs including apicidin and thapsigargin. Dose dependent up-
regulation of cytokines was observed upon apicidin and thapsigargin treatment, which was corrobo-
rated with cytochrome-c release from mitochondrial compartment. Significantly elevated caspase-3
was observed upon combined exposure of apicidin and thapsigargin with altered cytokines expression
and release. Interestingly, knock down of caspase-8 and caspase-9 down-regulated cytokines expres-
sion, suggesting the involvement of caspases on regulation of cytokine-mediated cellular and mito-
chondrial function. These findings suggest that mitochondrial dysfunction is required for cytokine-
mediated cancer cell survival. Further mechanistic analysis demonstrated that unfolded protein re-
sponse plays a critical role in the regulation of cytokine-induced cellular proliferation and death. Using
tumor xenograft mouse model, we further defined the role of unfolded protein response as well as cy-
tokine in tumorigenesis and tumor regression. Together, we dissect the novel role of cytokines,
OXPHOS complexes, and unfolded protein response in regulating cancer cell survival and death,
which may have significance in understanding tumorigenesis, drug resistance, and tumor recurrence.
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Abstract. The development of nanocontainers capable of selective accumulation in tumor cells enhances bi-
oavailability and selectivity of the delivered drugs and diagnostic preparations, including the ones with apparent
antitumor properties. Internalization of vectorized nanocontainers with antitumor metabolites and plasmid DNA
into glyoma C6 cells has been studied in a series of works.

For increasing the selectivity of delivery, pegilated liposomes were conjugated with anti-VEGF
and/or with anti-VEGFR2 monoclonal antibodies. The phenomenon of more than three-fold increase
of penetration and accumulation of vectorized liposomes into the glioma C6 cells was demonstrated by
the methods of flow cytometry and laser scanning confocal microscopy. Using quantitative analysis of
fluorescent signal it was shown that cationized immunoliposomes are able to deliver plasmid
DNApCopGreenN into the cells much more effectively, providing efficient transfection of the glioma
C6 cells.

It was shown that vectorization of the cationized liposomes with anti-VEGF and/or anti/VEGF2
monoclonal antibodies can reliably increase the efficiency of transfection. However, it does not affect
the final concentration of the fluorescent product in the cells 24 hours after the beginning of the trans-
fection.
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Abstract. Nanodiamond (ND) has been considered as a biocompatible and feasible platform for efficient
cancer drug delivery. Examples have been successfully demonstrated for various cellular and animal models.
However, to date very few or no studies include the assessment on the effects and efficiency in a quantitative
fashion; and the transportation of these ND-drugs to the cancer/tumor sites are still in a less understood state. For
drug delivery, ND can interact with blood circulatory system and enter the peripheral tissues; where ND interacts
with target cells. When cell encounters and engulfs ND, the cell may try to digest it in a process named auto-
phagy, a survival mechanism for cells.

In this work, we study autophagy effect of ND and ND conjugated with clinically used anti-cancer
drug doxorubicin (Dox). ND and Dox internalization in Human Oral Squamous Carcinoma cell, SAS
and the effect of autophagy in the SAS cell are analyzed. To observe ND internalization by SAS cell,
the cell was treated with ND for several hours. To visualize ND engulfing by cells, confocal micros-
copy to observe ND’s NV center fluorescence was used. To observe ND’s effect on autophagy in SAS
cells, the cells were subject to immunofluorescence analysis by staining with an anti-L.C3 antibody.
The LC3 protein aggregates during autophagic process and its fluorescence can be monitored via BD
Pathway 435 Benchtop System. Analyzing spatial distribution of anti-LC3 antibody allows detecting
whether ND induces the autophagy. The conditions and ND properties to induce an autophagy are dis-
cussed in terms of optimization of the ND use for drug delivery.

The efficiency of the ND-drug as compared to pure drug in the 2D- and 3D-cellular model was as-
sessed. 3D cell culture system mimicking tumor model was adopted to evaluate the toxicity and toxic-
ity mechanism of ND-drug complex. This will demonstrate the real effects of drug delivery to tumor
inside the animal body. The ND-drug transportation in the animal model is investigated. /n vivo inves-
tigation of ND in Rat model and laser-scanning confocal microscopic analysis found ND attachment
on RBC membrane. Further, 100 nm carboxylated ND (cND) was conjugated with human serum al-
bumin (HSA) to achieve well dispersed suspension in buffer solution. Then the clinically used anti-
cancer drug Doxorubicin (DOX) was adsorbed on the particles surface. To characterize the conjuga-
tion, UV/Visible, Raman and infrared spectroscopies were used. The particle sizes and surface charges
of the complex cND-HSA-DOX were measured by Dynamic Light Scattering (DLS). The stability of
cND-HSA-DOX in the buffer solution with pH of 7.4 for 1 week was analyzed via UV/Visible spec-
troscopy. Besides, DOX release from cND-HSA-DOX at different pH was measured. The Cell viabil-
ity test was performed using SAS cell line to compare the cytotoxic effect of DOX and ND-HSA-
DOX complex. The cytotoxic effect of Dox and cND-HSA-Dox complex was assessed in the 2D- and
3D-cultured SAS cell via MTT assay. A possible mechanism of the drug transportation and delivery
will be discussed in the work. The results show ND can be well dispersed and to have stable particles
size in buffer solution after the HSA conjugation; pH-dependent drug release from cND-HSA-DOX
complex is demonstrated. ND-HSA-Dox is more efficient in the 3D-cultured cell compare to 2D-
cultured cell.
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Abstract. The impact of low-level LED light (LLL) at the wavelengths of 400 nm and 460 nm on outbred
rats (healthy animals and with transplanted tumor) was studied in experiments in vitro and in vivo. The photo-
lytic action of LLL on nitrosyl complexes of hemoglobin of red blood cells, the antitumor effect and the restora-
tion of oxidative homeostasis in animals with transplanted tumor were demonstrated.

Objectives

The goal of the study was to determine the influence of low-level LED light at the wavelengths of
400 nm and 460 nm on erythrocyte hemoglobin, on the growth of experimental tumor and on the level
of free radical activity in red blood.

Materials and methods

Twenty seven mature outbred male rats were used in this study (7 animals for experiments in vitro
and 20 in vivo tests). Healthy animals and rats with transplanted cholangiocellular RS-1 carcinoma [1]
of late development were divided into several groups: healthy, RS-1-control, RS-1+LLL 400 nm, and
RS-1+LLL 460 nm.

Erythrocytes were exposed to LLL in experiments in vitro. The exposure time at the wavelengths
of 400 nm and 460 nm was 42 and 60 seconds, respectively. The radiation dose for each wavelength
was 0.2 J/cm’.

In the test in vivo, LED was applied transcutaneously, and the irradiation was performed on belly
and at several tumor locations for 60 seconds. The radiation dose at the wavelengths of 400 nm and
460 nm was 0.3 and 0.2 J/em?, respectively. The LLL was applied for 10 days.

The experimental LLL generators made at the Institute of Applied Physics RAS, Nizhny Novgorod,
Russia) were used for irradiation. The antitumor effect of the therapy was evaluated using the coeffi-
cient of absolute tumor growth (C) [2]. Hemoglobin concentration was measured spectrophotometri-
cally by the cyanmethaemoglobin method using a commercial kit (Hemoglobin Agate, LLC "Agat-
Med", Moscow, Russia). The state of free-radical oxidation in rat organisms was verified using the
method of chemiluminescence induced by hydrogen peroxide and ferric sulfate (Kuzmina E.I. et al.,
1983) based on the content of malondialdehyde (MDA) (Fletcher D.L. et al., 1973) and superoxide
dismutase (SOD) activity (Nishinimi M. et al., 1972).

Results

It was found that the hemoglobin concentration in erythrocytes of animals with late stages of tumor
growth increased on exposure to LLL in vitro.

The results indicate that low-level LED light at the wavelength of 400 nm does not affect growth of
experimental tumors, but exposure to LLL at the wavelength of 460 nm leads to inhibition of neopla-
sia growth by 69% (p = 0.008). The enzyme activity of superoxide dismutase reduces to the level of
healthy animals on exposure to LED light (p < 0.05). However, the chemiluminescence activity and
the product of lipid peroxidation in plasma decreases only after irradiation by light at the wavelength
of 460 nm (10% (p = 0.042) and 19% (p = 0.018), respectively).

Conclusions

Our experiments point to the presence of the antitumor effect and restoration of oxidative homeosta-
sis in cancerous animals as a result of photolysis of nitrosyl complexes of hemoglobin and release of NO
on exposure to LLL. The effect is most pronounced for LLL at the wavelength of 460 nm.
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Abstract. Under-developed countries constitute 85% of the world population and almost 80% of them live in
rural areas. More than 60% of this population are in conditions of grossly inadequate health care, without any
modern medical facilities for diagnosis from conditions (e.g. cancers) which remain clinically silent for long
periods. The solution for this issue is the development of screening methods, which can be used in small hospi-
tals or medical camps. The paper will discuss development of non-invasive Optical Biopsy systems for early
detection of epithelial cancers (oral and cervical cancers), capable of repeated application and screen large sus-
ceptible population groups.

85% of the world population exists in the under-developed countries and almost 80% of them live
in rural areas. This number constitutes a large fraction of the world population — more than 60% — who
are living in conditions of grossly inadequate health care, without any modern medical facilities for
therapy, or relief from conditions like coronary problems, various types of cancers, diabetes etc., dis-
eases which remain clinically silent for long periods. For all these diseases, overt symptoms start ap-
pearing only in the final stages, by that time therapy is almost always unsuccessful, and serves only
palliative purposes. The solution for this is provided by development of screening and diagnostic
methods, which are cost-effective, can be used even in small hospitals and community health-care cen-
ters, or medical camps organized in rural areas. The present work deal with the possibility of using
Optical methods for early detection of clinically silent diseases with emphasis on cancers. The invited
talk will discuss the results of the successful development of an "Optical Biopsy" system, which is
non-invasive, capable of repeated application, can be used in hospitals to screen large susceptible
population groups (tobacco users) for oral pre-malignancy and malignancy conditions.
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Abstract. Transcription is a highly-ordered process involving distinct steps of coordinated enzyme activities.
Using a reporter gene with PP7 and MS2 stem loops we have developed a high-throughput single-cell imaging
screen to identify compounds that alter the kinetics of each step in the transcription process. To further under-
stand how endogenous genes are regulated we have used CRISPR to integrate MS2 stem loops into the endoge-
nous loci of an estrogen-responsive gene, TFF1. By live-cell imaging of the MS2 tagged TFFI locus the dy-
namics of ER-dependent gene expression were studied in single cells over long time courses.

Transcription of DNA into messenger RNA (mRNA) requires the coordination of many enzymatic
processes that are catalyzed by large protein complexes [1]. The activity of these enzymatic complexes
is modified by transcription factors responsible for initiating transcription, but transcriptional events
including elongation and splicing require separate enzymes to function. A reporter for human B-globin
gene transcription was constructed by inserting 24 bacteriophage PP7 stem loops in the terminal intron
and 24 bacteriophage MS2 repeats in the 3’ untranslated region (UTR) [2]. This reporter gene ap-
proach enabled direct measurement of elongation rates, splicing kinetics, and cell-to-cell variability.
A high-throughput method was designed using this system to screen compounds that inhibit chromatin
modifiers [3]. Compounds targeting bromodomain proteins were identified that slow elongation rates
while increasing co-transcriptional splicing.

To better understand how endogenous gene expression is regulated, CRISPR/Cas9 was used to in-
sert 24 MS2 stem loops into the 3’ UTR of the well-characterized estrogen responsive gene, TFF1 [4],
allowing the visualization of transcription dynamics. TFF1 is regulated by the estrogen receptor alpha
(ERa), which is a ligand-activated transcription factor. ERa bound by agonist ligand acts in combina-
tion with other coactivator proteins to recruit chromatin modifying proteins that are responsible for
opening chromatin and initiating transcription [5]. In contrast, ERa bound by antagonists, like ta-
moxifen, adopts an altered conformation that allows the recruitment of corepressor proteins, thus in-
hibiting the expression of estrogen-dependent genes [6]. Small molecule inhibitors have been devel-
oped that target the DNA binding activities of some proteins that associate with ERa and function to
coordinate the activation of target gene expression. Little is known about how these compounds affect
estrogen-dependent gene expression at the single cell level or how they affect the dynamics of gene
expression.

Here, the dynamics of estrogen-dependent gene expression is monitored in single cells by visualiz-
ing TFF1 transcription sites in MCF7 human breast cancer cells. Time-lapse imaging of the diffraction
limited transcription sites allows quantification of the on- and off-rates for 7FF/ gene transcription.
In addition, fluorescence in situ hybridization (FISH) was used to determine the average number of
TFF1 mRNAs per cell under different perturbations of the ERa complex. The EC50 of each com-
pound was used for live cell imaging and the effect of each compound on 7FF1 transcription dynam-
ics was determined and the inhibitors altered the off time of 7FF 1.

Acknowledgments. This research was supported by the Intramural Research Program of the NIH,
National Cancer Institute, Center for Cancer Research.

References

1.  G. Orphanides and D. Reinberg, Cell, 2002, 108, 439-451.

2. A. Coulon, M.L. Ferguson, V. de Turris, M. Palangat, C.C. Chow, and D.R. Larson, Elife, 2014, 3.
3. C.R. Day, H. Chen, A. Coulon, J.L. Meier, and D.R. Larson, Methods, 2016, 96, 59—68.

4.  AM. Brown, J.M. Jeltsch, M. Roberts, and P. Chambon, Proc. Natl. Acad. Sci. USA, 1984, 81, 6344—

6348.

5. Z.Liu, D. Merkurjev, F. Yang, W. Li, S. Oh, M.J. Friedman, X. Song, F. Zhang, Q. Ma, K.A. Ohgi,
A. Krones, and M.G. Rosenfeld, Cell, 2014, 159, 358-373.

6. F.E. May and B.R. Westley, J. Biol. Chem., 1987, 262, 15894—15899.

81



Invited

INTRAVITAL FRET AND FLIM: MONITORING BIOSENSOR ACTIVITIES
AND INTRINSIC METABOLIC STATES

R.N. Day

Department of Cellular and Integrative Physiology, Indiana University School of Medicine,
635 Barnhill Dr., Indianapolis, IN 46202, USA

Abstract. Intravital microscopy (IVM) is an imaging tool capable of detecting subcellular signaling or meta-
bolic events as they occur in tissues in the living animal. Imaging in highly scattering biological tissues, how-
ever, is challenging, and quantitative measurements by IVM require methods that use internal standardization, or
alternatively, a completely different way of evaluating the signals. For example, ratiometric imaging of geneti-
cally encoded biosensor probes can provide quantitative measurements of changes in cell signaling pathways in
intact tissues. Alternatively, lifetime imaging of intrinsic fluorescence can be used for label-free measurements
of the metabolic states of cells within the living animal.

IVM has become an essential tool for evaluating cellular physiology in the context of the living
animal [1]. This method uses two-photon excitation (2PE) to gain access to the cellular environments
within living tissues that are not typically accessible by conventional microscopy. The near infrared
illumination used in IVM allows deeper penetration of the excitation light into highly scattering tis-
sues. In addition, because of the quadratic dependence of the 2PE process the fluorescence emissions
emanating from cellular sources are limited to the focal plane. Consequently, IVM provides some of
the most relevant information available about cellular physiology and pathophysiology in the context
of the intact tissue within the living animal. This is critically important, since cellular pathologies de-
velop in vivo while integrated within the complex tissue environment [2].

The use of [VM to detect specific cellular events in intact organs presents some unique challenges.
The main concern is preserving the physiological welfare of the animal while on the microscope stage.
The surgically exposed organ is secured to a glass-bottomed dish on an environmentally controlled
microscope stage to reduce motion artifacts, and distortions in the collected images can be corrected in
the digital image analysis [3]. Another major challenge is the quantitative analysis of the optical sig-
nals. When imaging in highly scattering biological tissues, the signals are attenuated in a wavelength-
and depth-dependent fashion. The loss of signal prevents the direct comparison of intensities acquired
at different depths in a tissue. Therefore, quantitative measurements of signals acquired by IVM re-
quire methods that use internal standardization [4].

I will describe how ratiometric Forster resonance energy transfer (FRET) imaging of genetically
encoded biosensor probes can be used in IVM to obtain quantitative measurements of changes in cell
signaling pathways. Because these ratiometric probes are internally calibrated, they are less affected
by depth-dependent signal attenuation than intensity-based imaging methods. The use of a single 2PE
wavelength allows rapid measurements of the spatial and temporal characteristics of cell signaling, but
it is particularly important to use standards to validate the IVM measurements of biosensor probes
[4, 5]. Alternatively, IVM can exploit a completely different way of evaluating the signals to achieve
quantitative measurements of cellular events. I will describe how intravital fluorescence lifetime imag-
ing microscopy (FLIM) of cellular auto-fluorescence signals can identify the unique metabolic states
of different cell-types within a tissue. Intravital FLIM enables a bias-free approach to characterize and
monitor metabolism in vivo and offers the unique opportunity to uncover dynamic metabolic changes
in the living animal.
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Abstract. Here we report the optical coherence tomography (OCT) quantitative assessment of early (up to 6
weeks) microvascular response of engrafted tumors in mouse dorsal skin window chamber model, subjected to a
high-dose single-fraction radiation treatment of 10, 20, and 30Gy. Acquisition of structural images of tumor tis-
sues with OCT and their real-time processing with speckle variance (svOCT) algorithm to obtain vascular volu-
metric images provided highly detailed view of vasculature remodeling in tumors following RT.OCT pre-clinical
evaluation of tumor vascular response offers a shedding light opportunity on early RT effects and is likely to be
extended into the clinic.

Radiation therapy (RT) is widely used for cancer treatment alone or in combination with other
therapies. It is effective and powerful, however, as with every form of treatment, has its side effects. In
order to personalize the treatment course for every patient, these effects need to be promptly under-
stood and mid-course corrections offered. Microvasculature is a potentially sensitive functional bi-
omarker of RT early response [1], but is (1) difficult to measure directly and non-invasively, (2) even
if successfully measured and quantified, its time course, dose dependencies, and overall importance in
RT effect are unclear. This is mostly due to the lack of ability to study the dynamic response of multiple
tumor components longitudinally and in-situ at the capillary level. Here we propose a new insight into this
problem using a novel preclinical experimental platform to study radiobiological response of tumor micro-
vasculature based on functional OCT.

Early microvascular response was evaluated for engrafted pancreatic cancer tumors (DS-Red la-
beled BxPC-3 cell line) in mouse dorsal skin window chamber model (NRG strain mice, total number
of 60) subjected to a high-dose single-fraction radiation treatment delivered by a commercial X-ray
micro-irradiator system XRad225Cx. Volumetric tissue structures were imaged with built-in-house
OCT machine [2] in optimized speckle variance mode [3] in order to obtain three-dimensional vascu-
lar images. Those images were post-processed for vascular volume density (VVD) calculation and
depth encoded representation. Changes in tumor size (measured with caliper) and cancer cell metabol-
ic activity (evaluated from cancer cells fluorescence images) were tracked before and after irradiation.
Tissue sections were stained at various time points post RT to assess tumor proliferation and vascular-
ization.

Main results: (i) Four stages of tumor microvascular response were distinct within 6 weeks post RT
(moderate vessel damage, decreased vessel function, revascularization, vessel growth); (ii) Tumor
capillaries shutdown was detected 30 minutes post-RT with following recovery to the pre-RT state at
90 min time point (more pronounced for higher doses); (iii) Vasculature at tumor rim was found to be
less sensitive to radiation than vasculature at tumor core; (iv) Functional vasculature collapsed weeks
faster at higher doses; (v) VVD decreased more at higher doses at maximum response period; (vi) It
took longer time for vasculature to re-grow to the pre-RT volume density at higher doses; (vii) Vascu-
lature re-growth originated from adjacent healthy tissues.
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Approximately 90% of all cancer deaths are caused by metastases produced by circulating tumor
cells (CTCs). Detection and therapy (theranostics) of CTCs holds promise to prevent metastasis. How-
ever, the existing methods including the FDA-approved CellSearchsystem (Veridex, LLC) are only
able to detect CTCs and evaluate whether their amount is associated with a worse prognosis. The ex-
isting CTC assays are burdened with 1) low sensitivity at the level of 1-10 CTCs/mL (i.e., missing up
to 5,000-50,000, CTCs in whole 5 L blood volume) due to the small volume of blood sampled (i.e.,
untreatable metastatic disease may already be established at the time of the initial diagnosis); 2) low
throughput (e.g., 0.1-8 mL/h) requiring up to a whole day to assess typical blood samples of 10 mL;
and 3) multiple sample-processing resulting in the loss of 60-97.5% of CTCs. As a result, CTCs can
actually be detected only in 30 to 65% patients with clinically confirmed metastases. Furthermore, it
is important that in vitro approaches cannot provide therapy (killing) of CTCs. This challenge has been
solved by the development of CTC theranostics in vivo using photoacoustic (PA) flowcytometry
(PAFC) with nanoparticles as PA contrast agents (Zharov VP, Galanzha EI, Tuchin VV., 2004). Our
PAFC already demonstrated ultrasensitive counting CTCs (the sensitivity threshold >100 times higher
than in the existing assays) in relatively deep (1-3 cm) blood vessels with a fast flow (up to 5-20 cm
per sec) using laser parameters safe for humans. Here we introduce nanocomposite microcapsules
(NMs) as new low-toxic advanced high-contrast PA agents. The PA characteristics of different NMs
were tested in vitro and in vivo. In a preclinical mouse models, we demonstrated (1) PA imaging and
counting of NMs and nanoparticle-labeled CTCs; (2) in vivo MRI imaging and magnetic manipula-
tions with cells and NMs containing magnetite nanoparticles and gold nanorods; and (3) targeted can-
cer cell therapy with immediate estimation of therapy efficacy. Overall, our findings show that PAFC
with nanoparticles and NMs as PA, PT and MRI contrast agents provides a unique multifunctional and
clinically-relevant platform for early theranostics of CTCs for prevention of metastases, which is un-
achievable with other existing techniques.
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Abstract. Silicon nanoparticles (SiNPs) are known to be promising biocompatible and biodegradable agents
for both diagnostics and therapy of cancer. Here we apply a powerful non-linear optical imaging technique (co-
herent anti-Stokes Raman spectroscopy — CARS) for bioimaging SiNPs in vitro. A very efficient contrast was
provided by SiNPs because of high third-order non-linear susceptibility of silicon by comparison with biological
medium. All the images were obtained for the concentration below cytotoxic concentration of SiNPs. The pro-
posed approach may be used for drug release and SiNPs biodegradation studies in vitro, and also for investiga-
tion of antibacterial or antiviral activity of SiNPs.

Results

Today, scientists pay a lot of attention to the study of
nanoparticles. Silicon nanoparticles (SiNPs) are promising
as agents for diagnosis and therapy of cancer due to their
low toxicity and biodegradability [1, 2]. SiNPs were also
shown to be efficient sensitizers of anticancer therapy [3-5].

Coherent anti-Stokes Raman Spectroscopy (CARS)
was used for visualization of SiNPs inside cells. The ad-
vantages of this technique are fast image acquisition, con-
focal geometry, sensitivity to chemical composition of the
sample, non-linear contrasting possibilities. Those advan-
tages perfectly fit with SiNPs, which have strong nonlin-
ear-optical response due to high third-order non-linear sus-
ceptibility.

This work is aimed to the visualization of SiNPs in MD
231 cancer cells. Three types of samples were used for

Fig. 1. CARS image of silicon nanoparti-  this: mesoporous (MP) SiNPs obtained by electrochemical

cles (colored green) in MD 231 cell cul- o4ohino and porous and nonporous silicon nanowires ob-

ture (colored red) tained by metal-assisted chemical etching.
Spectrally-resolved experiments showed maximum in
spectrum, typical for CARS. The toxicity of SiNPs was studied, and the non-toxic concentration
(0.1 mg/mL) was chosen for carrying out bioimaging experiments in cells. Typical image of SiNPs
(colored green) in cell culture (cells are colored red) visualized by CARS microscopy is shown on
Fig. 1.

These results open pathway for further research: one can visualize drug loaded SiNPs by means of

CARS with subsequent drug release, investigate how SiNPs degrade in the cells over time.
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Abstract. Recently, several research groups reported on highly efficient multilayer SERS tags (also called
nanomatryoshkas, NMs), in which Raman molecules were embedded in a nanometer-sized interior gap between
the metallic core and shell. Here, we report a detail analysis of EM enhancement in a (core/gap/shell) Au NMs as
a function of NM structure, including the core size, the gap and shell thicknesses, and the gap refractive index.

Recently, several research groups reported on highly efficient multilayer SERS tags (also called
nanomatryoshkas, NMs), in which Raman molecules were embedded in a nanometer-sized interior gap
between the metallic core and shell [1-5]. Such multilayered structures have great potential for bio-
medical applications due to several advantages: (1) Raman molecules are protected from desorption,
subjected to a strongly enhanced electromagnetic (EM) field in the gap, and their SERS response does
not depend on the environmental conditions and NM aggregation; (2) owing to bright and uniform
spectral pattern, NMs provide a linear correlation between probe concentration and SERS intensity
and allow for a real-time in vivo imaging and high throughput sensing with short integration times; (3)
NM size and spectral properties can be designed for effective cellular uptake and tissue imaging with
negligible background from sample autofluorescence; (4) NM probes can be multiplexed by incorpo-
rating different Raman molecules into two-layered or multilayered NMs. However, the synthesis and
design of optimal gold NMs remain still challenging. Here, we report a detail analysis of EM en-
hancement in a (core/gap/shell) Au NMs as a function of NM structure, including the core size, the
gap and shell thicknesses, and the gap refractive index. The optimization strategy is based on efficient
rigorous solution for internal EM fields in a layered sphere and explicit analytical solutions for the
surface and volume averaged EM intensities within a particular layer and around the NM. The SERS
enhancement is shown to be strongly dependent, in a resonance manner, on the core and gap size,
whereas the shell thickness plays a minor role. The simulation data are exemplified with experimental
measurements of SERS spectra for Au NMs with 1,4 benzenedithiol molecules embedded in a sub-
nanometer gap.
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Abstract. Determining the boundaries of infiltrative glial tumors is still a challenging problem in neuroon-
cology. Optical coherence tomography (OCT) with cross-polarization and real-time microangiography visualiza-
tion is a promising technique for a possible surgical guidance. This study is aimed to develop a robust quantita-
tive approach for multimodal OCT data to differentiate cancer from non-cancer tissues in glioblastoma rat
model. Processing of structural and microvasculature images gave an advantage for more accurate determination
of tumor borders.

Introduction. More extensive brain cancer resection can prolong survival and delay recurrence [1].
Infiltrative growth of brain tumors causes difficulties in achieving total tumor resection. An introduc-
tion of innovative minimally invasive methods like multimodal OCT for intrasurgical guidance ap-
pears to be a critical challenge for modern neuromedicine. Various approaches to qualitative evalua-
tion of OCT images and scoring algorithms for gliomas/normal differentiation criteria have been ac-
tively developed [2, 3], but still remain an actual scientific task.

Materials and Methods. The study was carried out on Cérat glioblastoma model injected into the
brain of female Wistar rats (n = 10). The MM OCT imaging was performed on days 17-19 after the
transplantation of glioblastoma, when the tumor had formed and was visible on the brain surface. The
spectral domain MM OCT device that provides two modes of investigation — cross-polarization OCT
(CP OCT) and microangiographic OCT (OCTMA) was used in the study [4, 5]. The light source was a
superluminescent diode with a central wavelength of 1310 nm, a spectral width of 100 nm, resulting in
axial resolution of 10 um. The lateral resolution was 15 um. MM OCT images of the tumor, its border
with cortex and the visually normal cortex were collected in vivo, tumor-white matter border and nor-
mal white matter were studied ex vivo.

Results. The C6 model is morphologically similar to human glioblastoma multiforme showing re-
gions of necrosis and hemorrhage with infiltration into the surrounding brain tissues. Based on histo-
pathology data, 5 groups of CP OCT images — normal cortex (group 1), normal white matter (group 2),
tumor cells infiltration of cortex (group 3) and white matter (group 4), and tumor only (group 5) were
formed and assessed quantitatively. CP OCT parameters were developed to distinguish between tumor
cells infiltrative areas of brain tissue vs healthy one. Microvasculature bed changes in glioblastoma
compared to normal brain tissue were also demonstrated.

Conclusions. The potential of MM OCT as an effective instrument for in vivo OCT-guided infiltra-
tive gliomas growth borders detection was demonstrated. The MM OCT method has further prospects
of intraoperative application for one of the most complex clinical problems in neurosurgery.
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Abstract. We report on a series of novel tetracyanotetra(aryl) porphyrasine dyes which are found to be red-
emitting fluorescent ‘molecular rotor’ i.e. the fluorescence lifetime and the quantum yield of these mac-
rocycles strongly increase as a function of environment viscosity. They work also as an efficient PDT
agent. Photosensitizers prepared on the cyano-aryl porphyrazine pigment platform bound to gadolinium
cation demonstrate the potential to become an extraordinarily effective multimodal agent for theranostics, rep-
resenting a new approach to PDT based on real-time monitoring of the therapy in combination with precise MRI
/fluorescence diagnostics of tumor.

The various techniques available for cancer diagnosis and therapy are traditionally considered as
separate approaches in medical care. But nowadays the development of the multifunctional agents
which combine modalities for cancer diagnosis, treatment and real-time monitoring of treatment pro-
gress is a real imperative for specifically personalized medicine. Here we report on a series of novel
tetracyanotetra(aryl)porphyrasine dyes which are found to be a red-emitting fluorescent ‘molecular
rotor’, i.e. the fluorescence lifetime and the quantum yield of these macrocycles strongly in-
crease as a function of environment viscosity [1]. On the other hand, they work as an efficient
PDT sensitizer that induces apoptosis and necrosis in cells upon irradiation with red light
through formation of singlet oxygen. We demonstrated that PDT in vitro using the new cyano-
aryl porphyrasinemacrocycles is accompanied by a significant viscosity increase by monitoring
the fluorescence lifetime of the macrocyclicrotor [2]. We suggest that this increase could be
used as a completely new type of diagnostic and dosimetry tool during a PDT treatment provid-
ing feedback information about individual therapy status. Recently we obtained the integral curves
of porphyrazine fluorescence delay within the area of model tumor of experimental animal
(mouse) during PDT treatment. Thus, the significant increase of porphyrazine molecular rotor
fluorescence lifetime upon irradiation was demonstrated in vivo.

In addition, the results of in vivo experiments showed that PDT sensitizers prepared on the
cyano-aryl porphyrazine pigment platform bound to gadolinium cation demonstrate the poten-
tial to become an extraordinarily effective multimodal agent for specifically personalized medicine,
representing a new approach to PDT based on real-time monitoring of the therapy in combination with
precise MRI /fluorescence diagnostics of tumors.
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Abstract. Dendra2 is one of the most useful and effective fluorescent tools both for confocal and single-
molecule detection live-cell microscopy. However, this protein requires phototoxic violet light to be photoacti-
vated. Recently, a strategy utilizing blue and near-infrared lasers for the so-called primed conversion of Dendra2
was reported. In our study we suggested a new way to induce primed conversion by co-illumination with blue
and red light sources that are more available for researchers. The efficiency of the proposed approach has been
proved using various imaging modes, including super-resolution microscopy of living cells.

Photoactivatable fluorescent proteins are genetically encoded probes perfectly suitable for live-cell
imaging, including super-resolution localization-based microscopy [1]. Among them, Dendra2 is a
widely used marker, allowing studies of different targets, from individual proteins to cells, both in vi-
tro and in vivo. Dendra2 is commonly photoconverted from green to red form upon illumination with
violet (~405 nm) light. Such a process can also be induced by blue light sources but with much lower
efficiency [2]. Recently, the phenomenon of the so-called primed photoconversion has been reported
by a combination of blue and near-infrared lasers [3]. We, in turn, have proposed a new way to induce
primed photoconversion, avoiding cytotoxic violet light and the need for special optics, by simultane-
ous irradiation of Dendra2 with blue and red lasers.

Primed photoconversion of Dendra2 by blue and red light was studied in different modes. The ex-
periments included the illumination of purified protein in solution by light emitting diodes, laser scan-
ning confocal microscopy of beads with immobilized protein, and, finally, live-cell single-molecule
localization imaging of Dendra2-labelled beta-actin. As a result, we observed a strong increase in
photoconversion efficiency of Dendra2 in case of combined illumination with red and blue lasers
compared to illumination with single blue or red one. This effect was evaluated in a wide range of la-
ser intensities. We also selected the optimized conditions for Dendra2 primed conversion to perform
localization-based super-resolution microscopy. No difference between the traditional 405 nm laser-
induced photoconversion and suggested dual-laser illumination scheme was found. Therefore, we
could reconstruct high-quality sub-diffraction images and visualize actin ultrastructure in living cells.

In summary, a new approach for primed photoconversion of Dendra2 was demonstrated. We
showed that red lasers in combination with blue ones can be used to increase photoconversion effi-
ciency of the photoactivatable fluorescent protein. This allows avoiding the irradiation by 405 nm la-
ser and related phototoxic effects on cells. Additionally, most microscopists seem to be able to easily
implement this approach in practice due to the availability of red lasers and suitable optics.
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Abstract. Novel fluorescent molecular rotors based on the porphyrazine framework have been obtained in
the form of free bases via a template assembly of a variety of aryltricyanoethylenes as structural units of the
macrocycle. The unique combination of photodynamic activity with high sensitivity of the fluorescent properties
to viscosity has been demonstrated for the prepared series of fluorophores which have a good prospect to be
applied in biomedicine as optical sensors of intracellular viscosity and highly efficient PDT sensitizers.The
chemical modification of macrocycle peripheral frame is found to be an effective tool for fine-tuning of the re-
quired photophysical properties and photodynamic activity enhancement.

This research was aimed at the synthesis of a series of new tetra(aryl)tetracyanoporphyrazine pig-
ments in the form of free bases (Fig. 1) via a template assembly of various aryltricyanoethylenes [1]
and to study photophysical properties and photodynamic activity of the products.

The high sensitivity of fluorescence parameters of the prepared
porphyrazines to the medium viscosity resulted in a unique com-
bination of properties of optical sensor of local viscosity and sen-
sitizers of photodynamic therapy. It is important to notice that vis-
cosity is an important parameter determining the rate of diffusion
(and, hence, that of the bimolecular reactions) in the condensed
phase. A change in the local viscosity in the biological systems
can cause serious diseases and cell dysfunction or even death.
Therefore, the preparation of compounds acting as highly sensi-
tive non-invasive optical sensors of intracellular viscosity is a

topical issue. High sensitivity of their fluorescence parameters to
viscosity is an additional advantage for PDT sensitizers since it
allows the new theranostic approach to oncological disease treat-
ment based on the real time monitoring of intracellular viscosity
during the photodynamic therapy procedure [2].

We introduced a wide variety of Ar-groups into peripheral frame of the prepared porphyrazines.
The spectral properties, fluorescence quantum yield sensitivity to the viscosity and cytotoxicity under
dark and light conditions were investigated for the prepared products. It was established that all these
characteristics significantly depend on the chemical nature of peripheral groups framing macrocycle.
For example, the introduction of nitrogen atoms into substituents in para-position of aryl ring causes a
substantial decrease of half maximal inhibitory concentration (IC50) under the light condition and
strong increase of in the dark. Thus, the chemical design of macrocycle peripheral frame is found to be
an effective tool for fine-tuning of the required photophysical properties and photodynamic activity
enhancement.

Fig. 1. The structure
of tetra(aryl)tetracyanoporphyrazine
pigments
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Abstract. Personalized Cancer Therapy is the focus of a concerted research effort in North America and
other high-income countries. The aim is to improve survival while simultaneously reduce toxicity to normal or-
gans. While local, minimally invasive physical therapies would satisfy these requirements, planning their im-
plementation for an individual patient is but in its infancy. Here we present a workflow for Photodynamic Ther-
apy, leading to personalized therapy delivery.

The majority of novel cancers are being diagnosed in low and middle-income countries (LMICs) [1],
with an increase of 68% in incidence predicted by 2030. Cancer is not a major focus currently for
LMICs, which also often lack the resources to present a similar range of therapeutic options to the pa-
tients as available in high-income countries. LMICs often can not even remotely consider Personalize
Cancer Therapy. However, minimally invasive therapies such as Photodynamic Therapy (PDT) or pho-
tothermal therapies (PTT) are attractive treatment options, albeit widespread acceptance is hindered by
multiple factors ranging from training of surgeons in optical therapeutic techniques, lack of easily usable
treatment optimizing tools [2] and prediction of the anticipated treatment outcome.

Based on the publicly available FullMonte software [3], in combination with other open source im-
age processing tools, a work plan is proposed that allows for personalized treatment planning. Starting
with, generating in silico 3D tetrahedral models, from clinical images, execution of the Monte Carlo
simulation and presentation of the 3D fluence rate distribution a treatment plan is presented which
minimizes the number of light sources to be placed while attaining the prescribed energy density for
the target and the organs at risk.

Calculation of a forward photon transport map in biological tissues is executed in < 1 minute even
for a 10° tetrahedral elements 3D models. Optimization of the source placement requires 1-2 hours.

Largest sources of errors are uncertainties in the contouring and unknown tissue optical properties.
Hence, the proposed workflow includes also perturbation of the planning tissue optical properties, un-
certainties in the photon source placement and contouring errors, to validate the invariance of the at-
tained solution against these unknowns.

Lastly, the Monte Carlo simulations will also identify the locations for the most opportune photon
density sensors to obtain the true tissue optical properties and quantify the uncertainty of the source
fiber placement.

The accuracy of the fluence rate contours, as well as the predicted photon density at the sensor
positions, were validated using 3D printed models.

The PDT treatment optimization process can accelerate the training or physicians, currently only
available for ophthalmological applications, and thus accelerating the implementation of this therapy
in various LMICs clinical centers.
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Abstract. The aim of our work was to investigate metabolic activity of cancer cells by FLIM. Cellular me-
tabolism was examined by monitoring the fluorescence lifetimes NAD(P)H and FAD. Cellular metabolism was
analyzed in Hela cancer cells co-cultured with fibroblasts and in Hela tumor xenografts transplanted to nude
mice. In the co-culture we observed a metabolic shift from OXPHOS toward glycolysis in cancer cells, and a
reverse shift in fibroblasts. Metabolic heterogeneity within a tumor node was detected in the tumor tissue.

Introduction.The use of the glycolytic metabolism even in the presence of oxygen is a principal
metabolic feature of cancer cells that exhibit aberrant growth rate and demand an elevated level of
ATP to support the biogenesis of major macromolecules [1]. An important role in regulation of energy
metabolism of cancer cells belongs to stromal components - collagen and cancer-associated fibroblasts
(CAFs) [2]. NAD(P)H and FAD are the main metabolic cofactors that transfer electrons to molecular
oxygen in a mitochondria electron transport chain. Since these co-factors are fluorescent, their relative
content and state (free or protein-bound) can be assessed using Fluorescence Lifetime Imaging (FLIM)
[3,4].

The aim of our work was to study energy metabolism in human cervical carcinoma cells in the
models of tumor-stroma interactionsin vitro and in vivo using FLIM.

Materials and Methods. The study was performed on the cervical cancer cells HeLa Kyoto. For in
vitro investigation we used LSM 710 (Carl Zeiss, Germany) fluorescence laser-scanning microscope
equipped with a FLIM module (Becker &Hickl GmbH, Germany). Cancer cells and fibroblasts were
plated in the ratio of 1:5 and analyzed during 5 days. In vivo study of Hela tumor metabolism was im-
plemented using multiphoton tomography MPTflex (JenLab GmbH, Germane) equipped with a FLIM
module (Becker &Hickl GmbH, Germany). The histopathology examination and second harmonic
generation (SHG) were used to analyze the tissue structure.

Results. It was found in vitro that the relative contribution of free NAD(P)H (al) in cancer cells
co-cultured with fibroblasts increased from 76.9 % on Day 1 to 79.45 % on Day 2, and remained at
that increased level during the whole period of co-culturing. The relative contribution of free FAD
(a2) in these cells also increased, which presumably indicates a shift of metabolism to glycolysis. By
contrast, in the fibroblasts co-cultured with cancer cells, the relative contributions of free NAD(P)H
and FAD gradually decreased, indicating a shift toward oxidative metabolism [2]. The relative contri-
butions of free and protein-bound NAD(P)H in cancer cells in vivo were different at various tumor
sites. In tumor areas with a denser cellular structure and low content of fibrotic stroma, the relative
contribution of free NAD(P)H was 75.5+2.4 %. Whereas zones enriched with connective tissue fibers
and containing a small amount of cancer cells, the relative contribution of free NAD(P)H increased to
80.8+2.7 %. Therefore, we detected heterogeneity of cellular metabolism within a tumor node with
more glycolytic metabolism in stroma-rich zones [5].

Conclusion. In summary, the results of the study are of great importance for understanding meta-
bolic behavior of tumors and for development of anticancer drugs targeted to metabolic pathways.
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Abstract. Zinc oxide nanoparticles (ZnO-NP) have been widely used in sunscreens and provide good broad
spectrum protection against UV induced photo damage and skin cancer. Recent encouraging findings have at-
tributed better sun protection to a slight reduction in Melanoma cases in Australia. However, controversies sur-
rounding the safety of nanoparticles applied topically to the skin remain. We have over the last several years
looked at simulating real life experimental conditions when assessing nanoparticle penetration into the human
skin. Non-invasive Multiphoton Microscopy coupled with Florescence Lifetime Imaging Microscopy enables
real-time, accurate detection of NP penetration into volunteer skin in vivo.

Methods

We used multiphoton tomography with fluorescence lifetime imaging microscopy to measure zinc
oxide nanoparticle penetration and the metabolic changes within the viable epidermis. The effects of
life like conditions such as massaging, flexing, occlusion, barrier impairment as well as routine bath-
ing/swimming in different water sources was assessed on volunteer skin penetration of ZnO NPs. We
also looked at the effect of short and long time repeated dosing of ZnO NPs.

Results

Zinc oxide nanoparticles failed to penetrate into the viable epidermis of human volunteer skin with
or without occlusion, massage or flexing. In barrier-impaired skin, achieved by tape-stripping, occlu-
sion resulted in greater penetration of zinc oxide into the viable epidermis. Water from different
sources simulating daily habits such as tap water (bathing), pool water (swimming) and ocean/beach
water (swimming) resulted in different hydration/dehydration states of the skin. This did not result in
ZnO NP penetration but rather caused an increased accumulation into the skin appendages (furrows
and follicles). Repeated application (both short and long time) did not cause an increase in penetration.
However, an increase in labile Zinc species as a result of hydrolysis/ dissolution was observed in ex
vivo skin. We observed no measurable changes in the metabolic and redox state of the viable epider-
mis after treatment with zinc oxide, suggesting the lack of any toxicity.

Conclusions

MPT-FLIM allows for simultaneous penetration and toxicity assessment in vivo reducing the need
for separate experiments to be carried out. By simulating real-life experimental conditions during and
prior to nanoparticle application on human volunteers myths and concerns regarding nanoparticle
penetration and the subsequent damage caused by them can be effectively dispelled.
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Abstract. Near infrared photoimmunotherapy (NIR-PIT) is a new cancer therapy using antibody and hydro-
philic photosensitizer conjugates. However, the mechanisms for killing the cells are not elucidated yet, and it is
necessary to elucidate them for developing better NIR-PIT. In this study, we investigated the mechanism of NIR-
PIT by evaluating cell membrane damage, immunologic reactions induced by NIR-PIT.

Introduction

Near infrared photoimmunotherapy (NIR-PIT) is a new method of treating cancers by exposing
them to an antibody-photosensitizer conjugate (APC) consisting of an antibody directed at a cell sur-
face antigen overexpressed on the plasma membrane and a photo-activated silica-phthalocyanine dye
(IR700) [1]. The APC binds to cells expressing antigen and after NIR light exposure (690 nm), in-
duces highly selective cancer cell death with immediately adjacent non-target expressing cells suffer-
ing no toxic effects. A phase I study
of an antibody conjugate consisting \\\\ ///%/

SOgNa
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the cells are not elucidated yet. To NIR light

make the more potent and effective IR700 conjugated antibody binds to the target cancer cell mem-
drug for PIT, it is necessary to brane, and the exposure to near infrared light induces
know the mechanism. target-specific cell killing

Methods

We have investigated dynamic morphological changes after NIR-PIT using three-dimensional dy-
namic low coherence quantitative phase microscopy (3D LC-QPM). Additionally, cell membrane
permeability was studied using various sized molecules. Furthermore, we have performed immu-
nologic analyses of the events induced by NIR-PIT.

Results and discussion

Based on LC-QPM observation, the cells were dramatically and rapidly expanded by PIT, and PIT
induced sufficient cumulative damage to the cell membrane within 5 seconds to induce rapid cell
death. We found that initial damage of the cell plasma membrane was large enough to penetrate small
ions, but not other molecules. Then, the size of the membrane damage increased to a few nanometers
without obvious changes in bright field images. Thus, PIT-induced damage to the cell membrane im-
pairs the membrane function as a pressurized barrier, allowing flow-in or flow-out of molecules by
compensating the unbalanced osmotic pressure. Also, we observed the process that induces relocation
of the immunogenic cell death bio-markers [2]. These observations suggest that necrotic cell death due
to cell membrane damage is one of the potential causes for inducing cell death by PIT.
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Abstract. In vivo monitoring of oxygenation level and blood content in the course of experimental tumor
growth was performed using the diffuse optical spectroscopy (DOS) technique. Results of oxygen saturation
measurements were confirmed by measurements of pO,. Differences in the level of oxygenation and blood con-
tent between experimental tumor and normal tissue were revealed. Rapid decrease of oxygenation level preceded
the acceleration of tumor growth during which oxygen state has remained low. The increase of tumor volume
was accompanied by the gradual increase in blood content.

Tumor hypoxia determines poor prognosis, rapid tumor progression and therapy resistance. The
study of the mechanisms of tumor hypoxia formation makes it possible to develop novel methods for
its correction. In recent years diffuse optical spectroscopy (DOS) demonstrated its potential in evalua-
tion of the parameters of tissue oxygenation and blood content for preclinical tumor models [1-2].
DOS enables reconstruction of concentration of principal tissue chromophores: oxy-(HbO,), deoxy-
hemoglobin (HHb), water and lipids from evaluation of tissue absorption coefficient [3]. In this work
we employed DOS for monitoring the dynamics of oxygen saturation (StO,) and hemoglobin content
in animal model of human breast adenocarcinoma SKBR-3 during its growth.

We used a continuous wave fiber probe based DOS system in reflectance configuration [4]. Prob-
ing radiation with a spectral range of 400-900 nm is delivered to the tissue surface through a 200 um
optical fiber. Scattered radiation is collected from the surface by a detecting fiber located 1.5 mm from
the probing one. The exact values of concentrations of total hemoglobin (tHb), HHb, HbO,, and oxy-
gen StO, are extracted by a two-step reconstruction algorithm: at the first step, the absorption coeffi-
cient spectra are derived from DOS measurements using the algorithm based on the diffusion theory;
at the second step, the concentrations of HHb and HbO, are reconstructed.

The DOS measurements were started from the 12th day after tumor inoculation and continued for
11 days every 24 hours. Diffuse optical transmittance spectra were measured from the animal body
surface in the tumor region and in the normal muscle region. For verification of DOS data, oxygen
partial pressure (pO,) was measured in the tumor and muscle tissues using Clark microelectrode OX-N
in two mice.

StO, level in tumor tissue as compared to baseline and to normal muscle tissue decreased and re-
mained reduced by up to three times starting from 14th day of tumor growth. Comparison of data on
blood oxygen saturation obtained by DOS for normal and tumor tissues and pO, measurements
showed good compliance, correlation coefficient was 0.80 (p < 0.05). For the content of tHb statisti-
cally significant differences with the baseline as well as between the tumor and muscle were detected
on day 15 of tumor growth. THb concentration continued to increase gradually to the level about three
times higher as compared to the initial one. The gradual growth of tHb concentration which indicates
an increase of tumor blood content was observed in parallel with an increase of tumor volume. Unlike
the changes in blood content, reduction of the tumor oxygenation level occurred quickly and preceded
the tumor growth acceleration. We demonstrated that the rise in the level of hemoglobin is associated
with the increase in tumor node size. According to y*~test, strong dependence of the tHb concentration
on tumor volume (with significance level p < 0.01) was revealed, while the values of StO, and tumor
volume were shown to be independent (p =0.11).
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Abstract. Recently, an important trend is the development of multifunctional nanoparticles (NP) for bio-
medical applications. To integrate diverse functionalities, the methods to vary particles surface properties, size,
shape and structure, composition, optical-spectroscopic and other physical properties are developed. Number of
NP can reveal wide variability of the properties: noble metals nanoparticles, C- and Si-based NP of different
structure, polymer NP, etc., as well as their composites. Among these NP nanodiamond (ND), noble metal and
ND-metal NP reveal promising variability of the properties. Some examples, including magnetic-, Au-, fluores-
cent drug-modified ND, are considered in the presented work.

Nanoparticles which have the potential to integrate various functionalities useful for bio-medical
applications attract now much attention. Particularly, discussing the NP theranostic applications al-
ways considers such multifunctional NP, designed to co-deliver multiple components, control the de-
livery, realizingdrug and diagnosis simultaneously [1]. To integrate several functionalities, different
methods of surface functionalization and modifying the particles optical-spectroscopic and other
physical properties are developed. Number of NP can reveal wide variability of utilized properties:
noble metals NP, carbon- and silicon-based NP of different structure, polymer NP, etc., as well as their
composites.

Among these NP nanodiamond (ND) ispromising for development of multifunctional complex [2]
due to their widely variable features in sizes, structure, surface chemistry, physical properties and bio-
compatibility [3]. In this work we consider like example magnetic-modified ND (Ray Technologies,
Israel). The strong magnetic susceptibility of this ND has been demonstrated; however the origin of
magnetism is unclear. It is important, that simultaneously the ND reveals strong fluorescence both at
one-photon and two-photon excitation, and at fluorescence lifetime analysis. The origins of the fluo-
rescence are also discussed. The combining fluorescence and magnetic properties of ND with its bio-
compatibility make it promising for various imaging and delivery bioapplications. Simultaneous utiliz-
ing ND fluorescence and magnetic properties applications, e.g. to realize and observe magnetic filtra-
tion, magnetic-guided delivery, magnetic-assisted 3D cellular growth are discussed.

Very different kinds of surface design and modification can be considered to increase ND’s func-
tional modalities. Plasmonic properties of Au nanostructures make them promising for multimodal
imaging using surface enhanced Raman scattering and two-photon excitation. Combining Au with ND
in core-shell Au@NDNP joins Au plasmon resonance properties and ND fluorescence and makes the
nanoparticles an excellent multimodal-imaging probe [4]. As another example, ND complex with sur-
face-adsorbed drug berberine and the study utilizing both ND and berberine fluorescence properties, is
presented [5].

Note, that we discuss here only limited examples. However they are already enough to demonstrate
the wide perspectives of development of NP with new synergy properties for fundamental studies and
for applications.
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Abstract. Tryptophan (Trp) is another endogenous fluorophore that can be considered as a biomarker in can-
cer investigation. In this study we investigated the quenching of Trp in the presence of NAD(P)H in the prostate
cancer cells using three-photon excitation FLIM and FRET Microscopy. We developed an image segmentation
analysis and correlated the E% (energy transfer efficiency) with FLIM based optical redox ratio. The quenching
of Trp clearly shows the drug response between Caucasian-American and African-American prostate cancer cell
lines.

The molecular native fluorescence (autofluorescence) can be used as a research tool to understand
the underlying mechanisms of molecular interactions and cellular processes under native conditions in
cells and tissues. The intrinsically fluorescent NADH and flavins (FAD) are widely utilized as a bio-
marker for cellular energy metabolism. Tryptophan (Trp) is another endogenous fluorophore which is
being reported as a biomarker in cancer investigations [1, 2]. Trp is an essential amino acid, is a pre-
cursor of niacin, which in turn is a precursor of NAD(P)H. Increased Trp catabolism and increased
Indoleamine 2,3-dioxygenase (IDO) activity in the Kynurenine pathway are linked to cancer develop-
ment and progression. Probing Trp is therefore, clinically relevant. In general, Trp fluorescence inten-
sity and lifetime mainly provide information on the protein composition, protein structure of which
they are a part of and changes in overall cellular microenvironment. Trp is used as a marker for protein
abundance. Like NAD(P)H and FAD, Trp could also have two possible lifetime components. The
shorter and longer lifetimes of Trp represent the “protein-bound” (as residues in proteins) and “free”
(free amino acid) components, respectively. One of the major applications of fluorescence lifetime
imaging is the measurement of FRET (Forster resonance energy transfer) [3, 4]. In FLIM-FRET
measurements, FRET events are identified if there is reduction in the donor lifetimes, as a result of
quenching of fluorescence in the presence of the acceptor. Trp-NADH is known pair [1, 5-7]. The
NAD(P)H-interacting enzymes carrying Trp residues from different metabolic pathways, may be re-
sponsible for the quenching of Trp resulting in FRET interaction (E%). Trp is the most useful for im-
aging because of its attractive spectral features—with excitation and emission maxima at 280 and
350 nm, respectively, it has relatively high molar absorptivity (5500 M™' cm™") and modest quantum
yield (@) of 0.13 in the 300400 nm range [8]. Excited state fluorescence of Trp decays bi-
exponentially with an average lifetime of 3.03 ns. We have demonstrated that Tryptophan-NADH in-
teractions can be used as a reporter of metabolic activity [1, 5].

In prostate cancer, since, there is a direct link amongst defective OXPHOS activity, cancer cell me-
tabolism and apoptosis, we have investigated the doxorubicin drug response of an aggressive (African-
American, EOO6AA) and responsive (Caucasian-American, LNCaP) prostate cancer cells. Through,
this study we clearly demonstrate the earlier molecular changes associated with the increased mito-
chondrial oxidative phosphorylation that precede the effector caspase-3 activation and apoptosis.
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Abstract. We employ Macroscopy Fluorescence Lifetime Imaging (MFLI) FRET to quantify the internaliza-
tion of NIR labeled transferrin in T47D breast cancer xenografts in vivo. We report that in vivo MFLI-FRET
data correlate with transferrin accumulation in dissected tumors based on quantification analysis of immunofluo-
rescent staining. In contrast, no correlation between FRET levels and transferrin receptor density was found.
This study demonstrates MFLI-FRET as a robust non-invasive quantitative measure of the target engagement of
ligand-dimerized receptor in cancer cells which could accelerate the optimization of targeted drug delivery effi-
cacy.

Introduction. The ability to non-invasively monitor and quantify the target engagement in pre-
clinical studies of oncologic drug delivery remains a great challenge. MFLI-FRET offers a unique
approach to detect NIR labeled ligand binding to dimeric receptors followed by their uptake into can-
cer cells in live mice. The dimeric nature of Transferrin receptor (TfR), which is overexpressed in
most cancer cells, allows for the quantification of Ttn internalization into the cells by measuring FRET
between receptor-bound Tf donor and acceptor NIR fluorophore pairs, based on the reduction of donor
fluorophore lifetime in live mice [1].

Methods. Athymic nude mice carrying T47D breast cancer xenografts were injected intravenously
with Tfh-AF700 and Tfn-AF750 at an A:D ratio of 2:1 and used for live imaging experiments. Wide-
field MFLI was performed on a time-domain fluorescence lifetime imaging tomographic system using
a gated intensified CCD (ICCD) as detailed in [2]. After imaging, tumors were dissected and proc-
essed for immunohistochemical (IHC) and immunofluorescent (IF) staining.

Results. We compared the data from two independent imaging experiments (six mice total) with
thorough IHC and IF analysis of dissected xenografts. Despite significant heterogeneity of tumors re-
garding size, cell density and TfR expression levels, we found a strong correlation between FRET do-
nor fraction (FD%), which indicates the internalized Tf, and Tf accumulation in cancer cells based on
quantification of Tf staining (Fig. 1, A and C). Surprisingly, no correlation was found between FD%
and TR density which suggests receptor overexpression doesn’t guarantee an efficient drug delivery.
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Fig. 1. (A) Representative images of TfR IHC staining and confocal Tf IF staining in tumors from mice#2-4.
Scale bar 100 um. (B) FD% does not correlate with TfR estimated mean obtained from quantification of IHC
staining histograms. (C) Strong correlation between FD% and Tf integrated density calculated using whole
tissue scan images

Conclusion. We demonstrated in heterogeneous breast cancer xenografts a strong correlation be-
tween FRET levels and transferrin accumulation inside the cancer cells, but not TfR levels. Thus,
MFLI-FRET represents a robust measure of the target engagement in tumor cells in vivo. This ap-
proach may dramatically transform the field of targeted drug delivery.
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Abstract. Cellular responses to oxygen tension have been studied extensively, optical techniques based on
time resolved luminescence imaging to detect oxygen concentration and distribution are therefore of prominent
interest. They offer the possibility by inspecting fluorescence decay characteristics of intrinsic coenzymes to
directly image metabolic pathways, whereas oxygen tension can be determined by considering the phosphores-
cence lifetime of a phosphorescent probe. The combination of both fluorescence lifetime imaging (FLIM) of
coenzymes like NAD(P)H and FAD and phosphorescence lifetime (PLIM) of phosphorescent dyes could provide
valuable information about correlation of metabolic pathways and oxygen tension and offers new ways in ther-
anostic procedures.

The photophysical basis of fluorescence lifetime imaging (FLIM) and phosphorescence lifetime im-
aging (PLIM) is demonstrated in the Jablonski diagram in figure 1. The fluorescence lifetime describes
the decay from the first excited singlet state of a molecule and is the reciprocal of the sum of all the rate
constants leading to relaxation. FLIM of metabolic coenzymes is the basis for optical metabolic imaging
(OMI). Intersystem crossing from the first excited singlet state to the triplet state is the prerequisite for a
spin forbidden process called phosphorescence. The phosphorescence lifetime is the reciprocal of the
sum of the decaying processes from the triplet state and is the parameter of interest during PLIM. The
phosphorescence lifetime can decrease in the presence of quenchers as oxygen. Oxygen is the most
abundant quencher in cells. From this oxygen concentration can be determined leading to oxygen imag-
ing (OXI). Main interest is focused on techniques which enable simultaneous analysis of OMI and OXI
by correlated FLIM and PLIM. Within this presentation new efforts in time resolved luminescence imag-
ing are presented and promising theranostic applications are discussed. This includes metabolic studies
in neurological disorders as well as new approaches in PDT.
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Fig. 1. Jablonski diagram of FLIM and PLIM
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GFP-like fluorescent proteins are widely used as markers for the visualization of intracellular proc-
esses and for sub-difractional localization microscopy. In this work we describe a new photocon-
vertible protein, SAASOti, obtained from the Stylocoeniellaarmata coral [1]. Wild type of the protein
is tetramer with strong tendency to oligomerization. Wild type SAASOtiwas monomerized using ra-
tional mutagenesis. It is well known that tetramers of fluorescent proteins have two interfaces: electro-
static AB and hydrophobic AC. Site-directed mutagenesis was used to introduce mutations in both
interfaces. Substitution in electrostatic interface (K145E) gives tetrameric structure and totally ex-
cludes oligomerization. Substitution in hydrophobic interface (V127T) gives monomeric protein up to
millimolar concentration. Data on oligomerization state was supported by fluorescence correlation
spectroscopy. Using FCS method we calculated diffusion coefficients D = 50£10 um2/s for
SAASotiK145E and wild type SAASOti. The data obtained is consistent with tetramer FP diffusion
coefficient. Diffusion coefficient for SAASotiV127T variant was estimated as D = 100+20 um?2/s and
is similar to the D value for eGFP. Thus, SAASOtiV127T is supposed to be presented in monomeric
state that has cytoplasmic localization and no cytotoxicity. Monomeric proteins in both green and red
forms have high extinction coefficient and quantum yield. Monomeric protein SAASotiV127Tcapable
of rapid green to red photoconversion and rapid photobleaching of the red form, which allows the pro-
tein to be used in sub-diffractional microscopy approaches in living cells with low light intensity.
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Abstract. Time-resolved fluorescence and phosphorescence spectroscopy of a tumor based on Time-
Correlated Single Photon Counting (TCSPC) may deliver valuable information about its metabolic and oxygen
states. We present the results on optical interrogation of tumors in vivo based on the novel fiber optical probes.
We also discuss the potential of the TCSPC approach for label-free spectroscopy of biological samples.

The study of metabolic and oxygen states of cells in a tumor in vivo is crucial for understanding of
the mechanisms responsible for the tumor development and provides background for the relevant tu-
mor’s treatment. Here, we show that a specially designed implantable fiber-optical probe provides a
promising tool for optical interrogation of metabolic and oxygen states of a tumor in vivo. In our ex-
periments, the excitation light from a ps diode laser source is delivered to the sample through an ex-
changeable tip via a multimode fiber, and the emission light is transferred to the detector by another
multimode fiber (Fig. 1).
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Fig. 1. Experimental setup for fluorescence/phosphorescence spectroscopy measurements. MMF1:
Multimode fiber (core diameter: 50 pm, cladding diameter: 65 pm); MMF2: Multimode fiber (core
diameter: 200 pm, cladding diameter: 220 pm); C: miniature connector; P: exchangeable probe with a
multimode fiber (core diameter: 300 pm, cladding diameter: 350 um) in a needle G26); FC-FC con-
nector; D1 and D2: HPM-100-40 detector. F1/2: emission filters 510LP and 632/90 BP. F3/4: 405LP
and 450/60BP. DM: 510 LP dichroic mirror

Fluorescence lifetime of nicotinamid adenine dinucleotide (NAD(P)H) and phosphorescence life-
time of an oxygen sensor based on iridium (III) complex of enzothienylpyridine (BTPDM1) are ex-
plored both in model experiment in solutions, and in living mice.

We also present a developed system, based on Time-Correlated Single Photon Counting that can be
used for Raman spectroscopy of interrogated samples. This system is compact, cost-effective, and
therefore, is suitable for clinical applications.
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Abstract. Photodynamic therapy (PDT) is a modern minimally invasive treatment technique, which provides
selective damage of tumor tissue. Despite extensive use of PDT in clinical practice, there is still no clear under-
standing of the nature of photodynamic response development. It is true for both initial physicochemical proc-
esses and subsequent chain of events developing at the level of the whole organism and leading to a recorded
local tissue and systemic response. The present work is devoted to the study of the hydrogen peroxide production
dynamics during photodynamic reaction and its correlation with cell functional state using viscosity-sensitive
photosensitizes.

In order to study the role of hydrogen peroxide in the development of the photodynamic reaction,
we have obtained lines of human epidermoid carcinoma A43l1cells stably expressing peroxide-
sensitive HyPer sensor in the cytoplasm (A431-HyPer-cyto), mitochondria (A431-HyPer-mito) or nu-
cleus (A431-HyPer-nuc). The localization of HyPer protein and the level of its expression in cells
were confirmed by confocal microscopy and flow cytometry, respectively. At the first stage of the
study the intracellular localization of porphyrazines (Pz) was investigated for all cell lines obtained.
Earlier Pzs were shown to demonstrate correlation between their photo-physical characteristics (fluo-
rescence quantum yield and life-time) and viscosity properties of the cell [1]. The confocal micros-
copy study showed the nuclear envelope and vesicular structures (presumably endosomes and ly-
sosomes) to be the main targets of Pz intracellular uptake. Using the MTT assay a significant differ-
ence between dark and photo-induced cytotoxicity of Pz was shown for the obtained cell lines. At the
second stage of the study the method of registration of the dynamics of hydrogen-peroxide content in
cells was adapted using HyPer sensor. This method is based on the analysis of the HyPer fluorescence
under excitation at two wavelengths (1488/1405). With this method, we monitored the hydrogen-
peroxide content in cytoplasm and mitochondria of A431-HyPer-mito and A431-HyPer-cyto cells,
respectively, after treatment with clinically approved photosensitizes (Photosens and Phtalosens). The
increase in the hydrogen-peroxide content in cells in response to photodynamic treatment was shown
for both photosensitizes mentioned above (fig. 1).

The next step in our study
will be a comparison of the time
parameters of hydrogen peroxide
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Abstract. Recent advances in our understanding of cancer behaviors have suggested that multiple drug-
induced physiological changes are involved in the development of therapeutic responses. The focus of our stud-
ies is multimodal fluorescence imaging of cancer cell reactions to treatment with cytotoxic agents with different
mechanisms of action to identify relevant biomarker(s) of early therapeutic effects.

Conventional criteria of assessment of solid tumor response to chemotherapy are based on measur-
ing of the tumor burden size in the course of treatment and pathomorphological analysis of the tumor
tissue at the end of treatment. Recent advances in our understanding of cancer behaviors have sug-
gested that multiple drug-induced physiological changes are involved in the development of therapeu-
tic responses. It has become clear that identification of relevant biomarker(s) among these changes is
crucial to develop approaches to monitoring early therapeutic effects.

Modern achievements with fluorescence imaging methods and genetically encoded fluores-
cent probes open up new possibilities for noninvasive examination of cellular functions in living cells
and tissues. The focus of our studies is multimodal imaging of cancer cell reactions to treatment with
cytotoxic agents with different mechanisms of action. Using advanced fluorescence imaging tech-
niques (two-photon fluorescence laser scanning microscopy, time-resolved fluorescence microscopy
and spectroscopy, fluorescence whole-body imaging etc.), fluorescence from endogenous metabolic
cofactors, genetically encoded and chemical sensors, we investigate the changes in energy metabo-
lism, intracellular pH (pHi) and microviscosity in cancer cells exposed to chemotherapy. The experi-
ments are performed on monolayer cell cultures, tumor spheroids and animal tumor models.

To examine bioenergetics of cells, we registered fluorescence intensity of metabolic cofactors
NAD(P)H and FAD to calculate the optical redox ratio and fluorescence lifetime to assess a state
(“free” or “protein-bound”) of the cofactors [1]. To measure pHi, ratiometric (dual excitation) geneti-
cally encoded sensor SypHer2 on the basis of cpYFP chromophore was used [2]. Fluorescent
BODIPY -based molecular rotor was used to imagemicroscopic viscosity [3].

Our results describe functional alterations specific for different scenarios of cell response to che-
motherapy (cell death by apoptosis or necrosis or proliferative disorder). Apoptotic process was moni-
tored by FLIM/FRET sensor for caspase-3 activity, mKate2-DEVD-iRFP [4].

For example, in case of cisplatin we found that a greater ability to maintain an alkaline pHi in the
presence of drug was a principal difference between surviving cells and those that died. Although at
long-term treatment, the surviving cells showed decrease in pHi, both in vitro and in vivo, which pos-
sibly promoted metabolic shift to more oxidative status. This, in turn, resulted in inhibition of cultured
cells proliferation and of tumor growth in mice. Additionally, cisplatin-induced fluctuations of plasma
membrane viscosity were detected in dying cells. The present study indicates that these parameters can
serve as markers of responsiveness to chemotherapeutic agents.
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Abstract. The study objective was to monitor the microcirculation reaction on photodynamic therapyusing
multimodal OCT. Using OCT microangiography on an experimental tumor model we investigated the microvas-
cular reaction in the tumor side and in the collateral tissue. The dependence of tumor response on the initial state
of tumor microvasculature was studied. Complete disappearance of vessels in OCT images within 24 hours after
exposure led to the total tumor necrosis on the 7™ day. 40% of poorly vascularized tumors and 87% of highly
vascularized tumors were killed by PDT, and OCT microangiography can visualize vascular changes related to
the PDT treatment and correlate them with clinical outcome.

Introduction. Photodynamic therapy (PDT) is an actively developed method of antitumor therapy
for superficial localization. For PDT success, several factors are very important. One of them is tissue
oxygenation [1]. The level of tissue blood supply may be an direct sign of tumor oxygenation. Multi-
modal OCT with angiography function can become a valuable tool for individual reaction to PDT as-
sessment [2]. It is known that one of the main targets for PDT toxicity are endothelial cells. Their
damage results in blood vessel damage and in disruption of a blood flow [3].

Materials and Methods. The study was carried out on mouse ear tumor model murine colon car-
cinoma transplanted subcutaneously on female BALB/c mice (n = 20). Animals were randomly di-
vided into two groups: treated by PDT (n = 15) and untreated (control, n = 5). PDT was performed on
small-size tumors (poorly vascularized) and medium-size tumor (highly vascularized). PDT with total
exposure 100 J/cm” was done 1hour after Photosensitizer (Chlorine ¢6) administration. The photosen-
sitizer accumulation in the tumor and photobleaching after PDT were controlled by fluorescent bioi-
maging. Epi-fluorescence imaging was performed using IVIS-Spectrum system (Caliper Life Sciences,
USA) with excitation at 640 nm, emission at 720 nm. The microvasculature reaction was observed in
the tumor area and in the surrounding normal tissue using OCT microangiangiography based on
speckle variance [4]. On day 7, all tumors were excised for histopathology.

Results. The study revealed that complete irreversible blood vessels disappearance on OCT mi-
croangiography images within 24 hours after exposure led to the total tumor necrosis on day 7, which
was confirmed by histology examination. In the group of poorly vascularized tumor, approximately
40% of tumors were killed by PDT in comparison with 87% in the group of highly vascularized tu-
mors.

Conclusions. Optical coherence tomography microangiography can visualize vascular changes re-
lated to the PDT treatment and correlate them with clinical outcome.
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Abstract. This work explores the application of 5 nm diameter gold nanoparticles for molecular photoacous-
tic (PA) imaging of cancer micrometastasis. Isolated 5 nm particles exhibit negligible PA signal in the near-
infrared (NIR) spectral region. However, our results show that trafficking and processing of antibody-targeted
5 nm gold particles in cancer cells lead to a strong PA signal in the NIR region, allowing for highly specific and
sensitive cancer imaging. Furthermore, nanoparticles can also suppress proliferation of cancer cells, opening
exciting opportunities for theranostic applications. Confocal microscopy studies revealed that specific mecha-
nism of 5 nm gold nanoparticle interactions with cancer cells is essential for their applications in cancer imaging
and therapy.

Nanoparticles with sizes less than 10 nm are comparable to large biomolecules such as antibodies
and, therefore, present a very interesting opportunity for biomedical applications. These ultra-small
nanoparticles can improve biodistribution and pharmacokinetics, including more uniform intratumoral
distribution. Furthermore, these nanoparticles can undergo efficient body clearance, which is a critical
requirement for clinical translation of non-biodegradable nanoparticles such as gold. We apply the
combination of ultra-small (5 nm) spherical gold nanoparticles and spectroscopic photoacoustic (PA)
imaging to two important clinical problems: (i) detection of cancer micrometastasis in lymphatics; and
(i1) detection of microscopic ovarian cancer disease. Both applications can have lifesaving implica-
tions in management of cancer patients.

Plasmonic gold nanoparticles (AuNPs) are ideally suited for PA imaging because of their high op-
tical absorption. Conjugation of AuNPs with probe molecules (e.g., antibodies) renders them with mo-
lecular specificity [1]. However, the challenge is that isolated spherical gold nanoparticles do not ex-
hibit appreciable NIR absorbance that is required for in vivo applications. Recently, we turned this
challenge into opportunity by leveraging the change in NIR absorption between aggregated and non-
aggregated gold nanospheres that results from plasmon coupling for specific detection in vivo of me-
tastatic foci in lymph nodes as small as 50 um and with as few as 30 cells [2]. We used 40 nm AuNPs
targeted to epidermal growth factor receptor (EGFR), which is a key cancer biomarker. We showed
that receptor-mediated uptake of AuNPs in cancer cells resulted in a strong PA signal in the NIR re-
gion.

In the study presented herein, we validated the use of clinically translatable Snm gold nanoparti-
cles. Study results showed a 10-fold increase in PA signal of EGFR(+) cancer cells labeled with
EGFR-targeted 5 nm nanoparticles as compared to EGFR(-) cells. Detailed confocal microscopy stud-
ies of nanoparticle trafficking inside cancer cells revealed that unique mechanism of nanoparticles’
coating degradation inside cells is a major contributor to the observed PA signal. Furthermore,
nanoparticle uptake was associated with suppression of cancer cell proliferation. Therefore, under-
standing mechanisms of nanoparticle processing inside live cells will allow further optimization of
molecular targeted ultra-small gold nanoparticles as a theranostic platform.
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Abstract. Skin cancer is associated with abnormal cellular metabolism which if identified early introduces
the possibility of intervention to prevent its progress to a deadly metastatic stage. This study combines mul-
tiphoton microscopy with FLIM using a melanoma mouse model, to detect changes in redox states of single epi-
dermal cells as a metabolic marker to monitor the progress of tumor growth. We found a significant increase in
the free-to-bound NADH ratio with the growth of the tumor, while concurrently the short and long lifetime com-
ponents remained constant. These results demonstrate the potential of FLIM for rapid, non-invasive assessment
of melanoma progression.

Skin cancer is associated with abnormal cellular metabolism which if identified early introduces
the possibility of intervention to prevent its progress to a deadly metastatic stage [1]. This study com-
bines multiphoton microscopy with fluorescence lifetime imaging (FLIM) using an orthotopic mela-
noma mouse model [2, 3], to detect changes in redox states of single epidermal cells as a metabolic
marker to monitor the progress of tumor growth. This method utilizes imaging of the ratio of the
amounts of the free and protein-bound forms of the intracellular autofluorescent metabolic co-enzyme
nicotinamide adenine dinucleotide (NADH) [4-6]. Here we investigate the impact of the primary tu-
mor lesion on the epidermal layers at three different growth stages of melanoma lesion compared to
normal skin as a control. We show a significant increase in the free-to-bound NADH ratio with the
growth of the solid melanoma tumor, while concurrently the short and the long lifetime components of
NADH remained constant. These results demonstrate the potential of FLIM for rapid, non-invasive
and sensitive assessment of melanoma progression revealing its potential as a diagnostic tool for
melanoma detection and as an aid for melanoma staging.
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Abstract. The OX40 ligand (OX40L) is a potential agent for immunotherapy, a promising therapeutic strat-
egy for cancer. The purpose of this study was to investigate the effect of soluble extracellular domain of OX40L
(OX40Lexo) on CT26 colon carcinoma in mice. Our results showed that gene transfer of OX40L into tumor
cells resulted in lower tumor incidence, resistance to spontaneous metastases and development of immunological
memory. Therefore, we report for the first time on the antitumor effect of OX40Lexo in a mouse tumor model.

Introduction

The 0X40 ligand (OX40L) is a potential agent for immunotherapy, a promising therapeutic strat-
egy for cancer. OX40L is a member of the TNF (Tumor Necrosis Factor) family that has shown anti-
tumor potential in several murine tumor models [1, 2]. In the present study we developed the novel
soluble extracellular variant of OX40L — OX40Lexo for more effective interaction with the tumor in-
filtrating immune cells. Therefore, the purpose of this study was to investigate the effect OX40Lexo,
on CT26 tumors in mice.

Materials and Methods

CT26 murine colon carcinoma cell lines stably expressing EGFP (Enhanced Green Fluorescent
Protein) or co-expressing EGFP and soluble murine OX40Lexo were obtained by lentiviral transduc-
tion. CT26, CT26-EGFP or CT26-EGFP-OX40Lexo tumors were induced by subcutaneous (s.c.) in-
jection of 2-10° cancer cells into the leg of immunocompetent Balb/c mice. The evaluations of tumor
incidence, growth rate, number of lung metastases and in vivo fluorescence imaging were performed.
To assess the formation of antitumor immune protection, a passive transfer of spleen cells was con-
ducted from mice inoculated with CT26-EGFP-OX40Lexo, CT26-EGFP or CT26 cells, and from na-
ive mice, as a control.

Results

The expression of OX40Lexo in tumor cells inhibited the development of tumor in mice [3]. It was
found that the tumor incidence of CT26-EGFP-OX40Lexo tumors was 10% (1 out of 10 mice), while
the tumor incidence of CT26-EGFP or non-modified CT26 tumors was 90% (9 out of 10 mice). Mice
challenged with CT26-EGFP-OX40Lexo cells demonstrated complete resistance to formation of spon-
taneous metastases. Besides, all tumor-free mice rejected CT26-EGFP-OX40Lexo showed resistance
to rechallenge with 5-10° CT26-EGFPcells, indicating the development of immunological memory.
The results of the adoptive immune transfer showed that all the mice (20 of 20) treated with spleen
cells from donors previously challenged with CT26-EGFP-OX40Lexo cells rejected the CT26-EGFP
tumors. Tumor susceptibility was 47% (7 of 15) in the case of spleen cell transfer from naive mice,
and 50% (5 of 10) or 33% (2 of 6) where CT26 or CT26-EGFP bearing mice were the donors.

In summary, the results of this study show that OX40Lexo demonstrated strong antitumor effects
manifested in tumor rejection in immunocompetent Balb/c mice, resistance to formation of spontane-
ous metastases and the development of immunological memory.
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Various biomedical applications of fiber optics in a broad spectral range 0.4—16 um span more and
more — from endoscopic imaging and Photo Dynamic Diagnostics (PDD) to laser power delivery for
minimal invasive laser surgery, tissue coagulation and welding, Photo Dynamic Therapy (PDT), etc.
Present review will highlight the latest results in advanced fiber solutions used for more precise
diagnostics and intraoperative control of several therapy methods — for the so-called "theranostics".
Spectral fiber sensing for label free analysis of tissue composition helps to differentiate malignant and
normal tissue to secure minimal invasive, but complete tumor removal or treatment. All key methods
of Raman, fluorescence, diffuse reflection & MIR-absorption spectroscopy will be compared when
used for the same spot of tissue — to select the most specific, sensitive and accurate method or to
combine them for the synergy enhanced effect. The most informative spectral features for distinct
organs/ tumor can be used to design special fiber sensors to be developed for portable and low cost
applications with modern IT-features (for software embedded in microprocessor, for data
accumulation in clouds and treatment — to enable fast guidance for therapy in-vivo, etc.). Examples of
multi-spectral tissue diagnostics will be presented toward the future clinical applications of tumor
margin sensors. The promising trends of the synergy of Quantum Cascade Lasers coupled with IR-
fiber optics or Hollow Waveguides will be also reviewed in areas of diagnostic screening of cancer
and diabetes.

The 1st results on Mid IR-fiber endoscopy will be presented for thermography control of Radio
Frequency Ablation (RFA) for pulmonary vein isolation (PVI) — for the common treatment used
against a trial fibrillation (AF). Pilot study results obtained by Securus Medical will demonstrate how
to prevent thermal injury in structures adjusting to the left atrium using PIR-fiber based thermography
system for a fast non-contact thermal mapping over a 6cm length of esophagus.

A unique advantage of PIR-fiber transmission in Mid IR-range from 3 to 16um enables to run non-
contact temperature control for various laser-tissue operations: ablation, coagulation and welding of
vessels, with precise control of tissue temperature at the spot of laser beam on tissue. This feature
helps to design “smart” laser systems for minimal invasive operations — for external and endoscopic
operations. Flexible delivery system for CO,- and CO-lasers can be used for both directions in such
systems as the temperature at laser spot on tissue can be measured between the laser pulses by its
emission. This feed-back will provide the main advantage of “smart” laser systems — the automated
support for a desired temperature of tissue treatment. The Ist trials prototypes of CO,- & CO-laser
systems with flexible cables will be presented for different operations.

Translation of described methods into clinical practice will be discussed in comparison with the
other methods of optical diagnostics which should enhance modern medicine by less invasive, more
precise and more effective methods of therapy to be fused with in-vivo diagnostics sensors & systems.
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Abstract. Range verification is the crucial issue in ion beam therapy to enable full clinical exploitation of its
characteristic advantages over photon therapy. Detection of the ultrasound signal induced by the incident ions
(ionoacoustics) promises a simple and direct possibility to measure the ion range. Here we demonstrate in
experiments with proton beams of 20 MeV and 230 MeV the achievable accuracy and precision of this approach.

lons offer a more advantageous dose distribution than photons for external beam radiotherapy, due
to their inverse dose deposition and, in particular, a characteristic dose maximum at their end of range
(Bragg peak). Therefore, a more conformal therapeutic dose can be applied to the tumor while sparing
the surrounding healthy tissue, even if organs at risk are in striking distance. This makes, however, a
precise positioning of the Bragg peak inside the tumor volume a challenging demand. Range
verification in ion beam therapy relies to date on nuclear imaging techniques which require complex
and costly detector systems, and none has still reached clinical maturity. In this project, we make use
of the pressure pulse and related acoustic wave induced by ions stopping in tissue (“ionoacoustics”) to
measure the ion range with ultrasound methods. This technique could offer a simple and more direct
possibility to correlate, in-vivo and in real-time, conventional ultrasound imaging of the tumor region
with the position signal of the ion Bragg peak [1]. Despite several attempts in the past, the accuracy
needed in radiation therapy could never been reached. However, to-day’s more advanced irradiation
schemes with active beam scanning and dose delivery with higher pulse intensities are in favor of a
more accurate ionoacoustic approach.

This presentation will address our experimental and simulation work investigating the potential of
the ionoacoustic method to enable sub-mm imaging of the Bragg peak, in proof-of-principle
experiments with 20 MeV protons [2, 3] and in first test experiments at a clinical setup with up to
230 MeV protons.
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Abstract. This talk will overview the results of modeling of ultrashort laser pulse propagation in absorbing
transparent media based on Maxwell’s equations with demonstrating advantages of the approach compared to
other models. The majority of simulations have been performed for fused silica irradiated by laser beams with
linear and radial polarization. Effects of spatiotemporal coupling in ultrashort laser beams and pump-probe
irradiation on laser energy absorption will be analyzed. Based on the absorbed laser energy balance, post-
irradiation evolution of material will be discussed, including thermoelastic stresses and their consequences. First
results of application of the model to water breakdown will be presented.

Processing of transparent materials with focused femtosecond laser beams is a fast-developing
technique for applications in three-dimensional micro- and nanofabrication, surface nanopatterning, two-
photon polymerization, etc. [1-3]. The technique enables highly localized laser energy deposition via
non-linear photo-ionization of transparent media culminating in breakdown that makes it attractive for
high precision surgery of cells and bio-tissues [4]. Swift formation of sub-micrometer-sized free electron
plasma, which is strongly scattering laser light, makes the spatiotemporal dynamics of laser light
propagation and absorption extremely complicated. There are no methods with enough resolution to
directly follow the complexity of the processes at femtosecond temporal and nanometer spatial scales.
Even small variation in laser irradiation parameters can cause heavy damage to processed matter,
incompatible with the application goals. In such circumstances, theory and computer simulations are
important means for understanding the processes and advancing the technique to real world applications.

In this talk an overview of the results of modeling of ultrashort laser pulse propagation in absorbing
transparent media will be presented, obtained mainly for fused silica glass as an example [5, 6]. The
model based on full Maxwell’s equations accounts for the Kerr effect, photo-ionization, frequency
dispersion of dielectric permittivity, and free electron plasma hydrodynamics with laser-induced
electron acceleration and avalanche. It enables to study the effects of laser polarization, spatiotemporal
coupling in the beam (such as lighthouse effect), defect accumulation in pump-probe and pulse
shaping techniques, and can be extended to multi-pulse action. The dependences of laser light
absorption efficiency and geometry of the light absorption zone will be analyzed as a function of pulse
energy, numerical aperture, and beam polarization. For a number of irradiation regimes, the results
will be compared with those obtained within the model based on the non-linear Schrodinger equation
with demonstrating advantages of the full Maxwell’s equations approach.

Based on the absorbed laser energy balance, post-irradiation evolution of material will be
discussed, including thermoelastic stresses, generated shock waves, and their possible consequences.
First results of application of the model to water breakdown will be presented.
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Abstract. We present a novel method for cross sectional imaging with nanometer resolution, which is
referred to as XUV coherence tomography (XCT). XCT uses extreme ultraviolet light (XUV), e.g., from laser-
driven high harmonic generation (HHG). In XCT, the coherence length of a few nanometers of broadband XUV
sources is exploited. Thus, XCT extends optical coherence tomography (OCT) by improving the axial resolution
from micrometers to nanometers. Axial resolutions down to 3 nm have been demonstrated in the water
transmission window (wavelength range 2—4 nm) and 12 nm in the silicon transmission window (20-40 nm)
highlighting possible applications in life sciences and semiconductor industry.

Optical coherence tomography (OCT) is a well-established method to retrieve three-dimensional,
cross-sectional images of biological samples in a non-invasive way using near-infrared radiation. The
axial resolution of OCT is in the order of the coherence length /. o< A2/AA .y, , which depends on

the central wavelength A, and the spectral width (FWHM) AA,,,,, of a light source. OCT with

broadband visible and near-infrared sources typically reaches axial (depth) resolutions in the order of a
few micrometers [1]. XCT [2, 3] presented here takes advantage of the fact that the coherence length
and therefore the axial resolution of OCT is significantly reduced when broadband XUV and SXR
radiation is used. The broadness of the usable XUV spectrum is limited by absorption edges of the
sample. For instance, the silicon transmission window (30-99 eV) corresponds to a coherence length
and therefore a possible axial resolution of about 12 nm, thus suggesting applications for
semiconductor inspection. In the water window at 280-530 eV a coherence length as short as 3 nm can
be achieved and highlights possible applications of XCT for life sciences.

The usage of laser-based XUV sources like high-harmonic generation enables a laboratory-based
experimental setup. Therefore, XCT becomes independent of large-scale x-ray sources like
synchrotrons, which are usually used for EUV imaging. Fig. 1 shows a measured XCT volume with an
axial resolution of approx. 20 nm. All structures could be resolved.

Fig. 1. Tomogram of a silicon based sample with buried gold structures:
All buried structures are resolved. The axial resolution is approx. 20 nm
and is independent of the focal spot size, which supports a lateral
resolution of 23um. The measurement was non-destructive
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NOVEL CLASSES OF EUBACTERIAL LIGHT-DRIVEN ION PUMPING
PROTEINS FOR OPTICAL CONTROL TOOLS OF CELLS
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Abstract. Microbial rhodopsins are the photoreceptive membrane proteins of various types of bacteria. The
ion-transporting rhodopsins are used as molecular tools to control neuronal activity. This technique is called
"optogenetics". Recently, we have discovered new classes of microbial rhodopsins, light-driven outward sodium
pump and inward proton pump. The specific ion transports by these rhodopsins are expected to enable more
efficient or low toxic optogenetic approach, and their molecular mechanism was studied to obtain basic insight to
develop new optogenetic tools.

Microbial rhodopsins are the photo-receptive membrane proteins which are diversely found in
mainly unicellular microorganisms such as eubacteria, archaea, algae and fungi. They share common
structure composed of seven-transmembrane o-helices and chromophore all-frans retinal. Upon light-
illumination, the retinal isomerizes to 13-cis form and then various types of biological functions are
evoked by light. The most ubiquitous microbial rhodopsin is outward H" pump which can generate
proton motive force for ATP-synthesis and so on. Recently, we identified a new types of rhodopsin,
outward Na" pump (KR2) in the genome of marine bacterium [1]. Interestingly, it transports H"
outward in the presence of only larger cation in the solution. We studied the Na'-transport mechanism
by spectroscopy and X-ray crystallographic analysis. They revealed that an aspartate near retinal
transiently sequesters H'™ of retinal Schiff-base from Na' transport pathway [1, 2]. Furthermore, we
found a cytoplasmic space with a bottle neck structure. This bottle neck structure works as a selective
filter and artificial K™ and Cs’ pumps were developed by mutating the residues forming the gate [2, 3].

In 2016, we further reported inward H™ pump (PoXeR) from deep-sea bacterium and spectroscopic
study revealed the characteristic mechanism to transport H™ inward [4]. We expect these new types of
rhodopsin will be applied for optogenetics.
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Fig. 1. The natural and artificial rhodopsins
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Abstract. Ion beams accelerated by hot electrons produced in solid targets irradiated by high-intensity laser
pulses are widely believed to become a valuable tool for hadron cancer therapy. The current challenge is to reach
therapeutic energies, i.e. above 200 MeV, which is commonly thought to be possible by increasing the laser
intensity. Here, we present numerical results demonstrating that at intensities exceeding 10*' W/cm?
magnetostatic fields self-generated in the sheath may have a detrimental effect on the ion energies and may pose
a fundamental limit to target normal sheath ion acceleration for high enough laser intensities. We also discuss
possible mechanisms of this effect.

The laser proton and light-ion acceleration is a perspective source for a hadron cancer therapy.
Recent progress in developing laser sources producing pulses up to several petawatts make them wide-
spread among laboratories across the world. A terawatt-level pulse focusing on a thin metal foil or
plastic film is known to produce a bunch of ions with energies exceeding several MeVs. A regime of
the acceleration for such pulses has been named Target Normal Sheath Acceleration (TNSA). It is
based on laser heating of electrons to relativistic temperatures and subsequent expansion of a hot
electron cloud beyond the target forming a sheath accelerating protons and light-ions from the rear
target side by electrostatic forces. The known scalings show that to attain 200 MeV protons one needs
to increase laser intensity level beyond 10*' W/cm”. Now the pulses of this intensity are becoming
available for routine experiments. Particularly, they were obtained by tightly focusing sub-ps laser
pulses with elliptical plasma mirrors [1].

The experiments on proton acceleration utilizing these pulses have been conducted recently and
show that the observed ion energies are well below predictions of simple models and popular scalings
[2]. This observation has been attributed to the magnetic fields self-generated by hot electrons on the
rear side of the target. These fields can be stronger than 10° G at laser intensities above 10*' W/cm®
efficiently magnetizing the sheath electrons and deflecting the protons off the accelerating region,
hence degrading the energy transfer from the electrons to the protons.

Analysis shows that with increasing laser intensity the toroidal magnetic fields generated on the
rear surface of the target by hot electron bunches ejected by the laser increase as well, but in a much
faster manner. At the 10! W/cm?® intensity level they reach Gigagauss magnitudes and begin to
significantly affect the electron trajectories. If the laser pulse is long enough, the Larmour radius of the
electrons may become comparable to the size of the sheath, so that the electrons start to drift and their
effective velocities decrease. When the drift velocity becomes less than the velocity of the accelerated
ions the ejected electrons can't overcome the ion front and contribute to their acceleration. This is the
main mechanism behind the detrimental effect the magnetic field has on ion energies.

Another mechanism is the deflection of protons away from the central axis where both the electron
density and, consequently, accelerating fields are the highest.

In our talk we will discuss how the detrimental effect depends on the main parameters of the laser:
intensity, duration and spot width. The results were obtained by means of 2D3V simulations
performed with PICADOR code [3].
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OPTICAL AND SENSORY CHARACTERISTICS OF OCEANIC BIOTA
AND ORGANIC-INORGANIC NATURAL AND BIOMIMETIC MATERIALS
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This work is devoted to a review of marine biota research as the most promising sources of energy,
mineral and biological resources that are produced in the Far Eastern Branch of the Russian Academy
of Sciences, including in cooperation with the Far Eastern Federal University.

Monitoring of the state of aquatic environments requires obtaining information in real time, long
before the appearance of visible signs of pollution, significantly exceeding the norms of maximum
permissible concentrations. In recent years, living organisms that are highly sensitive to the effects of
unfavorable factors are actively being studied as bio indicators for the ecological monitoring of the
state of the water areas. The analysis of the publications and the results obtained in the Far East region
demonstrate the sensitivity of the microalgae of phytoplankton to a fairly wide range of pollutants in
aqueous media, including metal ions, herbicides, pesticides, cyanides, surface active agents, and
others.

Investigation of the interaction of laser radiation with aquatic organisms has given rise to new
methods of purification from the biofouling of the surface of underwater equipment and instruments.

Biomimetic and Bio-inspired Smart Nanotechnologies are actively developing on the basis of
living organisms. Experts note that the development of biomimetic approaches in nanotechnology can
have as revolutionary a role as genetic engineering in biotechnology.

The development of molecular and colloid chemistry and cell biology has determined the formation
and intensive development of supramolecular chemistry, which serves as a kind of bridge between
inanimate and living matter. The interaction of bio photonics with this direction gave an impetus to
research in the areas of creating highly sensitive receptor centers for optical chemosensors based on
spatially ordered natural and synthetic nanophase and supramolecular polymer complexes,
technologies of creating optical chemosensory systems for detecting inorganic contaminants in
aqueous media, and also for detecting metabolite gases in the environment and express analysis of the
food freshness.

Much attention is devoted to the development of methods for the formation of submicron structures
for obtaining multilayer spatially ordered optical elements and photonic crystals using natural
biopolymers. We actively develop methods for the formation of nonlinear optical nanocomposite
materials based on nanoparticles, which are synthesized using self-organization in biopolymer
matrices as templates, as well as technologies for creating organo-inorganic nanophase materials for
bioengineering of photonic biosensors based on molecular mechanisms of self-assembly on a protein
matrix.

The development of this direction of biophotonics allows us to obtain a wide range of
fundamentally new results with innovative potential.
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FRONTIERS OF FEMTOSECOND LASER APPLICATIONS
IN OPHTHALMOLOGY

H. Lubatschowski
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Abstract. Ophthalmic femtosecond lasers promote safe surgery and fast healing times because they can
process tissue and other materials within a 3-D volume without altering its surface. The success of this platform
in refractive and, more recently, cataract surgery is based on two unique characteristics: the nonlinear absorption
process and extremely high precision and low side effects, resulting from the low energy level needed for
photodisruption. Consequently femtosecond lasers have potentially many more new ophthalmic applications,
which are discussed in this presentation.

Since the launch of the first commercial femtosecond laser system for corneal surgery in 2001 by
IntraLase, more than thousand systems have been sold and more than 20 million patients have been
treated for refractive corneal surgery. Today fs lasers have developed from a pure flap-maker for
LASIK surgery to a multiple tool for corneal surgery as well as for cataract surgery. In cataract
surgery, the laser has extended its field of action from the cornea to the crystalline lens where it is used
to open the capsular bag and performing lens fragmentation.

There is even more potential of “femto”-applications in ophthalmic surgery based on its unique
features such as (a) simultaneous imaging of the target tissue while cutting or (b) processing even
turbid tissue.

Reversing presbyopia

In the near future presbyopia reversal might be possible by restoring the flexibility of the aged
crystalline lens. Here, fs laser can be used to create micro-incisions inside the lens without surgically
opening the eye. These micro-channels could reduce the inner friction of the lens tissue, acting as
sliding planes. When delivered to rabbit eyes, these laser incisions did not cause cataract growth or
wound-healing abnormalities. When applied to human autopsy eyes, an average increase of 100 pm in
the anteroposterior lens thickness was seen, corresponding to a 2.00 to 3.00 D gain in accommodative
amplitude.

Treatment of tractional vitreous attachments

Another promising application of the femtosecond laser in the near future, ultrashort laser pulses
may replace posterior vitrectomy for the treatment of tractional vitreous attachments. This noninvasive
strategy requires the implementation of adaptive optics to compensate optical aberrations by the
vitreous in order to achieve a well-focused, highly resolved laser spot near the retina.

Refractive index shaping

If the intensity of the femtosecond laser remains just below the threshold of optical breakdown, it is
possible to create low-density plasma, which will allow free electrons to interact with the surrounding
tissue. These chemical reactions could result in slight changes in the refractive index of optical media,
and this phenomenon could be used to program diffractive lenses into the cornea and crystalline lens.
In animal studies, refractive index shaping has been shown to be stable for several weeks or months.
This principle could also be used to adjust the power of an intra ocular lens in situ.

Reversing cataract

Photo bleaching or using multiphoton absorption to photo-chemically destroy absorbing and
scattering protein aggregates inside the nucleus can remove the yellowing of the crystalline lens. In
one experiment, human donor lenses were treated with an 800-nm infrared femtosecond pulsed laser.
After treatment, the investigators found that the age-related yellow discoloration of the lens was
reduced and the transmission of light increased.
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CHALLENGES AND SOLUTIONS

U. Masoodl, T.E. Cowanz, W. Enghardtl’z, M. Gotz', T. Herrmannsdiirferz, K.M. Hofmann3,
L. Karsch', F. Kroll, U. Schramm?, M. Schiirer?, J.J. Wilkens®, K. Zeil’, and J. Pawelke'”

" OncoRay-National Center for Radiation Research in Oncology,
Faculty of Medicine and University Hospital Carl
Gustav Carus, Technische Universitdt Dresden, Germany
? Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany
3 Department of Radiation Oncology, Klinikum rechts der Isar,
Technical University of Munich, Munich, Germany

Abstract. Proton acceleration on um scale via high intensity laser has become a compelling alternative to
conventional accelerators and gained interests for its potential to reduce size and costs for proton therapy (PT)
facilities [1, 2]. Next generation petawatt lasers promise laser-driven protons (LDP) with therapeutic energies.
But, in contrast to conventionally accelerated quasi-continuous mono-energetic pencil beams with about
30 Gy/sec dose rate, LDP beams have diverse properties, i.e. ultra-intense pico-sec bunches with up to
10" Gy/sec dose rate, large energy spread and divergence, and with only up to 10 Hz repetition rate. These
properties make it challenging to adapt LDP beams directly for medical applications. The presented work is an
ongoing joint translational research project of several institutions aiming to establish laser-driven PT. We will
present the recent progress in design concepts and the status of the development.

Summary

The status of the development of laser-driven PT can be summarized in five main challenges:

I) Laser-based technology has been established, with protons (up to 20 MeV) via 150 TW laser
system, for systematic radiobiological studies with human cell-lines and small animals with fixed
beamline. In which, no overall difference in the radiobiological effectiveness between laser-driven and
conventional beams was detected to date.

) For translation towards patient irradiation, increase of proton energy from 20 to 230 MeV by
increasing the laser power from 150 TW to ~1 PW is one of the fundamental requirements, and the
development is in progress.

IIT) Furthermore, a compact gantry system is designed based on pulsed magnets (PM) which is
~2.5x smaller than conventional gantries. It is integrated with laser-particle acceleration chamber,
novel beam capturing and energy selection system. A new pulsed scanning system for wide beams
with broad energies is designed for irradiations with clinical accuracy. Also, a new 3D treatment
planning software has been developed for new dose delivery and treatment planning strategies for laser-
driven PT. The evaluation of treatment plans shows laser-driven broad energetic beams are feasible for
clinical application [3, 4].

IV) The light-weight iron-less high-field PMs are being developed for gantry realization. These are
non-trivial and challenging to design. A pulsed 40 T solenoid for particle capture and a novel 10 T
compact iron-less 50° sector magnet has been successfully tested, furthermore, a pulsed 120 T/m
gradient quadrupole is being developed.

V) Last, but not the least, dosimetric verification is a crucial part of radiotherapy. The pulse
structure and high intensity of LDP require advanced theoretical understanding and experimental
verification of the dosimetric equipment [5].

Laser-driven PT is a promising compact alternative and could change PT, yet requires substantial
development towards clinical application.
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NANOPLASMONICS ENHANCED ULTRAFAST LASER NANOSURGERY:
MODELING AND RATIONAL DESIGN
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Abstract. Nanobubbles generated by ultrafast laser irradiation of plasmonic nanoparticles can induce highly
localized damage to targeted cells, which makes them valuable for nanomedicine applications. In this
presentation, we present a complete model that successfully describes all interactions occurring during the
irradiation of plasmonics nanostructures by an ultrafast laser of various pulse widths and fluences. We have also
developed a computational framework to screen for optimized nanostructures that are not damaged upon laser
irradiation. Using this rational design approach, we demonstrate theoretically and experimentally that nanoshells
can reduce significantly the cavitation threshold in the near-infrared.

Introduction

Irradiating metallic nanostructures by a femtosecond laser beam produces highly localised
processes on the nanoscale in the surrounding medium. This particular process is mainly attributed to
the surface plasmon resonance of the nanostructures. When these nanomaterials are imbedded in a
biological media, their irradiation by a femtosecond laser could results in a highly localized plasma,
heat production and mechanical effects yielding to the nanosurgery of cells.

Modeling plasmonics enhanced ultrafast laser nanocavitation

Vapor nanobubbles generated around plasmonic nanoparticles (NPs) by ultrafast laser irradiation
are efficient for inducing localized damage to living cells. Killing targeted cancer cells or gene
delivery can therefore be envisioned using this new technology [1, 2]. The extent of the damage and
its non-lethal character are linked to the size of the nanobubble. Precise understanding of the
mechanisms leading to bubble formation around plasmonic nanostructures is necessary to optimize the
technique. Nanocavitation is caused by the interplay between heat conduction at the NP-medium
interface and non-linear plasmon-enhanced photoionization of a nanoplasma in the near-field [3-5],
the former being dominant for in-resonance and the latter for off-resonance irradiation. Modeling of
the whole laser-nanoparticle interaction, together with the help of the shadowgraphic imaging and
scattering techniques [3—6], give valuable insight on the mechanisms of cavitation at the nanoscale,
leading to possible optimization of the nanostructure for bubble-based nanomedicine applications.

Rational Design of Plasmonic Nanoparticles for Enhanced Cavitation and Cell Perforation

The highly non-linear interaction process is controlled by the NP material, shape and size. There is
currently no systematic design approach that enables the engineering of optimized NPs that are not
damaged upon laser irradiation. We thus developed a computational framework to efficiently screen a
large library of spherical nanostructures [7]. Using this framework, we were able to define general
principles for the design of robust nanoantennas. We also demonstrate that silica-metal nanoshells
(NS) have the potential to reduce the bubble generation threshold in the NIR compared to
homogeneous NPs, due to their extensive spectral tunability. AuNS optimized for NIR irradiation have
been used to validate our design framework [8]. Using time-resolved bubble spectroscopy,
shadowgraphy imaging and electron microscopy, we were able to confirm the particle structural
integrity and a cavitation threshold reduction of 51% relative to optimal AuNP. AuNS have also been
used to perforate cancer cells with an efficiency of 61%, using 33% less energy compared to AuNP,
which demonstrate the transferability of our design method to biomedical applications.
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THE POSSIBILITIES REALIZED IN SURGERY AND FORCED THERAPY
BY MEANS OF DEVICES BASED ON THE FIBER AND DIODE LASERS
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Abstract. The characteristics and possible applications in surgery and forced therapy of devices developed
with diode and fiber lasers emitting at wavelengths 0.97; 1.06; 1.55; 1.94 and 1.68 pmare are presented.

The appearance of fiber lasers allowed improving the operational parameters (reducing weight,
dimensions and power consumption, increasing lifetime and effectiveness, resistance to environment
and mechanical action) and creating medical devices with new characteristics due to:

— possibilities of support of the CW operation at the wavelengths formerly available only in a
pulsed mode (1.55 and 1.94 pm);

— obtaining radiation at wavelengths unavailable before, for example, 1.68 um by means of the
fiber Raman converter;

— creation of devices in which two independent regulated radiations with different wavelengths are
removed through one fiber.

These devices allowed, in turn, developing new effective techniques of treatment.

We present information on the implemented medical devices.

These devises were used for development of the effective treatment technologies in ENT,
neurosurgery, cardio- and vascular surgery, urology and other areas of medicine.

The possibilities of use for medical purposes of the new fiber lasers developed at NTO "IRE-
Polyus" and IPG corporation are considered.

The potential of the new fiber lasers developed at NTO "IRE-Polyus" and IPG photonics to be used
for medical purposes is considered.
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RECENT DEVELOPMENTS IN JAI AND UK ON X-RAY BIO-IMAGING
BASED ON LASER-PLASMA ACCELERATION
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The research directions of John Adams Institute for Accelerator Science range from gigantic future
colliders to compact energy recovery linacs. Plasma acceleration is one of the central areas of JAI
research. Our researchers have pioneered many breakthrough results such as higher than a GeV mono-
energetic laser-plasma accelerated beam. Our present work on plasma acceleration is focused on
creating higher brightness and higher efficiency compact light sources and using them for various
applications. In this talk an overview will be given about the JAI and UK progress in the area of laser
plasma acceleration in application to bio-imaging.
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Abstract. I introduce our SAKIGAKE program supported by JST. One of the major research targets is bio-
medical and bio-photonics. We have many excellent young scientists challenging the critical scientific front

using advanced photonics technology. Some of them will present their latest results in this conference.
I introduce interesting research works of other members in my SAKIGAKE team.
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CAVITATION BUBBLE DYNAMICS IN PLASMA-MEDIATED NANOSURGERY
OF CELLS AND TISSUES
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Abstract. The dynamics of cavitation bubbles in the um and nm range such as occurring in plasma- and
nanoparticle-mediated cell surgery is investigated experimentally and theoretically. Radius-times curves are
recorded by interferometric single-shot measurements with nm accuracy and ps time resolution. Modeling
provides information on the bubble size dependence of breakdown and collapse pressures and the partitioning of
laser energy into vaporization, shock wave and bubble energy, and energy needed to overcome viscous damping.

Laser-induced plasma generation and plasmonics are used for intraocular, refractive and cataract
surgery as well as for gene transfection into cells and targeted effects via antibody-conjugated
nanoparticles. A profound understanding of the sequence of events from plasma formation through
acoustic emission, bubble formation and subsequent bubble oscillations is essential for an optimization
of these processes. In the past, the dynamics of bubbles with sizes from millimeters down to tens of
micrometers has been extensively investigated, mostly by time-resolved photography in conjunction
with modeling. In this parameter range, the bubble dynamics is “self-similar”, i.e. the spatial extent of
collapse region and shock wave width scale with the bubble size but collapse velocity and pressure
remain constant. By contrast, for bubbles in the micrometer and nanometer range such as occurring in
plasma- and nanoparticle-mediated cell surgery surface tension, liquid viscosity, and heat conduction
play an important role and the bubble dynamics changes strongly for R.x — 0. We established new
experimental and theoretical tools enabling the investigation of this parameters range and applied them
to explore the bubble dynamics in water and in transparent cells and tissues.

Interferometric measurements enabled us to record entire radius-times curves R(?) of spherical bubble
oscillations in single-shot measurements with nm accuracy and 160 ps time resolution (Fig. 1, a). For
bubbles with maximum radius R, < 1.5 pm, R(¢) can be recorded only for the first oscillation since the
maximum radius of the rebound bubble becomes so small that it produces only Rayleigh scattering but
no interference signal. Nevertheless, the oscillation time of the rebound bubble remains detectable and
the durations 7} and 75 of first and second oscillation can serve as modeling input.

Modeling is based on the Gilmore model of bubble dynamics that considers surface tension and
viscosity as well as the liquid compressibility. We achieve excellent agreement between measured and
calculated R(?) curves (Fig. 1, b). Based on experimental 7, 7, data for R, — 0 and assumptions on
initial plasma energy density, we deduce a wealth of information on the bubble size dependence of
breakdown and collapse pressures and the partitioning of absorbed laser energy into vaporization
energy, shock wave energy, bubble energy, and energy needed to overcome viscous damping.

For bubbles of a few um or larger, shock wave emission dominates damping and interactions.
Viscous damping increases with decreasing bubble radius and dominates for R« < 1 um. However,
since surface tension also increases with decreasing radius, a “hot” region with strongly elevated
collapse pressures of = 300 kbar is observed in the intermediate range 1 pum < R, < 3 um. At large
NA and close to threshold, femtosecond breakdown turned out to be more disruptive than ns

breakdown, which is opposite to the pulse duration dependence at small and moderate NAs.
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Fig. 1. Interference signal and R(?) curve for a laser-induced bubble in water with R, = 1.52 pm
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DEVELOPMENT OF TUNABLE MID-IR LASERS FOR AGRICULTURE
AND HEALTH SCIENCE APPLICATIONS
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Agriculture and health are of importance to keep human society and life of human. We develop
optical systems using our original lasers, such as tunable MID-IR lasers and introduce them to plant
factory and health checking systems with human breath.
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ANTIVASCULAR EFFECTS INDUCED BY PHOTO-MEDIATED ULTRASOUND
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Abstract. A novel antivascular technology, namely photo-mediated ultrasound therapy (PUT), was
developed. By applying synchronized laser and ultrasound pulses simultaneously, PUT can treat microvessels in
biological samples with excellent precision and controllability. Taking advantage of the high optical absorption
of hemoglobin, PUT can selectively target microvessels without causing unwanted damages to surrounding
tissue. PUT working at different optical wavelengths can selectively treat veins or arteries by utilizing the optical
contrast between deoxy- and oxy-hemoglobin. Through the experiments on phantoms, chicken embryos, and
rabbit eyes in vivo, the mechanism of PUT was studied, and its potential application in ophthalmology clinic was
explored.

Background and Motivation

Pathologic microvasculature plays a key role in the leading causes of blindness including diabetic
retinopathy, retinal vein occlusions, and macular degeneration. Current treatments, including laser
therapy, photodynamic therapy (PDT), and anti-vascular endothelial growth factor (VEGF) therapy,
impose significant burdens on patients, their families, and our health system because of their invasive
nature, frequent administration, and destructive nature. Using a combination of a low intensity laser
concurrently with ultrasound, we developed a novel treatment technology, photo-mediated ultrasound
therapy (PUT) [1], which can noninvasively remove microvessels without damaging surrounding
biological tissues. Here, we present the first evaluation of PUT in treating microvessels in eye by
working on rabbit choroidal vessel model.

Methods

An integrated therapeutic ultrasound and laser treatment system was devised. Laser pulses,
produced by a pulsed Nd:YAG laser at 532 nm with 3-ns pulse duration and 10-Hz repetition rate,
synchronized with 10-ms ultrasound bursts. New Zealand white rabbits were used. For evaluating the
treatment effects, Fundus photography and indocyanine green (ICG) angiography (ICGA) were
acquired using the Topcon 50EX Fundus Camera. ICGA was performed before, immediately after,
and weekly following PUT treatment for 1 month by injecting 0.2 mL/kg of ICG into the marginal ear
vein.

Results

Treatment with laser- or ultrasound-only resulted no changes on rabbit choroidal vessels. PUT
treatment with concurrent laser and ultrasound was able to stop the blood flow in the choroidal
vasculature with optimized parameters. Hemorrhage occurred with 2 MPa ultrasound + 150 mJ/cm?
laser (estimated at the choroidal layer) whereas 2 MPa ultrasound + 30 mJ/cm? laser caused no effect.
The optimal parameters were 2 MPa ultrasound + 75 mJ/cm” laser, which caused edema immediately
after treatment. By 1 week, pallor occurred in the region of treatment with greatly diminished
choroidal vessels which persisted to 4 weeks. ICGA demonstrated a decrease in number of choroidal
vessels in the region by 1 week that persisted to 4 weeks after treatment. In conclusion, PUT holds
significant promise as a novel non-invasive method to precisely remove microvessels in neurovascular
eye diseases by more selectively treating vasculature with minimized side-effects and no systemic
photosensitizing dye.
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Abstract. After the inauguration in 2012, an X-ray free electron laser facility SACLA (SPring-8 Compact
Angstrom free-electron LAser) in Harima, Japan has steadily provided hard X-ray FEL light for users. In this
presentation, I will report the latest status of SACLA and their scientific achievements, which include
investigation of structural change of photosystem II (PSII) in a water oxidation process, and observation of
atomic motions in bacteriorhodopsin in a wide temporal range in nano- to milli-second after triggering of flash
light.

Following five years construction, SPring-8 Angstrom Compact free-electron LAser (SACLA) in
SPring-8, Harima, Japan [1] (Fig. 1) was inaugurated in
March 2012, as the second X-ray free-electron laser
(XFEL) facility after the Linac Coherent Light Source
(LCLS) in the United States, and the first compact XFEL
facility in the world. Since then, SACLA has steadily
generated intense short-wavelength XFEL radiation
around 1 A for users .

Ultraintense femtosecond X-ray pulses have enabled
single-shot detection of diffraction signals from complex
molecules. One can thus elucidate static and dynamical
molecular structures under chemical reactions without
disturbing X-ray damages that cannot be avoided with
conventional X-ray sources.

Fig. 1. SACLA and SPring-8

Scientific achievements

Determination of structures and functions of photosystem II (PSII), a key catalytic protein complex
for photosynthesis, is highly important for understanding the process and designing artificial
photosynthesis. Shen and coworkers have determined a “radiation-damage-free” structure of PSII in
the S1 state at a resolution of 1.95 A with SACLA, which shows differences in sub-angstrom levels
compared to those obtained with a quasi-CW x-ray source of synchrotron radiation [2]. Furthermore,
they determined a structure of an intermediate S3 state with two-flash illumination at room
temperature at a resolution of 2.35 A with a time-resolved (TR) serial femtosecond crystallography
(SFX) method, which suggests the insertion of a new oxygen atom close to another oxygen atom in the
molecule [3]. These results have provided a critical basis for understanding mechanism of the oxygen
evolution in photosynthesis.

The TR-SFX method also used for determining conformational changes in bacteriorhodopsin (bR),
a light-driven proton pump and a model membrane transport protein, at 13 time points in a scale
between nanoseconds to milliseconds following photo activation [4]. The molecular movie elucidated
a fundamental mechanism of the directional proton transport in bR.

Future perspective of SACLA

The limited availability of beamtime has been a common concern for world’s XFEL activities. To
address this issue, we have constructed the second XFEL beamline BL2 in 2013, and will start
simultaneous operation of BL2 and BL3 for users in the autumn of 2017. We also started operation of
a soft x-ray FEL beamline BL1. Furthermore, we have installed high-power laser systems including
500 TW lasers for investigating high-energy density science.
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We demonstrate multimodal optical imaging framework that combines single-neuron fluorescence
microscopy with a variety of nonlinear-optical imaging techniques, including two-photon
fluorescence, second- and third-harmonic generation, as well as coherent and stimulated Raman
scattering. This provides a unique arsenal of tools for single-cell imaging of neurons expressing opto-
and thermogenetic channels and/or fluorescent reporters in neuronal cultures, ex vivo brain slices, and
precisely targeted regions inside the brain of awake transgenic mice and within the nervous system of
zebrafish models.
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CONTRIBUTION OF PHOTODIAGNOSIS AND PHOTODYNAMIC THERAPY
TO THE TREATMENT OF LUNG CANCER: SAINT-PETERSBURG EXPERIENCE

A. Akopov, G. Papayan

Pavlov First State Medical University, Saint-Petersburg, Russia

Fluorescence diagnostics in combination with a variety of traditional and new methods of treatment
has considerable potential to resolve of the complex medical issues. Its use in conjunction with
photodynamic therapy is particularly effective, since it is easy to combine technically, allowing to
perform the diagnosis and treatment of lung cancer as a single procedure. The possibility of
photodynamic theranostics with various methodological improvements in experimental and clinical
studies is shown as the use of tumour specific conjugates with biological nanocarriers; two-
wavelength excitation; fluorescence image-guided surgery; stereotactic fluorescent biospectroscopy;
using the near-infrared light to detect the tumour and sentinel lymph nodes; photodynamic irradiation
in a pulsed radiation mode.
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BIOLUMINESCENCE-MEDIATED PHOTODYNAMIC THERAPY:
A NOVEL TREATMENT FOR GRADE 4 ASTROCYTOMA
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Abstract. Treatment for grade 4 astrocytoma is rarely curative due to infiltration of the tumour into adjacent
normal brain. Photodynamic Therapy (PDT) can selectively destroy glioma cells, but is limited by light
penetration through brain tissue. This new approach uses light generated chemically (bioluminescence). U87
glioma cells, transfected to express luciferase, could be killed in vitro with the photosensitiser mTHPC by adding
luciferin for light generation on individual glioma cells. Transplanting these cells into mice, evidence of necrosis
could be documented in vivo following administration of mMTHPC and subsequent infusion of luciferin — the first
evidence of bioluminescence activated PDT in vivo.

Despite advances in surgery, radiation and chemotherapy, grade 4 astrocytoma, the commonest
primary brain tumour (glioblastoma multiforme), remains incurable with a dire prognosis related to its
diffusely infiltrative nature. With photodynamic therapy, pre-treatment with a photosensitising drug
and subsequent exposure to light of a specific wavelength can mediate selective tumour destruction.
However, it is limited by light penetration. Bioluminescence results from conversion of chemical
energy into light. Investigators have previously explored the potential for bioluminescence to activate
a photodynamic effect [1-4]. This work builds upon these prior experiments, investigating whether
bioluminescence generated inside astrocytoma cells in vitro and in vivo can mediate PDT: light
generation by target cells requires no knowledge of the exact location of every cell, thereby potentially
overcoming the unique diffusely infiltrative nature of astrocytomas.

in vitro: genetically modified U87 glioma cells expressing firefly luciferase (U87-luc) were
generated, pre-treated with the photosensitisers hypericin or mTHPC, then incubated with d-luciferin
to induce bioluminescence. Cell viability was assessed by MTT assay, haemocytometry, and a growth
assay. Inhibition by lycopene, an antioxidant that suppresses PDT, was assessed. Control studies used
untransfected U87 cells. Bioluminescence-mediated PDT produced significant cell death with both
photosensitisers in U87-/uc cells, which was suppressed by lycopene. There was no effect in
untransfected cells.

in vivo: U87-luc cells were xenografted subcutaneously and intracranially into CD1 nu/nu mice.
Mice were pre-treated with intraperitoneal mTHPC then given a 7 day infusion of d-luciferin
(subcutaneously implanted pump). Tumour response was followed by bioluminescence imaging,
volume measurements, and survival. Tumours were harvested for pathological examination and BrdU
immunohistochemistry. In 3 out of 4 trials, including one in an intracranial model, a treatment effect
was demonstrated by a significant reduction of proliferation, as assessed by the proportion of BrdU
positive cells in the ‘treatment’ group compared with controls.

In conclusion, bioluminescence-mediated PDT kills tumour cells in vitro. Preliminary evidence of
an effect in vivo supports the concept being explored further.
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AUTOMATIC FEEDBACK GUIDED RETINAL LASER THERAPIES
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Abstract. Laser photocoagulation of the retina is a very well establish standard of care for several retinal
diseases over more than 40 years to date. However, with new methods and emerging precision of retinal
diagnostics a demand for less invasive but as effective therapies arises. Therefore two minimal invasive retinal
laser therapies with real-time feedback guidance in order to compensate for the inter and intra-individual
variability in light scattering and absorption within the eye will be presented: Selective retina therapy (SRT)
aiming to selectively damage the retinal pigment epithelium (RPE), and temperature controlled retinal
stimulation and coagulation.

Laser grid photocoagulation according to the ETDRS study protocol was until recently the standard
of care for the treatment of macular oedema, mainly associated with diabetic retinopathy [1].
However, retinal laser therapies for diabetic macular edema were recently challenged by anti-VEGF
therapies. Prospective randomized and comparative multi center trials were conducted to investigate
the efficacy for retaining vision by intravitreal drug administration. The RESTORE study for example
using Ranibizumab showed a higher gain in visual acuity in the drug groups with and without laser,
compared to the study arm treated by laser alone, after a periods of 12 months and 24 months,
respectively [2].

However, when examining the study in more detail it shows that strong laser effects have been
used, and the laser protocol was not defined in detail, in contrast to the drug administration.
Interestingly, when using soft and well defined laser application after a first the drug loading phase of
three administration, significantly lower numbers of injections over the following period of time were
needed, while still no loss of vison was noticed [3].

Despite these results, nevertheless, the challenge to overcome the varying strengths of the laser
effects owing to the eye’s variability in absorption and light scattering remains. In order to overcome
this drawback we realized two different new and innovative methods: Selective retina therapy (SRT)
aiming to selectively address the retinal pigment epithelium (RPE) without any adverse effects to the
adjacent neural retina and choroid [4]. In SRT a train of 1.7 ps laser pulses are applied with a
repetition rate of 100 Hz which damages RPE-cells in a small therapeutic laser energy window. The
therapeutic the aim is the rejuvenation of the RPE and Bruch’s membrane in the healing phase. The
second method involves an optoacoustic based real-time temperature measuring system with feedback
control in order to generate uniform effects with a previously determined temperature increase,
therapeutically aiming on temperature guided retinal stimulation and coagulation [5, 6]. Finally a
completely sublethal temperature rise is under investigation in order to stimulate the retinal function to
excite RPE cells to express cytokines and to trigger different intracellular reactions.

The talk will present both techniques in detail and will highlight preclinical and recent clinical
results and future perspectives.

References

1. Early Treatment Diabetic Retinopathy Study Reserach Group: Photocoagulation for Diabetic macular
oedema: Early treatment diabetic retinopathy study report number 1, Arch Ophth., 1985, 103, 1796—
806.

2. Diabetic Retinopathy Clinical Research Network. Randomized trial evaluating ranibizumab plus prompt
or deferred laser or triamcinolone plus prompt laser for diabetic macular edema. Ophthalmology. 2010,
117(6), 1064-77.

3. G. Barteselli, I. Kozak, S. EI-Emam, J. Chhablani, M. Cortes, W. Freeman, Br J. Ophthalmol., 2014,
98(8), 1036-41.

4. R. Brinkmann, J. Roider, and R.. Birngruber, Bull Soc Belge Ophtalmol., 2006, 302, 51-69.

5. R. Brinkmann, S. Koinzer, K. Schlott, L. Ptaszynski, M, Bever, A, Baade, S. Luft, Y. Miura, J. Roider,
and R. Birngruber, J. Biomed. Opt., 2012, 17(6), 061219.

6. K. Schlott, S. Koinzer, L. Ptaszynski, M. Bever, A. Baade, J. Roider, R. Birngruber, and R. Brinkmann,
J. Biomed. Optics., 2012, 17(6), 061223.

132
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Abstract. Low-level laser therapy (LLLT) is a non-pharmacological method of treatment and prevention of
mucositis induced by radio(chemo)therapy of oral and pharyngeal cancer. We monitored the effectiveness of
LLLT using multimodal optical coherence tomography (OCT). A spectral domain OCT system with
microvascular visualization was used. Twelve patients were included in the control group, and nine patients in
the LLLT group. All patients in the LLLT group have shown less pain and duration of mucositis than in the
control group. Structural OCT images for a longer time remain unchanged in comparison with the control ones.
The density of the vasculature and the number of small vessels that increased as a result of the appearance of
mucositis symptoms was much less in the LLLT group. Optical coherence tomography allows detecting early
and “subtle” changes in living tissues and studying the “application points” and mechanisms of the action of
therapy modalities.

Oral mucositis is the most important complication of radiation and chemoradiation treatment of
oral and pharyngeal cancer [1]. Low-level laser radiation is used as a non-pharmacological method of
treatment and prevention of mucositis [2]. Optical coherence tomography is a non-invasive method
that allows evaluating the structural and functional changes in living tissues [3]. Our study objective
was to evaluate the effectiveness of LLLT by multimodal optical coherence tomography.

Twenty-one patients with stage II-IV of oral and pharyngeal cancer were enrolled. Irradiation was
performed by a linear accelerator or a Co® unit. Twelve patients received standard prevention and
treatment of mucositis, nine patients were exposed to LLLT of oral cavity. LLLT was conducted by a
“Matrix” unit (635 nm, power 5 mW for 3 min) before every radiotherapy session. A spectral domain
OCT system (central wavelength = 1300 nm; speed = 20,000 spectral A-scans/sec; lateral resolution =
=15 um) (Institute of Applied Physics RAS, Nizhny Novgorod, Russia) was used. Based on temporal
speckle variations as the source of image contrast, 3D OCT angiography images were obtained. OCT
imaging was carried out three times per week throughout the course of treatment on two symmetric
sites on both cheeks. All patients were also evaluated by visual criteria and complaints.

OCT structural images of healthy buccal mucosa show three distinct layers corresponding to the
epithelium, the lamina propria, and the submucosa. The main manifestation of mucosal reaction was a
contrast reduction between the layers. Quantitative processing of the OCT microvascular images
demonstrated an increase of the vascular density before visual signs of mucositis occur. Statistically
significant changes of the vasculature compared to their initial levels were detected when grade two
and three mucositis developed. Further, microvascular reaction is seen to be dose-level dependent. In
the LLLT group, patients demonstrated a lower frequency and duration of severe mucositis (grade
0/1 — 52%, grade 2 — 29%, grade 3 — 19%) as compared to patients who received a standard treatment
(grade 1 — 10%, grade 2 — 57%, grade 3 — 33%). OCT images remain unchanged for a longer time in
comparison with the control group. The density of the vasculature and the number of small vessels
increased slower compared to the initial level. Thus, multimodal OCT can be used when testing
various agents for the prevention and treatment of mucositis and for studying their main “application
points” (epithelium, connective tissue matrix or microcirculatory bed) and mechanisms of action.
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Abstract. Non-muscle-invasive bladder cancer (NMIBC) can be effectively treated via transurethral
resection and intravesical agents, although recurrence is common. Intravesical PDT has perspectives as one of
new treatment approaches. This study aims at determining the optimal parameters of laser exposure for treatment
of NMIBC with intravesical PDT. The following applied laser irradiation doses were tested: 10 J/cm® (group I,
5 cases); 20 J/em® (group II, 10 cases); 40 J/em?® (group III, 5 cases). It is shown that the most safe and efficient
regime is achieved with the dose of 20 J/cm®.

Bladder cancer (BC) is the ninth-commonest malignancy worldwide [1]. Approximately 75-80%
of urothelial carcinoma of the bladder (UCB) is manifested as non-muscle-invasive (NMI) disease
[2]. Intravesical PDT appears to be a highly efficient, safe and well-tolerated technique for treatment
of NMI (Ta, T1 and in situ) tumors [3—4]. The aim of this work is to determine safe and efficient light
exposure regimes for intravesical PDT after transurethral resection (TUR) in patients with high risk of
non-muscle-invasive bladder cancer (NMIBC).

Prospective multicenter stage I study was performed aiming at determining optimal PDT regimes
and evaluation of achieved safety and efficiency intravesical PDT. A total of 20 patients with high risk
of NMIBC were enrolled into the study. Intravesical PDT was performed in 24 hours after TUR.
N-dimethyl-glucamine salt of chlorine e6 (Fotoditazin®; VETA-GRAND, Moscow, Russia) was used
as photosensitizer for PDT (1.0 mg/kg, intravenous infusion 2.5-3.0 h before PDT). Radiation from a
continuous wave (cw) laser diode operating at 662 nm (Lakhta-Milon; Milon Laser, Moscow, Russia)
was delivered to mucosa with a cylindrical waveguide with 10-mm-long diffusor (QP UV 600;
Polironik, Moscow, Russia) for bladder volume of 80 ml. The intensity of the laser lradiation on the
tissue surface was 0.03 W/cm?”. The applied light doses were following: 10 J/cm® (group I, 5 cases);
20 J/em® (group II, 10 cases); 40 J/em® (group III, 5 cases). The study was approved by the
Institutional Review Board of the Nizhny Novgorod Medical Academy (protocol 14, 03.12.2013) and
the Nizhny Novgorod Oncology Clinic (protocol 1, 03.05.2015).

In group I (10 J/cm?) minor pain syndrome in the suprapubic region was noted during 24 h after
PDT procedure. A total of 3 recurrence cases (3 of 5) were detected in 5, 4.5 and 3 months after
treatment. In group II (20 J/cm® ) minor pain syndrome in the suprapubic region was noted during
24-48 h after PDT procedure accompanied by short-term hematuria doped with intravesical
gemostatics injection. In the follow-up varying in the range 4—17 month (median of 12 months) only
1 recurrence case was revealed (1 out of 10) in 13 months. In group III (40 J/cm® ) pronounced pain
syndrome requiring anesthetics application in the suprapubic region was noted together with
prolonged hematuria and formation of bladder fibrosis in 2 patients (2 out of 5). No recurrence cases
were revealed in the follow-up varying in the range 4—17 months.

To conclude, PDT procedure after TUR is a perspective technique of organ-preserving treatment in
patients with high risk of NMIBC. The PDT light dose was demonstrated to be most efficient due to
low recurrence rate and absence of severe side effects. The stage II-III studies are appropriate for
further investigation of the technique efficiency.
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Abstract. Nowadays, photodynamic therapy (PDT) is a common and efficacious method for basal cell
carcinoma (BCC) treatment. In this study, a tissue monitoring method is introduced based on multimodal optical
coherence tomography (MM OCT) as a combination of microangiographic and structural OCT modalities for
tumor microvessel network and tissue structure visualization, respectively. It was demonstrated that MM OCT is
a promising method of in vivo visualization of the different microvasculature in normal skin, BCC, in the scar
formed after treatment, and assessment of the PDT tumor impact based on vascular changes.

Introduction. BCC is the most common cancer in fair skinned individuals and its incidence is still
rising [1]. PDT treatment has been extensively developed as a new modality and an alternative to
conventional therapies because of its high efficacy and good cosmetic outcome [2, 3]. OCT is fast
emerging as an additional non-invasive modality for detection and visualization of the microvessel
network skin tumor [4, 5].

The aim of this study was non-invasive monitoring of anticancer therapy used MM OCT based
microangiography within human skin in vivo.

Materials and Methods. 30 patients with BCC who underwent PDT treatment and fluorescence
imaging were imaged in this study. PDT was performed two hours after intravenous injection of
Photoditazine (Chlorine E6, Veta Grant, Russia). The tumors were irradiated by a laser with a
wavelength of 662 nm, energy density 150 J/cm?, and power density 0.3 W/cm®.

The vascular changes during and after PDT were evaluated in vivo by MM OCT. In this study we
used a common path spectral domain MM OCT system with a central wavelength of 1310 nm,
radiation power of 20 mW and spectral width of 100 nm, resulting in axial resolution of 15 um,
scanning depth of 1.7 mm, scanning speed of 20 000 A-scans per second. The system is capable of
cross-polarization [6] and microangiography [7] OCT imaging.

The microcirculation and microstructure response was studied in an early period post PDT (within
24 hours) and in a late period when a scar is forming (in 3 months).

Results. MM OCT is capable of seeing in vivo the difference between microvasculature of normal
skin, BCC, and a scar formed after treatment. It is also capable of assessing the PDT tumor impact
based on visualized vascular changes. Microvasculature of BCC is characterized by abnormal shape
and significant tortuosity. Immediately after PDT, the vessels disappear on the OCT images. It
corresponds to a severe reduction of microcirculation on PDT treatment. 3 months after PDT a
microcirculatory network of the formed scar becomes denser and has regular microvessels.

Thus, MM OCT based microangiography and cross-polarization is a promising non-invasive
method for monitoring anticancer therapy in human skin in vivo.
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Goal: Fluorescence lifetime imaging ophthalmoscopy (FLIO) may provide a metabolic mapping of
the retina. Full understanding of in vivo measured lifetimes, however, needs the in vitro investigation
of pathologic processes, underlying fluorescence changes.

Methods: FLIO images were obtained from patients suffering from diabetic retinopathy, age-
related macular degeneration, macular holes, and Alzheimer’s disease. A 30° retinal field was
investigated with a Heidelberg Engenecering Spectralis® fluorescence lifetime imaging
ophthalmoscope (FLIO), detecting the temporal decay of the fluorescence in a short (498—560 nm;
Chl) and a long (560-720; Ch2) wavelength channel upon excitation with <100 ps (FWHM) laser
pulses at 473 nm. The amplitude weighted mean fluorescence lifetime 1., was calculated from a three-
exponential approximation of the decay. For comparison, fluorescence lifetimes were recorded from
porcine cadaver eyes, porcine ocular fundus organ cultures, and mice using the same FLIO technique
as well as two-photon excited fluorescence lifetime imaging (FLIM).

Results: A general extension of lifetimes with age and disease was found. This correlated well with
an increase of lifetimes in porcine organ culture as well as animal models due to oxidative stress,
protein glycation, and sub-retinal deposition of metabolic byproducts. Melanin, lipofuscin, collagen,
advanced glycation end products, macular pigment, and drusen material could be distinguished by
fluorescence lifetime.

Conclusions: Various pathologic alterations of ocular fundus fluorophore composition, such as
lipofuscin accumulation, modification, and clearing from retinal pigment epithelium cells, retinal
atrophy, and protein glycation, may contribute to an extension of fluorescence lifetimes. The
establishment of biological models of human disease and the investigation of their fluorescence
characteristics is needed to understand in vivo FLIO data.
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Abstract. The results of studying tumor response to photodynamic therapy skin cancer with chlorine
photosensitizers (PS) are presented. The study was performed using routine histological approaches. We
demonstrate morphological changes in tumor typical for different time intervals after PDT. The obtained data
allow dividing the morphological changes into two groups: early changes which occur within 24-48 hours, and
late changes which develop in two days. For morphological verification of chlorine PS biodistribution in human
tumors, a preliminary study of PS detection in biopsy samples of human skin carcinoma was carried out. Using
laser scanning microscopy we show that PS is primarily distributed in the paratumoral zone.

Skin cancer is the most common type of oncological diseases in humans. Photodynamic therapy
(PDT) can compete in efficiency with surgical and radiation methods of skin carcinoma treatment
[1, 2]. However, there remain issues that need to be clarified. Among them are photosensitizer (PS)
biodistribution in the tumor, photodynamic reactions which occur in human tumors, and
morphological outcomes [2]. The purpose of the work is to study pathomorphism of human skin
tumors after PDT and to show the possibility of laser scanning microscopy (LSM) to observe
biodistribution of chlorine PS.

The protocol of the study was approved by the local Ethics Committee of the Nizhny Novgorod
State Medical Academy. The study involved 32 patients. PDT was performed with morphologically
verified basal cell carcinoma T, ,N¢M, with the following parameters of laser radiation: wavelength,
662 nm, power density, 0.30 W/cm?, dose density, 150-250 J/cm®. As a photosensitizer, we employed
Photoditazine in a dose of 1.0 mg / kg. To investigate developing morphological changes, biopsy was
performed at definite time intervals: 2 hours after PS introduction, immediately after PDT, 2 hours
after PDT, 1, 4, 6, 12 days after PDT. Study of PS distribution in ex vivo human skin carcinoma
samples was conducted using LSM 510 META laser scanning microscope prior to laser exposure.
Morphological changes in tumors after PDT were evaluated by two independent experts using routine
histological staining study (H&E).

Immediately after PDT and after 2 hours no morphological features of pathomorphosis were
detected while there was a slight swelling (edema) of tissues. In the early period after PDT (1 day) the
main morphological changes were hemorrhages, plethora of blood vessels, thrombi formation, stasis
and the sludge phenomenon. In the late period (4-6 days), necrotic changes of tumor prevailed, and by
the 12th day reparation processes were observed. LSM imaging of samples prior to laser exposure
showed that PS concentration in the tumor stroma (perivascular space and extracellular matrix) is
higher than the concentration in the tumor cells.

It was demonstrated that the disorganization of tumor vascular bed is a key event in PDT with
chlorine PS, which is probably due to the predominant accumulation of the drug in the tumor stroma.
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Abstract. Female breast reconstruction after surgical treatment of breast cancer is currently a standard.
Combined treatment negatively affects the results of reconstruction inducing disorders in blood supply of the
reconstructed tissues. For timely control of neovascularization process, effective and accessible monitoring
techniques are required. The abilities of optical coherence tomography (OCT) in imaging of microcirculatory net
vessels are demonstrated in this study. OCT-angiography of skin of different localizations is performed. In
model studies the ability of monitoring vessel changes after functional tests is demonstrated. OCT-angiography
technique is also demonstrated to be efficient for monitoring microcirculation in skin of reconstructed breast in
the course of combined treatment.

Female breast reconstruction after surgical treatment of breast cancer is currently a standard.
Radiation and chemotherapy negatively affect the results of reconstruction [1, 2]. One of the reasons
for unsuccessful outcomes is the disorder in blood supply of the reconstructed tissues [3]. For timely
control of neovascularization process effective and accessible monitoring techniques are required.

A spectral domain OCT (SD OCT) setup at 1.3 micrometer central wavelength with axial
resolution equal to 10 micrometer and lateral resolution equal to 15 micrometers was used. Continuous
2D scanning was performed in the range of 3%3 mm, with 512 spectral measurements along the fast
axis, from which 256 spectral A-scans were computed and 1024 B-scans along the slow axis formed
the final 3D stack, thus it took about 26 seconds to scan the entire site. The study was performed on
the volunteers of the research team. The skin areas located at breast (recipient zone) and in abdominal
area (donor zone) were inspected. Functional tests were performed: for hot tests an applicator at 90 °C
was applied resulting in the temperature of 42 °C on skin surface, while for cold tests an ice applicator
at —20 °C was applied resulting in the temperature of 4 °C on skin surface.

In the study of various anatomical zones with OCT angiography, a different vascular pattern was
observed indicating the possibility of visualizing the morphological features of the microcirculatory
bed of superficial tissues. The results of the temperature tests clearly demonstrate the "depletion" of
the vascular pattern in the cold test, followed by the restoration of functioning vessels and their
obvious vasodilation. In the hot test after the applicator exposure, an increase in the number of
functioning vessels and their vasodilation are detected with gradual relaxation after the normalization
of skin surface temperature.

The obtained results show the ability of OCT-angiography to detect anatomical and functional
features of the microcirculatory bed of superficial tissues. The proposed approach can be employed for
in vivo monitoring of the condition of the microcirculatory bed of the skin of the reconstructed breast
in the course of combined breast cancer treatment.
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Abstract. The task of expedite in vivo evaluation of microvasculature state has many applications in
oncology, in particular, for assessing the viability of tissues during surgery; in transplantology; in plastic surgery,
for evaluating of wound healing and for monitoring the response of tissue to damage. A spectral domain OCT
system with microvascular visualization, outfitted with an imaging probe, was used for in vivo monitoring of
oral mucosa during the radiation therapy and for assessing the state of tissues in the area of plastic surgery after
mastectomy. Fifteen patients were imaged longitudinally. Quantitative processing of OCT images demonstrated
changes of vascular parameters before the appearance of clinical signs of mucositis. These were statistically
significant compared to initial pre-treatment levels in patients that subsequently developed grade two or three
mucositis.

The task of expedite in vivo evaluation of microvasculature state has many applications in
oncology; in transplantology; in plastic surgery; for evaluating of wound healing and for monitoring
the response of tissues to damage. Optical coherence tomography (OCT) is a noninvasive technique
for microstructural in vivo bioimaging; OCT also allows sensitive microvascular visualization without
any external contrast agents. Mucositis is the most common limiting toxicity of radio(chemo)therapy
of head and neck cancer. Noninvasive quantifiable and robust methods for detecting subclinical
changes of the irradiated mucosa that are impossible to register by subjective visual examination are
highly desirable. Previous preclinical and clinical studies have suggested the feasibility and utility of
using OCT for monitoring radiation mucositis [1].

Fifteen patients with stage II-IV of squamous cell carcinoma of the oral cavity and pharynx were
enrolled. Irradiation was performed using a linear accelerator or Co® machine. Mucositis degree was
scored by RTOG/EORTC scale. A spectral domain OCT system (central wavelength = 1 300 nm;
speed = 20 000 spectral A-scans/sec; lateral resolution = 15 pm) was used. Based on temporal speckle
variations as the source of image contrast, 3D OCT angiography imageswere obtained. The vessel
thickness and volumetric vascular density metrics were then calculated; the 1-pixel-thick vessels
(corresponding to diameters < 25 pm) were used for the former calculation. OCT imaging was carried
out three times per week throughout the course of treatment on two symmetric sites on both cheeks.

OCT images of the normal buccal mucosa show dense, uniform microvascular networks.
Continued dose accumulation caused an increase in the clinical manifestations of reaction, as also seen
by the OCT vascular density and the small vessel length. Statistically significant changes of
vasculature parameters compared to their initial values were detected when grade two and grade three
of mucositis developed. Microvascular reaction was dose-level dependent and was detected before
clinical symptoms of mucositis were observed. In the cases of IMRT patients, similarity or dis-
similarity of microvascular metrics in the different mucosal sites tracked with corresponding doses /
DVHs. These findings may have relevance in the context of early intervention in patients who are
likely to develop severe oral complications. The most important outcome of the work was the
development of a clinical system for an in-vivo, well-tolerated, longitudinal, objective and quantifiable
high resolution imaging of the microvasculature. Further work will explore correlation between the
early OCT-detected microvascular changes in the oral mucosa in the course of RT, and the early and
late RT oral complications.
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Abstract. Differential diagnostics of various forms of chronic rhinitis is necessary for elaboration of
treatment tactics. OCT-rhinoscopy was performed for 85 patients with chronic rhinitis. OCT images of unaltered
nasal mucosa (relative norm) were obtained from healthy volunteers. The features of OCT images of relative
norm and two morphologically different chronic rhinitis forms were revealed. The potential of OCT in
objectification of adrenalin test results is demonstrated. Numerical processing of OCT images allowed additional
enhancement of diagnostic accuracy.

Chronic rhinitis is highly prevalent and affects the quality of life due to systemic symptoms [1].
Diagnosis of chronic rhinitis is often complicated due to the variety of morphological forms and
clinical variants of the disease [2]. Recognition of morphological types of the disease determines the
choice of treatment tactics [3]. OCT has high potential as a novel technique for differential diagnosis
of chronic rhinitis forms.

The aim of this study is to demonstrate the cabilities of OCT in differential diagnosis of chronic
rhinitis forms.

A total of 85 patients with chronic rhinitis were enrolled in the study; OCT inspection was
performed in the course of standard rhinoscopy. We used the OCT-U1300 device operating at a central
wavelength of 1280 nm, with spatial resolution of 15-30 um and probing depth of up to 1.5 mm
equipped with an endoscope probe of 2.4 mm in external diameter. Interpretation of OCT images of
the nasal mucosa was performed on the basis of known morphological features and post mortem
histology data from other patients. To enhance the diagnostic accuracy of OCT, numerical processing
of OCT images, namely, histogram analysis, was employed.

In the frames of the study three morphologically different types were distinguished: relative norm,
hypertrophic rhinitis and atrophic rhinitis. It is shown that OCT images of nasal mucosa in norm and
with inflammatory process have specific features. In case of norm, two layers are visualized, the upper
one, with moderate OCT signal corresponds to epithelium. It does not manifest a clearly distinguished
boundary with lower layer corresponding to lamina propria with higher OCT signal that appears to be
compact. The latter features small rounded zones of reduced signal corresponding morphologically to the
blood vessels and glands. In the case of hypertrophic rhinitis, the upper layer in the OCT image is
thickened, and the boundary between the epithelium and lamina propria is even more blurred. In the
subepithelial layer, linear zones of the reduced signal typical for edema are observed. In case of atrophic
rhinitis, it is impossible to distinguish epithelium as a separate layer in the OCT image, and the entire
image represents a uniform layer. The reaction of tissue to the adrenalin test in case of neurovegetative
rhinitis is much more evident in OCT images as compared to visual inspection in the course of
rhinoscopy, while both norm and hyperthrophic rhinitis demonstrate a weak reaction to the test.

To conclude, the OCT images of nasal mucosa reflect morphologic and functional features of
different form of chronic rhinitis which indicates high potential of the technique in differential
diagnostics of different forms of this pathology.
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Oncologic diseases are among the main causes of high mortality rate all over the world. The
identification of early forms of cancer of the upper parts of digestive tract, most accessible for
visualization is very difficult for the majority of endoscopists. The standard research in white light is
capable of diagnosing only mucosa pathology and early carcinoma of the stomach. Modem
endoscopic devices with high resolution, possibility of magnification and spectral endoscopy allow to
detect early forms of cancer of the upper parts of the gastrointestinal tract (GIT) with high precision.
But differences in the level of resolving power of endoscopic equipment in medical institutions, and
also differences in the level of training experts dictate the need for automation of processing video
endoscopic images in white light.

The purpose of this work is creation of an automated system of digital processing of video
endoscopic images in white light which would help the doctor to timely diagnose early forms of
carcinoma of the stomach.

The main markers for detecting early carcinoma of the stomach, according to the references of the
Japanese society of endoscopy, are changes of mucosa surface and its color, uneven edge and
spontaneous bleeding, and also asymmetry of lesion contours. Digital processing of stomach mucosa
lesion with early forms of cancer allows detecting asymmetry of lesion contours.

In the presented work performed in the period from 2011 for 2015 we analysed 6180 patients. First,
every patient was subjected to standard video endoscopy in white light and then to narrow-band
imaging (NBI). The pathological centers of mucous membrane were detected. For histologic
verification target biopsy was performed.

The criteria of a neoplastic process in stomach mucosa, according to the Japanese society of
endoscopy, are discolorations and existence of irregular vascular patterns, sharpness of lesion borders,
asymmetry of the contour of lesion center (the so-called "Magic cross"). To avoid subjective
diagnostics, we used the methods based on contour analysis of neoplasm images. There are two stages
of quantitative assessment of signs:

1. Segmentation of the image for allocating areas corresponding to neoplasm, its localization and
allocation of neoplasm contour.
2. Calculation of the characteristics of the contour related to diagnostic signs.

After allocation of the neoplasm contour we quantitatively assessed the diagnostic signs by the
degree of symmetry of neoplasm shape, full information about which is contained within its contour.
After geometrical transformations it becomes clear that the contours of malignant neoplasms have
symmetry coefficient, and contours of benign neoplasms. This allows drawing a conclusion on a
possibility of automated differentiation of neoplasms by analysing their shape.

Thus, our work has shown that precancerous changes of mucosa, serious dysplasia and early
carcinoma of the stomach constitute a considerable part of the total number of detected pathology of
the upper parts of GIT. Assessment of the endoscopic picture asymmetry of lesion contours of
stomach mucosa will allow to unify digital processing of video endoscopic images and will enable the
endoscopist to improve detectability of early forms of cancer of the upper parts of GIT, thereby
prolonging the patients lifetime.
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Abstract. The cancer of lungs, stomach, esophagus and larynx takes a leading position among oncological
diseases. Photodynamic therapy (PDT) is an alternative method in situations of contraindications to standard
treatment. In our study we demonstrate the results of endoscopic PDT as a minimal invasive palliative
procedure.

The cancer of lungs, stomach, esophagus and larynx takes a leading position among oncological
diseases. Photodynamic therapy (PDT) is one of the methods that can be used for treatment of
localized and advanced forms of cancer [1, 2]. In some cases standard treatment like surgery,
radiotherapy or chemotherapy is impossible for many reasons: poor common condition, diseases,
multiple centers of tumor. An alternative method in these situations is PDT [3].

PDT of lungs, esophageal, laryngeal and gastric cancer has been implemented in the Nizhny
Novgorod Regional Oncological Hospital starting from October 2012. 36 patients have undergone
PDT, PDT procedure was performed 64 times. The study involved 13 patients with gastric cancer
(11 with local form, 2 with advanced form), 12 patients with esophageal cancer (5 with local form,
7 with advanced form), 11 patients with lung cancer (4 with local form, 7 with advanced form), and
2 patients with laryngeal cancer. Fotoditazin with absorption peak at 662 nm was used as a
photosensitizer. Photoditazin was administered in a dose of 1 mg/kg of body weight followed in 1.5—
2.0 hours by endoscopic illumination by laser light at 662 nm. Depending on the type and localization
of tumor, cylindrical or front irradiation configuration was used with intensity of 300 mW/cm®
resulting in a dose of 150-300 J/cm®. The procedures were performed under local anesthesia. Optical
fiber was delivered to the tumor through the instrumental channel of gastro- or bronchoscope. After
the procedure, the patients followed less-light regimen during two days. The results were assessed on
the basis of endoscopic image, mortality, morbidity, patient satisfaction with treatment, symptom
relief and survival.

The observation period for gastric cancer patients ranged from 4 to 28 months, 10 of them are
alive, 3 died. One patient with localized form died because of lung cancer, two patients with advanced
form died in 13 and 21 months after PDT. The observation period for esophageal cancer patients
ranged from 2 to 12 months, 4 patients are alive, 8 died. One patient with localized form died because
of laryngeal cancer, 7 patients with advanced form died in 2, 3, 6, 5, 8, 11 and 12 months after PDT.
The period of observation for lung cancer patients group ranged from 2 to 19 months, during which
time six patients died in 4, 5, 6 and 8 months after PDT. The period of observation for laryngeal
cancer patients ranged from 22 to 48 months. One of them died on the 22th month. We perform
endoscopy examinations once in 2 months to control alive patients. There were no signs of stenosis
and no complications caused by toxicity after PDT. In cases of tumor recanalization the quality of life
became much better than before. Repeated procedures were done in cases of partial remission or
stabilization of tumor.

Our results of endoscopic application of PDT showed good tolerance of this method, absence of
allergic reactions and side effects. None of the patients with local form of cancer died because of
primary tumor progression during the period of 28 months. In cases of advanced cancer the quality of
life was improved and lifetime was increased after PDT compared to literature data [4]. There was a
definite number of problems (the need of determining tumor thickness, more accurate light delivery,
dosimetry and monitoring of the procedure) which we are working on.
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Abstract Sclerosis in endometrium stroma and nearby vessels is a common indicator of chronic endometritis.
However, hysteroscopy allows revealing chronic endometritis only in 35% of cases. The perspectives of optical
coherence tomography (OCT) in diagnosing and grading endometritis in female patients with infertility have
been studied. OCT is shown to increase the diagnostic accuracy of the endoscopic inspection and in particular
cases to allow avoiding biopsy.

Disorders in female fertility are often caused by chronic inflammatory processes within uterus [1].
Hysteroscopy and morphological tissue examination are the gold standard in evaluation of
endometrium. Sclerosis in endometrium stroma and nearby vessels is a common indicator of chronic
endometritis. However, being based on macroscopic examination hysteroscopy allows revealing
chronic endometritis in only 35% of cases while morphological examination is invasive and induces
endometrium traumatism in the course of biopsy [2]. In this connection the potential of non-invasive
diagnostic techniques as alternatives to standard approaches is of high importance to clinicians. In this
study we investigate the perspectives of optical coherence tomography (OCT) in diagnosing and
grading endometritis in female patients with infertility.

23 patients of reproductive age with fertility disorders were enrolled in the study, including 18
patients with confirmed chronic endometritis and 5 patients without confirmed pathology of
endometrium. OCT inspection of endometrium was performed in the course of routine hysteroscopy
procedure. The OCT-1300U device (IAP RAS, Biomedtech Ltd., Nizhny Novgorod, Russia) equipped
with an endoscopic probe was employed. After the OCT hysteroscopy inspection an endometrium
biopsy was performed followed by comparison of optical diagnostics and morphologic data. Sclerosis
of endometrium was chosen as the most reliable imaging feature. A total of 48 OCT-images of the
regions of interest were obtained.

An approach to numerical processing of the diagnostic OCT-images based on histogram analysis
was developed allowing quantifying the grade of sclerosis in accordance with 5-level scale.
Comparison of the OCT data and results of morphological analysis revealed that the presence of
sclerosis significantly increases optical backscattering in the tissue resulting in a high level of the
OCT-signal. A good agreement between sclerosis grade evaluation by independent specialists and the
score obtained as a result of numerical processing is demonstrated. The diagnosis based on OCT data
is confirmed by histology results. An advancement of OCT setup for optimal endometrium imaging is
proposed.

To conclude, in this study the potential of OCT for evaluating endometrium condition in the course
of OCT hysteroscopy is demonstrated. OCT is shown to increase the diagnostic accuracy of the
endoscopic inspection and in particular cases to allow avoiding biopsy.
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Abstract. Due to the population growth and aging the cancer cases worldwide increased by 33% in the last
decade (2005-2015). Cancer mortality is the second largest worldwide after cardiovascular diseases [1]. Early
detection of cancer may significantly increase the survival rate and quality of patient life. We explore the
potential of Mueller multi-wavelength wide-field imaging system to increase the contrast between imaged
cancerous and non-cancerous zones and become a non-invasive technique for optical biopsy of tissue. The
results of the studies of colon and cervical tissues will be presented, discussed and compared to the gold standard
diagnosis of pathologist.

Current practice of cancer diagnosis implies an interaction of clinician (screening, biopsies if
necessary) and pathologist (preparing and analyzing the histological cuts). This process may be quite
long (up to several weeks) and strongly dependent on the expertise of both medical doctors because of
a low contract between tumor and healthy tissue at the early stage of disease. Hence, there is an unmet
need of the development of the fast, efficient and reliable methods of early cancer diagnosis.

It was demonstrated that precancerous modifications of epithelium, being invisible by naked eye,
noticeably alter the optical properties of the tissue. The increase of light absorption is attributed to the
increased vascularization and stromal angiogenesis, the decrease of light scattering is linked to the
destruction of collagen matrix of underlying connective tissue [2]. Apart from scattering properties the
presence of ordered stromal collagen in healthy connective tissue manifests itself via tissue optical
anisotropy, which is broken even at early malignant transformations of epithelium.

We suggest that tissue birefringence may be measured with polarized light and exploited as an
optical marker of cancer. For this purpose we use a wide-field Mueller imaging system [3] because
Mueller polarimetry is the most complete optical technique for the measurements of both depolarizing
and polarimetric properties of any sample. The multi-wavelength polarimetric measurements of
cervical [4, 5] and colon [6] specimens and demonstrated the enhancement of contrast between
cancerous and non-cancerous zones on Mueller matrix images. The Monte Carlo modeling [7]
provides the insights on the origins of the observed polarimetric contrasts. The work on an efficient
statistical algorithm for a binary segmentation of images [8] will help to choose the optimal
combination of measurement wavelength and polarimetric parameters in order to increase the
sensitivity and specificity of optical polarimetric Mueller imaging technique for cancer detection.
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Abstract. Modern approaches to breast cancer treatment suggest assessment not only of structural but also
metabolic changes of tumor tissue in the course of neoadjuvant chemotherapy. In our study, the dynamics of
tumor oxygenation was determined by optical diffuse spectroscopy imaging (DOSI); ultrasound investigation
(USI) in power Doppler mode was used to determine blood flow dynamics. Changes of these indicators were
compared with pathologic tumor response. Dynamics of tumor oxygenation and changes in the number of
vessels during chemotherapy demonstrated various changes depending on the tumor response to treatment.

Breast cancer is the most common form of malignant tumor in women and the morbidity continues
to increase. Due to the extensive use of neoadjuvant chemotherapy (NACT), it is important to find
criteria to predict the sensitivity of breast cancer to drug exposure. Important criteria which reflect
changes in the neoplasms metabolism are oxygenation level and vasculature features [1, 2]. The goal
of the study was complex evaluation of the dynamics of tumor oxygen state (by Diffuse Optical
Spectroscopy, DOS) and tumor vasculature (by Ultrasound Investigation, USI) during NACT in
patients with breast cancer.

Fifty-two patients with stage II-IV breast cancer were included in the study. The DOSI and USI
changes and degree of tumor response were compared in 20 patients. Thirty-two patients continue
chemotherapy now. DOSI and USI were performed before the start of treatment and before the second
cycle of NACT. After completion of NACT the patients underwent surgery with the following
pathological determination of the tumor response. Tumor oxygenation level was determined using the
optical diffuse spectroscopy setup (IAP RAS, Nizhny Novgorod, Russia) [3]. Dynamics of tumor
vasculature in the course of NACT was studied by the "Medison Accuvix-V20" setup using
multifrequency linear sensor in power Doppler mode. The degree of tumor response was determined
according to Miller and Payne.

Breast tumors demonstrated different changes of tumor oxygenation depending on the degree of
tumor response. We observed the increase of tumor oxygenation in five of six patients with grade 4
and 5 of tumor response. Variable changes of the oxygenation level were mentioned in the patients
with the third degree of tumor response. Tumor oxygenation decreased or was unchanged in case of
one or two degrees of tumor response in seven out of eight patients. Dynamics of tumor
vascularization did not demonstrate any correlation between this indicator and tumor response.

DOSI confirmed that tumor oxygenation after the first course of NACT was improved in the
majority of patients responding to treatment. The results confirmed that the main source of tumor
tissue reoxygenation under the influence of antitumor treatment is the decrease of the number of viable
tumor cells and corresponding decrease of tumor oxygen demand. The reaction of tumor blood flow
detected by USI in power Doppler mode seems to play a less significant role in the changes of oxygen
state parameters in early time after beginning of chemotherapy.
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Abstract. The first results of antimicrobial photodynamic therapy (PDT) of chronic pharynx inflammatory
diseases (acute and chronic pharyngitis, chronic tonsillitis, 45 patients) are reported. At the diagnostic stage of
the study, all patients underwent microbiological examination and PCR diagnostics of the mucosal detachable
samples from posterior pharyngeal wall and palatine tonsils. PDT was performed with a local application of a
photosensitizer of the chlorine series. The laser irradiation was performed at a wavelength of 405 nm. The
efficacy of treatment was assessed based on patient complaints, pharyngoscopy data and control of
microbiological examination.

Inflammatory diseases of the pharynx are highly prevalent and have a significant negative impact
on the quality of human life [1]. Treatment that does not account for the etiologic factor or performed
under microorganism resistance to a drug leads to the chronization of the process [2]. Microbiological
examination is time-consuming leading to delayed treatment. Photodynamic therapy (PDT) has a
nonspecific antimicrobial effect, including an impact on resistant microorganisms [3—5].

The aim of this study is to evaluate the efficacy of PDT in inflammatory pharynx diseases of
different etiology.

The study involved 45 patients (25 females, 20 males) with chronic inflammatory diseases of
pharynx. All patients underwent a microbiological study before the treatment to determine the etiology
of the disease. The PDT procedure was performed in the course of standard pharyngoscopy using
a local chlorine series photosensitizer (PS) Revixan (Russia). The laser action was performed at a
wavelength of 405 nm with power of 0.5 W resulting in a dose of 50 J/cm®. Each patient underwent
3 to 5 PDT procedures. The effectiveness of treatment was assessed by subjective (complaints) and
objective (pharyngoscopy and microbiological examination) data.

Diverse bacteria were revealed in the group of examined patients: St.haemolyticus, St.aureus,
Str.pyogenes, Escherichia coli and others less common. No correlation of etiological factors with
severe clinical manifestations, frequent exacerbations and treatment efficacy was revealed so far.
No complications or side effects were observed in the course of treatment. The PDT procedure was
well tolerated by patients, pain relief was not required, however, complaints of discomfort when
applying FS to the pharynx mucosa were registered. After the PDT course, all patients noted
improvement in their well-being and pharyngoscopy revealed suppression of inflammatory
phenomena. In some cases, hypervascularization of the mucosa was detected. According to the results
of control microbiological studies after PDT, no pathogenic flora was detected, however, in several
cases, activation of saprophytic flora was revealed.

Further studies are required for evaluation of treatment long-term effects. The study of
morphofunctional reactions of pharynx mucosa to PDT will contribute to the development of optimal
PDT protocols. Further optimization of FS application technique is also required.
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Abstract. To personalize management of patients with chronic ENT pathologies at diagnosis and treatment
stages optical coherence tomography (OCT) was employed. OCT manifestations of different forms of chronic
rhinitis, pharyngitis, and otitis were revealed. OCT is demonstrated to be an efficient tool for detecting
alterations in nasal mucosa after drug treatment. When employing physical treatment techniques (cryotherapy
and photodynamic therapy (PDT)) the OCT monitoring allowed correcting the treatment protocol in accordance
with individual reaction to treatment. OCT diagnostics data was employed for individual planning of otitis
treatment. For minimization of cosmetic complications of PDT of skin cancer localized at the most vulnerable
areas of the ENT organs (nose wing and auricle) the OCT was used to study individual morphological features.

Treatment personalization is a modern trend in medicine. To implement personalized medicine
(PM), bioimaging techniques are used to accurately diagnose, plan and monitor treatment, and to
analyze each individual clinical case [1]. Optical coherence tomography (OCT) [2] is a modern
imaging modality actively introduced in otorhinolaryngology in recent years [3, 4].

The aim of this work is to demonstrate the efficiency of OCT monitoring application for
personalization of treatment of various ENT pathologies.

A total of 150 patients with chronic inflammatory diseases of ENT were enrolled in the study. The
diagnostic stage of the study included OCT-rhinoscopy (85 cases), OCT-rhinoscopy combined with
adrenalin test (local application of 0.1% adrenalin solution, 20 cases), OCT-pharyngoscopy (45 cases),
OCT-otoscopy (20 cases). The treatment stage included OCT monitoring of photodynamic therapy
(PDT) (photosensitizer "Revixan", 50 J/cm® at A = 405 nm, 17 cases) and cryotherapy (contact
application of liquid nitrogen at —176 °C, 20 cases). The "OCT-1300U" device operating at central
wavelength of 1280 nm with spatial resolution of 15-20 um, image acquisition rate of 8 fps, probing
depth of 1.4 mm, and the probe diameter of 2.4 mm was employed. The morphological features of
skin of nasal wings and auricle were studied by OCT in 20 healthy volunteers.

OCT features of various morphological types of chronic rhinitis (hypertrophic and atrophic) as well
as OCT features of chronic pharyngitis were revealed. Typical alterations of the tympanic membrane
in OCT images were the basis for determining indications for surgical treatment. In the course of the
OCT monitoring of different treatment procedures, the possibility of an objective real-time monitoring
of changes was demonstrated. Analysis of the OCT images of the skin of the nasal wings and auricle
from different patients demonstrated that individual characteristics are clearly traced, while common
features are still preserved.

On the one hand, OCT manifestations of inflammatory diseases of different ENT organs are similar
but, on the other hand, they are specific to morphologic types of inflammatory pathologies. OCT
monitoring of treatment procedures allows real-time evaluation of treatment efficiency and timely
treatment protocol correction. Application of OCT can contribute to the absolute personification of
treatment tactics, however, further studies are required. The specificity and difficulty of OCT research
in the ENT are related to unavailability of morphological verification for the interpretation of OCT
images, since a biopsy is not indicated in case of benign ENT pathology.
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Abstract. Based on lab-investigation and specified parameters, lasers emitting in the spectral range of 2 um
could be translated into different clinical applications for the envisioned clinical usage. Laser emitting at this
wavelength range showed a lot of improvements and achievements in clinical routine of a variety of medical
disciplines.

Pre-requisit for all clinical applications is the intense and careful investigation of the envisioned
clinical application in laboratory environment. Based on that suitable laser parameter can be derived.
Furthermore application devices can be developed and adopted for specific application purposes. Prior
to clinical use the medical doctor in charge should be trained in the lab with regard to handling the
laser system, to become aware of the in-situ laser-tissue interaction and finally in specific handling
manoeuvres. In addition laser safety requirements should be trained with the personal in the laser OR.
After approval of the local ethical committee first clinical application are allowed to perform under
secured conditions.

With the aim of tissue reduction to achieve improvement in breathing, Ho:YAG as well as Tm-
fiber laser assisted coagulation of hyperplastic nasal turbinates were performed [1]. In phlebology the
Tm-fiber laser was used for endoluminal destruction of varicose veins [2]. In comparison to standard
Nd:YAG laser therapy the advantages of using Tm-fiber laser assisted ablation for removal of
endobronchial stents are shown [3]. In urology the 2um-laser in pulsed manner were used for
improvements in lithotripsy [4—6]. In addition to that benign prostate enucleation is in clinical routine
using the Ho:YAG-laser and nowadays also using the Tm-laser emission [7]. Additionally
laparoscopic laser assisted resection of kidney tumors could be performed.

In conclusion lasers emitting in the 2 pm wavelength range showed advantages of several other
surgery treatments thus becoming more popular in clinical use.
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Abstract. Objective: Increase accuracy and safety of brain tumor biopsy. Improved accuracy may be
achieved by fiberoptic detection of protoporphyrin IX fluorescence. Fiberoptic recognition of blood vessels by
remission spectroscopy promises to increase safety. To these ends, 3 or 4 optical fibers with outer diameters of
240 um were integrated in a standard stereotactic biopsy needle. Fluorescence of protoporphyrin IX is
preferentially excited with 635 nm. For detection of blood vessels, light transmitted between two fiber tips,
separated by approx. 2 mm, was analyzed at two wavelengths with very different blood absorption, 578 nm and
650 nm, respectively.

Introduction

A fiber-based device for stereotactic brain tumor biopsies is developed. 5-ALA-induced
protoporphyrin IX (PpIX) fluorescence is used to localize vital tumor tissue; the spectral analysis of
polychromatic light diffusely transmitted through the investigated tissue between two fiber tips serves
to detect blood vessels and thus helps minimize the risk of inducing cerebral hemorrhages.

Methods

For both tasks, ray tracing simulations and experiments on phantoms mimicking the optical
properties of brain tumor tissue were performed. The sensitivity of PpIX-based tumor detection was
investigated for two different excitation wavelengths (405 nm, 633 nm). The effect of blood
interference was studied by placing artificial blood layers of 10-400 pm thickness between fiber and
phantom. Blood wvessel detection with a two-fiber probe (inter-fiber distance: 2 mm) was
experimentally tested by using a blood vessel dummy, which was submerged into the tumor-
mimicking phantom. The remitted light was analyzed at two wavelengths with strongly differing
hemoglobin absorption (578 nm, 650 nm).

Results and Discussion

In general, 405-nm-excitation shows a 50-fold higher sensitivity, but physiological PpIX
concentrations of a few uM should be well detectable with both wavelengths. In addition, 633-nm-
excitation is considerably superior in case of blood-covered tumor tissue. For instance, a 50 um blood
layer blocks the 405-nm-excited fluorescence completely, but reduces the 633-nm-excited signal by
less than 50%. Depending on their orientation, blood vessels are detectable up to 800—1200 um ahead
of the probe on the basis of a considerably reduced remission ratio Is;s / Igso as compared to the
background value. The implementation into a conventional biopsy needle is proposed.
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Abstract. Development of infectious and inflammatory processes in the kidney is one of common
complications of lithotripsy. The study of different regimes of laser action on kidney stones is presented. It is
demonstrated that laser exposure at a wavelength of 2000-2100 nm with a small pulse energy (from units to tens
of mJ) and pulse duration of 20-50 ns at a high pulse repetition rate (tens of kHz) allows controlled destruction
of concrements into large fragments without disseminating their content. The use of strongly absorbing coatings
(SAC) of the laser fiber tip also provides controlled destruction and allows achieving an antimicrobial effect on
the stone-associated biofilms. The presented approaches can ensure prevention of microbial dissemination in the
course of contact lithotripsy.

Introduction. One of contact laser lithotripsy complications is the development of infectious
inflammatory processes in the kidney due to bacteria dissemination from biofilm [1]. One of the
options for dissemination prevention consists in the use of laser exposure regimes that provide
controlled destruction of concrements without spreading microbial contents of stone-associated
biofilms. The aim of this work is to demonstrate two options of laser action to provide controlled
destruction.

Materials and methods. A total of 52 postoperative samples of renal concrements varying from 10
to 19 mm in size with different densities (127-1933 HU) were used as objects. Lithotripsy was
performed with various types of lasers. Original laser systems (IAP RAS, Nizhny Novgorod) were
used: a laser on an Ho: YAG crystal pumped by radiation from a thulium fiber laser [2] and a laser on
Tm: Lu203 ceramics pumped by an erbium-fiber laser with a Raman wavelength shift (at 1670 nm)
[3]. To implement the SAC technology, a 970 nm diode laser with tip initiation (with power of 10 W)
was used [4].

Results. The fragmentation effect with a controlled fault was obtained in 9 cases out of 10 using a
laser at a wavelength of 2097 nm at repetition rates of 10 and 30 kHz with pulse energy from 0.17 to
2.3 mlJ. The concrement perforation time varied from 2 to 600 seconds, depending on the density and
chemical composition of the stone. Exposure at the wavelength of 1967 nm at a repetition rate of
15 kHz with pulse energy of 0.4—0.6 mJ appeared to be ineffective in 7 cases out of 10. Employment
of the SAC technology also proved to be effective for controlled fragmentation of concrements. The
fragmentation time varied from 30 seconds to several minutes, depending on the density of the stone.
The high temperature (2000 K) provided an antimicrobial effect on the stone-associated biofilms.

Conclusion. The reported regimes of kidney concrements fragmentation are perspective for
prevention of infectious inflammatory complications of laser lithotripsy.
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Abstract. The results of inspection of the bladder extracellular matrix state in 75 patients with complications
after radiotherapy are reported. Imaging of biopsy bladder samples is performed by laser scanning microscopy
(LSM) in second harmonic generation (SHG) and two-photon autofluorescence excitation (TPEF) modes to
study the state of collagen and elastin. Radiation damage is studied in comparison with bladder alterations in
patients with chronic cystitis (80 patients). Verification of LSM data is performed by comparison with histology
analysis. As a result, the difference in the state of collagen and elastin structures is demonstrated for different
grades of bladder radiation damage. The obtained results can become a basis for the technique for diagnostics of
bladder radiation damage.

Despite the development of techniques for conform irradiation, alterations in normal tissues
induced by radiation therapy of malignant tumors is one of the actual problems of modern radiation
oncology [1]. For understanding of the radiation damage of unaltered collateral tissues it is important
to know the state of extracellular matrix of connective tissue [2]. In recent years the potential of
nonlinear microscopy in second harmonic generation (SHG) and two-photon autofluorescence
excitation (TPEF) modes to study the state of collagen and elastin was demonstrated [3].

The aim of this paper is to study the features of the state of extracellular matrix of the urinary
bladder after radiotherapy by means of nonlinear microscopy.

Two groups of female patients were enrolled in the study: a group of patient with radiation cystitis
with a period between 1 and 11 years after the exposure (75 patients); and a group of patients with
chronic cystitis of bacterial etiology with a history of more than 3 years (80 patients). Cystoscopy and
biopsy of bladder were performed in accordance with a standard protocol with standard equipment.
Study of connective tissue state was conducted with an LSM 510 META laser scanning microscopy
system in the modes of second harmonic generation (SHG) and two-photon excitation
autofluorescence (TPEF) to examine the state of collagen and elastin, respectively. To verify the
obtained images histological investigations with H&E, van Gieson, and picrosirius red staining were
conducted.

It is demonstrated that collagen fibers in unaltered bladder are clearly visualized, have a crimp
shape, are loosely located and accompanied by elastic fibers. In case of radiation cystitis the
inflammatory reactions and tissue fibrosis are similar to those for chronic cystitis, however, are more
pronounced. Moreover, nonlinear microscopy revealed a difference in the state of collagen and elastin
structures at the bladder radiation damage of different grade.

The obtained results can become a basis for the technique for diagnostics of bladder radiation
damage.
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Abstract. We present a novel portable hyperspectral system for near-infrared spectroscopy of tissue and
demonstrate its suitability in several clinical applications.

Hyperspectral and Multispectral Near-Infrared Spectroscopy

Near infrared spectroscopy (NIRS) [1] is a non-invasive technique for in-vivo real-time brain and
muscle imaging. It targets tissue chromophores having specific absorption spectra in the waveband
700-1100 nm. Most of commercially available NIRS systems are multispectral (i.e. they use light
sources emitting at several isolated wavelengths). Measurements by multispectral NIRS qualitatively
reflect trends in changes of blood oxygenation but suffer low quantitative accuracy. In order to
improve quantitative accuracy and to extend the number of detectable chromophores we developed
portable hyperspectral NIRS system. hNIRS hardware includes a tungsten lamp and portable fiber-
optic spectrometers. In order to maximize the use of information contained in several hundreds of
measurements corresponding to different wavelengths of light we developed special hyperspectral
signal processing methods including noise filtering and spectral unmixing using blind signal
separation and machine learning algorithms. Our technique allows for both relative and absolute
measurements of chromophore concentrations including changes in the cytochrome C oxidase redox
states, thus enabling the intracellular monitoring of oxygen metabolism [2]. In our presentation we will
explain details of our hNIRS methods and demonstrate their suitability in several applications.

Applications of hNIRS

Assessment of septic patients

Sepsis is a major health problem associated with abnormalities of muscle tissue oxygenation and
microvascular function. Early detection of sepsis is critical because delay in treatment may likely
result in death of a patient. Our measurements using hNIRS show that the rates of changes of the
chromophore concentrations in septic patients versus health subjects during the arterial and venous
occlusion protocols are statistically significantly different.

Measurements of functional brain activity

We extend the application of hNIRS to the measurement of event-related hemodynamic and
metabolic functional cerebral responses during simulated driving. We used our portable hNIRS system
and a driving simulator with a fully functional steering wheel and foot pedals. Each participant
performed different driving tasks and participants were distracted during various driving conditions.
We found that more complex driving tasks (non-distracted) deactivate prefrontal cortex while
distractions during driving significantly activate it. Measured changes in the redox state of the
cytochrome C oxidase were consistent with hemodynamic changes.

Monitoring cerebral perfusion and metabolism during cardiac surgery

Measurements were done during Transcatheter Aortic Valve Implantation surgery simultaneously
by our hNIRS and cerebral oxygen saturation monitor Nonin Equinox 7600. While cerebral oxygen
saturations measured by both techniques were close, redox cytochrome C oxidase changes measured
by hNIRS showed significant impact of short cardiac arrests on the cerebral metabolic rate of oxygen.
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Abstract. Protoporphyrin IX (PpIX) is an interesting probe to measure pO, in tissues by time-resolved
luminescence spectroscopy. However, this probe is phototoxic and generates luminescent photoproducts.
Consequently, we studied their influence on the PpIX lifetime in vivo. We established that this influence can be
avoided if the PpIX emission is detected between 630+10 nm, or if the excitation dose at 405 nm is less than
1 J/em®. We also studied in vivo the oxygen sensitivity and phototoxicity of dichlorotris(1,10-phenantroline)-
Ruthenium(Il) Hydrate (Ru(phen)), a poorly (photo)toxic probe. We established that its phototoxic threshold is
hundred times larger than the fluence necessary for pO, measurements.

Introduction

The determination of the oxygen partial pressure (pO;) in real time in living biological tissues is of
high interest for numerous therapeutics, including photodynamic therapy (PDT) and radiotherapy. The
real-time measurement of the pO, also enables to obtain interesting information regarding the
metabolic activities. The development of time-resolved luminescence measurement methods combined
with the availability of new oxygen-sensitive molecular probes is at the origin of the significant
progress that have been achieved during these past decades to measure the pO, in living organisms.
These probes include aminolevulinic acid-induced PpIX which is an approved photosensitizer (PS).
Using this probe is of high interest in PDT since the pO, is measured at the precise location where the
phototoxic mechanisms take place. Interestingly, PpIX is produced in the mitochondria, an important
organelle for the cells respiration. Unfortunately, PpIX has drawbacks to measure the pO,, including
its significant phototoxicity and photobleaching. Therefore, we established radiometric conditions that
minimize these artefacts. In addition, we studied the oxygen sensitivity and phototoxicity of an
interesting alternative compound, Ru(Phen), a poorly (photo)toxic probe.

Materials and methods

We studied the influence of the PpIX photoproducts luminescence on the PpIX lifetime in solution
and in vivo on the Chick’s Chorioallantoic Membrane (CAM) model, under various oxygen (between
0 and 155 mmHg) and light (405 nm emitted by a diode laser combined with a frontal light distributor;
0-15 J/em?® or 70-160 J/cm® for in vivo and solution experiments, respectively) conditions. The pO,
was measured by time-resolved spectroscopy of the PplX delayed fluorescence (DF), its
phosphorescence being too weak to be detected in vivo. These measurements were performed with
the spectrometer developed by our group and described in details by Piffaretti et al. [1]. The study of
the Ru(Phen) phototoxicity and pO, sensitivity was performed in the CAM with the same setups
adapted to the spectral properties of this promising pO, probe (PDT doses between 0 and 10 J/cm” at
470£20 nm; wavelength to measure the oxygen sensitivity between 0 and 155 mmHg: 470 nm).

Results and discussion

Our results indicate that perturbations induced by the PpIX photoproducts can be avoided if its
luminescence is detected between 620 and 640 nm, or if PpIX is excited at 405 nm with light doses
<1 J/em’. In addition, we established that the phototoxic threshold of Ru(Phen) is about two orders of
magnitude higher than the fluence necessary for pO, measurements with this oxygen probe.
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Abstract. Photodynamic therapy (PDT) is a promising method for local tumor control in surgery of
malignant brain tumors. Nevertheless the thermal effect in PDT is known to have no damaging action and in
general oncology this side effect can be paid no particular attention, in neurosurgery even relatively slight
increase of brain tissue temperature, especially in eloquent brain areas, can lead to complications. In this study
we present the role of the control of the temperature of tumor bed during PDTto prevent significant postoperative
brain edema

Photodynamic therapy (PDT) is a promising method for local tumor control in surgery og
malignant brain tumors [1, 2]. There are several parameters that should be calculated for the success of
the procedure: a tumor size or the area exposed to radiation, laser radiation power, a photosensitizer
type. If less estimated time is used, no desirable anti-tumor effect is reached. In neurooncology after
removing large masses, the necessary estimation exposure time may reach up to 40 min. It can lead to
one of the adverse effects- hyperthermia of surrounding tissues. Nevertheless the thermal effect in
PDT is known to have no damaging action and in general oncology this side effect can be paid no
particular attention, in neuro-surgery even relatively slight increase of brain tissue temperature,
especially in eloquent brain areas, can lead to complications [3]. PDT contributes to the perifocal
edema increase in a postoperative period, that can result in an increasing of neurological deficits [4].
But up to now the search for methods aimed at alleviating PDT-induced peritumoral edema is
essential.

The aim of the investigation was to assess the role of infrared imaging for brain tissue heating
when exposed to laser radiation in photodynamic therapy of bed of removed tumor, and its effect on
postoperative brain edema.

Materials and methods. We studied the results of brain tumor surgeries with intraoperative PDT of
20 patients. The patients were divided into two groups: 1 — the study group (n = 12) had intraope-rative
infrared imaging (IRI)-guided PDT, and 2 — the control group patients (n = 8) had no IRI control.

Results. Perifocal edema in the study group on the first postoperative day decreased, and was 50.4
[16.4; 79.3] and 88.5 [30.3; 110.6]% of preoperative values according to axial and coronary section
study. In the control group postoperative edema increased and was 227.9 [92.4; 303.8] and 154.7
[84.5; 150.3]1% of the initial.

Conclusion. PDT is accompanied by temperature rise of the exposed tissues, and increased
perifocal edema in an early postoperative period. IRI control of exposed tissues heating in PDT of
tumor bed enables to avoid edema augmentation of surrounding brain tissues.
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Abstract. Optical coherence tomography (OCT) is a promising method of glial tumors borders diagnostics.
This paper presents the results of cross-polarization OCT (CP OCT) usage for the glial tumors and their
peritumoral area visualization. CP OCT detected the scattering and polarization properties of tissues and thereby
it can be more informative method for tumor borders imaging than traditional OCT.

The study was aimed to evaluate the capabilities of CP OCT as an imaging tool for the glial
tumors detection in peritumoral area.

Materials and Methods. The study was performed on 30patients with gliomas (intraoperative
biopsies) of different malignancy degrees: Grade I-II (n = 8), Grade III (n = 7), Grade IV (n = 15).
176 ex vivo human gliomas samples of tumor and non-tumor tissue were studied by CP OCT and 865
images were acquired and analyzed. Spectral domain OCT setup at 1.3 pm central wavelength with
axial resolution equals to 10 um and lateral resolution equals to 15 um was used (Institute of Applied
Physics of the Russian Academy of Sciences, Russia) [1, 2]. To verify CP OCT images they were
compared with histological data.

Results. The correspondence between the CP OCT images of human brain tissue and glial tumors
and their morphological features was determined. The OCT signal of white matter in peritumoral area
is characterized by high intensity and more homogeneity in comparison with the heterogeneity signal
of the tumor. These differences are more clear in the CP OCT images than in traditional OCT images.
Comparative evaluation of the glial tumors (Grade I-1V) and non-cancerous brain tissue CP OCT
signalswas also carried out.

Conclusion. The white matter of peritumoral area and glial tumors can be differentiated based on
the intensity, homogeneity and attenuation of the CP OCT signals. The CP OCT seems to have great
potential in the surgery of infiltrative brain tumors.
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Abstract. Lately, single cell transcriptomics methods bloomed and enabled a new approach to classify the
cell types as well as to analyze developmental transitions. We took advantage of single cell transcriptomics to
resolve neural crest heterogeneity and fate choice mechanisms. The results of our analysis showed that fate
switches operate as sequential bifurcations of choices, and that prior to the fate selection, fate-specific gene
clusters are heterogeneously activated in the early delaminating and migrating neural crest populations. Indeed,
neural crest cells show the existence of active and passive differentiation-related biases operating at the gene
expression level.

Neural crest cells are transient embryonic progenitors that are often called 4th germ layer since
they give rise to a large number of differentiated cell types in the body. Thus, neural crest is a perfect
model system to address the molecular mechanisms of a fate selection in case of several fate options.
Cranial and trunk neural crest cells are different in terms of their competence: only cranial crest gives
rise to ectomesenchymal fates that include cartilage and bone. We took advantage of a single cell
transcriptomics (SCT) approach to address fate selection in the neural crest. For this we developed a
new tool for multiple differentiation trajectory analysis to investigate the positons of fate splits and
molecular mechanics behind fate choice. The results of our analysis showed that fate switches operate
as sequential bifurcations of choices, and that prior to the fate selection, fate-specific gene clusters are
heterogeneously activated in the early delaminating and migrating neural crest populations. These
early fate-specific genes represent weak biases that still may assist eventual fate restrictions. Major
biases differ between trunk and cranial crest: sensory neurogenesis bias dominates trunk crest while
strong mesenchymal bias is present in the cranial crest. Finally, we provide a unique gene expression
signatures and gene regulatory network transitions for every neural crest subpopulation along the
developmental timeline and spatial distribution.
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Liver diseases are frequently encountered in clinical practice with high morbidity and mortality.
A cholestatic liver disease is one of the most common liver diseases and can potentially progress to
liver cirrhosis or even cholangiocarcinoma [1, 2]. Conventional techniques are insufficient to precisely
describe the complex internal structure, het erogeneous cell populations and the dynamics of
biological processes of the liver [3]. Currently, the methods of optical bioimaging and microstructural
analysis are being actively introduced into biomedical research. These methods are extremely
informative and non-destructive, which allows studying a large number of processes occurring inside
cells and tissues, analyzing molecular cellular composition, as well as evaluating the state of
connective tissue fibers due to their ability to generate a second optical harmonic. Of special interest
for studying hepatic tissue in normal and pathological conditions are multiphoton lasers canning
microscopy LSM, fluorescence-lifetime imaging microscopy FLIM, and second harmonic generation
SHG. All these methods do not need additional staining of samples or incorporation of any markers to
study certain parameters (metabolism, lipid composition, microstructure analysis, evaluation of fibrous
structures, in particular, collagen and elastin) which have pronounced changes in hepatocytes and their
microenvironment with common pathological diseases of the liver (cholestasis, steatosis, cirrhosis).
Thereby in this study we investigated metabolic changes in the healthy and cholestatic liver based on
the fluorescence of the metabolic co-factors NADH and FAD. Cellular metabolism was examined by
monitoring the optical redox ratio (FAD/NADH), the fluorescence lifetime contributions of the free
and bound forms of NADH and FAD. Two-photon fluorescence microscopy combined with FLIM and
SHG was used to analyze this fluorescence in living hepatic cells of the healthy and cholestatic liver.
The data can be used to develop new criteria for identification of hepatic pathology at the level of
hepatocyte changes aimed at personalized medicine in the future.
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Abstract. Articular cartilage has limited regenerative capacity. Here, we describe novel chondrocyte
progenitors responsible for formation of articular cartilage. 3D visualization with micro-CT revealed quantitative
dynamics of cartilage growth and reshaping. Clonal genetic tracing revealed that chondro-progenitors generate
chondrocytes and facilitate cartilage reshaping. Furthermore, chondro-progenitors renew their number by
symmetric division, express mesenchymal stem cell marker CD73, and generate chondrocytes via both
asymmetric division and symmetric differentiation. Finally, we found that adult articular cartilage is entirely
formed by the progeny of chondro-progenitors. We conclude that chondro-progenitors are postnatal stem cells
capable of maintaining their own population and form adult articular cartilage.

Articular cartilage has extremely little regenerative capacity. However, genetic tracing has recently
revealed chondrocyte progenitors at the articular surface. Here, we characterized these progenitors
utilizing in vivo genetic approaches. 3D visualization of articular cartilage growth with PTA-enhanced
micro-CT revealed quantitative dynamic of tissue growth and reshaping. This approach, combined
with clonal genetic tracing showed that superficial cells generate chondrocytes that contribute to the
growth of the underlying epiphyseal bone and facilitate cartilage reshaping. Furthermore, superficial
cells renew their number by symmetric division, express the mesenchymal stem cell marker CD73,
and generate chondrocytes via both asymmetric division and symmetric differentiation, the classical
behavior of adult stem cells referred to as population asymmetry. Finally, combined genetic tracing of
superficial cells and neonatal chondrocytes revealed that adult articular cartilage is entirely formed by
the progeny of the superficial cells.We conclude that superficial cells are postnatal stem cells capable
of maintaining their own population. These cells are the source of adult articular cartilage.
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Abstract. In the current research, spheroids containing population of CD31+ cells were obtained from
multipotent mesenchymal stromal cells from umbilical cord (MMSC UC) using induction with VEGF. After
placing spheroids in the gel composed on the basis of fibrin, these cells activated the process of angiogenesis,
which resulted in an active growth of tubules from MSC spheroids into the gel. In 7 days a primitive branched
tubular network formed. The obtained results can become the basis for the development of the technology of 3D
bio-printing of micro-vascularized tissues.

Introduction

Formation of a capillary bed for the effective blood supply in de novo constructed tissues and
organs is one of the most basic aims of modern tissue engineering. Combination of 3D bio-printing
technology and cell technologies can become one of the most promising direction in this area. The use
of 3D culture from multipotent mesenchymal stromal cells from umbilical cord (MMSC UC), which is
induced towards endothelial differentiation and contains subpopulation of early endothelial
progenitors, can allow obtainment of capillary network, formed by both endothelial and mesenchymal
components.

Materials and methods

MSC spheroids were obtained from human MMSC UC in 7 days in 3D culture under standard
conditions (37°C; 5%CO,) on agarose plates made with the use of 3D Petri Dishes (Microtissue,
USA). Endothelial cell differentiation in spheroids was induced by adding vascular endothelial growth
factor (VEGF) in growth medium. In 7 days some spheroids were fixed in 4% paraformaldehyde for
immunocytochemical study of CD-31, Flk-1 and vimentin expression. The remaining spheroids were
placed in non-modified andPEGylated fibrin to evaluate their capacity to form capillary-like network.
To obtain stabilized hydrogel thrombin was added at the fibrinogen to thrombin ratio of 1mg to 02U.
Gel based on modified fibrin was obtained by adding O,0’-bis[2-(N-succinimidyl-
succinylamino)ethyl]poly(ethylene glycol) to fibrinogen at the molar ratio of 5 to 1. Reaction was
carried for 2 hours at 37°. The control after the process of spheroid formation and tubule growth was
performed using live time-lapse microscopy in Cell-IQ device (ChipMan Technologies, Finland).

Results

Spheroids obtained from MMSC US after induction contained the population of CD3 1+ cells. After
placing spheroids in both types of gel in 8 hours cells started to migrate from induced MSC spheroids
and formed tubules. These cells expressed CD31, Flk-1 (endothelial cell markers) and some cells
expressed vimentin (mesenchymal cell marker). In 7 days, we observed formation of a branched
capillary-like network, where tubules connected with each other and with the tubules formed by the
cells from neighboring spheroids.

Conclusion

3D culture of MMSC UC in induction medium containing VEGF promotes the growth of number
of endothelial cells, which are able of vasculo- and angiogenesis. The obtained results can become the
basis for the development of the technology of 3D bio-printing of micro-vascularized tissues.
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Abstract. Combining imaging mass spectrometry with different microscopy techniques for the same sample
on the same holder enables complex analysis of the sample morphology and chemical composition. A new
sample preparation protocol was developed allowing complex analysis of germinal vesicles mice oocytes
minimizing cellular chemistry redistribution and cell structure distortion. Mammalian oocytes can contain
nucleolus-like body (NLB) units which were investigated. A domain structure of densely packed granules inside
NLBs was revealed. Mass spectrometry shows increased amino acids and phosphate ions signal from the
granules compared to cytoplasm area.

A combination of time-of-flight secondary ion mass spectrometry with a diversity of microscopy
techniques, including coherent anti-Stokes Raman scattering microspectroscopy, atomic-force
microscopy and scanning electron microscopy for the same sample allows characterizing both
morphology and chemical composition of the examined sample. This type of analysis was successfully
applied to the non-biological samples [1] and tissue sections [2], whereas a single cell study is a
serious challenge.

A new sample preparation protocol based on preparation method used for electron microscopy and
laser scanning microscopy [3] was developed for single isolated cells analysis. The protocol allowed
us to analyze pre-selected GV-oocyte sections containing nucleolus-like bodies minimizing cellular
chemistry redistribution and cell structure distortion. It would be important to mention briefly some
crucial steps of the preparation technique. The obtained mice GV-oocytes were plunge-freezed
followed by freeze-drying and immersed in Epon embedded media used for electron microscopy. On
penetration into the embedding media, the samples were polymerized and cut by a microtome.
Regions of interest were selected by sections examination using conventional light microscopy.

Nucleolus-like body composition and structure were investigated. Biological material in NLBs was
found to be organized as a domain structure of densely packed granules with sizes from tenths of
micron to a micron. Increased signal of amino acids and phosphate ions was observed in the NLB area
compared to cytoplasm area. Epon was noted to poorly infiltrate inside NLBs. The work was
supported by the Russian Foundation for Basic Research grant 16-53-52046.
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Abstract. The exciton and charge carrier dynamics in CdSe, Cd;Mn,Se, and Cd;..Mn,Se / MVZ systems
was studied by the fs pump-probe laser spectroscopy technique. The excitation was carried out to the low-lying
exciton transition 1S (e) — 1S (h) 3/2 band (red edge of the CdSe absorption). The coherent wave packet
oscillations were revealed in transient kinetics of CdSe, Cd,..Mn,Se, and Cd,_ Mn,Se / MV?*. The oscillations
correspond to the optical phonon of 206 cm™. The interfacial electron transfer from Cd,;.,Mn,Se to acceptor
MV?*" occurs with time constant close to 100 fs.

The excitons and charge carrier dynamics in CdSe, Cd;,Mn,Se, and Cd, ,Mn,Se /MV* quantum
dots were studied by the fs pump-probe spectroscopy technique with time resolution of 20 fs. The
excitation was conducted to the band of the low-lying exciton transition 1S (e) — 1S (h) 3/2 (red edge
of the absorption band). The excitation energy was varied from 20 nJ to 1300 nJ. The average number
of excitons <N> per one quantum dot (QD) after the excitation was estimated taking into account the
QD absorption cross section and the photon density in the pump pulse. The absorption cross section
was determined according to W. William Yu et al. [1]. Transient absorption spectra were interpreted
as the manifestation of different effects: 1) filling of electron and hole states due to excitation, which
leads to a decrease in absorption after excitation (delta A < 0); 2) exciton stimulated emission (delta
A < 0); 3) new optical transitions to higher excited states, for example, into biexciton states (delta
A > 0); 4) the Stark shift of the QD absorption bands (delta A has S-shaped form with absorption and
bleaching components). At low values of <N> delta A has a form closer to the first derivative of the
linear absorption spectrum, at high values of <N>, delta A approaches the shape that is close to the
shape of the second derivative of the QD linear absorption spectrum. Figure 1 shows transient kinetics
at the wavelength of 567 nm. Fourier transform reveals the coherent wave packet corresponding to the
optical phonon of 206 cm™'. At high pump energy, Figure 1(B) demonstrates coherent wave packets
related to the solvent toluene. Figure 2 shows that addition of MV2+ leads to the quenching of exciton.
The time constant is close to 100 fs.
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Fig. 1. A) transient kinetics at the wavelength of  Fig. 2. A) transient curves of bleaching at 567 nm, <N> =
567 nm. Two levels of excitation <N> = 0.36  =0.14 with and without MV>". B) FFT,withoutMV>".
and <N> = 6.24. B) Fourier transform of transient C) FFT, with MV?*"

curves FFT under excitation of <N> = 0.36.

C) FFT under excitation of <N> = 6.24
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The proteasome is a multisubunit protein complex responsible for selective protein degradation in
the cell, playing important functions in various biological processes such as transcription, progression
through the cell cycle, signal transduction, cell death, immune responses, metabolism, protein quality
control and development. The proteasome is composed of a 20S core particle possessing proteolytic
activity and one or two 19S regulatory complexes. In mammals, there also exists an
immunoproteasome in which constitutive catalytic subunits 1, 2 and 5 are to be replaced with
alternate Bli, f2i and B5i subunits, respectively. The immunoproteasome is believed to generate
peptides specifically cleaved for antigen presentation. Recent data showed an increased gene
expression of immunoproteasome subunit f5i in mouse embrionic stem (ES) cells during cell
differentiation. The purpose of our study was to determine whether immunoproteasomes participate in
cell differentiation. The experiments were carried out on the murine ES cell line E14 and cell
differentiation was induced by removal of leukemia inhibitory factor (LIF) and by adding retinoic acid
to growth medium. The expression of pluripotent markers such as Oct4 and Nanog was analyzed by
quantitative PCR and immunocytochemistry. We confirmed that ES cells started to lose these markers
48 hours after the induction of differentiation. The expression of proteasomal subunit B5 and
immunoproteasome subunits f1i, B2i and B5i was also analyzed by quantitative PCR. We found that
the level of proteasome subunit B5 was similar in undifferentiated and differentiated cells. However,
the level of PB2i slightly increased in differentiated cells while stem cells did not express
immunoproteasome genes at all. Additional tests such as Western-blotting, immunoproteasome
activity inhibition assay, and immunosubunits knock-down are necessary to determine the extent of
the influence of immunoproteasomes on the cell differentiation process.
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Abstract. Already at the stage of very early embryo Metazoans show adaptations to the future challenges we
will be facing in adult life. Mechanisms of such information transfer from mother to the developing embryo still
remain largely unknown. We are trying to answer the question how the enigmatic world of ancient small
molecules drives fate of progeny in animals and human. We discovered direct transmission of signal about the
physiological condition of the mother’s body to a progeny through the serotonergic system in female’s
reproductive organs. Our recent experimental and bioinformatical investigations brought us to understanding of
exact targets and mechanisms.

External environmental factors significantly influence organisms at non-genetic level and, through
this, impact the progeny that is generated at much later times. A number of important characteristics
vary under the influence of parental effects and include the dynamics of development and growth,
body size, metabolic levels as well as behavioral plasticity. The progenies may retain the non-genetic
memory up to three generations after parents were exposed to abnormal temperature, nutrition level,
dietary composition, hypoxia, photoperiod, social environment or activity of predators. Among
behavioral programs that are sensitive to parental effects and are exceptionally important for survival
we may list feeding behavior, escape from predators, learning capacity and dispersion of the offspring.
Generally, non-genetic transfer of information to the progeny is widely spread in nature and varies in
terms of molecular mechanisms. Despite recent success in studies of DNA modifications and the
discovery of a histone code. It is worth mentioning that early developmental stages are especially
crucial and are the key for implementation of parental effects. Many embryonic features that will
influence the resulting fitness, behavioral modality and future reproductive success of the progeny are
initiated during early development.

Monoamines and especially serotonin and dopamine are widely known as neurotransmitters and
local humoral regulators of many processes in developing embryo and adult body. These substances
and proteins related to them play many key roles in our motivation, memory, feeling of satisfaction.
Their levels in our brain determine character, our decisions and after this drive our fate, fitness and life
success. At the same time, it’s much less known, that more than these substances seem to appear as a
signaling molecules several billion years ago, at the very early steps of evolution. Serotonin may be
found in prokaryotes, plants, protists and exists at least in some stages of life cycle in any of ever
investigated animals including those ones who has no neurons at all such as an ancient and enigmatic
placozoan trichoplax. In all vertebrates including human monoamines are expressed on all stages of
life including male and female gametes, zygote and very early embryos. Their role in early pre-
neuronal development is merely known, while about the functions we have only few hypotheses.

Recently we discovered an entirely new phenomenon in developmental biology and physiology —
direct transmission of signal about the physiological condition of the mother’s body to a progeny
through the local serotonergic system in female’s reproductive organs, level of serotonin in early
embryo, the serotonin receptors, transporter, expressed in cells and the process of monoaminylation —
covalent binding of serotonin to glutamines residues in proteins mediated by transglutaminase. We
continued our study in this field and our recent experimental and bioinformatical investigations
performed on the sea urchin, zebrafish shown us exact protein targets of monoaminylation. We could
find differences in the roles of early dopamine and serotonin. Work in this direction revealed that both
discovered molecular mechanism and principle itself is conservative and widespread in the animals’
phyla. And brought us as close as possible to the most difficult question in our investigation: how does
this ancient system works in viviparous animals such as most of mammals and human? Question about
ourselves.
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Abstract. Optical methods are developed for applications in embryologic studies and practical use in
artificial reproductive technologies (ART). These methods are nondestructive, low-invasive and informative and
allow studying various structural and molecular biochemical processes inside living cells, without interfering in
the living processes. Thus, new effective ways can be suggested for monitoring the status of ova with the aim to
estimate developmental ability without losing quality for ART and investigation of fundamental mechanisms of
early mammalian development. In presented work these methods were used to analyze impact of nanoparticles
on ova. The main limiting factors for the laser-based analytical methods are discussed.

During last decades ART was wide used in scientific, medical, and biotechnological fields. One of
ways to increase rate of the successful embryo implantation after in vitro manipulation is developing
more effective methods for recognition qualitative ova for exploitation. To understand fundamental
mechanisms underlying the early mammalian embryo (EME) development and to obtain information
for EME evaluation and selection for ART new optical-spectroscopic methods on the base of
advanced laser techniques are perfect candidates. These methods allow monitoring the status of
mammalian gametes and embryos during preimplantation development without losing quality.
However, limiting factor is the adverse effect of laser beam on the investigated biological sample
depending on laser wavelength and dose of laser radiation.

In the present work, different optical-spectral methods, as Raman spectroscopy, 2-photon
fluorescence spectroscopy, and fluorescence lifetime imaging microscopy (FLIM) are used and their
applicability is discussed for diagnostics and control of EME conditions.

Raman spectra from different areas of mouse oocytes and 2-cells embryos have been measured and
analyzed. The laser power and exposure were varied and further in vitro ova development was
observed to select optimal conditions of the measurements. Safe parameters of the measurements were
selected, which don’t affect the embryo development up to morphologically normal blastocyst.

FLIM with 2-photon excitation was used to observe and analyze autofluorescence from metabolic
cofactors reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD).
The distribution of lifetimes and intensity of autofluorescence in different areas of EME were analyzed
to understand a relation between metabolic processes, their dynamics in various stages of development
of gametes and embryos.

These methods' potential for estimation of an embryo state has been demonstrated via analysis and
comparison of the spectra of fertilized and non-fertilized oocytes, EME subjected strong UV-
irradiation and co-incubated with different nanoparticles (NP).

The development of nanotechnologies' bio-applications on one hand, and ART on the other hand
increases probability of EME to be subjected to NP treatment. However, only a few previous studies
consider the impact of NP on oocytes and EME. Physicochemical and biological mechanisms of NP
toxicity for EME still unclear. In our work, the optical-spectroscopic methods have been applied to
study effects of NP (nanodiamonds of different sizes and surface properties, TiO,, etc.) on the
development of mammalian ova in vitro.

High potential of the used methods in the embryology is demonstrated.
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Abstract. Two-photon polymerization (2PP) with femtosecond lasers provides many advantages for the
fabrication of high quality 3-D microstructures with complex geometries [1]. 2PP technique uses non-linear
absorption of femtosecond laser pulses to selectively polymerize photosensitive materials. Three-dimensional
microstructuring by the 2PP technique provides many interesting possibilities for biomedical applications. This
microstructuring technique is suitable for many biocompatible polymeric materials, such as polyethylene glycol,
polylactic acid, polycaprolactone, gelatin, zirconium-based hybrids, and others [2, 3]. The flexibility in
controlling geometries and feature sizes and the possibility to fabricate structures without the addition of new
material layers makes this technique particularly appealing for fabrication of 3-D scaffolds for tissue
engineering. Our recent progress in application of 2PP scaffolds for tissue engineering will be reported.

Focused laser beam

Structure

Fig. 1. Principle of 2PP process (/eff); 2PP fabricated scaffold from zirconium-based organic inorganic
composite (middle); human mesenchymal stem cells (hMSCs) differentiated on 2PP scaffold towards
osteogenic lineage (right)
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Abstract. In the current research rat adipose-derived stromal cells in the presence of vascular endothelial
growth factor (VEGF) were placed in non-adhesive conditions to form spheroids. 7-day VEGF-induced MSC
spheroids were then placed on osteoplastic apatite-silicate composition material BAC-1000. 7 days later cells
formed a dense layer as well as tubule-like structures both on the surface and in the pores of matrix. The current
research describes a promising technology for obtainment of bioequivalents of vascularized bone tissue for fast
and effective restoration of vast bone injuries.

Introduction. Nowadays creating tissue-engineered constructions is one of the most promising
technology for repair of bone tissue defects. Traditionally a combination of osteoconductive carrier,
osteoinducing growth factors and osteogenic progenitor cells is used in bone tissue engineering.
However, for reparation of vast bone tissue injuries it is important to create vascularized constructions,
where functionality and structure, regulation of osteogenesis and vasculogenesis would be well-
balanced. The use of single-cell suspension for plating on osteoconductive micro-molds turned out to
be not enough effective, in particular, because single cells rapidly lose their osteogenic potential in the
absence of inductive culture media and special microenvironment. Cells in 3D culture — spheroids —
survive better, have an elevated pro-angiogenic and anti-inflammatory potential, whilst their
osteogenic potential does not reduce. In this aspect, adipose-derived stromal cells (ADSC) have more
advantages for creating bio-engineered constructions. This cell population can be obtained in a large
amount using not a very invasive procedure. Moreover, they contain not only multipotent
mesenchymal stromal cell population, but also a vascular fraction. The aim of the current study was to
develop a bio-engineered construction based on osteoplastic non-resorbable bioactive material —
apatite-silicate composition material BAC-1000 and MSC spheroids from ADSC induced in
angiogenic direction.

Materials and methods. Rat ADSC were obtained according to a standard protocol, cultured in
standard conditions (37°C, 5%CQO,) up to the third passage, and characterized by flow cytometry
analysis using standard MSC surface antigen panel. MSC spheroids were obtained from the
suspension of the characterized ADSC in non-adhesive agarose plates made with the use of 3D Petri
Dish (Microtissues, USA). To induce angiogenic differentiation in spheroids, vascular endothelial
growth factor (VEGF) was added to culture medium. 7-day VEGF-induced spheroids were then put on
the piece of BAC-1000 in a small volume of medium for two hours to initiate the adhesion of
spheroids to the surface of material and afterwards the growth medium supplemented with VEGF was
added to a necessary volume to fully cover the material. 7 days later the obtained constructions were
fixed in 3% glutaraldehyde for the further analysis on the scanning electron microscope.

Results. Scanning electron microscopy 7 days after plating VEGF-induced MSC spheroids on
BAC-1000 showed a great number of cells as well as tubule-like structures both on the surface and in
the pores of matrix. This type of material in combination with cell material in the form of VEGF-
induced MSC spheroids was shown to be the most optimal because it combines osteoprotection,
osteoinduction, osteoconduction and biocompatibility. All these properties allowed us to develop a
bio-engineered construction, where combine both support (osteoconductive) function and bio-
integration (outgrowth of cells as well as newly developed vessels). The obtained results of the current
research will help to develop new innovative methods and technologies for creating in vitro
bioequivalents of vascularized bone tissue for fast and effective restoration of vast bone injuries.
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Abstract. Mouse incisor as a continuously growing tooth serves as an excellent model system to study stem
cell niche, developmental differentiation pathways and importantly to study mutually interdependent epithelial to
mesenchymal interactions. In our study we used single cell transcriptomics method by which we can elucidate
levels of gene expression of all genes in each single selected cell. We analyzed obtained data by advanced
algorithms which enabled us to distinguish different cell types, estimate their proportion and cluster them into
different families. We characterized new cell subtypes and suggested cell differentiation pathways influenced by
specific key factors.

Introduction

Mouse is currently being probably most studied species in developmental biology field.
Widespread use of mouse is caused by fast breeding capacity, extensive similarity to human body and
importantly because of huge pool of available genetically modified strains which can be used for all
various approaches. In past half century many studies had been published focused on tooth
development. Nowadays we can say, that tooth development pathway serves as a well-described
model system to explain mechanisms of epithelial-mesenchymal interactions and differentiation
resulting from that. Mouse, instead of human evolution, developed mechanism how regenerate
continuously their incisors. In these teeth we can find stem cell niche even in fully adult animals,
keeping tooth growing. Understanding of stem cell renewal, interactions and differentiation is some
kind of Holy Grail to decipher mechanisms we need to know for applicable and safe use in
regeneration medicine.

Methods

Our study is based on single cell transcriptomics approach, but combines also various methods as
genetic tracing and immunohistochemistry combined to most advanced confocal microscopy and also
in situ hybridization experiments designed to prove the transcriptomics data.

Results

Our results shows expression of various important genes in different cell types which can be find in
tooth. Among others, database contains also genes coding transcription factors, ligands or receptors.
Based on these findings we can help to elucidate complicated interactome pathways between distinct
cell types, understand some pathologic mechanisms and importantly follow developmental pathways
responsible for differentiation of stem cells through transit-amplifying cells into pulp cells,
odontoblasts or ameloblasts and moreover to follow their aging from maturation stage until apoptosis.
Our findings provides deeper understanding of heterogeneity and homeostasis of pulp and give a clue
how to decipher real physiology of maintaining of dental pulp.
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Abstract. Currently there are three key elements in tissue engineering to treat bone defects: cells, scaffolds
and growth factors. The cell approach consists of the preliminary seeding of cells onto scaffolds. Mesenchymal
stem cells (MSCs) are thought to be the most attractive for making bone repair. However, much is unknown
about MSCs which needs to be elucidated before this treatment can be widely applied in clinical situations. The
goal of the present work was to study the involvement of seeded allogeneic MSCs in bone formation using the
model of transgenic mice and genetically labeled cells.

Currently there are three key elements in tissue engineering to treat bone defects: cells, scaffolds
and growth factors [1]. The cell approach consists of the preliminary seeding of cells onto scaffolds
before these matrices are implanted. Several cell types can potentially be used as cellular material, but
mesenchymal stem cells (MSCs) are thought to be the most attractive for making bone repair [2, 3].
However, much is unknown about MSCs which needs to be established before this treatment can be
widely applied in clinical situations. The purpose of the present work was to study the involvement of
seeded allogeneic MSCs in bone formation in vivo using the model of transgenic mice and genetically
labeled cells.

The scaffolds were sterilized, individually seeded with MSCs from the bone marrow of male
5-week-old GFP(+) transgenic C57/B16 or GFP(—) male C57/B16 mice. Critical-sized defects were
created on the calvarial bone of each animal. Scaffolds with or without seeded cells were implanted
into the injury sites. The cranial bones were harvested either 6 or 12 weeks after implantation. All
samples were stained with Hoechst and observed using fluorescence microscopes. GFP(+) transgenic
mice having scaffolds with non-labeled MSCs were used for the observation of host cell migration
into the scaffold. GFP(-) mice having scaffolds with GFP(+)MSCs were used to assess the functioning
of the seeded MSCs. The control group comprised GFP(+) transgenic mice having scaffolds without
any cells.

The data demonstrated that allogeneic MSCs were found on the scaffolds 6 and 12 weeks later.
Moreover, by week 12 there was a newly formed bone tissue from the seeded cells without requiring
osteogenic pre-differentiation. What is more important, host cells did not appear, and the control
scaffolds without seeded cells remained empty. Also, the possibility was shown for vessel formation
from seeded MSCs without preliminary cell cultivation under controlled conditions. Although the
exact mechanisms of the involvement of the seeded allogeneic MSCs in bone formation need further
investigation, our data contributes to the understanding of the positive results of MSC transplantation.
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Abstract. Understanding the dynamic process of reproduction is essential to advance the understanding and
improve the management of reproductive disorders. However, the majority of what we know about the dynamics
of these events is assumed based on histological analysis of extracted organs and studies in invertebrate animal
models. To address this lack of knowledge, we developed a set of OCT-based imaging methods for in vivo
structural, dynamic and functional visualization of the mouse reproductive tract, cilia function and sperm
activity, which previously have not been accessible. These approaches reveal puzzling observations, which
might contribute to uncovering the mechanisms of mammalian reproduction.

Understanding the dynamic process of reproduction is essential to advance the understanding and
improve the management of reproductive disorders, such as infertility and ectopic pregnancy.
However, the majority of what we know about the dynamics of these events is assumed based on
histological analysis of extracted organs, low-resolution visualizations, and extrapolation of studies in
invertebrate animal models. To address this lack of knowledge, we developed a set of OCT-based
imaging methods for in vivo structural, dynamic and functional visualization of features of the mouse
reproductive tract, cilia function and sperm activity, which previously have not been accessible. The
micro-scale spatial resolution, millimeter-level imaging depth, large transverse field of view, high
temporal resolving ability, functional capacity and compatibility with live imaging make this approach
applicable for variety of reproductive and developmental studies. These approaches reveal puzzling
observations, which might contribute to uncovering the mechanisms of mammalian reproduction.
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Abstract. Metabolic plasticity and the versatility of different lineages of stem cells as they satisfy their
energy demands are not completely understood. In this study we investigated the metabolic changes in
mesenchymal stem cells undergoing differentiation in three directions, adipogenic, osteogenic and chondrogenic,
using the two-photon fluorescence microscopy combined with FLIM. Based on the data for the FAD/NAD(P)H
redox ratio and on the fluorescence lifetimes of protein-bound NAD(P)H we registered a metabolic switch from
glycolysis to OxPhos in adipocytes, consistent switch from glycolysis to OxPhos to glycolysis in osteoblasts and
switch to more glycolytic status in chondrocytes.

The role of cellular metabolism and macromolecular synthesis during differentiation has not been
fully studied in stem cell biology. In this study we investigated metabolic changes in mesenchymal
stem cells (MSCs) undergoing differentiation in three directions (adipogenic, chondrogenic,
osteogenic) based on the fluorescence of the metabolic co-factors NAD(P)H and FAD. Cellular
metabolism was examined by monitoring the optical redox ratio (FAD/NAD(P)H), the fluorescence
lifetime contributions of the free and bound forms of NAD(P)H and FAD. Two-photon fluorescence
microscopy combined with FLIM was used to analyze this fluorescence in living cells.

Undifferentiated MSCs and MSCs on 7, 14, 21 days of three differentiations were imaged with a
Zeiss 710 microscope coupled to a FLIM system. The intrinsic fluorescence of NAD(P)H and FAD
was excited at 750 nm and 900 nm respectively by a femtosecond Ti:sapphire laser. The data were
analyzed with the commercially available SPCImage software. The fluorescence lifetimes and their
contributions (free and protein-bound forms of NAD(P)H and FAD: ag.e NADH, agee FAD, apound
NAD(P)H, ayouma FAD) for the areas of interest were calculated by finding the global minimum of the
¥2 value for three-exponential fittings.

To estimate the general level of metabolic activity of the cells during differentiations, the
fluorescence intensities of NAD(P)H and FAD were measured and represented as their redox ratio
(FAD/NAD(P)H). The optical redox ratio FAD/NAD(P)H decreased during all differentiations. This
was likely to be explained by the intensive biosynthesis of lipids (adipogenic differentiation) and
collagen (chondrogenic, osteogenic differentiation). To study cellular energy metabolism during
adipogenic, chondrogenic, osteogenic differentiation, we analyzed the fluorescence lifetime
contributions of the free and protein-bound forms of NAD(P)H. A statistically significant increase in
the contribution of bound NADH was shown during adipogenic differentiation, pointing to a shift
toward oxidative phosphorylation (OxPhos). The contribution of protein-bound NAD(P)H in
osteogenically and chondrogenicallydifferentiated MSCs gradually decreased, probably due to a bias
toward more glycolytic metabolism.The fluorescence lifetime contribution of bound FAD was lower
at all time points compared with the undifferentiated cells during osteogenic and adipogenic
differentiation. A statistically significant increase in the protein-bound FAD contribution (in
comparison with the undifferentiated MSCs) was revealed during chondrogenic differentiation.

So, we have elucidated the metabolic changes in MSCs during adipogenic, chondrogenic,
osteogenic differentiation based on the fluorescence of the metabolic co-factors NAD(P)H and FAD
using the methods of two-photon fluorescence microscopy combined with FLIM. Based on the data on
the fluorescence lifetime contribution of protein-bound NAD(P)H, we registered a metabolic switch
from glycolysis to OxPhos in adipocytes, consistent switch from glycolysis to OxPhos to glycolysis in
osteoblasts and switch to more glycolytic status in chondrocytes. The fluorescence lifetime
characteristics of FAD indicated the stimulation of an unknown metabolic pathway, where protein-
bound FAD participates.

Acknowledgements

This work has been financially supported by the Russian Science Foundation (grants No. 14-15-
00536).

172



Invited
PRECISE CONTROL OF PROTEIN EXPRESSION BY LIGHT

S. Ogasawara

PRESTO, Japan Science and Technology Agency,
4-1-8 Honcho, Kawaguchi-, Saitama 332-0012, Japan
shinzi@cris.hokudai.ac.jp

Abstract. A photoresponsive cap that can be reversibly cis-trans isomerized by light irradiation was
developed for the reversible photoregulation of translation. The photoresponsive mMe-2PA-cap in the frans
form silences translation in zebrafish embryo, whereas treatment with the cis form provided a 7.1 times larger
amount of translated protein compared to the trans form. An application of this approach in developmental
biology was demonstrated by photo-inducing the development of double-headed zebrafish by controlling the
expression period of squint protein.

Introduction

Living processes are managed through the precise control of “when, where, and how long” proteins
are expressed. The photo-control of protein expression enables the spatiotemporal induction of
biological events in living cells or organisms. In transcriptional control, several hours elapse between
light illumination and the beginning of protein expression, and protein continues to be synthesized for
more than 10 hours after the light is turned off due to residual mRNA [1]. Therefore, direct regulation
of mRNA translation is more suitable for controlling cellular functions occurring within a short time
period, such as the determination of cell fate at the early development stage.

Result and discussion

We synthesized three photoresponsive caps, 2-phenylazo cap (2PA-cap), 2-para-methyl-phenylazo
cap (pMe-2PA-cap), and 2-meta-dimethyl-phenylazo cap (mMe-2PA-cap), such that the affinity for
elF4E could be modulated by steric hindrance. Differences in the translation of mRNA containing
either the trans or cis forms of 2PA-cap, pMe-2PA-cap, or mMe-2PA-cap were investigated in
zebrafish embryos. Yellow fluorescent protein (Venus) was used to estimate the amount of translated
protein. Translation of mRNA was more efficient with photoresponsive caps in the cis-form than in
the trans-form. mMe-2PA-cap exhibited the highest photomodulation efficiency. The fluorescence
intensity of Venus protein in embryos injected with mMe-2PA-capped mRNA and illuminated with
370 nm light was 7.1 times higher than that of non-illuminated embryos. Next, we photo-controlled
the duration of squint protein expression in early zebrafish embryos. squint is normally expressed on
the dorsal side only during the period between the 8-cell stage and the shield stage. We thus examined
the influence of the expression period of squint protein on the formation of head structure using our
method. The results suggest that squint protein leads axis development in the earlier developmental
stage and inhibits the formation of head structures when expressed at a later developmental stage.

Summary

We succeeded in developing photoresponsive cap that can be reversibly cis-trans photoisomerized
by alternate illumination with monochromic 370 nm and 430 nm light [2]. To demonstrate a potential
application of our method in developmental biology, we showed photo-induction of the complete
secondary axis of zebrafish embryo by regulating the duration of squint protein expression. Moreover,
we found that the formation of head structures was inhibited by prolonged expression of squint. Our
method will reveal the importance of when, where and how long protein expression occurs during
specific biological events by spatiotemporally controlling translation in a reversible manner in living
cells and organisms
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Abstract. The regeneration of cells and cell sheets mediated by thermoresponsive substrates represents an
important and ever growing area in tissue engineering. This presentation seeks to track the development of this
field from inception to the present day by highlighting the most significant breakthroughs as well as focusing on
important physical and chemical characterization of substrates produced for this specific purpose. Furthermore, a
critical evaluation encompassing the advantages and disadvantages of different techniques used for producing
such surfaces will be included as well as suggestions for possible future directions.

Introduction. Thermoresponsive polymers have numerous potential applications in areas such as
drug delivery and tissue engineering. Over the last couple of decades a number of innovative
conceptions to using thermoresponsive coating for tissue engineering and drug delivery have been
developed and refined. In order to better understand the characteristics which influence the interfacial
relationships between thermoresponsive coatings, biomolecules and drugs a summary of the most
important physical and chemical characterization data related to poly(N-isopropylacrylamide)
(pPNIPAm) coatings prepared by different methods will be reported and the subsequent affect of these
characteristics on cell compatibility and drug delivery assessed.

Materials and Methods. Copolymers of NIPAM/ N-tert-butyl-acrylamide (NtBAm) and
ethylpyrrolidone methacrylate (EPM)/ NIPAM with varying ratios were synthesized. Also a
photocrosslinkable NIPAm/ acrylamidobenzophenone (AcBzPh) copolymer was synthesised [1]. The
solvent casting, spin coating and physically adsorption techniques has been used for the
thermoresponsive film preparation. Surface analysis was facilitated through UV spectrophotometry,
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), atomic
force microscopy (AFM), nanoindentation, white light interferometry and advancing contact angle
measurements. A variety of primary cells including mesenchymal stem cells and cell lines has been
used in cell culture experiments. A controlled drug delivery system fabricated from a NIPAm-AcBzPh
copolymer was designed to obtain a pulsatile release profile which was triggered by altering the
temperature of the dissolution medium [2].

Results. Based on contact angle results we found that NIPAM films above LCST are unstable,
because the films can uptake significant amount of water even in hydrophobic state. The cell adhesion
and proliferation depends on the film stability. The drug elution profile is also depends of the water
content. The introduction more hydrophobic monomers NtBAm increase the film stability. Also, the
method of the film preparation is important for the thermoresponsive coating design.

Discussion and Conclusion. The coatings based on PNIPAM homopolymer are generally poorly
cell compatible and a number of techniques have been developed in order to overcome this issue. Our
results demonstrate that NIPAM copolymer composition, water up-take level, coating thickness and
method of preparation of the deposited films seems to have a considerable influence on cell
compatibility and drug elution profile.

Acknowledgments

The authors would like to thank the Russian Science Foundation (Grant no. 15-15-00132) for
providing financial support to this project.

References

1. Nash, et al., Soft Matter., 2012, 8, 3889-3899.
2. R.Yang, et al., Int J Pharm. 10,2012, 427(2), 320-7.

174



THE STUDY OF THE DERMAL CELLS CULTURED IN COLLAGEN GEL
BY OPTICAL AND MULTIPHOTON TOMOGRAPHY

0.S. Rogovaya'?, V.V. Dudenkova®, A.S. Bystrova®*, M.M. Lukina™*, E.A. Vorotelyak'*,
E.V. Zagaynova’, and A.V. Meleshina®

'Koltzov Institute of Developmental Biology of Russian Academy of Sciences, Moscow, Russia
? Pirogov Russian National Research Medical University Moscow, Russia
? Nizhny Novgorod State Medical Academy, Nizhny Novgorod, Russia
*Nizhny Novgorod State University, Nizhny Novgorod, Russia

There are common mechanisms of connective tissue development in the course of various
pathological processes. These processes are better studied in skin wounds and all types of regeneration
and growth of connecting tissue. The contraction is one of the processes providing wound healing. We
utilized the model of dermal equivalent (DE) manufactured from collagen gel containing stromal cells
which contracted the gel within two weeks of cultivation in vitro. Murine dermal fibroblasts (DFB)
and cells from the dermal papilla (DP) were used. In this system, collagen gel acted as an analog of a
stroma which should be strengthened and contracted by cells to form collagen fibrils. The contraction
of collagen gel and its structure were studied by standard laboratory and modern hardware methods
with the use of optical coherence tomography (OCT) and a multiphoton tomography (MPT). The
quality of cell component (according to the cells autofluorescence and a lifetime of NADH
intracellular fluorophor) as part of DE was estimated by means of the multiphoton tomography
equipped with FLIM system. The expression of specific proteins (vimentin (Vim), smooth musclea-
actin (a-sma), versican (Ver) and proliferation marker Ki67) by DFB and DP cells in collagen gel was
determined with the use of an immunofluorescent method. Additionally, cells were stained for an
activity of alkaline phosphatase as a stem cell marker. It was shown that throughout the cultivation
period cells expressed Vim, a-sma, and Ki67. During the first 7 days Ver —DP specific marker —was
found at the reliable level only in DP cells. But after 2 weeks of cultivation, it was also weekly
expressed in DFB. The alkaline phosphatase was detected in DP cells at all terms of observations and,
surprisingly, in some cells in DFB cultures after 14 days of cultivation in the gel. All types of DE
showed similar patterns of formation of the ordered fibrils by the day 3 of cultivation that was shown
by the OCT method. The formation of collagen fibers was visualized by means of the second
harmonic generation (SHG) using the multiphotonMPTflex tomography. During the cultivation, we
observed SHG signal enhancement that demonstrated emergence of an ordered structure of collagen
fibers. On the basis of the lifetimes of an intracellular NADH metabolite and their contribution
corresponding to the changes of the free and bound NADH forms in cell components by the day 14,
the shift of the metabolic status towards oxidative phosphorylation was shown.
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Mesenchymal stem cells (MSCs) are necessary for renewal and regeneration of the most if not all
tissues in human body. They closely interact with tissue-specific stem cells and control their
functioning as well as differentiate into different cell lineages. These cells represent a functionally
heterogeneous population; however, molecular mechanisms involved in the establishment and
maintenance of MSCs heterogeneity remain poorly understood. Using MSCs isolated from human
adipose tissue we have analyzed if hormones and their receptors could be involved in functional
heterogeneity of these cells.

Using the genome-wide screening method and RT-PCR we identified the expression of a number
of hormone receptors, including adrenergic receptors as well as receptors to angiotensin II. Adrenergic
receptors mediate the interaction of MSCs with sympathetic neurons, which are important components
of mesenchymal stem cells (MSCs) niche. We examined the mechanisms of regulation of MSCs
responsiveness to noradrenaline. Using flow cytometry, we demonstrated that alA adrenergic
receptors isoform was the most abundant in adipose tissue-derived MSCs. Using calcium imaging in
single cells, we demonstrated that only 6.9+0.8 % of MSCs responded to noradrenaline by
intracellular calcium release. Noradrenaline increases MSCs sensitivity to catecholamines in a
transitory mode. Within 6 hrs after incubation with noradrenaline the proportion of cells responding by
Ca2+ release to the fresh noradrenaline addition doubled but declined to the baseline after 24 hrs.
Increased sensitivity was due to the elevated quantities of a1l A-adrenergic receptors on MSCs. Such
elevation depended on the stimulation of B-adrenergic receptors and adenylate cyclase activation.
Furthermore, other hormones, activating adenylate cyclase, such as serotonin and dopamine also up-
regulated MSCs sensitivity to noradrenaline. Taken together, our data indicate that MSCs preserve
embryonic adrenergic signaling regulation. Considering that noradrenaline exerts evident effects on
MSCs secretory activity, these data are important for understanding their physiology and regulation of
functional activity.

MSCs are often located within vascular wall and we suggested that angiotensin Il could regulate
their functional activity. We determined that adipose derived MSCs express mRNAs of main
components of renin-angiotensin system (RAS): angiotensinogen, renin, angiotensin converting
enzyme and angiotensin II receptors AT1 and AT2. Using flow cytometry analysis we demonstrated
that almost all the MSCs express AT1 receptor and 5.7+1.7 % of MSCs express AT2 receptor. Using
Ca2+-imaging with Fluo8 we examined activation of Ca2+-signaling pathway in response to
angiotensin II treatment and determined that AT1 receptors on MSCs are functionally active. We
analyzed angiotensin II effects on MSCs differentiation and secretion. Angiotensin Il inhibited adipose
differentiation of MSCs, which was registered by the reduction of mRNA expression of CEBPB,
PPARG, ADIPOQ (adipose-differentiation master-genes). On the contrary, angiotensin II upregulated
expression of neurotrophic factors on MSC and stimulated their neurogenic potential. Our data
indicate that adipose derived MSCs produce functionally active local RAS, which regulates their
differentiation and paracrine activity.
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Abstract. We have applied atomic force microscopy (AFM) to diagnose morphological changes in the
extracellular matrix of connective tissue caused by different pathological processes. AFM has been shown to
reveal visible deviations from the normal morphology of the extracellular matrix in diseased tissues. The AFM
data were found in a good agreement with the data of conventional histological studies. Thus, AFM may serve as
either an independent, or a complementary diagnostic tool for tracking pathological changes in the connective
tissue.

Atomic force microscopy (AFM) has been widely used in the life science and biomedical studies in
the last decade (see, e.g., [1]). In particular, AFM studies of collagen-built structures, primarily, in the
extracellular matrix (ECM) of connective tissue have attracted a significant attention [2]. Here we
have applied AFM imaging to monitor alterations in the ECM of connective tissue from different
pathological causes, including 1) abnormalities of connective tissue leading to development of pelvic
organ prolapse (POP), 2) malignancy of connective tissue (chondrosarcoma), 3) radiation damage of
the pelvic organs (bladder and rectum) resulting from radiation therapy.

Our AFM studies showed marked deviations from the normal ECM morphology of human skin and
pelvic ligament for patients with POP. The deviations were observed at all the levels of the ECM
texture, including microtexture (packing of collagen fibers), nanotexture (arrangement of collagen
fibrils) and structure of individual collagen fibrils. The nanoindentation study revealed significant
deterioration of the mechanical properties of the collagen fibrils bundles in the skin of POP patients, as
compared to the skin of healthy subjects.

In the AFM study of bone tumor tissue, we compared the morphology of chondrosarcoma of
histologically malignant grade I, II and III. A benign chondroma tumor was used as a control. The
AFM imaging showed a clear correlation between the content of the fibrous collagenous elements in
the ECM of a bone tumor and the degree of its malignancy.

The AFM study of the ECM of internal pelvic organs damaged by radiation therapy have shown
the first ECM changes occur 1 week post-irradiation in the dose of 2 Gy. AFM studies have detected
low-dose (2 Gy) effects on the extracellular matrix 1 week to 1 month post-irradiation and higher-dose
(822 Gy) effects as early as 1 day post-irradiation.

The obtained AFM data demonstrated a good agreement with the conventional histological study
data for the POP study and chondrosarcoma study. In the study of radiation therapy negative effects,
the AFM capabilities in detecting early signs of radiation damage in the ECM appeared superior to the
conventional optical microscopy-based methods.
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Pluripotent stem cells have gained considerable interest during the past decades because they
represent a formidable tool for human disease modeling, drug screening and testing, and notably,
because they possess a tremendous potential in regenerative medicine. During the talk I will give an
overview of the field of pluripotent stem cell research with an emphasis on embryonic stem (ES) and
induced pluripotent stem (iPS) cells as the most prominent pluripotent stem cell types. I will highlight
three major issues standing on the way of efficient introduction of these cells into practical medicine
(safety, immunogenicity, and oncogenic transformation) and will address possible ways of solving
these issues. Basic and applied iPS/ES cell-related projects that are currently under way in the lab will
be also incorporated into the talk.
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The ubiquitin-proteasomal system plays an important role in several processes including
maintenance of cellular quality control, transcription, cell cycle progression, DNA repair, cell stress
and immune responses, apoptosis and development. The proteasome is a multi-subunit protease
complex consisting of 20S core and one or two 198 regulatory particles. Under certain conditions, the
constitutive catalytic subunits of the 20S particle B1, p2 and B5 can be replaced by alternative subunits
— B1i, B2i and B5i. In this case, the proteasome is called immunoproteasome and plays a role in antigen
presentation. It is known that there is an increased gene expression of the immunoproteasome subunits
in embryonic stem cells (ESCs), while the expression of these subunits discernibly decreases during
differentiation of these cells. This implies that immunoproteasomes take an active part in the
maintenance of pluripotency of ESCs. The role of the immunoproteasomes in the induction of
pluripotent cell state is also an interesting issue. To address this issue, we induced reprogramming of
mouse embryonic fibroblasts (MEF) into induced pluripotent stem cells (iPSCs) by activating the
OSKM construct (polycistronic sequence of factors Oct4, Sox2, KIf4, and c-Myc) by doxycycline.
The expression of immunoproteasome subunits Bli and B5i was analyzed by PCR and western
blotting. We found that the levels of immunoproteasome subunits f1i and B5i increased after 6 day of
the process of reprogramming while resulting iPSCs and MEF did not express detectable
immunoproteasome subunits. Furthermore, we assessed if the reprogramming process is affected by
the presence of a selective inhibitor of subunit 5i — PR-957, and the proteasome inhibitor MG-132.
Alkaline phosphatase staining, a marker of pluripotent cells, showed a significant decrease in the
formation of iPSC clones, which indicates important functions of both proteasomes and
immunoproteasomes in the process of cellular reprogramming. Our study reveals a critical role of
ubiquitin-proteasome system in pluripotent stem cells.
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EXTREME RANGE EXTENSION OF VISUAL SIGHT HAMPERED
BY TURBID MEDIA

P. Hoess

Paul Hoess KG, Munich, Germany, phoess@stanfordcomputeroptics.com
Stanford Computer Optics, Inc., Berkely, CA-USA

Abstract. Range limitations in strongly scattering media are apparent. The visibility can be limited to even
less than a few centimeters. Compact pulsed lasers open gated viewing to civil applications. These systems are
able to take images with short (200 ps) gate times and delay steps down to 10 ps, highly reducing interference of
scattered light and getting accuracy down to sub-mm-region. A visibility simulation is based on a 10 pJ laser for
illumination and a 1.2 ns gated camera. The image was obtained through an opal glass diffuser causing scattering
equivalent to over 2000 m thick sea water.

Summary

Driving a car through dense fog, searching for victims in smoke filled rooms or scanning the ocean
floor for sunken objects as RMS Titanic or the body of MH370 are al bound through well known
limits of hampered visibility.

Since the invention of the laser there are proposals for gated (active) imaging, but mainly for mili-
tary applications.

The primary purpose of our work was the proof that the otherwise invisible bottom of CO2 cooling
tubes for spent nuclear fuel elements in a power plant, filled with a dusty atmosphere, will get visible
and the exact depth of a potential dust layer can be determined.

We use a simulation setup as a replacement of real water or dusty air. It shall demonstrate the ca-
pabilities of gated imaging systems to get images through extremely high scattering media.

A milky ground glass plate is used as a diffuser. The laser beam is spread out to a spot of 1 m
(FWHM) diameter in a distance of 11 m.The glass plate being in the optical path twice results in a
reduction of the signal by a factor of around 5-10°. The laser with a pulse length of 800 psis set for a
total illumination energy of 200 mJ for one recording.

The gate of the intensified CCD camera (4 Quik E) is triggered by the laser. From the time of re-
ceiving the trigger signal the camera needs around 70 ns before it turns the photocathode on. The first
reflecting surface is 11 m from the laser, the roundtrip time to the camera right at the same place is
roughly 73 ns. Minimum gate time is 1.2 ns, any multiple of 100 ps can be added. The delay can be
programmed with a minimum of 100 ps steps.

The signal attenuation islinked to the distance in turbid media by the law of Lambert-Beer:

The extinction coefficient e in pure destilled water ranges from a minimum of 0.00442 m™ at
417.5 nm up to 1.678 m™ at 727.5 nm, being higher in muddy water. The water depths corresponding
to our measured 5-10°° attenuation are 1750 m in the case of working with a fiber laser in the deep
blue range. In the red regime this same intensity decrement would be reached at a water depth of only
45m.

There is only a very weak wavelength dependency of scattering in air. Corresponding extinction
coefficient numbers for smoke are 0.25 m™ in the case of light and up to 4 m™ in very dense smoke.

Therange of values for ein air is much wider than what is observable in clear water. First noticable
reductions of the visual range occur at a sighting distance of 10 km with an extinction coefficient of
4x10™ this being considered slightly hazy. It ranges up to a highest documented maximum of 13 m,
observed at the Great Smog in London in 1952. The resulting visibility was then only one foot.

Under such extreme foggy conditions a laser with a separated head at an optical fiber could till
improve the sight range. With a detached output collimator that is connected through a few meters of
fiber optic extension, the light source can be placed closer to the object.

Although the laser power used for the experiment presented in this paper was only 100 m\W, a max-
imum visible range above 1000 m could be demonstrated. With multi-kW lasers and increased sum-
mation times a depth range of 5000 to 6000 m can be reached. An ocean floor telescope with an array
of lasers in the high kW power range can be synchronized through individual lengths of the output
fibers and therefore compensate for time of flight differences in between the center and the corners of
the field of view.In such way the search for sunken objects from the ocean surface is in reach as a po-
tential option.
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broad spectra fiber solutions

hoorics /

art photonics =

art photonics GmbH is the world's leading manufacturer and supplier of InfraRed chalcogenide and
polycrystalline specialty optical fibers, spectroscopy fiber probes & fiber bundles, high power fiber
cables for industrial and medical applications. The Company's goals to engineering, designing and
manufacturing the highest quality, cost-effective optical fiber solutions of a broad spectral range (from
200nm to 18um) for OEM market are met through developing a patented Polycrystalline IR-fiber
technologies, which allows to design and produce the one of most competitive product line
FlexiSpec® — PIR-fiber spectroscopy probes for remote process-control of molecular composition of
any liquid, gas or solid mixtures even under harsh environmental conditions. The line FlexiRay®
includes high power laser cables, IR-fiber coupled detectors, IR-imaging bundles and various fiber
sub-systems provides the optimum solution for specific customer requirements.

High Power Cables based on Silica & PIR-fibers provide flexible delivery for laser radiation in a
broad spectrum for various lasers — from Excimer & other UV-lasers up to different Diode and
solid state Ho- & Er:YAG, and even for CO- & CO,-gas lasers. Design of High Power connectors
enables long life of robust HP-cables, including the special SMART-treatment of PIR-fiber ends
required for good suppression of too high Fresnel reflection during laser power delivery.

Thermographlc Imaglng System for Esophageal IR-Thermography

Real time monitoring of the high-resolution
thermal image on internal Esophagus wall to
prevent heart tissue overheating during the
radiofrequency ablation of atrial fibrillation

, TEC-cooled MCT system coupled with
| | disposable flexible probe of 9 Fr (3mm)
based on PIR-fiber and scanning mirror

— SECURU

BEDIEAL BRAUP s

QAS it - zerfizen www.artphotonics.com

DIN EN ISO 9001:2008

Zertifikat Nr. A1887GER



broad spectra fiber solutions
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Spectral fiber methods enables to secure minimal invasive, but complete cancer
removal due to the more precise tumor margins definition - using fluorescence or
molecular spectroscopy: Raman scattering, IR-absorption or diffuse NIR-reflection.
Multi-Spectral Fiber systems help to select the most sensitive, specific and accurate
methods for any tumor of selected organ and to develop special fiber sensor for it.

. Raman
L_J °
L Y

Fluoreszenz
o

r
r

Fiber (' Modular Diagnostic Device | "
Optic : | Multi-Spectral
Molecular “ Riman ) T%(FT”R | Fiber system
e by i
Sensor - k o .
* -~ - Diagnostic fibers with r )
Data analysis Fluorescence NIR waleﬂ end faces | :
o = I |
D Loneyr tasue ——— = g I
O mitgess e @ LS 3 Raman r..:gnnl IR signal

Feedback a e

fluorescence signal NIR signal

special fiber

Laser for : ENCIIOELYEN
bundle designed "" |

by art photonics E
eg. A=15um © . e T S |

= . )
Tissue Multi spectral fiber system to analyze tissue
Combined ATR-MIR and fluorescence probe: optical scheme (links), ZrO, ATR head
(middle) and fiber bundle front surface photo (right)
fluorescence

Fluorescence channel (NIR silica fiber)

signal
ATR
f signal

QAS Int - zerizier www.artphotonics.com

DIN EN ISO 90012008
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art photonic —

Innovative Spectral Fiber Moisture
Sensor (MoiSens) is the st
prototype of FlexiSens® family -
based on rapid scan of specific LED
wavelengths used to illuminate
media with fiber probe and collect
diffused reflection or transmission
signal with it. Each LED-sensor is
made with IP-address - to collect the
data in iCloud and to run selected
process optimization in real time.

LED-platform of Spectral Fiber
sensors enables to vary LED-set to
match them to a various spectral
P~ applications, including tumor edges
() detection in medical diagnostics

Digital Diaphanoscopy
v Portable, optical diagnostic tool with simple set-up :
v Low production costs of applicator

v No shielding of the examination room needed

v Fills the gap between CT & ultrasound diagnostics
v" Training of the medical staff is minimal
v" Automatic diagnosis scoring proposal
v' Useful for follow-up examinations

v No radiation exposure, non-invasive.

bar: Gesunder Proband. Usten: Patient mit beldueitiger Sinusiths und Empyem des rechten Sinws mxiBiars

DIN EN I1SO 9001:2008

v QAS Int. - zeriizier www.artphotonics.com
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Becker & Hickl GmbH

Time-Correlated Single Photon Counting
Fluorescence Lifetime Imaging
FCS, Single Molecule Spectroscopy
Near-Infrared Spectroscopy

m 25 Years Technology Leader in TCSPC




STAN FORD Superior imaging intensified CCD cameras s
COMPUTER
OPTICS

4 Quik E

High speed ICCD camera

1.2ns high shutter speed
Compact and light design

Single photon detection
Best imaging quality

Contact

Europe/Asia: Paul Hoess KG USA/Canada: Stanford Computer Optics, Inc.
Entenbachstr 14 81541 Muenchen Germany 780 Cragmont Avenue Berkeley, CA 94?08 USA
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WHTETPATOP HA PHIHKE MAKPOCKOMHH H OMITHYECKWX TEXHONOTH

KOMNEKCHBIE NOCTABKW, METOANYECKAA M CEPBUCHAR NOAAEPXKKA
OBOPYAOBAHMNA ANA HAYYHBIX U JIABOPATOPHbBIX UCCTIEAOBAHUY,

WWW.OPTICALALLIANCE.RU

OBOPY[I0BAHUE ANA NPOBONOArOTOBKK
ANA SNEKTPOHHOU MUKPOCKOMNUK

CucremMa Ana HanblJIEHUA NOKPbITHIA
Leica EM ACE200

CucTteMa MOHHOro TpaBneHuna
Leica EM TIC3x

YHuBepcaanan CHUCTemMa
ANA MEXaHWYECKOW NOAroTOBKH
NOBEepXHOCTU
Leica EM TXP

O6LwecTBO C OrpaHU4YeHHON OTBETCTBEHHOCTbIO
«AnbAaHC OnTHyecknx Cucrem»

111250, ropoa Mockea, yn. KpacHokasapmeHHas Aa. 3a
+7 (495) 739-4217
+7 (905) 573-0866
pleshanov@opticalalliance.ru



KOMIIEKCHBIE NOCTABKM, METOOWYECKASA M CEPBUCHAA NOAAEPKKA
0BOPYZL0BAHNS AANSl HAYUYHBIX W NABOPATOPHbIX MCCNELOBAHMH.

MUKPOCKOIMbI OLYMPUS
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Perkin

For the Better

High Content Analysis.

e Operetta CLS™ and
Opera Phenix™ systems
for live cell imaging

e Proprietary automated
water-immersion objectives
with very high numerical
aperture enable high resolution
and fast read times
with minimal photodamage

e Confocal spinning disk
technology

Quantitative Pathology Imaging

e Mantra™, Vectra 3.0,
Vectra Polaris™ systems
for multispectral analysis

e Visualization, phenotyping and
quantification of multiple types
of cells in situ simultaneously in
FFPE tissue sections and TMAs

e Applications: cancer
immunology, neurobiology,
developmental biology

e Optical (3D) Tomography:
The IVIS Spectrum and FMT®
series enable sensitive 3D
bioluminescence
and fluorescence imaging
for absolute depth
and quantitation
of your optical reporters

e Nuclear Imaging: G8 PET/CT
Preclinical Imaging System
delivers high-sensitivity PET
imaging in a benchtop system

e MicroCT: Quantum GX microCT
multispecies imaging system
provides high-resolution images
at low X-ray dose.




seBiolek

Microplate instruments for cell imaging and microscopy,
multi-mode detection, liquid handling and automation

Cytation™ 5 Cell Imaging
Multi-Mode Reader

e Combined digital microscopy
and multi-mode detection

¢ CO,/O, control, incubation
and shaking for live cell assays

o Brightfield, phase contrast and multi-c
hannel fluorescence modes for imaging

e Absorbance, fluorescence,
luminescence, Alpha

e 3D cell models (Z-stack and stitching)

Leica
Confocal Microscopes

MICROSYSTEMS e Confocal microscopes from Leica

Microsystems are partners in top
level biomedical research, offering
unprecedented precision in three-
dimensional imaging and exact
examination of subcellular structures
and dynamic processes.

e High-speed imaging supplies the data
for a wide range of integrated analytical
techniques. Our confocal microscopes
are based on a modular concept
that enables flexible upgrading and
integration of innovative technology all
the way to the nano range with STED 3X.

e From routine to high-end cell research,
from super-sensitivity to super-
resolution, from Multiphoton Imaging
to CARS - whatever your research, Leica
Microsystems has the confocal for it.

Official distributors of PerkinElmer (USA), Leica Microsystems (Germany), Biotek (USA) in Russia — Bioline GROUP

BIOLINE GROUP Moscow, tel.: +7 (800) 555 49 40
3 A, Pinsky lane Novosibirsk, tel.: +7 (383) 227 09 63
— o ' ' . Ekaterinburg, tel.: +7 (343) 287 32 49
’O 'ne 197101, St. Peterburg, Russia Viadivostok, tel.: 47 (423) 201 18 08
tel.: +7 (812) 320 49 49 Nizhny Novgorod, tel.. +7 (831) 278 61 47
fax: +7 (812) 320 49 40 Rostou-on-doni tel,:)+7 (863) 268 99 32
- ! } s Kazan, tel.: +7 (843) 570 66 88
PIOHINE GROUE e-mail: maln@bioline.ru Samara, tel. +7 (846) 246-06-54
www.bioline.ru Sochi, tel. +7 (862) 296-59-82



High-Performance
Delay Line Stages

DL SERIES

I
NOTZ2 Compliant » Excellent delay sensitivity and bi-directional repeatability

The DL linear stage series is a high performance but very * Low angular deviation where it counts (pitch)
affordable, linear motor driven stage with an integrated motion
controller. Optimized for small loads, repeatable positioning and

* Compatibility with optical tables & mounts

fast traverse speeds, it is an ideal solution for spectroscopy » Small footprint
applications that require delay lines. With travels of 125 mm,
225 mm and 325 mm, this offering covers almost all possible * No moving cable

delay needs from femtosecond to nanosecond delays.
Spectroscopy applications range from pump-probe,
interferometry, 2DIR, etc. To facilitate setups, beam kits
consisting of retroreflectors, mirrors, mounts and other
optomechanical parts, are available to suit various wavelengths SPECIFICATIONS
and delay line configurations.

* Easy to use (Delay line GUI, LabVIEW drivers)

DL125 DL225 DL325
Travel Range (Single Pass) (mm) 125 225 325
(ns} 08 15 2.2
3y Minimum Incremental Motion {nm) 75 75 75
(Single Pass) Ifs) 05 05 05
Bi-directional Repeatability, Guaranteed " (ym) £0.15 015 +0.15
Accuracy, Guaranteed "™ (pm) 15 +2 25
Encoder Resolution (nm) 50 50 50
Origin Repitability (um) 0.4 04 0.4
Maximum Speed ™ [mm/s) 500 500 500
DESIGN DETAILS Maximum Acceleration, No Load (m/s’) 7500 7500 7500
Pitch, Typical (Guaranteed) ™ {yrad) +60 (+100) +60 (+100] +90 (£150)
Base Material Extruded Aluminum Yaw, Typical (Guaranteed) 1@ (prad) +30 (60) +40 (£90] b0 (2120
Bearings Recirculating bearings 1 Shown are peak (o peak, guaranteed specifications or +hall the value as sometimes
- - - - shown. For the definition of typical specifications which are about 2X better than the
Drive System 3-phase synchronous ranless linear motor (without Hal effect sensors) guzranteed values, visit www.newport.com for the Motion Control Metrology Frimer.

Motor Initialization Done by the controller & For a travel of 325 mm.
¥ With DL controller.

E i |
Motor Commutation Done by the controller on encoder feedback * Tocbtain arcsec s, A r Ree A
Feedback Linear glass scale, 80 pm signal period. 1 Vi
Limit Optical A

= i Single Pass  Dual Pass Quad Pass

Home Switch Optical, on encoder’s fiducial track, located at the minus end of travel Oli7s ) = = =

il o : ; : .
Controller Compatibility DL Controller Delay D25 ) TS 30 50
Cable 3m long pigtail cables included DGz el 22 3 0
MIEE 20800 bours MIM ifs) 05 10 20

® N eWpO I’t® Precision Motion— Guaranteed™
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INSight* Xz

WIDELY TUNABLE ULTRAFAST LASER SYSTEM
FOR MULTIPHOTON IMAGING

The new InSight® X3™ is the third generation of Spectra-Physics” industry leading
InSight platform, specifically designed for advanced multiphoton microscopy
applications.

The InSight X3 Advantage

* Field proven with largest installed base
* Broadest tuning range: 680 nm to
1300 nm for deepest imaging
 High power across tuning range:
>2 W at 900 nm, >1.4 W at 1200 nm
* Dual output at 1045 nm with optional
pre-compensation for two-color imaging
* Short pulse width and highest peak
power for maximum fluorescence
* Integrated DeepSee to deliver short
pulses to the sample
¢ [deal beam characteristics optimized
for multiphoton imaging

Based on patented technology', InSight X3 features a broad 680 nm to 1300 nm
continuous, gap free tuning from a single source, nearly double the tuning range of
legacy Ti:Sapphire ultrafast lasers. InSight X3 delivers high average and peak power
levels across the tuning range, including critical near infrared wavelengths above
900 nm for deepest penetration in-vivo.

With Spectra-Physics' integrated patented DeepSee™, the industry standard dispersion
pre-compensator, the short pulses are optimally delivered through a microscope to
the sample for maximum fluorescence and penetration depth. InSight X3 also has
exceptional beam pointing stability, beam quality and output power stability, as well
as fast wavelength tuning, making it ideal for microscopy.

When equipped with the fixed 1045 nm dual beam option, InSight X3 fully supports
the diverse needs of multimodal imaging. The two synchronized output beams enable
easy simultaneous imaging of various fluorescence proteins (for example GFP and
mCherry) and genetically encoded calcium indicators (GCaMP6 and jRGECOTa),
SHG/THG imaging, and advanced imaging techniques such as CARS and SRS.

InSight X3 is designed, manufactured and tested according to the same stringent
quality standards as for our industrial lasers used in 24/7 manufacturing environments.
Robust and fully automated, InSight X3 provides hands-off operation, freeing users to
focus on their critical research.

Typical Tuning Curve’

30
. . 25

. Applications

* Multiphoton microscopy % 20

* Multimodal imaging including g 15 -

CARS, SRS, SHG, THG &

* Optogenetics 2 10

* Time-resolved photoluminescence

* Non-linear spectroscopy ol

* Optical computed tomography 0 L R




INSight® X3°

Specifications'® InSight X3 Dimensions
Output Characteristics InSight X3 Dual Option ,_ N =
I » _: )| B W it e

Tuning Range 680 nm—1300 nm 1045 nm (fixed) Q 9 %\[\:LL @l :'F’ i\)\.”b\”\&\;;.

=1.0W at 700 nm g

>1.6W at 800 nm 976

>2.0W at 900 nm (502)
Average Power? >1.8W at 1000 nm >2.0W at 1045 nm

>1.6Wat 1100 nm )

>1.4W at 1200 nm G

>1.0W at 1300 nm —Eﬁ q\':é'j
Pulse Width® =120fs =200 fs

Top View
Repetition Rate 80 MHz £0.5 MHz
Noise™* <0.5%
Stability’ <t1% : '; c e
=] (—y L 4
Spatial Mode TEM,, M? <1.2 '1‘3‘; 0 ﬂm:— lﬂ 3—}
Polarization® =500:1 horizontal | 3546
Beam Divergence, full angle? <1.5 mrad : (900
- Side View
Beam Diameter (1/e’)? 1.1 £0.2 mm
Beam Roundness’ 0.8-1.2 = 564 = gszg}
(56 .
A e [Dheal Option Output
Beam Pointing Stability <350 prad full range " Main Tunable Output
Tuning Speed >50 nm/sec full range i
. o
680 nm: -12,000 fs? to -40,000 fs* 4}5 %3
Pre-compensation 800 nm: 0 fs? to - 25,000 fs? Optional (1207) . . L i Pty
Dispersion Range’ 1050 nm: 0 fs? to -10,000 fs? 1045 nm: — 15,000 fs? fixed
1300 nm: -3,000 fs? to -8,000 fs? Fromt View Back View

Environmental Requirements

Altitude

Up to 2000 m

Temperature, Operating
Relative Humidity, Operating
Temperature, Storage

Relative Humidity, Storage

20-25°C
Maximum 75% non-condensing up to 25°C
15-35°C
<65% for 15-35°C

Dimensions in inch {mm)

Cooled Water Temperature

in Closed-loap Chiller 21°C typical

1. Due to our continuous improvement program, specifications may change without notice.

2. Specifications only apply to the wavelength noted.

3. Specification applies only to 900 nm (tunable) or 1045 nm (fixed), respectively

4. Specification represents rms noise measured in a 10 Hz to 10 MHz bandwidth.

5. Percent power drift in any 2-hour period with less than +1°C temperature change after a 1-hour warm up.

B. A sech’ pulse shape is used to determine the pulse width as measured with a Newport PulseScout® autocorrelator.

7. Avoid obstructing the air exhaust grills which will result in the recirculation of hot exhaust air. Cooling air enters through the front panel and exits through the rear fan apertures.

8. InSight X3 is a Class IV — High-Power Laser, whose beam is, by definition, a safety and fire hazard. Take precautions to prevent exposure to direct and reflected beams.
Diffuse as well as specular reflections can cause severe skin or eye damage.

H 3635 Peterson Way Sanla (.Ia a, (J—\ 95054, USA
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¥ Valaam Monastery.
Transfiguration
Cathedral

VALAAM ARCHIPELAGO is staggeringly
beautiful due to the fantastic maze of its coves,
lakes, and rocks. The ancient Valaam Monastery
is situated here; it was first mentioned in chron-
icles in the 10th century.

The Monastery was completely self-suffi-

et e S OO WEbO e e e TR ocess
products themselves while working at small fac-
tories, saw-mills and farms, constructing build-

VYTEGRA. Located at the crossing of a waterway
connecting central Russia with Lake Onegaand a
road connecting St. Petersburg with Arkhangelsk,
Vytegra was once an important transit point for car-
go. The idea to build a canal connecting the drain-
age basins of the Neva and the Volga River was al-
ready discussed by Peter the Great, but the canal, for-
merly the Mariinsky System, was only built in 1810.
In the 20th century, it was reconstructed and
renamed the Volga—-Baltic Waterway. The remains
of the Mariinsky System, a few dwelling houses of
the 19th century, the Presentation Church and B440
Foxtrot-class submarine are the main sites of in-
terest in Vytegra.
p Vytegra. Presentation Church

ITSY. This nicturesoue village pear. =2°

Goritsy. Churches

But the best known is Kirillo-Belozersky monas-
tery in the nearby town of Kirillov on Lake Siver-
skoye not far from Goritsy.

The monastery was founded by monk Kirill
Belozersky at the end of the 14th century. The
icons in the Assumption Cathedral date back
to the 15th century, and the murals in the ca-
thedral telling the story of Virgin Mary's life, to
the 17th century. The Apocalypse murals in the
porch that were painted at the same time are
not less interesting.

The magnificent ensemble of the monas-
tery comprises the Churches of Baptism of Qur
Saviour, of John the Baptist, and of the Arch-

Beloozero was set in the center of one

Fings-Atthe'beginning of the 20tfrcentary the

Valaam Monastery became one of the wealthi-
est Russian Monasteries, comprising a kind of a
small state with 13 smaller monasteries under
control.

During the Second World War the Archipela-
go was under control of Finland and returned
back to the USSR in 1944. Since that time the
Monastery was closed until 1989. Now it is func-
tioning again. The monastery, hermits’ huts, and
chapels built in the Russian-Byzantine style are
architectural masterpieces.

The ensemble created by these buildings
matching the stern nature of the islands, by the
monastery gardens and alleys is inimitably
beautiful.

Gontsy isone of the examples of Russnan med1eval
art. All its interior walls are covered with
frescoes by the great painter Dionisius that have
survived since 1490.

Goritsy Nunnery founded in 1554 was turned
by Ivan the Terrible into his own personal harem
for wives and abducted Russian beauties.

| Vytegra. Submarine-museum

largest accumulations of monastenes in Russia.

of the ange rarmenes, Tortress walls with nigh barti-

zans and two over-the-gate churches.

r fram
uscripts, ancient utensils, samples of wooden
carving and traditional embroideries.

Kirillo-Belozersky Monastery

The local museum has collctions of man-

Lock-gate near Rybinsk

PLYOS, the admirable Pearl of the Volga,
preserves the memory of the Russian painter
Isaac Levitan. This town is about six hundred
years old. For a long time it served as a citadel
beating off enemy attacks. Later it became
a trading center. The Church of Resurrection,
Church of St. Barbara, Church of Transfiguration,
the Trinity Cathedral, the shopping arcade, fire
station and numerous mansions in Plyos date
back to the middle of the 19th century.

The town is situated in a very nice place, the view
from the hill top overlooking the town is one of
the most beautiful sites on the Volga river.
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